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Editorial

Special Metal-Alloy Coating and Catalysis

Wangping Wu

School of Mechanical Engineering and Rail Transit, Changzhou University, Changzhou 213164, China;
wwp3.14@163.com or wuwping@cczu.edu.cn

Special metal alloy coating is an important material technology that has a wide range
of applications in many fields. It combines the characteristics of special alloy materials
and surface coating technology to provide excellent properties and enhanced functions for
materials. Catalysis is a process that increases the reaction rate without being consumed
by intervening in the chemical reaction process. Catalysis can be applied to various
chemical reactions, thereby increasing the reaction rate, improving product selectivity,
and enhancing reaction efficiency. Special metal alloy coatings and catalytic technology
have broad application prospects. They can improve material properties, increase reaction
efficiency as well as product selectivity, and promote the development of environmentally
friendly chemical processes. With the continuous advancement of science and technology
in addition to the increasing demand for high-performance materials and efficient chemical
reactions, special metal alloy coatings and catalytic technologies will continue to play an
important role, bringing more benefits to applications in various fields.

This Special Issue will provide a snapshot of the state of the art in metal, alloy coating
and films. These metals, alloy coatings and films can act as corrosion and oxidation
resistance barriers as well as catalysts for water splitting, among other catalysis applications.

Ten contributions (nine articles and one review) have been published in this Special
Issue, covering the research topics of the fracture of metal parts, progress in coating growth
and characterization techniques, processing condition–structure–property relations, the
development of novel lubricants and advanced simulations relevant to tribological contacts
and metal manufacturing, and the structural, morphological, corrosion, oxidation, wear,
and catalysis properties of thin films.

Lebedeva et al. [1] reviewed the possibilities and future perspectives of the electro-
chemical deposition of bimetallic compositions and alloys containing Fe, Co, Ni, Cr, W, and
Mo. In addition to deposition from aqueous (classical) solvents, the advantages and per-
spectives of electrochemical deposition from ionic liquids (ILs) and deep eutectic solvents
(DES) are briefly discussed.

For the phenomenon of metal fracture, Liu et al. [2] explored the causes of the fracture
of the gearbox boom, and found that the nature of suspension rod fracture belonged
to fatigue fracture. Dong et al. [3] investigated the shear transformation zone and its
correlation with the fracture characteristics of FeSiB amorphous alloy ribbons in different
structural states.

Ding et al. [4] investigated the effects of Ce content on the microstructures and me-
chanical properties of Al-Cu-Li alloys, and provided an economical as well as convenient
method for improving the properties of Al-Cu-Li alloys via the addition of Ce.

In terms of coating preparation, Xu et al. [5] successfully prepared Ni/Cu/Ni mul-
tilayer coatings on glass-fiber-reinforced PEI resin via sandblasting and the activation/
acceleration of a two-step metallization process. The influence of acceleration on the
appearance quality of metallization on the PEI substrate was studied, and, at the same
time, the mechanism of acceleration was investigated and addressed. Dobránsky et al. [6]
optimized the deposition process of electrophoretic paints, after which they then analyzed
and evaluated the thickness of a cataphoresis layer formed on an aluminum substrate.
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Shan et al. [7] studied the effect of a tungsten arc melting current on the microstructure and
wear resistance of FeCrMnCuNiSi1 coatings prepared from high-entropy powder-cored
wire, and studied the influence of a melting current on the wear resistance of the coatings.

Huang et al. [8] used an image processing program to extract the dynamic behavior
characteristics of the droplet transition and the weld pool in high-speed photography. The
influence of the current waveform on the arc pressure and the impact of the droplet were
quantitatively analyzed with different parameters.

Meng et al. [9] reported a nitrogen-doped biomass carbon (1NC@3)-based composite
cobalt selenide (CS) heterojunction, which was prepared via a solvothermal method using
kelp as the raw material. Structural, morphological, and electrochemical analyses were
conducted to evaluate its performance. The overpotential of the CS/1NC@3 catalyst in
the OER process was 292 mV, with a Tafel slope of 98.71 mV·dec−1 at a current density
of 10 mA·cm−2. The presence of the biomass carbon substrate enhanced the charge trans-
port speed of the OER process and promoted the OER process, confirmed by theoretical
calculations. This study provided a promising strategy for the development of efficient
electrocatalysts for OER applications.

Gruber et al. [10] used some advanced measurement techniques, such as transmission
electron microscopy (TEM) and Auger electron as well as X-ray photoelectron spectroscopy
(AES, XPS), to characterize the oxide layer of aluminium alloy surfaces. The results illus-
trated in detail the strengths and weaknesses of each measurement technique. The XPS
technique was proven to be the most reliable method to reproducibly quantify the average
oxide thickness.

This Special Issue was well supported by a diverse range of submissions. In this
Special Issue, there are various topics relating to special metal alloy coating and catalysis.
It shows the latest research results of the authors. However, many issues in this area
of research have not yet been explored and the dissemination of these results should be
continued. As a Guest Editor, I hope that the research results presented in this Special
Issue will contribute to the further progression of research on special metal alloy coating
and catalysis.

Finally, I would like to thank all of the reviewers for their input and efforts in producing
this Special Issue, as well as the authors for the papers that they have prepared.

Conflicts of Interest: The author declares no conflict of interest.
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Electrodeposition of Iron Triad Metal Coatings: Miles to Go

Olga Lebedeva 1, Larisa Fishgoit 1, Andrey Knyazev 1, Dmitry Kultin 1 and Leonid Kustov 1,2,3,*

1 Department of Chemistry, Lomonosov Moscow State University, 1-3 Leninskie Gory, Moscow 119991, Russia
2 N.D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, 47 Leninsky Prospect,

Moscow 119991, Russia
3 Institute of Ecology and Engineering, National Science and Technology University “MISiS”, 4 Leninsky

Prospect, Moscow 119049, Russia
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Abstract: The possibilities and future perspectives of electrochemical deposition of bimetallic com-
positions and alloys containing Fe, Co, Ni, Cr, W, and Mo are reviewed. The synthesis of two- and
three-component materials, as well as compositionally more complex alloys, is considered. The
method of synthesizing of materials via electrodeposition from solutions containing metal ions and
metalloids is one of the most promising approaches because it is fast, cheap, and it is possible to
control the composition of the final product with good precision. Corrosion, catalytic and magnetic
properties should be distinguished. Due to these properties, the range of applications for these
alloys is very wide. The idea of a correlation between the magnetic and catalytic properties of the
iron-triad metal alloys is considered. This should lead to a deeper understanding of the interplay of
the properties of electrodeposited alloys. In addition to deposition from aqueous (classical) solvents,
the advantages and perspectives of electrochemical deposition from ionic liquids (ILs) and deep
eutectic solvents (DES) are briefly discussed. The successful use and development of this method of
electrodeposition of alloys, which are quite difficult or impossible to synthesize in classical solvents,
has been demonstrated and confirmed.

Keywords: electrodeposition; alloys; ionic liquids; deep eutectic solvents; coatings; functional
material; nanotechnology

1. Introduction

Various methods, such as plasma spraying, vapor deposition, magnetron sputtering
and laser cladding electrodeposition, have been successfully developed for the synthesis
of functionally graded material coatings (FGMC) with the composition and mechanical
properties gradually changing for the optimal coating thickness. The synthesis of ma-
terials by electrodeposition (EDP) from solutions containing metal ions and metalloids
and subsequently recovering alloy components is currently considered one of the most
advanced techniques because it is fast, cheap, and provides the possibility of precise control
of the composition of the final product. The required mechanical, corrosion, magnetic, and
catalytic properties of deposited coatings are provided by varying the synthesis parameters.
Electrodeposition conditions (pulse parameters, current density, electrolyte composition)
can be finely tuned to control the electro-crystallization process in order to produce grad-
ually varying composition and micro/nanostructure of the coatings [1] or amorphous
coatings [2]. The electrodeposition method has been commonly used for the synthesis of
FGMC due to its ease, convenience and low cost. One may find a few drawbacks to the
electrodeposition process: there is a high risk of hydrogen evolution, and the inclusion
of basic compounds (hydroxides) in the alloy deposits makes them powdered, stressed,
or exfoliated. Some of the electrodeposition drawbacks may stem from the difficulty of
co-depositing multiple elements together.

While highlighting the ability to form a smooth and homogeneous FGMC, alloys were
divided into two groups: two- and three- component systems based on the metals of the

Metals 2023, 13, 657. https://doi.org/10.3390/met13040657 https://www.mdpi.com/journal/metals
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iron triad with chromium or with carbon and phosphorus [3–11], and alloys containing
tungsten or molybdenum. The alloy composition is chosen on the basis of its possible
applications. Alloys can be applied as FGMC [12], catalysts [13], elements of micro- and
nanoelectromechanical devices [14], and electrodes-electrocatalysts in the water electrolysis
process [15]. The unique acid resistance and microhardness of two-component alloys
based on the iron triad with Mo and W makes them an improved alternative to chromium
coatings [16,17].

Ionic liquids (ILs) have already proven themselves as systems that are promising in
various fields of application [18–25]. Since ionic liquids consist almost entirely of “free”
charge carriers—cations and anions—their application in electrochemistry is especially
interesting. The uniqueness of ionic liquids is associated with their high electrochemical
stability, relatively high electrical conductivity, and the absence of a measurable saturated
vapor pressure. In some cases, ionic liquids demonstrate significant advantages over
traditional electrolytes. Currently, ionic liquids with an exceptionally large electrochemical
window (5–9 V) have appeared, and they can be used in a cyclic mode of operation without
any loss of properties or destruction of their structure, and the wide electrochemical window
allows the deposition of metals with very negative redox potentials. The prospects for
using ionic liquids in the processes of electrodeposition of metals and alloys and in the
processes of preparation of metal and alloy nanoparticles by electrochemical methods are
attractive [23,24]. ILs are good solvents for both organic and inorganic materials. ILs can
be aprotic, and thus problems with regard to hydrogen ions intrinsic to protic solvents can
be eliminated [25].

The review [26] considers the electrodeposition of five groups of metals (ordinary,
light, noble, rare earth, and others) and their alloys in ionic liquids and deep eutectic
solvents (DESs). We did not mention the preparation of nickel-phosphorus alloys and
FeCoNi ternary alloys, but the properties and preparation of alloys based on nickel and
cobalt are briefly described.

From a chemical point of view, ILs and DESs are two separate groups of substances
to be used in the preparation of alloys. DESs exhibit several advantages over ILs, such
as their easy preparation and easy availability from relatively inexpensive components
(the components themselves are well-characterized in terms of their toxicity, so they can
be easily shipped for large-scale processing); they are, however, in general less chemically
inert. The crucial difference between ILs and deep eutectic solvents is the wide variety of
ionic species present in DESs, while ILs mainly consist of one discrete type of the anion
and cation [27].

The objects of this review are presented in Figure 1.
A classification of metal co-deposition based on the thermodynamic approach is

proposed by Brenner [28]. In the case of “normal” co-deposition, a more noble element
(having a higher equilibrium potential value) is deposited more easily, and the composition
of the precipitate corresponds to the composition of the solution. “Abnormal” co-deposition
can be represented by “anomalous” and “induced” behavior. Anomalous co-deposition
means that less noble metals are preferably deposited. Induced co-deposition indicates that
a metal that cannot be deposited in its pure form can be co-deposited as an alloy.

The fundamental aspects of co-deposition from the point of view of kinetics were
developed in the work of Landolt [29]. It was proposed that the measured current density
at a mixed electrode is the sum of the partial current densities of all anodic and cathodic
reactions. Three types of coupling of partial reactions can be distinguished in the case of
alloy deposition: non-interactive co-deposition, transport coupled co-deposition, charge
transfer coupled co-deposition. These three types of coupling behavior of partial reactions
during co-deposition provide a useful qualitative description of the observed behavior.

6
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Figure 1. Bi- and ternary alloys of metals of the iron triad with chromium, molybdenum, and tungsten.

2. Electrodeposition from Water Solutions

2.1. Bi- and Ternary Alloys of Metals of the Iron Triad with Chromium and Metalloids

There are three main methods for EDP of alloys: the potentiostatic technique, direct
current, and pulse current. For industrial applications, a two-electrode scheme is more
suitable. For laboratory investigations, a three-electrode scheme is preferable. Schematic
illustration of electroplating is presented in Figure 2.

Figure 2. Schematic representation of the electrochemistry and electrodeposition experiment appara-
tus. Reproduced from [30] with permission from MDPI, 2023.

The most common electrodeposited materials are Ni–Fe alloy coatings [31], which,
due to their remarkable electrocatalytic (reactions of hydrogen and oxygen production, CO2
reduction), magnetic, and mechanical properties, have attracted attention in both scientific
and industrial spheres. Their use in order to save Ni is economically more profitable.

Amorphous FeCr alloy films with a chromium content varying from 2.3% to 32.0 at%
were deposited on a copper foil from an aqueous solution containing N,N-dimethylformamide
by a potentiostatic electrodeposition technique [32]. The saturation magnetization for FeCr
alloy films decreased but the microhardness increased with an increase in the chromium
content.

The rate of Fe electrodeposition from the electrolytic bath is higher than that of Ni [33].
Ni-Fe coatings demonstrate unique magnetic properties.

Nanocrystalline Ni-Fe coatings were electrodeposited on steel substrates [3]. Coatings
with a Fe content of 34.5% were obtained with a current efficiency of about 80%. It is

7
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shown that Ni2+ and Fe2+ are electrodeposited together to form a single Ni3Fe phase, and
Ni deposition is inhibited by the presence of Fe2+, while Fe deposition is enhanced by
the presence of Ni2+. The nucleation and growth of nanocrystalline NiFe coatings is an
instantaneous nucleation process controlled by 3D diffusion. The average grain size is
4.8 nm, and the roughness is less than 5 nm, which is better than that of a pure Ni coating.
The NiFe alloy coating demonstrates good corrosion resistance (icorr = 0.7544 μA cm−2,
R = 8560 Ω) due to the nanocrystalline compact surface.

The magnetic field was applied simultaneously to the process of electrodeposition
of Ni-Co alloy with the Co content ranging within 21.80–59.55 at% from an aqueous
solution [34]. The magnetoelectrodeposited alloys exhibited high corrosion resistance in
comparison with a normal electrodeposited Ni–Co coating.

The effect of ultrasonic treatment on the thermal expansion, microstructure, and me-
chanical properties of electrodeposited FeNi layers was studied [4]. In order to avoid high
transient cavitation energy, periodic ultrasound was introduced into the electrochemical
process. Periodic ultrasound weakens the stripping effect as a result of the high ultra-
sound power, which allows one to use both a high current density and a high ultrasound
power in the electroplating process. The iron content in the electrodeposited FeNi layer
increased with increasing current density. The grain size decreased with increasing the
number of cycles and growing current density. With a duty cycle of 0.57 and a current
density of 1 A/dm2, a highly efficient FeNi layer with excellent surface quality is obtained
(roughness = 0.95 microns; iron content = 63.00 wt.%; microhardness = 373.1 NV; Young’s
modulus = 133.7 MPa; coefficient of thermal expansion = 5.4 × 10−6/◦C). Comparative
characteristics of electrodeposited NiFe alloys are given in Table 1.

Table 1. Electroplating process parameters and some characteristics of deposits.

Parameter Ref. [3] Ref. [4]

Electroplating process parameters
Substrate steel steel

Temperature (◦C) 50 55
Cathode current density (A/dm2) 3 1
Periodic ultrasound application no yes

Characteristics of deposits
Roughness (nm) 5 95

Iron content (wt.%) 34.55 63.00
Grain size (nm) 4.8 11–12

The ultrasonic treatment resulted in a sharp growth of the grain size and an increase in
the surface roughness factor (Table 1), which has mostly a negative effect on the properties
of the alloy. The increase in the iron content in the electrodeposited alloy is presumably
associated with a four-fold higher concentration of Fe2+ ions in the solution (20 g/L [3] and
80 g/L [4]).

Electrodeposition offers better control over the microstructure, shape, and compo-
sition of the deposit. Ternary NiFeCo and NiFeCr alloys were deposited in aqueous
solutions [35]. Both alloys exhibit superior stability as compared with their lower-order
alloy and pure metal samples, with the critical temperature for grain growth (or phase
decomposition) improving by nearly 100 ◦C in the case of NiFeCo and by 200 ◦C in the
case of NiFeCr. Electrodeposition is a viable route towards the synthesis of strong and
highly stable nanocrystalline medium-entropy alloys (MEAs, containing 3–4 elements).
The electrocatalytic activity in the hydrogen evolution reaction (HER) and oxygen evo-
lution reaction (OER) in alkaline media for ternary nanostructured NiFeCo coatings and
binary coatings electrodeposited in aqueous solutions was compared [36]. The comparison
of the electrocatalytic activities of electrodeposited crystalline NiFeCo and amorphous
NiFeCoP in HER showed the superior properties of NiFeCoP [37]. The authors [36,37]
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explain the high electrocatalytic activity by more developed surface and the synergy of the
alloy components.

The electrochemical formation of Cr-C coatings was also studied [5]. The electrochem-
ical formation of Cr-C coatings is realized through the simultaneous reduction of Cr(III)
and decomposition of an organic ligand. The chemical state of metalloids (for example,
carbon, phosphorous, and boron) in coatings electrodeposited from Cr(III) solutions may
be determined with Valence-to-Core X-ray Emission spectra (vtc-XES, vtc-X-ray). The vtc
X–ray spectra allowed one to determine the presence of metalloid atoms that are covalently
bound to metal atoms and to estimate their quantitative content in metal-metalloid coatings
formed by various methods (Figure 3).

 

Figure 3. Normalized vtc X–ray emission spectra of metallic chromium and Cr3C2 carbide used in
modeling experimental spectra of vtc X-ray of Cr–C samples. Reproduced from [5] with permission
from Elsevier, 2018.

The comparison of vtc X–ray data with data on the total amount of carbon in the
samples obtained, for example, by X-ray diffraction makes it possible to divide the total
amount of carbon in the samples by the amount of elemental carbon and carbon that is
covalently bound to chromium atoms. It should also be noted that for the obtained coatings
with a carbon content below 40 at.%, an increase in the size of crystallites was observed
after calcination at 500 ◦C. Coatings with a high carbon content do not show any signs of
long-range order in their crystal structure.

Electrodeposition of metal–metalloid alloys of the NiP type was considered [6,7]. The
effect of heat treatment and variation of the phosphorus content on the magnetic properties
of electrodeposited NiP alloys was investigated [6]. The magnetic properties of the alloys
obtained were explained with the use of differential scanning calorimetry (DSC) data.
Magnetization measurements and DSC analysis of NiP alloys showed that the alloys with a
phosphorus content exceeding 12 at.% were paramagnetic due to the absence of exchange
interaction as a result of the formation of a network of P–rich paramagnetic domains.
Amorphous NiP alloys, which were originally paramagnetic, became ferromagnetic after
the heat treatment, which also led to their devitrification. The transition to the ferromagnetic
state occurred as a result of the formation of the ferromagnetic phase of nickel, while the
coercive force of the alloy increased due to an increase in the crystallite size and an increase
in the proportion of the paramagnetic phase (Figure 4).
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Figure 4. Effect of the phosphorus content on the coercive force of Ni–P coatings in the initial state
and after thermal treatment relative to the coercive force of pure nickel. Reproduced from [7] with
permission from Pleades Publ., 2017.

Regardless of the heat treatment, the magnetization of the alloys and the saturation
magnetization decreased with increasing phosphorus content in the alloy.

Electrodeposition of Ni-P coatings was performed from an aqueous solution by direct
current using a stirring time-controlled technique. Stirring leads to the formation of Ni-P
layers with a higher P content, while without stirring Ni-P layers with a lower P content
are produced [38].

The composition of NiP alloys depends on the content of sodium hypophosphite
in the electrolyte in the course of the electrochemical deposition of an amorphous nickel
coating. It was found for the first time [7] that alloys obtained under similar deposition
conditions from electrolytes with fixed concentrations of nickel sulfate and sodium citrate
have phosphorus concentrations ranging from 0 to 22–23 at.%. The Curie temperature of
the obtained Ni–P samples, which are ferromagnetic in their initial state ([P] < 12 at.%), is
in the range of 150–200 ◦C. At the same time, all heat-treated Ni–P samples demonstrated
a Curie temperature close to that of pure nickel in the range of 350–360◦C. The initial elec-
trodeposited alloys become paramagnetic when they contain phosphorus in concentrations
higher than 12 at.%. It is due to the lack of the possibility of exchange interaction as a result
of fluctuations in the chemical composition. Paramagnetic alloys of the NiP type, after
heat treatment, which leads to their uncovering, exhibit ferromagnetic properties due to
the release of the ferromagnetic phase of Ni. An increase in the phosphorus concentration
leads to an increase in the coercive force as a result of an increase in the grain size and
in the proportion of the paramagnetic phase. The residual magnetization and saturation
magnetization of alloys decrease with the increasing phosphorus concentration in the case
of both heat-treated and non-heat-treated alloys.

The results of these works [6,7] could serve as a basis for theoretical predictions and
systematic and rational analysis of various factors affecting the magnetic properties of
materials containing several ferromagnetic elements.

The mechanism of electrochemical deposition of NiCrP alloys in a glycine bath was
studied [8]. Electrodeposition on a copper plate was carried out at a current density of
10–20 A/dm2. The electroreduction mechanisms of individual Cr and Ni, NiCr, NiP, CrP,
and NiCrP alloys were studied. The possible process of trivalent chromium reduction can
be explained by the formation of a glycine complex of bivalent chromium [Cr(H2O)4(Gly)]+

(Equation (1)). The bivalent chromium complex was directly reduced to metallic chromium
(Equation (2)). The reduction process of nickel is described by Equation (3). The key to
NiCr co-deposition is the ΔE value for the reduction of nickel and chromium ions. During
electrodeposition of the NiCr alloy, nickel is initially deposited on the surface of the cathode
(Equation (3)). Nickel acts as a catalyst, causing a significant positive shift in the initial
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reduction potential of Cr(II) ions, thus satisfying the potential difference (approximately
−180 mV) for the co–deposition of NiCr.

Nevertheless, the actual potential difference between Ni and Cr is the same as in the
case of NiCr co–deposition, which ensures electrodeposition of the three–component alloy
for the NiCrP system. In addition, it has been demonstrated that P tends to co-precipitate
with Cr during the electrodeposition of NiCrP, which can be explained by the difference in
the behavior during the electrodeposition of NiP and CrP alloys. The possible reduction
processes can be presented as follows:

[Cr(H2O)4(Gly)]2+ + 1 e = [Cr(H2O)4(Gly)]+ (1)

[Cr(H2O)4(Gly)]+ + 1 e = Cr0 + Gly + 4H2O (2)

Ni2+ + Ni+ ads + 2 e = Ni0 + Ni+ads (3)

The possible mechanism of Ni–P electrodeposition can be explained as follows
(Equations (4) and (5)):

H2PO2
− + 5H+ + 4 e = PH3 + 2H2O (4)

2PH3 + 3Ni2+ = 3Ni0 + 2P + 6H+ (5)

The inorganic complexing agent used to obtain a CrP alloy is NaH2PO2·H2O. The
P incorporation mechanism in the course of the CrP alloy deposition is considered to be
different from that realized in the case of the NiP alloy deposition.

The techniques used to produce multilayer and gradient coatings have been demon-
strated in a review [39]. Ni-W multilayers were produced by varying the direct current
density. Comparison of the direct and pulse currents on the properties of deposits was
performed. The technique controlling the electrode potential is also effective for multilayer
coating production. Metals of the Fe-triad are commonly used in multilayer coatings elec-
trodeposited by controlling the electrode potential. The necessity of studying the electrode
kinetics and the effects of various additives is shown.

So, a trivalent chromium solution containing glycine and NaH2PO2·H2O may also
form a complex with hypophosphite, i.e., the [Cr(H2PO2)(H2O)5]2+ complex. Taking this
into account, the positive shift in the onset potential of CrP codeposition is associated
with the increase in the concentration of electroactive Cr(III) complexes near the cathode
(Equations (6)–(8)):

[Cr(H2PO2)4(H2O)5]2+ + 1 e = [Cr(H2PO2)4(H2O)5]+ (6)

[Cr(H2PO2)4(H2O)5]+ + 2 e = Cr0 + 5H2O + H2PO2
− (7)

3H2PO2
− = H2PO3

− + 2P + H2O + 2OH− (8)

The XRD analysis showed that the electrodeposited alloy coatings had an amorphous
structure. The incorporation of phosphorus in the Ni deposit generally increases the number
of defects in the crystalline lattice of electrodeposited alloy coatings, thereby transforming
the coatings from a crystalline to an amorphous state. Scanning electron microscope images
showed that a smooth and compact NiCrP coating was obtained at a current density below
15 A/dm2 (Figure 5).
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Figure 5. SEM micrographs of the surface (a–c) and cross-sectional micrographs (d–f) of coatings
prepared from electrodeposited NiCrP alloys at the current densities (a,d) 10 A/dm2, (b,e) 15 A/dm2,
(c,f) 20 A/dm2. Reproduced from [8] with permission from Elsevier, 2021.

Electrodeposited NiCoP, FeCoP, and FeNiP alloys have been prepared [9–11]. The
authors [9] applied magnetic assisted jet electrodeposition for effectively changing the
microstructure and properties of NiCoP alloy films. The advantage of this method is
inhibition of the growth of pores on the surface of the film and improving the adhesion of
the coating to the surface. An increase in the saturation magnetization of the coating was
observed as compared with simple jet electrodeposition.

The effect of calcination on the structure of coatings is analyzed using a combination of
vtc-XES and X-ray diffraction to conclude whether recrystallization involves any redistribu-
tion of covalently bound metalloid between atoms of different metals in a three-component
system [10,11]. The NiCoP, FeCoP, and FeNiP alloys were electrodeposited on a copper
substrate from solutions containing Fe(II), Co(II), and Ni(II) with NaH2PO2 additives were
taken as the object of the study. The FeNiP system was described in detail in ref. [10].

The corrosive and mechanical properties of cobalt-nickel-phosphorus ternary alloy
coatings are discussed [40]. The role of pH, bath composition, and conditions of electrode-
position are summarized.

The vtc-XES data show that the coatings contain a high concentration of chemically
bound phosphorus. Comparison of the vtc-XES spectra of all initial and calcined coat-
ings [10,11] allows one to unequivocally conclude that the concentration of chemically
bound phosphorus changes slightly due to crystallization, as for the two-phase electrode-
posited alloys described above [6,7].

2.2. Iron Triad Metal Alloys with Molybdenum and Tungsten

Nickel-molybdenum alloys are promising electrocatalysts for HER. There are two
main methods for EDP of NiMo alloys, namely, electrodeposition by direct current and
by the pulsed current [40–43]. The method of EDP by pulsed current is preferable since it
allows one to apply also the duty cycle or effective time of the applied current.
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The relationship between independent variables and coating properties was estab-
lished. In particular, the effect of nickel sulfate and sodium/molybdenum concentrations
on various electroplating reactions was evaluated. Coatings with a high percentage of Mo
and distinct morphology were obtained. X-ray diffractograms showed that all the samples
were amorphous. The optimal bath composition was found at the ratio Ni:Mo of 7.5:5.
A film with a maximum Mo content of 29 wt.% was obtained. However, the alloy with
the best corrosion properties was deposited from a bath with a Ni:Mo component ratio
of 10:3. The NiMo alloys were deposited by the pulsed current [42]. The morphology of
the samples and the Mo content in the alloys were affected by a change in the working
cycle from 70% to 30%. The material exhibited a crystalline structure. All the analyzed
NiMo alloys showed activation of the hydrogen release reaction at a 30% duty cycle. The
mechanism of the electrodeposition was proposed based on the published results [44–47].

The corrosive, mechanical, and magnetic properties of alloys containing metals of
the iron group with tungsten are highlighted in a review [48]. Modern codeposition
mechanisms are critically discussed.

The two-component alloys of the NiW and CoMo types were electrodeposited on a
Cu substrate by the direct current method [49]. The deposition of the CoMo composition
was carried out at i = 30–120 mA/cm2, t = 10–60 min, T = 298 K, pH = 5.0–9.0. The alloy
composition (wt.%) was determined by EDX: O(2–10), Co(13–87), Cu(0.7–7.6), Mo(7–50).
All samples are characterized by a small coating thickness (less than 30 microns) and by the
presence of copper in the alloy, which makes them translucent from the substrate. The pres-
ence of oxygen (up to 10 wt.%) in the composition of the electrodeposited coating indicates
the products of incomplete reduction, i.e., oxide phases. The surface quality of alloys with a
sufficient amount of Mo is bad. Cracks can be seen as a result of accumulated micro stresses
and possible formation of hydrogen clusters, also described elsewhere [50,51]. Summing
up the mechanism of the joint electrodeposition of cobalt and molybdenum according to
the results available in the literature [46,52,53], it can be stated in the simplest version as fol-
lows: initially, metallic cobalt is electrodeposited on the cathode, a thin layer of which acts
as a catalyst for the reduction of molybdenum ions with hydrogen. The formation of a joint
complex of molybdenum and a precipitating metal contributes to the transfer of charges
to the molybdenum ion through the precipitating metal. Molybdenum co-precipitates
with metals of the iron triad due to the energy gain caused by alloying. The electrolyte
containing sodium pyrophosphate as a complexing agent turned out to be more effective
than a citrate-containing agent in terms of forming thicker coatings, however, no sample
had sufficient thickness to study it by X–ray phase analysis, therefore, the approximate
phase composition of the samples can be judged by the nickel-molybdenum state diagram.
The deposits are basically formed in the two-phase region Mo6Co7

+MoCo3. The deposition
of the NiW system was carried out at I = 80–300 mA/cm2, t = 30 min, T = 298 K. The
alloy composition (wt.%) was determined by EDX: O(5–13), Ni(13–85), Cu(6–18), W(3–15).
The deposits obtained at the maximum cathode current density demonstrated relatively
low oxygen contents. The copper content in the alloy decreases with an increase in the
cathode current density. The nickel content in the alloys increases with an increase in the
current density.

The content of tungsten in the coatings increases with an increase in the concentration
of tungstate ions in the solution and does not depend on the current density. The optimal
composition is achieved in alloys obtained from the most concentrated solutions of tungstic
acid salts at maximum current densities. Authors [51] proposed that non-electrochemical
deposition of tungsten in the form of oxides was observed.

According to the Brenner classification, deposition of nickel-tungsten alloys is con-
ducted in the form of “induced co-deposition”. The joint electrodeposition of tungsten and
nickel is divided into four main stages [54–57]:

1. Electrochemical generation of reactive forms of nickel and tungsten. The intermediate
forms of these metals with an unpaired electron, i.e., particles of the radical type,
exhibit a particularly high reactivity;
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2. Formation of refractory metals from reactive particles of heteropoly compounds due
to electrode initiation of the polymerization process. The film formed in this case has
a low electron conductivity;

3. Electrochemical reduction of metal ions in the non-metallic system at the point of
contact of parts of the film with ions in different oxidized states;

4. Final electrochemical reduction of metal ions at the film-alloy interface.

The alloy formation model will be valid if the film has low electron conductivity.
Only in this case is a high negative potential achieved at the alloy-film boundary, and the
release of hydrogen is blocked since the removal of gaseous hydrogen is very difficult.
Consequently, the alloy is obtained at the film-alloy boundary by the following total
reaction [55]:

[(Ni)(WO4)(Cit)(H)]2− + 8e− + 3H2O → NiW + 7(OH)− + Cit3− (9)

The presence of copper in deposits indicates a thin coating, and the excess of oxygen
can be explained by the fact that the deposition of tungsten occurs in the form of tungsten
blue WO3n(OH)n (0.1 ≤ n ≤ 0.5).

Ternary alloys CoNiW were electrodeposited on a copper substrate by using a direct or
pulsed current were studied [50,51,58,59]. The content of each element in the coating was
in the range of 5–35 at.%, which corresponded to the definition of a high-entropy alloy [50].
A crack-free coating can be obtained by applying a pulsed current with an average current
density of 15 mA/cm2. All coatings obtained under various electrodeposition conditions
had an amorphous structure, which indicated the formation of a solid solution on the
substrate. Cracks, usually caused by internal stress or hydrogen embrittlement, can be
observed on coatings obtained by the direct current method. The corrosion potentials of the
coatings were lower than those of the substrate, but the corrosion current density decreased.
The coating can increase the Cu substrate protection efficiency up to 73.8%. The influence
of the bath composition and electrodeposition parameters on the structure, composition,
surface characteristics and corrosion properties of NiWCo alloys was investigated [51].
Corrosion and wear characteristics were evaluated. It has been proved that the CoNiW
alloy has a homogeneous, compact and flat surface exhibiting a colony-like morphology. An
amorphous or nanocrystalline structure was formed depending on the process parameters,
including the current density, pH, and electrolyte composition. The size of the crystallites
did not depend notably on the Co content, but strongly depended on the current, pH of
the solution and the synthesis time. The average roughness was optimized to 4–7 nm. The
triple alloy contains 33 wt.% W, 21–60 wt.% Ni, and 2.8–40 wt.% Co. A decrease in the nickel
content in deposits corresponds to an increase in the Co content. The W content some-
what changed while varying the electrodeposition conditions. The intermediates for the
formation of the CoNiW alloy are [Ni(HWO4)(C6H5O7)]2− and [Co(HWO4)(C6H5O7)]2−
ions. The addition of alumina nanoparticles slightly increases microhardness, reduces
adhesive and oxidative wear, and significantly increases wear resistance [59]. The way
that coatings wear out depends on the conditions of deposition. Alloys of the CoNiW type
with a composition and structure gradually changing in thickness were synthesized using
direct current electrodeposition [58–60]. A simple and convenient method of synthesis by
induced electrodeposition is applicable to obtain multicomponent functional coatings [58].

Solution plasma sputtering is a simple and facile technique for the synthesis of NPs in
a solution [61]. A schematic diagram demonstrates the formation of nanoparticles via the
plasma sputtering method (Figure 6).
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Figure 6. Schematic diagram for the synthesis of Pt/CoPt-1 composite NPs by solution plasma
sputtering. Reproduced from [61] with permission from Nature, 2017.

The plasma generation technique in the liquid phase was used to synthesize alloy NPs
with unique properties suitable for many applications [62].

3. Electrodeposition of Two- and Three-Component Alloys in Ionic Liquids and Deep
Eutectic Solvents

3.1. Electrodeposition of Alloys in Ionic Liquids

The comparison of aqueous solutions and organic solvents with ionic liquids (ILs) as
electrolytes is presented in the literature [63,64]. Some ionic liquids are manufactured on
a commercial scale. The use of ILs in the electrodeposition of metals and alloys results
in enhanced current efficiencies (CE > 90%) and production of corrosion-resistant and
non-flaking coatings. The use of ILs in electrodeposition may be realized by three manners:

i. “pure” ILs
ii. ILs with additives [65]
iii. ILs as additives [66]

As received “pure” ILs may contain different impurities, mostly water. Such sub-
stances as acetonitrile, coumarin, thiourea, benzotriazole, acetone etc., are commonly
considered as additives. By replacing some of the bulky adsorbed IL cations, the additive
molecules can induce a more facile electrode reaction. As a consequence, a smoother and
shinier surface is obtained in the presence of additives [65,67].

The electrodeposition of a Ni-Fe alloy from DES with water additives was studied [68].
The authors found that “abnormal” co-deposition occurs in the presence of water.

Ni-Co alloys were deposited from aqueous solutions with different metal salts and
with additives of ILs 1-methyl-3-(2-oxo-2-((2,4,5-trifluorophenyl)amino)ethyl)-1H-imidazol-
3-ium iodide ([MOFIM]I) and 1-(4-fluorobenzyl)-3-(4-phenoxybutyl)imidazol-3-ium bro-
mide ([FPIM]Br) [66]. It was shown that the composition of alloys depended on the
composition of the electrolyte (Table 2).
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Table 2. The content of Co2+ in the electrolytic solution (wt.%) and the cobalt content (at.%) in the
deposited Ni-Co alloys without and with additives.

Composition Cobalt Content

Composition of the electrolytic solution 30 50 70
Composition of deposited alloy

1. without ILs 38.03 59.8 79.0
2. with [MOFIM]I 35.9 65.65. 85.33
3. with ([FPIM]Br 48.96 60.76 83.62

Electrodeposition of a Ni-Co alloy onto a Cu substrate was performed using an acidic
sulfate bath in the absence and presence of different concentrations of [MOFIM]I and
[FPIM]Br [19]. The corrosion behavior of coelectrodeposited Ni-Co alloys was performed
in a marine water medium. A higher extent of inhibition of Ni2+ and Co2+ reduction is
indicated by the increasing shift of the cathodic polarization curves towards more negative
potentials (Figure 7).

 

Figure 7. Potentiodynamic cathodic polarization curves for the Ni-Co alloy electrodeposition from
the Ni70%-Co30% bath in the absence and presence of different concentrations of (a) [MOFIM]I,
(b) [FPIM]Br at pH 4.5. Reproduced from [19] with permission from Elsevier, 2021.

The inhibition effect of the [MOFIM]I and [FPIM]Br molecules due to their adsorption
on the cathode surface obeys the Langmuir adsorption isotherm. Compared with [FPIM]Br,
[MOFIM]I reveals a better corrosion inhibition efficiency and more efficient additive prop-
erties. According to the natural atomic charges, [MOFIM]I demonstrates the strongest
adsorption ability on the Cu substrate and a higher IERct% compared with [FPIM]Br. These
results show that the theoretical results are consistent with the experimental findings.

The study [20] shows the possibility of electroplating the surfaces of Fe, Ni, and
Ni-Fe in ionic liquids as solvents without hydrogen evolution. It is important to remark
that Ni-Fe alloy electrodeposition was successful in 1-butyl-1methylpyrrolidinium bis
trifluoromethylsulfonyl)imide ([P1,4][Tf2N]) even though iron films are difficult to plate
alone. An unexpected change of the alloy composition versus polarization (increase,
decrease and further increase in the iron atomic percentage) was observed.

A summary of the recent literature discussing the use of ILs in the preparation of
electrocatalysts based on Ni-alloys for OER and HER was presented [21]. It was shown in
the review how ILs function as solvents and electrolytes for high-temperature electrode-
position baths, as well as structure-directing agents, doping agents, stabilizers, and/or
capping agents in nanoparticle synthesis. For example, the mechanism for the synthesis of
Ni2P nanoparticles from the tetrabutylphosphonium chloride ([P4444]Cl) ionic liquid was
proposed (Figure 8).
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Figure 8. The mechanism for the synthesis of Ni2P nanoparticles from the [P4444]Cl ionic liquid.
Reproduced from [19] with permission from Elsevier, 2021.

