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Ceramic Films and Coatings: Properties and Applications

Qi Zhu

Key Laboratory for Anisotropy and Texture of Materials (Ministry of Education), School of Materials Science and
Engineering, Northeastern University, Shenyang 110819, China; zhuq@smm.neu.edu.cn

Ceramic films and coatings play an important role in the field of materials science.
As such, various relevant technologies have been developing. The preparation of ceramic
films is not a complicated process compared to bulk ceramics. In addition, ceramic films
can be manufactured in a variety of shapes to meet both industrial and civil needs. They
have recently become a research hotspot, with the aim to develop functional ceramic
films and coatings for illumination, anticounterfeiting, anticorrosion, and wear resistance.
Nevertheless, high-performance films and coatings are still a challenge to develop due to
the fact that the preparation method, ingredients, microstructure, and densification have a
significant influence on their properties and applications.

This Special Issue comprises 25 papers, mainly introducing surface coatings, ceram-
ics, luminescence, anti-corrosion, and abrasion resistance. Among them, five papers are
on protective coatings, exploring the effects of deposition behavior, additives, and other
factors on the corrosion prevention of coatings. A new technique for the high-temperature
deposition of low-permeability gas-tight silicon carbide protection coatings is proposed.
This coating is effective in preventing the oxidation of SiC-C-Si and SiC-C-MoSi2 ceramics,
carbon–carbon composites, structural graphite, refractory metals, and alloys. The test
results indicate that the coating has a relatively high thermal oxidation and shock stability,
and good adhesion to the substrate [1]. Pyroxene glass–ceramic enamels prepared from
blast furnace slag and additives were studied. The batch composition and process regimes
of the enamels were elaborated for the production of high-temperature protective coatings
for carbon steel. The prepared coatings can be used in corrosive environments and abra-
sive particles up to 1100 ◦C [2]. In order to obtain high-performance epoxy coatings for
magnesium alloys, polyaniline (PANI) and graphene oxide (GO) composite powders with
corrosion inhibition and barrier properties were chosen. In contrast to direct blending, the
polymerized powder of polyaniline and graphene oxide can better exert the anti-corrosion
and shielding effects of graphene oxide and polyaniline, and provide better protection
for magnesium alloys [3]. Si3N4/TaC composite MAO coatings were prepared on Ti-6Al-
4V (TC4) alloys via microarc oxidation (MAO). The effects of the number of Si3N4/TaC
particles on the structure, composition, tribological behavior, and corrosion performance
of the MAO coatings were studied. The findings show that Si3N4/TaC particles can be
successfully doped into compound coatings, and the incorporation of Si3N4/TaC particles
significantly decreases the pores of coatings, which improves the tribological and corrosion
performance of complex MAO coatings [4]. WC-Co ceramic materials are widely used as
protective coatings in various fields. The deposition behavior of single WC-17Co particles
and the microstructure, hardness, toughness, and friction properties of WC-17Co coatings
resulting from different spraying methods were studied. The findings indicate that the
deposition behavior of single WC-17Co particles on Q235 steel substrate after deposition
using varied spraying methods is distinctive [5].

In this Special Issue, five papers explore the impact of coating thickness, additives,
and other factors on the wear resistance of coatings. A Si-doped CrN coating was prepared
on the surface of W18Cr4V high-speed steel consisting of Si3N4 amorphous and CrN
nanocrystals. The optimum wear resistance can be achieved by regulating the thickness

Coatings 2024, 14, 483. https://doi.org/10.3390/coatings14040483 https://www.mdpi.com/journal/coatings1



Coatings 2024, 14, 483

of the coatings. In addition, the influence of toughness on abrasion resistance and the
abrasion mechanism was studied [6]. An industrial-scale hot vapor deposition system
was used to deposit TiN/Ti(C,N)/Al2O3 multilayer coatings. Two Al2O3 polycrystalline
states were obtained by depositing specific bonding layers at the Al2O3/Ti(C,N) interface.
The κ- Al2O3 multilayer-coated tools had the longest life that was twice as long as that of
the CVD Al2O3 multilayer-coated ones. These findings can help increase tool properties
for the machining of 24CrMoV5-1 steels by expanding the database of existing predictive
models for tool wear and machined surface quality [7]. Three composite coatings, Inconel
718 nickel-based high-temperature alloy (IN718), IN718-50 wt.% WC prepared by adding
WC particles, and IN718-50 wt.% WC prepared with the assistance of ultrasonic vibration,
were prepared via laser cladding. The incorporation of WC increased the hardness and
enhanced the tribological properties. Ultrasonic vibration significantly improved the
solidification organization and reduced the aggregation of reinforcing particles [8]. TiN
coatings were deposited on the surface of AISI 304 stainless steel via DC magnetron
sputtering at four various nitrogen flux ratios to modify the structural features of the
coatings. Furthermore, the structural characteristics of TiN coatings on AISI 304 stainless
steel were modulated to improve mechanical and tribological performance [9]. Solid
lubricated composite TiN coatings containing Pb additives were prepared on steel and
titanium substrates using a split cathode-reactive magnetron sputtering process. The
nanocomposite coatings have a high Pb content, good microhardness, low grain size, and
excellent tribological properties [10].

This Special Issue includes two papers on phosphor particles, discussing the effects of
the reaction conditions, dopant concentration, and other factors on the optical properties
of phosphors. The ZnGa2−x(Mg/Si)xO4:Cr3+ nanoparticles were synthesized employing
the sol-gel method. The sample emitted near-infrared radiation at 694 nm in the dominant
band, which lasted more than 48 h after UV irradiation cessation [11]. The RE4O(OH)9NO3
(RE = Y, Eu) crystalline microcrystals were successfully obtained using the hydrothermal
method, and the surface modification of the microcrystalline surface was carried out via
a reaction with vanadate ions. The red emission intensity of the microcrystals at 617 nm
significantly improved due to the energy transfer of VO3−→Eu3+ and the light harvesting
ability of VO3− [12]. In addition, three papers on luminescent films and coatings are
included in this Special Issue. The YVO4 thin films were hydrothermally prepared in 1 h at
~8 pH using layered yttrium hydroxide (Y2(OH)5NO3·nH2O) films as sacrificial precursors.
The Eu3+- and Dy3+-doped YVO4 films showed red and green emission, respectively [13].
The GdAlO3:Eu3+ transparent ceramic films were prepared by a two-dimensional interfacial
reaction using rare-earth-derived layered gadolinium hydroxide exfoliated nanosheets.
They have a high transmittance of more than 90% in the visible range and exhibit strong red
emission under the UV excitation of 254 nm [14]. Moreover, a long-persistent luminescent
coating using SrAl2O4:Eu2+,Dy3+ phosphor was developed for luminescent road markings,
offering safety and energy saving benefits. The addition of SiO2 and CaCO3 improved the
dispersion and densification of the luminescent coating. The afterglow of the luminescent
coating can be more than 5 hours after sunlight excitation [15].

Three papers in this Special Issue are concerned with transparent ceramics. The
Yb:YAG transparent ceramics were prepared using the solid-state method and vacuum
sintering technique. After a series of characterization and analysis, it was concluded
that the properties of Yb:YAG ceramics were not related to the content of Yb [16]. A
simple method for the preparation of ZrO2-coated Y2O3 nano-powder from zirconium
nitrate and industrial Y2O3 solutions is presented. The transformation process of the
ZrO2-coated layer during calcination was investigated, and the sample obtained showed
a transmittance of 81.4% at 1100 nm [17]. Improving the phase domain uniformity and
reducing the phase domain size are effective ways to increase the transmittance and
mechanical hardness of nanocomposites. The Gd2O3-MgO nano-powders produced via
the urea precipitation method have good transmittance and high Vickers hardness in
the mid-infrared band of 3–6 μm, mainly attributed to the uniform distribution of phase
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domains [18]. Moreover, the Special Issue includes two papers discussing microwave
absorbing materials. CoFe2O4/SWCNTs composites with a necklace-like structure were
produced using a simple solvent–thermal method, which is conducive to good impedance
matching and results in excellent electromagnetic loss performance [19]. MnO-Co@C
nanorods with a core shell structure were produced via in situ polymerization and high-
temperature carbonization processes. The special composite structure formed resulted in
better impedance matching and improved microwave absorption ability [20].

This Special Issue also includes three papers exploring the mechanical properties of
materials by manipulating the content of additives. By controlling the addition quantity
of TiC0.7N0.3 and hot-pressing sintering temperature, the influence on the microstructure,
mechanical properties, particle size distribution, and relative density of Si3N4 ceramic
cutting tools was explored, and finally the micro-nano Si3N4-based ceramic cutting tool
materials with excellent toughness were successfully obtained [21]. WC-13Co composites
with added Fe were produced via the pressureless sintering method, and the effects of Fe
and C addition on the structural and mechanical performance in the W-Co-Fe-C system
were investigated. With the addition of appropriate Fe and C, the hardness of the samples
was improved, with an increase in fracture toughness [22]. WC-13Co cemented carbide
was produced using the pressureless sintering method; the effects of the Mo and C content
on its structure and properties were investigated, and the evolution mechanism of the eta
phase during the sintering process was introduced in detail [23]. Finally, there two papers
outline anti-corrosion coatings, including conductive and corrosion-resistant phosphate
conversion coatings on an AZ91D magnesium alloy [24], and a self-healing microcapsule
coating based on epoxy resin [25].

This Special Issue highlights the outstanding achievements in this field, which will
help promote the future development of ceramic film and coating technology.

Funding: Fundamental Research Funds for the Central Universities (Grant N2302004) and National
Natural Science Foundation of China (Grant 52371057).
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Abstract: Developing an efficient approach to improve the luminescence of the phosphors without
heating processing is a challenge, but attracts much attention. In the present paper, prismatic
microcrystals of RE4O(OH)9NO3 (RE = Y, Eu) were synthesized by a hydrothermal reaction at 180 ◦C
for 24 h. The reaction with VO3

− did not change the crystal structure of the microcrystals and
VO3

− substituting for NO3
− anions did not take place. However, it contributed to the formation

of amorphous particles containing VO3
− on the surface of a prism, which is similar to the surface

corrosion of a metal, called “surface eroding”. Therefore, surface modification was successfully
achieved by eroding the surface of the microcrystals through the reaction with vanadate ions. As
a result of VO3

−→Eu3+ energy transfer and the light-harvesting ability of VO3
−, the red emission

intensity at 617 nm of the modified microcrystals greatly increased. Eroding the surface of rare earth
microcrystals recommends a new paradigm for luminescence improvement of rare earth compounds.

Keywords: Y4O(OH)9NO3; Eu3+; eroding; rare earth compounds; microcrystals

1. Introduction

Directly exciting RE3+ ions upon irradiation for luminescence is not an efficient method,
because the f–f electronic transitions of the rare earth ions (RE3+) are usually forbidden
by the spin selection rules [1]. Therefore, doping RE3+ ions with a low concentration
into an appropriate host lattice is widely used to produce solid-solution phosphor and
obtain desirable luminescence [2]. In recent years, much attention has been paid to RE3+-
doped inorganic materials with a uniform size and specific morphology, because they
allow for the attainment of functionalities, not only from the constituent substance but
also from the special structure [3–6]. For rare earth oxide phosphors, calcining the pre-
cursors is widely used to obtain the phosphors with a variety of novel structures, since
the precursors and their calcined products tend to exhibit generic relationships [3,7–11].
RE2(OH)5NO3·nH2O layered rare earth hydroxide (LRH), RE4O(OH)9NO3 oxy-hydroxyl
nitrate, RE(OH)2.94(NO3)0.06·nH2O hydroxyl nitrate, and RE(OH)3 hydroxide are the re-
ported products synthesized from the hydrothermal reaction system [7–10], and their
morphology and size could be easily regulated by varying the synthesis conditions, includ-
ing the pH value, reaction temperature, and reaction time. Therefore, they are the desirable
precursors for rare earth oxide phosphors. Therefore, there are a lot of investigations on
these precursors. However, abundant water molecules or hydroxyls directly coordinate
to the rare earth ions, which result in a serious luminescence quenching [8,9]. Thus, there
is the question of how to enhance the emission intensity of the rare earth phosphors. Of
course, the thermal decomposition of the precursors is an efficient method to synthesize
rare earth oxides, and it could remove the water molecules/dehydroxyl and thus enhance
the luminescence intensity [3]. However, morphological damage and crystal-structure
collapse would take place during the annealing process, which may significantly affect
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the final performance [12]. Therefore, developing an efficient approach to improve the
luminescence of the phosphors without heating processing is a challenge, but attracts
much attention.

Recently, it has been reported that an antenna effect could give rise to an enhanced
photoluminescence upon light irradiation, because an effective intramolecular energy
transfer from coordinated ligands to the activated RE3+ ions can enhance the absorption
of the optical excitation. This antenna effect effectively promotes the energy transfer
from coordinated ligands to the activated RE3+ ions, and thus enhances the emission
intensity [13]. This light-harvesting ability was successfully applied onto the layered rare
earth hydroxide nanosheets [14,15], hydroxyl nitrate square nanoplates [16], and rare earth
nanoparticles [17,18], through the grafting of organic ligands, including picolinic acid and a
rare earth complex, on the surface of the nanocrystals. Indeed, a considerable improvement
of luminescence was observed for these rare earth crystals. However, the organic ligands
were indirectly linked to the surface of the nanocrystals by hydrogen bonding, indicating
that the hybrid phosphors grafted organic ligands were unstable. In addition, the hydrogen
bonding connection made the energy transfer from the ligands to the activated RE3+ ions
difficult [7,15], so it is not the most effective way for energy transfer, compared to the
directly connecting coordination.

In the present work, prismatic microcrystals of RE4O(OH)9NO3 (RE = Y, Eu) were
synthesized by the hydrothermal reaction. The surface modification of the microcrystals
was successfully achieved by eroding the surface of the microcrystals through vanadate
ions. The main means of sample characterization are X-ray diffraction (XRD), transmission
electron microscopy (TEM), selected area electron diffraction (SAED), scanning transmis-
sion electron microscopy (STEM), photoluminescence (PL)/photoluminescence excitation
(PLE) spectroscopy, and fluorescence decay curve analysis. The reaction with VO3

− con-
tributed to the formation of amorphous particles containing VO3

− on the surface of the
prism, which lead to a great enhancement of luminescence. The usage of the energy transfer
to the activated RE3+ ions through surface eroding processing, paves a new paradigm for
luminescence improvement of the rare earth compounds.

2. Experimental Section

2.1. Synthesis

Preparation of oxy-hydroxyl nitrate microcrystals. The starting rare earth sources
are rare earth oxides, which are Y2O3 and Eu2O3, all 99.99% pure products from Huizhou
Ruier Rare-Chem, Hi-Tech, Co., Ltd. (Huizhou, China). Dissolving the rare earth oxide in
hot nitric acid yielded a rare earth nitrate solution, which was then treated by evaporation
at 90 ◦C to remove the excess acid. The synthesis of Y/Eu binary microcrystals (Y:Eu molar
ratio of 0.95:0.05) was conducted via a hydrothermal reaction at 180 ◦C for 24 h with a pH
value of 10–11, which was described in our previous work [3].

Erosion of the microcrystal surface. In typical processing, 2 mmol of RE4O(OH)9NO3
microcrystals was dispersed in 60 mL of water containing a proper amount of NH4VO3
and NH4OH with the pH value of 10–11. After being stirred for 30 min, the resultant
suspension was transferred into a Teflon-lined stainless-steel autoclave of 100 mL capacity.
The autoclave was tightly sealed and was put in an electric oven preheated to 200 ◦C. After
a 12 h reaction, the autoclave was left to cool naturally to room temperature, and then the
product was collected via centrifugation. The wet precipitate was washed with distilled
water 3 times, rinsed with absolute ethanol, and was finally dried in air at 60 ◦C for a day.
The oxy-hydroxyl nitrate microcrystals and the microcrystals eroded by VO3

− are denoted
as MC and MC-RV hereafter, with the R-fold VO3

− in the reaction system.

2.2. Characterization Techniques

Phase identification was performed by X-ray diffraction (XRD, Model SmartLab,
Rigaku, Tokyo, Japan), operating at 40 kV/40 mA using nickel-filtered Cu Kα radiation
and a scanning speed of 6.0◦ 2θ/min. The product morphology was analyzed by field
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emission scanning electron microscopy (FE-SEM, Model JSM-7001F, JEOL, Tokyo, Japan)
and transmission electron microscopy (TEM, Model JEM-2000FX, JEOL, Tokyo, Japan). Ele-
mental mapping was performed using scanning transmission electron microscopy (STEM,
Model JEM-2000FX, JEOL, Tokyo, Japan). Fourier transform infrared spectroscopy exper-
iments (FT-IR, Nicolet iS5, Thermal Fisher Scientific, NY, USA) were under taken using
the standard KBr method. Photoluminescence (PL), photoluminescence excitation (PLE),
and fluorescence decay were analyzed at room temperature using an FP-8600 fluorospec-
trophotometer (JASCO, Tokyo, Japan) equipped with a Φ60 mm integrating sphere and a
150-W Xe-lamp. The slit widths were 5 nm for both the excitation and emission sides. The
spectral responses were corrected in the range 220–850 nm with a Rhodamine-B solution
(5.5 g/L in ethylene glycol, for 220–600 nm range) and with a standard light source unit
(ECS-333, JASCO, for 350–850 nm) as references. The external quantum efficiency (εex,
the total number of emitted photons divided by the total number of excitation photons)
and the internal quantum efficiency (εin, the total number of emitted photons divided by
the number of photons absorbed by the sample) of the phosphors are derived from the
following equations [19], using the built-in analysis software:

εex =

∫
λP(λ)dλ∫
λE(λ)dλ

(1)

εin =

∫
λP(λ)dλ∫

λ[E(λ)− R(λ)]dλ
(2)

where E(λ)/hv, R(λ)/hv, and P(λ)/hv are the number of photons in the excitation, reflectance,
and emission spectra of the samples, respectively. The reflection spectrum of the spectral
on diffusive white standards was used for calibration.

3. Results and Discussion

In the present study, the RE4O(OH)9NO3 (RE = Y, Eu) microcrystals (termed as MC)
was chosen as an example for surface modification. As reported in the literature [3],
Y4O(OH)9NO3 is a monoclinic crystal structure, which is a three-dimensional framework
with one-dimensional channels containing NO3

−. The NO3
− is indirectly linked to Y3+

rather than forming a direct connection. There are 4 trivalent yttrium ions in the asymmetric
unit, with 3 in a 7-coordinated environment with a capped trigonal prismatic geometry
and 1 in a 9-coordinated environment with a tricapped trigonal prismatic geometry. The
trivalent yttrium ions are linked through hydroxide anions forming the framework around
the channels. In the channel, the nitrate ion is indirectly linked to Y3+ through the hy-
drogen bonding. As a result of the one-dimensional channels, Y4O(OH)9NO3 always
crystallizes into prismatic and wire-like crystallites [3]. Here, the incorporation of Eu3+ in
Y4O(OH)9NO3 does not significantly affect its crystal structure, because the diffractions
of MC are indexed to the monoclinic Y4O(OH)9NO3 (JCPDS File no. 79-1352), except for
slight spectral shifts to the lower angle side (Figure 1c). The replacement of Y3+ with larger
Eu3+ ions (for 8-fold coordination, rY3+ = 0.1019 nm, rEu3+ = 0.1066 nm) contributed to the
lattice expansion, thus resulting in the diffraction shifts [20]. Figure 1d shows the FE-SEM
image of MC, and pure hexagonal prisms with a diameter of ~0.3–0.5 μm and a length of
~1.5–2.5 μm are found in the observation.
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Figure 1. (a,b) Crystal structure of Y4O(OH)9NO3, (c) XRD patterns, and (d) FE-SEM image of MC.

Figure 2 shows the XRD patterns of MC after the reaction with VO3
−. Evidently,

the reaction products are the same as MC, because all the diffractions are indexed to the
monoclinic Y4O(OH)9NO3 (JCPDS File no. 79-1352), indicating that the reaction with
VO3

− did not result in a phase transformation. Increasing the R value from 0 to 1.5 (R,
the molar ratio of VO3

− to MC) induced a small shift of the diffraction positions. Since
VO3

− is smaller than NO3
− [21], VO3

− substituting for NO3
− anions may induce the

diffraction shift to the higher angle side arising from the lattice contraction. Indeed, NO3
−

is indirectly coordinated in Y4O(OH)9NO3 rather than the free anion, so it cannot be easily
replaced by other anions through ion exchange. After the reaction with VO3

−, the products
mainly remain in the original morphology of MC (Figure 3). However, the surface of
MC-RV (microcrystals reacted with VO3

−, with R-fold VO3
− in the reaction system) is not

smooth, with nano-sized crystals on the prism surface. Increasing the R value from 0.25 to
1.5 contributed to a rougher particle surface for MC-RV. Since the above phenomenon is
similar to that for the surface corrosion of metal, in the present paper, it is called “surface
eroding” for the reaction with VO3

−. However, there are not any other impurity phases in
the XRD patterns, indicating that the nano-sized crystals are amorphous.
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Figure 2. XRD patterns of MC-RM, with (a) R = 0.25, (b) R = 0.5, (c) R = 1.0, and (d) R =1.5.

Figure 3. FE-SEM micrographs of MC (a) and MC-RM (b–d), with (b) R = 0.25, (c) R = 1.0, and
(d) R =1.5.

Figure 4 shows the FT-IR spectra for the samples after the reaction with different
VO3

− contents. The MC exhibits splitting absorption peaks in the range of 3350–3750 cm−1,
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with intense absorptions at 3401, 3487, and 3615 cm−1, which arise from hydroxyl (OH−)
groups [22,23]. This is in compliance with the derived chemical formula of RE4O(OH)9NO3.
The absorption peaks around 1364 and 1407 cm−1 are assignable to the v3 vibration mode
of NO3

− and the v4 asymmetric stretch of O-NO2, respectively [22,23]. It is clearly seen
that the absorptions of NO3

− in MC are different from those of the interlaye- free NO3
− in

layered rare earth hydroxide. After the reaction with VO3
−, NO3

− still exists in the FT-IR
spectra and is not significantly affected by the reaction. However, the absorption for VO3

−
at 792 cm−1 appeared after the reaction with VO3

− [22–24], and more intense absorption is
found at a higher R value.

Figure 4. FT-IR spectra for MC (R = 0) and MC-RM after the reaction with VO3
−.

Figure 5 shows the elemental mapping distribution of MC, and the results indicate
that MC is a homogeneous solid solution, because all the elements of Y, Eu, and N are
distributed among the particles. In addition, the close observation of MC through the TEM
image found that MC is well crystallized, with sharp edges and corners, and the surface is
smooth. Selected area electron diffraction (SAED) found that the MC is a single crystalline.
The calculated planar spacings of ~0.352 nm and ~0.268 nm correspond well with the (230)
and (-141) planes of Y4O(OH)9NO3. After the reaction with VO3

−, V is distributed among
the particles, except for the original component elements of Y, Eu, and N (Figures 6 and 7).
The TEM images of MC-RV confirmed that there are nano-sized crystals on the surface
of the prisms, and they grow up and tend to dendritic growth. Evidently, the materials
needed for growth are obtained from the dissolution of the MC surface, similar to the
surface corrosion of metal. The diameter of the prisms became slimmer at a higher R value,
further presenting direct evidence. Selected area electron diffraction (SAED) yields circular
patterns, suggesting the MC-RV consists of polycrystalline (Figure 6). The calculated planar
spacings of ~0.374 nm, ~0.301 nm, ~0.287 nm, and ~0.184 nm correspond well with the (140),
(310), (320), and (500) planes of Y4O(OH)9NO3, i.e., d(140) = 0.374026 nm, d(310) = 0.301376
nm, d(320) = 0.287141 nm, and d(500) = 0.183968 nm (JCPDS File no. 79-1352). Evidently,
amorphous diffraction circular patterns were found in the SAED patterns, confirming
the existence of amorphous particles on the surface of the prism. Collectively, the results
from these analyses confirmed that the reaction with VO3

− contributed to the formation
of amorphous particles containing VO3

− on the surface of the prism, which is similar
to the surface corrosion of metal, called “surface eroding”. Therefore, it can be said that
the surface modification of MC was successfully achieved by eroding the surface of MC
through vanadate ions.
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Figure 5. (a–c) Elemental mapping, (d) TEM image, and (e) SAED for MC.
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Figure 6. (a–d) Elemental mapping, (e) TEM image, and (f) SAED for MC-0.25V.
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Figure 7. (a–d) Elemental mapping and (e) TEM image for MC-1.5V.

Figure 8 shows the PLE and PL spectra for MC. By monitoring the 5D0→7F2 emission
at 617 nm, a series of sharp lines in the PLE spectrum ranging from 300 nm to 500 nm
can be ascribed to the transitions within the Eu3+ 4f6 electronic configuration. Different
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from other rare earth hydroxide precursors, MC exhibited O2−-Eu3+ charge transfer (CT)
transitions at ~255 nm, as were commonly found for Eu3+-activated Y2O3 [7–10]. Upon
excitation at 395 nm (intra-4f6 transition of Eu3+), the PL spectrum displayed the typical
5D0→7FJ(J = 0–4) transitions of Eu3+. The relative intensities of the transitions to different
J levels depended on the symmetry of the Eu3+ environment and can be described in
terms of the Judd–Ofelt theory [7]. The Judd–Ofelt parity law predicts that the magnetic
dipole 5D0→7F1 transition is permitted while the electric dipole 5D0→7F2 transition is
forbidden, and the latter is allowed only on the condition that the Eu3+ ions occupy the
asymmetric site [7–9]. The MC, having the composition of (Y0.95Eu0.05)4O(OH)9NO3, has a
monoclinic structure and 2 kinds of Eu3+ ions, which are 7-coordinated Eu3+ ions in C2v
non-centrosymmetric sites and 9-coordinated Eu3+ ions in D3h centrosymmetric sites [3].
Since the molar ratio of C2v occupancy to that of D3h is 3, most Eu3+ ions occupy the
asymmetric site, and thus the 5D0→7F2 transition at 617 nm is stronger than the 5D0→7F1
transition at 595 nm [3]. However, the MC did not output a strong red light, mainly due to
the fact that the hydroxyls directly coordinated to the rare earth ions Eu3+, which resulted
in serious luminescence quenching [24].