The IL was found to be the source of phosphorus in the resulting nickel phosphides
through a suggested mechanism involving decomposition under heating to generate trib-
utylphosphine, coordination of tributylphosphine with Ni(0) nanoparticles, and subsequent
cleavage of the remaining P–C bonds as shown in Figure 8 (i.e., capping and doping). Un-
derstanding the role of the structure of the double electric layer of IL in electrochemical
processes, in particular in the electrodeposition of metals and alloys, will allow one to
predict the conditions for obtaining deposits with the desired properties [69].

So, the use of IL in industry is still at the very early stage [64]. The authors [21] stressed
that often it is not obvious why a given IL is selected for a chosen task. The major drivers
for industrial use of ILs are their cost and availability. The other reason for the restriction
on the commercialization of some ILs is their toxicity (imidazolium-based ILs). The major
limitations for industrial electrodeposition of metals and alloys in ILs are [63]:

• The relationship between the precipitate structure and the composition of the IL has
not been studied in detail yet;

• Coatings must achieve quality standards, and process development is required to a
large extent;

• Some applications are at the fundamental research stage with associated higher risk,
that is, electroless, semiconductor, anodizing, and nanocomposite coatings;

• Process economics has been determined for a limited number of processes.

Only when these problems are properly solved will the full potential of these unique
solvents in the production of efficient electrodeposited electrocatalytic materials be realized.

3.2. Electrodeposition in Deep Eutectic Solvents (DESs)

DESs based on choline chloride (ChCl) and other quaternary ammonium salts are
most often applied for the deposition of metals and alloys [15,27]. Examples of compounds
forming deep eutectic solvents (DES) with ChCl are anhydrous and crystal hydrates of
metal salts, urea, ethylene glycol (EG), and many others. Chromium precipitation from
aqueous solutions occurs with a rather low current efficiency and is accompanied by
precipitation of basic compounds (salts, hydroxides). The inclusion of the latter in the
precipitate led to the formation of powdered, strained, or flaking precipitates [70]. DESs
usage let one to obtain dense precipitates with greater adhesion.

According to Abbot [71], DES is promising for obtaining coatings with new composi-
tions and unique properties. The review discusses the effect of additives (especially water)
on the electrodeposition of metals and alloys from DES. Water changes the structure of
the double electric layer and improves mass transfer [71]. The electrodeposition of a Ni-Fe
alloy from DES with water additives (up to 15 wt%) was studied [68]. The authors found
that “abnormal” co-deposition occurs in the presence of water. The review by Smith [72]
noted that, despite the fact that DES is economically difficult to compete with aqueous
electrolytes, they may be of some value for industrial applications.

Nanoscale Fe-Cr alloy was successfully electrodeposited in a choline chloride-ethylene
glycol (ChCl-EG, mole ratio 1:3) deep eutectic solvent in a two-electrode system by optimiz-
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ing the concentration ratio CFe(II)/CCr(III) [18]. ESI-MS analyses indicate that [Fe(H2O)3(Cl)3]−
and [Cr(H2O)2Cl4]− are the dominant species of Fe(II) and Cr(III) in ChCl-EG DES, respec-
tively. Linear sweep voltammetry demonstrates that with the increase in CFe(II)/CCr (III)
from 1:5 to 1:1, the reduction potential difference between Fe(II) and Cr(III) becomes smaller,
which is conducive to the electrodeposition of a Fe-Cr alloy deposit with a higher Cr content.
The reduction of Fe(II) or Cr(III) on a glassy carbon electrode is a quasi-reversible process
controlled by diffusion, with diffusion coefficients of 5.34·106 cm2/s and 2.22·106 cm2/s,
respectively. FE-SEM observation shows that as the CFe(II)/CCr (III) ratio decreases from
1:2 to 1:5, the microstructure becomes non-uniform, and the morphology transforms from
homogeneous particles to scaly blocks. At the ratio of 1:2, the prepared nanocrystalline
Fe-Cr alloy exhibits a symmetrical element distribution with a mean coating thickness
of 120.3 μm and a mean diameter of 1.56 nm (Figure 9). Good corrosion resistance was
revealed for the prepared Fe-Cr alloy. All the above studies provide a theoretical foundation
for Fe-Cr alloy production by varying the electrolyte ratios.

 

Figure 9. Fe-Cr alloy synthesized at the concentration ratio cFe(II)/cCr(III) of 1:2 in ChCl-EG DES.
(a) TEM image; (b) The particle size histogram. T = 333 K; U = 2.8 V. Reproduced from [18] with
permission from Elsevier, 2022.

Ni-Co coating was deposited from DES by a potentiostatic technique on glassy car-
bon and Si/Ti/Au electrodes [73]. The CoNi films presented two CoNi alloyed crystal
structures; therefore, the formation of Ni cubic crystalline structures and amorphous Co
nanocrystalline structures was promoted. The deposits were tested as platforms to activate
the formation of sulfate radicals.

The effects of the deposition potential on the morphology, chemical composition,
crystal structure, corrosion resistance, and magnetic properties of nanostructured Fe-Co-Ni
coatings were investigated [22]. The Fe-Co-Ni coatings prepared from ChCl/2Urea DES
at different deposition potentials showed good corrosion resistance. Fe-Co-Ni coating
that is produced at the deposition potential of −1.2 V (vs. saturated calomel reference
electrode), exhibited a more positive corrosion potential and obvious magnetic anisotropy.
The effective electrodeposition of nanostructured Co-films with a high surface area was
performed by DES [74].

The coatings with the Fe contents of 89, 69, 47, and 28 at% were electrodeposited from
DES [75]. The electrocatalyst with 69% Fe demonstrated high activity in HRR in alkaline
media. The comparison of the alloy and the bath composition showed a close match.

The Fe and Fe-Ni coatings were electrodeposited in novel DES consisted of mixtures
of FeCl3 (or NiCl2) and acetamide [76]. The Fe–Ni alloys demonstrated high corrosion
resistance. The 1:1:10 FeCl3–NiCl2–acetamide mixture produced three deposits with com-
positions: Fe and alloys Fe72Ni28 and Fe12Ni88.

NiMo alloys were obtained from DES by the pulsed technique [42] at potentials
ranging from−0.5 to−0.9 V vs. Ag [77] and with the conventional Watts bath [78].
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Ni–P alloy coatings with tunable phosphorus contents are electrodeposited onto a
platinum electrode at room temperature using choline chloride, ethylene glycol (1:2 molar
ratio) as a deep eutectic solvent, and NiCl2·6H2O, NaH2PO2·H2O as nickel and phosphorus
sources, respectively. Cyclic voltammetry shows that the presence of H2PO2

− in the ionic
liquid in the case of Ni plating promotes the initiation of Ni–P nucleation [79]. The structure
of Ni–P deposits is converted from a crystalline to an amorphous structure with the increase
in phosphorus content in the coating.

There is no unambiguous opinion regarding the use of DES for the electrodeposition
of metals and alloys [15,71,72]. At present, the comparison of industrial production of
functional materials in DES and in aqueous solutions is not in favor of the former. From
a practical point of view, DESs application for the deposition of coatings based on most
of the metals (iron, copper, brass, nickel, and their alloys) used in the industry to produce
functional materials is yet not realistic [15,72]. However, in the future, the use of DES as an
electrolytic medium may open up opportunities for obtaining alloys of new compositions
with unique physicochemical properties [71].

The main advantages and disadvantages of water and anhydrous electrolytes for
metal electrodeposition can be summarized on the basis of the analysis of literature data
(Table 3).

Table 3. Main advantages and disadvantages of classic (water) and modern electrolytes for electrode-
position.

Electrolyte Advantages Disadvantages Ref.

Classic water
solutions

low temperature, low cost, fast, good adhesion
of deposit, easy to control thickness of the

deposit, wide range of metal salt concentration

pH dependent, low current efficiency and
porosity due to hydrogen evolution. High

concentration of toxic component, the anion
formation in the solvent decomposition
process can lead to the occurrence of a

precipitation with the metal ion

[26,70]

ILs

pH independent, deposition metals that are not
accessible with conventional aqueous solution,

good solvent for organic and
inorganic substances

High cost, toxic, different impurities
(water et al.) [3,4,25]

DES

Deposition metals that are not accessible with
conventional aqueous solution, the anion

formation in the solvent decomposition process
can not lead to the occurrence of a precipitation

with the metal ion, low cost, non toxic, easy
preparation, high purity

There are few systematic studies [15,20,23]

4. Conclusions

• The relevance of electrodeposited alloys with a wide range of useful properties, such as
corrosive, electrocatalytic, and magnetic properties, is shown. Due to these properties,
the scope of applications for these alloys is very wide. The ability to deposit alloys on
parts of a complex shape increases the wear and corrosion resistance of the latter.

• It is very important to study the correlation between the concentration of metal ions
in the electrolytic bath and the metal content in the reduced form to describe the
technique of manufacturing the coatings.

• Also promising, in our opinion, will be the establishment of a correlation between
the magnetic and catalytic properties of electrodeposited alloys based on iron triad
metals. Another promising direction of research on the properties of electrodeposited
nickel- and cobalt-based alloys with modifying additives is the use of these materials
in medicine, for example, as a replacement for platinum cardiac stents [61–64].

• The potentiostatic, ultrasonic, and plasma generation techniques in liquid are promis-
ing approaches in the electrodeposition process. Solution plasma sputtering is a simple
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and facile technique for the preparation of highly dispersed nanomaterials (metals
and alloys) on a variety of carriers, such as metal oxides and carbon materials.

• The electrochemical deposition of alloys based on Fe-triad with aqueous (classical)
solvents due to their advantages (Table 3) is today the most commonly used technology
for industry. Due to their specific physicochemical and electrochemical properties,
ionic liquids and DES are promising for obtaining coatings with new compositions
and unique properties that cannot be obtained from classical solvents.
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Abstract: The metallization of polyetherimide (PEI) is widely considered to enhance its surface
properties and enhance its application in engineering fields; however, adhesion is a key factor in
determining the reliability of PEI metallization. A Ni/Cu/Ni multilayer coating was successfully
manufactured on a batch of PEI resin reinforced with glass fibers by a two-step metallization process,
including sandblasting and activation/acceleration. The microstructure and morphology of the
top-surface and cross-section of the coatings were observed by scanning electron microscopy. The
chemical state and composition of the deposits were characterized by both X-ray photoelectron and
energy-dispersive spectroscopy. The adhesion state was qualitatively evaluated by cross-cut tests with
3M tape. The surface roughness of the substrate significantly increased after the sandblasting process,
which could improve the adhesion between the multilayer coating and the PEI substrate. After the
standard activation process, the acceleration made an effect on the deposition of the initial Ni layer
for electroless plating. The influence of acceleration on the appearance quality of metallization on the
PEI substrate was studied and, at the same time, the mechanism of acceleration was investigated and
addressed.

Keywords: pretreatment; polyetherimide; electroless plating; metallization; adhesion

1. Introduction

Currently, the surface metallization of polymeric substrates, with or without fiber
reinforcement, is a study area of growing interest because of the need to enhance their
surface properties. In fact, the polymer-based materials are increasingly used in several
sectors of engineering, such as automotive, aerospace, and construction, replacing metals
for different applications [1]. Polyetherimide (PEI)-based materials are amorphous, thermo-
plastic polymers, which are chemically stable, biocompatible, and exhibit the mechanical,
thermal, and dielectric properties required for next-generation applications [2]. PEI-based
materials have some advantages, such as high heat resistance, stiffness, impact strength,
high mechanical strength and flame resistance, and broad chemical resistance [3,4]. PEI
could offer advantages such as lightness, a high strength to weight ratio, and flexibility in
designing shapes and forms. On the other hand, it could also be useful to improve some
of its properties, such as its electrical conductivity, electromagnetic shielding capabilities,
thermal conductivity, flame resistance, and erosion and radiation protection, in order to
further widen the fields of application for PEI-based materials. In this regard, the surface
metallization of the PEI substrate is an effective technique to enhance the above-mentioned
surface properties to expand their engineering applications [5].

Some approaches could be used to prepare a metallic layer on the polymers, such as
physical (PVD) [6,7] and chemical vapor deposition (CVD) [8,9], the use of thermal [10]
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and cold spray [1,11], using electroless plating [12–14], and electroplating a conductive
layer [15]. PVD, CVD, and spray techniques incur high equipment and processing costs,
and are limited in terms of productivity and workpiece sizes and shapes. Electroless plat-
ing is an alternative way to produce the metallic layer on PEI composite substrates when
plating without applied current and vacuum conditions or using a low bath temperature,
and has applicability to complicated-shaped substrates [16–19]. Electroless nickel plating
on polyethylene terephthalate surfaces for triboelectric nanogenerators facilitates the im-
provement of device wearability and comfort [20]. Marques-Hueso et al. [21] reported
that a rapid photosynthesis method was used to produce the silver nanoparticles on PEI
substrates. Marline et al. [22] studied a direct metallization of Ni coating on PEI substrates
by spin-coating or a dipping deposition of an ultra-thin film of an organic nickel salt in an
alcoholic solution. Jones et al. [23] investigated a direct metallization of PEI substrates by
activation with metal ions as seed layers, which could be reduced and formed by chemical
or optical reduction. Alodan [24] reported a metallizing PEI resin reinforced with glass
fibers, where the surface of the PEI substrate was modified by etching the resin matrix and
the glass fibers using two different solutions. During the resin etching step, glass fibers were
exposed and etched at the surface. Glass fiber etching was found to be essential to promote
adhesion between the metallic film and the PEI surface. After electroplating, the adhesion
force was 230 kg/cm2 (3000 psi). Esfahani et al. [2] presented a new digital fabrication
strategy that combined the 3D printing of high-performance polymers (polyetherimide)
with a light-based selective metallization of copper traces through the chemical modifica-
tion of the polymer surface and the computer-controlled assembly of functional devices
and structures. Zhang et al. [25] reported that a new surface modification method was
developed for the electroless deposition of robust metal (copper, nickel, silver, etc.) layers
on a poly(dimethylsiloxane) substrate with strong adhesion.

Adhesion strength is an important parameter in determining the reliability of the met-
allization of the PEI substrates [26]. In fact, it is hard to obtain a strong adhesion between
the layer and the PEI substrate due to high interfacial energy. Some pretreatment processes
could be helpful to improve the adhesion strength, including laser [27–29], plasma [30,31],
and mechanical roughening [32,33], as well as chemical etching [34,35]. These pretreat-
ment processes increase the surface roughness, and wettability or chemical bonding of
the substrates, resulting in a strong adhesion between the metallic layer and the substrate.
For conventional electroless plating, adsorbed palladium (Pd) catalysts are widely used to
activate the surface for the following electroless metallization. The sensitization/activation
and acceleration could seed a catalyst on the surface of the PEI substrates for electroless
plating, which could also influence the adhesion of the metallic layer. Pretreatment of the
PEI substrate with the PdCl/SnCl sensitizer solution leads to the adsorption of catalytically
inactive Sn and Pd compounds or complexes [36]. Subsequently, the excess tin oxides,
hydroxides, and salts were removed by an accelerator solution, and then the active catalyst
species consisted of left behind metallic Pd and PdSn particles approximately 1–10 nm in
size, which become the deposition center of Ni atoms for electroless plating. However,
there are few reports on the influence of pretreatment processes, including mechanical sand-
blasting and acceleration, on the adhesion of the metallization of PEI substrates. Generally,
the deposition of electroless plating on PEI substrates required a chemical pretreatment to
ensure good adhesion; however, there are limitations due to its low adhesive strength and
a long production cycle strongly linked to environmental hazards/costs. [34,35].

In a recent publication, a composite coating of a Ni/Cu/Ni multilayer was produced
on the surface of PEI reinforced with glass fiber composite substrates. Ni and Cu layers were
obtained by electroless plating and electrodeposition, respectively. The influences of the
Cu interlayer thickness and heat treatment on the adhesion state of the multilayer coatings
on the substrate were studied [32]. Film thickness has an important effect on adhesion.
The adhesion solution of the Ni/7.54 μm Cu/Ni and Ni/58.6 μm Cu/Ni multilayers on
PEI composites could be classified as grade 5B and 3B, respectively. Furthermore, the
adhesion force of the Ni/58.6 μm Cu/Ni multilayer on the substrate can be improved by
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heat treatment at 200 ◦C for 4 h. However, the pretreatment processes for metallization on
PEI substrates play a key factor on the adhesion and appearance quality of the deposits. In
this study, a coating of Ni/Cu/electroless Ni multilayer was deposited on PEI reinforced
with the glass fibers. Therefore, it is necessary to study the effect of pretreatment processes,
such as roughening and acceleration processes, on the adhesion of the Ni/Cu/Ni multilayer
on PEI composite substrates. Tape peel tests were used to determine the adhesion state of
Ni/Cu/Ni/PEI composites with pretreatment processes.

2. Experimental Section

2.1. Pretreatment and Preparation

We manufactured the PEI composite substrates with short glass fibers by injection
molding, which could be used as electronic products in the communication field. The
two-dimensional drawings of the PEI composite substrate are displayed in Figure 1.

Figure 1. Two-dimensional drawings of PEI composite substrate.

Figure 2 shows the process flowchart for surface metallization on PEI substrates. The
preparation of metallization of the PEI substrate was performed in the subsequent steps:
(1) heat treatment, (2) machine coarsening, (3) ultrasonic degrease, (4) chemical etching,
(5) surface neutralizing, (6) sensitization and activation, (7) acceleration, (8) alkaline nickel
electroless plating, (9) weak corrosion, (10) copper electroplating, and (11) acid electroless
nickel plating. After each step, we washed and rinsed the substrates in deionized water.
Table 1 displays each process involved in metallization on PEI substrates. The details for
each step are as follows:

Figure 2. Process flowchart for metallization of PEI composite substrates.
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Table 1. Process conditions of surface neutralizing (Modifier A/B/C were purchased from MacDer-
mid Co., Shanghai, China).

Item Condition

Modifier A 7–10%
Modifier B 5–6%
Modifier C 1.5–3%

Temperature (◦C) 50–60
Time (min) 12–18

pH 9–10
Note: Mixed solution is of deionized water.

Heat treatment: We heat treated PEI substrates at 50~100 ◦C for 30 min, then 200 ◦C
for 4~4.5 h.

Sandblasting: We sandblasted with 5 kg pressure for holding time of 4~5 s to roughen
the PEI surface. These sands were composed of white Al2O3 grits with sizes ranging from
9.8 to 10.2 μm. The distance between the nozzle and the sample was about 80~90 cm. We
immersed the sandblasted samples in deionized water, then took them out and placed them
horizontally. The sandblasting resulted in an increase in the surface roughness, improving
the adhesion between the layer and the substrate.

Ultrasonic degrease: After sandblasting, we degreased the PEI samples and cleansed
in the ultrasonic cleaning machine with alkaline solution 5.0 M NaOH for ~20 min. Then,
we rinsed in the deionized water.

Chemical etching: We chemically etched the samples in a mixture of chromium
hexavalent, containing chromium trioxide of 200–400 g/L and 10 % sulfuric acid solution,
and then we rinsed with water. We set the bath temperature in a range from 55 to 60 ◦C,
and the etching time was 15–25 min.

Surface neutralizing: This step was to remove excess chromate from the surface
and to neutralize the substrate because of the residual Cr6+ on the sample after chemical
etching. We performed this step to avoid affecting the other solution, and to neutralize
and adjust the samples according to Table 1. This mixed solution could modify the surface
of the PEI substrate after etching, and might supply a positively charged group, which
could be helpful to absorb the negatively charged Pd group. For some special polymer
composite materials, such as PEI and PI composite polymer materials, this step has to
be performed after the etching process to obtain much more Pd species for the next step-
activation/sensitization process. However, for the metallization of ABS polymer materials,
this step is not performed after the etching process (skip to the activation/sensitization
process).

Sensitization and activation: We immersed the PEI substrates in the sensitization and
activation solutions containing colloid palladium. The gray black Pd nanoparticles were
formed by the redox reaction between palladium chloride (PdCl2) and stannous chloride
(SnCl2) in the solution [37]. In this case, the Pd nuclei and nanoparticles surrounded by
adsorbed Sn2+ species were formed on the surface of PEI substrates. The mechanism of
colloidal Pd formation is based on the SnCl2·2H2O solution, and Sn2+ ions in the solution
can reduce Pd2+ ions to Pd atoms. The equations describing the reaction mechanism are as
follows [38]:

SnCl2 + PdCl2 → SnCl4 + Pd (1)

Pd2+ + Sn2+ + 4Cl− → Sn(PdCl4) (2)

Acceleration: Pd nuclei and nanoparticles were surrounded by adsorbed Sn2+ species,
which could remove colloid to expose the surrounded Pd nuclei on PEI substrates under
stirring and air-blowing conditions. It is a strong acid solution with a low pH value. The
standard treatment time was 4 min at a temperature of 40 ◦C as the activated samples were
immersed in the acceleration solution.

Alkaline electroless nickel plating: We used an alkaline chemical nickel plating
to generate a conductive film at room temperature. When the activated samples were
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immersed in the solution, the reduction of Ni2+ ions occurred, and an initial nickel layer
was formed on the PEI substrates. During deposition, after a few minutes, the surface of the
substrate slowly became shiny in the solution, inferring that the deposition of the metallic
layer occurred. Subsequently, we observed that the reaction intensified on the surface of the
samples because lots of small bubbles were released from the bath, and the Ni autocatalysis
resulted in a vigorous reaction in the solution. Lastly, the Ni layer was deposited on surface
of the PEI substrates. The surface of the samples presented a metallic appearance. The bath
chemistry and deposition parameters are listed in Table 2. We controlled the thickness of
the layer by the deposition time. The thickness of the initial electroless Ni layer was about
2 μm.

Table 2. Process steps involved in metallization on PEI substrates.

Process Step Process Condition

Heat treatment First, T = 50~100 ◦C for 30 min, then 200 ◦C for 4~4.5 h.
Sandblasting 5 kg pressure
Degreasing 5 M NaOH at T = 25 ◦C for ~20 min under ultrasonic condition

Chemical etching Chromium trioxide of 200–400 g/L and 10% sulfuric acid, 55–60 ◦C, 15 min
Surface neutralizing 5 M NaOH at T = 25 ◦C for ~20 min under ultrasonic condition

Sensitization and activation 220–280 mL/L HCl; 3 g/L SnCl2·2 H2O; 2–4 mL/L Activator *; T = 25 ◦C;
t = 10 min

Acceleration 100 mL/L HCl, T = 40 ◦C, t = 2~10 min

Alkaline electroless Ni 90–110 mL/L 160 A *; 25–35 mL/L 160 B *; 4–6 mL/L NH3·H2O;
pH = 8.8–9.2; T = 25 ◦C and t = 8 min

Weak Corrosion 10% HCl; t = 30 s

Cu electroplating
55–60 g/L CuCO3; 30–40 g/L NaKC4H4O6·4H2O; 250–270 g/L C6H8O7;

10–15 g/L NaHCO3; pH = 8.5–9.5; T = 25 ◦C; Applied voltage = 2.5 V;
t = 15 min

Acid electroless Ni
15–25 g/L Ni(NH4)2(SO4)2; 25–35 g/L NaH2PO2·H2O; 25–35 g/L

CH3COONa; 20–30 g/L C6H5Na3O7·2H2O; 1 mg/L CH4N2S; T = 70 ◦C;
pH = 4.5–5; t = 20 min

Note: * Chemicals were purchased from McDermid-Canning Com.; T = temperature, t = applied time.

Weak corrosion: Weak corrosion is one of the key processes before the electrodepo-
sition of copper layer. This is a surface activation process. This step is to remove the
passivation film formed on the surface of the initial nickel layer, ensuring that good ad-
hesion between the nickel layer and the copper coating. The weak corrosive solution
was composed of an aqueous solution with 10% hydrochloric acid, immersed at room
temperature for 30 s.

Cu electroplating: The electrodeposition conditions and bath chemistry for Cu electro-
plating are displayed in Table 2. We electrodeposited the thick Cu coating on the initial Ni
layer in an alkaline solution at room temperature for 25 min (a good electrical conductive
layer). The thickness of the Cu interlayer was about 20 μm. We controlled the thickness
of the Cu coating by the deposition potential and time. We used two Cu plates as the
anode, and used the samples with an initial Ni layer as cathodes. During electroplating,
the solution was stirred by continuous bubbles, and the distance of the anode and cathode
was about 25 cm.

Acid electroless Ni top layer: We deposited the top-layer Ni, as an anti-corrosive
layer, on the surface of Cu/Ni PEI composite by electroless process in acidic solution for
20 min. The deposition conditions and bath chemistry are displayed in Table 2. The
thickness of the top-surface Ni layer was about 6 μm.

2.2. Adhesion Force Test

We made sets of 4 × 4 cross-hatched scratches, with an interscratch distance of 1 mm
and cross scratches at ~90◦, on the deposits after drying. We applied a 3 M tape (610-1PK
special test tape produced by 3M Company) over the grid, placing the center of the tape
over the grid, and smoothed into place with a finger. After holding on 90 s, we removed
the tape by seizing the free end and pulled it off rapidly at 90◦. We assessed the adhesion
force between the layer and the substrate according to the cross-cut testing standard of
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ASTM-D3359-09 (see Table 3). We repeated the cross-cut tests at least twice to evaluate the
adhesion force between the substrate and the layer.

Table 3. Classification of test results.

Classification Description
Appearance of Surface of Crosscut
from Which Flaking Has Occurred

(Example for Six Parallel Cuts)

5B The edges of the cuts are completely smooth;
none of the squares of the lattice are detached.

 

4B
Detachment of small flakes of the coating at
the intersections of the cuts. A cross-cut area

not greater than 5% is affected.
 

3B
The coatings flaked along the edges and/or at
the intersections of the cuts. The cross-cut area

is >5%; however <15% is affected.
 

2B

The coatings flaked along the edges of the cuts
partly or wholly on different parts of the

squares. The cross-cut area is >15%; however,
<35% is affected.  

1B

The coatings flaked along the edges of the cuts
in large ribbons and/or some squares

detached partly or wholly. The cross-cut area
is >35%; however, <65% is affected.  

0B A cross-cut area of >65% is affected.

2.3. Characterizations

We evaluated the average surface roughness values of the PEI substrates before and
after sandblasting by a surface profilometer (BRUKER ContourGT K0) with a 12.5 μm
radius tip.

We recorded contact angles of the PEI substrates before and after sandblasting using a
goniometer (FM4000, KRUSS Germany). The liquid we used was distilled water, 5 μL in
volume, which we dropped on the surface of the samples in order to measure the contact
angle. We determined the final contact angle three times at different places on the surface
of the samples, using the well-known Young’s Equation (3) for describing the contact angle
θ on a solid surface,

cosθ =
(γSV − γSL)

γLV
(3)

where γSV, γSL, and γLV are the interfacial free energy per unit area of the solid–vapor,
solid–liquid, and liquid–vapor interfaces, respectively. A simple model to characterize the
influence of the surface roughness on the wettability of a solid was proposed by Wenzel
Equation (4), which can be represented as follows:

cosθ∗ = R(γSV − γSL)/γLV = Rcosθ (4)

where R is the solid surface roughness, defined as the ratio between the actual surface area
of a rough surface to the projected area. The above equation shows the relationship between
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the contact angle of the flat surface θ and that of the fractal surface θ*. We determined the
surface energy by contact angle measurements using the Young–Dupre Equation (5).

γ =
γw

4
(1 + cosθ)2 (5)

where γ is the surface energy of the solid, γw = 73 mJ/m2 is the surface energy of the liquid
water, and θ is the measured contact angle.

We observed the microstructure and morphology of the surface and cross-section of
the deposits by a scanning electron microscopy (SEM, Zeiss-Supra55). We set the scanning
rate to 40 s at an operating voltage of 10 kV. We determined the chemical composition of
the deposit by X-ray energy-dispersive spectroscopy (EDS, X-act) detector. We measured
the chemical state of ions in the solution using a UV Spectrophotometer (UV-3600 Japan).

We performed X-ray photoelectron spectroscopy (XPS) measurements in ultrahigh
vacuum (3.3 × 10−8 Pa base pressure) using a 5700 ESCA System (PHI, NY, USA). We
irradiated the samples with an Al-Kα monochromatic source (1486.6 eV) and analyzed
the outcome electrons by a spherical capacitor analyzer using slit aperture of 0.8 mm. We
analyzed the samples at the top-surface. We used the carbon signal for C–1s at 285 eV
as an energy reference for the measured peaks. In order to identify the elements on the
surface of the film, we performed a low-resolution survey spectrum over a wide energy
range (0–1000 eV). We acquired high-resolution spectra with a pass energy of 23.5 eV at
increments of 0.1 eV·step−1, to allow precise determination of the position of the peaks
and their shape. We performed curve-fitting with Gaussian–Lorentzian function, using the
XPSPEAK software. We fixed two fitting parameters—the position of the peak and its full
width at half-maximum (FWHM)—within ±0.2 eV.

3. Results and Discussion

Figure 3 displays the 3D images of the surface morphology of the PEI substrate before
and after the sandblasting process. The average surface roughness (Ra) values of the surface
of the PEI substrate before and after sandblasting were 117 nm and 2125 nm, respectively.
The surface roughness increased significantly after the sandblasting process. The surface of
the PEI substrate was smooth (Figure 3a); however, the surface of the PEI substrate after
sandblasting looked like a “mountain chain” (Figure 3b), indicating the surface became
rough, which could contribute to improving the adhesion of the layer and the PEI substrate.

The effect of sandblasting on the wettability of the PEI substrate is observed in Figure 4.
The surface of the PEI substrate before sandblasting shows a high wettability at a contact
angle of about 84◦ (Figure 4a). After sandblasting, the contact angle increased to 100◦
(Figure 4b), indicating a low wettability. The specific surface area significantly increased
after sandblasting process. The calculated surface energies of the PEI substrates before and
after sandblasting were equal to 34.3 mJ/m2 and 60 mJ/m2, respectively. This indicated
that the specific surface area significantly increased after the sandblasting process. The
Wenzel and Cassie models contributed to the effect of surface roughness on wettability.
The Wenzel model shows that a rough material surface has a higher surface area than a
smooth one, which increases its hydrophobicity. The Cassie model shows that air trapped
on the rough surface enhances the hydrophobicity because the drop is partially sitting on
air. According to Equations (4) and (5), the ratio R is greater than unity, thus the wettability
increases (θ* < θ) for a hydrophilic situation, and decreases (θ* > θ) for a hydrophobic one.
Therefore, this result agrees with the Wenzel equation. However, the surface wettability of
the PEI substrate after sandblasting pretreatment can be improved to some degree after the
chemical etching process. A good surface wettability of the PEI substrate can enhance the
absorption of the activated Pd species in an activation solution. Therefore, more activated
Pd particles were fixed and attached at the top-wetted surface, resulting in the increase of
surface reactive sites. It can be inferred that the adhesion of the Ni layer was enhanced by
the increase of the surface reactive sites.
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Figure 3. 3D images of surface roughness for PEI composite before (a) and after (b) sandblasting
process.

Figure 4. Water droplet contact angles on surface of PEI composite before (a) and after (b) sandblasting
process.

The adhesion between the Ni/Cu/Ni multilayer and the polymer substrate was in-
fluenced by the sandblasting process. Figure 5 shows the digital images of the Ni/Cu/Ni
deposits on PEI substrates with and without sandblasting. After the deposition of three
layers of Ni/Cu/Ni deposits on PEI substrates, the adhesion of the deposits on PEI sub-
strates was assessed by the cross-cut test with a 3M tape. The Ni/Cu/Ni deposit on the
PEI substrate appears silver colored. The surface of the deposit was uniform and dense,
with no evidence of defects. The Ni/Cu/Ni multilayer exhibited a poor adhesion with PEI
substrates after the cross-cut test (Figure 5a). The cross-scratched deposit was detached
from the substrate after peeling the tape. The affected area was in the range of 90~99%
of the lattice and the adhesion can be classified as 0B grade. There is no evidence of the
Ni/Cu/Ni deposit being removed from the sandblasted PEI substrates after the 3M tape,
as shown in Figure 5b. The region between the grids kept intact, exhibiting good adhesion,
and were classified as 5B grade. The interfacial adhesion strength between the Ni/Cu/Ni
multilayer and PEI composites was remarkably improved by the pretreatment, which was
attributed to the mechanical interlocking effect at the interface between the multilayer

32



Metals 2022, 12, 1359

and the PEI substrates with high surface roughness. However, the Ni/Cu/Ni multilayer
on the neat surface of the PEI substrates without the sandblasting process exhibited poor
adhesion, which might be attributed to low surface roughness and some contaminations
on the surface, such as release agent residues, resulting in poor adhesion between the
multilayer and PEI substrates.

Figure 5. Digital images of Ni/Cu/Ni multilayer deposits on PEI substrates without (a) and with
(b) sandblasting process after cross-cut test by 3M tape.

Figure 6 shows the SEM images and EDS pattern of the surface and cross-section of the
initial thin-layer Ni. The surface of the initial Ni layer was rough because of the sandblasted
PEI substrate, and some fine microcracks were observed on the surface (Figure 6a). The
initial Ni layer consisted of some small aggregates and large particles. The surface of the
initial Ni layer on the untreated PEI substrate was smooth; however, a fine microcrack
was observed (Figure 6b). The thickness of the initial electroless Ni layer was about
2 μm. The interface between the layer and the substrate was obvious, with no evidence
of delamination (Figure 6c). The P content in the initial Ni layer was 5.9 wt%. Generally,
electroless Ni–P deposits with less than 5 wt% P have a crystalline structure with an average
grain size of approximately 2–15 nm, and the films with more than approximately 10 wt%
P show an amorphous phase compared with Ni. Within the intermediate concentration
range, nanocrystallite was embedded in an amorphous matrix [18]. Therefore, in this work,
this initial Ni layer on the PEI substrate was composed of a mixture of amorphous and
nanocrystalline phases.

Figure 7 shows the microstructure and morphology of the surface and fracture of
the Ni/Cu/Ni multilayer on the sandblasted PEI substrate. The visual appearance was
a continuous and homogeneous layer with a low presence of visible defects (Figure 7a).
There is a continuous film. The globular shape of the top of the columnar features can
be observed. However, the top-surface of the Ni layer was also composed of some small
aggregates with sizes of 2.0~8.0 μm. The surface was relatively rough due to the rough
surface of the PEI substrate. The fracture of the multilayer on the PEI composite is displayed
in Figure 7b, which was treated by a mechanical cutting machine. The thickness of the
top-surface Ni layer was about 6.31 μm. The thickness of the Cu interlayer was about 20 μm.
Glass fibers and some holes were observed on the fracture of the PEI substrate. After the
sandblasting process, the surface generates a non-uniform surface structure characterized
by dimples and furrows. There were no noticeable cracks, and this behavior demonstrated
a high-quality composite multilayer. There is no evidence of the delamination between the
layers and the deposit and the substrate.
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Figure 6. SEM images of surface of alkaline electroless Ni layer on sandblasted PEI substrate
(a) and on untreated PEI substrate (b); SEM image of cross-section of alkaline electroless Ni layer on
untreated PEI substrate (c).

Figure 7. SEM images of top-surface (a) and fracture (b) of multilayer deposit on PEI substrate after
sandblasting.

Generally, colloid palladium was used as a kind of catalyst for the surface metallization
of the polymer substrates [39]. The catalytic activity of colloid palladium not only played
an important role in the appearance quality of the surface metal layers but also affected
the industrialization applications of metallic layers on polymer substrates. The excess
SnCl2·2H2O surrounds palladium to form colloidal palladium. The activation process
can be realized by one or two steps. The latter includes the sensitization of a SnCl2 acidic
solution and the activation of a PdCl2 acidic solution. Firstly, the substrate was immersed
into a solution in order to adsorb Sn cations at the surface of the PEI substrates. Secondly, a
batch of samples were immersed in the activation solution containing the catalytic chemical,
resulting in the formation of the catalyst species. However, the colloidal palladium solution
just needs one step in this work. A commercial solution with a combination of sensitizer
and activator contains a palladium complex. The Pd complex activation solution is gray
black due to the formation of the (PdSn6)Cl14 complex by the following reaction (6):

6SnCl2 (excess) + PdCl2 = (PdSn6)Cl14 (6)

The colloidal palladium solution will fail. After a period in the beaker, the color of the
solution will be changed to yellow. There is no deposit formed in the solution. Figure 8
shows the UV–vis spectra and macrograph of the activation solution in the glass bottles. It
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can be observed that the colloidal palladium solution shows the gray dark color; however,
the color of the colloidal palladium solution became yellow after a period (about 10 days
exposed to air). According to the observation of the UV–vis spectra, the chemical state of
the ions in the solution was changed after 10 days exposed to air. This is possible due to
the oxidization of Sn2+ ions, as in the following reaction (7):

2SnCl2+ O2 + 4HCl = 2SnCl4 + 2H2O (7)

Figure 8. UV–vis spectra and macrograph of activation solution in the glass bottles.

After the PEI substrates were treated and activated by the sensitization/activation
process, the substrates were thoroughly rinsed into acceleration solution at the temperature
of 70 ◦C to remove excess hydroxides, oxides, and salts of tin, leaving active catalyst
species, such as metallic Pd and PdSnx nanoparticles [34]. This step is commonly known as
acceleration. The accelerator is a strong acid or alkaline solution, which plays an important
role in energizing the mixed catalysts. The electroless plating of an initial Ni layer will
not occur without the acceleration process. The action and function of the accelerator is to
convert hydrolyzed stannous and PdCl2 to active metallic Pd. The surface catalytic activity
of the substrate is related to the number of catalytic nuclei of Pd, which depends on the
degree of acceleration and the amount of SnC12/PdC12 adsorbed on the surface of PET
substrates.

Figure 9 shows the XPS spectra of the top-surface of the sample after the sensiti-
zation/activation and acceleration processes. The surface of the PEI substrates treated
only with the sensitization/activation solution shows Sn, O, Pd, and C signal peaks. The
observed carbon signal was not characteristic of the PEI and is attributed to normal envi-
ronmental contamination. It can be observed that Sn 4d (26.25 eV), Sn3d (487.76 eV), and
Sn 3p (716.4 eV) signals were eliminated and weak after the acceleration process but the
Pd and Cl signals were still strong. Therefore, the acceleration process could be helpful to
convert hydrolyzed stannous and PdCl2 to active metallic Pd. The Sn2+ and Sn4+ ions were
easily removed from the colloid solution.

Figure 10 shows the high-resolution XPS spectra of the Pd and Sn. The Sn(IV) signal can
be observed before acceleration. Before acceleration process, the Pd0 and a small amount of
Pd2+ were present, at the same time there are main Sn4+ ions at 486.3 eV for several stannous
or stannic oxides or hydroxides, and small amounts of Sn0 at 485.5 eV in the solution. After
the acceleration process, both Sn and Sn(IV) species were present, and colloidal Pd was
mainly present in Pd0 metallic state. It can be indicated that the primary Pd species
on the surface of the PEI substrate are in the metallic state before and after acceleration,
although a fraction of the Pd is oxidized during the sensitization/activation and acceleration
processes, which could be attributed to the sensitization/activation solution being used for
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a period. After the acceleration process, the intensity of the Sn 3d5/2 signal peak decreases
dramatically, and two nearly equal reflections were observed with binding energies of
485.2 eV and 486.8 eV (Figure 10d). The reflection at a relatively low binding energy is
attributed to metallic Sn species, while the reflection at a high binding energy is due to the
remaining stannic hydroxides. Thus, it is assumed that only the metallic Sn is associated
with the active catalytic center. After the acceleration, lots of Sn species have been removed.
The highly active catalyst of Pd0 induces Ni deposition instantaneously by immersion in
an electroless plating Ni bath.

Figure 9. XPS spectra of top-surface of the sample after sensitization/activation process (a) and after
acceleration process (b).

Figure 10. High-resolution XPS spectra of Pd 3d and Sn 3d before and after acceleration process.
XPS of Pd 3d (a) and Sn 3d (b) before acceleration process, and XPS of Pd 3d (c) and Sn 3d (d) after
acceleration process.

The initial nickel solution is an alkaline solution produced from electroless plating.
This solution is strongly alkaline (pH > 12). This bath produces a binary nickel–phosphorous
(Ni-P) alloy deposit. In an alkaline bath based on the dehydrogenation of the reducing
agent, the deposition mechanism of the electroless Ni-P coating involved the following
chemical reactions [16,18]:

H2PO2
− + 2OH−→H− + H2PO3

− + H2O (8)
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Ni2+ + 2H−→Ni0 + H2↑ (9)

H2PO2
− + H−→2OH− + P + 1/2H2↑ (10)

H2O + H−→OH− + H2↑ (11)

According to Equations (9)–(11), the formation of hydrogen bubbles in the solution
was from the hydride ions and water. After a standard acceleration time, the masking salt
and the reactive Pd or metallic PdSnx were exposed, which then initiates the deposition
of Ni, forming a conductive Ni layer for the next step of electroplating. The complete
Ni layer was deposited on the PEI substrate, as displayed in Figure 11a. However, the
acceleration time will affect the deposition of Ni for electroless plating (see Figure 11b,c). In
the case of insufficient acceleration time, the colloid reacts with the strong acid insufficiently,
resulting in incomplete exposure of the active Pd. Therefore, only exposed active Pd0 atoms
or metallic PdSnx alloys can induce the reduction of Ni2+ ions and the formation of the
initial Ni layer. However, under excessively accelerated conditions, prolonged exposure
to acidic media may cause the entire colloidal shell (including the portion locked to the
substrate surface) to react, followed by the leaching of the Pd core, resulting in a loss
of catalytic activity; furthermore, excessively prolonged acceleration treatment reduces
catalytic activity. During the long acceleration step, a part of Pd may be oxidized [36]. At
the same time, stirring the solution and air may dislodge the Pd nuclei from the substrate
surface. Therefore, the appearance quality of the Ni deposit on the PEI substrate was poor,
showing a skip plating defect.

Figure 11. Digital macrographs of PEI samples: (a) standard condition (4 min), (b) short acceleration
time (2 min), (c) excessive acceleration time (10 min).

As displayed in Figure 12, colloid Pd mainly comprised Pd as the activation core
and Sn and Cl as a protective shell core [38]. Firstly, the colloidal nucleus selectively
adsorbed the Sn2+ and Sn4+ ions in the solution to form a dense layer. The colloidal
Pd-Sn nanoparticles were formed with a Pd nucleus as the core, and Snn+ as the shell
core. Then, the colloidal Pd-Sn nanoparticles with a positive charge would absorb the
Cl− ions with a negative charge for neutralization. A ring of encirclement was generated
around the colloidal Pd-Sn nanoparticles in order to protect the Pd core. Therefore, the
electrically neutral colloid Pd was obtained in the form of PdxSnyClz or {Pdm·2Snn+·
2(n − x)Cl−}·2xCl− complexes [40]. After acceleration, the chemical nature of the adsorbed
species was also addressed in previous research [29,31]. Cohen and Meek [41] discovered
that Sn4+ in the form of stannic hydroxide was found before the acceleration process, and
that both Sn(OH)4 and Pd-Sn alloys were present after acceleration. Osaka et al. [42]
examined catalyzed surfaces and reported that a Pd–Sn alloy was formed with the removal
of Sn4+ ions during acceleration. Burrell et al. [36] reported that only Sn4+ was found before
acceleration, and both metallic Sn and Sn4+ were present after acceleration; furthermore,
he found that metallic Pd0 was primarily present before and after the acceleration process.
Pd2+ species from a PdCl2 solution were attached on the PEI surface and, subsequently,
Pd2+ species were reduced into Pd0. The Pd0 catalyst allowed an instantaneous initiation
of the Ni deposit by immersion in a plating bath. After the standard acceleration time, the
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masking salts are leached away and exposed the active Pd or the metallic PdSnx, which is
then able to initiate the deposition of the Ni layer, forming a conductive layer. However, if
the acceleration time after the sensitization/activation process is too long or short, it could
influence the deposition of the electroless Ni layer. In insufficient acceleration conditions,
the colloid does not fully react with the strong acid and results in an incomplete exposure
of the active Pd nanoparticles. Therefore, only the exposed active Pd atom or the metallic
PdSnx alloy nanoparticles can induce the reduction of Ni2+ ions and form the initial Ni layer.
However, in the excessive acceleration condition, prolonged exposure to the acid media may
lead to the colloid shells reaction, which then leach out of the Pd nuclei, resulting in some
deterioration of catalytic activity through prolonged treatment [43]. During acceleration, a
fraction of the Pd nanoparticles might be oxidized after a period of time [36]. At the same
time, the Pd0 nuclei might be detached from the substrate surface by stirring the solution
and air-blowing in the electrolyte. The excessive acceleration condition could result in the
non-uniform and discontinuous layer deposited on the surface of the PEI substrates.

Figure 12. Illustration of acceleration of Pd micelle and formation of initial Ni layer.

4. Conclusions

Ni/Cu/Ni multilayer metallization on PEI resin reinforced with glass fibers was
successfully made by a two-step metallization process, including sandblasting and ac-
tivation/acceleration. However, the pretreatment processes have an influence on the
appearance quality and adhesion of the Ni/Cu/Ni multilayer deposits on the PEI sub-
strates. The surface roughening process, namely sandblasting, influenced the adhesion and
appearance quality of the deposits on the PEI substrates. The average surface roughness of
the substrates with and without the sandblasting process were 117 nm and 2125 nm, respec-
tively. The surface roughness of the PEI substrate significantly increased after sandblasting,
which could improve the adhesion of the metallic multilayer. The pretreatment processes
of sensitization/activation and acceleration affected the appearance quality of the deposit
on the PEI substrate. After the sensitization/activation process, Pd0 and a small amount of
Pd2+ were present, and there were lots of Sn4+ ions for a few stannous or stannic oxides
or hydroxides. However, the metallic state was the primary Pd species on the substrate
after acceleration. The acceleration had an effect on the deposition of Ni for electroless
plating. After the standard acceleration time, the initial electroless continuous Ni layer was
formed on the surface of the PEI substrates as a conductive layer for the next step of the
electroplating process.
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Abstract: Through the appearance observation of suspension rod in the metro gearbox, macro
and micro observation of the fracture and quantitative analysis of the fracture, combined with
the metallographic and hardness examination results of the boom, the finite element model was
established and the force analysis of suspension rod was carried out to explore the causes of the
fracture of the gearbox boom. The results show that the nature of suspension rod fracture is fatigue.
The cause of its fatigue fracture is related to the low fatigue tolerance for booms in metro operation,
and the surface shallow decarburization plays a role in promoting the fatigue fracture of suspension
rod. The life of fatigue crack growth in the boom is 819 stations (or 1210 km), and the fatigue initiation
life is 522,452 km.

Keywords: boom; fracture; finite element analysis

1. Introduction

The gearbox is a key component in metro vehicles and its main function is to transmit
the power output from the traction motor to the wheel pairs to drive the vehicle [1]. The
gearbox is connected to the lifting base on the bogie frame using a spreader bar. The
spreader bar device carries the loads that occur during the operation of the gearbox,
including those caused by traction and braking, vibration shocks and loads caused by short
circuits in the traction motor [2,3].

The gearbox boom is a traction device installed on the bogie of a rail vehicle to improve
the efficiency of traction and braking force transfer between the locomotive and the bogie [2].
The installation of the boom enables the gearbox to withstand the vibration impact from the
wheelset during vehicle operation. If there is a relative movement between the wheelset
and the bogie frame during operation, the rubber nodes on the boom device will enable the
gearbox mounted on the wheelset to move consistent with the displacement of the wheelset
so as not to affect other components [4–6]. The boom plays a key role in the safe operation
of the gearbox and the vehicle.

F. CURÀ et al. [7] carried out numerical simulations using the three-dimensional
extended finite element method to investigate the relationship between the rim crack
expansion path and the thickness of the web during bending fatigue failure of thin-sided
gears, showing that the thickness of the web affects the rim crack expansion state and the
form of failure. Giovanni Meneghetti [8] and others carried out single tooth fatigue tests
on gears with hardened tooth surfaces, predicted their fatigue life based on the test results
and compared it with that of unhardened gears and found that the sample-based method
had the same accuracy as the baseline gear-based method, provided that the material
notch sensitivity factor was properly calibrated. Edoardo Conrado et al. [9] compared
the flexural fatigue strength of carburized gears with that of nitrided gears. Single tooth
flexural fatigue (STBF) tests were carried out on gears of the two different processes, and
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S-N curves were obtained for both processes to estimate their fatigue limits. The S-N curves
for both processes were obtained and the fatigue limits were estimated.

In this paper, the appearance of the fractured boom was inspected, and the fracture was
analyzed by macroscopic and microscopic observation, chemical composition check and
mechanical properties evaluation, etc. The fracture mechanism of the boom was determined,
and the causes of its production were analyzed qualitatively and quantitatively, to provide
analytical methods and references for avoiding the recurrence of such incidents.

2. Materials and Processing Methods

A line metro was inspected and three pieces of gearbox boom were found to be
fractured in different units of the vehicle, as shown in Figure 1. The boom material is
C45E4 steel, processed in the following steps: raw materials-forging-heat treatment-shot
blasting (Φ2 mm steel balls, time about 25–30 min)-magnetic particle testing-primer coating-
Machining-Galvanizing (threaded rod section)-Inventory inspection-Finish coating (paint
thickness required ≥120 μm). The heat treatment system is as follows: normalizing temper-
ature 870–890 ◦C, air cooling, quenching temperature 840–860 ◦C, water cooling, tempering
temperature 530–600 ◦C, air cooling. The technical requirements for the mechanical proper-
ties of the boom material are shown in Table 1.

 
(a) 

 
(b) 

Figure 1. Appearance of booms. (a) Sampling areas; (b) Appearance of fractured booms.
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Table 1. Technical requirements for the mechanical properties of the boom.

Yield
Strength/MPa

Tensile
Strength/MPa

Elongation/%
Area Reduction in

Tensile Test/%
Impact

Value/J/cm2 Hardness/HB

≥490 ≥690 ≥17 ≥45 ≥78 201~269

3. Result Analysis

3.1. Macroscopic Observation

The fracture occurred at the bend transition of the boom structure [10]. Typical fatigue
beach marks and extended radial marks are visible in the fracture, and the origin of the
fracture can be judged from the direction of convergence of the prisms to be located on the
lateral side of the boom width, and the crack is extended along the boom width. From the
origin of the fracture to about 24 mm from the origin of the fracture, the fracture surface in
the early-term propagation area is flat and the fracture fatigue beach mark is not obvious.
From 24 mm to 47 mm from the origin of the fracture, the obvious fatigue beach mark
feature is visible in the section. From 47 mm to 82 mm from the origin of the fracture,
the fatigue feature is visible in the width of about 4 mm on both sides, and the section in
the middle of the width direction is a rough tearing area. From 82 mm to 90 mm from
the origin of the fracture, the obvious fatigue beach mark feature is visible in the section.
The obvious fatigue beach mark can be seen from 82 mm to 90 mm from the origin of the
fracture. Finally, after 90 mm from the origin of the fracture, the section is rough and is a
transient fracture zone; see Figures 2 and 3.

Figure 2. Macroscopic view of boom fracture (Unit: mm).

  
(a) (b) 

  
(c) (d) 

Figure 3. Boom fracture body view. (a) Pre-extension region; (b) Mid-term propagation area; (c) Late-
term propagation area; (d) Transient fracture zone.
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3.2. SEM Images of Fracture Surfaces

The boom fracture was ultrasonically cleaned with acetone and then analyzed in a
scanning electron microscope for observation [11–13]. The origin of the boom fracture is
located on the surface, no metallurgical defects are seen, fatigue beach marks and a large
number of fine fatigue striations are visible during the cracking process, and the width of
the fatigue beach marks from 24 mm to the origin of the fracture to about 90 mm from the
origin of the fracture is about 0.1~0.14 mm, and the transient fracture area is characterized
by dimples, see Figure 4.

 
(a) (b) 

 
(c) (d) 

Figure 4. Boom fracture microscopy. (a) Early-term propagation area; (b) Mid-term propagation area
fatigue beach marks and fatigue striations; (c) Late-term propagation area fatigue beach marks and
fatigue striations; (d) Characteristics of the transient fracture zone of the dimple.

3.3. Metallography Analysis

A longitudinal metallographic specimen was taken from the origin of the boom frac-
ture and sent for inspection [14,15], with the metallographic grinding surface perpendicular
to the fracture surface, and the macroscopic morphology after etching with 4% nitric acid
in alcohol is shown in Figure 5.

Figure 5. The macroscopic metallographic surface of the origin of the boom fracture sent for inspection.
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It can be observed from Figure 6 that in the unetched high magnification morphology
of the origin of the boom fracture sent for inspection, the area can be seen containing fine
cracks and small surface pits, and no obvious coarse inclusions and other defects exist.
The microstructure of the origin of the fracture after etching is fully decarburized, with a
thickness of approximately 0.25 mm, and a small amount of plastic deformation in the local
area below the origin of the fracture near the inner surface of the boom.

Figure 6. Unetched high magnification morphology of the origin of the boom fracture sent for
inspection.

When the inner surface of the boom on the fatigue source side of the fracture was
observed, cracks (Crack 1, Crack 2 and Crack 3) were found extending from the inner
surface of the boom in a vertical direction to the interior, with crack lengths of approximately
0.13 mm, 1.95 mm and 1 mm respectively, and distances to the fracture of approximately
0.5 mm, 5 mm and 10.5 mm respectively, as shown in Figure 7. It is also seen that the
thickness of the fully decarburized layer near the inner surface of the boom has an overall
decreasing trend from the origin of the fracture downwards (0.25–0.05 mm), but local areas
can be thick or narrow.

   
(a) (b) (c) 

Figure 7. Crack characteristics of the sending boom near the inner surface (below the origin of the
fracture). (a) Crack 1; (b) Crack 2; (c) Crack 3.

Near the origin of the fracture, five different microstructure areas (I, II, III, IV and
V) can be seen from the inner surface of the boom to the core of the boom, as shown in
Figure 8, with micro-Vickers hardness values of approximately 137.0 HV0.2 (Microstruc-
ture I), 246.0 HV0.2 (Microstructure II), 265.0 HV0.2 (Microstructure III), 250.0 HV0.2
(Microstructure IV), 252.0 HV0.2 (Microstructure V), 250.0 HV0.2 (Microstructure IV) and
252.0 HV0.2 (Microstructure V). The microstructure of the inner surface of the spreader bar
to the core gradually transitions from fully decarburized (microstructure I) to tempered
sorbite and white ferrite with a reticulated distribution, with some of the ferrite developing
needle-like into the grain (microstructure II), and then to tempered sorbite that maintains
the martensitic phase (microstructure III). The white ferrite in microstructure IV is slightly
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more severe than in microstructure V. Microstructures I and II are known as the transition
zone. Below the origin of the fracture, the transition zone from the inner surface of the
boom to the core of the boom becomes progressively narrower. The microstructure of the
fractured boom is finer-grained, with microstructure I (fully decarburized) having a grain
size of 8.5 and microstructures II to V having a grain size of 9.

 
Figure 8. Microstructure of the boom near the fatigue source from the inner surface of the boom to
the core.

The non-metallic inclusions in the gearbox boom were assessed in accordance with
method A of GB/T 10561-2005 “Method for the determination of non-metallic inclusions in
steel” and the non-metallic inclusions in type A (sulfides), B (alumina), C (silicates) and D
(spherical oxides) of the fracture boom were recognized as coarse inclusions, the level is
less than 0.5 [16].

3.4. Chemical Composition Test Results

The chemical composition of the fracture boom was tested according to the “Gearbox
Boom Procurement Standard Book” provided by the client, and the test method was
GB/T 4336-2002 “Carbon steel and low and medium alloy spark source yard emission
spectroscopy method (conventional method)”. The results are shown in Table 2. The
chemical composition of the fracture boom sent for testing met the technical requirements
provided by the commissioner.

Table 2. Test results for the chemical composition of gearbox boom sent for inspection (mass, %).

Ingredient C Si Mn P S

Composition 0.462 0.230 0.667 0.006 0.001

3.5. Mechanical Performance Testing

The tensile test, hardness test and impact test were carried out on the boom test
according to the relevant standards respectively [17–19]. Hardness tests were carried out on
the surface and core hardness of the boom. Specimens were taken in the positions shown
in Figure 1 and subjected to tensile and impact tests, and the results are shown in Table 3. It
can be seen that the yield strength of the fracture boom sent for inspection is lower than
the technical requirements provided by the commissioner, while the tensile strength, axial
elongation and area reduction in the tensile test meet the relevant technical requirements.
The average hardness of the surface decarburization layer is 167 HB, which is much lower
than the technical requirements (201~269 HB). The average hardness of the core is 230 HB,
which meets the technical requirements (201~269 HB). The impact performance of the boom
meets the technical requirements provided by the commissioning party.
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Table 3. Gearbox boom mechanical properties test results.

Specimen

Tensile Test Brinell Hardness

Impact
Value (J)

Yield
Strength

(MPa)

Tensile
Strength

(MPa)

Axial
Elongation

(%)

Area Reduction
in Tensile Test

(%)

Surface
Decarburization

Core
Hardness

AVG 476 753.3 22.8 67.3 167 230 83.3
STD 7.21 6.66 1.44 0.58 7.94 4.00 4.62

4. Finite Element Analysis

In the gearbox transmission system, the gearbox is suspended from the bogie frame
by means of a boom connection. The boom is not only subjected to tensile and compressive
loads during the use of the gearbox but also to various impact loads during operation [20].
In order to analyze whether the strength of the boom meets the design requirements and
analyze the stress distribution of the boom and make suggestions and recommendations
for design improvements, a calculation of the static strength of the boom is required.

4.1. Model Simplification

In this paper, the finite element calculations are carried out using Pro/Engineer
software for 3D modeling, and the model is imported into the finite element software
for finite element analysis calculations.

The boom is first analyzed under different operating conditions to derive its maximum
force load and thus its stress distribution under this load. The boom is subjected to a force
of Fr, the pinion end is driven by the motor and the torque applied is Md. The torque at
the large gear end is Md × i, as can be seen from the transmission relationship between the
large and small gears.

The input parameters of the motor, without regard to vibration, are as follows:

• The rated torque of the motor is: 955 Nm;
• The maximum traction (braking) torque of the motor is: 1361 Nm;
• Short-circuit torque of the motor is: 8000 Nm;
• Transmission ratio i: 7.69;
• L is the distance from the boom centerline to the axle centerline, 421.68 mm;
• Then the torque balance gives Fr = Md × (1 + i)/L;
• At rated operation: Fr1 = 955 × (7.69 + 1)/421.68 = 19.68 kN;
• At start-up: Fr2 = 1361 × (7.69 + 1)/421.68 = 28.05 kN.

The input parameters for the case where vibration (vertical) is considered are as
follows.

• W is the mass of the case, 131 kg;
• WP + Wc/2 is the pinion weight and half coupling mass, 20.6 kg;
• Wr is the boom mass, 15.7 kg;
• Maximum vertical vibration acceleration at the boom, ±15 g;
• Vibration force: Fa = (W/3 + W p + Wc/2 + Wr)× 15 g = 11.77 kN.

Boom force load:

• Rated working condition: F1 = Fr1 + Fa = 31.45 kN;
• Start-up condition: F2 = Fr2+Fa = 39.82 kN.

The boom finite element model is shown in Figure 9.
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Figure 9. Boom finite element model.

4.2. Calculation Results

The stress distribution of the boom under the two working conditions is obtained by
calculation, respectively, see Figure 10 (stresses in MPa).

 
(a) (b) 

Figure 10. Stress distribution in the boom under two operating conditions. (a) Stress nephogram of
the boom at rated working conditions; (b) Stress nephogram of the boom at start-up.

As can be seen from the calculation results, in the rated and start-up two calculation
conditions: boom maximum stress value is: 132.5 MPa, 167.8 MPa, maximum stress values
are less than the boom material yield strength (≥490 MPa).

4.3. Fatigue Strength Assessment Methods

According to the relevant standards UIC 615-4 and TB/T 3548-2019, the Goodman
diagram method is mainly used for fatigue strength assessment [21,22]. Fatigue strength
assessment: select each node on the boom finite element model, simplify the stress state
at each point into a uniaxial stress state based on the direction of the maximum principal
stress for each working condition, calculate the stress value at each point σmax and the
minimum σmin and calculate the equivalent average stress and equivalent force amplitude
at each point according to the following formula:

σm =
σmax + σmin

2
(1)

σa =
σmax − σmin

2
(2)

For each working condition, the relatively dangerous nodes on the boom are selected,
and the maximum and minimum stress values of these nodes are calculated under the
positive and negative rotation of the gearbox and different vibration loads. The average
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stress and stress amplitude of each point is calculated according to the above method, and
the equivalent average stress and equivalent stress amplitude of each node are put into the
Goodman diagram [23] for fatigue strength assessment. The fatigue strength assessment
results of each node are shown in Figure 11, which shows that the nodes selected on the
boom fall within the Goodman fatigue limit, and the fatigue strength of the boom meets
the design requirements.

Figure 11. Fatigue strength assessment of booms.

5. Quantitative Fracture Analysis

The technique of studying the fracture surface of metal components is also one of the
basic tasks and important methods of failure analysis [24]. The quantitative analysis of the
fracture surface is used to determine the fatigue crack propagation rate of the component in
actual operation, to provide a reasonable estimate of the life of fatigue crack growth in the
component and to provide a reference for determining the cause of component failure [25].

The force analysis of the boom is mainly subjected to torque and vibration stresses.
As the metro starts to stop (each stop), the torque increases first, smoothly in the middle
and then decreases in a changing pattern, and the torque state of the metro running at each
stop can be equated to a trapezoidal wave. The vibration stress during boom operation is a
random fluctuation and can be equated to a triangular wave. Therefore, the stress variation
curve of the boom can be equated to a trapezoidal wave superimposed on a triangular
wave, see Figure 12.

 

Figure 12. Boom force analysis per station.
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Combined with the observation results of the boom fracture, the boom fracture shows
the shape of fatigue beach marks and fatigue striations, which correspond to the torque
and vibration stresses that the boom is subjected to. Therefore, the fatigue beach marks
on the fracture are used to quantitatively analyze the life of fatigue crack growth in the
boom [26].

The fatigue beach marks on the fracture were observed and analyzed, and the statistical
results are shown in Table 4. A total of 819 fatigue beach marks were analyzed using the
mean value method for the life of fatigue crack growth in the boom, and the number of
fatigue beach marks in the extended phase of the boom was 819.

Table 4. Data relating to fatigue beach mark spacing at the boom break.

No.
Length from the Origin of the

Fracture an (mm)
Average Distance between

Beach Marks (mm)
Ni

1 0~24 0.10 240
2 24~47 0.10 230
3 47~82 0.12 292
4 82~90 0.14 57
5 - - ΣNn = 819

The metro line has a total of 18 stations and a route length of 26.6 km, with an average
distance of approximately 1.5 km per station. Quantitative analysis of fractures gives
819 fatigue beach marks for failed boom fractures, with a life of fatigue crack growth of
819 stations running, corresponding to a running distance of 819 stations ÷ 18 stations ×
26.6 km = 1210 km.

6. Discussion

Through the above analysis, it can be seen that:
(1) The boom fractures at the transition of the structural bend, the origin of the fracture,

are located at the inner edge of the bend, and typical fatigue beach marks and fatigue
striations are visible in the extended area. From this, the nature of the fracture of the boom
can be judged as fatigue.

(2) The boom originates at the inner edge of the bend, indicating a relatively high
initial stress on the boom. A large number of rapid tearing features are also visible in the
middle and late stages of the spreader bar fracture extension, also indicating high stress
on the spreader bar. According to the commissioner, the metro line has high motor power
and is subject to higher forces, approximately 10% to 20% higher than other lines, and
three same-mode failures occurred between 360,000 km and 560,000 km of operation (the
line runs a total of 39 trains), which was analyzed as possibly being a low boom fatigue
tolerance in the line operating condition. From the metallographic analysis, it can be seen
that there is a decarburization layer in the range of 0.3 mm on the surface of the boom, with
a hardness of 167 HB in the decarburization zone, much lower than the hardness of the
core (230 HB), which plays a role in promoting fatigue cracking of the boom.

(3) By finite element calculation, the maximum stress point of the boom under the rated
and start-up conditions is located at the fracture corner. The maximum stress values of the
boom under the rated and start-up conditions are 132.5 MPa and 167.8 MPa respectively,
and the maximum stress values are less than the yield strength of the boom material
(≥490 MPa).

(4) The results of the quantitative analysis of the fracture indicate that the life of fatigue
crack growth in the boom is 819 stations (equivalent to 1210 km), according to the fatigue
initiation life is equal to the total life minus the life of fatigue crack growth, it is known that
the fatigue initiation life of the boom is (523,662 − 1210) km = 522,452 km.
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7. Conclusions

The fatigue life margin of the boom is low, which is the main reason for fatigue
fracture. The decarburization of the shallow surface also promotes the fatigue fracture of
the suspension rod in the metro gearbox.

The recurrence of this boom fracture problem can be avoided from the following
aspects.

In order to prevent decarburization and not affect the performance of the boom,
the machining allowance at the corner of the boom is increased so that the depth of the
decarburized layer is less than the machining allowance and can be completely cut off
when mechanical machining is carried out. The correct heat treatment process operation
can then be strictly implemented.

In order to reduce the magnetic particle testing cycle of the boom in service, the boom
with fatigue cracks was replaced in time and all the booms of the batch were replaced
during the subsequent overhaul period.
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Abstract: This paper investigated the effect of tungsten arc melting current on the microstructure
and wear resistance of coatings prepared from high-entropy powder-cored wire, FeCrMnCuNiSi1.
A powder-cored wire of high-entropy composition was drawn by powder-cored wire-forming
equipment, and a FeCrMnCuNiSi1 high-entropy alloy coating was designed on the base material
40Cr by the tungsten arc fusion technique. The influence law and mechanism of melting current on
the wear resistance of the coatings were obtained through analyzing the microstructure, physical
phase, and wear resistance of the coatings prepared by different melting currents. At a melting
current of 200A, the FeCrMnCuNiSi1 coating exhibits fine equiaxed grains and a single BCC phase;
the highest and average microhardness of the coating reach 790.36 HV and 689.73 HV, respectively,
whose average microhardness is twice that of the base material. The wear rate of the coating is
2245.86 μm3/(N·μm), which is only 8% of the base material and has excellent wear resistance.
The FeCrMnCuNiSi1 high-entropy alloy coating prepared by ordinary powder-cored wire-forming
equipment and the tungsten arc cladding method has excellent performance and low cost, which
can provide an essential basis for the development, preparation, and application of high-entropy
alloy coatings.

Keywords: coating; high-entropy alloy; tungsten arc; fatigue wear; abrasive wear; adhesive wear

1. Introduction

While conventional alloys have been endowed with various desirable properties,
usually by adding relatively few minor elements to the major ones, high-entropy alloys
break with this concept and consist of high concentrations of multiple major elements [1].
In 2004, Yeh et al. [2] and Cantor et al. [3] introduced the concepts of high-entropy alloys and
isotonic ratio multicomponent alloys, respectively, which are alloyed materials composed
of five or more significant elements with atomic fractions ranging from >5% to <35% of
each central element. The high-entropy alloy thermodynamically exhibits a lower Gibbs
free energy because of its mixed state with multiple primary elements. The microstructure
of high-entropy alloys mainly consists of face-centered cubic (FCC), body-centered cubic
(BCC), HCP (dense hexagonal), and a few compounds generated from mixed elements. The
alloys have some excellent properties that are incomparable to traditional alloys, such as
high strength [4], high wear resistance [5], corrosion resistance [6], high tensile strength [7],
and resistance to oxidation at high temperatures [8]. Therefore, high-entropy alloys have
become hot spots for research as coatings applied to the surface modifications of steel,
aluminum alloys, and other materials.

At present, the preparation methods of high-entropy alloys mainly include vacuum
arc melting [9], induction arc melting [10], mechanical alloying [11], and magnetron sputter-
ing [12]. However, these methods have the problems of a complex production process and
high preparation costs. Therefore, the coating preparation method with simple operation
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and low manufacturing cost has attracted the attention of production practices, such as
laser cladding [13], electron beam melting [14], plasma arc deposition [15], and tungsten arc
cladding [16]. For example, Zoia Duriagina et al. used laser alloying and plasma chemical
vapor deposition to prepare coatings with excellent performance on stainless steel [17,18].
In these coating preparation methods, tungsten arc cladding has the characteristics of low
equipment cost, easy operation, and comprehensive application scenarios. In addition,
due to the cladding process, the tungsten needle does not melt and the discharge arc
length changes relatively few disturbing factors, as well as the welding process is stable
and the whole process is filled with the inert shielding gas argon, which forms a good
airflow isolation layer that effectively prevents oxygen and nitrogen from equaling the
coating development into a chemical reaction; thus, the prepared coating has better fusion
with the substrate, which has received much attention from researchers. Shen et al. [19]
prepared cable-type filaments. They used a tungsten arc to prepare a bulk AlCoCrFeNi
high-entropy alloy with no defects in the microstructure of FCC and BCC; its compressive
strength reached 2.9 GPa, and its elongation reached 42%. Dong et al. [20] prepared their
powder bed on an arc cladding platform to place the proportioned high-entropy alloy
powder, which prevents the protective gas from blowing away the preplaced powder.
The high-entropy alloy AlCoCrFeNi2.1 prepared by this device has a good combination
of tensile strength (719 MPa) and flexibility (27%), with a pseudo-eutectic microstructure
consisting of micro phases of more significant FCC phase columnar grains (90 wt%) and a
refined BCC phase (10 wt%). Fan et al. [21] investigated the preparation of high-entropy
alloy coatings by ultrasound-assisted tungsten arc melting. The average grain diameter
of the coatings was reduced from 285 μm to 78 μm, which was refined by 70% under the
ultrasonic treatment. The microhardness was increased by 20%, which increased from
441 HV to 532 HV. The optimization of the properties of the high-entropy alloy originated
from the grain refinement after the cavitation effect of the ultrasonic treatment. When a
high-entropy alloy coating is prepared by arc fusion coating, there are still problems, such
as the large diameter of the stranded wire, which cannot be satisfied by existing automatic
wire-feeding equipment, significant burn loss during the prefabricated powder fusion
coating process, and poor coating formability.

To avoid the above defects in preparing high-entropy alloy coatings by the arc melting
method, a new high-entropy powder-cored wire material, FeCrMnCuNiSi1, was developed
independently. A commonly used component configuration, 40Cr steel, which has good
mechanical properties and welding fusion performance, is used for the base material. The
high-entropy alloy coating was prepared using a tungsten arc platform and an automatic
wire-feeding device. This method effectively avoids the preset powder being blown away
by the protective gas during the melting process. In addition, the automatic wire-feeding
device can accurately feed the wire to prepare a high-entropy alloy coating with a controlled
thickness. At the same time, the microstructure and mechanical properties of the high-
entropy alloy coatings were further investigated, which could provide new ideas and ways
to prepare a new high-entropy alloy coating.

2. Materials and Methods

Figure 1 shows a schematic diagram of the process of the FeCrMnCuNiSi1 high-entropy
alloy coating. Firstly, according to the design concept of the high-entropy alloy isotonic
ratio, the configured alloy powder is placed into a ball mill tank with an appropriate ball
material ratio for uniform mixing, and the ball mill tank is filled with the protective gas
argon to prevent a chemical reaction of the alloy powder during the ball milling process.
Then, the mechanically mixed alloy powder is filtered and dried, followed by placing it
in the hopper of the powder-cored wire-forming equipment. A 304 stainless steel strip is
rolled into a U-shaped open tube by the forming roller on the powder-cored wire-forming
equipment. Finally, the U-shaped open tube is covered with mixed powder, and the
welding wire with the specified diameter is obtained through cold rolling, tube rolling, and
wire drawing. A 40Cr is used as the substrate material, with a size of 200 mm × 200 mm ×
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10 mm. Before melting, the surface of the substrate should be sanded clean with 400- and
800-purpose sandpaper to remove any oil and rust, which can improve the fusion effect
of the coating and the substrate. Meanwhile, the platform surface of the arc table should
be flat to ensure good conductivity. The optimal high-entropy alloy coatings prepared by
the powder-cored wire FeCrMnCuNiSi1 were explored by adjusting the parameters of the
melting current. The parameters of the arc cladding were as follows: the shielding gas
argon was 15 L/min, the working voltage was 10 V, the arc length was 4 mm, the automatic
wire-feeding speed was 150 mm/min, and the cladding currents were 200 A, 220 A, and
240 A, respectively.

Figure 1. Schematic diagram of the process of the FeCrMnCuNiSi1 high-entropy alloy coating.

The specimens with sizes of 10 mm × 10 mm and 20 mm × 20 mm were cut from the
molten coating by an SG3000 EDM machine for surface microstructure characterization
and mechanical property testing. The cutting specimen was polished and cleaned by an
ultrasonic cleaner, followed by being corroded with a corrosive acid (HNO3:HCl = 1:3) for
10 s. The above operation was repeated for the specimens with a size of 20 mm × 20 mm,
but without a corrosion treatment.

A metallurgical microscope and a SIGMA500 type field-emission scanning electron
microscope were used for observing the microstructure before and after the corrosion
treatment. The phase analysis of the coatings was analyzed by an HD-Xpretty PRO type
X-ray diffractometer with operating parameters of 40 KV and 20 mA and a scanning speed
of 5◦/min. An HVS-1000A hardness tester was used to test the microhardness of the
coating with an applied load of 200 gf and a holding time of 15 s. The wear resistance of
the coating was tested for 10 min by an MDW-02 high-speed reciprocating friction and a
wear tester with a load of 50 N and a frequency of 10 Hz. A Si3N4 with a diameter of 6 mm
was used as the grinding ball. The wear volume was calculated. Furthermore, the wear
surface morphology and profile were further observed by a Naonvea PS50 3D profiler to
investigate the wear mechanism of the coating.

3. Results and Discussion

3.1. Microstructure Characterization

Figure 2 shows the optical micrographs of the FeCrMnCuNiSi1 coating by tungsten
arc melting at different currents. Figure 2a–c show the morphology of the coating at three
current parameters (200 A, 220 A, and 240 A), all of which exhibit good cross-sectional
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profiles with no pores or cracks. Different microstructure characteristics of the region [A]
near the fusion line can be observed cleanly in Figure 2(a1,b1,c1). The microstructure of the
fusion line between the coating and the substrate exhibits a columnar grain morphology,
and the columnar crystals extend to the substrate. Because the substrate subjacent to
the melt pool conducts heat as the heat dissipates during the melting, a large number of
heterogeneous nucleation are formed under the temperature gradient. Cubic crystals with
the orientation of <001> produce epitaxial solidification and fast growth, while other grain
growth is hindered. Thus, the coarse columnar grains of the region [A] near the fusion line
gradually become larger with the increasing current, which is consistent with the grain
forming characteristics of the arc fusion zone and coating [22].

 

 

 

Figure 2. Optical micrographs of the coatings on the FeCrMnCuNiSi1 powder-cored wire at different
cladding currents. (a,a1,a2) 200 A; (b,b1,b2) 220 A; (c,c1,c2) 240 A.

The top region [B] of the coating in Figure 2a and c is a more uniform equiaxed crystal
structure, while the top region [B] in Figure 2b is a columnar crystal growing by means of
dendritic growth. The top of the coating shows a mixture of refined equiaxed and columnar
crystals at a melting current of 240 A. The increase in melting current at a constant melting
speed leads to a widening at the bottom of the melt pool and an increase in the contact
area between the melt pool and the substrate, which increases the ability of the dissipated
heat from the melt pool to the substrate and the gradual refinement of grains at the fusion
line [23].

The microstructure of the medium-axis and columnar crystals at different melting
currents and the typical dendrite microstructure (DR) and interdendritic microstructure
(ID) were further observed through scanning electron microscopy, as shown in Figure 3.
According to the EDS analysis of the elemental content of the dendritic and interdendritic
tissues inside the coating obtained in Table 1, it was found that the elemental content of Fe
in the interdendritic tissues is higher than that in the dendritic tissues. The Fe element does
not affect the solid solution phase and microstructure, which is significantly higher than
the nominal value of the high-entropy alloy due to the dilution effect of the base material.
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Figure 3. (a,c,e) show the SEM of the top of FeCrMnCuNiSi1 high-entropy alloy coating at melting
currents of 200 A, 220 A, and 240 A, respectively. (b,d,f) show the enlarged views of the orange
rectangular areas in (a,c,e).

Table 1. EDS of the microstructure of the top region of the FeCrMnCuNiSi1 high-entropy alloy
coating at different melting currents.

Coating Point Fe Cr Mn Cu Ni Si

200 A
1 41.8 17.4 13.9 10.2 13.5 1.1
2 54.2 13.7 11.6 8.4 10.2 0.6

220 A
3 63.6 9.8 8.8 5.6 8.4 1.9
4 68.7 7.8 8.2 4.3 8.1 1.4

240 A
5 52.9 15.2 13.5 7.5 8.6 1.0
6 62.5 10.1 10.0 6.7 8.3 0.9

The Cr elements are mainly in the interdigitated dendritic region, and the ease of the
Cr element deviation may be due to its relatively low migration activation energy [24–26].
At the same time, the Cr element can promote the generation of a BCC solid solution, and
the hardness and strength of the coating may be reduced due to the decrease in the Cr
element content by increasing the current. The relative content of the Cu element is low
at 220 A and 240 A. Combined with the analysis in Figure 3b, the melt pool temperature
is high, and the amount of Cu element burned is severe due to the higher current, the
slower heat dissipation, and the smaller contact area between the melt pool and the base
material. It can be observed from Figure 3d that there is a small area of interdendritic
tissue. The EDS results in Table 1 show that the elemental content of the dendritic tissue
and interdendritic tissue of the columnar crystal is relatively uniform and the elemental
segregation is relatively tiny.