Figure 8. (a) PLE and (b) PL spectra for MC at room temperature.

Figure 9 shows the PLE and PL spectra for MC-RV, which was eroded by vanadate
ions. The excitation spectrum consisted of a strong and broad absorption band ranging
from 200 to 350 nm, which was assigned to the energy transfer from VO3

− to Eu3+. The
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overlapped excitation was from 2 individual bands located at ~275 nm and ~323 nm,
which corresponded to the transitions of 1A2(1T1)→1E (1T2) and 1A2(1T2)→1A1 (1E) of V5+,
respectively [25,26]. The band at ~255 nm was the contribution of the O2−-Eu3+ charge
transfer [7–9], while the very weak transitions of 7F0,1→5L6 and 7F0,1→5D2 at 395 nm and
463 nm for Eu3+ were observed in the excitation spectra [7–9]. Since the strongest excitation
was located at ~323 nm, the excitation wavelength was chosen as 323 nm (1A2(1T2)→1A1
(1E) transition of V5+). Upon UV excitation at 323 nm, the PL spectra displayed strong
emissions at 540 nm, 590 nm, 617 nm, 650 nm, and 702 nm, which were assigned to
5D1→7F0,1, 5D0→7F1, 5D0→7F2, 5D0→7F3, and 5D0→7F4 transitions of Eu3+, respectively.
The emission at 617 nm attained the dominate role. This further confirmed the existence of
VO3

−→Eu3+ energy transfer. Interestingly, the emission intensity at 617 nm was greatly
enhanced by increasing the R value from 0 to 0.25, indicating that the VO3

−→Eu3+ energy
transfer contributed to the improved luminescence. The external/internal quantum effi-
ciencies for R = 0 were 6 ± 1%/11 ± 1%, and the external/internal quantum efficiencies for
R = 0.25 were 36 ± 1%/65 ± 1%, directly confirm the great enhancement of luminescence.
However, a higher R value induced a rougher particle surface, which contributed to the light
scattering and quenching of the luminescence. Therefore, increasing the R value further
resulted in the luminescent decay. The external/internal quantum efficiencies for R = 0.5,
R = 1.0, and R = 1.5 were 25 ± 1%/49 ± 2%, 18 ± 2%/43 ± 1%, and 10 ± 1%/37 ± 2%,
respectively. However, the emission intensity for MC-RV is evidently stronger than that
for MC on the whole, indicating that the erosion of the surface of rare earth microcrystals
through vanadate ions can contribute to the considerable improvement to luminescence
(Figure 10).

Figure 9. (a) PLE and (b) PL spectra for MC and MC-RV at room temperature.

The decay kinetics of the 5D0→7F2 transition at 617 nm for MC and MC-RVre a inves-
tigated in Figure 11. All the fluorescence decay curves can be fitted to single exponentials.
The average lifetimes of the MC, MC-0.25V, MC-0.50V, MC-1.0V, and MC-1.5V samples
determined in this work are ~0.67 ms, ~1.38 ms, ~1.21 ms, ~1.14 ms, and ~1.12 ms, re-
spectively. Evidently, the lifetime for MC-RV is longer than that for MC, since the energy
transfer of VO3

− to Eu3+ is more time consuming.
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Figure 10. Schematic illustration of VO3
−→Eu3+ energy transfer.

Figure 11. Fluorescence decay curves for the 617 nm emission of MC and MC-RV.

4. Conclusions

In the present study, prismatic microcrystals of RE4O(OH)9NO3 (RE = Y, Eu) were syn-
thesized by a hydrothermal reaction (180 ◦C for 24 h, pH = 10–11). The surface modification
of the microcrystals was successfully achieved by eroding the surface of the microcrystals
through vanadate ions. The main means of sample characterization were XRD, TEM, SAED,
STEM, PLE/PL spectroscopy, and fluorescence decay curve analysis. The reaction with
VO3

− contributed to the formation of amorphous particles containing VO3
− on the surface

of the prism, which was similar to the surface corrosion of metal, called “surface erod-
ing”. Upon UV excitation at 323 nm (1A2(1T2)→1A1 (1E) transition of V5+), the modified
microcrystals displayed a strong red emission at 617 nm (5D0→7F2 transition of Eu3+). As a
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result of the VO3
−→Eu3+ energy transfer, the emission intensity at 617 nm for the modified

microcrystals increased greatly after modification by vanadate ions. Additionally, due to
the VO3

−→Eu3+ energy transfer, the modified microcrystals exhibited longer lifetimes. The
usage of the energy transfer to the activated RE3+ ions through surface eroding processing
for rare earth compounds recommends a new paradigm for luminescence improvement.
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Abstract: Facile preparation of YVO4 films was hydrothermally achieved within 1 h by using layered
yttrium hydroxide (Y2(OH)5NO3·nH2O) films as the sacrificial precursor in the presence of excess
NaVO3 at pH~8, without subsequent heat treatment. Detailed structures and optical properties of
the products were obtained by using a combination of XRD, FT-IR, FE-SEM, HR-TEM, and PLE/PL
techniques. The phase and morphological evolution from Y2(OH)5NO3·nH2O to YVO4 was unveiled
by varying the reaction time. Photoluminescence spectra showed that the Eu3+ doped YVO4 films
exhibited the characteristic emission of Eu3+, with the transition 5D0–7F2 (614 nm, red) being the
dominant; while Dy3+ activator doped YVO4 films exhibited the characteristic emission of Dy3+, with
the transition 4F9/2–6H13/2 (575 nm, green) being the most dominant.

Keywords: YVO4 film; layered yttrium hydroxide film; sacrificial precursor; anion exchange;
photoluminescence

1. Introduction

In recent years, lanthanide compounds have received widespread attention as ex-
cellent luminescent materials useful in the development of new lighting/visualization
technologies [1,2]. Among them, the rare-earth orthovanadate (YVO4: RE) is considered
an attractive compound since it displays high quantum yield caused by the efficient en-
ergy transfer from the VO4

3− ligand to RE3+. Because of the continuous development of
optoelectronic devices, the design and fabrication of luminescent films have become more
and more important. In the present research, we proposed a methodology to produce
red-emitting and green-emitting YVO4: RE films, which may find wide applications in
various lighting and display areas including fluorescent lamps, white LEDs, FEDs, PDPs,
FDPs and CRTs, among others [3,4].

At present, a variety of techniques for the preparation of the vanadate films are
available. They include the calcination of the MOF (metal-organic framework) precur-
sor [5], pulsed-laser deposition [6], microwave-assisted chemical deposition [7] and sol-
gel/electrospinning process [8], among others. The chemical deposition and pulsed-laser
deposition are convenient when thin films are prepared from powder. However, these
methods require expensive equipment. Calcination of the MOF (metal-organic framework)
precursor and the sol-gel/electrospinning process require complex steps and/or high
heat treatment temperatures, which may cause the film to crack. In the present work, a
low-temperature method was used to synthesize YVO4: RE films from Layered Yttrium
Hydroxide (LYH) film as sacrificial template and NaVO3 as an anion source. The phase
and morphological evolution during the transformation of LYH to YVO4 and photolumi-
nescence properties of activated (Eu3+ and Dy3+) doped YVO4 films were investigated
in detail.
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The layered rare earth hydroxides (LRHs) are a new type of inorganic functional lay-
ered compounds, and the general formula of “251” typed LRH is RE2(OH)5(Am−)1/m·nH2O
(RE = Rare-earth elements; A = Cl or NO3). The structure of “251” typed LRH is con-
structed via alternative stacking of the hydroxide main layers composed of [Ln(OH)7H2O]
and [Ln(OH)8H2O] coordination polyhedral and interlayer NO3

− free anions along the
c-axis ([001] direction) [9,10]. Because of their special layered structure and properties
of rare-earth elements, the “251” typed LRHs have attracted extensive attention since
they were first reported in 2006 [11]. In the past several years, different aspects of
the “251” typed LRHs have been studied including the interlayer anion exchange ca-
pacity [10–15], catalytic performance of intercalated products [11,14,15], exfoliation of
bulk crystals into nanosheets [16–18], photoluminescence [9,10,19–21], enhancement of
luminescence [22–29], and the self-assembly of functional films [29–34]. Also, because of
their composition and structure, a significant amount of research has been performed to
study, photoluminescence properties of the “251” typed LRH. However, poor photolumi-
nescence has been observed [9,10,19–21]. This low performance can be attributed to the
presence of hydroxyl, crystal water, and nitrate groups in the LRH structure, that provide
channels for nonradiative relaxation. The most common method used to achieve photo-
luminescence optimization, consists of inserting inorganic [21] or organic anions [25,26]
via interlayer anion exchange to sensitize activators in the host layer. However, this
method presents some limitations because the quenching groups are still present in the
structure. Another way to enhance photoluminescence by doping the LYH and LGdH
matrix with subsequent calcination to remove the quenching groups and form cubic
Y2O3:RE/Gd2O3:RE [16,19,22–24,31,32]. The heat treatment also requires high temper-
atures (>550 ◦C). Thus, in this optimization method, production of a flat film without
cracks is still a challenge. In 2016, (Y1−xEux)PO4 was successfully synthesized by us-
ing (Y1−xEux)2(OH)5NO3·nH2O as the sacrificial template and NaH2PO4 as an anion
source [35]. However, high temperatures (600–1000 ◦C) were also required to produce
the target (Y1−xEux)2PO4 phase. Still, it provides a theoretical basis for the design and
preparation of various rare-earth materials. To the best of our knowledge, electrodeposited
“251” typed LRH films have not been utilized as a precursor template to synthesize REVO4
films at low temperatures, and without the need of further heat treatment. We believe that
this strategy may attract wide research interest and result in the practical application of
“251” typed LRHs.

2. Experiment

Materials: The rare-earth source of Y(NO3)3·6H2O (99.5% pure), Eu(NO3)3·6H2O
(99.9% pure), Dy(NO3)3·6H2O (99.9% pure) and Sodium metavanadate (NaVO3, 99.9%
pure) were purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China. The
indium tin oxide (ITO) glass (sheet resistance: ≤5 Ω) were obtained from Xiang Cheng
Technology Ltd., Shenzhen, China. The platinum electrode and Ag/AgCl/saturated KCl
electrode were purchased from Tianjin Ida Technology Co. Ltd., Tianjin, China.

Synthesis: The three-electrode cell system was used to prepare the Y2(OH)5NO3·nH2O
film, in which the rare-earth nitrate solution as electrodeposition solution, ITO glass,
platinum foil, and Ag/AgCl/saturated KCl were used as the working, counter, and refer-
ence electrodes, respectively. After the deposition, all films were cleaned with deionized
water and dried at 60 ◦C for 30 min. For the synthesis of the activator doped system
(Y1−xRrepeatingH)5NO3·nH2O (RE = Eu and Dy), the RE/(Y + RE) atomic ratio was tuned
according to the doping amounts of activators, and then repeat the electrodeposition pro-
cess. For the synthesis of YVO4 films, 0.5 mol/L of NaVO3 solution with pH value of 8
was prepared; then the LYH films were placed in the NaVO3 solution, and the mixture was
subjected to hydrothermal reaction at 100 ◦C. Afterward, the prepared films were naturally
cooled, washed several times with distilled water and ethanol, and then dried at 60 ◦C for
30 min.
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Characterization techniques: Phase identification was made via X-ray diffractom-
etry (XRD, Model X’Pert PRO, PANalytical B.V., Almelo, The Netherlands) operated at
40 kV/40 mA nickel filtered using Cu-Kα radiation (λ = 0.15406 nm) and a scanning speed of
15.0◦ 2θ per minute. Fourier transform infrared spectroscopy (FT-IR, Model Spectrum RXI,
Perkin-Elmer, Shelton, Connecticut) was conducted via the standard KBr method. The
morphology and microstructure of the products were analyzed by field emission scanning
electron microscopy (FE-SEM, Model JSM6380-LV, JEOL, Tokyo, Japan) and transmission
electron microscopy (TEM, FEM-3000F, JEOL, Tokyo, Japan). The photoluminescence prop-
erties were measured on a FluoroMax-4 fluorescence spectrophotometer (HORIBA, Kyoto,
Japan) using a 150 W Xe-lamp as the excitation source at room temperature.

3. Results and Discussion

3.1. Characterization of Y2(OH)5NO3·nH2O (LYH) Film and YVO4 Film

Figure 1a shows the XRD patterns of the precursor film and the anion-exchange
film, respectively. The precursor film presents a series of (00l) and (220) diffraction pat-
terns characteristic of Y2(OH)5NO3·nH2O compounds [10,12,13], In addition, the diffrac-
tion peaks of the anion-exchange film can be assigned to pure tetragonal YVO4 (PDF
No.17-0341) [36]. Figure 1b shows the FT-IR spectra of the precursor and the anion-
exchange films. In the precursor film spectrum, the absorption peak at ~1384 cm−1 corre-
sponds to uncoordinated NO3

− (v3) stretching [19–21,23,24], while the absorption band at
~3600 cm−1 indicates OH− vibration [19–21,23,24]. Additionally, the absorption bands at
~3438 and ~1634 cm−1 are attributable to the O-H stretching (v1 and v3) and H-O-H bending
(v2) vibrations of hydration water, respectively [19–21,23,24]. The FT-IR analysis confirmed
the existence of all the functional groups present in LYH. In the case of the anion-exchange
film, the vibration peak of NO3

− and hydroxyl disappeared, while a strong absorption peak
at 820 cm−1 appeared. This peak can be assigned to stretch vibration (v3) originating from
the V-O stretching vibration in VO4

3− [8,37]. However, the absorptions of H2O were still
observable at 3412 cm−1 and 1640 cm−1, which indicated the presence of some hydration or
surface-absorbed water molecules in the anion-exchange film rather than the coordinated
H2O from the precursor LYH film [36]. These results demonstrated that the YVO4 film was
successfully synthesized by using Y2(OH)5NO3·nH2O film as a precursor template and
NaVO3 as an anion source.

Figure 1. XRD patterns (a), FT-IR spectra (b) of the precursor film and anion-exchange film. The
diffraction peaks of ITO glass were marked with *.

As shown in Figure 2a, the FE-SEM image indicated that the LYH precursor film
crystallized as flower-like aggregates, which were assembled in nanosheets with different
lateral and vertical arrangements and angles. As observed from the FE-SEM image in
Figure 2b and the TEM image in Figure 2c, the YVO4 film crystallized in structures like rice
grains, which were totally different from those observed in the precursor template. Selected
area electron diffraction (SAED, the inset of Figure 2c) yielded diffraction spots that corre-
spond to the (200), (301) and (202) planes of tetragonal structured YVO4, indicating that
the anion exchange film under observation is a well-crystallized single crystal. The iden-
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tified (200), (301) and (202) diffractions displayed values of d200 = 3.559 Å, d301 = 2.220 Å
and d202 = 2.357 Å, respectively. These results were close to the values of d200 = 3.574 Å,
d301 = 2.228 Å and d202 = 2.361 Å calculated from the XRD results, respectively. The (202)
and (200) planes observed in the SAED pattern presented a dihedral angle of ~48.7◦, which
was also close to the calculated value of ~48.5◦. High-resolution TEM (HR-TEM) analysis
clearly resolved the lattice fringes of the LRH crystal, and a spacing of 0.354 nm properly
corresponded to the (200) plane of the host layer (Figure 2d).

 

Figure 2. FE-SEM image of the Y2(OH)5NO3·nH2O film (a), FE-SEM image (b), TEM image
(c), and HR-TEM image (d) of the YVO4 film. The inset in (a) is the digital photograph of the
Y2(OH)5NO3·nH2O film, The inset in (b) is the digital photograph of the YVO4 film and the inset in
(c) is the selected area electron.

3.2. Evolution of Phase and Morphology from LYH to YVO4 upon Anion Exchange

Through a series of exploratory experiments, it was found that the concentration
of NaVO3 in the solution is the key factor affecting the phase and morphology of the
exchanged products, and high concentrations of the anion source facilitated the reaction.
To determine the phase and morphological evolution during the transformation from
LYH to YVO4, different hydrothermal reactions were performed. For this purpose, we
used 0.05 M NaVO3 (with a fixed volume of 50 mL) as the anion source and LYH film
as the precursor template. In addition, different reaction times were tested at pH of ~7.3.
Figure 3a compares the XRD patterns of the original LYH template and anion-exchange
films at different reaction times. Data indicated that at a reaction time of 5 min, a mixture
of phases was present. Herein, the peaks at 9.95◦and 29.25◦ correspond to the characteristic
diffraction of the (220) plane present in the LYH template. In addition, the diffraction
peaks at 24.46◦, 35.69◦ and 50.24◦ were well correlated with the (200), (112) and (312)
planes of the YVO4 phase, respectively. Obviously, LYH phase is the main phase in the
mixture product. FT-IR (Figure 3b) showed that the absorption of uncoordinated NO3

− at
1384 cm−1 and the absorption of VO4

3− at 820 cm−1 were simultaneously observed when
the reaction time was 5 min. With the increase in reaction time, the diffraction peaks of LYH
became weaker, and the final YVO4 anion exchange product was obtained until the reaction
time reached 1h. The corresponding FT-IR spectra of the exchanged products showed
the weakened absorptions of hydroxyl and NO3

−, and enhanced absorptions of VO4
3−.

Until the reaction time reached 1 h, the absorptions of hydroxyls and NO3
− disappeared.

According to the synthesis used in the present research, the phase conversion process from
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LYH to YVO4 may be described as follows: VO3
−(aq) + 2OH−(aq) → VO4

3−(aq) + H2O(aq).
Subsequently, the coordinated hydroxyl and water present in [Y2(OH)5(H2O)n]+ host layer
were completely exchanged by VO4

3−.

Figure 3. XRD patterns (a) and FT-IR spectra (b) of anion exchange films prepared with different
reaction time. The diffraction peaks of ITO glass were marked with *.

The morphological evolution from LYH to YVO4 can be observed in Figure 4. The
sample with the reaction time of 5 min largely retained the LYH nanoplate-like morphology,
among which some YVO4 particles were found. The FE-SEM data showed that, with
increasing reaction time, more LYH nanosheets were converted into YVO4 spindle-shaped
particles. When the reaction proceeded for 1 h, all the LYH nanosheets were completely
transformed into YVO4 spindle-shaped particles. This indicated that phase transition
occurred a dissolution–reprecipitation mechanism.

 

Figure 4. FE-SEM images of anion-exchange films prepared with different reaction times: 0 min (a),
5 min (b), 10 min (c), 15 min (d), 30 min (e) and 1 h (f).

3.3. Structure Characterization and Photoluminescence of Activators Doped YVO4 Films

In the present research, two types of activated ion doped YVO4 films (Eu3+ doped
and Dy3+ doped) were prepared. Figure 5a shows the XRD results of the films obtained
when reactions proceeded with different molar contents of Eu3+. Data indicated that all the
diffraction peaks can be well indexed to the tetragonal YVO4 (PDF No.17-0341). As shown
in Figure 5b, the body-centered tetragonal unit cell of YVO4 consists of four units, where
two sets of oxygen atoms, differing in the Y-O bond length, are coordinated to Y3+ to form
the YO8 dodecahedron. The derived cell parameters are summarized in Table 1. Compared
with the standard YVO4 film, the YVO4: Eu film presented a larger cell volume, which
was ascribed to the increase in the RE-O bond length. This resulted from the replacement
of smaller ionic radius of Y3+ with the larger Eu3+ (eight-fold coordination, 0.1019 nm
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for Y3+, 0.1066 nm for Eu3+) and caused the direct crystallization of solid solution. The
crystallite size assayed from the Scherrer equation via profile broadening analysis of the
(200) diffraction, and the calculated values of the crystallite size are summarized in Table 1.
Data shows that the crystalline size of YVO4: Eu nanoparticles gradually decreased with
the increased doping amount of RE3+ ions.

Figure 5. XRD patterns of the YVO4:Eu films with different molar doping concentration (a) and the
schematic crystal structure of tetragonal REVO4 (b). The Y3+ ligands of YVO4 crystal structure are
shown in the insets.

Table 1. The results of structure refinement and the crystalline sizes for YVO4:Eu3+.

Samples A = b (Å) c (Å) V (Å3) Crystalline Sizes (nm)

YVO4: Eu (2%) 7.100 6.259 315.516 24.51
YVO4: Eu (5%) 7.121 6.288 318.856 23.20
YVO4: Eu (10%) 7.137 6.304 321.105 21.73
YVO4: Eu (15%) 7.160 6.295 322.717 21.01
YVO4: Eu (30%) 7.163 6.315 324.014 20.46

The photoluminescence excitation (PLE) spectra of the YVO4: Eu3+ films observed by
monitoring the red emission of Eu3+ at 614 nm consisted of a strong and broad excitation
band ranging from ~280 to 320 nm (Figure 6a), which was attributed to the energy trans-
fer from VO4

3− to Eu3+ [38]. The molecular orbital theory suggests that the absorption
band was overlapped by the charge electron transitions of VO4

3− ion from the 1A2(1T1)
ground state to the 1E(1T2) excited state at 290 nm and 1A1(1E) excited state at 308 nm [36].
Negligible peaks located at 396 nm and 466 nm were observed, which resulted from the
general 7F0,1–5L6 and 7F0,1–5D2 transitions of Eu3+, respectively. Upon UV excitation at
290 nm, the photoluminescence (PL) spectra of the YVO4: Eu3+ films (Figure 6b) exhibited
transitions from the 5D0 excited state to the 7FJ (J = 1, 2, and 3) ground states of Eu3+ ranging
from 500 to 650 nm, with the transition 5D0–7F2 (614 nm, red emission) being the most
dominant [39,40]. According to the Judd-Ofelt parity rule [41,42], the relative intensity of
emission peaks is closely related to the transition of excited electrons to different energy
levels and the coordination environment of Eu3+. The intensity of the 5D0 → 7F2 electric
dipole transition is greater than that of the 5D0 → 7F1 magnetic dipole transition, indicating
the activator Eu3+ occupies a low-symmetry site in the lattice. As shown in Figure 6b, the
optimal concentration of doped Eu3+ was 10 mol (%); over-doping led to the concentration
quenching of luminescence via cross-relaxation mechanism. Figure 6c,d show the excitation
and emission spectra of YVO4: Dy3+, respectively. By monitoring the emission of Dy3+ at
573 nm, it was observed that the PLE spectra of the YVO4: Dy3+ films exhibited a strong
and broad band ranging from 280-310 nm, which was also associated with the efficient
energy transfer from VO4

3− to Dy3+. Moreover, the peaks located at 350–500 nm were
attributed to the 4F9/2–6H15/2 and 4F9/2–6H13/2 intra-transitions of Dy3+ (Figure 6c). Upon
the excitation at 290 nm, the emission spectra of the YVO4: Dy3+ films were composed of
two bands centered at ~483 nm (blue emission) and 573 nm (green emission, dominant),
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which corresponded to the 4F9/2–6H15/2 and 4F9/2–6H13/2 intra-transitions of Dy3+, respec-
tively. Data in Figure 6d indicated that the optimal doped Dy3+ concentration was 5 mol
(%). Additionally, the (Y0.90Eu0.05)VO4 and (Y0.95Dy0.05)VO4 films exhibited vivid red and
bright green emissions under UV excitation at 254 nm.

Figure 6. The excitation spectra (a) and emission spectra (b) of Y1−xEuxVO4 films prepared for 1 h,
excitation spectra (c) and emission spectra (d) of Y1−xDyxVO4 films prepared for 1 h. Insets in (b,d)
show red emission and green emission of the (Y0.90Eu0.10)VO4 film and (Y0.95Dy0.05)VO4 film under
the UV excitation at 254 nm, respectively.

4. Conclusions

The rapid preparation of YVO4 films was successfully performed via anion exchange
reaction by using the electrodeposited LYH films as a precursor template and NaVO3 as
anion source at pH ~7.3, without further heat treatment. The phase evolution from LYH to
YVO4 was systematically studied, and the morphological evolution from flower-like LYH
nanosheets to YVO4 spindle-shaped particles indicated that a dissolution-reprecipitation
mechanism occurred. Photoluminescence showed that YVO4:Eu3+ films and YVO4:Dy3+

films exhibited characteristic emissions depending on the RE3+. In addition, the optimal
concentrations of doped Eu3+ and Dy3+ were determined as 10 mol (%) and 5 mol (%),
respectively. Moreover, the (Y0.90Eu0.10)VO4 and (Y0.95Dy0.05)VO4 film exhibit vivid red
color and bright green color under UV excitation at 254 nm.
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Abstract: WC-Co cermet materials serving as protective coatings are widely used in many fields.
Conventional WC-17Co coatings were formed in high-velocity oxygen-fuel (HVOF), warm spraying
(WS), and cold spraying (CS), respectively. Deposition behavior of a single WC-17Co particle, as well
as the microstructure, microhardness, fracture toughness, and abrasive wear of WC-17Co coatings
formed in various spraying ways were investigated. The results show that the deposition behavior
of a single WC-17Co particle was different after it was deposited onto a Q235 steel substrate in
various spraying ways. The WC-17Co splat deposited by HVOF showed a center hump and some
molten areas, as well as some radial splashes presented at the edge of the splat. The WC-17Co splat
deposited by WS presented a flattened morphology with no molten areas. However, the WC-17Co
splat deposited by CS remained nearly spherical in shape and embedded into the substrate to a
certain depth. All the WC-17Co coatings had the same phase compositions with that of feedstock.
The microstructure of all the WC-17Co coatings was dense with no cracks or abscission phenomena
between the coatings and substrate. Moreover, fine WC particles were formed in the coatings due to
the fracture of coarse WC particles, and the content of fine WC particles in the cold-sprayed coating
was significantly more than the other coatings. A stripe structure was formed by the slippage of
fine WC particles with a plastic flow of Co binder in the warm-sprayed and cold-sprayed coatings.
More fine WC particles, as well as the stripe structure, in the coatings were conducive to improve the
microhardness and fracture toughness of the coating. The microhardness and fracture toughness of
the cold-sprayed WC-17Co coating were the highest among the coatings. The main wear mechanism
of all coatings was the groove and some peel-offs. The cold-sprayed WC-17Co coating with the lowest
wear loss presented the highest wear resistance among the coatings.