3.2. Phase Constitution

Figure 4 shows the XRD patterns of the FeCrMnCuNiSi1 high-entropy alloy coatings
with different currents. The XRD patterns show that the FeCrMnCuNiSi1 coating exhibits a
BCC phase at 44.76◦, 65.15◦, and 82.52◦ with a lattice constant of 2.868 Å, which is basically
the same as the α-Fe or CrFe4 lattice constants (λ = 2.866 Å, PDF#87-0721; λ = 2.866 Å,
PDF#65-7251). The α-Fe or CrFe4 phases are formed by the A2 (W-type, disordered BCC)
structure and B2 (β’-CuZn-type, ordered BCC) structure, respectively [27]. For the FCC
diffraction peak at 51.15◦, the dot constant of 10.093 Å is the same as that of Fe5Ni4S8
(λ = 10.093 Å, PDF#86-2470). The diffraction peak of the coating at a melting current of
200 A exhibits a single BCC structure. The coating prepared at 220 A exhibits the FCC
phase. It can also be found that the angle of the FCC phase diffraction peak gradually
widens with the increase in the cladding current, which is due to the rise in the cladding
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current and the increase in the melt pool temperature. The Ni element, which has a high
melting point in the powder-cored wire, reacts with the small amount of Si element in the
base material to produce Fe5Ni4S8 with a high melting point. The grain size of the coating
was calculated by the Debye–Scherrer formula. With the increase in the current from 200 A
to 240 A, the grain sizes at the orientation (110) were 15.31, 15.52, and 16.28 nm, respectively,
and the grain sizes at the direction (400) were 0, 15.31, and 16.21 nm, respectively. Thus,
the grain size of the coating increases with the increase in the current, which verifies the
phenomenon that the grain shape becomes more significant with the rise in current in the
optical micrograph.

♣

θ °

♥
♣

♣

♣♥

Figure 4. XRD patterns of the FeCrMnCuNiSi1 high-entropy alloy coatings with different currents.

3.3. Mechanical Properties
3.3.1. Microhardness

Figure 5 shows the cross-sectional microhardness results of the coatings at different
melting currents. The histograms and line graphs show the average microhardness and
microhardness values at each test point on the coating and the substrate, respectively. The
histogram shows that the average microhardness of the base material 40Cr is 343.62 HV.
The coating has the highest average microhardness of 689.73 HV at a melting current of
200 A, which is twice the average hardness of the base material. It is obvious from the line
graph that the microhardness of the coating with the increasing current has a decreasing
trend. Because the internal temperature of the melt pool increases sharply, the contact
area between the melt pool and the substrate decreases, and the cooling rate of the coating
decreases sharply with the increasing current, which results in a larger grain size of the
coating. According to the Hall–Patch formula, the grain size increases and the strength and
hardness decrease [28]. Additionally, the coatings at the melting currents of 220 A and 240 A
have a lower content of non-metallic Si elements, which will improve the plasticization of
the coatings and reduce their hardness. The coatings at these two currents derive from FCC
phases and have a lower content of non-metallic Si elements; FCC phases and Si elements
in high-entropy alloys can improve the plasticization; thus, the hardness decreases due to
the combined effect of grain size, FCC, and Si elements. The coating has the lowest average
microhardness when the melting current is 220 A. The coating at the melting current of
220 A exhibits a columnar crystal structure, which has a lower Cr segregation compared to
the equiaxed crystals, resulting in the lowest strength and hardness. It can also be observed
that the maximum hardness of the coatings appears at the top of the coating, which is due
to the diffusion strengthening effect through the refinement of the grain microstructure
in the top region. At the same time, the fusion lines are mostly coarse columnar crystals
extending toward the base material, which leads to the lowest hardness [29].
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Figure 5. Cross-sectional microhardness of the FeCrMnCuNiSi1 high-entropy alloy coatings with
different currents.

3.3.2. Abrasion Resistance

Figure 6 shows the 3D profiles of the wear tracks for the base material and the high-
entropy alloy coating at different melting currents. It can be observed that the wear track
in the base material is much wider than that of the high-entropy alloy coating. Combined
with the color scale on the right side in Figure 6, it is found that the wear track of the
base material is much deeper than that of the coating. The data in Table 2 can be obtained
by analyzing the 3D profiles. The wear tracks of the coatings reach a wear depth of 11.6,
18.4, and 15.5 μm at the melting current of 200 A, 220 A, and 240 A, respectively. The
cross-sectional areas of the coating wear tracks were 4133, 7791, and 4052 μm2, respectively.
The wear was most serious at the melting current of 220 A, but its depth was only 1/5
of the cross-sectional area of the base material. The wear resistance of the coating can be
compared quantitatively by the wear rate, which Equation (1) shows as follows:

δ = V/ΣW, (1)

Q = KWL/H, (2)

(1) where V is the wear volume, and ΣW is the accumulated work done by friction;
(2) where Q is the material wear volume, K is the friction coefficient, W is the normal

load, L is the sliding length, and H is the material surface hardness.

Table 2. Wear resistance test results of the base material and the high-entropy alloy coating of
FeCrMnCuNiSi1 with different melting currents.

Sample
Maximum Wear Depth

μm
Wear Cross-Sectional Area

μm2
Wear Rate

μm3/(N·μm)

40Cr 52.5 39,765 26,984.86
200 A 11.6 4133 2999.76
220 A 18.4 7791 6168.82
240 A 15.5 4052 2245.86
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Figure 6. (a) 3D view and cross-sectional view of the abrasion marks of the base material. (b–d) 3D
view and cross-sectional view of the abrasion marks of the FeCrMnCuNiSi1 high-entropy alloy
coating with different melting currents.

The wear rate, which is obtained from Equations (1) and (2), at the melting cur-
rent of 200 A, 220 A, and 240 A is 2999.76 μm3/(N·μm), 6168.82 μm3/(N·μm), and
2245.86 μm3/(N·μm), respectively. It can be observed that the maximum wear rate is
only 22% of the base material wear rate. From the above analysis, the coating has the lowest
average microhardness when the melting current is 220 A. According to the calculation
formulas [30], the amount of material wear is inversely proportional to the hardness of the
material under the same external conditions. thus, the coating at the melting current of
220 A has a larger amount of wear.

To further investigate the effect of the melting current on the wear resistance of the
coating, the wear morphologies of the substrate and the FeCrMnCuNiSi1 high-entropy
alloy coatings were observed and analyzed. Figure 7 shows the SEM images of the wear
morphologies of the base material and the high-entropy alloy coatings at different melting
currents. A large area of dark-colored flakes within the substrate abrasion marks can be
found in Figure 7a. A further magnified Figure 7b shows that the abrasion flakes are nearly
fan-shaped or flaky, and exhibit warped boundaries, which lead to the large craters after
the abrasion flakes. This is because the coating surface is subjected to cyclic contact stress;
the maximum shear stress is at a certain depth under the surface. When the surface strength
is insufficient, fatigue cracks will be generated, at which time the maximum shear stress
will extend to the surface along the plastic deformation, resulting in spalling of the surface
material, which is characteristic of fatigue wear. At the same time, the contact surface
temperature is high, and it is easy to produce an oxide layer because of the cyclic effect
of stress, which can be proved by the EDS analysis of point 1 in Figure 7c. The oxygen
content of point 1 reaches 15.5%, which is shown in Table 3. It can be concluded that the
wear mechanism is typical of an oxide layer.
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Figure 7. SEM images of the wear morphology of the 40Cr and FeCrMnCuNiSi1 high-entropy alloy
coatings at different melting currents. (a–c) Substrate; (d–f) 200 A; (g–i) 220 A; (j–l) 240 A.

Table 3. EDS of the friction and wear scar structures of the FeCrMnCuNiSi1 high-entropy alloy
coating under the substrate and different cladding currents.

Sample Point Fe Cr Mn Cu Ni Si

40Cr
1 80.3 15.5 1.4 1.4 0.9 0.2
2 96.2 0 1.9 1.0 0.7 0

200A
3 60.3 7.9 0.9 7.6 8.1 6.5
4 67.1 0.6 1.3 7.4 8.5 6.3

220A
5 57.2 17.1 1.1 5.8 7.7 4.2
6 66.2 1.9 1.2 5.4 8.1 7.4

240A
7 53.6 13.9 1.1 9.0 8.2 5.8
8 66.3 0 1.2 8.6 7.3 5.4

It can be seen from Figure 7g that there is a relatively flat and smooth adhesion layer
on the wear track of the coating at 220 A. It is in the same direction as the reciprocal sliding
of the grinding ball, from which it can be concluded that the adhesion layer is a layer
produced by the plastic deformation of the coating surface material caused by the applied
load and shear stress. There are pits on the surface of the coating, as shown in Figure 7h.
This may be caused by cracks in the stress concentration area of the surface layer of the
coating under the cycling action of Si3N4, after which the cracks can extend to the surface
and peel off to form pits. An EDS analysis of points 5 and 6 in Figure 7i, shown in Table 3,
revealed that the oxygen content at point 5 was significantly higher than that of point 6,
which reached 17.1%; thus, the dark adherent layer on the wear path of the coating at
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220 A was judged to be an oxide layer. From the above, it is known that the coating has
a high Si content at the melting current of 220 A. An oxide layer with a high Si content is
easy to break and adhere to the surface of the Si3N4 grinding balls by an atomic bonding
reaction under local stress (cold welding), resulting in a large amount of wear on the coating
surface. Therefore, the wear mechanism of the coating at 220 A is adhesive wear. Uniformly
scattered granular abrasive chips are found in the wear tracks of the coating at 200 A and
240 A, as shown in Figure 7d,j. More grooves of varying depths are also found on the wear
surface, which were caused by the plowing action of the Si3N4 grinding balls. It is judged
that these two coatings produce abrasive wear on the surface. The EDS results of Figure 7f,l
are shown in Table 3. The oxygen content of the surface layer is much higher than that of
the crater coating; thus, the surface layer undergoes oxidative wear. The shift in the wear
mechanism of the coating exists because of the high microhardness of the coating at the
melting currents of 200 A and 240 A. A non-material transfer of abrasive chips on the wear
surface occurs, and the frictional heat promotes the oxidation of the microscopic abrasive
chips, which eventually form an oxide layer under the continuous grinding of the Si3N4
grinding balls. Figure 7j,k show the presence of a larger oxide layer in the area on the wear
surface at the melting current of 240 A.

Combined with the surface element distribution analysis in Figure 8, it can be observed
that the oxide layer within the wear marks of this parameter is flat and dense, and the
dense oxide layer in the high-entropy alloy coating is beneficial to the improvement of the
wear resistance of the coating [31].

 

Figure 8. Wear morphology and surface element distribution of the high-entropy alloy coating at a
melting current of 240 A. (a) Wear marks SEM; (b) Wear marks EDS surface scan.

4. Conclusions

By investigating the effect of the tungsten electrode melting current on the microstruc-
ture and wear resistance of the FeCrMnCuNiSi1 coating, the process parameters of the
coating prepared by the FeCrMnCuNiSi1 high-entropy powder-core wire were obtained,
and the microstructure, microhardness, and wear resistance of the coatings were studied.
The main conclusions can be obtained as follows:

1. When the melting current is 200 A, the coating shows a single BCC structure. When
the melting current is 220 A and 240 A, the coating is a mixed phase of FCC and BCC.
When the melting current is 220 A, the coating microstructure is a coarse columnar
crystal. When the melting current is 200 A and 240 A, the coating microstructure is a
fine equiaxed crystal.

2. The coating has the highest average microhardness of 689.73 HV at a melting current
of 200 A, which is twice the average hardness of the base material. As the current
increases, the average microhardness of the coating decreases significantly with the
decrease in Cr segregation in the coating and the generation of the Si-containing
FCC phase.

3. The wear resistance of the coating is weakest at 220 A, which is only 1/3 of the
maximum wear depth of the base material. The cross-sectional area of the abra-
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sion marks is 1/5 of the cross-sectional area of the base material. The wear rate is
6168.82 μm3/(N·μm), which is only 22% of the wear rate of the base material. The
wear mechanism of the coating at 220 A is mainly adhesive wear and oxidation wear.
When the melting current is 200 A, the prepared high-entropy alloy coatings have
good wear resistance and meet the practical production requirements.
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Abstract: The heating and impact of arc and droplet acting on the weld pool lead to the transfer
of mass, heat, and momentum, which affects the dynamic behavior of the weld pool and the mi-
crostructure in the P-GMAW process. In this paper, an image processing program is used to extract
the dynamic behavior characteristics of the droplet transition and the weld pool in high-speed pho-
tography. The influence of the current waveform on the arc pressure and the impact of the droplet is
quantitatively analyzed with different parameters. The dynamic behavior of the weld pool and the
microstructure under different current waveform conditions are further studied. The internal relation
of current waveform parameters to weld pool behavior and weld microstructure was expounded.
The results show that the droplet impact is positively correlated with the pulse peak current. The
rectangular wave pulse has a more significant droplet impact than the exponential wave with the
same waveform parameters. The impact of droplet transition on the weld pool enhances the convec-
tive intensity of the weld pool. It slows down the cooling rate of the solidified weld microstructure
below the tail of the weld pool, increasing the grain size of the weld microstructure.

Keywords: P-GMAW; drop transition; weld pool; component supercooling

1. Introduction

The pulsed gas metal arc welding process (P-GMAW) is widely used in automated
welding, which realizes the control of droplet transfer while ensuring welding efficiency.
With the requirement for high welding quality in aerospace, transportation, and pressure
vessel fields, the minute control of the welding process has become a new requirement
of the manufacturing industry following the control of the droplet transfer process [1,2].
The microstructure of the weld is the dominant factor that affects the quality of the weld
joint while ensuring the stability of the droplet transfer process [3,4]. The minute control of
the welding process cannot be achieved only by optimizing the droplet transfer process.
Many studies have shown that the weld pool’s dynamic behavior affects the weld pool’s
solidification process and weld structure [5,6]. Therefore, the research on the dynamic
behavior of the P-GMAW weld pool is of great significance to realizing minute control of
the welding process. However, the mechanism of the influence of the P-GMAW current
waveform on the dynamic behavior of the weld pool and the structure of the weld is still
unclear, which hinders the further development of the P-GMAW.

The study of arc shape and droplet transition behavior under different waveform
parameters of P-GMAW has important practical significance for optimizing pulse waveform.
The drop transition forms in P-GMAW are mainly divided into three types: more drop in
one pulse, one drop in one pulse, and one drop in more pulse, in which the transition form
of one drop in more pulse is unstable and prone to short circuit resulting in splashes; while
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the weld of more drop in one pulse has finger-like penetration depth, which is easy to cause
cracks. Many studies have proved that one drop in a vein is the best transition mode of
droplet melting [7,8]. The current pulse waveform also affects the welding wire and weld
pool’s heat and mass transfer process. Existing studies have shown a strong correlation
between the momentum carried by droplets when they impact the weld pool and the
weld penetration depth [9,10]. In literature, the concept of compelling momentum in the
droplet transition process was introduced and defined as the ratio of the total momentum
carried by the droplet in unit time to the welding speed, which could better characterize the
influence of the droplet speed on the weld depth. The adjustment of the current waveform
significantly affects the heat transfer process acting on the weld pool and the cooling time
of the welded joint. While controlling the welding heat input, the current waveform also
changes the heat conduction process [2], significantly affecting the weld pool’s solidification
process and the weld microstructure [7]. Many studies have shown that the P-GMAW
welding process can adjust the weld metal structure by adjusting the pulse frequency and
droplet impact strength [11,12]. The impact of the current pulse acting on the weld pool will
lead to the breakage of trace solidified dendrites and the presence of equiaxial grains in the
molten pool, which are conducive to the nucleation of dendrites and grow into equiaxial
primary phase, and finally, define the weld structure.

A large number of research results have been obtained on the droplet transition process
and arc of the P-GMAW process, but research on the current waveform is only limited to
the droplet transition process. More research on the influence mechanism of the current
waveform on the dynamic behavior of weld pool and weld microstructure could be learned.
In summary, existing research has the following deficiencies:

(1) Existing studies have analyzed the influence of current waveforms on droplet transi-
tion behavior. However, there is no quantitative analysis of the heat input and impact
of arc and droplet transition acting on the weld pool surface, so the differences in
heat and force effects on the weld pool under different current waveforms cannot be
quantitatively compared.

(2) The influence of P-GMAW current waveform on weld pool oscillation behavior, the
solidification process of weld pool, and weld microstructure are rarely studied and
reported systematically.

In this paper, for the P-GMAW, the effect of the current waveform on the heat and force
acting on the weld pool, the weld pool behavior, the weld microstructure, and properties
are based on the welding high-speed photography system and image processing system.

This paper quantitatively analyzed the differences in heat, force action, and dynamic
behavior of weld pools under different pulse peak currents and pulse waveform shapes
based on the self-developed high-speed welding photography platform and image pro-
cessing system. At the same time, combined with the flow behavior of the weld pool, the
influence of the current waveform on the solidification process of the weld pool and the
weld microstructure was revealed in order to study the influence of the current waveform
on the dynamic behavior of the weld pool and the weld microstructure of the P-GMAW
process systematically.

2. Materials and Methods

The welding high-speed photography system used in this paper is shown in Figure 1.
In order to capture images of the weld pool from different angles, the high-speed camera
shot the welding area from two angles: highspeed camera 1 was placed horizontally, and
the arc morphology, droplet transition process, and the profile of the upper surface of the
molten pool could be observed. Highspeed camera 2 was used to observe the flow behavior
of the weld pool surface. The high-speed camera is fixed relative to the welding torch, and
the shooting direction is perpendicular to the weld. The electrical signal acquisition system
in the welding process is composed of a current Hall sensor (model AKHC-EKAA DC),
a voltage Hall sensor (model KCE-VZ01), and a signal acquisition card (model NI 6251,
collection frequency 5 × 105 Hz).
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Figure 1. Experimental system and image processing system.

The wavelength of the laser source 1 is 850 nm, and the 850 nm narrow-band filter
is attached to the high-speed camera 1. After the software processing of the high-speed
photography pictures taken by highspeed camera 1, the contour coordinates of the molten
droplets and weld pools in the pictures can be obtained, as shown in Figure 1.

In P-GMAW, alloying elements such as silicon and manganese in the base metal and
the wire had a high affinity to react with oxygen and form silicon oxide and manganese
oxide. These oxides accumulate on the surface of the weld pool and form slag [13]. The
slags have a lower density than the molten metal and follow the flow pattern of the weld
pool; hence, the slag flow pattern and accumulation location can disclose the weld pool
flow behavior [14]. The torch angle of highspeed camera 2 is 60◦. In order to capture the
outline of slags (the oxide on the surface of weld pool) and avoid the interference of arc
light, the laser source and narrowband filter with a wavelength of 650 nm was selected to
highlight the outline information of slags on the weld pool, as shown in Figure 1.

In order to study the influence of pulse current waveform parameters on droplet size
and droplet velocity, the center of gravity, diameter, and droplet velocity of the droplet
should be measured by image processing technology. A rectangular coordinate system can
be set up according to the arrangement of pixels on the high-speed photography image.
The x-axis is the bottom edge of the image, the direction is left, the y-axis is the left side
of the image, and the direction is up. Since the welding gun and wire are perpendicular
to the workpiece surface, and the camera lens is perpendicular to the weld, the speed of
the dropper perpendicular to the picture surface (in the z-dimension direction) can be
ignored. Due to the effect of surface tension on the droplet, the droplet will approximate
into a sphere. For convenient analysis and calculation, the droplet is regarded as a sphere.
In addition, the size of the picture taken by the high-speed camera is 480 × 428, and the
diameter of the welding wire is 1.2 mm. The pixel size can be quantified by measuring the
diameter of the welding wire in the picture while maintaining the position of the camera
and torch. The extraction process is as follows:

(1) The contours and positions of the droplets at different times during the welding
process were extracted, as shown in Figure 1. The droplet area (Sdroplet), the coordinates of
droplet center of gravity (XGt, YGt), and droplet diameter (Ddroplet) were calculated based
on the contour coordinates of the droplet, as shown in Equations (1)–(3).

Sdroplet = ∑xmax
x=xmin

(ymax − ymin) (1)
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(xGt, yGt) =

(
∑n

1 xnt

n
, ∑n

1 ynt

n

)
(2)

Ddroplet =

√
4 × Sdroplet

π
(3)

where (Xnt, Ynt) is all coordinates of the droplet contour in Figure 1, (Xmax, Ymax) is the
maximum coordinate value of the droplet contour, (Xmin, Ymin) is the minimum coordinate
value of the droplet contour, and n is the number of droplet contour points. Sdroplet is the
area of the droplet in high-speed photography and Ddroplet is the equivalent diameter of
the droplet.

(2) The coordinates of the center of gravity position of the droplet are continuously
collected, as shown in Figure 2. The droplet velocity is calculated according to Equation (4),
and the droplet momentum is calculated according to Equation (5).

Vdroplet =

√
(xGt1 − xGt2)

2 + (yGt1 − yGt2)
2

|t2 − t1| (4)

Mdroplet =
πD3

droplet

6
ρVdroplet (5)

where Vdroplet is the velocity of the droplet, ρ is the density of the liquid metal, and Pdroplet is
the momentum of the droplet.

 
Figure 2. The droplet center of gravity position at a different time during P-GMAW welding.

In this paper, Fronius TPS5000 and Megmeet PM500A were selected as power sources
of the welding system to provide the needed waveform. Fronius TPS5000 is used to provide
a trapezoidal pulse waveform, and Megmeet PM500A is used to provide an exponential
pulse waveform. The pulse waveform parameters are automatically set by the unified
control system of the welding power source according to the welding current, as shown in
Figure 3. Ip is peak pulse current, Ib is Pulse base value current, and Im is mean current. In
order to ensure the stability of one pulse and one drop, the pulse width provided by both
welding power sources is 4 ms.

The Ip of the trapezoidal pulse waveform supplied from a Fronius TPS5000 can be
independently adjusted. We used 4 mm Q235 low carbon steel and 1.2 mm ER50-6 carbon
steel wire, respectively, as the base metal and welding wire. The shielding gas is 82%
Ar + 18% CO2 mixture, and the gas flow rate is 20 L/min. The welding speed with I = 60 A
is 25 cm/min, the welding speed with I = 100 A is 38.5 cm/min. The process parameters
are shown in Table 1. The other pulse waveform parameters were automatically set by the
unified control system of the welding power supply according to the welding current.
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(a) (b) 

Figure 3. The pulse waveform parameters with different currents supplied by a Fronius TPS5000 and
Megmeet PM500A: (a) parameters of the waveform; (b) frequency of the pulse.

Table 1. The welding parameters used in this article.

Waveform I/A Ip/A Ib/A

1 Trapezoidal type 60 485–525 20
2 Exponential type 100 500 20
3 Trapezoidal type 40–200 Set automatically
4 Exponential type 60–180 Set automatically

The arc heat and the heat carried by the droplet are the main heat source of the
weld pool in P-GMAW. It is assumed that the current density is evenly distributed on the
projection surface of the arc and weld pool. The arc heat (Earc−pulse) acting on the weld
pool during a single current pulse is shown in Equation (6), and the heat carried by the
molten droplet (Edroplet−pulse) is shown in Equation (7). The total energy input (Etotal−pulse)
on the surface of the molten pool for a single pulse cycle is shown in Equation (8), and the
energy input power (Ptotal−pulse) on the surface of the molten pool is shown in Equation (9).

Earc−pulse =
∫ 1/ f

0
Parcdt =

∫ 1/ f

0
I(Vw − ϕ)dt (6)

Edroplet−pulse = ρ
4
3

π

(
Dd
2

)3 ∫ 2500

300
CpdT (7)

Etotal−pulse = ρ
4
3

π

(
Dd
2

)3 ∫ 2500

300
CpdT +

∫ 1/ f

0
I(Vw − ϕ)dt (8)

Ptotal−pulse = Etotal−pulse × f (9)

where f is the pulse current frequency; Vw is the cathode pressure drop, which is 16.7 V [8];
ϕ is the electron escape work of the base metal, which is 4.77 V [10]; ρ is the density of the
liquid metal, Dd is the equivalent diameter of the molten droplet, Cp is the specific heat
capacity of the liquid metal, and T is the molten drop temperature, assumed to be 2500 ◦C.

The arc force acting on the weld pool (parc) during P-GMAW welding is shown in
Equation (10), and the equivalent pressure

(
pdroplet

)
of the droplet impact on the weld

pool is shown in Equation (11).

parc =
μ

4π
I2 log(

DP
DR

)/
πD2

p

4
(10)

pdroplet = Mdroplet f /
πD2

d
4

=
2DdρVd f

3
(11)
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where μ is the spatial permeability, μ = 1.26 × 10−6 N/A2; ρ is the density of the liquid
metal, ρ = 7.85 g/cm3; f is the pulse frequency, f = 40 Hz; Vd is the droplet velocity; Dd is
the droplet equivalent diameter; DP is the projected diameter of arc on the weld pool. DR is
the diameter of the arc root. The dimension parameters of the arc in the welding process
are shown in Figure 4.

 

Figure 4. Schematic diagram of arc profile dimensions.

3. Results and Discussion

3.1. Effect of Current Waveform on Heat and Force Acting on Welding Pool
3.1.1. Effect of Ip on Heat and Force Acting on Welding Pool

The current waveform of the P-GMAW process is periodic, and the thermal and force
effects on the welding pool during the whole welding process can be analyzed by studying
the droplet and arc behavior in a single pulse period. Figure 5a,b are the current and
voltage waveforms with Ip of 485 A and 525 A, respectively, and the welding current is
both 60 A.

  
(a) (b) 

Figure 5. The current and voltage waveform in P-GMAW: (a) Ip = 485 A, I = 60 A; (b) Ip = 525 A,
I = 60 A.

Figures 6 and 7 show the high-speed photography of the arc and droplet transition
process and synchronous welding electrical signals within a single current pulse period
with the parameters of Ip = 485 A and Ip = 525 A, respectively. It can be found that the arc
size increases and the arc brightness increases at the peak pulse stage, and the welding
wire melts rapidly under the action of arc heat and forms a molten droplet hanging at the
end of the wire. In the late pulse peak stage, the molten droplet falls off, and the current at
the pulse base value stage falls back to the base value. The function of the current at the
base value is to maintain the arc, which is 20 A, and the arc is almost invisible. In the whole
pulse period, there was no obvious melting at the end of the wire at the base value stage.
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Figure 6. P-GMAW current and voltage signal and arc and droplet transition behavior photographs
(Ip = 485 A): (a) current and voltage signal; (b) synchronous photographs.

 

Figure 7. P-GMAW current and voltage signal and arc and droplet transition behavior photographs
(Ip = 525 A): (a) current and voltage signal; (b) synchronous photographs.
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The increase of Ip lead to the decrease of pulse frequency with the same average current
(under the condition of 60 A welding current, Ip = 485 A, f = 40 Hz, Ip = 525 A, f = 30 Hz), and
higher Ip accelerate the melting droplet from the welding wire. As shown in Figures 6 and 7,
it takes 2 ms from the beginning of the pulse to the moment when the droplet is released
from the wire with Ip = 485 A, and the shrinking neck diameter before the droplet is 0.22 mm,
while it takes 1.6 ms with Ip = 525 A, and the shrinking neck diameter before the droplet is
0.33 mm. The results show that with the higher Ip, the shorter the time it takes, and the larger
the diameter of the shrinking neck as the droplet to detangle from the wire.

Figure 8a shows the droplet and arc size at different times during a single pulse period
(Ip = 485 A). The change process of heat and force acting on the weld pool can be calculated
by combining Equations (6) and (11) with the current and voltage data in Figure 4, as shown
in Figure 8b. The DP is synchronized with the current, however, at the moment when the
droplet detaches from the wire, a peak occurs in the DP curve, which is due to the increase
of metal vapor concentration in the arc space resulting from by the droplet detaching from
the wire. The DR Curve first falls and then rises at the peak pulse stage because the arc root
is always located at the shrink neck between the welding wire and the droplet. The droplet
gradually grows and forms a shrink neck, and the size of the arc root decreases gradually.
As the droplet detaches, the shrink neck disappears, and the size of the arc root increases.
The arc thermal power also has the same variation trend as the current curve, as shown in
Figure 8b. The arc pressure increases rapidly with the rise of the current and presents a
brief stable stage similar to the current waveform after reaching the peak value. The peak
arc pressure is nearly 580 Pa. With the current falling to the base value, the arc pressure falls
back and maintains at nearly 5 Pa. The impact of the droplet acting on the weld pool at a
fixed frequency can be equivalent to equivalent force, as shown in Equation (11). However,
the solidification process of the weld pool is a phase transition process of rapid cooling,
and the equivalent force cannot accurately measure the effect of a single molten droplet
impacting on the weld pool. Therefore, the momentum carried by a single molten drop is
another major parameter to measure the impact. When Ip = 485 A, the projection area of
the droplet is 1.1 mm2, the velocity of the droplet is 1.09 m/s, the momentum carried by
the droplet is 0.69 × 10−5 kg·m/s, and the equivalent pressure of the droplet impact on the
weld pool is 251 Pa. The welding heat input power is 2.41 × 103 J/s.

 
(a) (b) 

Figure 8. (a) The droplet and arc size at different times during a single pulse period (Ip = 485 A);
(b) transient arc pressure and heat input power (Ip = 485 A).

Figure 9 shows the size of the molten droplet and arc and the thermal and force
effects on the weld pool with the Ip = 525 A. The arc size increased significantly as the
peak pulse current increased, and the arc pressure was maintained at about 610 Pa during
the peak pulse phase, which was significantly higher than the peak pulse pressure with
the Ip = 485 A, the projected area of the droplet is 1.15 mm2, and the velocity is 1.65 m/s.
Due to the increase of heat input in the peak phase of the pulse, the size and velocity
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of the droplet increase simultaneously, which leads to the rise of the droplet momentum.
According to the calculation, As Ip increased to 525 A, the momentum carried by the droplet
increased to 1.20 × 10−5 kg·m/s, and the equivalent impact force of the droplet acting on
the weld pool is 313 Pa. At the same time, a too-high pulse peak current could increase the
volume of residual droplets at the end of the welding wire, which can easily lead to the
occurrence of multi drop during one pulse, as shown in Figure 10. Higher Ip increases the
energy input of a single current pulse, while reducing the pulse frequency, resulting in no
significant change in the total heat input power during the welding process. According to
the measurement, the total heat input power received by the weld pool as the Ip is 525 A is
2.38 × 103 J/s, which is approximately it as the Ip is 485 A.

 
(a) (b) 

Figure 9. (a) The droplet and arc size in different times during a single pulse period (Ip = 485 A);
(b) transient arc pressure and heat input power (Ip = 525 A).

 

Figure 10. The phenomenon of multi-drop during one pulse (Ip = 525 A).

Figure 11 shows the influence of pulse peak current on arc pressure, droplet momen-
tum, and equivalent impact force when the welding current is equal to 60 A. It can be found
that with the increase of Ip, the equivalent impact force and arc pressure of the molten
drop rise slowly, but the momentum of the molten droplet increases significantly (when Ip
increases from 485 A to 525 A, the momentum of the molten droplet rises nearly 200%).

 
(a) (b) 

Figure 11. Effect of Ip on droplet momentum, arc, and droplet impact pressure. (a) The droplet
momentum; (b) the pressure of the arc and droplet.
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At the peak of the pulse, the electromagnetic contraction force generated by the current
passing through the droplet is one of the leading forces driving the droplet off the wire,
which affects the initial velocity of the droplet when it leaves the wire [15]. At the same
time, the metal flow of the molten droplet at the end of the welding wire will produce
a downward force Fm f , which could increase the initial velocity of the droplet [16]. The
droplet accelerates under the impact of the high-speed plasma current in the arc space after
the droplet disconnects from the wire and enters the arc space [17]. The downward force
Fm f and the axial force Fa on the molten droplet in the arc space increase with the current
increase [15–17]. It can be proved that the force received by the molten drop is higher before
it disconnects from the wire as the Ip increase, which explains that the higher the peak
pulse current, the shorter the time taken for the molten droplet to disconnect from the wire,
and the larger the diameter of the shrinking neck before disconnecting. At the same time,
according to references [15–17], higher Ip could lead to a more significant initial velocity of
the molten droplet when it breaks away from the welding wire. At the same time, it will be
affected by more intense plasma impact in the arc space, and the acceleration of the molten
droplet will increase, leading to the increase of the momentum of the molten droplet. Due
to the decrease of in pulse frequency, the increase of droplet impact force is slower than that
of droplet momentum, which leads to the equivalent force of droplet impact is significantly
smaller than that of arc pressure. However, the difference in the impact form of the arc
and droplet on the weld pool does not mean that the impact of the droplet on the weld
pool is much smaller than that of the arc. At the same time, it has been shown that the arc
force at the peak of the pulse cannot significantly change the surface state of the weld pool.
The impact of the molten droplets is the main factor causing the oscillation behavior of the
weld pool [18]. However, Ip is positively correlated with the impact of the weld pool.

3.1.2. Effect of Waveform Shape on Heat and Force Acting on Welding Pool

Due to the high coupling between welding parameters and pulse waveform parame-
ters, there is no apparent linear relationship between waveform parameters of one pulse
and one drop under different current conditions. Therefore, many welding power supply
manufacturers have established welding parameter libraries to ensure the stability of one
pulse and one drop, which leads to differences in pulse waveforms under the same current.
When the welding current is between 100 A and 180 A, the preset pulse waveform of
the FroniusTPS5000 changes from trapezoid to posterior median trapezoid. The preset
pulse waveform of the Megmeet PM500A is the posterior median exponential pulse at
the full range of welding currents. Many scholars have thoroughly studied the effect of
the posterior median parameters of the pulse current waveform on the melting droplet
transition process [19]. The results show that the central role of the posterior median pulse
is to supplement the pulse’s peak phase energy and increase the pulse-drop transition’s
stability [19]. Therefore, this section will not analyze the effect of the median current after
the pulse on the melt transition process.

In order to avoid the influence of the difference in pulse waveform parameters with a
different welding power source, this section carries out the test at the intersection point of
the process parameters of the two pulse waveforms. When the welding current is 100 A,
the trapezoid wave parameters (Ip = 500 A; Ib = 17 A; Im = 100 A; f = 75 Hz) are similar
to exponential wave parameters (Ip = 500 A; Ib = 20 A; Im = 100 A; f = 73 Hz), as shown
in Figure 3. The arc and droplet transition behavior of trapezoidal pulse and exponential
pulse are shown in Figures 12 and 13.
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Figure 12. P-GMAW electronic signal and arc and droplet transition behavior photographs (trapezoid
pulse waveforms, I = 100 A): (a) current and voltage signal; (b) synchronous photographs.

Figure 13. P-GMAW current and voltage signal and arc and droplet transition behavior photographs
(exponential pulse waveform, I = 100 A): (a) current and voltage signal; (b) synchronous photographs.

75



Metals 2023, 13, 199

The pulse onset time of the trapezoid pulse waveform was 185.9 ms, and the droplet
detachment time was 187.7 ms. The time from the pulse onset time to the moment of
droplet detachment from the wire was 1.8 ms, and the diameter of droplet retraction before
detachment from the wire was 0.35 mm. The onset time of the exponential pulse waveform
was 78.9 ms, the time of droplet detachment was 81.5 ms, the time of droplet detachment
was 2.6 ms, and the diameter of the shrinking neck before droplet detachment was 0.22 mm.
It took longer for the droplet of the exponential pulse to leave the wire than that of the
trapezoidal pulse, and the diameter of the shrinking neck before the droplet leaving the
wire was significantly smaller.

Under the same pulse peak current, the droplet in the arc space of the trapezoidal
pulse was significantly compressed, while the droplet of the exponential pulse had no
obvious deformation. The reason for the above differences is that the current rises quickly
at the initial stage of the trapezoid pulse and the metal vapor concentration in the arc
space is relatively small, forcing the arc to climb to the upper end of the melt drop, and
the electromagnetic contraction force rises faster, as shown in Figure 12b 187.2–187.8 ms,
which further enhances the extrusion effect of the electromagnetic contraction force on the
constricted neck, and the melt drop is easy to break off the welding wire. The slow rise rate
of the exponential pulse waveform current leads to a relatively sufficient metal vapor in
the arc space, which allows a larger current to pass through the bottom of the melt drop,
resulting in the arc concentrated below the melt drop and did not climb to the position of
the shrinking neck, which to a certain extent prevents the separation of the melt drop, as
shown in Figure 13b 80.8–81.5 ms. The above phenomena are similar to the results obtained
by Hertel through simulation [20].

The droplet projection size of the trapezoidal pulse waveform was 1.156 mm2, and the
velocity was 1.28 m/s. The droplet projection size of the exponential pulse waveform was
1.09 mm2, and the velocity was 0.82 m/s. Previous studies have proven that the increase
of Ip could lead to the simultaneous increase of electromagnetic force and high-speed
convection intensity in the droplet and then increase the initial velocity of the droplet [20].
Under the same Ip condition, the trapezoid pulse takes less time for the droplet to detach
from the wire. The current is 300 A when the droplet detangles from the wire of the
trapezoid pulse, which is significantly higher than that of the exponential pulse (the current
is around 200 A when the droplet detaches from the wire), which results in a stronger
driving effect on the arc of the trapezoid pulse after the droplet detangles from the wire
(as shown in Equation (14)). As a result, the droplet has a large acceleration and initial
velocity [21–24].

The droplet and arc sizes of the two waveforms in a single pulse cycle are shown in
Figures 14a and 15a. Combined with Equations (6)–(11), the heat and force acting on the weld
pool in a single pulse cycle can be calculated, as shown in Figures 14b and 15b. It can be
found that the welding heat input power of the trapezoidal pulse and exponential pulse are
similar, and the maximum value of arc size is close. However, the increase rate of arc size of
the trapezoidal wave is significantly faster than that of the exponential wave, and the change
of arc pressure shows a similar trend with the arc size. Although the peak arc pressure of the
two waveforms is similar, the increased rate of arc size of the trapezoidal wave is significantly
higher than that of the exponential wave due to the higher current rise rate of the trapezoidal
pulse. As a result, its arc pressure rises faster, and its residence time above 600 Pa is longer
than that of the exponential pulse. The droplet velocity of the trapezoidal pulse is significantly
higher than that of the exponential pulse, and the droplet momentum and impact force of the
trapezoidal pulse is higher than that of the exponential pulse.
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(a) (b) 

Figure 14. (a) The droplet and arc size in different times during a single pulse period (exponential
pulse waveform, I = 100 A); (b) transient arc pressure and heat input power (exponential pulse
waveform, I = 100 A).

 
(a) (b) 

Figure 15. (a) The droplet and arc size at different times during a single pulse period (trapezoid pulse
waveform, I = 100 A); (b) transient arc pressure and heat input power (trapezoid pulse waveform,
I = 100 A).

Figure 16 shows the variation trend of droplet momentum, equal impact force, and
arc pressure of trapezoidal pulse and exponential pulse under different welding current
conditions. According to Figure 16a–c, it can be found that the momentum and the droplet
impact equivalent pressure of trapezoidal pulse are higher than those of exponential
pulse under all current welding parameters. As shown in Figures 3a and 16a, with the
increase of welding current, the peak pulse current also increases, which leads to the
synchronous increase of droplet speed and droplet quality, and the above factors all increase
the momentum of the droplet. Figure 16d shows the peak pressure of the arc under different
welding current conditions. Combined with the distribution of Ip in Figure 3a, it can be
found that the peak pressure of the arc is positively correlated with Ip and has no significant
correlation with the pulse waveform shape.
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(a) (b) 

 
(c) (d) 

Figure 16. (a) Droplet momentum with different welding current; (b) droplet momentum with
different Ip; (c) the droplet impact equivalent pressure with different welding current; (d) the arc
pressure with different welding current.

3.2. Effect of Current Waveform on the Welding Pool Dynamic Behavior and Microstructure
3.2.1. Effect of Current Waveform on the Dynamic Behavior of Welding Pool

In the welding process, Si, Mn, and other alloying elements in the base metal and
welding wire have a high affinity with O elements in the protective gas, and SiO2 and MnO
substances formed by oxidation of alloying elements float on the surface of the welding
pool to form slag. The density of slag is lower than that of liquid metal, and researchers
have shown that the movement behavior and accumulation position of molten slag reveals
the flow behavior of the weld pool [25].

Figure 17 shows the high-speed photography of welding pool flow behavior and
molten slag morphology with the Ip 485 A and 525 A, respectively. Figure 18 shows
exponential pulse waveforms and trapezoid pulse waveforms with I = 100 A. According to
the movement behavior of molten slag, a schematic diagram of the convection behavior of
the molten pool can be deduced, as shown in Figure 19. After the front end of the welding
pool is compressed, the metal flow is blocked by the bottom and forced to flow to the rear
of the welding pool. After being rebounded by the rear edge, it moves to the front end of
the welding pool. At the same time, the metal flow on the front surface of the welding pool
will be pushed to the rear under the impact and surface tension, and the two metal flows
will converge at the rear of the welding pool, resulting in the aggregation of metal oxides
into slag blocks.
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Figure 17. Effect of Ip on the flow process of the welding pool and the morphology of molten slag in
P-GMAW process: (a) Ip = 485 A; (b) Ip = 525 A.

 

Figure 18. Effect of pulse waveform shape on the flow process of the welding pool and the morphology
of molten slag in P-GMAW process: (a) exponential pulse waveform; (b) trapezoid pulse waveform.

Figure 19. Schematic diagram of welding pool flow behavior.

As shown in Figure 17, the welding pool with Ip = 485 A has a whole block of circular
molten slag on its surface, and the welding pool surface with Ip = 525 A has a noticeable
depression in the center of the molten slag.

As shown in Figure 18, The middle part of the molten slag on the surface of the
trapezoidal pulse pool shrinking obviously, showing a typical “barbell” shape, while the
molten slag of the exponential pulse gathered in a circle at the end of the welding pool.

The depression of the slag center indicates that it is subjected to strong convection
extrusion in the welding pool. According to the content of Section 3.1, the droplet velocity
is positively correlated with the convection intensity of the welding pool. Under the same
parameters, the larger the droplet velocity, the higher the kinetic energy transferred during
the momentum exchange of the impact welding pool, which leads to an increase in the
convection intensity of the welding pool.
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3.2.2. Effect of Current Waveform on the Solidification Process and Weld Microstructure

In the welding process, the front end of the welding pool is affected by the heat and
force of the arc and the droplets, while the liquid metal at the rear of the welding pool
solidifies continuously. Liquid metal is always in a complex state of motion. In order to
better understand the influence of the current waveform on the solidification process of the
molten pool, it is necessary to calculate the solidification rate of the welding pool (R), the
cooling rate of the weld (CR) and the temperature gradient (GS and GL).

In the welding process, the liquid metal at the back edge of the welding pool solidifies
rapidly, and the growth direction of the grains is related to the shape of the welding pool
and the welding speed. In general, the grain of the weld is oriented in the welding direction
and bent to the weld center, and the grain’s growth rate (R) is the linear speed of the trailing
edge of the welding pool. Under the steady state and quasi-steady state welding conditions,
the growth rate of columnar crystals at different positions on the edge of the welding pool
changes with the distance from the center point at the tail of the welding pool. At the
weld side boundary, the columnar crystal growth rate (R) tends to be 0. At the center
point’s midpoint at the welding pool’s tail, the columnar crystal growth rate (R) tends to
the welding speed V.

Another critical variable determining the microstructure structural characteristics of
the weld is the cooling rate (CR). The weld energy and base metal thickness are the main
factors determining the weld cooling rate. Considering the thickness and size of the base
metal used in this paper, the cooling rate of the weld can be calculated by Equation (12) [26]:

CR =
2πkρcl2(TC − T0)

3

Hnet2 (12)

where CR is the cooling rate (K·s−1), k is the thermal conductivity, TC is the liquid phase
line temperature of the molten pool, T0 is the ambient temperature, Hnet is the welding
wire energy, ρ is the density, c is the specific heat capacity, and l is the plate thickness.

The solid phase temperature gradient (GS) and liquid phase temperature gradient (GL)
on each side of the solid/liquid interface at the edge of the welding pool play a decisive
role in the initial structure of the weld. GS can be calculated by Equation (13) as follows:

Gs =
CR
R

(13)

GL plays a critical role in determining the morphology of the solid/liquid interface at
the microscopic scale. It is proportional to the energy of the welding line and is strongly
affected by the convection inside the welding pool. However, due to the limitation of
technical conditions, the temperature gradient cannot be accurately measured, and at
the same time, no relevant literature provides reference temperature gradient data. The
temperature gradient in the welding pool is a function of material properties, welding
process, position in the weld, and heat input, from which the general trend of liquid
phase temperature gradient (GL) with the above factors can be obtained [5]. For the
GMAW process, increasing of heat input will increase the welding pool size and reduce the
temperature gradient.

The alloy solidification process is mainly affected by “component supercooling,” and
the solid/liquid solute redistribution process in the welding pool solidification process is
the main factor producing component supercooling. The degree of component supercooling
at the solid/liquid interface is mainly affected by the degree of solute enrichment and
the temperature gradient GL of the liquid phase of the welding pool. There is always
vigorous stirring and convection in the welding pool of the GMAW process, which could
significantly affect the liquid temperature gradient GL near the solid/liquid interface of the
welding pool.

Measuring the GL and component subcooling in the welding process is complicated.
Although there is no way to accurately measure the convection intensity, temperature
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gradient, and solute distribution in the welding pool, it has been shown that the convec-
tion enhancement could reduce the temperature gradient GL [27]. It can be inferred that
the convection inside the GMAW welding pool could increase the degree of component
undercooling, as shown in Figure 20.

Figure 20. Model of the influence of pool convection on the “component supercooling”.

The solute concentration distribution near the solid/liquid interface of the weld pool is
shown by TL(x). In the case of convection and heat exchange of liquid metal in the welding
pool, the liquid phase temperature gradient (GL) decreases, and the actual temperature
T(x) near the liquid phase of the solid/liquid interface changes from blue line to red line,
which aggravates the degree of component supercooling and then leads to the change of
the solidification process.

Figures 21a and 22a show the macroscopic cross-section photos of the weld with
different pulse peak currents. The weld penetration depth is 0.7 mm with Ip = 485 A. When
Ip = 525 A, the penetration depth increases to 1 mm. This indicates that higher Ip increases
weld penetration depth. Figures 23a and 24a show the macroscopic cross-section photos of
a single pulse process weld with different pulse waveform shapes. The penetration depth of
the trapezoidal pulse weld is 1.56 mm, and of the exponential pulse weld is 1.4 mm. Under
the squeezing and pushing action of the pulse peak current, the overheated molten droplet
metal directly enters the welding pool, melting the bottom base metal and the increase of
the depth of the pool. The weld depth of the single pulse welding process is affected by
the droplets’ speed, frequency, and temperature. Murray and Scotti et al. [10] analyzed the
factors affecting the weld depth of GMAW from the perspective of heat and mass transfer,
and the results showed that the heat of the droplets was the main factor affecting the weld
depth. The study of Hosh et al. [28] showed that the temperature of the melting drop in the
single pulse process was positively correlated with the pulse peak current. As mentioned
in Section 3.1, increasing Ip significantly increases the melting velocity. Although it could
lead to a decrease in pulse frequency, the equivalent impact force of the melting drop still
rises slowly. Under the same welding current, the increase of Ip will simultaneously lead
to the increase of the equivalent impact force of the melting drop and the increase of the
temperature of the melting drop and then increase the weld penetration depth. With the
same Ip, no research has been found on the influence of pulse waveform shape on the
temperature of the droplet. However, as described in Section 3.1.2, the equivalent impact
force of the trapezoidal pulse on the droplet is higher than that of the exponential pulse,
which leads to the increase of the former penetration depth.
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(a) (b) (c) 

Figure 21. Morphology and structure of weld (I = 60 A, Ip = 485 A): (a) macroscopic morphology of
weld; (b) microstructure at the center of the weld; (c) high magnification image of the AF phase.

   
(a) (b) (c) 

Figure 22. Morphology and structure of weld (I = 60 A, Ip = 525 A): (a) macroscopic morphology of
weld; (b) microstructure at the center of the weld; (c) high magnification image of the AF phase.

  
(a) (b) (c) 

Figure 23. Morphology and structure of weld (I = 100 A, exponential pulse waveform): (a) macro-
scopic morphology of weld; (b) microstructure at the center of the weld; (c) high magnification image
of the AF phase.

   
(a) (b) (c) 

Figure 24. Morphology and structure of weld (I = 100 A, trapezoid pulse waveform): (a) macroscopic
morphology of weld; (b) microstructure at the center of the weld; (c) high magnification image of the
AF phase.
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The peak current and shape of the pulse waveform also affected the weld structure.
The weld structures with different Ips are shown in Figures 21b and 22b, and the weld
structures with different pulse waveform shapes are shown in Figures 23b and 24b. The
welded structure mainly comprises pro-eutectoid ferrite (PF) and acicular ferrite (AF).
Figures 21b and 22b show that the degree of intersection between adjacent PF dendrites
in the welded tissue with Ip = 525 A is higher than that of Ip = 485 A. Figure 24b shows
the exponential pulse weld tissue, in which the PF dendrites at the center show the same
growth direction and are columnar dendrites. However, the PF phase in the trapezoidal
pulse weld tissue shows a typical equiaxed dendrite morphology, as shown in Figure 23b.
Figures 21c, 22c, 23c and 24 shows the tissue’s metallographic photos of the AF phase.
The average grain sizes of AF grain were calculated using the intercept method (as per
ASTME112-10). It can be found that the pulse waveform parameters have no significant
effect on the microstructure of the heat-affected zone with the same welding current, but the
grain size of the AF phase is different. This paper measured the proportion of the AF and
PF phases in the welded tissue under different pulse waveform parameters, as shown in
Figure 25. The results showed that the proportion of the PF phase in the welded tissue with
Ip = 525 A was higher than that with Ip = 485 A, and the proportion of the PF phase in the
welded tissue with a trapeziform pulse was higher than that with an exponential pulse. At
the same time, this section calculates the weld’s cooling rate, growth rate, and temperature
gradient under different pulse waveform parameters, and the results are shown in Table 2.
The cooling rate, growth rate, and temperature gradient of the weld under different pulse
waveforms are all consistent with the same welding parameters, and the difference in the
dynamic behavior of the weld pool caused by pulse waveforms is the main factor affecting
the weld structure.

Figure 25. The volume proportion of PF phase and AF phase in weld microstructure.

Table 2. The welding parameters used in this article.

Waveform I/A V/cm·min−1 Ip/A Hnet/J mm−1 CR/K s−1 R/mm s−1 Gs/K·mm−1

Trapezoidal type
60 25 485 312.3 150.7 4.1 37.2
60 25 525 310.9 152.1 4.1 36.5
100 38.5 500 345.6 128.8 6.4 20.1

Exponential type 100 38.5 500 338.1 129.8 6.4 20.3

The convection intensity of the welding pool in the P-GMAW process is positively
correlated with the droplet impact. The convection intensifies the subcooling degree during
the solidification process and then changes the growth orientation of the primary austenite
grain of the weld and reduces the cooling rate of the solidified weld area. Under different
pulse waveform parameters, the droplet impact increase could lead to the intersection
degree of adjacent PF dendrites in the weld microstructure and the transformation of the
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PF phase from columnar to equiaxial dendrites. At the same time, it also slows down the
cooling rate of the solidified weld microstructure below the tail of the weld pool, resulting
in a large amount of PF phase precipitation and an increase in AF phase grain size.

4. Conclusions

(1) The arc pressure is positively correlated with the Ip. The extrusion of electromagnetic
contraction force affects the droplet transition process and the impact of charged par-
ticles in the arc space. The droplet velocity and momentum are positively correlated
with the peak pulse current.

(2) The change of pulse waveform shape does not affect the peak pressure of the arc
with the same pulse waveform parameters. Compared with the exponential pulse,
the trapezoidal current pulse droplet has a shorter time to detach from the welding
wire. The droplet is faster and has apparent deformation, leading to a more significant
impact on the welding pool with the same parameter conditions.

(3) The welding pool’s convection intensity and weld depth are positively correlated
with the impact of the arc and droplet. The liquid convection reduces the temperature
gradient of the welding pool, intensifies the component supercooling, and significantly
changes the growth orientation of the primary austenite phase. The stronger the
impact, the higher the proportion of PF phase in the weld microstructure, the larger
the grain size of the PF phase and AF phase, and the intersection degree of adjacent
PF phase dendrites increases.
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Abstract: In this work, the effects of Ce content (0.1%, 0.2%, and 0.3 wt%) on the microstructures
and mechanical properties of Al-Cu-Li alloys were investigated. The results show that the grains of
Al-Cu-Li alloy are refined by adding Ce element. When Ce content is less than 0.1%, the ultimate
strength of the alloy increases with the increase of Ce content. However, the ultimate strength of the
alloy decreases when Ce content is above 0.1%. For Al-Cu-Li alloy with different Ce content, the
aging precipitation of T1 and θ′ phases play the main strengthening role. When Ce content increases
from 0.1 to 0.3%, dynamic recrystallization is promoted during hot deformation. The recrystallization
of the alloys is inhibited after T6 treatment with the increase of Ce content, which can be attributed
to existence of the Al8Cu4Ce phases on the grain boundary. This work provides an economical and
convenient method for improving the properties of Al-Cu-Li alloys by Ce addition.

Keywords: Al-Cu-Li alloy; RE cerium; microstructure; mechanical properties

1. Introduction

In order to meet the requirement of some components with high-performance and
lightweight, aluminum–lithium alloys have been applied in the fields of aerospace and
transportation owing to their advantages, such as low density, low fatigue crack growth rate,
high specific strength, and good high-temperature and low-temperature properties [1–5].
So far, three generations of aluminum–lithium alloys have been developed. The third-
generation aluminum–lithium alloys, including 2195, 2050, 2099, 2198, and 2199, have been
successfully used to produce the carrier rocket tank and aircraft skins, a weight reduction of
about 10–20%, and a strength increase of about 15–20% [6,7]. Currently, many researchers
are devoted to developing fourth-generation aluminum–lithium alloys.

Rare earth micro-alloying is one of the important methods to produce novel aluminum–
lithium alloys. Some rare earth elements such as Ce, Sc, and Er could be utilized as the
beneficial alloying additions in Al-Cu-Li based alloys to improve their microstructures
and mechanical properties [8]. Suresh et al. [9] found that the grain was refined, and
precipitation kinetics were enhanced by adding Sc to AA2195 alloy. Yu et al. [10] found that
the recrystallization was restrained, and the strength of the alloy increased by adding 0.1
wt% Er to Al-3Li-1Cu-0.1Zr alloy. However, Sc, as an effective rare earth refiner, is limited
by its high price [11]. Due to the high proportion of Ce content in rare earth minerals, Ce
elements are mostly obtained when refining useful rare earth elements. The effects of Ce
element on the microstructure of aluminum alloy are as follows [12,13]. Firstly, the diffusion
of the main elements for the alloy is hindered and the coarsening of the primary phase is
delayed because of the addition of Ce element. Secondly, the primary AlCuCe phase acts
as a nucleating agent and increases the region of compositional supercooling, which finally
reduces the distance between the secondary dendrites. Thirdly, τ1 (Al8Cu4Ce) [14–16]
phase dispersion occurs during homogenization and thermomechanical processes, which
inhibits recrystallization during the subsequent heat treatment. Chaubey et al. [17] found
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that the morphology of the precipitates changed from spherical to needle-like and the
resistance from dislocation movement increased when the Ce content changed from 0.1%
to 0.4% (mass fraction). Meanwhile, the strength of the alloy changed with the increase of
Ce content. Yu et al. [18] found that the strength of the alloy increased by adding 0.2% Ce
to Al-5.87Cu-1.31Li alloy. Ma et al. [19] found the strength of the alloy decreased when the
Ce content of Al-4.24Cu-1.26Li alloy was about 0.11%.

Generally, the properties of aluminum alloys can be improved by means of inhibiting
recrystallization. The strength and fracture toughness of aluminum alloy has been greatly
improved by inhibiting recrystallization of the alloy, increasing the number of small grains
and fibrous microstructures [20–23]. For Al-Cu-Li alloys, recrystallization inhibition can
avoid intergranular fracture by reducing lithium segregation at the low angle grain bound-
ary (LAGBs) and then improving the strength of the alloy [24,25]. Yu et al. [26] found that
the addition of Ce element inhibited recrystallization of the alloy and improved the yield
strength and fracture toughness by adding 0.29wt% Ce to Al-Cu-Li-0.13Zr alloy.

Nowadays, the effect of Ce element on the mechanical property and inhibition re-
crystallization of aluminum lithium alloy has not been systematically studied. In order
to clarify the micro-alloying effect of the Ce element, Al-3.5Cu-1.2Li alloys with different
Ce content were fabricated in our work. The mechanical properties and microstructural
evolution of the alloy after rolling and heat treatment were investigated in this paper. The
feasibility of Ce addition to improve the alloy strength and the addition of optimal Ce
addition are discussed in detail. This study can provide an economical and convenient
method for performance enhancement.

2. Experimental Materials and Procedures

The experimental materials were Al-3.5Cu-1.2Li-0.5Mg-0.3Mn-0.3Zn-0.11Zr (wt.%)
with different Ce contents, as shown in Table 1. The alloys in this paper were called AL1-
AL4, respectively, according to the Ce contents. In order to fabricate the alloys, pure Al,
Li, Zn, Mg, and master alloys of Al-Cu, Al-Mn, and Al-Zr were melted in a high-purity
graphite crucible inside a vacuum high-frequency induction furnace and were poured into
the pre-heated mold. Then, the experimental ingots of AL1-AL4 were obtained.

Table 1. Chemical composition of experimental alloys (wt.%).

Alloy Cu Li Mg Mn Zn Zr Ce Al

AL1 3.5 1.2 0.5 0.3 0.3 0.11 – Bal.
AL2 3.5 1.2 0.5 0.3 0.3 0.11 0.1 Bal.
AL3 3.5 1.2 0.5 0.3 0.3 0.11 0.2 Bal.
AL4 3.5 1.2 0.5 0.3 0.3 0.11 0.3 Bal.

The experimental plates of AL1-AL4 alloy with dimensions of 110 mm × 40 mm ×
20 mm were taken from the ingot by Electrospark Wire-Electrode Cutting (BMG Co., Ltd.,
Suzhou, China). The specimens were heat treated at a temperature of 470 ◦C for 8 h and
a temperature of 520 ◦C for 24 h, and then cooled in air. The specimens were rolled at a
temperature of 420 ◦C until the thickness of the specimens was 4 mm and the deformation
extent of the specimen was about 80%. After the rolling process, the specimens were
solution-treated at a temperature of 500 ◦C for 2 h and quenched in water within 3 s. Then,
the specimens were age-treated at a temperature of 175 ◦C for 24 h.

In order to carry out the microstructure observation and mechanical property mea-
surement, the specimens were machined along the rolling direction (RD), normal direction
(ND), and transverse direction (TD). The tensile properties of the alloys after heat treatment
were measured with a CMT-5105 testing machine (WANCE Co., Ltd., Shenzhen, China)
at rate of 2 mm/min. The results were obtained from the average value of five tensile
specimens in the same condition.
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The microstructures of the specimens were characterized using an optical microscope
(OM, Zeiss, Primotech, Berlin, Germany), the X-ray diffraction (XRD, Bruker, Karlsruhe,
Germany), the electron back-scatter diffraction (EBSD, Carl Zeiss, Oberkoichen, Germany),
and a JEOL-2100F transmission electron microscope (TEM, FEI Company, Hillsboro, OR,
USA). The samples for OM observation were mechanically ground, then etched in standard
Keller’s reagent (1 mL HF + 1.5 mL HCl + 2.5 mL HNO3 + 95 mL H2O). The samples for
EBSD observation were firstly mechanically ground and then electrochemically polished
in the mixed 10% HClO4 and 90% C2H5OH solution at a temperature of −20 ◦C. In order
to perform the TEM analysis, the specimens were mechanically thinned to thicknesses of
about 60 μm, punched into foils of 3 mm in diameter, and electro-polished in 30% HNO3
and 70% CH3OH solution below −30 ◦C. The analysis was performed at an acceleration
voltage of 200 kV. Positions and dimensions of the specimen for microstructure observation
and tensile test are shown in Figure 1.

Figure 1. Positions and dimensions of the specimens for microstructure observation and tensile test.

3. Results and Discussion

3.1. Microstructures of As-Cast Alloys

Figure 2 illustrates the optical micrographs of as-cast AL1, AL2, AL3, and AL4 alloys.
It can be seen that the α-Al dendrites were refined with the addition of Ce. As shown in
Figure 2a, the coarse dendrite microstructure can be seen in the as-cast microstructure of
the AL1 alloy. For AL2 alloy, the dendrites are still relatively coarse, but the dendrites were
refined compared to AL1 alloy, as shown in Figure 2b. With the increase of Ce content,
the dendrites were further refined, and the secondary dendrites arm spacing was reduced
at the same time, as shown in Figure 2c,d. The coarse dendrites were refined, and the
secondary dendrites arm spacing was reduced with the increase of Ce content.

89



Metals 2023, 13, 253

 

Figure 2. Optical micrographs of the as-cast alloys with different Ce contents (a) AL1; (b) AL2; (c) L3;
and (d) AL4.

Optical micrographs of AL1-AL4 alloys after homogenization treatment are shown
in Figure 3. It can be found that the dendritic structures almost disappear after homoge-
nization treatment. Most of the secondary phases in as-cast alloy have been dissolved into
α-Al matrix.

 

Figure 3. Optical micrographs of homogenized alloys with different Ce contents (a) AL1; (b) AL2;
(c) AL3; and (d) AL4.

3.2. Microstructures of the Alloys after Hot Rolling

To investigate the effect of Ce element after rolling process on the microstructures of
AL1-AL4 alloys, EBSD analysis was used in our work. Figure 4 shows the inverse pole
figures and orientation maps of four alloys after 80% rolling reduction. Low angle grain
boundaries (LAGB) are marked with white lines, which are defined as misorientation
3◦ < θ < 15◦. High angle grain boundaries (LAGB) are marked with black lines, which
are defined as misorientation θ > 15◦. Different crystal orientations are represented by
different colors.
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Figure 4. Orientation maps and inverse pole figure (a) AL1; (b) AL2; (c) AL3; (d) AL4.

As shown in Figure 4a, the grains of AL1 alloy are elongated significantly after hot
rolling with fibrous shape along the rolling direction, exhibiting a large aspect ratio. There
are a large number of LAGB in the fibrous shape grains, which indicates the presence
of a few recrystallization grains during hot rolling. When the Ce addition is 0.1%, the
microstructures keep elongated grains and the number of grain increased, as shown in
Figure 4b. Meanwhile, it can be seen that some recrystallized structures appear, and the
degree of recrystallization increases compared with AL1 alloy. With the increase of Ce
content to 0.2%, the number of coarse elongated grains of the alloy decreased. The grain
aspect ratios reduce and grain shape tends to spheroidize, as shown in Figure 4c. When
the Ce content increases to 0.3%, the grain size of the AL4 alloy changes slightly, as shown
in Figure 4d. However, the low angle grain boundary is significantly lower than that in
Figure 4c.

Figure 5 illustrates the microstructures of AL1-AL4 alloys after hot rolling. The defor-
mation grains, sub-structured grains (recovered with sub-grains), and recrystallized grains
of four alloys are shown in Figure 5 in three colors (red, yellow, and blue, respectively).
According to average misorientation angles, these grains are classified as recrystallized
grains when their average misorientation angle is above 15◦, and as sub-structured grains
if their average misorientation angle is between 3◦ and 15◦. The grains are defined as
deformation grains when their average misorientation angle is below 3◦.
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Figure 5. Microstructures of the alloys after rolling process (a) AL1; (b) AL2; (c) AL3; (d) AL4.

The dynamic recrystallization degree of AL1 alloy is about 0.5% after the rolling
process, as shown in Figure 5a. The deformation structure of the alloy changes with the
increase of Ce content, as shown in Figure 5b. An incomplete recrystallization consisting of
substructure grains, recrystallization grains, and deformation grains appears when the Ce
content is 0.1%. The degree of recrystallization of AL2 alloy increases from 0.5% to 13.6%.
When the Ce content increases to 0.2%, the degree of recrystallization of the alloy increases
slightly, as shown in Figure 5c. However, when the Ce content reaches 0.3%, the degree of
recrystallization of AL4 alloy decreases from 16.7% to 9.1%.

Figure 6 illustrates the misorientation distributions and the fractions of HAGBs of
AL1-AL4 alloys. The misorientation below 3◦ has been removed from Figure 6. It can
be found that the fraction of LAGBs is much higher than that of HAGBs. For AL1 alloy,
the average misorientation angle is 2.5◦, and the fraction of HAGBs is 2.4% as shown in
Figure 6a. When the Ce content increases from 0.1%, 0.2%, to 0.3%, the fractions of HAGBs
are 5.6%, 10.3%, and 8.2%, respectively. Meanwhile, the average misorientation angles are
3.0◦, 4.6◦, and 4.0◦, respectively, as illustrated in Figure 6b–d.
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Figure 6. Distribution of misorientation angles of the alloys (a) AL1; (b) AL2; (c) AL3; (d) AL4.

Figure 7 illustrates the TEM images of AL1 and AL2 alloys after the rolling process.
AL1 alloy exhibits typical deformed microstructure with a large number of dislocation
structures after hot rolling. Compared with AL1 alloy, there are more dislocation structures
in the AL2 alloy, as shown in Figure 7b. From Figure 7c, it can be seen that the dislocations
entangle together and form a dislocation wall and sub-grains. The boundary of sub-grains
is shown in Figure 7d.

 

Figure 7. TEM images of the alloys after hot rolling (a) AL1; (b–d) AL2.
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3.3. Microstructure and the Mechanical Properties of the Alloys after T6 Treatment

To obtain the microstructure morphologies and the extent of recrystallization of the
alloys, EBSD analysis was carried out for the alloys with different Ce contents after T6
treatment. Figure 8 shows the inverse pole figure and orientation maps of AL1- AL4 alloys
after T6 treatment. For AL1 alloy without Ce element, there are many elongated grains,
and the average grain size is 51 μm, as shown in Figure 8a. From Figure 8b,c and d, the
microstructure of AL2, AL3, and AL4 alloys changes gradually. The recrystallization grains
occur at the triangle boundary, the grains size decrease, and the number increases with the
increase of Ce contents. The average grain sizes are 44 μm, 43 μm, and 39 μm, respectively.
As can be seen, the grains of the alloys are refined and spheroridized with the increase of
Ce content after T6 treatment.

 
Figure 8. Orientation maps and inverse pole figure of the alloys after T6 treatment (a) AL1; (b) AL2;
(c) AL3; (d) AL4.

Figure 9 illustrates the recrystallized microstructure of AL1-AL4 alloys after T6 treat-
ment. Similar to Figure 5, the deformation grains, sub-structured grains (recovered with
sub-grains), and recrystallized grains of the four alloys are shown in three colors (red,
yellow, and blue, respectively). From Figure 9, the degree of recrystallization of the alloys
decreases significantly with the increase of Ce content. For AL1 alloy, the fraction of recrys-
tallization is relatively low, and the fractions of recrystallization grains and sub-structured
grains are 82.07%, and 17.92%, respectively, as shown in Figure 9a. It can be observed in
Figure 9b that the fractions of recrystallization grains and sub-structured grains of AL2 alloy
are 96.96% and 3.03%, respectively. It indicates that the recrystallization grains increase by
adding Ce content to Al-Cu-Li alloy, which is helpful to refine microstructure of the alloy.
However, when Ce content reaches 0.2% and 0.3%, the fractions of recrystallization are
76.24% and 45.47%, respectively, as illustrated in Figure 9c,d. Therefore, when Ce content
is above critical value, the degree of recrystallization decreases with the increase of Ce
content.
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Figure 9. Recrystallized maps of the alloys after T6 treatment (a) AL1; (b) AL2; (c) AL3; (d) AL4.

Figure 10 shows the misorientation distributions and the fraction of HAGBs of AL1-
AL4 alloys after T6 treatment. The misorientation below 3◦ has been removed from
Figure 10. Compared with Figure 6, it is clear that the LAGBs have transformed into
HAGBs. The fraction of HAGBs for AL1 alloy is 30.5%, and the average misorientation
angle is 12.5◦, as shown in Figure 10a. When the Ce content of the alloy changes from 0.1%,
0.2%, to 0.3%, the fractions of HAGBs are 42.4%, 24.9%, and 28.5%, respectively. Meanwhile,
the average misorientation angles are 18.1◦, 10.4◦, and 11.5◦, respectively, as shown in
Figure 10b–d.

Figure 10. Distribution of misorientation angles of the alloys after T6 treatment (a) AL1; (b) AL2;
(c) AL3; (d) AL4.
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To clarify the effects of Ce enrichment particles in Al-Cu-Li alloys on inhibition of
recrystallization. The Ce enrichment phases were investigated by XRD, and the results
are shown in Figure 11. The XRD patterns clearly show the presence of Al8Cu4Ce phases
in AL2-AL4 alloys after T6 treatment. The improved recrystallization resistance achieved
by Ce addition can be attributed to the formation of these Al8Cu4Ce phases in Al-Cu-Li
alloy [26]. These Al8Cu4Ce particles might exert a Zener pressure on the grain boundary,
which would retard their migration and inhibit recrystallization [27].

Figure 11. XRD patterns of the alloys after T6 treatment (a) AL1; (b) AL2; (c) AL3; (d) AL4.

Figure 12 shows the selected area electron diffraction (SAED) spectra, TEM bright-field
and dark-field images of AL2 alloy with 0.1% Ce and the AL1 alloy without Ce element. As
shown in Figure 12a, it can be found that there are bright θ′ phases in the SAED spectrum
along the direction of <100> of AL2 alloy, and the θ′ phases distributed uniformity. It
indicates that a large number of θ′ phases have precipitated in AL2 alloy. Figure 12b shows
the θ′ phases appear in the TEM bright field image along the direction of <100> of AL1
alloy. However, the number and density of θ′ phases are relatively fewer compared with
AL2 alloy. Bright T1 phases can be observed in the SAED spectrum along the direction of
<112> of AL2 alloy, and there are T1 phases parallel to each other in dark-field, as shown
in Figure 12c. This indicates that a large number of T1 phases have precipitated in AL2
alloy. From Figure 12d, T1 phases appear in the TEM dark field image along the direction
of <112> of AL1 alloy. The aging precipitated phases in AL1 alloy are T1 and θ′. Compared
with AL1 alloy, T1 and θ′ phases in AL2 alloy are distributed uniformly.

The mechanical properties of AL1-AL4 alloys after T6 treatment are illustrated in
Figure 13. It can be found that the ultimate tensile strength increases with the increase of Ce
content when the Ce content is less than 0.1%. However, the ultimate tensile strength of the
alloy decreases when the Ce content increase to 0.2% and 0.3%. The yield strength exhibits
the same trend, while the change of elongation is not obvious, as shown in Figure 13b.
Compared with AL1 alloy, when Ce content is 0.1%, the ultimate tensile strength of AL2
alloyincreasese from 484 MPa to 514 MPa.
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Figure 12. SAED patterns and dark field (DF) and bright field (BF) TEM images of AL2 (a), (c), and
AL1 (b), (d) alloys (a), (b) θ′ precipitates (direction parallels to <100>Al); (c), (d) T1 precipitates
(direction parallels to <112>Al).

Figure 13. Tensile test of the alloys after T6 treatments. (a) Engineering stress–strain curves; (b) Tensile
properties curves.

3.4. Discussion of Effecting Mechanism

The above results show that the microstructure evolution and the tensile properties
of the alloys are mainly related to the Ce content, the grain size and number, and the
distribution of the main precipitated phases. Some studies [28,29] show that the Al-Cu-Li
alloy is strengthened mainly by T1 and θ′ phases precipitated from the solid solution matrix
during the aging process. The strengthening effect depends on the size, morphology, and
volume fraction of the precipitate phases. Because the radius of Ce atoms (0.182 nm) is larger
than that of Al atoms (0.143 nm), it is easy to lead to lattice distortion and increasing of the
energy, when Ce atoms solute to the Al matrix in the form of a supersaturated solid solution.
After solid solution treatment, many supersaturated vacancies are accumulated around Ce
atoms, which results in reducing the lattice distortion energy and vacancy formation energy
at a low energy level [30]. The vacancy clusters are located in the preferential nucleation
positions of the primary phase T1 due to introducing the dislocations [31]. Therefore, the
nucleation of T1 phase is promoted by the Ce atomic clusters, as shown in Figure 12.
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The Ce element usually exists in the form of solid solution, and segregates at grains
and phase boundaries, and rare earth compounds in Al-Cu-Li alloys. From Figure 7, it can
be observed that the density of dislocations increased when 0.1% Ce was added into the
AL1 alloy, and thus the contributions of dislocation strengthening increased. Additionally,
the coarse dendrites were refined, and the secondary dendrites arm spacing was reduced
with the increase of Ce content. The grains of T6 treated alloys are also refined, as shown in
Figures 2 and 8. This is because the solid solubility of Ce element in Al alloys is very small.
In the process of solidification, Ce elements easily gather at the front of the solid–liquid
interface. This results in the redistribution of solute elements and increases the composition
supercooling of the liquid phase, thus intensifying the branching process, refining the
dendrite shape, and reducing the dendrite spacing. In addition, some compounds formed
from Ce, Al, and other elements hinder the grain growth at grain boundary. Some research
shows that the second Al8Cu4Ce particles form during solidification of Al-Cu-Ce alloys,
which can promote the non-uniform nucleation [32]. The Al8Cu4Ce particles are broken due
to the rolling process, but these broken particles still cannot be completely dissolved during
the solid solution treatment, which can hinder the grain boundary migration during the
subsequent recrystallization process, thus refining the recrystallized grain. The relationship
between the strength increasement and grain refinement can be expressed by the following
equation [33]:

ΔσH−P = k
(
dCe−containing − dCe−free

)
(1)

The value of k for aluminum alloys is 0.04 Mpa × m1/2, and the Equation (1) shows
that the strength of the alloy can be improved by grain refinement. From Figure 13, it can
be seen that the strength of AL2 alloy is higher than that of AL1 alloy.

From Figure 6, it can be observed that the fraction of HAGBs increases from 2.4%
to 8.2% with the increase of Ce content. With the increase of HAGBs, the fraction of
recrystallization grains increases from 0.5% to 9.1% (Figure 5). At the same time, the
average misorientation angle of the alloy increases from 2.5◦ to 4.0◦. These results indicate
that the addition of Ce element can promote dynamic recrystallization of the alloy during
deformation. From Figure 9, it can be clearly observed that the fraction of recrystallized
grains decreases gradually with the increase of Ce content, from 96.96% of AL2 alloy to
45.47% of AL4 alloy after T6 treatment. The reason for this is that static recrystallization
of the alloy during heat treatment can be hindered due to the Ce element, which can be
attributed to the formation of a large number of small Al8Cu4Ce phases. These Al8Cu4Ce
phases become smaller sizes after rolling deformation with large reduction. Due to the high
temperature stability of Al8Cu4Ce phase, it is hard to redissolve during heat treatment,
which hinders recrystallization by pinning dislocation and sub-grain migration [34,35].

The more Ce content of the alloy there is, the more insoluble Al8Cu4Ce particles are.
The Al8Cu4Ce phase particles can refine the microstructure and hinder recrystallization of
the alloys after adding little amounts of Ce. To a certain extent, it is beneficial to improve
the mechanical property of the alloys. However, with the increase of Ce content, many Cu
atoms of the alloy exist in the form of Al8Cu4Ce particles after solid solution treatment,
rather than in the solid solution matrix as solid solution Cu atoms, which leads to decreasing
the mechanical properties of AL3 alloy and AL4 alloy. The addition of trace amounts of Ce
can improve the binding energy of Cu atoms in the matrix. The Ce element in the matrix
reduces the diffusivity of solute atoms Cu and Mg during aging and effectively inhibits the
coplanar slip, which improves the mechanical property of the alloy.

4. Conclusions

The purpose of this study is to investigate the effect of Ce alloying on the microstruc-
ture and mechanical properties of Al-Cu-Li alloys. The following conclusions are drawn
from the present study:

(1) The dendrites are refined, and the secondary dendrites arm spacing is reduced
by the as-cast alloys with the increase of Ce content. The average recrystallized grain size
of four alloys after T6 treatment are 51μm, 44μm, 43μm, and 39μm, respectively, when
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Ce content is added from 0.0% to 0.3%. The Al8Cu4Ce particles can promote nucleation
during solidification, while the particles are difficult to dissolve into the solid solution
matrix during subsequent treatment, which can hinder grain boundary migration during
recrystallization and refine the recrystallized grains.