Keywords: WC-17Co coating; high-velocity oxygen-fuel; warm spray; cold spray; microstructure;
microhardness; fracture toughness; abrasive wear

1. Introduction

WC-Co cermet materials, due to their exceptional comprehensive properties, are
widely used as protective coatings of wear-resistant parts in many fields (e.g., aerospace,
automobile, petrochemical, equipment manufacturing) [1–5]. Therefore, WC-Co coatings
were prepared by many researchers using various spraying technologies. Thermal spray-
ing processes, such as high-velocity oxygen-fuel (HVOF) and plasma spray, are the most
frequently used technology to fabricate WC-Co cermet coatings. The microstructure and
properties (e.g., mechanical, wear behavior, erosion behavior) of WC-Co coatings prepared
by plasma spraying were investigated [6–10]. Studies showed that WC-Co coatings could
improve the properties of the substrate, especially the coatings with a dense microstructure.
However, due to the high temperature effect of plasma spraying, the decarburization
and decomposition phenomena of WC ceramic phase always occurred in the as-sprayed

Coatings 2022, 12, 814. https://doi.org/10.3390/coatings12060814 https://www.mdpi.com/journal/coatings28



Coatings 2022, 12, 814

coatings, resulting in the formation of W, W2C, Co3W3C, or Co6W6C phases [6–10]. Due to
the low flame temperature and short residence time of particles in flame flow, the HVOF
process is a favorable and feasible method to fabricate cermet coatings with excellent
properties (e.g., high microhardness, low porosity, high bonding strength, and good wear
resistance), especially suitable for preparing carbide cermet coatings [11,12]. Therefore,
researchers have conducted a significant amount of research on the microstructure and
properties of HVOF-sprayed WC-Co coatings with different WC size (e.g., conventional,
fine, nanostructured, bimodal, and multimodal) and/or Co content (e.g., 10Co, 12Co, 17Co,
and 25Co) [13–22]. Shipway et al. [15] reported that, due to the higher decomposition
of nanostructured WC, the wear rate of conventional WC-12Co coating was lower than
that of nanostructured WC-12Co coating. Cho et al. [16] also reported that, due to the
denser microstructure and lower decomposition of micron WC-Co coating, the hardness
and friction coefficient of micron WC-Co coating were higher than of nano WC-Co coating.
Guilemany et al. [17] reported that, due to the more decarburization phenomena in the
nanostructured WC-12Co coatings, the microhardness of the nanostructured WC-12Co
coating was higher in comparison to bimodal and conventional WC-12Co coatings. Mean-
while, the bimodal WC-12Co coating showed a lower friction coefficient and better wear
resistance than other coatings. Baumann et al. [18] reported that the fine WC-12Co coating
showed the highest microhardness and wear resistance in comparison to nanostructured
and conventional WC-12Co coatings. Ding et al. [3] showed that the multimodal WC-12Co
coating with denser microstructure exhibited higher microhardness and better erosion
resistance than submicron and conventional WC-12Co coatings. Although the WC-Co
coatings could improve microhardness and wear/erosion resistance, W, W2C, Co3W3C, or
Co6W6C phases also always occurred in the HVOF-sprayed coatings [3,13–19].

A warm spraying (WS) process, as a new kind of thermal spraying technology, has
been used to prepare metal (e.g., Al, Cu, and Ti etc) [21–23], Ti6Al4V [24], hydroxyapatite
(HA) [25], HA/Ti [26], Ti-Al-based intermetallic coatings [27]. Meanwhile, due to the high
particle temperature, which is nevertheless lower than the melting point characteristic of
standard WS processes, WC-based cermet coatings were successfully deposited by warm
spraying [28–32]. Chivavibul et al. [28,29] have studied the microstructure, mechanical
properties, and wear resistance of WC-Co coatings with various Co contents determined
by WS and HVOF processes. The results showed that the fracture toughness of warm-
sprayed WC-Co coatings increased was the Co content increased, and the wear resistance
of warm-sprayed WC-Co coatings was better than those of HVOF-sprayed coatings [29].
Watanabe et al. [31,32] reported that WC-Co/Cu and WC-Co/Al multilayer coatings were
successfully fabricated by warm spraying. The results showed that, due to higher volume
fraction of copper in WC-Co/Cu coating, the work of the fractured WC-Co/Cu coatings
was higher than the monolithic WC-Co coatings, as well as the bending strength was
moderately better [31]. The durability of WC-Co/Al multilayer coatings was enhanced by
ductile aluminum [32]. At present, there are few reports on the research of warm-sprayed
WC-Co coatings, but it can be found from existing reports that the phase compositions of
WC-Co coatings prepared by warm spraying were the same as that of those powders.

Cold spraying is a kind of technology in which high velocity solid-state particles
impacted into substrates to form coatings [33]. Therefore, extensive research has been
done into WC-based coatings with different WC size (e.g., conventional [34–37], such as
nanostructured [37–39], bimodal [40], and multimodal [41,42]) coatings fabricated by cold
spraying. Couto et al. [34] reported that cold-sprayed WC-12Co and WC-17Co coatings
retained the same composition phases with the original powder, and the coatings with
dense microstructure showed excellent tribological and electrochemical properties. Yin
et al. [35] reported that WC-Co-Ni coatings with different WC mass fractions were success-
fully fabricated by cold spraying, and the coating formation mechanism and tribological
performance were investigated. The results showed that metallic bonding between the
WC-Co and Ni particles was a possibility that occurred due to the Co phase in the WC-Co
powders, and then the fine WC-17Co pieces caused by high-velocity impacting remained
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in the WC-Co-Ni coating. In addition, the tribological performance of WC-Co-Ni coatings
improved as the WC content increased. Li et al. [38] studied the deposition behavior of
single nanostructured WC-12Co particle. The results showed that the dense nanostructured
WC-12Co coating presented high microhardness (1800 Hv0.3), and post-annealing treat-
ment was beneficial to improve the bonding between deposited nanostructured WC-12Co
particles and the toughness of the coatings. Yang et al. [40] reported that cold-sprayed
WC-(nanoWC-Co) coatings showed higher microhardness and toughness, as well as much
higher wear resistance by comparing with HVOF-sprayed conventional WC-Co coatings.
In addition, the post-spray annealing treatment could improve the toughness of the coating,
especially the wear resistance. Ji et al. [42] reported that the mechanical and abrasive wear
properties were influenced by the content of nano WC-17Co particles in the multimodal
WC-17Co feedstocks. And the abrasive wear mechanism of multimodal WC-17Co was
also investigated.

In recent years, there are few reports on the preparation of WC-Co coatings by various
spraying ways. Hence, in order to investigate the effects of various spraying methods
on the deposition behavior of a single WC-17Co particle, as well as the microstructure,
mechanical, and abrasive wear properties of the coatings, WC-17Co coatings were fabri-
cated by HVOF, WS, and CS technologies in this study. The main innovations of this study
are as follows: (1) contrastive analysis is applied to the deposition behavior of a single
WC-17Co particle across various spraying methods; (2) the warm-spraying technology is
applied to fabricate WC-17Co coating; (3) the decomposition and decarburization of WC
are restrained by controlling the HVOF processing parameters; (4) the contrastive analysis
on the microstructure, microhardness, fracture toughness, and abrasive wear properties of
WC-Co coatings prepared by various spraying methods is investigated.

2. Materials and Methods

2.1. Materials

Raw materials used in this study were commercially available conventional WC-17Co
powders with WC size of 0.2–2 μm (Ganzhou Zhangyuan Tungsten Advance Material Co.,
Ltd., Ganzhou, China). An agglomeration sintering method was used to manufacture these
powders. The surface and cross-section morphologies of WC-17Co powders were shown in
Figure 1. The size distribution of WC-17Co powders analyzed by a laser diffraction meter
(GSL-1020, Liaoning Instrument Research Institute Co., Ltd., Liaoning, China) was shown
in Figure 2. The size distribution (D10, D50, and D90) of powders was 19.5 μm, 29.6 μm,
and 44.6 μm, respectively. Q235 steel with dimensions of 50 mm × 25 mm × 3 mm was
used as a substrate for depositing single WC-17Co coatings. Prior to spraying, Q235 steel
substrate was pre-cleaned by acetone for 10 min in ultrasonic cleaner, and then grit blasted
by aluminum oxide of 700 μm to achieve a roughened surface for improving the bonding
strength between the coating and substrate.

 

Figure 1. The morphologies of WC-17Co powder (a) surface, 2000×, (b) cross-section, 5000×.
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Figure 2. The particle size distribution of WC-17Co powders.

2.2. Coating Preparation

HVOF, WS, and CS equipment adopted a home-made high-velocity oxygen fuel spray
system (CH-2000, Xi’an Jiaotong University, Shanxi, China), a modified high-velocity
oxygen fuel spray system (CH-2000, Xi’an Jiaotong University, Shanxi, China), and a home-
made cold-spray system (CS-2000, Xi’an Jiaotong University, Shanxi, China), respectively.
Nitrogen gas was used as an auxiliary gas to adjust the flame temperature for warm
spraying in this study. A schematic diagram of HVOF and WS spray systems is illustrated
in Figure 3, and a schematic diagram of CS spraying system is illustrated in Figure 4.
The detail parameters of as-sprayed WC-17Co coatings are listed in Table 1. Spraying
powder feeding adopted a scraper powder feeder (Guangzhou Sanxin Metal S & T Co.,
Ltd., Guangzhou, China).

 

Figure 3. Schematic diagram of HVOF and WS spray system: (1) valve, (2,6) oxygen pipe,
(3,8) propane pipe, (4,7) nitrogen pipe, (5) console cabinet, (9) powder feeder, (10) powder feed-
ing pipe, (11) spray gun, (12) flame chamber, (13) spraying tube, (14) cold water inlet, and (15) cold
water outlet.
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Figure 4. Schematic diagram of cold-spray system: (1) console cabinet, (2) Valve, (3) gas heater,
(4) accelerating gas pipe, (5) spray gun, (6) powder feeder, (7) thermal couples, (8) display panel, (9)
carrier gas, (10) powder feeder gas inlet, (11) accelerating gas inlet.

Table 1. The detail spraying parameters of as-sprayed WC-17Co coatings.

HVOF Spray Value Warm Spray Value Cold Spray Value

Pressure of O2
/MPa 0.55 Pressure of O2

/MPa 0.55 Accelerating gas
pressure/MPa 2.4

Flow rate of O2
/L·min−1 543 Flow rate of O2

/L·min−1 543 Powder-feeding
gas pressure/MPa 2.6

Pressure of C3H8
/MPa 0.4 Pressure of C3H8

/MPa 0.4 Gas temperature in
gun chamber/°C 750 ± 30

Flow rate of C3H8
/L·min−1 24 Flow rate of C3H8

/L·min−1 24

Pressure of N2
/MPa 0.6 Pressure of N2

/MPa 0.6

Flow rate of N2
/L·min−1 45 Flow rate of N2

/L·min−1 450

Transverse speed
of gun/mm·s−1 150 Transverse speed

of gun/mm·s−1 100 Transverse speed
of gun/mm·s−1 10

Spray
distance/mm 200 Spray

distance/mm 200 Spray
distance/mm 20

Rotation
rate/r·min−1 50 Rotation

rate/r·min−1 50 Rotation
rate/r·min−1 50

coats of powder 20 coats of powder 20 coats of powder 20
Substrate Q235 steel Substrate Q235 steel Substrate Q235 steel

2.3. Microhardness, Fracture Toughness and Abrasive Wear

Vickers microhardness tests were performed on the polished cross-section of as-
sprayed WC-17Co coatings, and the equipment used included a digital microhardness
tester (HXD-1000 TM/LCD, ShanghaiPrecision Instruments Co., Ltd., Shanghai, China)
under a load of 2.94 N for a dwell time of 20 s. The average value of ten random measure-
ments was used as the final microhardness. A Vickers indentation technique was used to
evaluate the plain strain fracture toughness (i.e., KIC) of as-sprayed WC-17Co coatings at
5 kgf load and 20 s dwell time. Fracture toughness (KIC) was calculated by applying the
following equation proposed by Niihara [43]:

KIC = 0.0193(Hvd)(
E

Hv
)

2/5
(a)−1/2 (1)
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where, KIC is the fracture toughness, Hv is the Vickers hardness, d is the half-diagonal of
the Vickers indentation, E is the elastic modulus, and a is the indentation crack length.

The elastic modulus of the coatings was determined according to the following formula
as established in [44]:

(
b′

a′ ) = (
b
a
)− α(

Hv

E
) (2)

where, a and b are the diagonal dimensions of Knoop indenter, a′ and b′ are the long and
short diagonal dimensions measured on residual Knoop indentation impression, α is a
constant equal to 0.45, Hv is the Vickers hardness.

The abrasive wear test was carried out by a pin-on-disk method. The detail of the
preparation for wear specimens can be found in the literature, namely [45]. The schematic
diagram of abrasive wear test was shown in Figure 5. The wear parameters of as-sprayed
WC-17Co are listed in Table 2.

 
Figure 5. Schematic diagram of abrasive wear test.

Table 2. The wear parameters of as-sprayedWC-17Co coatings.

Wear Parameters Values

Load/N 10
Rotation speed of the disk/r·min−1 60
Radial feed rate of the pin/mm·r−1 4

Wear distance/m 16
SiC abrasive paper 300 grit size

2.4. Microstructure Characterization of Powders and Coatings

A test involving a scanning electron microscope (SEM; VEGA II-LSU, TESCAN, Brno,
Czech Republic) was performed on the samples to characterize the morphologies of feed-
stock powders, deposited splats, coatings cross-section, and worn surface in backscattering
electron (BSE) model. The elemental composition of single WC-17Co splat was analyzed
by electron dispersive x-ray spectroscopy (EDS;VEGA II-LSU, TESCAN, Brno, Czech Re-
public). X-ray diffraction (XRD; Bruker D8 Advance, Karlsruhe, Germany) was conducted
for the phase compositions of feedstock powders and as-sprayed coatings with Cu-Kα

radiation (λ = 1.5418 Å, 35 kV, and 35 mA) for the scanning range (2θ) of 20–90◦ with
a step of 0.02◦ and a scanning speed of 10 ◦/min. Figure 6 shows the XRD patterns of
conventional WC-17Co powders. The average porosity and thickness of conventional
WC-17Co coatings were calculated by the image-analysis method (Software Image J, vesion
1, National Institutes of Health, Bethesda, MD, USA) with ten SEM micrographs from
cross-section morphologies and backscattered electron (BSE) microscopies.
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Figure 6. The X-ray diffraction (XRD) patterns of conventional WC-17Co powders.

3. Results and Discussion

3.1. Deposition Behavior of WC-17Co Splats

Figure 7 shows the surface morphologies of the WC-17Co splats deposited in various
spraying methods. It can be seen that a WC-17Co splat deposited by HVOF showed a center
hump (marked in cyan dot circle in Figure 7a), and some radial splashes (as indicated by
the green arrow in Figure 7a) presented at the edge of the splat. Meanwhile, there were also
observed some molten areas (as indicated by the yellow arrow in Figure 7a) in the WC-17Co
splat, while the WC-17Co splat deposited by WS presented a typical pie shape morphology
with no molten areas. However, due to the plastic deformation of the WC-17Co splat, some
cracks (as indicated by the black arrow in Figure 7b) occurred on the surface of the splat,
and an obvious ripple (as indicated by the orange arrow in Figure 7b) appeared around
the splat, contributing to the cooperative deformation of the substrate. The morphology of
the WC-17Co splat deposited by CS still remained nearly spherical in shape, which was
the same as that of the original feedstock powders. Due to the high-velocity impacting
effect of cold-sprayed splat, some cracks (as indicated by the black arrow in Figure 7c) also
appeared on the surface of the large cold-sprayed WC-17Co splat. In addition, compared
to the analysis results of the warm-sprayed WC-17Co splat, the plastic deformation of the
substrate was more severe after cold spraying, more ripple (as indicated by the orange
arrow in Figure 7c) and revers (as indicated by the purple arrow in Figure 7c) phenomena
appeared around the splat. Moreover, there appeared gaps (as indicated by green arrow in
Figure 7c) between the splat and the substrate. Meanwhile, it can be further observed that
the embedding depth of the small splat into Q235 steel substrate was deeper than that of
the large splat (as shown in Figure 8).

3.2. XRD Patterns of As-Sprayed WC-17Co Coatings

Figure 9 shows the XRD patterns of WC-17Co coatings as-sprayed in various spraying
ways. It can be found that, although there was a small amount of W2C phase in HVOF-
sprayed coating, the main phase compositions of all WC-17Co coatings were WC and
Co phases. This illustrates that, the decomposition and decarburization of WC could be
effectively inhibited by controlling HVOF process parameters; however, the W2C phase
also formed at a certain high-spraying temperature of HVOF. Meanwhile, due to the low
temperature effect of WS and CS, the phase compositions of WC-17Co powders were
transplanted into warm-sprayed and cold-sprayed coatings [46]. When comparing the
warm-sprayed and cold-sprayed coatings to HVOF-sprayed WC-17Co coatings, it also
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can be further found that the diffraction peaks of WC and Co of warm-sprayed and cold-
sprayed WC-17Co coatings were broader. Lima et al. [47] reported that residual stresses
and grain refinement are the main factors that induce the peak broadening, and the residual
stress is often caused by high temperatures during spraying. Ji et al. [41] also reported that,
in the cold spraying process, grain refinement is the main reason for the peak broadening of
WC, and the effect of residual stress is negligible. Therefore, due to the control of the HVOF
process parameters for reducing the flame temperature in this study, residual stress had
little influence on the WC-17Co coating. Figure 10 shows the full widths at half maximums
(FWHMs) of WC and Co diffraction peaks of WC-17Co coatings formed in various spraying
ways. It can be found that the FWHMs of WC and Co diffraction peaks of warm-sprayed
and cold-sprayed WC-17Co coatings were larger than those of HVOF-sprayed coatings; in
addition, those of cold-sprayed WC-17Co coatings were the largest. This illustrates that
plastic deformation degree of incident WC-17Co particles with lower spraying temperature,
such as warm spraying and cold spraying, was larger than that of WC-17Co particles
deposited by HVOF. In addition, due to the high-velocity characteristic of cold spraying,
the incident WC-17Co particles could be fragmented to more fine particles after impacting
onto Q235 steel substrate or pre-deposited layer. Therefore, the diffraction peaks of WC and
Co of cold-sprayed WC-17Co coatings were more broadened than those of warm-sprayed
WC-17Co coatings.

  

 

Figure 7. Surface morphologies of WC-17Co splats deposited by various spraying methods (a) HVOF,
(b) WS, (c) CS.
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Figure 8. Surface morphologies of different size WC-17Co splats deposited by cold spraying.

 
Figure 9. XRD patterns of WC-17Co coatings formed in various spraying ways.
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Figure 10. Full widths at half maximum (FWHMs) of WC and Co in WC-17Co coatings formed in
various spraying ways.

3.3. Microstructure of As-Sprayed WC-17Co Coatings

Figure 11 shows the cross-section morphologies of WC-17Co coatings formed by vari-
ous spraying methods. It can be seen that there were no cracks or abscission phenomenons
occurred between the coating and substrate (as shown in Figure 11b,d,f). Further analysis of
the morphologies of WC-17Co coatings (as shown in Figure 11a,c,e) found that the interface
between WC and Co in all WC-17Co coatings was well-bonded. Meanwhile, the content
of fine WC particles (as indicated by the red arrow in Figure 11a,c,e) in the cold-sprayed
coating was significantly more than the other coatings. The size range of fine WC parti-
cles formed in HVOF, WS, and CS was about 0.11–0.16 μm, 0.10–0.13 μm, 0.09–0.12 μm,
respectively. It was also further indicated that more fragmented phenomenon of coarse WC
particles occurred in the cold-sprayed WC-17Co coatings. These phenomena are consistent
with the phase compositions analysis and results of WC-17Co coatings. By measuring the
mean porosity and thickness of WC-17Co coatings formed in various spraying ways, it was
found that the mean porosity of WC-17Co coatings formed in HVOF, WS, and CS was 1.57%,
0.89%, and 0.058%, respectively (as shown in Figure 12). In general, the microstructure of
all coatings is dense; however, the porosity of warm-sprayed and cold-sprayed WC-17Co
coatings was lower than that of HVOF-sprayed coating, and the porosity of cold-sprayed
coating was the lowest. The main reasons for this phenomenon were attributed to solid-
state particles’ continuous impact and compaction on the warm-sprayed or cold-sprayed
WC-17Co coatings at the lower spraying temperature. Meanwhile, stripe structure (as
indicated by the yellow arrow in Figure 11c,e) formed by the slippage of fine WC particles
with a plastic flow of Co binder could fill the pores in the warm-sprayed or cold-sprayed
WC-17Co coatings [41]. Therefore, due to the cold spraying high-velocity characteristic
and more stripe structure in the cold-sprayed coating, the porosity of cold-sprayed WC-
17Co coating was the lowest among all the coatings. The mean thickness of WC-17Co
coatings formed in HVOF, WS, and CS was 544.33 ± 4.81 μm, 528.75 ± 5.98 μm, and
207.61 ± 9.64 μm, respectively (as shown in Figure 13). Figure 14 shows the morphologies
of WC-17Co particles deposited onto Q235 steel substrate surface in various spraying ways.
It can be found that craters were formed as the incident particles rebounding from the Q235
steel substrate surface (as indicated by white arrow in Figure 14). The ratio of WC-17Co
splats (as indicated by black arrow in Figure 14) adhered on the Q235 steel substrate surface
in HVOF, WS, and CS was 54.66%, 50.18%, and 30.12%, respectively. This illustrates that
decreasing the spraying temperature resulted in more content of the craters caused by
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particles rebounding from the substrate surface. Therefore, this result also revealed that,
although the porosity of cold-sprayed WC-17Co coating was the lowest in this study, more
rebounding-particles phenomena presented during cold spraying process led to the lowest
thickness of the cold-spraying coating among all the coatings.

  

  

  

Figure 11. Cross-section morphologies of WC-17Co coatings formed by various spraying methods
(a,b) HVOF, (c,d) WS, (e,f) CS.
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Figure 12. Porosity of WC-17Co coatings formed by various spraying methods.

 

Figure 13. Thickness of WC-17Co coatings formed by various spraying methods.

3.4. Microhardness and Fracture Toughness of As-Sprayed WC-17Co Coatings

The average microhardness of WC-17Co coatings formed in HVOF, WS, and CS was
980.0 ± 17.6 HV0.3, 1034.8 ± 57.5 HV0.3, and 1136 ± 26.8 HV0.3, respectively (as shown in
Figure 15). It can be found that the average microhardness of the cold-sprayed WC-17Co
coating was the highest among all the coatings. Although the W2C phase in the coating
could affect the hardness significantly [29], the content of W2C phase was very low in the
HVOF-sprayed WC-17Co coating in this study. Hence, the influence of W2C phase on the
hardness in this study was slight. Ji et al. [41] reported that stripe microstructure could
enhance the spreading or flattening of WC-Co particles and improve the microstructure
and microhardness of the coatings. Wang et al. [42] also reported that high content of
nano WC and high density could increase the microhardness of cold-sprayed multimodal
WC-12Co coatings. Therefore, combined with the microstructure analysis results of warm-
sprayed or cold-sprayed WC-17Co coatings in this study, fine WC particles were formed
based on the combined action of particles impacting on the substrate or pre-deposited
layer and continuous impacting of incident particles. Meanwhile, a stripe structure was
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formed by the slippage of fine WC particles with a plastic flow of Co binder; in particular,
a stripe structure was more prevalent in cold-sprayed coatings. Therefore, the average
microhardness of cold-sprayed WC-17Co coating was the highest. The average fracture
toughness of WC-17Co coatings formed in HVOF, WS, and CS was 8.88 ± 0.31, 10.42 ± 0.28,
and 13.18 ± 0.49 MPa·m−1/2, respectively (as shown in Figure 16). The Vickers indentation
cracks of as-sprayed WC-17Co coatings were shown in Figure 17. Lee et al. [48] reported
that decreasing powder size or the mixing ratio of the coarse WC particles could increase the
fracture toughness of the coatings. Chen et al. [49] reported that W2C phase could decrease
the fracture toughness of the coating. Therefore, the fracture toughness of cold-sprayed
WC-17Co coating was the highest among all the coatings in this study. This also illustrates
that the fracture toughness increased with increasing the content of fine WC particles and
stripe structure.

  

 

Figure 14. Morphologies of WC-17Co particles deposited onto Q235 steel substrate in various
spraying ways (a) HVOF, (b) WS, (c) CS.
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Figure 15. Microhardness of WC-17Co coatings formed by various spraying methods.

 
Figure 16. Fracture toughness of WC-17 coatings formed by various spraying methods.

3.5. Abrasive Wear of As-Sprayed WC-17Co Coatings and Q235 Steel

The worn surface morphologies of WC-17Co coatings formed in various spraying
ways and Q235 steel substrate were shown in Figure 18. It can be seen that the main wear
mechanism of all coatings was the groove (as indicated by the cyan arrow in Figure 18a,c,e)
and some peel-offs (as indicated by the white arrow in Figure 18a,c,e), but the worn surface
of Q235 steel was only wide and deep groove (as indicated by the cyan arrow in Figure 18g).
The main reasons for the peel-off phenomenon in this study were that the crack formation
(as indicated by the black arrow in Figure 18a) caused by the fracture of coarse WC particles
resulted in WC particles pulled-out from the worn surface, or the exposed WC particles
peeled off due to the poor bonding between WC particle and Co binder after the removal
of soft Co matrix. Furthermore, in contrast to HVOF sprayed and warm-sprayed WC-17Co
coatings, the grooves of cold-sprayed coating were smoother and shallower (as shown in
Figure 18f). The reason for this phenomenon was that, according to the microstructure
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analysis of the cold-sprayed WC-17Co coating (as shown in Figure 11e), more fine WC
particles and stripe structures presented in cold-sprayed WC-17Co coatings; fine WC
particles uniformly distributed into the Co binder phase, resulting in an increase in the
wear resistance of the coating. Figure 19 shows the average weight loss of WC-17 coatings
formed in various spraying ways and Q235 steel substrate. The average weight loss of
WC-17Co coatings formed in HVOF, WS, and CS was 8.15 ± 0.31 mg, 5.31 ± 0.32 mg, and
4.05 ± 0.41 mg, respectively. This also illustrates that combining with the results analysis of
the microstructure, mechanical properties, and worn surface morphologies of the coatings,
the cold-sprayed WC-17Co coating presented the lowest wear loss among all the coatings.
However, the average weight loss of Q235 steel substrate was 21.77 ± 0.25 mg, which was
more than 5 times that of the cold-sprayed WC-17Co coating.