(2) The recrystallization of the alloys is inhibited during T6 treatment with the increase
of Ce content. This can be attributed to the existence of the Al8Cu4Ce phases at the grain
boundary. The aging precipitation T1 and θ′ phases of the alloys are promoted by adding
Ce element to the alloy.

(3) With the addition of Ce content from 0.1% to 0.3%, the ultimate tensile strength
and yield strength of the alloy after T6 treatment firstly increase and then decrease. The
ultimate tensile strength is a maximum of 514 MPa when Ce content is 0.1%.
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Abstract: Fe-based amorphous alloys often exhibit severe brittleness induced by annealing treatment,
which increases the difficulties in handling and application in the industry. In this work, the shear
transformation zone and its correlation with fracture characteristics for FeSiB amorphous alloy ribbons
in different structural states were investigated. The results show that the bending strain decreases
sharply with the annealing temperature increase, accompanied by decreased shear band density
and the induced plastic deformation zone. Furthermore, the microscopic fracture surface features
transform from a micron-scale dimple pattern to nano-scale dimples and periodic corrugations.
According to nano-indentation results, the strain rate sensitivity and shear transformation zone
volume change significantly upon annealing treatment, which is responsible for the deterioration of
bending ductility and the transition of microscopic fracture surface features.

Keywords: shear band; shear transformation zone; fracture surface; dimple pattern; periodic corrugations

1. Introduction

FeSiB amorphous alloy ribbons are a widely used soft magnetic material, which is
characterized by its simple preparation process, low production cost, and low loss rate. In
addition, it exhibits excellent properties such as high magnetic permeability, low coercive
force, and low iron core loss, making it widely applied in the iron cores of commercial high-
efficiency distribution transformers, intermediate frequency (400–10,000 Hz) transformers,
filters, inductors, and reactors. Therefore, optimizing the soft magnetic properties of
FeSiB amorphous alloy ribbon is a hot research topic in this field. Among these, the
annealing treatment of FeSiB amorphous alloy ribbon below the crystallization temperature
is an effective method, which can further improve the soft magnetic properties of Fe-
based amorphous alloys through structure relaxation. However, FeSiB amorphous alloy
ribbon often suffers from severe annealing embrittlement, which affects its comprehensive
properties, increases its processing and application difficulties in the industry, and has
attracted high attention from the academic and industrial communities [1,2].

The plastic deformation mechanism of amorphous alloys is completely different
from that of crystalline materials because the atomic arrangement of amorphous alloys
exhibits short-range order and long-range disorder, and there are no crystal defects such as
dislocations and grain boundaries. Therefore, the plastic deformation theory of traditional
crystalline materials cannot be applied to amorphous alloys. Currently, the main theories
of amorphous alloy deformation are the free volume theory and the shear transformation
zone (STZ) theory. The free volume model is a phenomenological physical concept, which
states that plastic deformation of amorphous alloys can be achieved under local atomic
transition conditions. After annealing treatment, the free volume of amorphous alloys is
eliminated due to the random jump motion of atoms, leading to the structural relaxation
of amorphous alloys. The reduction in free volume after annealing decreases the plastic
deformation ability of amorphous alloys [3,4]. However, the microstructural origin of
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embrittlement caused by structural relaxation is not clear yet. Currently, a large amount of
research has shown that the plastic deformation mechanism of amorphous alloys is closely
related to shear bands. Shear bands are a typical feature of ductile banded amorphous
alloys, which are generated when ductile bands start to bend, and their formation is related
to the evolution of local structural order. When amorphous alloy ribbons have a large
number of shear bands, it indicates that they have good bending ductility. In the plastic
deformation process of amorphous alloys, the activation of STZs is an important step.
The STZ theory states that the plastic deformation of amorphous alloys is not realized
by the transition of single atoms but by clusters of atoms composed of numerous atoms
as flow units, under certain conditions. STZ is a micro deformation area caused by local
structural changes, and its size is usually between several nanometers to tens of nanometers.
The activation of STZs in amorphous alloys is closely related to factors such as material
composition, temperature, strain rate, and stress level [5–7]. Therefore, understanding the
plastic deformation mechanism of amorphous alloys and the formation of shear bands
has important academic value and practical significance for the development of high-
performance amorphous alloy materials.

STZ has been widely employed to study the low-temperature deformation of amor-
phous alloys. However, the correlation between the measured STZ size and amorphous
alloys ductility was also controversial. Particularly, Pan et al. [8,9] evaluated the STZs size
in amorphous alloy by using the rate-change method. It was found that upon annealing, the
measured STZ size dramatically decreases. The study demonstrates that amorphous alloy
with larger STZ size enjoys better plasticity. Whereas someone held the opposite opinion
that amorphous alloy with smaller STZ size possesses better plasticity. Ma et al. [10] em-
ployed statistical analysis of the maximum shear stress, which is based on the distribution
of the first pop-in events in nanoindentation, to estimate the STZ volume and atoms it con-
tains in the amorphous alloy. The result indicates that the STZ size decreases from 83 atoms
in the ribbon to 36 atoms in the film. Upon nanoindentation creep test, STZ sizes with
44 atoms and 18 atoms were calculated for the ribbon and film, respectively. Choi et al. [11]
employed statistical analysis of the data to estimate the STZ size. The results of the analysis
indicate an STZ size of ∼25 atoms in amorphous alloy, which increases to ∼34 atoms upon
annealing. The activation volume of a single STZ was estimated from either a statistical
analysis or the rate-change method. The STZ size obtained by the rate-change method
shows a better correlation with amorphous alloy plasticity [12,13].

In order to reveal the mechanism of brittleness for FeSiB amorphous alloy ribbons, this
study was carried out. To investigate the relationship between shear transformation zone
(STZ) size and bending ductility of FeSiB amorphous alloy ribbons, the FeSiB amorphous
alloy ribbons were annealed at various temperatures. FeSiB amorphous alloy ribbons with
different structural states were selected as the research objects. In this study, the STZ size
was measured by the rate change method, and the bending toughness, folding morphology,
and resulting fracture surfaces of FeSiB amorphous ribbons under different free volume
states were further studied. The formation mechanism of shear bands and fracture surface
characteristics were systematically discussed. The results showed that reducing the volume
of STZs can effectively reduce the brittleness of FeSiB amorphous alloy ribbons, providing
new ideas for improving the bending ductility of FeSiB amorphous alloys by controlling
their structural states. Meanwhile, this study has important theoretical significance for a
deeper understanding of the fracture behavior of amorphous alloys and its relationship
with structural factors and can provide certain technical guidance for the development of
high-performance amorphous alloys.

2. Materials and Methods

All materials used in this experiment are of high purity. The mass of each element was
calculated based on the nominal composition of Fe80Si9B11, and the required raw materials
were weighed using a high-precision electronic balance. Prior to melting the high-purity
raw materials, titanium ingots were melted to absorb oxygen and impurities in the high-
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vacuum arc furnace. The furnace vacuum degree was reduced to below 5 × 10−3 Pa and
high-purity argon gas was introduced for protection during the melting process. Under the
heating conditions of an induction coil, a mixture of pure Fe (99.9 mass%), Si (99.9 mass%),
and FeB (17.9 mass%B) was melted to prepare an Fe80Si9B11 alloy ingot. The ingot was
repeatedly melted four times and finally cooled for 30 min with furnace cooling to obtain a
homogenous master alloy ingot. Before preparing the FeSiB amorphous alloy ribbons, the
surface impurities of the master alloy ingot were thoroughly removed and subsequently
shattered into small alloy ingots. The single-roller melt-spinning technique was used to
prepare the amorphous alloy strip, which is easy to operate and has a fast cooling rate,
making it possible to produce suitable amorphous alloy strips. The preparation process of
the FeSiB amorphous alloy ribbons was carried out completely in a high-purity argon gas
atmosphere, with an argon pressure differential of 0.02 MPa to ensure a stable atmosphere.
The molten alloy was ejected from the narrow slit at the bottom of a quartz tube onto a
rapidly rotating copper wheel, with a surface speed of 40 m/s, allowing for control of
the thickness and width of the amorphous alloy ribbons. The ribbons were 25 ± 2 μm
in thickness and 8 mm in width. The structure and morphology of the ribbons were
examined using X-ray diffraction (XRD) with Co-Kα (λ = 1.7902 Å) under a step of 0.01◦
and a counting time of 4 s per step at 40 kV and 20 mA. The as-cast and annealed at 250 ◦C
and 380 ◦C amorphous ribbons were labeled as S25, S250, and S380, respectively. The S250
and S380 ribbons were annealed at 250 and 380 ◦C for 90 min in a tubular vacuum furnace
(<0.1 Pa) with furnace cooling, the heating rate was 10 ◦C/min. The bending ductility of
ribbons was tested with a self-designed two-point bending device, which was composed of
three boards. The schematic diagram of the two-point bending test is shown in Figure 1.
The top and side boards were fixed, and the lower one could move from up and down.
The ribbons were fixed on the upper and lower boards, and then the lower board was
controlled to move up at the speed of 0.1 mm/s. The bending strain was used as ductility
index λf to value the bending ductility of the ribbons [1], as Equation (1):

λ f =
t

L f − t
(1)

where t is the ribbon’s thickness, and Lf is the board spacing when the ribbons have just broken.
The ribbons which could be folded at 180◦ without breaking down show good ductility.

Figure 1. The schematic diagram of two-point bending test.

The macro and micro images of the bent crease and resultant fracture surface of
these three samples were investigated by scanning electron microscopy (Field Emission
Scanning Electron Microscope, FESEM, JSM-7500F, JEOL, Japan) and transmission electron
microscope (TEM, JEM-2100, JEOL, Japan). The FeSiB amorphous alloy ribbons were
subjected to nano-indentation testing (Agilent G200, Keysight, Santa Rosa, CA, USA) using
a Berkovich diamond indenter with an effective tip radius of 25 nm. The experimental
samples were mechanically polished to ensure that the surface of the FeSiB amorphous
alloy ribbons was perpendicular to the loading direction of the indenter and tested in a
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constant temperature and humidity as well as a quiet environment. The load was increased
at rates of 0.01, 0.05, 0.1, and 0.2 mN/s. The nano-indentation test was conducted 10 times
at various loading rates for each sample.

3. Results

Results and Discussion

As shown in Figure 2, the XRD patterns of as-cast and annealed FeSiB alloy samples
S25, S250, and S380 exhibit broad peaks without any sharp diffraction peak related to the
crystalline phase. This suggests that all the samples keep an amorphous structure.

Figure 2. XRD patterns for amorphous alloy ribbons in different structural states: S25, S250, and S380.

In order to further confirm that the as-cast and annealed FeSiB amorphous alloy
ribbons are amorphous, they were tested by HRTEM. Figure 3 shows the HRTEM images
and corresponding selected area electron diffraction (SAED) patterns of S25 and S380. For
the as-cast (Figure 3a) and annealed sample (Figure 3b), no precipitated nanometer-sized
phase is detected, only the homogeneous mazy contrast and a diffuse halo are presented,
This is a typical structural characteristic of amorphous alloys, which is consistent with XRD
results, demonstrating that these three samples annealed at different temperatures still
remain a monolithic amorphous structure.

  

Figure 3. High-resolution TEM image inset with corresponding SAED pattern for (a) S25 and (b) S380.

It is well known that amorphous alloy is usually located in a metastable state, a
structure relaxation would process this in a wide temperature range from room temperature
to crystallization temperature. The exothermic event accompanied by structure relaxation
shows that the amount of free volume in amorphous alloys is decreased. The exothermic
enthalpy value is related to the free volume content,

ΔHfv = β·ΔVf (2)

where ΔH is exothermic enthalpy, which is positive to the annealing temperature, ΔVf is the
change of free volume, β is a constant parameter [14]. In this study, for these three samples,
the exothermic enthalpy values of samples S250 and S380 increase with the increase in the
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annealing temperature. It suggests that the as-cast sample S25 contains the largest ΔVf, and
sample S380 has the least free volume left.

The two-point bending test and SEM were used to characterize the bending ductility
and bent crease morphology of FeSiB alloy ribbons. The samples S25 and S250 show
better bending ductility than S380. The bending strain of S25 and S250 both are 1 but S25
could be bent to a 180-degree angle about 10 times, and the bend times of S250 decrease
to about 3 times. Meanwhile, the S380 exhibits no bending ductility and will be broken
down in the initial stage of the bending test. Since the shear bands, owing to the plastic
strain of amorphous alloy ribbons, could reflect the plastic deformation ability, a significant
difference in shear band behavior can be noticed in Figure 4. S25 exhibits the most shear
bands, followed by S250, and S380 shows the least. For S25 and S250, the shear bands are
parallel to the bent crease and propagate in a normal direction to the bent crease. However,
there are two obvious fracture edges and no shear bands for S380. The center area, where
the distance is plus or minus 5μm from the bent crease, is selected to show the number of
shear bands. For S25, the average number of shear bands is around 25, while it decreased
to 5 for S250, then to 0 for S380. Moreover, several distinct cracks are produced in the bent
crease for S250, suggesting decreased bending ductility, which is in agreement with the
bending strain results.

  

 

 

Figure 4. Shear band morphologies for amorphous alloy ribbons annealed at different temperatures:
(a) S25; (b) S250; and (c) S380.

The fracture surface for the samples in different structure states was investigated with
SEM, as shown in Figures 5–7. The fracture surface of S25 shows a periodic morphology
consisting of a micro-scaled dimple pattern zone and the largest smooth zone, revealing
ductile features (Figure 5a). The share of dimple pattern zone is up to 70%, the average
dimple diameter is about 500 nm, and the smooth zone displacement is about 3.22 μm
(Figure 5b,c). For S250, the fracture surface consists of a micro-scaled dimple pattern
zone, smooth zone, and mist zone (Figure 6a), suggesting local ductile fracture. The
share of dimple pattern zone decreases to 20%, the average dimple diameter is about
200 nm, and smooth zone displacement is about 1.52 μm (Figure 6b,d). At the microscale,
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the fracture surface of S380 consists only of the smooth zone as shown in Figure 7a,
suggesting a completely brittle fracture. From the high magnification image Figure 7b,c,
both smooth zone and nanoscale configuration patterns appear on the fracture surface. The
average dimple sizes further decrease to 100 nm and the smooth zone displacement is only
about 500 nm (Figure 7b,d). The fractograph evolution from a micro-scaled dimple-like
structure to a nano-scaled dimple-like structure and then to the periodic corrugation pattern
along the crack propagation direction, indicates a ductile to brittle transition during the
dynamic fracture process of S250. The fractograph of S380 consists only of the smooth
zone. This means that the intrinsic plasticity of S250 and S380 have little resistance to
crack propagation, and cracks will propagate rapidly throughout the whole sample until
fracture once initiated. Together with the previous bending test, it can be concluded that the
micro-scaled dimple pattern zone corresponds to the ductile feature, and those nano-scale
dimples and periodic corrugations are typical fracture features of the quasi-brittle fracture
of metallic glasses [15–18].

  

 

 

Figure 5. Fracture surfaces for S25: micro-scaled dimple pattern zone (a); enlarged images for dimple
(b); smooth zone (c).

As reported, the size of STZ had been suggested as a key element in such plastic
deformation [7,19,20]. The STZ volume, Ω, obtained by the rate-change method can be
expressed as:

Ω = kT/C′mH (3)

where k is the Boltzmann constant, T is the temperature, H is the hardness, m is the
corresponding strain rate sensitivity of hardness.

C′ = 2Rξ√
3

G0γ2
C

τC

(
1 − τCT

τC

)1/2
(4)

Here, R ≈ 1/4 and ξ ≈ 3 are constants, τc is the threshold shear resistance at tem-
perature T and the τc/G0 ≈ 0.036. The average elastic limit g γc ≈ 0.027 and the value
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of τct/τc can be determined by τct/G = γc0 − γc1 (T/Tg)2/3, where γc0 = 0.036 ± 0.002,
γc1 = 0.016 ± 0.002 [21]. In order to obtain the STZ volume, calculating m is essential.

  

  

Figure 6. Fracture surfaces for S250: overview of fracture surface (a); enlarged images for dimple (b);
mist zone (c); smooth zone (d).

  

  

Figure 7. Fracture surfaces for S380: overview of fracture surface (a); enlarged images for nano-scaled
dimple-like pattern (b); smooth zone (c); mist zone (d).

107



Metals 2023, 13, 757

To investigate the changes in the bending ductility of FeSiB amorphous alloy ribbons
after annealing treatment, nanoindentation experiments were conducted. The typical force-
depth curves and hardness of S25, S250, and S380 by nano-indentation with a loading rate
of 0.2 mN/s are shown in Figure 8. The maximum indentation depths for samples S380 and
S25 were 52 nm and 75 nm, respectively. It was observed that the maximum indentation
depth for S380 was significantly lower than that for S25, and the deformation rate of FeSiB
amorphous alloy ribbons decreased continuously with increasing annealing temperature.
In addition, the average hardness of S25 was 5.393 GPa, and the average hardness of FeSiB
amorphous alloy ribbons increased continuously with increasing annealing temperature.
Specifically, the average hardness of S250 and S380 increased to 6.992 GPa and 8.472 GPa,
respectively. To calculate the value of m, the force-depth curves of S25, S250, and S380 by
nano-indentation under loading rates of 0.01, 0.05, 0.1, and 0.2 mN/s are tested. According
to Pan [9], the strain rate sensitivity m is proportional to the ratio of double log plot of
strain rate έ to hardness H. The strain rate ε = P/2P, where P is the loading rate and P is
the peak load force. The m values of as-cast, 250 ◦C annealed, 380 ◦C annealed samples
are 0.340, 0.228, and 0.116 (as shown in Figure 9), respectively. In order to calculate the
numbers of STZ, the atomic radius, based on the dense-packing hard-sphere model, can be
computed as:

R = (∑n
i Air3

i )
1
3 (5)

where Ai and ri are the atomic fraction and atomic radius of each element, respectively [13].
The STZ volume, Ω, and the number of atoms, N, in the STZ are calculated and summarized
in Table 1. It can be seen that U and N increase sharply with the annealing temperature. The
Ω increases from 0.54 nm3 for S25 to 0.63 nm3 for S250 and 1.01 nm3 for S380, respectively.
The N, in the STZ of the S25, S250, and S380 is estimated to be 66, 76, and 123, respectively.
It can be found that the variation tendency of N is the same as STZ volume. It has been
accepted that densely packed atomic clusters and loosely packed liquid-like regions in
amorphous alloys participate in plastic flow under deformation, which is thought to be the
root of STZ events [12,22]. In general, the free volume will annihilate, liquid-like regions
will be fewer and smaller in structural relaxation during the annealing process, and a
more uniform and stable microstructure will be obtained. The liquid-like zones, in which
the atom numbers could be changed under the stress, are able to participate in plastic
flow, resulting in rising STZ events. Once an STZ forms, another one may generate in the
neighborhood by the local strain field. As the stress spreads, more and more STZ would be
activated until a shear band is created. In addition, the new STZs can be activated due to
the larger local strain field caused by the adjacent shear band.

Figure 8. Force-depth curves (a) and hardness (b) of S25, S250, and S380 by nanoindentation with a
loading rate of 0.2 mN/s.
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Figure 9. Determination of the strain rate of hardness(m) for S25, S250, and S380.

Table 1. The detailed measurement data on STZ for various samples.

Sample
Average Hardness

H (Gpa)
Strain Rate

Sensitivity, m
STZ Volume Ω

(nm3)
STZ Size N

(Atoms)

S25 5.393 0.340 0.54 66
S250 6.922 0.228 0.63 76
S380 8.472 0.116 1.01 123

As reported, the larger Ω is, the less activated STZ is required to form a shear band [23].
In this study, S25 and S250 exhibit larger Ω and N, so more parallel and uniformly dis-
tributed shear bands in the bending crease exist in these two samples, showing better
bending ductility.

During the bending process, the hydrostatic stress is max located on the tensile side
of the ribbons, and the smooth region is formed by a sliding shear for crack nucleation
occurring in shear bands.

At the prime stage of crack propagation, the crack tip slowly advances into the fracture
process zone, and a large stress field is built. Once the crack length and the internal stress
in the vicinity of the crack tip reach the critical value, the internal stress drives the crack
to propagate in the adjacent area [24,25]. The amorphous matrix in front of the crack tip,
containing numerous STZ and free volume, has enough time to rearrange. With the crack
branching, the free volume supplies enough space for STZ rearrangement, and the dimple
structure forms in the front of the crack tip. As a result, the periodical fatigue fracture
characteristic forms on the fracture surface.

Thus, it can be noticed that the dimple patterns follow the smooth zone, but the radial
dimple pattern of 3.3 μm for S25 decreases to 1.3 μm for S250 and then to 300 nm for S380.
This may be attributed to the STZ volume and its correlation with the neighboring liquid-
like areas in the plastic deformation zone ahead of the crack tips. Upon the long-range
elastic field inducing the fluctuating internal stress and strain rate, larger STZ, more free
volume, and liquid-like areas take part in the plastic flow and give rise to larger and deeper
cavities. The largest critical shear displacement, dimple pattern size, and radial dimple
pattern imply that S25 suffers lower crack propagation speed after crack initiation. The
reduced critical shear displacement, dimple pattern size, and radial dimple pattern suggest
that the crack propagation speed is not fixed. The crack propagation speed decreases along
the crack propagation direction for S250. For the lowest STZ size and free volume in S380,
the viscoelastic medium acts as an elastic-like deformation, and the internal stress is built
up in the compressed viscoelastic medium. The STZ in the fracture process zone before the
crack tip has no time to rearrange and the cavities are compressed. The nano-scaled dimple
pattern appears instead of the micro-scaled dimple pattern. When the fracture zone is less
than the wavelength of the meniscus instability, the dimple-like structure is suppressed
and the periodic corrugation pattern appears.
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4. Conclusions

In this work, the shear transformation zone and its correlation with fracture character-
istics for Fe-based amorphous ribbons in different structural states were studied. Samples
S25 and S250 show better bending ductility and the bending strains are both 1, while S380
exhibits no bending ductility. The shear band density decreases with the decrease in free
volume. There are the most shear bands on the bent crease of S25. The fractograph evolu-
tion from a micro-scaled dimple-like structure to a nano-scaled dimple-like structure and
then to the periodic corrugation pattern along the crack propagation direction, indicates a
ductile to brittle transition during the dynamic fracture process for ductile samples. The
fracture surface of S25 shows a micro-scaled dimple pattern zone and the largest smooth
zone in these three samples, and the size of the dimple pattern zone is up to 70%. The
corresponding part of S380 only consists of a smooth zone, suggesting a completely brittle
fracture. The better bending ductility for S25 is attributed to the smaller STZ size. The
nano-intention result indicates that the strain rate sensitivity of hardness, STZ volume,
and the number of atoms in STZ increase after annealing. With the STZ volume increase,
the fractograph evolution to a nano-scaled dimple-like structure and then to the periodic
corrugation pattern along the crack propagation direction indicates that the amorphous
alloy has become embrittlement.
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Abstract: With the increasing utilization of clean energy, the development and utilization of hydrogen
energy has become a research topic of great significance. Cobalt selenide (CS) is an electrocatalyst with
great potential for oxygen evolution reaction (OER). In this paper, a nitrogen-doped biomass carbon
(1NC@3)-based composite cobalt selenide (CS) heterojunction was prepared via a solvothermal
method using kelp as the raw material. Structural, morphological, and electrochemical analyses
were conducted to evaluate its performance. The electrochemical test results demonstrate that
the overpotential of the CS/1NC@3 catalyst in the OER process was 292 mV, with a Tafel slope
of 98.71 mV·dec−1 at a current density of 10 mA·cm−2. The electrochemical performance of the
CS/1NC@3 catalyst was further confirmed by theoretical calculations, which revealed that the
presence of the biomass carbon substrate enhanced the charge transport speed of the OER process
and promoted the OER process. This study provides a promising strategy for the development of
efficient electrocatalysts for OER applications.

Keywords: cobalt selenide; electrocatalysis; biomass; DFT

1. Introduction

Traditional energy has brought severe environmental issues, and the depletion of non-
renewable resources has prompted humans to develop and research new energy sources [1].
Hydrogen energy is an ideal clean energy source, and water electrolysis is an ideal process
for producing hydrogen. Oxygen Evolution Reaction (OER), which takes place at the anode,
is the rate-determining step of water electrolysis for hydrogen production and has become
an area of extensive research [2–4]. Platinum (Pt) and its alloys have always been considered
excellent electrocatalysts; however, their high cost and low durability significantly impede
their commercial application. Biomass energy is an important energy source for human
survival; thus, it is of great research significance to use biomass to replace non-renewable
resources. The combination of the electrode material prepared from biomass as the carbon
source with hydrogen energy is currently a research hotspot [5–7].

As a renewable resource, algae are widely found in oceans and lakes. Elements such
as nitrogen, phosphorus, calcium, and iron are evenly distributed in biomass, which can
be synthesized in situ into self-doped carbon materials after being carbonized without
having to add additional heteroatom dopants [8]. The uniform distribution of elements
can improve carrier mobility, thereby effectively improving the material’s electrochemical
performance. Pérez-Salcedo, K.Y et al. used Sargassum as a carbon source, activated it with
potassium hydroxide, and then doped it with hydrazine sulfate to obtain a catalyst with a
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surface area of 2289 m2·g−1, a nitrogen content of 0.16%, and a sulfur content of 2.63%. This
showed good ORR activity [9]. Wang, F. et al. developed a self-doping electrocatalyst from
rice husk biomass, where the self-doping of Si in the rice husk biomass improved the degree
of graphitization of the catalyst. The prepared catalyst had good electrocatalytic activity,
good stability (a retention rate greater than 85% after 40,000 s), and methanol tolerance [10].
Hao et al. used seaweed biomass sodium alginate to prepare defective carbon catalysts with
good ORR activity and selectivity comparable to commercial Pt/C catalysts. The catalysts
exhibited better stability and methanol tolerance than Pt/C catalysts [11]. It is clear that the
research and development of biomaterials as electrocatalysts have the potential to replace
noble metal catalysts.

Previous studies have shown that OER electrocatalysts based on transition metals typ-
ically demonstrate high over-potentials [12]. However, cobalt-based materials, including
CoS2 [13], CoSe [14], CoFe [15], and other related compounds, have garnered significant
attention as a promising research area for low-cost and high-efficiency OER catalysts.
Cobalt-based materials have unique electronic structures and abundant active sites. Cur-
rently, the methods to improve the OER performance of cobalt-based materials mainly
include increasing the active sites by doping and adjusting the surface electronic structure
or synergy by constructing heterostructures, thereby improving the electrocatalytic activity
of the materials. Ke Zhang et al. doped CoSe2 with iron by hydrothermal synthesis, and
the resulting the FeCoSe2 /Co0.85 Se heterostructure catalyst exhibited good electrocatalytic
activity at a current density of 10 mA·cm−2. The overpotential under-density is 0.33 V,
and the Tafel slope is 50.8 mV·dev−1 [16]. Yucan Dong et al. obtained the excellent OER
performance of Co9S8@CoS2 heterojunctions synthesized by hydrogen etching of CoS2, and
the Co9S8@CoS2 heterostructures were dynamically reformed during OER with the in situ
formation of CoOOH structure, thus exhibiting excellent electrocatalytic performance [17].
It can be seen that constructing heterostructures on cobalt-based materials is a common
method to improve carrier mobility and thus improve electrocatalytic performance [18,19].

In recent years, we have witnessed the eutrophication of many water bodies due
to pollution and biological invasions of the ecological environment. These factors cause
algal blooms in some areas and severe ecological and environmental problems. On the
other hand, the development and utilization of algae can turn waste into treasure and
provide new ideas for developing and utilizing new energy. In this paper, kelp was used
as the carbon precursor, and it was doped with nitrogen to design and synthesize the
cobalt selenide composite heterojunction. The material’s electrochemical test showed that
the OER process’ overpotential was 292 mV; the Tafel slope was 98.71 mV·dev−1; and
the electrochemical impedance was 125.95 Ω. The mechanism of the enhancement of the
electrocatalytic activity by the heterostructure was further studied through theoretical
calculations. These calculations confirm that the presence of the biomass carbon substrate
enhances the charge transport of the OER process and promotes the OER process [20].

2. Experimental Section

2.1. Catalyst Preparation

The kelp was purchased from a local supermarket in Changzhou, China. Melamine
(C3H6N6), potassium hydroxide (KOH) and cobalt acetate tetrahydrate provided by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), selenium powder (China
Institute of Metal Materials), tube furnace (Anhui Jing Branch Co., Ltd. Hefei, China),
and electrochemical workstation (CS350H, Wuhan Coster Co., Ltd. Wuhan, China) were
used. Deionized water was used in all of the experiments.

Synthesis of NC: NC was synthesized following a combustion technique. First, 5 g of
kelp was cut into pieces, washed, and mixed with KOH in a beaker. Ethanol was added
to the beaker, and the mixture was then subjected to ultrasonic drying for 1 h, followed
by vacuum-drying at 80 ◦C for 1 h. The mixture was transferred to a crucible and heated
to 550 ◦C in a tube furnace at a heating rate of 5 ◦C·min−1, kept warm for 2 h, and then
washed to neutrality after cooling. A reddish powder was obtained. A certain amount
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of melamine was added to the reddish powder in a beaker, followed by the addition of
ethanol to dissolve it. The mixture was ultrasonicated for 1 h and vacuum-dried at 80 ◦C.
The mixture was heated to 900 ◦C in a tube furnace at a heating rate of 5 ◦C·min−1, kept
warm for 2 h, cooled, and dried to obtain a black powder. As a comparison, the amounts of
melamine added were 6 g, 12 g, and 16 g, respectively, and the samples were marked as
NC@X (X = 1, 2, 3). The schematic flow chart of this experiment is shown in Figure 1.

 

Figure 1. Schematic illustration of the synthesis of CS/yNC@X.

Preparation of CS/yNC@X: A nitrogen-doped biomass carbon-based composite cobalt
selenide heterojunction was synthesized using a solvothermal method. An appropriate
amount of NC@X, selenium powder, cobalt acetate tetrahydrate, sodium borohydride, and
23 mL of absolute ethanol was placed in a 50 mL hydrothermal kettle and kept at 180 ◦C
for 18 h. After cooling, the sample was rinsed with deionized water and absolute ethanol,
dried, and finally obtained as a black powder. For comparison, samples with 0.05 g, 0.1 g,
and 0.2 g of NC@X added were labeled as CS/yNC@X (y = 1, 2, 3).

Preparation of CoSe: Cobalt selenide was combined using the solvothermal method.
First, we took an appropriate amount of selenium powder, cobalt acetate tetrahydrate,
sodium borohydride, and 23 mL of absolute ethanol. We put them in a 50 mL hydrothermal
kettle to keep warm at 180 ◦C for 18 h, then washed them with deionized water and
absolute ethanol after cooling down. Finally, they were dried to obtain a black powder.

2.2. Theoretical Calculations

All calculations were performed using the Dmol3 module from Materials Studio 2020.
The GGA/PBE functional was used in the DFT simulation, and the double value plus
polarization basis set was used. The isoelectronic calculation of the complex showed that
the spin state of the system had no spin limitation, and the SCF self-consistent convergence
accuracy was 1.0 × 10−6. The allowable deviations for the total energy, gradient, and
displacement were 1.0 × 105 Ha, 0.002 Ha·Å-1, and 0.005 Å, respectively. In order to avoid
the influence of Brillouin zone sampling, the k point was set to 3 × 3 × 1 to ensure the
rationality of the calculation results.

2.3. Physical Characterization

The crystal phase of the catalyst was characterized by X-ray. Its morphology was
characterized by scanning electron (Nova450) and transmission electron (TEM) (Jem2100
F), and its chemical composition and elemental valence states were determined by X-ray
photoelectron spectroscopy (Brooke D8 advance).
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2.4. Electrochemical Measurements

The electrochemical performance of the prepared product was tested using the method
of manufacturing powder electrodes. First, the reference electrode was converted to a
standard hydrogen electrode (SHE) using the conversion formula:

E{RHE} = E{SCE} + 0.243 V + 0.0591× pH (1)

Next, a uniformly dispersed coating solution was obtained by dispersing 2 mg of
catalyst in 360 μL isopropanol, 120 μL water, and 20 μL Nafion (5 wt%) and then sonicating
the mixture for 20 min. Then, 12 μL of the obtained solution was coated on a 3 mm glassy
carbon electrode and dried, forming the desired powder electrode. The electrochemical test
was carried out using an electrochemical workstation (CS350H, Wuhan Kesite Instrument
Co., Ltd., Wuhan, China) and a 1 M KOH solution (pH = 14). The volt–ampere characteristic
curve was scanned at a speed of 5 mV·s−1 and the electrochemical impedance spectroscopy
test was carried out under 5 mV AC voltage, with the scanning frequency ranging from
0.1 Hz to 105 Hz. To determine the stability of the catalyst, the voltage of −0.5 V was
scanned for 14 h to record the current change.

3. Results

The microstructures of CS/1NC@X were investigated using SEM. Figure 2 showed that
CS/1NC@X had a distinct three-dimensional coral-like structure. The three-dimensional
coral-like structure of CS/1NC@X in the figure is composed of cobalt selenide particles
tens of nanometers in size. Cobalt selenide is complexed with NC@X through various
forms such as intercalation, loading, and encapsulation, among which the loading type is
dominant. In the overall structure, NC@X acts as a carrier for CoSe loading and fixes CoSe
into a closely packed structure.

 
Figure 2. SEM images of CS/1NC@3.

From the TEM and HRTEM results of CS/1NC@3 (Figure 3a,b), it can be clearly ob-
served that the nano-substrate structure of NC is uniformly loaded with CoSe nanoparticles
to form a heterostructure. This helps to facilitate quick electron transfer from NC@X to
CoSe, thereby improving the material’s conductivity and surface binding energy and ac-
celerating the electrocatalytic process. In high-resolution TEM (HRTEM) images, lattice
spacings of 0.323 nm, 0.271 nm, and 0.218 nm were determined, corresponding to the CoSe
(1 0 0), (1 0 1), and (1 0 2) crystal planes, respectively. The interlayer spacing is close to the
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ideal spacing, indicating that the degree of graphitization of the NC substrate after firing is
higher, and the conductivity is enhanced [21].

Figure 3. TEM image (a) and HRTEM image (b) of CS/1NC@3.

The results of X-ray powder diffraction (Figure 4) show that there are three strong
diffraction peaks in Figure 4, which correspond to the (1 0 0) plane, (1 0 1) plane, and (1 0 2)
plane of CoSe, respectively. Specifically, the (1 0 1) plane shows a strong diffraction peak
intensity, which is attributed to the fact that it is the active plane of CoSe. In addition, the
NC@X diffraction peak appears on CoSe, and the (1 0 0) peak corresponding to the carbon
material shifts to the left. This indicates that after N doping, the increase in the interlayer
spacing leads to the change in the energy band filling state and the Fermi energy level,
which enhances the conductivity, ion transport ability, and catalytic activity of the material.
The increase in the interlayer spacing can expose more active sites and unsaturated defect
sites, which can effectively improve the electrocatalytic performance [22–24]. Calculated by
Scherrer’s formula, the average grain size of CoSe was 19.3 nm and the average grain size
of CS/1NC@3 was 28.3 nm. This shows that CoSe and NC@3 form a heterostructure and
promote the formation of CS/1NC@3 phase.

 

Figure 4. XRD pattern of CS/1NC@3, CoSe, NC@3.
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The chemical states and bonding structures of CS/1NC@3 and their components were
investigated by X-ray Photoelectron Spectroscopy (XPS) (Figure 5a–d). The high-resolution
C 1s spectrum of CoSe/NC can be decomposed into peaks: C-C (284.8 eV), N-C (290.8 eV)
and C-O (286.4 eV). Nitrogen is doped into the skeleton of kelp carbon by co-calcination,
with a N-to-C ratio of approximately 1:6. Since nitrogen atoms are more electronegative
than carbon atoms, nitrogen-doped carbon materials will have better electronic conductivity.
After nitrogen atoms are doped into the carbon material framework, they can provide more
free electrons for the conduction band, significantly improving the electrical conductivity
of the carbon framework [25]. N 1s can be decomposed into two peaks at 397.8 eV and
405.7 eV, respectively, for the pyridinic nitrogen and N-O structures. These are related
to the small amount of oxygen contained in kelp itself, which may be partially oxidized
during the calcination process. In addition, Co 2p is affected by orbital hybridization and
can be decomposed into Co 2p3/2 and Co 2p1/2. The valence state of the element is mainly
+2. Compared with pure CoSe, the binding energy shifts to the low energy direction by
about 0.25 eV, and the binding energy of the C-C bond can also shift to the high-energy
direction by about 0.2 eV, which shows that in the CoSe/NC heterojunction, there is a
strong electronic coupling between the CN structure of the substrate and CoSe. The charge
transport direction is CN-Co. The CN structure of the substrate injects a small number
of electrons into CoSe, thus improving its activity [26,27]. Se is decomposed into two
electron orbitals, Se 3d5/2 (54.4 eV) and Se 3d3/2 (60.1 eV), which exist in the form of
CoSe conjugates.

  

  

Figure 5. XPS spectra of C 1s (a), N 1s (b), Se 3d (c), and Co 2p (d) spectra for CS/1NC@3.
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The presence of multiple oxygen-containing functional groups on the surface of carbon
materials can promote the strong adsorption of metal particles, resulting in an improved
dispersion of the metal particles [4]. The CS/1NC@3 was further investigated by Fourier
transform infrared (FTIR) spectroscopy. The FTIR spectrum of CS/1NC@3 exhibited peaks
at 3380 cm−1, 2925 cm−1, 1627 cm−1, 1385 cm−1, and 1045 cm−1, which were attributed
to the -OH, C-H, C=N, C=O and C=N functional groups, respectively (Figure 6). The
infrared spectrum showed that the oxygen-containing functional groups on the material
may be phenolic hydroxyl, carboxyl, lactone, or carbonyl [28]. However, the presence of
a small amount of oxygen-containing groups can increase surface wetting reactivity and
electrochemical performance.

Figure 6. FTIR spectra of the CS/1NC@3 and NC@3.