  

 

Figure 17. Vickers indentation morphologies of WC-17 coatings formed in various spraying ways
(a) HVOF, (b) WS, (c) CS.

42



Coatings 2022, 12, 814

  

  

  

  

Figure 18. Worn surface morphologies of WC-17 coatings formed by various spraying methods and
Q235 steel substrate (a,b) HVOF, (c,d) WS, (e,f) CS, (g,h) Q235 steel substrate.
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Figure 19. Weight loss of WC-17 coatings formed by various spraying methods and Q235
steel substrate.

4. Conclusions

Conventional WC-17Co powder was deposited onto Q235 steel substrate by various
spraying methods to form different WC-17Co coatings. The deposition behavior of single
WC-17Co particles, as well as the comparison of microstructure, microhardness, fracture
toughness and abrasive wear of as-sprayed WC-17Co coatings, were investigated in this
study. The main conclusions are as follows:

I. In comparison to the WC-17Co splat deposited by HVOF and WS, the WC-17Co splat
deposited by CS remained nearly spherical shape, and the embedding depth of the
small particle into Q235 steel substrate was deeper than that of large splat. Due to the
high-velocity impacting effect of cold-sprayed splat, the plastic deformation of the
substrate was severe with more ripple and revers.

II. Although there was a small amount of W2C phase in HVOF-sprayed coating, the
main phase compositions of all the WC-17Co coatings were WC and Co phases.
By comparing with HVOF-sprayed WC-17Co coating, the diffraction peaks of WC
and Co of warm-sprayed and cold-sprayed WC-17Co coatings were broadened. By
measuring the full widths at half maximums (FWHMs) of WC and Co diffraction
peaks of WC-17Co coatings formed in various spraying ways, the FWHMs of WC
and Co diffraction peaks of warm-sprayed and cold-sprayed WC-17Co coatings were
larger than those of HVOF-sprayed coatings; moreover, those of the cold-sprayed
WC-17Co coatings were the largest.

III. Due to the fragment of coarse WC particles, fine WC particles were observed in the
coatings; in particular, the content of fine WC particles in the cold-sprayed coating
was the highest. The size range of fine WC particles formed in HVOF, WS, and CS
was about 0.110.16 μm, 0.10–0.13 μm, 0.09–0.12 μm, respectively. Due to the cold
spraying high-velocity characteristic and more stripe structures in the cold-sprayed
coating, the microstructure of the cold-sprayed coating was denser than the other
coatings. The mean porosity of WC-17Co coatings formed in HVOF, WS, and CS
was 1.57%, 0.89%, and 0.058%, respectively. The mean thickness of the WC-17Co
coatings formed in HVOF, WS, and CS was 544.33 ± 4.81 μm, 528.75 ± 5.98 μm, and
207.61 ± 9.64 μm, respectively.

IV. The average microhardness of the WC-17Co coatings formed in HVOF, WS, and CS
was 980.0 ± 17.6 HV0.3, 1034.8 ± 57.5 HV0.3, and 1136 ± 26.8 HV0.3, respectively. The
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average fracture toughness of WC-17Co coatings formed in HVOF, WS, and CS was
8.88 ± 0.31, 10.42 ± 0.28, and 13.18 ± 0.49 MPa·m−1/2, respectively.

V. The main wear mechanism of all coatings was the groove and some peel-offs. The
average weight loss of the WC-17Co coatings formed in HVOF, WS, and CS was
8.15 ± 0.31 mg, 5.31 ± 0.32 mg, and 4.05 ± 0.41 mg, respectively. However, the
average weight loss of Q235 steel was 21.77 ± 0.25 mg, which was more than 5 times
that of the cold-sprayed WC-17Co coating.
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Abstract: An easy approach is described for the preparation of ZrO2-coated Y2O3 nanopowder
from a solution of zirconium nitrate with commercial Y2O3 nanopowder. The evolution process
of the ZrO2 coating layer upon calcination, such as the phase and microstructure of the particles’
surface, was studied. Calcination of the powder at 700 ◦C resulted in ZrO2-coated Y2O3 nanopowder.
The rheological properties of the suspensions of ZrO2-coated Y2O3 powders were studied. A well-
dispersed suspension with a solid loading of 35.0 vol% using ZrO2-coated Y2O3 nanopowder was
obtained. The consolidated green body obtained by the centrifugal casting method showed improved
homogeneity with a relative density of 50.2%. Transparent ceramic with high transparency and an
average grain size of 1.7 μm was obtained by presintering at 1500 ◦C for 16 h in air, followed by
post-HIP at 1550 ◦C for 2 h under 200 MPa pressure. The in-line transmittance at the wavelength of
1100 nm (1.0 mm thick) reached 81.4%, close to the theoretical transmittance of Y2O3 crystal.

Keywords: Y2O3; ZrO2; transparent ceramics; colloidal processing; nanopowders

1. Introduction

Transparent yttria (Y2O3) is one of the most promising materials for application in
high-power lasers [1], heat-resistive transparent windows [2], high-temperature refracto-
ries, and semiconductor devices [3], owing to its broad wavelength range of transparency
(0.2–8.0 μm), high corrosion resistance, high melting point (2430 ◦C), high thermal conduc-
tivity, low phonon energy, and easy doping of rare-earth activator ions with a band gap
energy of 6.3 eV [4]. To achieve fully densified ceramics with desired optical properties,
fabrication of polycrystalline Y2O3 ceramics requires careful control of each step of ceramic
processing, including powder synthesis, consolidation, and sintering. Simultaneously, each
step has a direct impact on the following step.

By utilization of Y2O3 powder produced via established synthesis routes or directly
using commercial powder, sintering methods and mechanisms have been mostly studied
by researchers recently [5–9]. Typically, transparent Y2O3 ceramics can be sintered by
pressure-assisted sintering processes such as spark plasma sintering (SPS) [5], hot pressing
(HP) [6], and hot isostatic pressing (HIP) [7]. Pressureless sintering methods, such as
vacuum sintering [10] and hydrogen atmosphere sintering [11], are also effective. Moreover,
the HIP sintering method utilizes three-dimensional gas pressure to presintered bodies that
are in the final stage of sintering, which is much more effective to eliminate pores compared
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to other sintering methods. Presintering in air followed by HIP treatment possesses more
advantages than traditional vacuum presintering plus HIP treatment, including energy-
saving, low cost, and efficient process without annealing [12]. On the other hand, fully
dense Y2O3 ceramics can be obtained using ZrO2 as sintering additives, which can decrease
the grain boundary mobility, leading to Y2O3 ceramics with a fully dense fine microstructure
and high optical properties [13]. According to the published literature, fabrication of highly
transparent ceramics has mainly been achieved by vacuum presintering plus HIP treatment,
which requires high-cost equipment and a long annealing process. Compared with vacuum
presintering, presintering in air is a low-cost and efficient process without annealing. In
2015, Wang et al. [7] fabricated transparent Y2O3 ceramics through air presintering at
1550 ◦C plus HIPing at 1600 ◦C for 3 h. The in-line transmittance of the ceramic was 81.7%
at 1064 nm, and the thickness of the sample was 1.0 mm. In 2016, Liu et al. [8] also reported
transparent Y2O3 ceramics by air presintering plus HIPing. However, the sample only
showed an IR transmittance of 83.0% in the 3.0 to 5.0 μm wavelength region

It is well known that colloidal processing has exhibited advantages over traditional dry
pressing by producing green compacts with a homogenous microstructure, high relative
density, and more versatile geometrical options [14–16]. There are, however, to the best
of our knowledge, relatively few studies devoted to the colloidal processing of Y2O3
green bodies. Y2O3 powders are highly reactive in aqueous medium. Dissolving ions,
including Y3+, Y(OH)2+, and Y2(OH)4+

2 , which can suppress the electrical double layer, is
the most critical challenge in preparing long-term well-dispersed suspensions with high
solids loading [17–20]. In order to inhibit the hydrolysis issue of Y2O3 during colloidal
processing, in 2014, Sun et al. [20] coated Y2O3 powder by a nucleophilic addition reaction
between polyurethane and tetraethylene pentamine. In 2017, Xu et al. [21] prepared Y2O3
suspensions using alcohol as the dispersion medium. However, the boiling point of ethanol
was as low as 78 ◦C, and the consolidated green compacts were easy to crack during the
drying process. Until now, the solid loading of Y2O3 suspensions reported in previous
literature has generally been in the range of 20 vol%–30.0 vol%, which is much lower than
other oxide materials [19,21,22]. It has been found that coating is an effective method to
alter the surface properties of the particles and is feasible to improve the stability and
dispersity of the core material during colloidal processing [23,24]. Notably, several studies
have shown that ZrO2 possesses much higher inertness in aqueous suspension compared
to Y2O3 [25,26]. In our previous research [10], particles consisting of a Y2O3 core coated
with ZrO2 were developed via the precipitation method by taking dual advantages of ZrO2
as particle surface passivator and sintering aid, and high-transparency ZrO2 doped Y2O3
ceramic was fabricated. Nevertheless, the coating process is complicated, and sintering still
involves vacuum sintering.

In this work, a simple method to obtain ZrO2-coated Y2O3 nanoparticles by thermal
decomposition of zirconium nitrate was described to improve the dispersion of Y2O3
in aqueous suspensions. Highly transparent Y2O3 ceramics were prepared by a simple
shaping approach. followed by air presintering plus HIPing without annealing. The
effect of coating on the dispersity and stability of the Y2O3 suspensions during colloidal
processing was investigated in comparison with uncoated powder.

2. Materials and Methods

2.1. Starting Materials

High-purity commercial Y2O3 nanopowder (99.99% pure; Huizhou Ruier Rare Chemi-
cal Hi-Tech Co., Ltd., Huizhou, China) was adopted as the starting material. Zirconium
nitrate (Zr(NO3)4·5H2O, analytical reagent, Sinopharm chemical reagent, Shanghai, China)
was adopted to prepare a 0.2 mol/L solution. Triammonium citrate (TAC) (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) was used as dispersant. The pH value of the
suspensions was adjusted by HCl or KOH solution.
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2.2. Coating Procedure and Suspension Preparation

Y2O3 powder was dispersed in ethyl alcohol with 2.0 wt.% dispersant added. After
milling with ZrO2 balls for 12 h, the suspension was then dried at 90 ◦C in an oven. The
dried powder was sieved through a 200-mesh nylon screen. The powders were then
calcinated at 1100 ◦C for 4 h, which was named starting powder (S.P.).

The S.P. was dispersed into ethyl alcohol, followed by the addition of a corresponding
ratio of 5.0 at% Zr4+ zirconium nitrate solution, and then the suspension was milled for 24 h.
Subsequently, the suspension was dried at 80 ◦C for 12 h. The dried hygroscopic powder
(D.P.) consisting of a complex hydrate of dried metal nitrate salt was consecutively calcined
at 600, 700, and 800 ◦C for 4 h in a furnace to obtain ZrO2-coated Y2O3 nanopowder. The
mass ratio of TAC for different solid loadings of suspensions was 1.5 wt.%.

2.3. Consolidation and Sintering

The centrifugal slip-casting method was adopted using a laboratory centrifuge at
3000 rpm for 40 min. The green compacts were left at room temperature for 24 h, followed
by drying at 80 ◦C for 12 h in an oven. The compacted samples were then presintered at
1500 ◦C for 16 h in air to reach the final stage of sintering. Finally, the presintered samples
were post-HIPed at 1550 ◦C for 2 h under 200 MPa in argon atmosphere. Figure 1 shows a
flowchart of the experimental procedure.

Figure 1. Flowchart for preparation of transparent Y2O3 ceramics.

2.4. Characterization

The crystal phase was identified by XRD (X’pert PROMPD, PANalytical, Almelo, the
Netherlands) using nickel-filtered CuKα radiation. The morphologies of the powders
were observed by transmission electron microscopy (TEM, Model JEM-2100F, JEOL, Tokyo,
Japan). Zeta potential measurements were adopted to analyze the charged state of the par-
ticles’ surface (DT-1202, Dispersion Technology Inc., New York, NY, USA). The rheological
properties of the suspensions were tested by a cone-plate viscometer (Brookfield DV-II+Pro,
Brookfield Engineering Laboratories, Middleboro, MA, USA). The relative densities of the
green compact and sintered bodies were measured by the Archimedes method with regard
to the theoretical density of Y2O3 (5.03 g/cm3). The morphologies of the sintered bodies
were observed by FE-SEM using a Hitachi scanning electron microscope (S-4800, Tokyo,
Japan). The samples after polishing on both surfaces were used to measure the in-line
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transmittance by using an ultraviolet/visible/near-infrared spectrophotometer (Model
Lambda 750S, PerkinElmer, Waltham, MA, USA).

3. Results and Discussion

3.1. Coating Y2O3 Particle with Zirconium Nitrate via Thermal Decomposition Method

XRD patterns of the S.P., D.P., and powder after calcination at different temperatures
are shown in Figure 2. All the peaks match the standard cubic Y2O3 phase (JCPDS card, No.
43-1036), and no ZrO2 phase was detected. Compared with the S.P., the diffraction peak
intensity of the D.P. was weakened, indicating the presence of zirconium nitrate crystal on
the surface of the Y2O3 particle. The radius of Zr4+ ions (r = 0.72 Å) is smaller than Y3+ ions
(r = 0.89 Å), which will shift the diffraction peaks to larger angles [27]. The diffraction peaks
of the powders shift to larger angles after 600 ◦C calcination, indicating the dissolution
of Zr4+ within the Y2O3 lattice gradually with the decomposition of Zr(NO3)4. With a
further increase in the calcination temperatures from 600 to 800 ◦C, the diffraction peaks
of Y2O3 continuously shift towards larger angles (Figure 2b), which leads us to conclude
that the increased dissolution of ZrO2 within the Y2O3 lattice coincides with the increase in
calcination temperature.

Figure 2. X-ray diffraction patterns of starting powder, dried powder, and ZrO2-coated powders
calcined at varied temperatures, (a) XRD patterns in the 2θ range of 15–65◦, (b) Magnification of XRD
patterns in the 2θ range of 28◦–30◦.

In order to deeply investigate the evolution during the coating procedure, the morpho-
logical characteristics of the powders were analyzed by transmission electron microscopy,
as shown in Figure 3. The particles for the S.P. possess high crystallinity with flat and
clear edges. The average size of the particles is ~100.0 nm (Figure 3a). In contrast, the D.P.
exhibits rough surfaces with loosely packed tiny particles of zirconium nitrate crystal, as
shown in Figure 3b. On account of that, the S.P. was already calcined at 1100 ◦C before
the coating process, and there was no significant change in the morphology of the core
particle after different temperature calcination. However, it is worth noting that with
the increasing calcination temperature, the tiny particles consisting of the coating layer
gradually decreased and disappeared (Figure 3c,d,f). As we can see from Figure 3d,e, after
calcination at 700 ◦C, a coating layer with a thickness of 5–10 nm could be observed. On
the one hand, the d-spacing of the coating layer of 2.94 Å could be indexed to the ZrO2
(tetragonal) structure of the (011) crystal plane. On the other hand, the d-spacing of 5.29 Å
is the (200) plane for the Y2O3 (cubic) structure. With the further increase in calcination
temperature to 800 ◦C (Figure 3f), the coating layer nearly disappeared, indicating that
ZrO2 gradually dissolved into the Y2O3 lattice with the increase in calcination temperature.
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Figure 3. TEM images and corresponding HRTEM images of starting powders, (a), dried powders
(b), and powder with ZrO2 coating layer calcined at different temperatures of 600 ◦C (c), 700 ◦C (d,e),
and 800 ◦C (f).

During calcination, Zr(NO3)4 decomposed and adhered onto the surfaces of Y2O3
particles. ZrO2 dissolved into the Y2O3 lattice with the increase in calcination temperature.
The diffusion depth of Zr4+ into Y2O3 lattice for the sample calcinated at 700 ◦C for 4 h was
evaluated using the following equations [28]:

Dlattice= exp(−423 (kJ/mol)/ RT) m2s−1 (1)

where Dlattice is the diffusion coefficient, and T is temperature. According to Boniecki’s re-
search, the diffusion coefficient of Zr4+ in the Y2O3 lattice at 1600 ◦C was 7.04 × 10−22 m2s−1;
hence, we can calculate the diffusion coefficient of Zr4+ in the Y2O3 lattice at 700 ◦C as
follows [29]:

D700
lattice =

exp(−423 (kJ/mol)/ Rg927) m2s−1

exp(−423 (kJ/mol)/ Rg1827) m2s−1
× 7.04 × 10−22 (2)

where Rg is the ideal gas content, and 927 and 1827 are the absolute temperatures of 700
and 1600 ◦C. As the holding time of calcination was 4 h, the diffusion area was achieved
as follows:

S = D700
lattice × 4 × 3600 ≈ 9.30 nm2 (3)

where S is the diffusion area. The diffusion depth could then be evaluated as 3.44 nm,
which was far below the radius of the raw particles (100 nm). On the basis of our findings,
one can conclude that powder after 700 ◦C calcination consisted of surface-coated ZrO2
and Zr4+ solid solution outside of the Y2O3 lattice, which was beneficial to the inhibition of
hydrolysis issue.

3.2. Dispersion Properties of ZrO2-Coated Y2O3 Powders

Figure 4 shows the rheological behaviors of suspensions for the S.P. and coated pow-
ders with a solid loading of 10.0 vol% at pH = 10.1 with TAC added. The viscosity of
the suspension with S.P. (S-suspension) decreases as the shear rate increases, showing a
shear-thinning behavior. For the suspension with coated powder calcinated at different
temperatures, there was a significant decrease in the viscosity, which exhibits a relatively
constant viscosity corresponding to Newtonian. The lowest viscosity occurred when the
calcination temperature was 700 ◦C. According to the above analysis, suspensions formu-
lated with powders calcined at 700 ◦C (C-suspension) were adopted to be a better choice
for the following steps to fabricate transparent ceramics.
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Figure 4. Viscosity for 10.0 vol% suspensions of powders calcinated at different temperatures, inset
picture: viscosity for suspensions @3.96 s−1.

The zeta potential of the ZrO2-coated Y2O3 powders calcined at 700 ◦C for 4 h calci-
nation, the S.P., and the synthesized ZrO2 powder treated under identical conditions are
shown in Figure 5. The isoelectric point (IEP) of the S.P. and synthesized ZrO2 powder are
10.1 and 8.0, respectively. The IEP for ZrO2-coated Y2O3 powders showed between the
S.P. and synthesized ZrO2 powder. The coating of ZrO2 reduced the IEP of Y2O3 particles
from 10.1 to 9.3. The negatively charged groups of TAC were absorbed on the surfaces
of ZrO2-coated yttria nanoparticles. As observed from this figure, the addition of TAC
shifted the IEP value from 10.1 to 5.6. Moreover, the absolute zeta potential of particles
in suspensions increases with the increase in pH, and it reaches 49 mV at the pH of 11.
The good dispersion of coated Y2O3 powder in aqueous suspension is favorable for the
preparation of well-dispersed and high solids loading solution in an easy method.

Figure 5. Zeta potential versus pH for 10.0 wt.% suspensions with different powders and TAC added.

3.3. Consolidation and Sintering of Y2O3 Transparent Ceramics

Figure 6 shows the SEM images of the green bodies consolidated from two suspensions
with a solid loading of 35.0 vol%. Larger micron-scale pores can be observed for the sample
consolidated using S-suspensions (Figure 6a), which are difficult to eliminate during the
sintering process. In sharp contrast, the green bodies of the C-suspension yielded a more
homogeneous and compact microstructure (Figure 6b). Only nanosized pores can be
seen, and the particles are in close contact with each other. The relative densities of the
green bodies are 50.2% and 29.2% for the C-suspension and S-suspension, respectively.
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As we all know, green compacts with smaller pore size distribution and a homogeneous
microstructure show high sinterability and were easy to densify at lower temperatures.

Figure 6. SEM micrographs of the fracture surfaces of the green compacts were obtained from
(a) S-suspension and (b) C-suspension.

Figure 7 shows SEM images of the Y2O3 ceramics sintered at 1500 ◦C for 16 h in air. For
the sample prepared from the S-suspension, a porous structure with the presence of open
pore channels is shown in Figure 7a. The relative density of the sample is 86.4%, which
is the typical feature of intermediate-stage sintering [30]. In comparison, for the sample
prepared from the C-suspension (Figure 7b), the number of pores is much less than that in
the S-suspension one. Moreover, it can also be noticed that the sample has a much smaller
average pore size. The relative density of the sample reaches 96.4%, and there are no open
pores found in the sample, suggesting that it is already at the final stage of sintering [27].
From the results we obtained, one can conclude that the higher relative density and more
homogeneous microstructure improved the sinterability.

Figure 7. SEM micrographs of sintered bodies for 16 h at 1500 ◦C obtained from (a) S-suspension and
(b) C-suspension.

The in-line transmittance curves of the samples are shown in Figure 8. The transmit-
tance of the sample prepared by the S.P. is lower than its theoretical value. The relative
density of the sample is 95.5%. In contrast, the sample prepared with coated powder after
700 ◦C calcination has a remarkable improvement in transmittance observed. The relative
density of the sample is 99.9%. The in-line transparency (ILT) at 1100 nm is 81.4%. At the
wavelength of 2000 nm, the ILT approaches 82.6%, which is very close to the theoretical
value of Y2O3 crystal. The inset photograph shows the optical images of the as-obtained
Y2O3 ceramic prepared with coated powder after polishing, and the characters below the
ceramic sample can be seen very clearly.
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Figure 8. In-line transmittance of HIPed Y2O3 ceramics at 1550 ◦C (thickness = 1.0 mm), inset
photograph: ceramic prepared with coated powder after polishing.

It is worth mentioning that the absorption edge shifts to the slong wavelength of the
sample prepared by the S.P. at the wavelength of 250–350 nm range could be observed. The
addition of Zr4+ to Y2O3 will produce oxygen interstitial of O′′

i during the sintering process
and inhibit the grain boundary mobility to promote the densification of Y2O3 ceramics.
Herein, the shift of the undoped sample could be due to the change of band gap energy
and the oxygen vacancies [31] formed during the sintering process. Moreover, the very tiny
little residual pores in the sintered body could also be an important issue for the decrease
in the transmittance at short wavelengths.

Figure 9 shows the microstructure of the fracture surfaces for the HIPed samples.
Compared with the sample prepared by the C-suspension, the sample prepared by the
S-suspension (shown in Figure 9a) exhibited an exaggerated grain size and lots of intergran-
ular pores and intragranular pores act as light scattering centers in transparent ceramics,
resulting in a decrease in transmittance. The average grain size of the sample obtained
from the S.P. is 3.3 μm. However, fully densified and no pores are observed in the sample
prepared by ZrO2-coated powder (Figure 9b,c), which helps to explain their higher optical
quality. The typical grain size distribution is shown in Figure 9d. The mean grain size is
1.7 μm, indicating that ZrO2 effectively promoted the densification and inhibited the grain
growth of the sintered body.

Compared with Wang and Liu’s results [7,8], we achieved highly transparent Y2O3
ceramic with fine grain size, and the ILT was ~80.0% in the visible wavelength range
by air presintering plus HIPing at a lower temperature. Herein, we proposed a new
method to synthesize ZrO2-coated Y2O3 powder for colloidal processing. By adopting
ZrO2-coated Y2O3 powder, a well-dispersed suspension with high solid loading (35.0 vol%)
was achieved. After consolidation, the green compacts were sintered in an energy-saving
and effective method, which is low-temperature air presintering plus HIPing without
annealing. Moreover, the sintered body was fully densified, and the average grain size is
less than 2.0 μm, which may make it a promising fabrication method in the preparation of
sesquioxide transparent ceramics. We point out that this is the most effective and simple
method to fabricate highly transparent ceramics with fine grain size.

55



Coatings 2022, 12, 1077

Figure 9. SEM micrographs of the fracture surfaces of HIPed Y2O3 ceramics obtained from (a) S.P.
and (b) ZrO2 coated powder after 700 ◦C calcination, (c) thermally etched surfaces of sample obtained
from ZrO2 coated powder after 700 ◦C calcination and (d) grain size distribution of the sample.

4. Conclusions

In summary, the coating of Y2O3 particles with a thin ZrO2 layer via an easy method
was reported, and it was found to be an effective method to inhibit hydrolysis issues
during suspension preparation. Consequently, a homogeneous green body with a relative
density of 50.2% was obtained, which is beneficial for fabrication of highly transparent Y2O3
ceramics with fine grain size via low-temperature air presintering plus HIPing treatment.
The Y2O3 ceramic presintered at 1500 ◦C × 16 h and post-HIPed at 1550 ◦C × 2 h showed a
grain size of 1.7 μm and high in-line transmittance (81.4% at 1100 nm, thickness: ~1.0 mm),
very close to the theoretical value of Y2O3. This is the most effective and simple method to
fabricate highly transparent ceramics with fine grain size.
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Abstract: In the present work, Yb:YAG (yttrium aluminum garnet) transparent ceramics were fabri-
cated using monodispersed spherical Y2O3, Al2O3 powders and commercial Yb2O3 nano-powder
as raw materials, adding 0.5 wt% tetraethyl orthosilicae (TEOS) through the solid-state method and
vacuum sintering technology. The prepared monodispersed Y2O3 and Al2O3 powders adopted by
homogeneous co-precipitation showed improved mixing uniformity and lead to the reduced defect
of the YAG powders. After sintering in vacuum at 1700 ◦C for 10 h, the (Y1−xYbx)AG (x = 0, 0.01, 0.10)
ceramics with high transparency were obtained. Analysis of the densification rate, micromorphology,
and optical properties of the ceramics suggests that the performance of the Yb:YAG ceramics is
independent of the doping amount of Yb. Moreover, when the Y2O3, Al2O3, and Yb2O3 mixtures
were laid aside for some time in the air after milling and drying, the performances of the as-prepared
Yb:YAG ceramics would be affected distinctively. It is likely because the Y2O3 is easily hydrolyzed to
Y(OH)3, Y(OH)2+ and Y2(OH)2

4+, which impinged the sintering activity of the powder mixture.

Keywords: Yb:YAG; transparent ceramics; vacuum sintering

1. Introduction

Yttrium aluminum garnet (YAG) belongs to the cubic crystal system and has excellent
optical, mechanical properties and chemical stability. Among the solid laser materials, YAG
crystal has the best comprehensive performances [1–6]. YAG doped with (Ce3+, Eu3+) can
be widely used in the fields of scintillation and luminescent materials [7]. YAG doped with
other rare earth ions (Nd3+, Yb3+) can be widely used as laser crystal in the fields of laser,
medical instruments, and military defense. Compared with Nd:YAG, the Yb:YAG shows
significant advantages, such as no concentration quenching effect of Yb doping and high
quantum efficiency. As the central absorption wavelength of Yb3+ is about 940 nm, which
perfectly matches with the InGaAs diode, Yb:YAG has become the preferred solid laser
gain medium with high efficiency [8,9].

Traditionally, YAG single crystal laser was grown by the Czochralski method. There
are many limitations such as low growth rate, high cost and the difficulty of obtaining
a large size. As the YAG transparent ceramics have similar physical, chemical and laser
properties with single crystal, it is preferred to prepare YAG ceramics with low cost and a
high doping concentration of rare earth ions [10,11]. Since Ikesue prepared high-quality
Nd:YAG transparent ceramics and used laser diode (LD) pumping to obtain laser output in
1995, YAG transparent ceramics have developed rapidly [12].
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The solid-state method and wet-chemical method were conventionally used to fab-
ricate YAG transparent ceramics [13–21]. The wet-chemical method includes the sol–gel
method, combustion synthesis method, hydroxide co-precipitation method, homogeneous
precipitation method, glycol thermal treatment, spray-pyrolysis method and so on. The
precursor powders contain surface water and structural water. Due to the adsorption of
water, it is difficult to eliminate the hard agglomeration of the powder caused by surface
tension and hydrogen bonding. Moreover, the difference in the precipitation solubility and
sedimentation rate of the precursor cations in the precipitation method makes it difficult
to obtain an accurate stoichiometric ratio and uniform composition of YAG powders. The
solid-state method is the traditional method to prepare YAG powders during which the
well-mixed high-purity oxide powders were sintered at high temperatures. This method is
low cost and easy to operate and scale up. However, agglomeration could be observed in
the commercial Y2O3 powders, and the particle size is usually inhomogeneous. Further-
more, the mismatch of powder particle sizes between the Y2O3 and Al2O3 powders results
in poor uniform mixing. In this case, higher activation energy is required for sufficient ion
diffusion, and higher calcination temperature and longer sintering period were required to
obtain a YAG single phase [22,23].

In this study, Yb:YAG transparent ceramics were prepared using monodispersed
spherical Y2O3 and Al2O3 powders through homogeneous coprecipitation and commer-
cial Yb2O3 nano-powders as raw materials by solid-state process and vacuum sintering.
The optical properties and micro-morphology of the YAG ceramics doped with different
concentrations of Yb were analyzed. In addition, it is found that the sintering activity of
the Y2O3, Al2O3 and Yb2O3 mixing powders would be greatly affected after being placed
for some time after ball milling. The phase formation, micro-morphology and sintering
activity of the laying aside precursor powders were also analyzed in depth.

2. Experimental Procedures

2.1. Materials

Y2O3 (99.99% purity, Huizhou Ruier Rare-Chem. Hi-Tech. Co., Ltd., Huizhou, China),
Yb2O3 (99.99% purity, Huizhou Ruier Rare-Chem. Hi-Tech. Co., Ltd., Huizhou, China),
Al(NO3)3·9H2O (purity > 99%; Zhenxin Chemical Reagent Factory, Shanghai, China), nitric
acid (analytical grade, Sinapharm, Shanghai, China), urea (analytical grade, Sinapharm,
Shanghai, China) and tetraethoxysilane (TEOS, >99.99%, AlfaAesar) were used as the
raw materials.

2.2. Preparation of Spherical Y2O3 and Al2O3 Powders

Homogeneous precipitation was used to prepare the monodispersed spherical Y2O3
powders. Firstly, Y2O3 powders were dissolved into heated HNO3 at 90 ◦C to obtain the
Y(NO3)3 solution. Then, 0.15 M Y3+ and 0.5 M urea were mixed into 500 mL of solution
and stirred equably at 90 ◦C for 2 h. After the reaction, the precipitate was collected via
centrifugation, washed with deionized water and ethanol three times, and then dried at
80 ◦C for 24 h in an oven to obtain soft and white precursor powder. Y2O3 powders were
obtained by grinding and sieving the precursor powder and then calcination in a muffle
furnace at 900 ◦C for 4 h. The main chemical reactions for the preparation of Y2O3 are
as follows:

yY3+ + xNH4
+ + zOH− + mCO3

2− + nH2O ↔ (NH4)xYy(OH)z(CO3)m·nH2O (1)

(NH4)xYy(OH)z(CO3)m·nH2O ↔ xNH3 + 0.5yY2O3 + mCO2 + nH2O (2)

The process to obtain the monodispersed spherical Al2O3 is similar to that of Y2O3.
Firstly, Al(NO3)3·9H2O is dissolved in water to obtain a certain concentration of Al(NO3)3
solution. Then, 0.006 M Al(NO3)3 and 0.005 M (NH4)2SO4 and 0.12 M urea were mixed to
form 500 mL solution and stirred equably at 90 ◦C for 1.5 h. After that, the precipitate was
collected via centrifugation, washed with deionized water and ethanol, and then dried at
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80 ◦C for 24 h in an oven to obtain soft and white precursor powder. Al2O3 powders were
obtained by grinding, sieving and calcinating the precursor powder in a muffle furnace at
1000 ◦C for 4 h. The main chemical reactions for the preparation of Al2O3 are as follows:

yAl3+ + xNH4
+ + zOH− +mCO3

2− + nH2O ↔ (NH4)xAly(OH)z(CO3)m·nH2O (3)

(NH4)xAly(OH)z(CO3)m·nH2O ↔ xNH3 + 0.5yAl2O3 + mCO2 + nH2O (4)

2.3. Preparation of Yb:YAG Transparent Ceramics

The Yb:YAG transparent ceramics were prepared by the solid-state reaction method
and vacuum sintering technique. The prepared monodispersed spherical Y2O3, Al2O3 pow-
ders, and commercial Yb2O3 nano-powders were weighed according to the stoichiometric
ratio. The Yb doping concentrations were 0%, 1 at % and 10 at%, respectively. Tetraethyl
orthosilicate (TEOS, 0.5 wt%) was used as the sintering aids. Ball milling was then used
to mix the powders uniformly. Absolute ethyl alcohol was used as the ball-milling media,
and the ratio of solid and liquid was 1:4. The mixture was milled with corundum grinding
ball for 16 h and dried in an oven at 80 ◦C for 24 h. The mixture powder was calcined in air
for 1200 ◦C, 1300 ◦C, 1400 ◦C and 1500 ◦C to analyze the formation of the YAG phase.

(Y1−xYbx)AG powders prepared were formed by the bidirectional pressing of a steel
mold and cold isostatic pressing at 200 MPa to obtain green products with a thickness of
5 mm and a diameter of 13 mm. The green products were then sintered at 1600–1700 ◦C
in a vacuum furnace with the heating and cooling rates of 5 ◦C/min and 10 ◦C/min,
respectively. Then, the ceramic products after sintering were annealed in the air at 1300 ◦C
to eliminate the oxygen vacancies. Finally, the ceramic products were polished to measure
the transmittance and observe the microstructure.

2.4. Characterization

Phase composition analysis of the samples was performed by X-ray diffraction (XRD,
Model PW3040/60; PANALYTICAL B.V, Amsterdam, The Netherlands) under 40 kV/40 mA
using nickel-filtered Cu Kα radiation at a scanning speed of 4.0◦·2θ/min and a step size
of 0.02◦. The morphologies were observed using field emission scanning electron mi-
croscopy (Model JSM-7001F; JEOL, Tokyo, Japan) with an acceleration voltage of 10 kV. The
densification behaviors of YAG powder compacts in flowing O2 were analyzed through
dilatometry by a thermal mechanical analyzer (SETSYS Evolution 1750; Setaram, Lyons,
France) at a constant heating rate of 10 ◦C/min and a cooling rate of 15 ◦C/min. The in-line
transmission of the ceramic samples was measured by an ultraviolet-visible spectrometer
(PerkinElmer Lambda750S, Waltham, MA, USA).

3. Results and Discussion

Figure 1a,b show the morphologies of the as-prepared Y2O3 precursor and that cal-
cined at 900 ◦C. Both precursor powders were monodispersed and uniform. The average
particle size of precursor was about 400 nm, and that of calcined powders was approxi-
mately 200 nm. Figure 1c shows the morphology of the commercial Yb2O3 nano-powder.
The average particle size was about 40 nm.

Figure 2 shows the morphologies of as-prepared Al2O3 precursor and that calcined at
1000 ◦C. Both were monodispersed and homogeneous. Shrinkage of the precursor powder
was obvious, as the size decreased from 700 nm to about 400 nm. This is due to the volatility
of NH4

+, CO3
2− and OH− in the precursor during calcination.

Figure 3 exhibits the XRD patterns of the products of the YAG precursor sintered at
different temperatures. The powders calcined at 1200 ◦C contain phases of YAG (Y3Al5O12,
JCPDS card No. 33-0040), YAP (YAlO3, JCPDS card No. 70-1677), YAM (Y4Al2O9, JCPDS
card No. 14-0475), and α-Al2O3. The dominant phase was YAP. When calcined at 1300 ◦C,
the YAM phase was completely transformed into the YAP phase. At 1400 ◦C, only a small
amount of YAP existed as the impurity phase, and the major phase was YAG. At 1500 ◦C,
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only the YAG phase remained. The phase evolution is quite similar to that previously
reported [24]. After calculation, the lattice parameter of the (Y1−xYbx)AG (x = 0, 0.01, 0.10)
crystals calcined at 1500 ◦C are 1.2002 nm, 1.1986 nm and 1.1964 nm, respectively, because
the ionic radius of Yb is smaller than that of the Y ionic radius. After Yb entered the YAG
lattice, it will lead to lattice contraction. So, the lattice constant decreased with the increase
in Yb doping.

Figure 1. Micrographs showing particle morphologies of the Y2O3 precursor (a) and calcined at
900 ◦C (b) and commercial Yb2O3 nano-powder (c).

Figure 2. Micrographs showing morphologies of the Al2O3 precursor (a) and calcined at 1000 ◦C (b).

Figure 3. XRD patterns of the products calcined at various temperatures. G represents YAG garnet, P
represents YAP phase, M represents YAM phase, and A represents Al2O3 phase.

61



Coatings 2022, 12, 1155

For the formation of the YAG phase, the diffusion of ions during the solid-state reaction
needs to overcome the energy barrier. The relation between the diffusion coefficient (D)
and temperature (T) can be expressed by Equation (5) [25]:

D = D0 exp(
−Q
RT

) (5)

where D is the self-diffusion coefficient, D0 is the pre-exponential factor, Q refers to the
self-diffusion activation energy, R is the Boltzmann constant, and T is the thermodynamic
temperature. The exponential term (−Q/RT) is the probability that an atom overcomes the
energy barrier transition.

According to Equation (5), the atomic diffusion coefficient is exponentially related to
temperature. When the temperature rises, the diffusion coefficient increases as well. Thus,
high temperature is required to enhance atomic diffusion and obtain the YAG phase.

In addition, particle size is a vital parameter that influences the reaction rate in a solid-
state reaction. The particle size can change the reaction interface, diffusion cross-section
and particle surface structure. Equation (6) was used to describe the relationship between
the rate constant and particle size of reactants in a solid-state reaction [26].

K f =
2DC0

r2 (6)

where Kf is the reaction rate constant, C0 is the concentration of the reactant, D is the atomic
diffusion coefficient, and r refers to the particle radius of the reactant.

As shown in Equation (6), the rate of solid reaction increased with the reduction in
particle radius. The smaller the particle size, the larger the specific surface, the larger the
reaction cross-section, the flatter the distribution curvature of bond strength, the larger
the proportion of weak bonds, and the greater the reaction and diffusion ability. The
temperature required for the YAG phase formation starting from the monodispersed Al2O3
spherical powders was higher than that using the Al2O3 nano-powders in the previous
work under the same conditions, which was mainly due to the low activity and slow
diffusion rate of large spherical Al2O3 particle size in the present work [27].

The mixing uniformity of oxide powders also matters. When the raw materials
failed to be mixed thoroughly, diffusion would be difficult because of a long distance
between cations. Therefore, a higher temperature was needed to eliminate the transient
phase. Meanwhile, when hard agglomeration appeared in a raw mixture, the activity of
the powders would be poor, which would lead to an uneven mixture. In this experiment,
monodispersed spherical Y2O3 and Al2O3 powders improved the mixing uniformity, which
then greatly reduced the defect of final ceramics.

Figure 4 exhibits the shrinkage and shrinkage rate curves during sintering of the
(Y1−xYbx)AG (x = 0, 0.01, 0.10) products at a constant heating rate (10 ◦C/min). The
expansion phenomenon can be observed in the samples from 400 to 1200 ◦C, which can be
explained by the phenomenon of expansion on heating and contraction on cooling. Linear
shrinkage and linear shrinkage rate were similar, which are independent on the doping
concentration of Yb. The shrinkage was about 8%, and the maximum shrinkage rate was
about 0.8 %/min.

Sharp contraction can be observed around 1250 ◦C, which can be attributed to the
difference in density that came from the YAM to YAP transformation process. The result is
consistent with the XRD analysis. Furthermore, the densification process is another reason
for the contraction. The expansion phenomenon can be observed when the temperature
reached about 1450 ◦C, which was mainly due to the YAP to YAG transformation process.
However, the densification rate was lower than the expansion rate coming from the phase
transition. When the temperature was higher than 1500 ◦C, the densification led to a
constant sample volume shrinking.

Figure 5 shows the thermally etched surface morphologies of (Y1−xYbx)AG ceramic
samples sintered at 1600 ◦C. Similar surface morphologies and the average particle size of
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the samples can be observed. The particle size was about 1.2 μm, and the relative density of
the Yb:YAG ceramic sample was about 97.5%. The pore distribution was uniform and the
pores were basically distributed at particle boundaries. There were no large pores, which
was beneficial for the late stage of sintering. At the evaluated sintering temperature, the
small pores could be easily eliminated along grain boundaries with the grain growth.

Figure 4. Shrinkage and shrinkage rate during constant heating rate (10 ◦C/min) sintering of the
(Y1−xYbx)AG (x = 0, 0.01, 0.10) compacts, (a) x = 0, (b) x = 0.01, (c) x = 0.1.

Figure 5. Thermally etched surface morphologies of (Y1−xYbx)AG ceramic samples sintered at 1600
◦C, (a) x = 0, (b) x = 0.01, (c) x = 0.1.
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Figure 6 shows the thermally etched surface morphologies of the Yb:YAG transparent
ceramics sintered at 1700 ◦C. Compared with those sintered at 1600 ◦C, the grain size
increased distinctly, and almost all pores were removed. Grain boundary diffusion and
volume diffusion were the main mechanisms when sintered at 1700 ◦C. In the later stage
of sintering, pores were completely isolated. Then, a sum effect of grain growth, hole
coarsening, and volume shrinkage finally resulted in an actual density of the ceramic that
was close to the theoretical density. The average particle size of the ceramic under the
vacuum sintering at 1700 ◦C was about 5.5 μm using the Win Roof statistics. The relative
density of the Yb:YAG ceramic sample was about 99.8%.

Figure 6. Thermally etched surface morphologies of (Y1−xYbx)AG transparent ceramics sintered at
1700 ◦C, (a) x = 0, (b) x = 0.01, (c) x = 0.1.

As mentioned above, in spite of the change of the Yb3+ content, the densification
rate and surface microscopic morphologies of the Yb:YAG ceramics were similar, which
is consistent with previous study [27]. It is thus proved that the doping of Yb had little
influence on the pores discharge, grain growth and densification of ceramics.

Figure 7 shows the EDX analysis of the (Y0.94Yb0.06)AG transparent ceramic sintered
at 1700 ◦C. The Y, Yb, Al, Si and O elements were uniformly distributed, and there was
no concentration gradient and segregation. When sintered at high temperatures, the
addition of Si formed the Y-Si-O liquid phase. The existence of the liquid phase made the
YAG ceramics more conducive to particle rearrangement, dissolution–precipitation, and
densification in the middle and late stages of sintering. The solubility of SiO2 on the surface
of the YAG particles was restricted. When the liquid phase exceeds the solubility on the
particle surface, a Si-rich glass phase is easily formed [28]. The addition of Si content was
0.5 wt % in our study, which was less than its solubility on the YAG grain surface. Such a
small amount of Si doping will promote densification but will not become enriched along
the grain boundaries.
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Figure 7. EDX spectra analysis of the composition distributions of the (Y0.94Yb0.06)AG transparent
ceramic sintered at 1700 ◦C.

Unlike Nd3+, the ionic radius of Yb3+ was small, and it is thus easier for Yb3+ to enter
the YAG lattice. In addition, because of the low segregation coefficient of Yb3+ (0.18), there
is a limited lattice drag effect when Yb3+ was doped in YAG. The doping of Yb did not
promote or inhibit the densification process of the YAG transparent ceramics [29–33].

(Y1−xYbx)AG transparent ceramics were obtained by dry pressing and isostatic press-
ing, which were sintered in vacuum at 1700 ◦C for 10 h. Figure 8 shows the (Y1−xYbx)AG
transparent ceramics (1.2 mm thick, both sides polished) with different doping contents of
Yb (from left to right: x = 0, 0.01 and 0.10, before annealing and x = 0, 0.01 and 0.10, after
annealing). All the samples were observed to have fine optical transmittance.

Figure 9 shows the optical transmittance of the Yb:YAG transparent ceramics. There
were four absorption peaks at 250 nm, 300 nm, 380 nm and 640 nm before annealing. The
ytterbium mainly existed in the form of Yb2+ in the reduction atmosphere. The absorption
peaks at 250 nm and 300 nm are due to the defects (oxygen vacancies) produced by fast
neutrons ion irradiation via elastic collision, and they form F and F+ center. The absorption
peak at 300 nm is weak. The optical absorption spectrum increases with fluence up to
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saturation level. So, sometimes, the 300 nm absorption peak does not appear [34]. The
absorption peak at 380 nm was attributed to the absorption of Yb2+ ions, and the peak at
640 nm was due to the oxygen vacancies that existed in the ceramics sintered in vacuum.
The ceramics had a slightly higher linear transmittance after annealing due to the removal
of oxygen vacancies and color centers after annealing.

Figure 8. Photos of (Y1−xYbx)AG transparent ceramics (1.2 mm thick), from left to right: x = 0, 0.01
and 0.1, before annealing and x = 0, 0.01 and 0.1, after annealing.

Figure 9. Optical transmittance of (Y1−xYbx)AG (x = 0, 0.01 and 0.1) transparent ceramics, (a) before
annealing, and (b) after annealing.

The optical transmittance of the samples after annealing were 81.43%, 79.93% and
79.15%, respectively, at 1200 nm with the increasing of Yb contents. The in-line transmission
of the sintered Yb:YAG samples had high transmission and was comparable to YAG single
crystal grown by the Czochralski method (about 84% transmission). The minimum optical
transmittance can be seen at 916 nm, 941 nm and 968 nm, which can be explained by the
absorption of light in Yb:YAG ceramics. This matches with the transition of Yb3+ from the
2F7/2 ground state to the 2F5/2 excited state.

According to the mathematical expression of Beer–Lambert law, A = lg(1/T) = Kbc.
T is the transmission ratio (light transmittance), and B is the absorption layer thickness.
Obviously, as with Er:YAG transparent ceramic, the absorption band of Yb:YAG transparent
ceramic does not satisfy Beer’s law. The factors affecting the transmittance of YAG ceramic
include pores, impurities, defects and grain boundaries, which have nothing to do with the
ceramic thickness.

It is worth mentioning that the sintering activity of the Y2O3 and Al2O3 powders
was apparently influenced if the precursor powders were laid aside for a period in the
air after milling and drying. The precursor powders and ceramic sample performances
were studied using monodispersed spherical Y2O3, commercial Al2O3 and Yb2O3 powders
through the solid-state method and the vacuum-sintering technique.
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Figure 10 shows the morphologies of the (Y0.94Yb0.06)AG precursor calcined at 1100 ◦C.
It can be seen that agglomeration can be observed in (Y0.94Yb0.06)AG precursor after laying
aside for a month, which was unfavorable as the raw materials for preparing transparent
ceramics. Powder agglomeration has always been an obstacle for transparent ceramics
sintering. This is because during the sintering process, the agglomerated grains would
grow abnormally, and the pores would be retained in the grains.

Figure 10. Micrographs showing particle morphologies of the precursor of (Y0.94Yb0.06)AG powders
laying aside a month (a) and the precursor calcined at 1100 ◦C (b).

Figure 11 exhibits the ceramics obtained with different precursor powders via vacuum
sintering at 1700 ◦C for 5 h. It can be seen that the ceramics obtained using fresh precursor
were transparent and the relative density was 99.98% after calculation. In comparison, the
ceramic obtained with the precursor placed in air for a month was opaque, and the relative
density was only 97.87%.

Figure 11. Photos of (Y0.94Yb0.06)AG transparent ceramics calcined at 1700 ◦C, 5 h, the left: the
ceramic of the precursor directly sintering; the right: the ceramic of the precursor laying aside a
month and sintering at the same condition.

Figure 12 shows the thermally etched surface morphologies of (Y1−xYbx)AG ceramics
sintered at 1700 ◦C. The surface of the ceramics shown in Figure 12a was clean, and there
were no pores using the fresh precursor powders. Meanwhile, as observed in Figure 12b,
there were large poles on the surface of ceramics when using the precursor powder after
laying aside for a month. Poles acted as the scattering centers of light and thus had a
remarkable influence on the optical properties of the ceramics. According to Greskovich’s
report, as the enclosed pores rose from 0.25% to 0.85%, the optical transmittance decreased
by 33% [35].
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Figure 12. Thermally etched surface morphologies of (Y0.94Yb0.06)AG ceramics sintered at 1700 ◦C,
(a) the precursor not laying aside, (b) the precursor laying aside a month.

Figure 13 shows the XRD patterns of the ceramics after vacuum sintering at 1700 ◦C. It
can be observed that both ceramics consist of a single YAG phase. Thus, the main reason for
the decreased transmittance for the Yb:YAG ceramic obtained from the stale precursor is the
relatively high porosity rather than the influence of the second phase. The only difference
between the two types of precursor powders was the storage time in air. The results were
closely related to the agglomeration of precursor powders. The sintering activity of stale
precursor powders became lower and impacted the optical transmittance of YAG ceramics.

Figure 13. XRD patterns of the ceramics after vacuum sintering: (a) the precursor laying aside a
month, compaction and sintering, (b) the precursor powers immediately compaction and sintering.

Based on the previous studies [36–41], the main dissolved ions of Y2O3 are not only Y3+

but also Y(OH)2+ and Y2(OH)2
4+, which are positive polyvalent ions and easily adsorbed

to the surface of negatively charged materials. In addition, the Y2O3 powders were easy to
absorb H2O and CO2 in the air, which changes the surface activity of powders. The reaction
process can be expressed as follows:

Y2O3 + H2O → Y2O3·H2O → Y(OH)3 → Y3+ + 3OH− (7)

CO2 + 2OH− = CO3
2− + H2O (8)

2Y3+ + 3CO3
2− + nH2O = (Y2CO3)3·nH2O (9)

The XRD pattern of the precursor leftover after a month is shown in Figure 14. In
addition to the diffraction peaks of Y2O3 and Al2O3, there were also impurity peaks of
C3H3O6Y·2H2O (i.e, Y(HCOO)3·2H2O) induced by the interaction between the precursor
powders, the added organic active agent, H2O, and CO2 in the air.
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Figure 14. XRD pattern of the precursor powders after a month.

The precursor agglomeration was mainly due to the high specific surface area of the
raw materials and the weak physical force of the powders, which includes the van der
Waals’ force, electrostatic interaction, capillary tension and magnetic force. The action range
of van der Waals force is less than 100 μm, and the van der Waals force has a strong effect
on the powder particles whose size is less than 0.05 μm. During calcination, a sintering
bond occurred among small particles and led to the powder agglomeration. Another
reason for powders agglomeration was that the vapor pressure of the grain surface is high.
When leftover in the air, the surface of the powder would be wetted by air, which was
related to the humidity of air and the curvature of the particles. At the contact point of the
powder particles, capillary bridging was built by wetting solution, and the particles became
agglomerated. The attraction force (F) among the particles has little relationship with the
wetting solution but is mainly influenced by gas–liquid interface energy γLV and particle
diameter D. The relational expression of these factors is shown in Equation (10) [42]:

F = 5γLVD (10)

The mass of the particle depends on the size of the particle. So, the ratio of the
aggregate force to the mass is large for small particles. The agglomeration intensity σ can
be expressed by Equation (11):

σ =
7SγLV(1 − θ)

Dθ
(11)

where S is saturation of the wetting liquid, θ is the degree of porosity and D refers to
particle diameter. As shown in Equation (11), capillary tension has an obvious effect on the
powder particle size under 100 μm.