The electrochemical performance test results of CS/1NC@3 materials are shown
in Figure 7a–c. As can be seen from the linear sweep voltammetry (LSV) curve, the
overpotential of CS/1NC@3 is the lowest, which is 292.7 mV at a current density of
10 mA·cm−2, while that of pure CoSe is 384.8 mV. This demonstrates that CoSe and N-
doped biochar have formed a heterostructure, which increases the charge carrier mobility
and exhibits superior electrocatalytic activity compared to the original CoSe [29]. At the
same time, the influence of the NC substrate-modified CoSe electrode on the kinetics of the
electrocatalytic OER reaction was analyzed by the Tafel diagram, in which the Tafel slope
(98.71 mV·dec−1) of CS/1 NC@3 was smaller than that of CoSe (258.31 mV·dec−1). The
decrease in the Tafel slope indicates that the addition of NC changes the rate-determining
step but plays a certain role in enhancing the kinetic process of the electrochemical OER.
To further explore the reason for the enhanced activity, the EIS of the material was tested
from the perspective of charge transfer kinetics. The results of electrochemical impedance
analysis showed that, compared with CoSe (300.54 Ω), CS/1NC@3 (125.95 Ω) composites
had smaller charge transfer resistance and thus higher activity [30].
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Figure 7. (a) LSV curve (without iR-corrected) and (b) Tafel slope of CS/yNC@X, (c) Nyquist plots
of CS/1NC@3 and CoSe, (d) i–t curves of CS/1NC@3. (e) LSV curves of CS/1NC@3 in 1 M KOH
solutions, respectively, before and after 1000 cycles.

The CS/1NC@3 catalyst was kept in 1 M KOH for 14 h in Figure 7d, which indi-
cated that the heterojunction formed between cobalt selenide and biochar material by
the hydrothermal method had good stability under alkaline conditions. In Figure 7e, we
examined the stability of the catalytic electrode CS/1NC@3 LSV curves after 1000 consec-
utive CV cycle values remained at 333.1 mV, which further confirmed the high stability
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of CS/1NC@3. This high stability can be attributed to the strong bond between NC@3
and CoSe.

DFT calculation: Generally, a good electrocatalyst has excellent charge capture and
transfer capabilities; the key lies in the electronic structure and conductivity of the catalyst.
Based on the XPS surface element analysis results, a heterostructure model was constructed
using Materials Studio. The (0 0 1) surface of CoSe was chosen as the active surface, and
a 2 × 2 supercell was created in the X and Y directions. The lattice lengths of CoSe after
the supercell expansion in the X and Y directions were 7.21 Å, while that of CN was
7.38 Å. The overall lattice mismatch degree after constructing the heterojunction was less
than 5%, which is considered reasonable. Based on the density of states (DOS) diagrams of
CS/yNC@X and the CoSe catalyst depicted in Figure 8a, b, respectively, the d-band theory
suggests that when the d-band center of the transition metal is positioned closer to the Fermi
level, the anti-bonding orbital located above the Fermi level becomes elevated after the
catalyst and the adsorbate orbital form a bond. As a result, there is a reduced probability of
electron filling in the anti-bonding orbital, which leads to more stable adsorption, stronger
adsorption energy, and enhanced catalytic activity [31]. From the PDOS plot of CS/yNC@X,
it can be observed that the heterostructure still exhibits strong metallic properties after
doping with nitrogen. The enhanced metallic properties of the biomass-based carbon
matrix after nitrogen doping indicate that this doping method can improve the system’s
conductivity, which is beneficial for promoting electrochemical reactions. The d-band
center of pure CoSe is at 2.14 eV, and the CS/1NC@3 d-band center is at2.093 eV after
projecting the polarized density of the state of CS/1NC@3 to the Fermi surface. The center
is obviously shifted to the Fermi level. It is clear that the activity of the CoSe material
is significantly enhanced by the method of constructing a heterojunction, and the OER
reaction is better promoted, which is consistent with the experimental results.

  
Figure 8. (a) CS/yNC@X density of states diagram, (b) CoSe density of states diagram.

Through the calculation of the differential charge of the material, a section perpen-
dicular to the heterojunction material is constructed along the A B direction, and the
heterostructure model constructed by Materials Studio and the section diagram of the
average differential charge density of the material along the Z direction are obtained.
Figure 9b, c. It is clear that the direction of charge transfer is from the carbon-nitrogen
substrate to CoSe, and the charge is concentrated at the Co atom (the red part in the figure).
Co has a higher catalytic activity after receiving electrons, which is consistent with the
current general conclusions. Gaining electrons promotes the reactivity of metals [32–34].
The electrostatic potential analysis also shows that the doping of nitrogen improves the
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conductivity of the carbon-based substrate and that there is a charge transfer from C to N
inside the carbon–nitrogen substrate.

 

 
 

Figure 9. (a) CS/yNC@X differential charge density map, (b) CS/yNC@X differential charge section
map, (c) heterostructure electrostatic potential distribution map.

The four-electron process is Nørskov’s classical theory, and this process is currently
generally accepted in academia [35,36]. According to the four-electron process of
OER [37,38], the decomposition of water on the catalyst proceeds in four steps:

Catalyst + H2O =∗OH + H++e− (2)

∗OH = ∗O+H++e− (3)

∗O+H2O = ∗OOH + H++e− (4)

∗OOH = ∗+ O2+H++e− (5)

In order to calculate the energy of each step correctly, the initial adsorption config-
uration was optimized, as shown in Figure 10a–d. There were three possible adsorption
active centers on CoSe: Co inside, Se, and Co on edge. These three sites were used as active
centers to calculate the energy and configuration changes of the adsorbed OH. After the
adsorption of OH by marginal Co, the overall energy is the lowest, which is −219.18 eV),
making it the most likely site at which OER will occur. After the adsorption of OH by
internal Co, the overall energy is −219.03 eV. In comparison, the overall energy after the
adsorption of OH by Se as the active center is −218.12 eV, which is the highest amount
of energy. It is difficult for OH adsorption to occur at the Se site. By analyzing the bond
length between the three types of active centers and O after the adsorption of OH, it can be
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found that the adsorption energy of OH adsorbed by the edge Co is more negative, so the
distance between Co-O is closer, which is 1.8 Å. After the adsorption of OH by the internal
Co, the Co-O distance is 2.08 Å. After the adsorption of OH by Se, the OH tends to be far
away from Se and close to Co after structural optimization. It is difficult for surface OH to
adsorb on the Se surface, and the Se-O distance of 3.14 Å also indicates that Se is not the
active center of the OER process. The adsorption energy of marginal Co is greater than that
of internal Co, which may be due to the exposure of more coordination sites of marginal
Co. Therefore, the calculation of the four-electron process step diagram uses marginal Co
as the active site to expand the calculation.

 

 

Figure 10. (a–d) are four simulated configurations, (e) OER process step diagram of CoSe and
CoSe/yNC@X.
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The free energy of each reaction step of pure CoSe and CS/yNC@X catalyst OER
was calculated, as shown in Figure 10e. The change of free energy evaluated the intrinsic
activity of the catalyst, and the change of free energy of pure CoSe and the CS/yNC@X
catalyst OER process were compared. The free energy of the second and third steps of
pure CoSe changes greatly, which seriously affects the reaction rate. *OH is converted to
*O in the second step of the final speed step, and the energy barrier is as high as 3.25 eV,
which makes it difficult to carry out the kinetic process of water electrolysis catalyzed by
pure CoSe. The rate-determining step of the CS/yNC@X heterojunction is the formation
of the second step, OOH intermediate, with an energy barrier of 1.42 eV. Therefore, by
synthesizing heterojunction materials, the kinetic process of the catalyst surface reaction is
changed, the velocity step is changed, and the energy barrier of the rate-determining step
is effectively reduced, thus improving the performance of OER.

4. Conclusions

Utilizing Marine biomass, through the two-step carbonization and solvothermal syn-
thesis methods, with selenium powder as the selenium source, cobalt acetate tetrahydrate
as the cobalt source, kelp as the carbon precursor, KOH activation, and using melamine as
the nitrogen source, carbon/heterojunction composites containing rich nitrogen doping
were prepared. The strong interfacial interaction of the two components can establish abun-
dant high-speed electron transmission channels. The synthesized material has CS/1NC@3
biomass porous carbon structure and abundant active sites. Through XPS analysis and other
characterization methods, the element composition of the surface and the electron transfer
method were judged, and the synthesized material was finally confirmed as CS/1NC@3.
According to the electrochemical performance test and characterization, under the current
density of 10 mA·cm−2, the required overpotential is 292.7 mV, and the Tafel slope is
98.71 mV·dev−1. Compared with CoSe alone, the center of the D-band shifts towards the
Fermi surface, demonstrating enhanced catalytic activity. According to the results of the
step diagram of the four-electron process, by directly doping nitrogen with carbon sub-
strate, the overpotential of the process was significantly reduced, and the OER process was
promoted. CS/1NC@3 showed significantly enhanced OER activity, which was consistent
with the theoretical settlement results.
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Abstract: Cataphoresis varnishing enables an organic coating to form on an aluminum substrate, thus
increasing its corrosion resistance and durability. Cataphoresis varnishing is known to ensure a high
adhesion of the created cataphoresis layer and a good homogeneity of this layer, even on surfaces
with complex geometry. This paper aimed to optimize the deposition process and to analyze and
evaluate the thickness of a cataphoresis layer formed on an aluminum substrate from AW 1050—H24
material. In total, 30 separate samples were created in accordance with the Design of Experiments
methodology, using a central composite plan. The independent input factors in the study were:
the electrical voltage (U) and deposition time in the cataphoresis varnishing process (tKTL) at the
polymerization times of 15 min, 20 min, and 25 min, respectively. The results of the statistical analysis
showed that the voltage accounted for 33.82% of the change in the thickness of the created layer
and the deposition time contributed 28.67% to thi change. At the same time, the interaction of
the voltage and deposition time (p < 0.0001) accounted for 20.25% of the change in the thickness
of the layer under formation. The regression model that was constructed showed a high degree
of prediction accuracy (85.8775%) and its use as a function for nonlinear optimization provided a
maximum layer thickness th of max = 26.114 μm, at U = 240 V and tKTL = 6.0 min, as was proven under
experimental conditions.

Keywords: cataphoresis; electrophoresis; coating layer thickness; analysis; planning conditions

1. Introduction

Electrophoretic paints, commonly known as electrocoats or paints, are organic coatings
dispersed in water that carry an electric charge. This enables the paint to be used for
deposition onto a metal that is carrying an opposite charge. Special needs for formulating
this coating result from this special way of application [1–3].

Automotive coatings and the processes used to paint automotive surfaces exemplify
avant-garde technologies capable of producing durable surfaces that exceed customer
expectations for appearance, maximizing efficiency, and meeting environmental regulations.
These achievements are rooted in 100 years of experience, trial and error techniques,
technological advances, and theoretical evaluation [4].

The overall critical performance factors that drive the development and use of ad-
vanced automotive coatings and coatings technology are aesthetic properties, corrosion
protection, mass production, cost, environmental requirements, appearance, and durabil-
ity [5].

The adhesion of the coating to the material is also a very important factor for the
appearance and durability of the surface of the material. Based on research, a torsional
delamination test was developed, which consisted of applying an increasing torque on a
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hexagonal base directly glued to the coating. The test was quantitative and made it possible
to calculate the shear stress that arose during delamination. Based on this test, it was found
that polymerization temperature is an important factor in the adhesion of the material [6].

Anti-corrosion protection is also provided to ensure the durability of the coating. One
of the technologies used to ensure this anti-corrosion protection is cataphoresis, which is
used to apply paint to the paint surface. It is known for ensuring a high coating adhesion
and good homogeneity, even for surfaces with complex geometry [7–9].

The researchers Mr. Rossi, Calovi, and Fedel conducted research for the implemen-
tation and optimization of the deposition process and the evaluation of the properties
of a cataphoretic coating applied to an aluminum foam. They found a large effect for
the corrosion behavior of the painted foam, which was evaluated using acetic acid salt
chamber exposure and electrochemical impedance spectroscopy. By inserting the dye into
the resin, it was possible to observe three types of cells, namely, black-colored cells that
represented the coating; light-colored cells without traces of the coating resin; and cells
with a purple color, which represented traces of resin. It was found that it is very difficult to
obtain a uniform coating on the entire surface of aluminum according to the foam sample;
another important factor is the deposition voltage, which achieves coatings with a greater
thickness [10].

In further research, it was also confirmed that the higher the coating voltage, the
greater the thickness of the layer. However, the cataphoresis process appears to be a
promising technique for coating a material surface. If we set a relatively smaller coating
voltage, it is possible to obtain a relatively thin coating, while it is necessary to avoid
exceeding the coating voltage to values that are too high, which can lead to the formation
of bubbles [11–13].

Other methods of applying organic coatings include adding graphene oxide to a
cataphoresis bath. Research has found that graphene oxide leads to the formation of
defective layers, with the consequence of reducing the durability of the coating. However,
when applied in two steps with two different baths, it is possible to maintain the integrity
of the coating and ensure the protection of the substrate. In the first bath, an epoxy-based
method has been used, where an epoxy resin was used, which ensured an excellent level
of material adhesion and good mechanical properties of the coating. The second bath
contained graphene oxide, also called the black bath. From this research, we can determine
only one thing: that the black bath guarantees a much greater thickness of the layer, thereby
guaranteeing excellent protection [14–17].

In further research, the authors looked at the compatibility between the cataphoretic
electrocoating and a silane surface layer. The research was carried out on a sheet of steel
that had previously been treated with a silane sol-gel. In the case of thin samples coated
with 120 nm silane sol-gels, the electrodeposition conditions were slightly affected. On
the contrary, at a greater thickness, degradation occurred due to hydrogen production and
bubbling [18–20].

The authors see the present paper as a contribution to the procedural approach to
the complex process of creating anti-corrosion layers, such as the process of cataphoresis
varnishing. Since the technological processes of surface treatment represent multifactor
systems with interacting physical, chemical, and technological effects and, at the same
time, since their influences may be considered random variables, the authors subjected
the experimentally obtained data to proper methods of statistical analysis to gain a deeper
understanding of these interrelationships. Another undisputed benefit of the present paper
is the nonlinear optimization (maximization) of the basic technological parameter, the
thickness of the created layer, and the analysis of the rate of deposition in the process of
cataphoresis varnishing. However, the limitations are those of the experiment constraints
and the use of only two basic process factors.
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2. Materials and Methods

With the need to minimize costs and time and, at the same time, to maximize the
reliability and objectivity of the information obtained about the process of anodic aluminum
oxidation, it was necessary to conduct the experiment with as few trials as possible. The
experimental planning methodology—DoE (Design of Experiments)—was used for the
experimental verification of the influence of the basic process factors on the thickness of
the layer created by the cataphoresis. This methodology represented the only scientifically
justifiable methodology of experimentation and allowed for an obtainment of the maximum
amount of information with a high statistical and numerical correctness, i.e., with a high
reliability of the implemented conclusions and an optimal (minimum) number of individual
trials. For the purpose of the experimental verification of the influence of the selected
process factors (deposition time, varnishing voltage, and polymerization time), a Central
Composite Plan was chosen, which facilitated the creation of a non-linear model, which
we assume, in view of our practical experience, to be the case. The total number of trials,
in terms of the type of the plan used, was 10. Since the marginal intention was also to
examine the influence of the polymerization time (tpol = 15 min, 20 min, and 25 min) at a
constant polymerization temperature (Tpol = 200 ◦C) on the thickness and adhesion of the
cataphoresis varnish, the experiment was carried out in three separate blocks. Each block
represented one polymerization time [21,22].

The basic knowledge of the technological process and the method of its management
could be obtained through the method of a factor experiment. The result of the factor
experiment was an interpolation model that had the form of a first- or higher-degree
polynomial (linear or non-linear model). In the analysis, we obtained results that allowed
us to discover stages of the technological process. The planning of the technological process
for the linear model can be written with the mathematical equation:

ŷ = b0 + ∑k
j=1 bj · xj (1)

Surface areas with higher-order models can be described more accurately if it is
not possible to create an adequate linear model. We can write the technological process
planning for the non-linear model using the mathematical equation:

ŷ = b0 + ∑k
j=1 bj · xj + ∑k

j �=g=1 bjg · xj · xg + ∑k
j=1 bjj · x2

jj (2)

Within relations (1) and (2), ŷ represents the estimate of the investigated parameter
(the thickness of the created layer), xi represents the independent variables (UKTL, tKTL, and
tpol), and b0, bi, bj, bjg, and bjj represent the estimates of the regression coefficients, which
were calculated based on the method of least squares.

To reduce the number of experiments and utilize the results of the linear model
experiment, we used composition plans. According to the location of the points, we
divided composition plans into central and non-central [23].

2.1. Material Selection

In the elaboration of the work, namely, the analysis of the effect of the cataphoresis
coating process conditions on the layer quality of the aluminum parts, aluminum specimens
of the AW–1050 H24 type were used. Today, aluminum is used to produce various types of
components for the automotive industry. EN AW–1050 A is a non-alloy aluminum with
a maximum impurity content of 0.5%. The material is thermally uncurable. Increasing
its strength is possible only under cold conditions (by rolling and pulling, etc.), when the
increase in this strength is related to a reduction in elasticity and, thus, formability. In
the soft annealed state (0), the material has an excellent formability (by bending and deep
drawing, etc.). In the hardened states of H14 and H24, this formability is substantially
lower. It should be taken into account that the H24 state exhibits a slightly better formability
than that of the H14 state. It is used, among others, in the production of storage tanks, heat
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exchangers, spotlights, and packaging materials, etc. Its corrosion resistance is excellent
under normal atmospheric conditions. This can be improved by the products’ technical
anodic oxidation. Non-alloy aluminum is very weldable using all common aluminum
welding procedures (especially the MIG and TIG gas arc welding procedures). Under
certain conditions, it may be necessary to soft anneal the material. This soft annealing
temperature is from 320 to 350 ◦C [24–26].

2.2. Technological Process of Production

The experiment was carried out as part of a production operation on an automated
cataphoresis line. The preparation of each sample, before the actual cataphoresis coating,
was as follows:

(a) Chemical degreasing of the samples—chemical degreasing was carried out in a high
alkaline medium emulsifying agent containing low-foaming tensides. Each sample
was subjected to a degreasing time of 8 min under a constant temperature of 65 ◦C
with a constant chemical composition of the solution (40 g·L−1). The degreasing was
followed by a two-stage rinse in demineralized water.

(b) Pre-phosphating activation—this was carried out in a commercial preparation from
Pragochema CZ, trade name Pragofos 1927, under the following constant conditions:
pH = 9.5, Tact = 40 ◦C, and tact = 2 min.

(c) Phosphating—the phosphating itself was carried out in a multi-cation phosphatizing
solution without nitrite accelerators. The samples were phosphated under constant
operating conditions: Tph = 50 ◦C and tph = 5 min and a constant chemical composition:
a total Fisher spot content of 16 points, a free acid content of 0.8 g·L−1, an acceler-
ator content of 2.3 g·L−1, a zinc content of 0.95 g·L−1, and a phosphate content of
12.5 g·L−1, with a pH of 3.40. The surface weight of the deposited phosphate coating
ranged from 1.97 to 2.09 g·m−2. The surface homogeneity after phosphating can
be seen in the image of the checking sample shown in Figure 1. The SEM images
were captured using a Scanning Electron Microscope Tescan Mira 3 FE equipped
with an integrated EDX analyzer from Oxford Instruments, which allowed for an
observation of the microstructure of the material and the performance of an elemental
analysis (spot and surface distribution). For the SEM images, the secondary electron
mode (SE) and an accelerating voltage of 15 kV were used. The distance between the
sample and detector was 15 mm and the view field was 185 μm. A three-stage rinse
in demineralized water followed the phosphating process.

(d) Cataphoresis varnishing—this was carried out according to the matrix of the experi-
ment plan using a central composite plan. The basic variable factors are presented
in Table 1. In the cataphoresis varnishing of the individual samples, the constant
temperature of the cataphoresis paint was TKTL = 32.5 ◦C and the value of the cur-
rent flowing through the electrochemical system, namely IKTL = 200 A, was kept
constant. The chemical parameters of the cataphoresis paint during the experiment
were also maintained at a constant level: dry matter (1 h at 110 ◦C) at 15.300, P/B
ratio (binder/paint) at 0.151, pH (at 25 ◦C) at 5.82, and conductivity (at 25 ◦C) at
1660 μS·cm−1.

Table 1. Values of variable input factors.

Factor Code Factor Unit
Factor Level

−2 −1 0 +1 +2

x1 UKTL V 200 220 240 260 280
x2 tKTL min 3.0 4.5 6.0 7.5 9.0
x3 tpol min 15 20 25
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Figure 1. Homogeneity of the phosphate layer during the experiment (mS = 1.97 g·m−2).

In the actual implementation of the experiment, the Design of Experiments method-
ology was used, including the selection of the central composite plan. Table 1 shows the
basic levels of the experiment plan for the individual input factors where, through their
combination, individual experiments were carried out. The particular levels of the input
factors were selected based on the practical experience of the authors.

2.3. Thickness Measurement

The layer thicknesses on the individual aluminum specimens were measured with the
Elcometer 456 digital thickness gauge. This apparatus autonomously evaluated the average
value of the coating when measured at specified points. The coating thickness ranged from
15 μm to 70 μm on the individual specimens. The measurement itself produced three types
of measurement errors, i.e., systematic measurement errors, which were detected from the
statistics, random errors (could not be influenced, they occurred during the measurement
and were caused either by a failure to clean the surface of the components or by the
influence of the temperature fluctuations, etc.), and gross errors (caused by observer fatigue
and inattention) [27].

3. Results and Discussion

The process of cataphoresis varnishing can be viewed from two angles. The first is the
electro-osmotic theory of cataphoresis. It is assumed that an electric bi-layer emerges at the
interface between the solid and liquid phase. A part of this double layer is deposited as a
liquid coating on top of the solid phase and the other part is scattered in the adherent liquid
layer. As long as the solid phase can move freely in the liquid, the tangential component of
the electrical force sets the suspended particles into motion. Cataphoresis varnishing uses
the principle of cathodic organic coating creation based on epoxy or acrylic cataphoresis
materials. Water-soluble cationic coatings with very low organic solvent content contain
particles of varnish in the form of polymer cations. Thus, if an electric field is created in
this system, with the solid phase particles scattered in the liquid phase, the particles begin
to move in the direction of the electric field under the influence of the electric force. A
direct current between the coated part, which is the cathode in the cataphoresis varnishing
process, and an anodic counter electrode (anode) creates an electric field that becomes the
carrier of the polymer cations that travel towards the cathode. In the course of the reactions
with hydroxyl ions resulting from the breakdown of water, the solubility is suppressed
on the cathode, and the organic coating deposition process is activated on the surface of
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the cathode. The second view of the cataphoresis varnishing process is the ionic theory
of cataphoresis. In this theory, suspended particles are considered to be high-molecular-
weight electrolyte molecules. These molecules then disassociate into high-power ions
and associated electrolytic ions, which carry the same amount of electrical charge, but of
the opposite polarity. The moving particles of the solid phase, which are suspended in
the liquid phase under the influence of the electric field, are seen as electrolytic ions in
electrolyte solutions. The electric charges of the ions are affected by an electric force in the
electric field, the magnitude of which is determined by the product of the magnitude of
the electric charge and the magnitude of the electric field. This force accelerates the ion,
which is, at the same time, hampered by the movement of the frictional force emerging in
the liquid environment. The ion is, at this time, considered to be a sphere with a radius
corresponding to its resistance in the given environment, defined by the Stokes equation of
resistance of a sphere in a liquid. The friction force is proportional to the velocity of the ion.
Upon the introduction of the electrical charge, a steady state occurs. The mobility of the
ions is directly proportional to the power and inversely proportional to the radius of the
ion [28,29].

Since the implemented methodology of the experimental verification (Design of Exper-
iments) represented a statistical approach, the subsequent analysis of the experimentally
obtained data was, too, carried out using mathematical–statistical procedures. The initial
analysis of the applied model pointed to the fact that the proportion of the variability of the
measured thickness of the cataphoresis coating was 86.70225% and the adjusted index of
determination, determining the degree of explanation of the data variability by the model,
was 85.8775%. The average thickness of the cataphoresis layer formed, covering all the
individual trial runs, was th = 24.464 ± 3.677 μm.

The table of the variance analysis (Table 2), as a basic requirement for the correctness
of the regression model, enabled us to conclude that the variability caused by random
errors was significantly lower than the variability of the measured values explained by
the model, and the value of the achieved significance level (p) indicated the adequacy of
the model used, based on the Fisher–Snedecor test criterion. Another view of this analysis
is through assessing the adequacy of the model itself and is based on the very essence
of the variance analysis. For testing the null (H0) statistical hypothesis, which followed
from the nature of the test and said that none of the effects (factors) used in the model
effected a significant change on the examined variable, it followed that the achieved level
of significance (p) was less than the selected level of significance α = 0.05, and it could be
concluded that we did not have enough evidence to accept H0 and we could say that the
model was significant [30].

Table 2. The table of variance analysis.

Source df SS MS F p

Model 5 3956.890 791.378 58.5323 <0.0001 *
Error 144 1946.932 13.52

C. Total 149 5903.821
SS—Sum of Squares, MS—Mean squares, F—Fisher’s test statistic, p—achieved level of significance, and
*—significant at the level of significance α = 0.05.

The applied model was further tested in the so-called insufficient model adaptation
error test (Table 3), where we tested the scatter of the residues and scatter of the data
measured within the groups; thus, we tested the premise of whether the regression model
adequately described the observed dependence. Based on the error test of insufficient model
adaptation, due to the achieved significance level of 0.1853, a zero statistical hypothesis
could be accepted at the selected significance level of α = 5% and it could be said that the
scatter of the residues was less than or equal to the scatter within the groups and, therefore,
the model could be considered sufficient.
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Table 3. Model fit error.

Source df SS MS F p

Lack Of Fit 3 283.9322 94.6441 8.0245 0.1853
Pure Error 141 1663.000 11.7943
Total Error 144 1946.932

SS—Sum of squares, MS—Mean square, F—Fisher’s test statistic, and p—achieved level of significance.

Based on the above assumptions and their fulfillment (Tables 2 and 3), the follow-
ing table (Table 4) presents an estimate of the regression model parameters with testing
the significance of the individual effects and their combination at the significance level
α = 0.05.

Table 4. Estimates of regression model coefficients.

Term Estimate Std Error t p −95% CI +95% CI

Intercept 26.114 0.567 46.030 <0.0001 * 24.993 27.236
x1 3.170 0.274 11.560 <0.0001 * 2.628 3.711
x2 2.686 0.274 9.800 <0.0001 * 2.144 3.227

x1·x2 3.286 0.475 6.920 <0.0001 * 2.347 4.224
x1·x1 −0.474 0.233 −2.030 0.0439 * −0.934 −0.013
x2·x2 −0.902 0.233 −3.870 0.0002 * −1.362 −0.441

x1—voltage (V), x2—deposition time (min), t—Student’s test criterion, p—achieved level of significance,
CI—confidence interval, and *—significant at the level of significance α = 0.05.

The results shown in Table 4 thus enabled the building of a predictive mathematical-
statistical model at a coded scale:

y(th) = 26.114 + 3.170 · x1 + 2.686 · x2 + 3.286 · x1 · x2 − 0.474 · x2
1 − 0.902 · x2

2 (3)

Since the DoE methodology worked with a code scale, in order to ensure the numerical
and statistical correctness of the results, it was necessary to convert Equation (3) to the scale
of the original variables, the natural scale. Considering that the code scale represented the
DoE standardization of the variable input factors, it was necessary to use the following
equation to convert to the natural scale:

Xd(i) =
x(i)− xmax+xmin

2
xmax−xmin

2

(4)

where x(i) represents the original basic variable, i = 1, 2, . . . , n is the number of basic factors,
xmax is the maximum value of the original variable x(i), and xmin is the minimum value of
the original variable x(i).

Thus, when using the regression model (3) in the code scale, taking into account
the conversion Equation (4) for the individual variable input factors and subsequent
adjustment, it was possible to make a notation of a prediction equation for the thickness of
the cataphoresis layer in the form of:

th = 52.370 + 7.01 · 10−2 · U − 19.687 · tKTL + 0.109 · U · tKTL − 1.185 · 10−3 · U2 − 0.409 · t2
KTL (5)

The analysis of Table 4 showed that the largest share in explaining the variability in the
parameter under study, the thickness of the cataphoresis layer per absolute element of the
model (intercept), which was involved in changing the thickness value of the layer, was that
of 57.387%. From a methodological point of view, the absolute element of the model was
characterized by “neglected” influences, which we kept at a constant level in the experiment
(especially the chemical characteristics of the cataphoresis electrolyte, current density, and
anode-to-cathode ratio), or we did not consider them. If we neglected this model element
and subsequently analyzed only the basic variable input factors, we would have come to
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the conclusion (Table 4) that the most significant factor that affected the thickness of the
layer formed was the voltage (U). It accounted for 33.82% of the change in the thickness of
the layer. The second most significant element of the model (5) was the deposition time
in the cataphoresis varnishing process (tKTL), accounting for 28.67% of the change in the
thickness. At the same time, the interaction of the voltage and deposition time accounted
for 20.25% of the change in the thickness of the layer formed. The nonlinear model elements
(5), namely, the voltage squared and the deposition time squared, accounted for 5.94%
and 11.32%, respectively, of the change in the thickness of the created layer. As seen in
Table 4 and model (5), it was clear that the processes of the surface treatment of the metals,
including the cataphoresis varnishing, were best described by non-linear models with a
significant influence and mutual interaction of the individual factors. The model (5) also
needed to be expanded and modified by the influence of the chemical factors acting in the
process of the cataphoresis varnishing. The model (5) represented a steppingstone to a
comprehensive analysis of the cataphoresis varnishing process using a statistical approach.
The statistical approach was chosen because the studied layer parameters were understood
as random variables in the mathematical sense [31].

The plotted thickness of the cataphoresis layer formed during the respective deposition
times in the cataphoresis coating process under various voltages is shown in Figure 2.

 
Figure 2. Dependence of the thickness of the formed layer on the time of KTL deposition at different
voltage values.

The graph shows that, by increasing the deposition time of the varnishing medium,
the thickness of the layer formed was reduced under different varnishing voltages. A
varnishing voltage of 200 V and a deposition time of the varnishing medium of 3 min
affected the layer thickness the most. The thickness of the layer increased during the 3 min
deposition period, after which, the thickness of the layer decreased. This was due to a low
electric current, which caused the coagulation of the paint on the surface where it stopped;
thus, the coated part became electrically non-conductive. With an increased varnishing
medium deposition time, the value of the electric current decreased due to an increase in
the thickness of the deposited layer th, and the value of the current decreased to zero.

Under a 220 V voltage, the thickness of the coating increased for 5.5 min when the
coating also reached its maximum thickness. After this time, the thickness of the coating
decreased. Increasing the varnishing voltage to 240 V meant increasing the deposition
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time of the varnishing medium up to 8 min, without significantly affecting the thickness
of the layer. A further increase in the varnishing voltage resulted in an accelerated layer
formation and a similar change was observed when the varnishing voltage was increased
to 260 V and 280 V, when the thickness of the layer reached its maximum values throughout
the deposition time of the varnishing medium t in the electrolyte. This phenomenon could
be attributed to the color deposition technology that ran in the following sequence: water
electrolysis, ion migration (electrophoresis), the coagulation of the polymer on the cathode,
and water ejection via osmotic pressure. This phenomenon, as such, could be explained by
Ohm’s law, which says an electric current of a constant voltage is created between a cathode
and anode, which can be described by the equation U = R*I. Cataphoresis varnishing works
on the principle of creating cathodic organic coatings based on epoxy materials. Cationic
coatings soluble in water contain a small number of organic solvents and, at the same time,
particles in the form of polymer cations.

Once the coating was deposited on the cathode in the process of cataphoresis, the
resistance reached its maximum values. The layer ceased to be conductive and became
insoluble in water again. This deposited layer needed to be subsequently cured in a reaction
with another polymer. At this stage, hydroxyl groups along the molecular chain in the
cationic resin were applied, which reacted with isocyanates (they were equally present in
the resin) to form urethane compounds.

The function gradient (5), i.e., the direction of the steepest addition to the layer
thickness under the input parameters examined, namely the voltage (U) and the deposition
time in the course of the cataphoresis varnishing (tKTL), is defined by the vector:

∇th(U, tKTL) = [0.10953 · U − 0.80176 · tKTL − 19.6867; 0.10953 · U − 0.0037 · tKTL + 0.0701] (6)

The relationship (6) thus defines the direction, depending on the input variables, in
which the function (5) grew the fastest, that is, the direction where the thickness of the
forming layer reached its maximum in the shortest possible time.

In terms of the cataphoresis layer formation, based on the mathematical–statistical
models (5) and (6), it is possible to define the layer formation rate as the first derivative of
the function (5), according to the deposition time (tKTL):

vth =
∂th

∂tKTL
= 0.10953 · U − 0.80176 · tKTL − 19.6867 (7)

Thus, Equation (7) represents the direction of the steepest rise in the function (6) in the
direction of the voltage. Thus, from Equation (7), it follows that the rate of formation of
the cataphoresis layer under the given experimental verification conditions (Table 1) was a
function of the voltage and deposition time in the process of the cataphoresis varnishing. In
accordance with theoretical knowledge and on the basis of Equation (7), we can conclude
that, by increasing the voltage, the rate of deposition of the cataphoresis layer also increased,
and, on the other hand, by increasing the deposition time, this rate in the cataphoresis
varnishing process decreased. The decrease in the rate of the formation of the cataphoresis
layer and the influence of the deposition time depended on the electrical properties of
the forming layer. Considering the fact that the layer formed during cataphoresis was
electrically non-conductive, its electrical resistance must have inevitably increased with an
increase in its thickness; therefore, the rate of its formation must have decreased. However,
if we wanted to ensure a constant rate of formation of the layer throughout the entire
deposition period in the cataphoresis varnishing process, we would have to increase the
voltage in proportion, as per Equation (7). The rate of the formation of the layer is a
fairly important indicator of the cataphoresis varnishing process. However, there are two
opposing requirements of the rate of the layer formation. On the one hand, there is a
requirement to achieve the highest possible rate of layer formation, thereby reducing the
time required for the cataphoresis varnishing to run its course, which results in an increased
economic efficiency of the process itself. The counter requirement stems from the process
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of layer formation in relation to its quality. If the rate of the layer formation is too high, the
hydrogen that emerges on the surface of the treated structural part does not have enough
time to "escape" the surface, and the resulting layer “traps” it in the surface of the part.
However, in the process of polymerization, this trapped hydrogen creates defects in the
layer in the form of craters. Further research is needed to determine the optimal value for
the rate of deposition, taking into account the basic requirements above [32].

Equation (7) is a statistical equation and, therefore, within, it holds only the input
variables’ intervals and the factors used (Table 1). Its extrapolation beyond these factor
values intervals may lead to incorrect results and conclusions.

The second partial part of the analysis, shown in Table 1, was devoted to the evaluation
of the thickness of the cataphoresis layer in relation to the polymerization time (tpol), using
three different times as part of the experiment plan, namely 15 min, 20 min, and 25 min,
respectively, for each combination. The basic graphical representation of the influence of
the polymerization time on the thickness of the layer created in individual combinations of
the input factors (U, tKTL) is shown in Figure 3.

Figure 3. Effect of polymerization time on the thickness of the cataphoretic layer for individ-
ual experiments.

Figure 3 makes it evident that the polymerization time affected the resulting thickness
of the cataphoresis layer in a relatively random manner. However, the polymerization
process itself showed that, depending on the type of cataphoresis paint used, 10% and
20% of it was lost in the polymerization process. This was because the polymerization
process did not directly participate in the formation of the cataphoresis layer, but affected
its resulting properties. The average thickness of the cataphoresis layer formed after the
polymerization at a constant temperature of 200 ◦C and a polymerization time of 15 min
was 23.709 ± 0.192 μm. Here, it is necessary to say that in this analysis, all the values
of the measured thickness were used, including repetitions of individual measurements
(7565 measurements). For a polymerization time of 20 min at a constant temperature of
200 ◦C, the average thickness value of the formed layer was 24.349 ± 0.267 μm, and for a
polymerization time of 25 min, the average thickness of the layer was 24.937 ± 0.289 μm.

Thus, the average difference in the thickness of the cataphoresis layer between the
individual polymerization times was 0.613 ± 0.103 μm between the polymerization times
of 20 min and 15 min, 0.619 ± 0.102 μm between the polymerization times of 25 min and 20
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min, and finally, 1.220 ± 0.102 μm between the polymerization times of 25 min and 15 min
(Figure 4).

 

Figure 4. Values of differences in the thicknesses of the layer created by cataphoretic painting for
uniform polymerization temperatures.

A graphic representation of the model verification (5) under the practical condi-
tions of the production process is shown in Figure 5. The verification was carried out at
UKTL = 240 V on the same samples, listed in the Material Selection and Technological
process of production section, and under the same conditions as the main experiment.

 
Figure 5. Graphical comparison of the thickness of the created layer within the verification experiment
and the thickness of the layer calculated by the prediction model (5).
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As part of the analysis of the modelled thickness values of the cataphoresis layer
created and the values obtained from repeated measurements of the verification experiment,
we came to conclusion that the average deviation in all the measurements carried out was
0.632 μm (2.14%), while the lowest negative deviation in the calculated thickness of the layer
measured and the lowest deviation in the model (5) was at the level of −1.801 μm (8.690%),
and the maximum positive value of the examined difference was at the level of +2.306 μm
(8.407%). At the same time, based on the Shapiro–Wilks test, it can be said that the residues
showed a normal Gaussian distribution (p = 0.233) at the selected level of significance,
which indicated that the model (5) also met the last condition for the regression triplet
analysis and could be considered correct. A graphical representation of the differences
between the measured and modeled values of the thickness of the created layer is shown
in Figure 6.

 

Figure 6. Differences between the measured and calculated thickness of the cataphoretic layer
((a) comparison of the results of the verification experiment and the model (5), and (b) percentage
display of the residues for the verification experiment).

The morphology of the surface was also of significant importance from the point of
view of the quality of the created cataphoretic layer. The change in the morphology and
structure of the surface of the created layer depended primarily on the conditions of the
process of creating the layer, that is, on the operation of the cataphoretic painting itself.

Figure 7 shows the surfaces of the layers created at voltages of UKTL = 220 V, 260 V,
and 280 V with deposition times of tKTL = 7.5 min and 6.0 min at a constant polymerization
temperature of 200 ◦C, but with a different polymerization times: 15 min (a), 20 min (b),
and 25 min (c). It is clear from the mentioned morphologies that the tension in the process
of creating the cataphoretic layer had a significant influence. At a voltage of 220 V, in all
cases (a, b, c), a relatively smooth surface without a distinct structure was scanned. At a
voltage of 260 V, morphological changes began to appear in the form of a slightly distinct
structuring of the surface, but in the presence of a significant defect in the form of craters.
These craters could be attributed to the process of cataphoretic painting in the form of
the binding of the hydrogen on the surface of the painted sample with its binding by the
created layer and subsequent “explosion” in the polymerization process. However, this
defect was no longer observed when using a voltage of 280 V, but the surface of the created
layer already had a pronounced wrinkled structure. In general, it can therefore be said that,
by increasing the tension in the process of creating a layer, the morphology of the created
layer deteriorated and the created layer acquired a significantly wrinkled structure.
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Figure 7. Morphological changes in the surface of the created cataphoretic layer depending on
the voltage and the deposition time ((a) tPOL = 15 min, (b) tPOL = 20 min, and (c) tPOL = 25 min;
1—UKTL = 220 V, tKTL = 7.5 min, 2—UKTL = 260 V, tKTL = 7.5 min, and 3—UKTL = 280 V,
tKTL = 6.0 min).