According to the investigation above, after milling, sieving, and laying aside in the
air for a period, Y2O3 powders can easily react with the addition of an active agent and
H2O and CO2 in the air. Therefore, the powder surface characteristics had been influenced.
After calcination, Y2O3 powders were partly agglomerated, which impacted the course
of reaction with Al2O3 powders. During the high-temperature vacuum sintering, as the
surface energy of the agglomeration powders is small, the aggregated powders were
preferential sintered. The densification rates of the different parts of the sintered body
were different. Therefore, it was difficult for pores to exclude along grain boundaries. The
existence of pores in the gain particles made the ceramics opaque.
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4. Conclusions

Yb:YAG transparent ceramics were fabricated using commercial Yb2O3 nano-powders
and the prepared monodispersed spherical Y2O3 and Al2O3 powders as raw materials by
vacuum sintering.

(1) The homogeneous co-precipitation method was adopted for the preparation of spher-
ical Y2O3 and Al2O3 powders, and the average particle size was about 200 nm
and 400 nm, respectively. The prepared spherical powders improved the mixing
uniformity and greatly reduced the defect in the solid-state method of preparing
YAG ceramics.

(2) Yb:YAG transparent ceramics were fabricated using vacuum sintering at 1700 ◦C for
10 h. The optical transmittance of the ceramics can achieve up to 80% at 1200 nm.
From the analysis of densification rate, micromorphology and optical properties of the
ceramics, it was found that the performances of the Yb:YAG ceramics are independent
of the doping amount of Yb.

(3) The Y2O3, Al2O3 and Yb2O3 mixing precursors were laid aside for a period of time
in the air after milling and drying, and the sintering activity of the powders and the
obtained Yb:YAG ceramic products would be influenced significantly due to the fact
that the yttrium oxide was easily hydrolyzed and it was facile to react with the active
agent and air.
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Abstract: Near-infrared emitting nano-sized particles of ZnGa2−x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed
as ZGMSO:Cr3+) with persistent luminescence were prepared by sol-gel processing followed by
calcination. The samples were tested by XRD, TEM, STEM, SAED, Raman, XPS, UV-Vis-NIR, TL,
PLE/PL spectroscopy, and persistent luminescence decay analysis. Equimolar incorporation of Mg2+

and Si4+ ions did not change the spindle structure of ZnGa2O4 seriously. Most Mg2+ ions are more
likely to occupy the sites in octahedron, but Si4+ ions are more likely to occupy the sites in tetrahedron
in priority. A broader bandgap, up shift of conduction band minimum, and more anti-defects were
found at a higher Mg2+/Si4+ doping concentration. ZGMSO:Cr3+ outputs near-infrared emission
with a dominated band at 694 nm (2E → 4A2 transition of Cr3+), which can last longer than 48 h after
the stoppage of UV irradiation. Mg2+/Si4+ doping contributes to a better near-infrared persistent
luminescence, and the strongest and the longest NIR afterglow was observed at x = 0.05, owing to
that the x = 0.05 sample has the deepest defects. The synthesized nanoparticles of ZGMSO:Cr3+ not
only output intense NIR afterglow but also can be recharged by the red light of LED several times,
indicating that they are the potential nano probes for bio imaging in living animals.

Keywords: anti-defects; afterglow; bandgap; persistent luminescence; ZnGa2O4; Cr3+

1. Introduction

Cr3+-activated zinc gallate (ZnGa2O4:Cr3+) [1] and Cr3+-doped zinc gallogermanate
(Zn3Ga2GeO8:Cr3+) [2,3] spinel phosphors are the new favorites in persistent lumines-
cence materials and attract tremendous attention, mainly due to their near-infrared (NIR)
emissions at ~700 nm (the spin forbidden 2E → 4A2 transition of Cr3+) and ~650–1600 nm
(the spin-allowed 4T2 → 4A2 transition of Cr3+), that would last for a long time with
several or dozens of hours after removing the light source. Recently, functionalized NIR-
emitting persistent luminescent nanoparticles of ZnGa2O4:Cr3+ and Zn3Ga2GeO8:Cr3+

with long lasting afterglow have been successfully synthesized for bio-imaging in living
animals [4–14], mainly due to their two advantages: (1) the long-lasting afterglow feature
permits detection without external illumination, which can eliminate the noise from the
background because of in situ excitation; (2) the NIR emission is beneficial for whole body
imaging of living animals because its ratio of signal to noise is high and the penetration
is deep. However, for practical applications of the NIR persistent phosphors, the effec-
tive afterglow signal rather than the very weak luminescence signal may last for several
hours, and the optical materials need to be effectively activated by visible light. Therefore,
increased attention has been paid to the improvement of NIR persistent luminescence of
spinel phosphors through compositional modification [15–20].

It has been predicted that any combination of ions including alkaline earth, lanthanide
or Li+ ions in ZnGa2O4:Cr3+ and Zn3Ga2GeO8:Cr3+ may possibly produce materials with
remarkable NIR persistent luminescence, because the incorporation of foreign ions would
increase the efficient electron traps [2,21–23]. More recently, Sn4+-doped ZnGa2O4:Cr3+ [24],
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Pr3+ [5], Bi3+ [25], Eu3+ [26], Yb3+/Er3+ [27] doped zinc gallogermanate persistent lumi-
nescent materials were synthesized, and the improved NIR persistent luminescence is
attributed to distorted octahedral sites arising from foreign ions occupying six-coordinated
Ga site [28]. However, the reports on incorporation of two different valence ions in
ZnGa2O4:Cr3+ at the same time are rather limited because of their complex occupation
on Zn site (four-coordinated) or Ga site (six-coordinated). But it has ability to potentially
regulate the effective defects which are beneficial to the improvement of NIR persistent lu-
minescence. In this work, equimolar Mg2+ and Si4+ ions were introduced in ZnGa2O4:Cr3+

through occupying both the four- and six- coordinated sites, which increase the efficient
electron traps by local microstructure regulation, thus generating remarkable improved
near-infrared persistent luminescence. The local structure and the near-infrared persistent
luminescence of ZnGa2−x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed as ZGMSO:Cr3+) were inves-
tigated via detailed characterizations of X-ray diffractometry (XRD), transmission electron
microscopy (TEM), STEM, SAED, Raman, X-ray photoelectron spectrometer (XPS), UV-Vis-
NIR, Thermoluminescence (TL), PLE/PL spectroscopy, and persistent luminescence decay
analysis. The results of this work may have wide implications on other optical materials
with persistent luminescence.

2. Experimental Section

2.1. Synthesis

The starting materials of Zn(NO3)3·6H2O, Mg(NO3)2·6H2O, Cr(NO3)3·9H2O, SiO2,
and Ga2O3, were purchased from Sinopharm (Shanghai, China) with the purity of 99.99%.
Ga2O3 was dissolved in nitric acid solution. ZGMSO:Cr3+ samples were prepared by sol-gel
processing in the presence of trimethylaminomethane (THAM), followed by calcinations at
1000 ◦C. The molar ratio of THAM to total cationic ions is maintained at 2:1, and the Cr3+

content is fixed at 0.5 at.%, substituting for Ga3+.

2.2. Characterization Techniques

X-ray diffractometry (XRD, Model SmartLab, Rigaku, Tokyo, Japan) was used for
phase identification, which was performed by operating at 40 kV/40 mA using nickel
filtered Cu Kα radiation and a scanning speed of 6.0◦ 2θ/min. A Raman microscope (Model
R-XploRA Plus, Horiba, Kyoto, Japan) was used for Raman scattering measurements, using
the with a 532 nm He-Ne laser as the excitation source. At the sample, the laser power
was fixed at 49.1 mW. An X-ray photoelectron spectrometer (Model Axis Supra, Kratos
Analytical Ltd., Manchester, UK) was used for the data of X-ray photoelectron spectroscopy
(XPS) using the monochromatized Al Kα X-ray radiation. At room temperature, the
measurements were performed using an ultrahigh vacuum chamber with a base pressure
below 3 × 10−9 Torr. C 1 s (284.8 eV) of carbon impurities was used as reference to calibrate
binding energies. Transmission electron microscopy (TEM, Model JEM-2000FX, JEOL,
Tokyo, Japan) was used to test the morphologies of the products. The composition of the
product was analyzed by inductively coupled plasma (ICP) spectroscopy (Model Optima
8300 and Optima 4300, Perkin Elmer, Shelton, CT, USA) with a detection limit of 0.01 wt.%.
UV-Vis-NIR spectrophotometer (UV-3600 Plus, Shimadzu, Kyoto, Japan) was used for
diffuse reflectance spectra of the samples at room temperature. A spectrometer (Model
FJ427A TL, Beijing Nuclear Instrument Factory, Beijing, China) was used to test the glow
curves of the samples with a heating rate of 1 ◦C·s−1 on after exposure to UV light for
5 min at room temperature. FP-8600 fluorospectrophotometer (Jasco, Tokyo, Japan) was
used to analyze the photoluminescence of the phosphors, and Horiba JY FL3-21 (Horiba,
Kyoto, Japan) was used to detect the persistent luminescence signals.

For Rietveld refinement, the data were collected through a step-scan mode over the 2θ
range of 15◦–120◦, using a step interval of 0.02◦ and a counting time of 1 s per step. TOPAS
4.2 software was carried out for the Rietveld refinement of the XRD patterns.
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3. Results and Discussion

3.1. Synthesis, Morphology and Local Structure

XRD pattern of the prepared ZGMSO:Cr3+ (x = 0–0.20) calcined at 1000 ◦C are dis-
played in Figure 1. The diffractions of the samples with x = 0–0.15 are well-indexed
to spinel structured ZnGa2O4 (JCPDS No. 38–1240). There are two kinds of sites for
cationic ions in the crystal structure, which are A site for Zn2+ in a tetrahedron sur-
rounded by four oxygen anions, and B site for Ga3+ in an octahedron surrounded by
six oxygen anions, respectively [28]. Appearance of a small trace of another phase cor-
responding to Zn2SiO4 (JCPDS No. 85–0453) takes place with the x value reaching
0.20, along with main phase of ZnGa2O4. The results indicates that the incorporation
threshold of Mg2+ and Si4+ in ZnGa2O4 is 15% (x = 0.15). Inductively coupled plasma
(ICP) spectroscopy was employed to analyze the composition of the product, and the
results of chemical analysis for ZGMSO:Cr3+ (x = 0.01, 0.05, 0.15) are shown
in Table 1. Elemental analysis identified ZnGa2.08(Mg2+/Si4+)0.0095O4.14:0.0048Cr3+

for x = 0.01 sample, ZnGa2.05(Mg2+/Si4+)0.046O4.15:0.0049Cr3+ for x = 0.05 sample, and
ZnGa1.97(Mg2+/Si4+)0.154O4.19:0.0047Cr3+ for x = 0.15 sample, respectively. The results
indicate that the composition of the prepared samples is very close to the stated objective
one. Figure 2a shows the typical Rietveld structure refinements of x = 0.05 sample, using
the standard ZnGa2O4 as initial model of crystal structure. Comparing the calculated and
the experimental data finds that all the diffraction peaks are well matching, in absence of
other impurity in the sample. The calculated values of residual factor are Rwp = 10.63%,
Rp = 6.66%, Rexp = 5.92% and x2 = 1.80. The acceptable reliability factors further confirmed
that the sample is a single phase, which crystallizes in a spinel structure (cubic) with the
space group of Fd-3m. Figure 2b shows Morphology of x = 0.05 sample under TEM observa-
tion, that indicates that the sample entirely consist of nanoparticles, with the sizes ranging
from ~20 to ~100 nm. The SAED analysis (Figure 2c) suggested that the nanoparticles are
single crystalline and exhibit excellent crystallinity. The calculated plain spacings from
SAED pattern are assigned to the (220) and (422) plains of ZnGa2O4 (JCPDS No. 38–1240),
indicating the formation of spinel structured solid solution. Elemental mapping results are
shown in Figure 3, finding that all cationic elements are distributed among the particles,
and all the elements outline the particle morphology consistent with that in Figure 2b,
suggesting that the nanoparticles are homogeneous solid solutions.

  

Figure 1. XRD pattern for the prepared ZGMSO:Cr3+ (x = 0–0.20) calcined at 1000 ◦C.
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Table 1. Results of chemical analysis for ZGMSO:Cr3+ (x = 0.01, 0.05, 0.15).

x
Chemical Analysis (wt.%)

Chemical Formula
Zn Ga Mg Si Cr

0.01 23.4 51.9 0.04 0.05 0.09 ZnGa2.08(Mg2+/Si4+)0.0095O4.14:0.0048Cr3+

0.05 23.3 51.1 0.22 0.21 0.09 ZnGa2.05(Mg2+/Si4+)0.046O4.15:0.0049Cr3+

0.15 24.2 49.2 0.66 0.80 0.09 ZnGa1.97(Mg2+/Si4+)0.154O4.19:0.0047Cr3+

 
 
 
 

 

 

 

  

Figure 2. (a) Rietveld refinements, (b) TEM image, and (c) SAED patterns of ZGMSO:Cr3+

(x = 0.05 sample).

Figure 4a presents the X-ray photoelectron spectroscopy (XPS) survey spectra (Figure 4a).
The results match well to the elemental mapping results, because other elements were not
detected except for the original components and contaminating carbon. High-resolution
XPS spectra of Zn 2p3/2, Ga 2p3/2, Mg 1s, Si 2p core levels for ZGMSO:Cr3+ (x = 0–0.15)
were analyzed in Figure 4b–e, which reveals the effect of incorporation of Mg2+/Si4+ on
the microstructure. Due to a few of tetrahedral Ga and octahedral Zn sites arising from
anti-defects appear in spinel-structured zinc gallate [1], a small amount of anti-site Zn2+ and
Ga3+ contribute to the asymmetric XPS spectra, which may be fitted using a bi-Gaussian
function (Figure 4b,c). Due to the binding energy of cationic ions in the tetrahedral sites is
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smaller than that in the octahedral sites, the fitting binding energy at higher is assigned to
the cationic ions occupying octahedral while the lower value is assigned to the cationic ions
occupying tetrahedral sites [29]. Although Zn2+ ions in tetrahedron and Ga3+ in octahedron
takes the dominate role, increasing the doping content of Mg2+/Si4+ (x value) induces more
Zn2+ ions being in octahedron while more Ga3+ ions being in tetrahedron (Tables S1 and S2),
indicating more anti-defects appear. Since most Mg2+ ions are in octahedron, the fitted area
ratio of the peak at the higher energy (~1304 eV) takes the dominate role (Figure 4d and
Table S3). When the x increases from 0.01 to 0.15 (Table S3), the fitted area ratio of the peak
at the lower value of ~1300 eV increases and then takes the dominate role, indicating more
Mg2+ ions occupying tetrahedral sites at a higher Mg2+/Si4+ doping content. However,
most Si4+ ions are in tetrahedron, because the fitted area ratio of the peak at the lower value
of ~105 eV is larger (Figure 4e and Table S4). Since the ionic radii of Si4+ (0.026 nm for
four coordination and 0.040 nm for six coordination) is much smaller than that of Zn2+

(0.060 nm for four coordination) and that of Ga3+ (0.062 nm for six coordination) [30], Si4+

ions are indeed in both the tetrahedron (Zn sites) and octahedron (Ga sites). Increasing the
x value did not significantly affect the occupation ratio of Si4+ in tetrahedral and octahedral
sites. The above results suggest: (1) Si4+ ions occupy the tetrahedral sites in ZnGa2O4 in
priority and their occupation exhibits an independence on the Mg2+/Si4+ doping content
(x value); (2) more incorporation of Mg2+/Si4+ would induce more anti-defects appear.

   

  

Figure 3. Element distribution of ZGMSO:Cr3+ (x = 0.05 sample), with (a) Zn, (b) Ga, (c) Mg, (d) Si,
(e) Cr.

Raman spectra of ZGMSO:Cr3+ (x = 0–0.15) are exhibited in Figure 5. For the spinel
structure, group theory predicts the following phonon modes, Γ = A1g + Eg + T1g + 3T2g
+ 2A2u + 2Eu + 5T1u + 2T2u [31]. Gorkom et al. [32] reported that the Raman peak at
~714 cm−1 is assigned to A1g Raman-active modes (k = 0), while the peak at ~610 cm−1 is
assigned to T2g Raman-active modes (k = 0). In this work, the Raman peaks at ~610 and
~714 cm−1 are clearly observed for ZnGa2O4 (x = 0 sample), which indicates there are a
large amount of ZnO4 groups with symmetric stretching vibrations [32,33]. However, the
intensity of Raman peaks at ~610 and ~714 cm−1 weakens with increasing the x up to 0.15.
More Mg2+/Si4+ doping (larger x value) would induce more Si4+ and Mg2+ ions occupying
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tetrahedral sites, along with more anti-defects of Ga3+ ions in tetrahedral sites, so a few of
ZnO4 groups in symmetric status transformed into ZnO4 groups in distorted status, which
contributes to the weakened Raman peaks.

 

  

  

Figure 4. (a) XPS survey spectrum of ZGMSO:Cr3+ (x = 0.05 sample) and (b–e) high-resolution XPS
spectra of ZGMSO:Cr3+ (x = 0–0.15): (b) Zn 2p3/2, (c) Ga 2p3/2, (d) Mg 1s, (e) Si 2p.
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Figure 5. Raman spectra of the prepared ZGMSO:Cr3+ (x = 0–0.15) calcined at 1000 ◦C.

3.2. Photoluminescence and NIR Persistent Luminescence of ZGMSO:Cr3+

Figure 6a displays the photoluminescence excitation (PLE) and emission (PL) spec-
tra of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ (taking x = 0.05 sample as an example) at room
temperature. In the PLE spectra, three excitation bands are found by being monitored
at a near-infrared (NIR) wavelength of 694 nm. The strongest excitation bands at the
wavelength range from 220 to 320 nm, are arising from the overlap of VB → CB transi-
tion and 4A2 → 4T1 (4P) transition of Cr3+ [1,2]. While the excitation peaks at 410 and
565 nm are assigned to 4A2 → 4T1 (4F) transition and 4A2 → 4T2 transition of Cr3+, re-
spectively [1,2,14], indicating the samples can be excited by visible light, such as blue
and orange red light, except for the UV irradiation. Under the 265 nm UV excitation, the
samples exhibit a near-infrared (NIR) emission with the maximum at 694 nm, which is
arising from the 2E → 4A2 transition of Cr3+, this is mainly due to Cr3+ ions occupying the
distorted octahedrons. It is interesting to find that incorporation of Mg2+/Si4+ ions, leads
to the NIR emission intensity at 694 nm increasing by ~23% and the maximum peak of the
strongest UV excitation band shifting from 256 to 265 nm, through comparing with the
excitation and emission spectra of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ (Figure 6a). The NIR
persistent-luminescence decay curves of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ are compared
in Figure 6b, which were monitored at 694 nm after UV light irradiation for 300 s at room
temperature. Both of ZnGa2O4:Cr3+ and ZGMSO:Cr3+ could output strong NIR afterglow
that lasting more than 7200 s, but ZGMSO:Cr3+ exhibits much more intense NIR afterglow
than that of ZnGa2O4:Cr3+ and thus having a longer afterglow time, which indicates that
Mg2+/Si4+ doping contributes to an improved NIR persistent luminescence. The persistent
luminescence spectra of ZGMSO:Cr3+ with various durations confirmed that the NIR signal
of afterglow can still be detected after removing the UV light source at 48 h (2880 min,
Figure 6c). The appearance of NIR afterglow in Figure 6e directly shows that intense
afterglow of ZGMSO:Cr3+ can last longer than 240 min, which is much stronger than that of
ZnGa2O4:Cr3+. Since ZGMSO:Cr3+ can also be excited by visible light, it was second in situ
excited under a red-light lamp for 120 s, and repeated signal of NIR afterglow was observed
after removing the excitation. The persistent luminescence spectra of ZGMSO:Cr3+ with
various durations indicate that the repeated signal of afterglow can last more than three
hours (Figure 6d), while the appearances of NIR afterglow in Figure 6e directly show that
the repeated signal of afterglow can last more than four hours and exhibit priority to that of
ZnGa2O4:Cr3+. Therefore, it can be inferred that ZGMSO:Cr3+ sample possesses an excel-
lent NIR persistent luminescence property and can be repeatedly recharge by red LED light.
Since incorporation of Mg2+/Si4+ ions in ZnGa2O4:Cr3+ contributes to the electrons traps
which can store UV and visible light [14,24], the prepared samples exhibited rechargeable

79



Coatings 2022, 12, 1239

ability for UV light and red LED light. In the following section, the influence of Mg2+/Si4+

doping on the NIR persistent luminescence would be investigated in detail.
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Figure 6. (a) PLE/PL spectra and (b) NIR persistent luminescence decay curves (monitored at 694 nm,
5-min excitation at 254-nm UV light illumination) of x = 0 and x = 0.05 samples. (c,d) are persistent
luminescence spectra of x = 0.05 sample with various durations after stopping UV light and secondary
excitation with a red light from a LED lamp. (e) is appearance of NIR afterglow of x = 0.05 sample
with various durations obtained by a Kodak In Vivo Imaging System FX Pro at different times
after removing UV irradiation for 5 min and the appearance of recharging NIR afterglow thought a
secondary excitation of red light.
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3.3. Effects of Mg2+/Si4+ Doping on the NIR Persistent Luminescence and Mechanism

Figure 7a estimates the bandgap energies of ZGMSO (the host of ZGMSO:Cr3+) with
various x values, which were determined by a UV-Vis-NIR spectrophotometer. The
absorption coefficient (α) and incident photon energy (hν) follows the relationship as
α = Bd(hν-Eg)1/2, where Bd is the absorption constant and Eg is the bandgap energy [34].
Figure 7a shows the relationship of (Ahυ)2 versus hυ based on the spectral data. Bandgaps
of 4.65 eV for x = 0, 4.70 eV for x = 0.05, and 4.77 eV for x = 0.15 are obtained by extrapolat-
ing the linear parts of the curves, which indicates that a higher x value induces a broader
bandgap. Figure 7b presents the valence-band XPS spectra, which finds that all the samples
have the almost the same edges of the maximum energy at about 2.88 eV. Therefore, the
conduction band minimum (CBM) can be calculated from the data of bandgap and valence-
band maximum (VBM), and the results are −1.78 eV for x = 0, −1.82 eV for x = 0.05, and
−1.89 eV for x = 0.15, respectively. Figure 7c shows TL glow curves of ZGMSO:Cr3+ with
various x values, and only one main peak ranging from 25 ◦C (298 K) to 300 ◦C (573 K)
was observed. The main peak temperature of the TL glow curves are summarized in
Table 2. Increasing the x value from 0 to 0.05 results in the temperature of peak maximum
increasing from 105 ◦C (378 K) to 128 ◦C (401 K). Further increasing the x value from 0.05
to 0.15 only yields a slightly decrease with the maximum of the peak being 127 ◦C (400 K)
and 124 ◦C (397 K) for x = 0.10 and x = 0.15, respectively. The electron-trap depths of
ZGMSO:Cr3+ samples can be estimated from the following equation as E = Tm/500 [14],
where Tm is the peak maximum in TL curves. The electron-trap depth calculated from the
TL peaks increases from 0.756 to 0.802 eV with elevating the x value from 0 to 0.05. While
the electron-trap depths exhibit a very small reduction by further elevating the x value up
to 0.15.

Through the combination of the above results, a schematic illustration of the energy
level was constructed in Figure 8. Since the 4T1 (4P) level of Cr3+ is broad and it locates
partly in the bandgap and partly in the conduction band (CB), the excitation bands arising
from the VB → CB transition and the 4A2 → 4T1 (4P) transition of Cr3+ overlap, which
thus contributes to the strongest excitation band at the wavelength ranging from 220 to
320 nm (Figure 6a). More Mg2+/Si4+ incorporation (larger x value) induces the up shift
of CBM, so more parts of the 4T1 (4P) level appear in the bandgap that are near the CBM
(Figure 8). The separation of CB and 4T1 (4P) level contributes to the red shift of the
maximum peak of the strongest UV excitation band. Additionally, due to more part of 4T1
(4P) level breaks away from CB, more excited electrons leap into the 4T1 (4P) level rather
than the CB, which results in more excited electrons going from 4T1 (4P) level to 2E level
through nonradiative transition and thus contributing to the enhanced emission intensity
at 694 nm (2E → 4A2 transition of Cr3+, Figure 6a). Since traps with deep trap depth are not
easy to be emptied at room temperature, the sample having deeper traps usually exhibit
more intense and longer afterglow. Therefore, x = 0.05 sample exhibits the most intense and
the longest persistent luminescence, owing to its deepest defects. Since the x = 0.10 sample
and x = 0.15 sample have the trap depth close to that of x = 0.05 sample, they exhibit the
similar persistent luminescence to that of x = 0.05 sample (Figure 9). Previous literatures
reported that anti-defects play the role as the electron traps that can capture the excited
electrons, so they would contribute to the improved persistent luminescence [35–37]. Here,
more incorporation of Mg2+/Si4+ resulted in more anti-defects, which thus contributed
to the improved NIR persistent luminescence. However, Si4+ ions occupy the tetrahedral
sites (Zn sites) in ZnGa2O4 in priority, which leads to the appearance of Ga vacancy
with three negative charges and Si4+ in Zn sites with two positive charges. These defects
contribute to the electron traps with a deeper depth more than ~1.0 eV [28,38,39], where the
captured electrons cannot easily escape at room temperature and thus contributes to the
worse NIR persistent luminescence. Therefore, the most intense and the longest persistent
luminescence was observed for x = 0.05 sample, which are the comprehensive outcome
from the anti-defects and the defects arising from Si4+ ions occupying the tetrahedral sites.
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Figure 7. (a) Determination of bandgap energies, (b) Valence-band XPS spectra, and (c) TL glow
curves of ZGMSO:Cr3+ (x = 0–0.15).
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Table 2. Main peak temperatures of the TL glow curves and estimated trap depths.

x Peak Temperature (◦C) Trap Depth (eV)

0 105 0.756
0.01 114 0.774
0.03 117 0.780
0.05 128 0.802
0.10 127 0.800
0.15 124 0.794

Figure 8. Schematic illustration of energy level diagram.