The confirmation of the above conclusions was carried out using additional exper-
iments at a voltage of 400 V and deposition times of 5.0 min and 4.0 min, while the
morphology of the surface of the cataphoretic layer is shown in Figure 8. It is obvious that
the surface morphology of the formed layer at a high voltage was significantly structured
with very pronounced wrinkling; however, with a deposition time of 5.0 min, the surface
was significantly more heterogeneous than that in the case of a deposition time of 4.0 min.
Thus, in addition to the applied voltage, the deposition time of the KTL process also had
an effect on the surface morphology of the created cataphoretic layer and, with an increase
in the deposition time, a more pronounced heterogeneity of the surface occurred.

 
Figure 8. Morphological changes in the surface of the created cataphoresis layer at UKTL = 400 V,
tPOL = 20 min a TPOL = 200 ◦C ((a) tKTL = 5 min, and (b) tKTL = 4 min).

An important consequence of the defined predictive dependence (5) was a determina-
tion of the optimal values of the analyzed input variables (U, tKTL). Due to the technological
requirements placed on the thickness of the layer under formation, it was advisable to look
for the maximum regression function (5). The general optimization problem was to select
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n decision variables x1; x2; . . . ; xn from a given implemented area, in such a way as to
optimize (minimize or maximize) the purpose function:

f (x1, x2, ..., xn) (8)

The optimization problem was a non-linear programming problem (NLP) if the pur-
pose function was nonlinear or the implemented area was defined by nonlinear constraints.
Then, the maximization of the general nonlinear programming is defined in the form of:

max f (x1, x2, ..., xn) (9)

for restrictions:
g1(x1, x2, . . . , xn) ≤ b1

g2(x1, x2, . . . , xn) ≤ b2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

gm(x1, x2, . . . , xn) ≤ bm

(10)

where each of the constraints g1 through gm is defined. A special case is linear programming.
The obvious relation for this case is:

f (x1, . . . ..., xn) = ∑n
j=1 cj · xj (11)

and
gi(x1, . . . , ..., xn) = ∑n

j=1 aij · xji = (1, 2, ..., m) (12)

Non-negative variables constraints can be included simply by attaching additional
constraints:

gm+i(x1, x2, ..., xn) = −xi ≤ 0i = (1, 2, ..., n) (13)

In some cases, these constraints are considered explicit, as is any other issue in the
delimited areas. In other cases, it is appropriate to consider them implicit if the non-negative
constraints are manipulated, as is the case with simplex methods.

To simplify the proposition, let x denote the vector of the control variables x1, x2, . . . , xn,
which represents x = (x1, x2, . . . , xn). The problem is more aptly written in the form:

max f (x) (14)

according to the:
gi(x) ≤ bi(i = 1, 2, .., m) (15)

As in solving the tasks of linear programming, there are no restrictions on these
formulations. When maximizing the f (x) functions and, of course, also when minimizing
its f (x), the conditions of equality h(x) = b can be written as two separate conditions of
inequality, h(x) ≤ b and −h(x) ≤ −b.

To optimize the thickness of the created cataphoresis layer, a regression model (5) was
applied as a functional function and the interior point method was used for the nonlinear
optimization. The ranges of the intervals of the variable input factors used were the basic
constraints (Table 1), which are defined as follows:

200 ≤ U ≤ 2803 ≤ tKTL ≤ 9 (16)
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A MATLAB software product Optimization Toolbox was used to implement the
optimization of the thickness of the cataphoresis layer created. The task of the nonlinear
optimization, in our case, was to find the maximum of the problem, which is defined as:

max f (x)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

c(x) ≤ 0
ceq(x) = 0
A · x < b

Aeq · x = beq
lb ≤ x ≤ ub

(17)

where x, b, beq, lb, and ub are vectors, A and Aeq are matrices, c(x) and ceq(x) are vector
functions, and f (x) is a scalar function. The course of the optimization process itself, as an
output from the optimization program, is shown in Figure 9.

Figure 9. The course of optimization of the thickness of the created layer.

The result of the non-linear optimization process of the cataphoresis varnishing,
considering only two variable technological factors, different voltages and deposition times
in the process of the cataphoresis varnishing, was the determination of the maximum
thickness of the purpose-built regression function (5). The maximum of the purpose-built
function, while respecting the constraints given by Equation (16), was thmax = 26.114 μm
under the following technological conditions: U = 240 V and tKTL = 6.0 min. Therefore, in
order to create the thickest layer possible, it was necessary to set these basic factors at a
defined level [33].

However, we must also define the limitations of the conducted experimental research.
The conclusions of the submitted study are valid only in the range of the experimental
conditions listed in Table 1, which resulted from the applied statistical approach. A further
limitation is imposed by the other relevant input conditions in the processes of degreasing,
activation, and phosphating. Therefore, it will be necessary to expand the model (5) by
including these impacts, thus defining the complex technological dependence of the process
factors on the layer forming.
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4. Conclusions

Today, cars are more than a means of transport for many, because they also create an
image of the owner. Therefore, it is important what the vehicle looks like, which places
demands not only on its design, but also on its surface treatment. Today’s customers
demand that its bodywork resists not only corrosion, which is achieved by using a good
surface finish and high-quality varnishes, but also weather conditions (hail damage).
Resistance to chemical influences that affect this bodywork, whether this is road salt or
acid rain in winter, is also important. Progress in surface finishes and varnishing systems
is constantly advancing. We can see this if we compare the technologies used 30 years
ago to those used today. The treatment methods we use now are much more effective
and environmentally friendly. This trend can also be observed in the surface treatment
of bodywork, where, for example, the use of hexavalent chromium, which is toxic, is
avoided. Great demands are placed on occupational safety, which is why quality and safe
workplaces are essential. The varnishes and color shades used have also undergone a big
transformation. The aim of the experimental part of this study was to create a planned
experiment, on the basis of which, we analyzed the effects of varnishing voltage, varnishing
current, deposition time, and layer thickness on the material surface. In total, 30 test
samples of AW 1050—H24 were used. All the samples were passed through an automated
cataphoresis varnishing line, from chemical degreasing to curing (polymerization). The
thickness was then measured on the samples using a digital thickness gauge.

The initial analysis of the applied model pointed to the fact that the proportion of
variability in the measured thickness of the cataphoresis coating was 86.70225% and the
adjusted index of determination, determining the degree of explanation of data variability
by the model, was 85.8775%. The average thickness of the layer formed in the process
of cataphoresis, spanning all the individual trial runs, was th = 24.464 ± 3.677μm. Based
on the analysis of variance, it can be said that the variability caused by random errors
was significantly less than the variability in the measured values. Based on the model of
significance achieved, this indicated that this model is suitable for use. Under the voltage
of 220 V, the thickness of the coating increased for 5.5 min, when the coating also reached
its maximum thickness. After this time, the thickness of the coating decreased. Increasing
the varnishing voltage to 240 V meant increasing the deposition time of the varnishing
medium up to 8 min, without significantly affecting the thickness of the layer. A further
increase in the varnishing voltage resulted in an accelerated layer formation, and a similar
change was observed when the varnishing voltage was increased to 260 V and 280 V, when
the thickness of the layer reached its maximum values throughout the deposition time of
the varnishing medium t in the electrolyte.

The authors see the submitted paper as a contribution to the procedural approach to
such complex processes of creating anti-corrosion layers, such as the process of cataphoresis
varnishing. Since the surface treatment technological processes represent multifactor
systems with interacting physical, chemical, and technological effects and, at the same
time, since the influences may be considered as random variables, the authors subjected
the experimentally obtained data to the correct methods of statistical analysis for a deeper
understanding of these interrelationships. Another undisputed benefit of the present
paper is the nonlinear optimization (maximization) of the basic technological parameter,
the thickness of the created layer, and the analysis of the rate of the cataphoresis coating
deposition. However, its limitations are those of the experiment constraints and the use of
only two basic process factors.

However, it should be remembered that the process of creating a cataphoresis layer
is a complex physical and chemical process, where the formation of bonds between the
individual components of the cataphoresis paint, under the influence of an electric current,
plays an essential role. Although mathematical models for the formation and growth of
the cataphoresis layer [2] describe the causes of and, at the same time, the inter-relations
between the factors involved in the growth of the cataphoresis layer, in relatively great
detail, the authors’ effort was to simplify the prediction of the thickness of the layer based on
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the practically used input factors in the KTL process, namely, the change in the deposition
time and stress in the cataphoresis coating. Another fact is that the resulting property, the
quality of the layer formed by cataphoresis, is not determined only by its thickness. The
quality of the cataphoresis layer is also the result of its other properties, such as corrosion
resistance, adhesion, bending, impact resistance, and hardness, as well as its aesthetic
properties expressed by gloss and shade. All of these properties can be influenced within
the complex KTL process, starting with pre-treatment and ending with polymerization.
However, as part of the present paper, we focused only on the analysis of the thickness of
the created cataphoresis layer as a basic parameter, which is prescribed in a customer’s
drawing documentation as a requirement for the painting process, which also affects the
other, above-mentioned properties of the layer to some extent.
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Abstract: In this study the oxide layer of technical 6xxx aluminium surfaces, pickled as well as
passivated, were comparatively investigated by means of transmission electron microscopy (TEM),
Auger electron and X-ray photoelectron spectroscopy (AES, XPS), the latter in two different operating
modes, standard and angle resolved mode. In addition, confocal microscopy and focused ion beam
cutting were used for structural studies of the surfaces and for specimen preparation. The results
illustrate in detail the strengths and weaknesses of each measurement technique. TEM offers a direct
way to reliably quantify the thickness of the oxide layer, which is in the range of 5 nm, however, on a
laterally restricted area of the surface. In comparison, for AES, the destructiveness of the electron
beam did not allow to achieve comparable results for the thickness determination. XPS was proven to
be the most reliable method to reproducibly quantify the average oxide thickness. By evaluating the
angle resolved XPS data, additional information on the average depth distribution of the individual
elements on the surface could be obtained. The findings obtained in this study were then successfully
used for the investigation of the increase in the aluminium oxide thickness on technical samples
during an aging test of 12 months under standard storage conditions.

Keywords: technical aluminium alloy; aluminium oxide thickness; oxide thickness characterization;
method comparison; X-ray photoelectron spectroscopy; Auger electron spectroscopy; transmission
electron microscopy; oxide growth; aging test

1. Introduction

Due to global CO2 emission regulations and the general phase-out of fossil fuels,
car manufacturers tend to use more and more lightweight materials to fulfil the required
environmental objectives. The change to lighter materials helps to reduce fuel consumption
and gives new opportunities in technical applications and design concepts [1–3]. Over the
last decades aluminium has been one of the most promising materials for the automotive
industry. With a material density about 65% lower than steel, the main advantage is to be
found in weight reduction [4]. However, aluminium—especially high-strength alloys—also
satisfies the torsion and stiffness requirements for automotive applications and provides
outstanding shock absorbing properties which helps to increase passenger safety [2].

Based on the above introduced reasons, structural adhesive bonding for joining car
body parts has been established by the automotive industry [5]. This bonding technique,
also in combination with other joining methodologies, shows significant advantages in
crash performance, cost effectiveness and in the ability of multi-material approaches in
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lightweight constructions of automobiles [6]. The most widely used types of structural
adhesives for automotive applications are epoxies. These cross-linked polymers are bond-
ing to the aluminium surface and build strong adhesive joints. The long-term durability
of those is highly dependent on the surface chemistry of the aluminium substrate prior
to bonding—hence the characterization of the top surface layers is of considerable tech-
nological importance [4]. Especially, the thin amorphous γ-Al2O3 phase on the surface of
aluminium and its alloys has a significant effect on the corrosion resistance, wettability and
adhesion performance and therefore has often been studied for a better understanding of
the relationship between composition and thickness of the aluminium oxide layer and the
resulting bonding performance [7–11].

Routinely, oxide thicknesses can be determined using closely industry-related mea-
surement techniques, in particular glow discharge optical emission spectroscopy (GDOES)
or infrared reflection absorption spectroscopy (IRRAS). Both methods are established anal-
ysis methods for oxide layer thicknesses and are mainly used where corresponding layer
thicknesses over 100 nm are required [12]. However, a comparison carried out by us in
advance of the current study showed that both techniques, despite being well established
methodologies in their field of application, are unsuitable for a reliable determination of
aluminium oxide thicknesses below 10 nm.

A technique to characterize aluminium oxide layers in the range of only a few nanome-
tres in thickness is X-ray photoelectron spectroscopy (XPS). The calculation of the oxide
thickness can be performed by considering an equation proposed by Strohmeier, which
uses the ratio of the measured Al 2p oxide to metal peak intensities [13]. Providing a similar
information depth as XPS (i.e., approximately 10 nm), Auger electron spectroscopy (AES)
can also be applied for the oxide thickness determination using the evaluation according to
Strohmeier due to a comparable energy range of the electrons. In contrast, the quantification
of aluminium oxide thicknesses by high resolution images using transmission electron
microscopy (TEM) is often performed on a highly localized scale to provide a validation of
the values obtained with other characterization techniques [14–16].

Considering the significant effect of an aluminium oxide surface layer on different
application properties and the importance of the exact compositional characterization, the
question arises, which of the above-mentioned techniques is a valid method for oxide thick-
ness determination on industrial 6xxx aluminium alloys. For this purpose, a comparison
was carried out by means of XPS, AES and TEM. Moreover, XPS was taken to quantify
the surface chemistry of the aluminium substrates in detail, while TEM was used to de-
scribe the top surface layer structure. The resulting oxide thicknesses show a dependency
on the chosen method. Consequently, it is necessary to weigh up the advantages and
disadvantages of each method for a meaningful characterization of the surface oxide layer.

The findings were then applied to reliably determine the thickness increase in oxide
layers on technical aluminium surfaces in an aging study by storing the samples over a
period of 12 months under ambient conditions.

2. Materials and Methods

2.1. Materials

As representatives for technical aluminium surfaces used by the automotive industry,
an AA 6016 AlMgSi alloy with two different commercial surface finishes was provided by
AMAG Austria Metall AG (Ranshofen, Austria). The primary surface treatment was based
on automotive standards. In detail, after the finishing annealing, the substrate surface
was cleaned by means of acid pickling and a subsequent washing process. After this, the
surface was textured using electrical discharge texturing (EDT). A second type of sample
experienced a further passivation step with a commercial conversion coating after the
cleaning and before surface texturing. Table 1 gives an overview of the sample types used
(A1, A2) with the differently applied surface treatments.
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Table 1. Overview of investigated sample types and their different surface treatments.

Label Alloy Composition
Surface Treatment

Procedure
Surface Texture

A1 AA6016 Al98Mg0.6Si1.4 pickling and cleaning EDT

A2 AA6016 Al98Mg0.6Si1.4 pickling, cleaning and
passivation EDT

2.2. Sample Preparation

Using a metal plate shear the aluminium samples were cut down into pieces with
dimensions of 6 × 6 mm2, 12 × 12 mm2 or 20 × 20 mm2, depending on the used char-
acterization method. Prior to analysis, the surfaces of the specimens were cleaned by a
three-step ultrasonic degreasing procedure, using different organic solvents, namely aceton
(≥99.0% Ph. Eur., VWR Chemicals, Radnor, IN, USA), tetrahydrofurane (THF, ≥99.0% ACS
reagent grade, contains 250 ppm BHT as inhibitor, Sigma-Aldrich, St. Louis, MO, USA)
and isopropanol (≥99.5% ACS reagent grade, Sigma-Aldrich, St. Louis, MO, USA). The
samples were put into a 100 mL beaker, filled with approximately 40 mL of one of the three
different solvents and put into an ultrasonic bath for 30 min each.

2.3. Instrumentation

As the analysis method with highest lateral resolution in this comparative study, TEM
provides the means to directly measure the oxide thickness in a quantitative way, however,
confined to a rather small local area. Therefore, the TEM results were used as reference
for the thickness evaluation by choosing representative regions on the sample surfaces.
For that purpose, focused ion beam (FIB) cutting in a 1540XB Crossbeam system (Zeiss,
Oberkochen, Germany) was used as a preparation method to obtain appropriate specimens
for TEM analysis. With gallium ions at 30 keV, lamellae were cut out of the sample surfaces
and afterwards thinned to electron transparency. Prior to FIB preparation the surface of the
samples were protected by an electron stimulated platinum deposition to avoid damaging
the oxide layer during the subsequent preparation steps. The positions from where the
lamellae were cut out were chosen after an investigation of the surface structure, roughness
and texture using a MarSurf CM mobile confocal microscope (Mahr GmbH, Göttingen,
Germany). To measure the oxide layer thickness, TEM measurements were performed in
a JEM-2200FS system (JEOL, Akishima, Japan), using an accelerating voltage of 200 kV.
The high-resolution TEM images were recorded by means of zero-loss filtering, using the
in-column Ω-filter. The TEM system is additionally equipped with an energy-dispersive
X-ray detector (EDX) from Oxford Instruments (Abingdon, UK) for elemental analysis
using the microscope in the scanning mode (STEM).

Providing different measurement modes, XPS was chosen to be a much faster and
more versatile method which provides complementary data. Next to an overview of the
elemental and chemical composition of the surface layers, XPS was mainly used to obtain
the oxide thickness. All measurements were performed using a Thetaprobe XPS system
(Thermo Scientific, Waltham, MA, USA). The device features a monochromatic Al Kα

X-ray source (hν = 1486.6 eV) and is equipped with a dual flood gun for surface charge
neutralization. The spot size of the X-ray beam was chosen to be 400 μm in diameter in
order to obtain an average oxide layer thickness. To exploit the whole data potential of
this analysis technique the XPS measurements were performed in standard as well as in
angle resolved mode. For each mode, survey spectra were obtained using 200 eV as pass
energy with an energy step width of 1 eV. More detailed high resolution (HR) spectra were
recorded with a pass energy of 50 eV and 0.05 eV step width. The evaluation of the XPS
data was performed using the Avantage software package from the system supplier.

As AES is also sensitive to the same surface near region as XPS, a scanning AES
microscope (JEOL JAMP 9500F, Akishima, Japan) was additionally used to determine the
oxide layer thickness. For spectroscopy of Auger electrons, the device is equipped with a
hemispherical electron energy analyser and a channeltron detector, positioned at an angle
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of 60◦ with respect to the beam direction of the electron gun. As the AES microscope
can record images using secondary and backscatter electron detectors the system was
also applied to determine the microstructure of the textured aluminium surface. The
investigations were carried out with the sample surface perpendicular to the electron beam
using 10 kV accelerating voltage and a beam current of 10 nA.

3. Results

For the comparison of the different measurement techniques with respect to their per-
formance in obtaining the oxide thickness, it was necessary to define a reference value for
each sample. The commercial aluminium alloy with the two different types of surface treat-
ment was investigated, at first, by means of TEM. Due to the complex EDT pattern on the
surfaces the positioning for the FIB preparation was crucial to quantify the oxide thickness
in a representative way for the (majority of) the surface. Figure 1 shows the EDT structured
surface of the pickled aluminium sheet of type A1 observed by confocal microscopy.

 
Figure 1. EDT surface structure of a pickled specimen of type A1 investigated by confocal microscopy.

The imprints result from the rolling process and lead to an average surface roughness
of Ra = 0.65 μm. Due to high shear forces during the rolling process the edges of the EDT
craters often show distinctly different microstructure compared to the flatter regions, which
account for the largest portion of the surface area. In addition, rolling and texturing affects
the local surface properties due to the mechanical displacement during the production
procedure and is often described as a surface near deformed layer (NSDL) [17–19]. As
shown in Figure 2 the positions for the FIB preparation of the lamellae were chosen to be
in a flatter and homogeneous area of the sample. This guarantees a rather uniform oxide
layer without influences of the extreme surface texture or the NSDL on the ridges caused
by the production process.

Figure 2. Position and preparation steps of a TEM lamella using FIB cutting and thinning.

3.1. Reference Value from Transmission Electron Microscopy

To obtain representative values for a comparison of the methods the oxide layer
thickness was measured from TEM images similar to the one presented in Figure 3. A
section of a lamella of sample type A1 with a clearly visible uniform oxide layer on top of
the aluminium bulk is shown. The darker area in the image represents the sputter-coated
platinum layer which avoided damage to the oxide layer during FIB preparation. It can
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be clearly differentiated from the brighter and grey coloured aluminium oxide layer. For
better statistical and representative oxide thickness values, the measurement was carried
out at least five times at different sections on a lamella for each sample type.

 

Figure 3. Presence of a uniform oxide layer on a subsection of a lamella of type A1.

Since the production process of the two sample types differs only by one additional
passivation step without any further rise in temperature, the expected oxide layer thick-
nesses for both types should be in the same nanometre range. The obtained average oxide
layer thicknesses for both types, given in Table 2, confirms this assumption.

Table 2. TEM results of the oxide layer thicknesses.

Sample Av. Oxide Layer Thickness [nm]

A1 5.8 ± 0.6
A2 5.6 ± 0.3

EDX-mappings were additionally performed on sections of the lamellae, exhibiting a
difference in the layer structure between the pickled and the additional passivated sample
types. As shown in Figure 4, sample type A1 differs from A2 due to the presence of a
non-uniform conversion layer. The aluminium bulk (light blue) is fully covered by an
oxide layer (green). For A2 titanium (red), which is part of the conversion coating, is
visibly deposited on top of the oxide in a non-uniform way. The peninsular-like growth of
the zirconium and titanium-based conversion layer is electrochemically driven. In detail,
during the initial stages of the coating process the oxide layer experiences a dissolution due
to the fluoride containing coating solution. The surface near intermetallic phases becomes
more cathodic, which in turn favours the formation of a conversion layer in the region
surrounding those phases [20].

3.2. XPS

After the fundamental characterization by TEM, all sample types were investigated
using XPS in two different operation modes, standard as well as angle resolved, for oxide
thickness determination. Compared to the spatially restricted local analysis provided by
TEM, XPS offers the advantage of being a much faster and laterally averaging method
which is more suitable for the characterization of technical sample surfaces. Consequently,
the X-ray beam size for both analysis modes was chosen to be 400 μm in diameter. In
addition, XPS does not require tedious sample preparation steps prior analysis and is nearly
non-destructive, in contrast to AES, as presented later in this study [21].
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Figure 4. Layer structure comparison of both sample types by EDX elemental mapping.

At first, standard mode XPS was used to obtain an overview of the elemental composi-
tion of the topmost surface layer of all surface treated aluminium samples. The comparison
of the survey spectra shown in Figure 5 reveals the difference of the surface chemistry
due to the different pre-treatment procedures. Despite the three-step cleaning procedure
with organic solvents, all samples revealed carbon contamination with a concentration
around 30 at.% on the surfaces. In addition, also other contamination elements, e.g., Na, S
and Ca could be detected on the analysed surfaces in negligible traces under 1 at.%. By
omitting these contaminations, a general elemental surface composition could be evaluated
as summarized in Table 3. Comparing the major constituents of the samples, it was found
that Al, O and C are the dominating elements present on the surfaces, closely followed by
F with varying concentrations, depending on the pre-treatment process. The high carbon
contamination content at the samples surface, partly bound to oxygen, could be a reason for
the difference in the determined stoichiometry of the Al2O3 oxide, as shown in Table 3. The
fluorine concentration of the non-passivated aluminium alloy of type A1 can be attributed
to the fluorine-containing ingredients of the pickling bath. Most of the detected fluorine as
well as all of titanium and zirconium on the passivated sample type A2 originate from the
conversion coating.
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Figure 5. Comparison of XPS survey spectra of both sample types.

Table 3. Elemental composition of the surface layer on all analysed samples obtained by XPS.

Sample Elemental Composition [at.%]

Al O C F Mg Ti Zr

A1 19 38 31 5 0.4
A2 16 29 32 18 0.6 1.4 1.1

To better identify the chemical components in the topmost surface layers, HR spectra
of the major elemental constituents, aluminium, oxygen, fluorine and carbon for sample
type A1, and additional titanium and zirconium for sample type A2, were additionally
recorded. From the results of the HR data, it was derived that the sample surfaces are
homogeneous in terms of chemical composition and only differ due to their very own pre-
treatment history. The bulk aluminium alloy, which predominantly consists of aluminium
without any significant alloying element contents in the topmost surface areas, is covered
by an Al2O3 layer on all samples. Pickled specimens show small amounts of fluorine,
which originates from components of the pickling bath solution, embedded into the oxide
layer. On the passivated samples fluorine could equally be detected within the oxide layer,
although, in much higher concentrations. In combination with titanium and zirconium
on top of the oxide this result, as mentioned above, is attributed to the conversion coating
process during production. As already seen from the survey spectra, carbon was detectable
on both surfaces despite an intense cleaning procedure. By fitting the high-resolution
spectrum of the C1s core level three different carbon peaks could be identified (C-C/H,
C-O, C=O), which are mostly attributed to different components of the lubricants which
are used during the rolling process of the aluminium sheets for automotive applications.

The above findings are based on HR spectra, which were taken in the angle resolved
mode of the XPS. This AR data was used, in addition to the identification of chemical
composition in the topmost surface layers, to also qualitatively estimate the depth distri-
bution of the major elemental constituents. By taking the negative logarithm of the peak
intensity ratio collected at bulk- and surface-sensitive angles, as shown in Figure 6, an
average relative depth position for each element can be obtained. These relative depth plots
do not have a quantitative depth-axis since the absolute depth position is not derived by
this method. However, these plots qualitatively indicate the order of the different elemental
species with respect to each other [22,23].
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Figure 6. ARXPS surface and bulk angle HR spectra of Al2p.

In Figure 7a the relative depth position of each surface related element of sample
type A2 is shown. The carbon contamination originates from the topmost surface region,
whereas the signals of the major elemental constituents of the conversion coating, i.e.,
Zr, Ti, F and O, come from the intermediate information depth range of this method.
The aluminium oxide layer is also found in the middle depth region directly beneath the
conversion coating. The signals of alloying elements such as aluminium, magnesium and
silicon originate from larger depths within the total information depth range of ARXPS and
are allocated towards the bulk section of the sample. In addition to the determination of
relative depth positions of different elements, ARXPS provides the means to obtain even full
in-depth concentration profiles in a non-destructive way. In Figure 7b the corresponding
virtual depth profile from sample type A2 is depicted. The findings reflect the results of the
relative depth plot and confirm the layered structure as observed in the TEM analysis. The
elements originating from the passivation step are located on top of the aluminium oxide
layer and are covered by carbon contaminations. Alloying elements such as magnesium
and silicon can be found again towards the aluminium bulk section.

(a) (b) 

Figure 7. (a) Relative depth plot (b) Corresponding virtual depth profile. Both obtained by ARXPS.

Next to an overview of the elemental and chemical composition of the surface layers,
XPS was mainly used to obtain the oxide thickness. The calculation method is based on the
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Beer-Lambert law and has been introduced by Strohmeier [13]. The equation, shown in
Equation (1), covers the ratio of the measured Al2p oxide to metal peak intensities with
respect to the elemental inelastic mean free paths (IMFP) λm and λo, the atomic volume
densities Nm and No as well as the average take off angle θ and can be applied for true
oxide layer thicknesses < 10 nm.

doxide

(
Å
)
= λo sin θln

(
Nmλm Io

Noλo Im
+ 1

)
(1)

The volume density ratio of aluminium atoms in metal to oxide used in this study
was Nm/No = 1.5. Furthermore, the average take off angle was θ = 60◦ and for the IMFP
values in metallic aluminium λm = 26 Å and in Al2O3 λo = 28 Å was used [13,24]. In
consideration of the given parameters the aluminium oxide thickness was calculated using
the Al2p HR spectra from both, standard as well as angle resolved mode. The corresponding
intensities Im and Io were obtained by fitting the peak with a higher binding energy as Al2O3
(Al2p oxide) and the other at lower binding energy as metallic aluminium (Al2p metal).
Compared to the values obtained by TEM, the results of the standard XPS measurement
in Table 4 are close, but show slightly lower oxide thicknesses. The underestimation of
the thickness is, besides in the limitation of the Strohmeier model, due to the fact that
the chosen spot size of the X-ray beam is averaging the results in the observation area.
Aside from that of the XPS technique itself, in angle resolved or standard mode, it has
little to no effect on the results when performing the thickness calculation based on the
Strohmeier equation. This can be explained by the evaluation procedure. In order to obtain
the corresponding Al2p spectra out of the AR data, one has to collapse every spectrum
from each measured angle to obtain one single main spectrum. This main Al2p spectrum
differs hardly from the spectrum as obtained by standard mode XPS measurements.

Table 4. Results of oxide thickness evaluation by different XPS-based methods.

Sample
Oxide Thickness
Standard Mode

[nm]

Oxide Thickness
AR-Overlayer

[nm]

Oxide Thickness
Virtual Depth Profile

[nm]

A1 4.7 ± 0.1 4.1 ± 0.1 6.2 ± 0.6
A2 4.9 ± 0.2 4.3 ± 0.2 6.5 ± 0.8

Aside from the oxide thickness calculation based on the procedure proposed by
Strohmeier, ARXPS provides an overlayer thickness calculation procedure implemented in
the Avantage software package of the system manufacturer. The calculation is based on all
of the generated AR data (and not only on a collapsed single spectrum) and requires addi-
tional information about material properties, i.e., chemical formula, density and bandgap
in order to obtain the corresponding IMFPs for the thickness calculation. The results of
this evaluation, taking the single HR AR spectra into account, are given in Table 4 (named
AR-Overlayer).

A further possibility for the determination of the oxide thickness is based on virtual
depth profiles from ARXPS data as shown in Figure 7 for sample type A2. The oxide
thickness can be derived from the Al2p oxide signal with respect to the reconstructed depth-
axis. The results of this evaluation are also shown in Table 4. The obtained values indicate
that the depth axes in virtual depth profiles from ARXPS has to be taken with care and that
an analysis of the oxide thickness in a quantitative way is not straight forward, especially
on technical aluminium alloys. However, such an AR-based evaluation complements the
elemental and chemical surface characterization by standard XPS analysis and is a valuable
technique to reveal the existing layer structure on industrial aluminium surfaces.
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3.3. AES

Providing a similar information depth as XPS from the same surface near region AES
was chosen to be the third method for this comparative study. Due to the same range of
electron energies, identical IMFP values for aluminium and its oxide as for XPS can be used
and the determination of the oxide thickness using the equation after Strohmeier (Equation
(1)) is applicable. Consequently, all samples were evaluated using the first derivative of
the fitted high resolution aluminium spectra, such as the one shown in Figure 8. The
main advantage of using the first derivative of measured AES spectra is the background
suppression. The ratio of the measured aluminium oxide to metal peak intensities, which
are necessary for the application of Equation (1), were calculated using the difference of
the minimum and maximum points from each compound peak structure. All spectra were
fitted equally by means of a linear combination fit. For that purpose, acquired spectra of
pure reference materials, metallic aluminium and Al2O3, were used in combination to fit
the spectra of the samples. This procedure generates a reproduceable way to qualitatively
evaluate high resolution AES measurements.

Figure 8. AES high resolution Al spectrum with fitted components.

As mentioned above, the usage of focused electron beams can lead to a degradation of
metallic oxides [21]. This observation was also made in the current study when performing
point measurements on all samples. As shown in Figure 9, HR spectra were additionally
recorded using area measurements instead of point measurements in order to decrease
degradation effects. By stepwise doubling the field of investigation the influence of different
measurement areas on the oxide thickness values was obtainable. The areas were positioned
in the flatter zones of the EDT surface to reliably quantify the oxide thickness. The findings
given in Table 5 clearly demonstrate the degradation effect of the electron beam depending
upon the resulting beam exposure. The average oxide thickness of sample type A1 obtained
using point measurements is more than three times less than the average acquired by area
investigations. The increase in the measured area also involves an increase in the thickness
of the investigated oxide layer. Comparing a measurement area four times the size as the
initial one, the increase in oxide thickness is approximately 46%.
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Figure 9. Observation area during AES measurements.

Table 5. Comparison of obtained thickness values for point and area AES measurements.

Sample
Measurement

Point/Area
Oxide Thickness

[nm]
Mode

A1

1–3 0.69 Point
4 2.11 Area A
5 2.60 Area 2A
6 3.10 Area 4A

4. Discussion

To further elucidate which method is the most practical one for a reliable determination
of the oxide thickness on technical aluminium alloys, the overall results are compared in
Figure 10. TEM provides the highest lateral resolution. Although this method offers the
best way to reliably quantify the oxide thickness, it should be considered that the results
are referred only to a very confined region of the real samples surface. To obtain statistical
validity of the measurement data, more different measurement positions evenly distributed
on the surface are recommended to draw reliable conclusions about the average oxide
thickness of the investigated samples. TEM is also not practicable for quick analysis due to
laborious sample preparation procedures. Nevertheless, the results of the TEM analysis in
this study show that all investigated sample types have a similar oxide thickness despite
different treatment processes, namely the additional passivation step of sample type A2
has no significant effect on the thickness of the initial oxide layer.

Comparing the results of the two different modes for XPS measurements, oxide
thickness values from the standard mode differ only slightly from the values obtained
by AR mode. However, the thickness determination from virtual depth profiles seems to
show significantly higher values as compared to the so-called overlayer model and the
calculation according to Strohmeier. This discrepancy can be explained by inaccuracies of
input parameters needed for generating such virtual depth profiles, as well as by limitations
of the underlying model for reconstructing the profile out of the ARXPS data. There are
several factors, e.g., the indication of the correct chemical composition of the different
surface compounds, which have an influence on the results. Nevertheless, by providing the
opportunity to obtain information about elemental and chemical surface composition and
additionally about the average depth distribution of different elemental species and the
layer structure (e.g., in relative depth plots), the angle resolved mode is generally preferred.
Comparing the XPS results to the TEM ones, a small discrepancy in the range of less than a
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nanometre occurs. This difference is attributed to a combination of several factors. Firstly,
standard curve fitting of the metallic Al2p main peak was proven to have an error in
the percentage range. This discrepancy originates from an overestimation of contributed
substrate photoelectrons to the inelastic background [24]. Furthermore, XPS is a much
more averaging method as compared to the highly localized investigation by TEM. Since
the investigated samples originate from industrial production and exhibit a surface texture
with a certain roughness, local oxide thickness deviations may exist. In addition, the TEM
lamellae, in the size of approximately 20 μm, were prepared from the flatter areas of the
EDT imprints, giving values without influences from the surface texture, especially from
the ridges and the deformed microstructure at the edges of the EDT imprints [17–19,24].
With an average spot size of 400 μm in diameter XPS is sensitive to every part of the
textured aluminium surface. Hence, the values of the oxide thickness obtained by XPS may
give the most relevant overall picture for technical aluminium surfaces.

Figure 10. Comparison of obtained Al2O3 thickness values by different measurement methods.

Finally, the destructiveness of the focused electron beam during AES measurement
becomes apparent in the results. Especially point measurements show a significant degra-
dation of the oxide layer. Thus, area measurements were chosen to suppress and overcome
degradation to a certain degree. The smallest possible area for the given magnification
was 6 × 6 μm2, which led to a less destructive interaction with the oxidic surface. Hence,
the measured oxide thickness increased by a factor of three with respect to point measure-
ments. Nevertheless, the resulting oxide layer still deviates significantly from the TEM and
XPS results. Therefore, the measurement area was increased stepwise up to 12 × 12 μm2,
resulting in an improvement, but being still far below the values obtained by the other
methods. Nevertheless, AES can act as a link between the nanoscopic view of TEM and the
laterally averaging one of XPS, when taking degradation into account.

Based on our findings, the increase in the aluminium oxide thickness over time was
observed during aging for one year at standard storage conditions. The results obtained
by XPS were compared again with those by TEM, since these methods are the most accu-
rate ones, and are shown in Figure 11. As known from the literature, the growth rate of
aluminium oxide at ambient pressures and temperatures is initially extremely rapid and
decreases with increasing thickness of the oxide. In general, the growth rate is positively
influenced by increased temperatures to a certain point and elevated oxygen concentra-
tions [25]. However, as soon as a so-called limiting thickness is reached, the oxide growth
stops and does not change with time [26]. The aluminium oxide of the investigated 6xxx
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alloy also follows this trend. It seems that the limiting thickness is reached already before
half a year of aging for both sample types. It shall be noted that the initial difference in
the obtained oxide thickness between the two analysis methods, XPS and TEM, could also
be detected again after one year of aging for both samples. Of especial importance is the
gained knowledge that XPS underestimates TEM data by approximately one nanometre.
Consequently, aluminium oxide layer determination by means of XPS is a reproducible and
representative, as well as a relatively easily to be performed method for the characterization
of technical aluminium surfaces.

 
(a) (b) 

Figure 11. Increase in the aluminium oxide thickness over time during aging at standard storage
conditions for one year observed by means of XPS and TEM. (a) shows results of sample type A1,
(b) refers to sample A2.

5. Conclusions

In this comparative study, a valid and reliable method for oxide thickness determina-
tion on an industrial 6xxx aluminium alloy was searched for. The oxide thicknesses were
determined by means of TEM, XPS—in two different operating modes, standard and angle
resolved mode—as well as by AES.

(1) The results show that XPS gives reproducibly accurate averaged values of the thick-
ness and provides even the possibility to generate information about elemental and
chemical surface composition and additionally provides information about the aver-
age depth distribution of different elemental species and the resulting layer structure.

(2) Although TEM offers the highest lateral resolution and therefore the most direct
and accurate way for oxide thickness quantification, it should be considered that
the results are referred only to a rather confined region of the real samples surface.
Reliable conclusions based on TEM measurements require statistical validity by ac-
cessing multiple measurement positions evenly distributed on the samples surface.
Furthermore, sample preparation for TEM investigations requires significantly higher
experimental effort as compared, e.g., for XPS.

(3) In this study, AES acted as a link between the nanoscopic view of TEM and the
laterally averaging characteristics of XPS. However, the destructiveness of the focused
electron beam during AES measurements becomes apparent in the results, where a
significant degradation of the oxide layer was detected.

(4) Finally, an aging test at standard storage conditions proved that the aluminium oxide
layer determination by means of XPS is reproducible and in combination with a
short measurement time and minimal sample preparation requirements, a highly
suitable method for the characterization of technical aluminium surfaces. This work
further clearly illustrates the importance of knowing the individual characteristics
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and strengths of each measurement technique, especially when performing industry
related applied research.
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