 

Figure 9. NIR persistent luminescence decay curves of ZGMSO:Cr3+ (x = 0–0.15).

4. Conclusions

In this work, nano-sized particles of ZnGa2-x(Mg/Si)xO4:Cr3+ (x = 0–0.15, termed as
ZGMSO:Cr3+) were prepared by sol-gel processing, which were then calcined at 1000 ◦C.
The nanoparticles are single crystalline and well crystallized. Incorporation of equimolar
Mg2+ and Si4+ ions did not significantly affect the spindle structure of ZnGa2O4. Most
Mg2+ ions occupy the octahedral sites, but more Mg2+ ions occupying tetrahedral sites
at a higher Mg2+/Si4+ doping content. Si4+ ions occupy the tetrahedral sites in priority,
which are independent on the Mg2+/Si4+ doping content. More incorporation of Mg2+/Si4+
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contributes to broader bandgap, up shift of conduction band minimum, and increased anti-
defects. Under the UV excitation, ZGMSO:Cr3+ exhibits a near-infrared (NIR) emission with
the maximum at 694 nm, which is arising from the 2E → 4A2 transition of Cr3+, because Cr3+

ions are in the distorted octahedrons. Mg2+/Si4+ doping contributes to an improved NIR
persistent luminescence, and the most intense and the longest NIR afterglow was observed
for x = 0.05 sample, owing to its deepest defects. The best sample possesses an excellent
NIR long-lasting luminescence with intense NIR signal of afterglow more than 48 h and
can be rechargeable by a red light of LED lamp. The prepared persistent-luminescence
phosphors are suitable for applications in long-term in vivo imaging, and they imaging
signal can be repeated in vivo through in situ recharge with external excitation of a red
LED lamp.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12091239/s1, Table S1: The binding energies of the Zn
2p3/2 core-levels of ZGMSO:Cr3+, Table S2: The binding energies of the Ga 2p3/2 core-levels of
ZGMSO:Cr3+, Table S3: The binding energies of the Mg 1s core-levels of ZGMSO:Cr3+, Table S4: The
binding energies of the Si 2p core-levels of ZGMSO:Cr3+.
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Abstract: Si3N4/TaC composite MAO coatings were fabricated by microarc oxidation (MAO) on
a Ti–6Al–4V (TC4) alloy in a phosphate-based electrolyte containing Si3N4/TaC mixed particles.
The influence of the amount of Si3N4/TaC particles on the microstructure, composition, tribological
behavior, and corrosion properties of the MAO coatings has been investigated. Morphological
research of the MAO coatings was carried out using scanning electron microscopy (SEM), with the
surface porosity analyzed by ImageJ software. X-ray diffraction (XRD) was used for the detection
of the phase characteristic of the MAO coatings, and an abrasive wear test and electrochemical
measurements were conducted in the artificial seawater solution by the ball-on-disc friction tester and
the electrochemical workstation, respectively. The results showed that Si3N4/TaC particles could be
successfully incorporated into the composite coatings, and the addition of Si3N4/TaC particles greatly
reduced the porosity of the coatings, thus improving both tribological and corrosion properties of the
composite MAO coatings. The composite MAO coating with the addition of 1 g/L Si3N4 + 0.5 g/L
TaC particles showed the best tribological property and the optimum corrosion properties.

Keywords: microarc oxidation; TC4 alloy; Si3N4/TaC particles; porosity; tribological property;
electrochemical corrosion

1. Introduction

Titanium alloys are widely used in aerospace, marine, and biomedical fields due to
their low density, high specific strength, low thermal expansion coefficient, and excellent
biocompatibility [1–4]. However, their low hardness, poor tribological properties, and
high electrode potential give rise to the problems such as surface abrasion, contact corro-
sion, and marine biofouling, thus limiting the extensive applications in the complicated
marine environment [5]. At present, some surface modification methods, such as anodiz-
ing [6,7], vapor deposition [8], magnetron sputtering [9], microarc oxidation (MAO) [10,11],
etc., [12–15] are used to improve the corrosion resistance and wear resistance of the alu-
minum, magnesium, and titanium alloys. Moreover, as an in situ growth technique for
preparing ceramic coatings, MAO has some attractive characteristics such as easy operation,
high production efficiency, and environmental friendliness, thus being widely used in the
surface modification of titanium alloys [16]. It is well known that the high temperature
and high pressure used in the process of MAO lead to coatings that contain a high den-
sity of pores. Thus, many studies have focused on improving the microstructures and
properties of the coatings via optimizing the electrical conditions, such as the applied
voltage/current magnitude, mode, frequency, and duty cycle via modifying the electrolyte
compositions [16–23]. Recently, some functional particles such as Al2O3, ZrO2, CeO2, MoS2,
etc. [24–30], have been successfully introduced to the electrolyte to enhance the functional
properties of titanium alloys. Wang et al. [27] confirmed that the composite ceramic coating
containing Al2O3 on a Ti–6Al–4V (TC4) alloy exhibited better wear resistance at 300 ◦C due
to the dense surface structure and higher volume fraction of Al2TiO5. Mu et al. [28] added
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MoS2 to the electrolyte to greatly reduce the friction coefficient of the MAO coatings on TC4
alloy. Chen et al. [29] also introduced MoS2 particles into the electrolyte and proved that
MoS2 was able to retard the formation of micropores during the processing of MAO and
thus significantly improving the corrosion resistance of the MAO coating, which would
expand the application of TC4 alloy in the marine environment. Ao et al. [30] fabricated
the TiO2/hBN composite coating on the surface of Ti–6Al–4V alloy via microarc oxidation
and found that the composite coating consisting of rutile TiO2, anatase TiO2, and an hBN
phase was less porous than the particle-free coating and that the presence of hBN particles
in the MAO coating could improve its anti-friction property.

Silicon nitride (Si3N4) ceramics that have a low thermal expansion coefficient, good
mechanical properties at high temperatures, high thermal shock resistance and high resis-
tance to chemical attack, and good tribological properties are widely used in manufacturing
the Si3N4-based composite used in high-temperature applications. Some works have been
conducted to prepare Si3N4 composite MAO coatings on magnesium alloys, pure Ti, and
TC4 alloy [31–34]. Lou et al. [31] revealed that the addition of 2 g/L Si3N4 to the electrolyte
made the MAO coatings on AZ31 Mg alloy have optimal corrosion resistance, a low friction
coefficient, and good adhesion strength. However, Lu et al. [32] found that Si3N4 particles
were difficult to incorporate into the coating due to their high melting point and that large
Si3N4 particles had a negative effect on the coating thickness. As a result, the addition
of Si3N4 particles did not enhance the corrosion resistance [32]. Aliofkhazraei et al. [33]
successfully fabricated Si3N4/TiO2 nanocomposite coatings by MAO on commercially pure
titanium samples in a suspension with fine Si3N4 nanoparticles and found the coatings
have high hardness and good wear resistance. In addition, our previous work [34] also
demonstrated that the Si3N4 composite MAO coatings on a TC4 alloy fabricated by the
addition of 1 g/L and 3 g/L Si3N4 had the best antibacterial property and wear resistance,
respectively.

Tantalum carbide (TaC) is one of the common metal carbides with excellent physical
and chemical properties such as high hardness (20 GPa), high melting point (3880 ◦C),
excellent wear resistance, chemical stability, and so on [35]. Ding et al. [36] successfully
prepared the TaC composite coatings by MAO on TC4 alloy and found that the coatings,
when prepared with the addition of 5 g/L TaC, had the best wear resistance and corrosion
resistance in seawater.

Based on previous research [34,36], the present study aims to take full advantage
of the high hardness and excellent wear resistance of both TaC and Si3N4 particles as
well as the good lubrication of Si3N4 particles to prepare the Si3N4/TaC composite MAO
coatings on the surface of the TC4 alloy. Therefore, Si3N4 and TaC mixed particles were
introduced into the phosphate-based electrolyte. The microstructure, wear resistance,
and corrosion properties of the Si3N4/TaC composite MAO coatings were investigated to
provide technical support for the applications of titanium alloy in marine environments.

2. Materials and Methods

2.1. Materials

Ti–6Al–4V alloy with 6.6% Al, 4.3% V, 0.1% Fe, and balance Ti (in wt. %) was used
as the substrate material. The plate specimens, with the dimensions of ϕ20 mm × 5 mm,
were sequentially ground with alumina waterproof abrasive paper up to 1200 grit and
ultrasonically degreased in acetone for 10 min, followed by rinsing with distilled water and
then dried in warm air.

2.2. MAO Treatment

MAO is a plasma-chemical and electrochemical process that combines electrochem-
ical oxidation with a high voltage spark treatment in an aqueous electrolyte, leading to
the formation of a physically protective oxide film or a ceramic-like coating on the metal
surface to improve wear and corrosion resistance. The specimens were treated using the
microarc oxidation equipment (JHMAO–60, XAUT, Xi’an, China) with a pulse power un-
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der the following conditions: a constant voltage of 450 V, a frequency of 750 Hz, and a
duty cycle of 3% for 10 min in the base electrolyte solution containing 20.0 g/L (NaPO3)6,
3.0 g/L Na2WO4, 3.0 g/L KF, 3.0 g/L KOH, and 5.0 g/L CuSO4. For the lower porosity
of the MAO coating with the addition of 4 g/L Si3N4 or 2 g/L TaC to the electrolyte
solution obtained in the preliminary experimental results, a certain proportional concen-
tration of Si3N4 nanoparticles (about 50 nm) and TaC microparticles (1–2 μm), i.e., 1 g/L
Si3N4 + 0.5 g/L TaC, 2 g/L Si3N4 + 1 g/L TaC, 4 g/L Si3N4 + 2 g/L TaC, were added into
the base electrolyte. The coated specimens prepared with the addition of 0 g/L, 1 g/L
Si3N4 + 0.5 g/L TaC, 2 g/L Si3N4 + 1 g/L TaC, 4 g/L Si3N4 + 2 g/L TaC are simplistically
denoted as 0 g/L, 1 g/L + 0.5 g/L 2 g/L + 1 g/L, and 4 g/L + 2 g/L Ta, respectively. The
MAO process of the TC4 alloy is shown schematically in Figure 1, where the TC4 substrate
was connected to the anode, and a 316 L stainless steel container was connected to the
cathode. During the MAO process, the stainless steel barrel was put into the circulation
cooling water tank to maintain the temperature of the electrolyte solution below 30 ◦C. The
electrolyte was continuously stirred by both an electric stirrer with a speed of 300 r/min
and an air stirrer with a displacement of 10 L/min to maintain the uniform distribution of
the particles in the electrolyte. After the MAO process, the samples were rinsed in distilled
water and then dried in warm air.

Figure 1. Schematic diagram of MAO process for TC4 alloy.

2.3. Surface Morphologies

The surface morphologies and element distribution of the MAO coatings were char-
acterized by a scanning electron microscope (SEM, VEGA3–SBH, TESCAN, Brno, Czech
Republic) operating in the secondary electron mode with an accelerating voltage of 30 kV
and Oxford Inca X–Max energy dispersive spectrometry (EDS, Oxford Instruments plc,
Oxford, UK), respectively. The surface porosity and the number of both the microholes
and Si3N4 or TaC particles in the MAO coatings were quantified using ImageJ v1.48u
software (NIH, Bethesda, Rockville, MD, USA, version 1,48u). Moreover, the thickness
of the MAO coatings was measured using a TT260 eddy current thickness meter (Beijing
TIME, Beijing, China) with an accuracy of 0.1 μm. Six measurements were conducted for
each sample.

2.4. Phase Composition

The phase constituents of the coatings were detected at room temperature by an X-ray
diffractometer (XRD, Bruker D8 DISCOVER A25, Bruker, Billerica, MA, USA) with Cu Kα

(λ = 0.15405 nm) radiation at 30 kV and 40 mA. The XRD patterns were obtained in the 2θ
ranging from 20◦ to 100◦ at a scanning speed of 2◦/min.
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2.5. Electrochemical Research

The corrosion properties of the coatings were evaluated by the electrochemical work-
station (CHI 660C) attached to a typical three-electrode cell setup consisting of a specimen
as the working electrode and a saturated calomel as the reference electrode (SCE), and a
platinum sheet as the counter electrode. The electrochemical polarization measurements
were carried out with a scan rate of 5 mV/s in the artificial seawater solution (Table 1).
Before every measurement, the artificial seawater solution was deaerated by bubbling
purified nitrogen gas for 1 h to eliminate the effect of the dissolved oxygen, and then the
open current potential (OCP) was firstly recorded for 15 min to yield a state potential. The
potentiodynamic polarization curves were plotted after the specimen was corroded freely
for about 30 min to reach a quasi-stationary value of OCP. The corrosion potential (Ecorr)
and the corrosion current density (Icorr) of both TC4 alloy and the MAO coatings were
calculated by fitting Tafel polarization curves with corrView software (version 3.1.0).

Table 1. Composition of the artificial seawater solution.

Chemical Reagents Concentration, g/L

NaCl 24.53
MgCl2·6H2O 11.11

Na2SO4 4.09
CaCl2 1.16
KCl 0.70

NaHCO3 0.20
KBr 0.10

2.6. Friction Tests

The tribological performance of both the TC4 alloy and the MAO coatings was evalu-
ated at room temperature in the artificial seawater solution (Table 1) using a ball-on-disc
friction tester (HT–1000 TRIBOLAB, ZKKH Co., Ltd., Lanzhou, China). The coatings or
TC4 alloy served as the discs, and a GCr15 steel ball with a diameter of 5 mm served as the
loading medium. A 5 N load was applied downward through the steel ball against the TC4
substrate and the MAO coatings at a constant sliding rate of 0.1 m/s. Each wear test lasted
for 30 min. After the friction test, the morphologies and element distribution of the wear
scars were also observed by SEM with Oxford Inca X–Max energy dispersive spectrometry
(Oxford Instruments plc, Oxford, UK).

3. Results

3.1. Composition and Microstructure

The surface morphologies of both the ground TC4 and the MAO coatings with dif-
ferent concentrations of Si3N4/TaC particles are shown in Figure 2. As shown in Figure 2,
there were some scratches and small pores of 1–2 μm on the surface of the ground TC4
alloy (Figure 2a); regardless of the Si3N4/TaC particles, there were many crater-like holes
of different sizes in the coatings formed by the spark discharge and gas bubbles throughout
the discharge channels during the MAO process, where the melted materials were expelled
by the discharge and could not flow back to fill the discharge channels before their solidifi-
cation [37,38]. Moreover, some significant changes could also be observed on the surface of
the MAO coatings with the addition of the Si3N4/TaC particles (Figure 2c–e). For example,
there were some microcracks in the MAO coatings with the Si3N4/TaC particles, which
may be attributed to the fact that the particle additions block the flow of the melted metal,
thus leading to the formation of the microcracks. On the other hand, it was found that
some bright particles adhered to the surfaces of the coatings and that both the number and
the size of the bright particles increased with the increasing Si3N4/TaC particle concen-
tration (Figure 2c–e), indicating that the Si3N4 or TaC particles might be involved in the
reaction of the MAO process. To further reveal the effect of the addition of the Si3N4/TaC
particles on the MAO coatings, the number density and the size of microholes, the number
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density of the bright particles, and the thickness of the MAO coatings were quantified.
The results are given in Figure 3 and Table 2, showing that the thickness of the composite
MAO coatings gradually increased with the increment of the concentration of Si3N4/TaC
particles (Figure 3), which probably resulted from the inert or partly reactive incorporation
of Si3N4/TaC particles into the oxide layer [21,27,29,30]. Compared with the MAO coating
without Si3N4/TaC particles, the addition of Si3N4/TaC particles made the porosity signifi-
cantly decrease. However, further increasing the concentration of Si3N4/TaC particles gave
rise to a slight increment in the porosity (Figure 3). The previous studies also reported that
the addition of the ceramic particles to the electrolyte reduced the porosity and average size
of the micropores in the MAO coatings [25,27,30–33]. With increasing the concentration of
Si3N4/TaC particles, the microarc discharge was more intense and allowed the particles to
sinter together, which was evident by the observation of the larger bright particles in the
coating with a higher concentration of Si3N4/TaC particles (Figure 2e). Meanwhile, a high
concentration of Si3N4/TaC particles caused the ability of the particles to fill the microholes
weaken during the MAO process and thus a slightly higher porosity, number density, and
average size of the microholes were observed in the MAO coating with a high concentration
of Si3N4/TaC particles. This well explained why the coatings with 1 g/L Si3N4 + 0.5 g/L
TaC particles had the relevantly flat surface with the lowest porosity, the smallest average
size, and number density of the microholes. Ding et al. [36] reported that the addition of
TaC particles was beneficial to fill the micropores formed by the spark discharge during
MAO process to make the surface become flat. Similar results were also reported in the
MAO coatings incorporated by some hard particles (Cr2O3, Al2O3, etc.) [26,27,39].

Figure 2. Surface morphologies of the ground TC4 alloy and the MAO coatings with different
concentration of Si3N4/TaC particles: (a) TC4; (b) 0 g/L; (c) 1 g/L Si3N4 + 0.5 g/L TaC; (d) 2 g/L
Si3N4 + 1 g/L TaC; (e) 4 g/L Si3N4 + 2 g/L TaC.
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Figure 3. Surface porosity and thickness of the composite MAO coating with different concentration
of Si3N4/TaC particles.

Table 2. Surface characteristic of the MAO coatings with different concentration of
Si3N4/TaC particles.

Specimen
Surface Density of

the Microholes,
Number/mm2

Average Diameter of
the Microholes, μm

Surface Density of
the Bright Particles,

Number/mm2

0 g/L 25,316 ± 1751 1.835 ± 1.275 0
1 g/L + 0.5 g/L 16,652 ± 1335 1.740 ± 1.226 2005 ± 151
2 g/L + 1 g/L 17,426 ± 1811 1.771 ± 0.861 3828 ± 202
4 g/L + 2 g/L 17,543 ± 2002 1.794 ± 1.136 5845 ± 346

The EDS mappings of the MAO coatings in Figure 4, especially in the enlarged
image in Figure 4d, confirm that the bright particles were enriched with Ta and Si, which
supported the incorporation of some Si3N4/TaC particles in the composite coatings that
caused the number of the holes to decrease and the surface flatten. Table 3 shows the
average compositions of the surfaces of the MAO coatings with different concentrations
of Si3N4/TaC particles. Table 4 presents the EDS results of regions A (bright particle 1),
B (bright particle 2), and C in the MAO coatings with the addition of 4 g/L Si3N4 + 2 g/L
TaC particles, showing that some bright particles were enriched in Si, while others were
enriched in Ta. As the plasma temperature during the MAO process was lower than the
melt temperature of Si3N4 (1900 ◦C) and TaC (3880 ◦C), Si3N4 or TaC particles might be
inertly absorbed onto or sintered to the MAO coatings. However, the size of the Si-rich
particle in region A in Figure 4d was about 800 nm, which was much larger than the average
size of the Si3N4 particles (about 50 nm). This suggested that the Si3N4 particles were very
likely melted during the MAO process. In fact, it was reported that the melting point of the
nano-sized particles decreased with the decreasing particle size [40,41]. It was likely that
the nano-sized Si3N4 particles were reactively incorporated into the MAO coatings.
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Figure 4. EDS mappings of the MAO coatings with different concentration of Si3N4/TaC particles:
(a) 0 g/L; (b) 1 g/L Si3N4 + 0.5 g/L TaC; (c) 2 g/L Si3N4 + 1 g/L TaC; (d) 4 g/L Si3N4 + 2 g/L TaC.

Table 3. Percentage of elements in the MAO coatings with different concentration of Si3N4/TaC
particles (at. %).

Specimen O Ti Si Ta

0 g/L 69.3 20.5 - -
1 g/L + 0.5 g/L 68.5 19.6 3.2 0.2
2 g/L + 1 g/L 67.5 19.0 5.6 0.6
4 g/L + 2 g/L 66.8 15.8 11.6 1.0

Table 4. EDS results of region A, B, and C in the enlarged image in Figure 4d (at. %).

Region O Ti Si Ta

A 42.0 23.4 25.3 3.5
B 60.1 13.5 11.0 8.5
C 55.5 20.2 17.0 1.0

The phase constituents of the MAO coatings with different contents of Si3N4/TaC
particles were investigated by XRD. The results are illustrated in Figure 5, and they show
that the MAO coatings formed in the absence of Si3N4/TaC particles were mainly composed
of anatase-type TiO2 and rutile-type TiO2, while both the TaC phase and Si3N4 phases
could be detected in the coatings with the addition of the Si3N4/TaC particles. Moreover,
by increasing the concentration of Si3N4/TaC particles, the peak intensity of rutile TiO2
and TaC gradually increased, which was confirmed by the SEM results, i.e., the amounts
of the Si-rich or Ta-rich bright particles increased with the increasing concentration of the
Si3N4/TaC particles (Figure 2c–e). The formation of Al4Ti2SiO12 may be associated with
high temperature and high pressure during the MAO process. Wang et al. [27] found
that Al2TiO5 in the Si3N4/Al2O3 composite coatings formed on TC4 alloy by MAO in the
electrolyte with Al2O3 particles. The occurrence of Al4Ti2SiO12 and the decrease in the
metastable anatase-TiO2 suggested that Al2TiO5 might react with Si3N4 to form Al4Ti2SiO12
during localized high temperature and high pressure in the process of MAO. Aliofkhazraei
et al. [33] fabricated Si3N4/TiO2 nanocomposite coatings on commercially pure Ti and
found the existence of Si4Al2O2N6 in the composite coatings.

93



Coatings 2022, 12, 1247

Figure 5. XRD patterns of the MAO coatings with different concentration of Si3N4/TaC particles.

This indicated that the Si3N4 particles were partially reactively incorporated into
the composite MAO coatings, which was inconsistent with the results from Lu et al. [32].
Figure 3 shows that with an increasing Si3N4/TaC concentration, the thickness of the
coatings increased slightly from 20.2 μm for the coating without Si3N4/TaC particles to
22.0 μm for the coating with the addition of 4 g/L Si3N4 + 2 g/L TaC particles, which
contributed to the incorporation of the Si3N4 and TaC particles into the composite coatings
during the process of MAO. Similar results were also reported in some studies [26,27,30],
i.e., the excessive addition of the particles produced a large number of particles in the
composite coatings and a thicker coating.

3.2. Tribological Properties

Figure 6 presents the friction coefficient of both the TC4 alloy and the composite
MAO coatings with different concentrations of Si3N4/TaC particles against the GCr15 steel
ball in the artificial seawater, which showed that the friction coefficient of the TC4 alloy
fluctuated significantly and reached about 0.5 after nearly 5 min. The friction coefficients of
the MAO coatings with different concentrations of Si3N4/TaC particles all first increased
due to the high initial surface roughness and then decreased due to the improvement of the
surface contact condition between the protrusions and the GCr15 steel ball with the sliding
time [27,30]. For the high hardness of the MAO coatings, their friction coefficients were
lower and experienced less fluctuation compared to the TC4 alloy. It was also observed
from Figure 6 that the MAO coatings, without the addition of the Si3N4/TaC particles, had
the lowest friction coefficient of about 0.15, and the friction coefficient of the composite
MAO coatings slightly increased with the concentration of Si3N4/TaC particles. Previous
research [34] revealed that Si3N4 addition could improve the wear resistance of the MAO
coatings and significantly reduce the friction coefficient, which was attributed to Si3N4
having excellent lubrication. Thus, the friction coefficient of the composite MAO coatings
was a little higher than that of the MAO coatings in the absence of Si3N4/TaC particles,
which may be associated with the addition of hard TaC particles. In order to reveal wear
damages to the coatings, SEM was used to examine the worn surfaces. The morphologies
of their worn surfaces are illustrated in Figure 7, showing that the TC4 alloy had the widest
wear scar of 787.8 μm with a lot of furrows along the wear direction. This was ascribed to the
fact that the TC4 alloy has a much lower hardness than the MAO coatings [42,43]. The wear
width of the MAO coatings ranged from 358.2 to 445.3 μm, which is significantly lower than
the wear width of the TC4 alloy. This indicated that the MAO coatings greatly improved the
tribological properties of the TC4 alloy, regardless of the addition of Si3N4/TaC particles.
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The wear width of the composite MAO coatings was lower than that of the particle-free
coatings and slightly increased with the concentration of Si3N4/TaC particles.

Figure 6. Friction coefficient of both the TC4 alloy and the composite MAO coatings with different
concentration of Si3N4/TaC particles.

Figure 7. SEM image of the wear scar of both the TC4 alloy and the composite MAO coatings with
different concentration of Si3N4/TaC particles: (a) TC4; (b) 0 g/L; (c) 1 g/L Si3N4 + 0.5 g/L TaC;
(d) 2 g/L Si3N4 + 1 g/L TaC; (e) 4 g/L Si3N4 + 2 g/L TaC.
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3.3. Corrosion Resistance

The potentiodynamic polarization curves of the TC4 alloy and the composite MAO
coatings with the different concentrations of Si3N4/TaC particles in the artificial seawater
were plotted in Figures 8 and 9, respectively. The relevant electrochemical data are listed
in Table 5. It could be easily found from Figures 8 and 9 and Table 5 that the addition of
Si3N4/TaC particles caused the corrosion potential (Ecorr) of the composite coatings to move
to a positive direction and the current densities decrease by about three orders of magnitude,
indicating that the corrosion resistance of the composite coatings was significantly improved
compared with the TC4 alloy substrate. Moreover, as can be seen from Figures 8 and 9
and Table 5, the corrosion potential of the particle-free MAO coatings reached −0.176 VSCE,
which was significantly higher than that of the TC4 alloy substrate, with a minimum
corrosion potential of −1.229 VSCE. The corrosion current densities (Icorr) of the particle-free
coatings were a little bit higher than that of the TC4 alloy substrate, which was attributed
to the fact that the particle-free coatings have high porosity (19.5%) (Figure 4). In general,
the corrosion resistance of the MAO coatings mainly depends on the porosity, thickness,
and composition of the coating. Chen et al. [29] investigated the corrosion resistance of the
MoS2-modified MAO coatings on the titanium alloy with different MoS2 concentrations of
0, 2, 4, 6, and 8 g/L in a 3.5 wt. % NaCl solution and the results showed that the addition of
MoS2 could significantly improve the corrosion resistance of the MAO coating and that the
MoS2-modified MAO coating with an additional amount of 4 g/L possessed the minimum
porosity and average pore size and hence showed the best corrosion resistance. Therefore,
it was easily understood that for the minimum porosity of 11.5%, the composite MAO
coatings incorporated with the concentration of 1 g/L Si3N4 + 0.5 g/L TaC particles had
the optimal corrosion properties in the artificial seawater.

Figure 8. Potentiodynamic polarization curves of TC4 alloy in the artificial seawater.
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Figure 9. Potentiodynamic polarization curves of the MAO coatings with different concentration of
Si3N4/TaC particles in the artificial seawater.

Table 5. Potentials and current densities of both the TC4 alloy and the composite MAO coatings with
different concentration of Si3N4/TaC particles.

Specimen TC4 0 g/L
1 g/L + 0.5

g/L
2 g/L + 1 g/L 4 g/L + 2 g/L

Ecorr, VSCE −1.229 −0.176 0.246 0.135 0.165
Icorr, A·cm−2 8.47 × 10−5 2.67 × 10−4 4.23 × 10−8 6.43 × 10−8 4.15 × 10−8

4. Discussions

Figure 6 shows that the TC4 alloy suffered excessive abrasive wear and that the MAO
coatings with different concentrations of Si3N4/TaC particles were slightly worn during the
friction test. To investigate the effect of the Si3N4/TaC particles on the tribological behaviors
of both the TC4 alloy and the composite MAO coatings with different concentrations of
Si3N4/TaC particles against the GCr15 steel ball in the artificial seawater, EDS mapping was
used to reveal the distribution of the Si3N4/TaC particles in the wear scars (Figure 10). The
EDS results showed that only 0.1 wt. % Fe was distributed in the wear scar of the TC4 alloy,
whereas 2–3 wt. % Fe existed in the wear scar of the composite MAO coatings (Table 6),
which indicated that the composite coatings had an excellent anti-wear effect. In addition,
only about 0.3 wt. % V and 1.6 wt. % Al was detected in the wear scar of the composite
MAO coatings, revealing that the coatings were not destroyed during the friction test. The
low hardness TC4 alloy substrate was directly exposed to the artificial seawater and was
easily worn by the high hardness GCr15 grinding ball; thus an abrasive wear scar, with
deep and wide furrows, was observed (Figure 7a). It was well established that due to the
ceramic-like characteristics with relatively thick and dense structures, the MAO coatings
that possessed the characteristics with relatively thick and dense structures had excellent
hardness properties and better tribological performance. Lan et al. [44] revealed that the
wear failure mechanisms of the MAO coatings in the artificial seawater were abrasive
wear and adhesive wear. It was well known that when a certain number of the Si3N4/TaC
particles were embedded into the micropores of the MAO coatings by means of inert or
reactive incorporation, those particles could play an important role in micro-lubrication
and micro-cutting [45], which greatly reduced the friction coefficient of the composite MAO
coatings. As shown in Figure 2c–e, the bright particles were distributed not only in the
microholes but also on the flat surface to form the micro-bulges. During the friction process,
these micro-bulges or micro-bumps became the main contact points to bear the normal and
shear force against the GCr15 grinding ball. Thus, during the friction test, a lot of wear
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debris was plowed by the micro bumps in the MAO coatings from the GCr15 grinding ball
surface to fill into the micropores of the coatings or adhere to the surface of the coating.
Meanwhile, the hard Si3N4 or TaC particles in the MAO coating adhered to the surface of
the GCr15 grinding ball. Furthermore, the Si3N4/TaC particles dispersed throughout the
composite MAO coatings, thus improving the strength of the MAO coating and further
reducing the width of the wear scar during the friction process. This was evident by the fact
that the MAO coating with Si3N4/TaC particles showed a narrower wear scar compared
to the MAO coating without Si3N4/TaC particles (Figure 7). Particularly, the composite
MAO coating fabricated with the addition of 1 g/L Si3N4 + 0.5 g/L TaC particles possessed
a uniform distribution of Si3N4/TaC particles (Figure 10c), showing the narrowest wear
scar (Figure 7), thus appearing to have the best tribological properties.

Figure 10. EDS mapping of the wear scar of both the TC4 alloy and the composite MAO coatings
with different concentration of Si3N4/TaC particles: (a) TC4; (b) 0 g/L; (c) 1 g/L Si3N4 + 0.5 g/L TaC;
(d) 2 g/L Si3N4 + 1 g/L TaC; (e) 4 g/L Si3N4 + 2 g/L TaC.

Table 6. Percentage of elements of the wear scar of both the TC4 alloy and the composite MAO
coatings with different concentration of Si3N4/TaC particles (wt. %).

Specimen O Ti V Al Si Ta Fe

TC4 19.4 71.7 3.1 6.3 - - 0.1
0 g/L 72.3 17.7 0.3 1.6 - - 3.0

1 g/L + 0.5 g/L 72.5 16.6 0.3 1.6 2.7 0.2 2.1
2 g/L + 1 g/L 71.8 15.0 0.3 1.6 4.5 0.5 2.3
4 g/L + 2 g/L 71.5 12.4 0.3 1.5 8.9 0.7 2.4

The corrosion properties of the MAO coatings mainly depended on the porosity, com-
position, and thickness of the coatings [16,44]. When the artificial seawater solution was
used as the electrolyte, the MAO coating substrate and the inside of the microholes acted
as the cathode and the anode, respectively. Galvanic corrosion could occur in the inside
of the microholes as the anode coupled with the coating substrate caused the microholes
to penetrate through the coatings and thus finally caused the corrosion of the TC4 alloy.
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Figure 11 schematically shows the corrosion resistance mechanism of the MAO coatings
with the different concentrations of the effect of the Si3N4/TaC particles. It was well re-
ported that the coating defects, e.g., the surface porosity, deep cracks, and coating thickness,
could affect the corrosion resistance of the MAO coatings [25,46–48]. As seen in Figure 3
and Table 2, the addition of Si3N4/TaC particles not only increases the coating thickness of
the MAO coatings but also reduces the surface porosity, size, and the number of microholes
in the MAO coatings. It was easy to understand that the coatings with the thicker coating
and the lower surface porosity caused the corrosion electrolyte to be difficult to penetrate
into the substrate. However, the open voids and channels in the coatings provide shortcuts
for the corrosive electrolyte to penetrate into the substrate, thus weakening protection for
the substrate. The MAO coatings with the addition of 1 g/L Si3N4 + 0.5 g/L TaC particles,
whose surface porosity and thickness were 11.85% and 20.6 μm, respectively, had better cor-
rosion properties than that of the MAO coatings with the addition of 4 g/L Si3N4 + 2 g/L
TaC particles, whose surface porosity and thickness were 12.35% and 22.0 μm, respec-
tively, indicating that surface porosity might be a more important influence factor than the
thickness on the corrosion properties of the MAO coatings.

Figure 11. Corrosion resistance mechanism of the MAO coatings with and without Si3N4/TaC
particles: (a) MAO coating without Si3N4/TaC particles; (b) MAO coating with Si3N4/TaC particles.

5. Conclusions

(1) The phase constituents of the composite MAO coatings with different contents of
Si3N4/TaC particles were mainly composed of anatase TiO2, rutile TiO2, TaC, Si3N4,
and Al4Ti2SiO12. By increasing the concentration of the Si3N4/TaC particles, the peak
intensity of rutile TiO2 and TaC gradually increased, and the content of the metastable
anatase-TiO2 decreased.

(2) For the inert or partly-reactive incorporation of Si3N4/TaC particles during the MAO
process, the thickness of the composite MAO coatings gradually increased with the
increment of the concentration of Si3N4/TaC particles. The porosity of the MAO
coatings first decreased and then increased with the increasing concentration of
Si3N4/TaC particles.

(3) The MAO coatings greatly improved the tribological properties of the TC4 alloy in
the artificial seawater solution, regardless of the addition of the Si3N4/TaC particles.
The composite MAO coatings with 1 g/L Si3N4 + 0.5 g/L TaC particles presented a
relatively lower friction coefficient and the narrowest wear scar, thus showing the best
tribological properties.

(4) The addition of Si3N4/TaC particles could enhance the corrosion resistance of the
MAO coatings. The composite MAO coatings with 1 g/L Si3N4 + 0.5 g/L TaC particles
exhibited the highest corrosion potential and the lower current density, i.e., the optimal
corrosion resistance in the artificial seawater solution. This could be attributed to the
fact that the coating had the lowest surface porosity.
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Abstract: MnO-Co@C nanospheres were fabricated by in situ polymerizing and high-temperature
carbonizing processes. This unique synthesis method does not require any template or reducing gas.
The synthesized multicore-shell structure has a shell of about 500 nm and multiple nuclei of several
tens of nanometers. Subsequently, extensive experiments were conducted to adjust the material
composition of the nanospheres by adjusting the amount of resorcinol and formaldehyde. The results
showed that the obtained material performed best when resorcinol and formaldehyde were added to
0.2 g MnCo2O4 at 0.3 g and 0.42 mL, respectively. The efficient absorption bandwidth (EAB) value
reaches 3.3 GHz when the absorber thickness is 3 mm. The reflection loss (RL) is up to −23.8 dB when
the frequency is at 8.6 GHz. The unique yolk core-shell structure gives the material a heterogeneous
interface, and the enhanced interfacial polarization loss causes the enhanced dielectric loss. The
carbon layer with microporosity also causes conduction loss and multiple reflections. The composite
structure formed by metallic Co, MnO, and carbon has better impedance matching and improved
microwave absorption capability.

Keywords: MnO-Co@C nanospheres; yolk core-shell; microwave absorption

1. Introduction

At present, microwave absorbing materials (MAMs) are widely used in military and
civil fields, such as stealth defense systems of aircraft, electromagnetic interference pre-
vention, etc. [1–3]. Simple methods to manufacture high-performance MAMs have been
a hot subject for decades. Studies have shown that a material’s microwave absorbing
performance (MAP) can be boosted by combining materials with dissipation and magnetic
loss properties [4,5]. Researchers have identified a variety of microwave absorbing ma-
terials with good single loss mechanisms, such as single metals, alloys, carbon materials,
conductive polymers with good properties, etc. However, these materials have a few
drawbacks, including high density, complicated production processes, poor thermostability,
and ease of oxidizing in air, and these drawbacks limit their applications. [6]. Among a
variety of magnetic MAMs, Co has a more excellent absorption capability due to its large
anisotropic field, high saturating strength of magnetization strength, and high-frequency
Snoek’s limit, but the absorption bandwidth is narrow due to eddy current loss, impedance
mismatch, and lack of dielectric loss. Additionally, in the past few years, manganese
oxides have been widely studied in several fields due to their low cost and abundant
resources [7], such as Fe/MnO@C composites [8] and Co/MnO composites [9], which show
excellent electromagnetic MAPs due to the extended electromagnetic microwave path and
polarization loss.
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In order to obtain outstanding MAPs, two or more composite materials can be used
together to regulate electromagnetic parameters and impedance matching. For example,
carbon-containing materials (carbon fibers, porous carbon nanospheres, carbon-based nan-
otubes etc.) [10–12] have been used in combination with other metal cations. For example,
Zhou et al. prepared metal-organic framework (MOF)-derived porous metal/C composites
(rod-like Co/ZnO/C composites) [13]. Such methods can achieve better electromagnetic
MAPs. Multi-component absorbers consistently exhibit a wider range of microwave absorp-
tion spectra and stronger reflection loss (RL) than single-type absorbers [14]. In addition
to the inter-matching between magnetic and dielectric elements, microstructure greatly
influences the MAPs of composites. The core-shell structure of MAMs has recently received
much attention. Such unique multilayer microstructures not only provide a significant
benefit to microwave absorption due to their multilayer polarization, multiple reflections
with microporous interfaces, and cooperative behavior, but also produce a high degree of
chemical homogeneity by preventing the agglomeration of metal particles, making compos-
ite materials much more effective than single-component absorbers [15,16]. Liu et al. [17]
successfully prepared core-shell Fe3O4@C. They found that a metal oxide surface coated
with a carbon layer could improve the complex dielectric constant and the characteristic
impedance matching, which significantly enhancing microwave absorption. Therefore,
we infer that the yolk-shell microspheres combining dielectric carbon shells and magnetic
MnO-Co cores can produce multiple reflective losses. This is due to the effective gap
between magnetic and dielectric elements, and the impedance match allows the complex
permittivity and permeability of the materials to be elevated.

Herein, we introduce a facile one-pot method to produce yolk core-shell structure
MnO-Co@C nanospheres via in-situ reduction. The thickness of the carbon shell could be
managed by regulating the volume of resorcinol and formaldehyde. The research revealed
that the carbon shell can inhibit the agglomeration of MnO-Co nanospheres and adjust the
complex dielectric constant of the material so that MnO-Co@C nanospheres have a stronger
magnetic loss capability. The resistance matching of the material is improved, and the
MAPs of the material are enhanced. These results may provide new ideas for improving
conventional MAMs.

2. Experimental Section

2.1. Chemicals

All chemicals are for straight use (analytical grade drugs). Manganese acetate tetrahy-
drate (Mn(CH3COO)2·4H2O), cobalt acetate tetrahydrate (Co(CH3COO)2·4H2O),
polyvinylpyrrolidone (PVP), ethylene glycol ((CH2OH)2), resorcinol, ethanol (C2H6OH),
formaldehyde (37%) and ammonia (NH3·H2O, 26%) were purchased from Sinopharm
Chemical Reagent, Co., Ltd. (Shenyang, Liaoning, China). The water used throughout the
experiment was deionized water.

2.2. The Preparation of MnCo2O4 Nanospheres

The preparation process of MnCo2O4 nanospheres is described in [18]. Briefly, 3.0 g of
PVP was dissolved in 250 mL of (CH2OH)2 and agitated for one hour. Next, 2.5 mmol of
Mn(CH3COO)2·4H2O and 5.0 mmol of Co(CH3COO)2·4H2O were dissolved in the solution
and stirred for one hour. The mixed solution was then transferred to a 500 mL round
bottom flask, heated at 160 ◦C for 5 h, and naturally chilled to room temperature. Then,
the reaction was centrifuged (8000 rpm), cleaned with ethanol, and dried in an oven at
80 ◦C for 12 h. The reaction was heated to 400 ◦C at 0.5 ◦C/min and held for 2 h to obtain
MnCo2O4 nanospheres.

2.3. The Preparation of Core-Shell MnO-Co@C Nanospheres

Core-shell MnO-Co@C nanospheres were generated by a classical in situ polymer-
ization and high-temperature carbonization method [19,20]. In short, 0.3 g of synthesized
MnCo2O4 material was dispersed in a mixing solution that included 32 mL C2H6OH, 80 mL
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deionized water, and 0.4 mL NH3·H2O. This solution was sonicated for 30 min and then
magnetic stirred for 15 min. Resorcinol was added, the solution was stirred for 30 min, and
then the formaldehyde was added. Next, the solution was agitated at room condition for
12 h, washed with deionized water and ethanol, and dried to obtain MnCo2O4@phenolic
resin, which was transferred to a tube furnace and held for 3 h under argon protective gas
using 1 ◦C/min ramp to 750 ◦C. Three samples were produced in this way, using different
amounts of resorcinol and formaldehyde. The samples were labeled MnO-Co@C-0.2, MnO-
Co@C-0.3, and MnO-Co@C-0.4, and the addition amounts of resorcinol and formaldehyde
for the three samples were 0.2 and 0.28, 0.3 and 0.42, and 0.4 and 0.56, respectively.

2.4. Characterization

A characterization of the constituent phases and the crystal structure of the samples
was carried out by X-ray powder diffraction (XRD; smartlab9, Rigaku, Tokyo, Japan, Cu-Kα

source (40 kV, 200 mA)). The surface appearance and dimensional information of the mate-
rial were assessed by scanning electron microscopy (SEM; JSM-7001F, JEOL, Tokyo, Japan).
The element distribution inside the material and the internal morphology was observed by
transmission electron microscopy (TEM; JEM-2100F, JEOL, Tokyo, Japan). X-ray photoelec-
tron spectroscopy (XPS) was used to analyze the chemical bonding states of the elements on
the material surfaces, using an Axis Supra with an Al Kα X-ray source. A vector network
analysis (VNA; ENA-E5080B, Keysight, Colorado Springs, CO, USA) was used to measure
the related factors of the absorbing material in the frequency series 2–18 GHz and used
to calculate the reflection loss magnitude. The product was homogeneously mixed with
paraffin wax in a mass ratio of 3:7 and pressed into a ring sample with an outside diameter
of 7 mm, an inside diameter of 3 mm, and a depth of roughly 3 mm.

3. Results and Discission

The composition procedure of the core-shell MnO-Co@C nanospheres is shown in
Figure 1. Mesoporous MnCo2O4 nanospheres with a mean diameter of approximately 500 nm
were synthesized by a polyvinylpyrrolidone (PVP)-assisted solvothermal method. Then
resorcinol and formaldehyde were used to form a layer of phenolic resin developed on the
interface of MnCo2O4. Finally, the precursor material is carbonized and reverted in a high-
temperature shielding atmosphere to obtain multinuclear yolk-shell MnO-Co@C structures.

 
Figure 1. Schematic illustration of the composite process for core-shell MnO-Co@C nanospheres.

Figure 2 shows the morphology of MnCo2O4 nanospheres and MnO-Co@C nanospheres.
Figure 3a shows that the average size of the diameter of the prepared MnCo2O4 nanospheres
is about 500 nm, and the shrinkage shape of the nanoparticles becomes irregularly wrapped
inside the carbon layer after in situ polymerization and calcination at 750 ◦C. Combined
with the XRD figure, it can be known that the internal nanoparticles were reduced to MnO-
Co, and a small agglomeration of MnO-Co@C nanospheres occurred with the increase of
the carbon amount. The TEM shows that the small metal nanoparticles are amorphously
distributed inside the carbon layer, and the carbon layer is uneven and microporous, thus
increasing the multiple reflections of the material and providing reflection channels.
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Figure 2. SEM images of MnCo2O4 (a), MnO-Co@C-0.2 (b), MnO-Co@C-0.3 (c), and MnO-Co@C-
0.4 (d). TEM images of MnO-Co@C-0.3 (e), and elemental mapping distribution of MnO-Co@C-0.3 (f).

Figure 3a shows the XRD results of MnO-Co@C-0.2, MnO-Co@C-0.3 and MnO-Co@C-
0.4. The diffraction peaks at 44.2◦, 51.5◦, and 75.8◦ for all the samples matches the (111),
(200) and (220) planes of fcc Co (JCPDS 15-0806). The diffraction peaks at 35◦, 40.7◦, 58.9◦,
70.4◦, and 74◦ all match the (111), (200), (220), (311), (222) planes of MnO (JCPDS 75-0626).
It was demonstrated that carbonizing at 750 ◦C is sufficient to help the carbon to fully
reduce the cobalt metal, while the MnO was not reduced [7,21]. It can be seen from the
intensity of the peaks that the content of Co is higher than that of MnO. As we can see,
with the increase of carbon content, the intensity of peaks of Co and MnO do not show
significant differences. In the sense, we assume that the metallic Co can be easily reduced
leaving the MnO dispersed around the Co and carbon shell, giving rise to the formation
of multiple interfaces within this unique core-shell structure. Consequently, the presence
of metallic Co and MnO increases the interfacial species of the core-shell structure. No
significant characteristic peaks of impurities were found in all XRD plots, indicating the
high purity of the prepared samples.
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Figure 3. (a) The XRD pattern of MnO-Co@C-0.2, MnO-Co@C-0.3, and MnO-Co@C-0.4, (b) hysteresis
loops of MnO-Co@C-0.2, MnO-Co@C-0.3, and MnO-Co@C-0.4.

The hysteresis lines of MnO-Co@C-0.2, MnO-Co@C-0.3, and MnO-Co@C-0.4 are
shown in Figure 3b. According to these M-H curves, we can see that the saturation
magnetization strength of the samples are 87.113 emu/g, 52.487 emu/g, and 50.746 emu/g,
respectively. As you may observe from the graph, the material’s saturation magnetization
strength decreases steadily with the addition of carbon content. For ferromagnetic MAMs,
the initial magnetic permeability (μi) can be expressed as [22]:

μi =
M2

s
akHc Ms + bλξ

(1)

where a and b are two constants determined by the material composition, Ms is the satura-
tion magnetization strength, Hc is the coercivity, λ is the magnetostriction constant, and ξ
is the elastic strain parameter of the crystal. An increase in the magnetic powder μi usually
implies an increase in the magnetic loss potential, and the high Ms and low Hc also favor
an increase in the magnetic loss potential.
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The surface chemical composition and valence states of MnO-Co@C ternary nanocom-
posites were detected by X-ray photoelectron spectroscopy (XPS), and we can observe from
Figure 4 that MnO-Co@C-0.3 has four characteristic peaks belonging to C 1s, O 1s, Co
2p, and Mn 2p, respectively. The characteristic peaks can be seen in the high-resolution
spectra of C 1s at 283.8eV, 285eV, and 288.4eV, respectively, attributable to C=C, C-O, and
O=C-C [23,24]. Co 2p can be adapted to 6 different feature peaks. The characteristic peaks
at 779.2 eV and 794.6 eV belong to metallic Co, the feature peaks at 780.6 and 796.3 eV match
the Co-O bond, and the remaining feature peaks at 786.8 eV and 803 eV can correspond
to the satellite peaks [24]. Mn 2p can be fitted as 2 distinct feature peaks at 652.5 eV and
640.5 eV belonging to Mn2+ [25].

 

Figure 4. (a–c) high-resolution spectra Co 2p, Mn 2p, and C 1s, (d) Full scan XPS spectra of MnO-
Co@C-0.3.

The reflection loss (RL) associated with the complex permittivity (εr = ε′ − jε′′) and
permeability (μr = μ′ − jμ′′) was measured in the range of 2–18 GHz to evaluate the MAPs
of the composite, based on the transmission line theory [26]:

Zin = Z0
√

μr/εr tan h
∣∣∣∣j
(

2π f d
c

)√
εrμr

∣∣∣∣ (2)

RL(dB) = 20 log
∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (3)
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where Zin is the input resistance of the absorbers, Z0 is the free space resistance, c is the
velocity of light, and d is the thickening of the absorbers. The real part (ε′, μ′) indicates the
storage capacity of microwave energy, and the imaginary part (ε′′, μ′′) indicates the ability
to dissipate electromagnetic microwaves.

Figure 5a displays ε′ values of MnO-Co@C-0.2, MnO-Co@C-0.3, and MnO-Co@C-0.4
in the frequency range of 2–18 GHz. We can observe that the value of MnO-Co@C-0.3 and
MnO-Co@C-0.4 are relatively close and fall slightly in the range of 2–16 GHz. The ε′ value
of MnO-Co@C-0.2 is approximately 5.5 and remains almost unchanged. On the ground
of free electron theory, it is proposed that the imaginary part of the complex permittivity
can be redefined as ε′′ ≈ 1/2πρfε0 [27], where ρ is the resistivity and ε0 is the free space
permittivity. It is known that the value of ε′′ is influenced by the conductivity, and the
larger the conductivity, the larger the value of ε′′. The gradual increase in the ε′′ values of
the samples may be owing to the high cobalt metal content, and the graphitization of the
material with the addition of resorcinol and formaldehyde. The dielectric tangent loss factor
(tan δε = ε′′/ε′) [28] is used to express the dielectric loss capability of the material. We can
find that the value of tan δε for MnO-Co@C-0.3 and MnO-Co@C-0.4 increases relative to the
value of MnO-Co@C-0.2, fluctuating around 0.4, indicating that the dielectric loss capability
of MnO-Co@C-0.3 and MnO-Co@C-0.4 is more significant than that of MnO-Co@C-0.2. We
can observe from Figure 5c,d that the values of μ′ and μ′′ of all the three samples do not
vary much, and the values are close to each other, with the value of μ′ fluctuating around 1
and μ′′ around 0. Similarly, the tan δμ = μ′′/μ′ [28] does not show much difference. It is
possible to assume that the magnetic properties of the samples are not strong. The magnetic
loss comes from the hysteresis, category wall resonance, ferromagnetic resonance, and
eddy currents effects [29]. Hysteresis losses are insignificant in weaker electric fields, and
domain wall resonance losses usually occur in lower frequencies (MHz) [30]. Therefore,
the natural ferromagnetic resonance and eddy currents effects are commonly considered
the major loss mechanisms of ferromagnetic absorbers at higher frequencies (GHz). The
eddy current losses can be stated as [31]:

μ′′ = 2πμ0
(
μ′)2

σd2 f /3 (4)

where σ is the electrical conductivity and μ0 is the magnetic conductivity in the presence of
vacuum. The reflection loss is caused by the eddy current effect. C0 = μ′′ (μ′)−2 f−1 When
the frequency changes, C0 is a constant, indicating the existence of eddy current loss in the
material [32].

The ability of a material to dissipate electromagnetic energy can be quantified by the
attenuation coefficient α, expressed by the formula [21]:

α =

(√
2π f
c

)√
μr ′′ εr ′′ − μr ′εr ′ +

√
(μr ′′ εr ′′ − μr ′εr ′)2 + (μr ′′ εr ′ − μr ′εr ′′ )

2 (5)

From Figure 5h, it can be obtained that the α values of MnO-Co@C-0.2, MnO-Co@C-0.3,
and MnO-Co@C-0.4 increase with the growth of frequency, and the values of Mno-Co@C-0.3
and MnO-Co@C-0.4 are higher than MnO-Co@C-0.2. It indicates that the electromagnetic
dissipation capability of MnO-Co@C-0.3 and MnO-Co@C-0.4 is higher in the region of
2–18 GHz.

According to Equations (2) and (3), the correlation between the thickness of the relevant
EMW absorbing material and the reflection loss (RL) in the spectrum of frequencies from
2–18 GHz can be calculated. Figure 6 illustrates the reflection loss of MnO-Co@C-0.2,
MnO-Co@C-0.3, and MnO-Co@C-0.4 corresponding to the frequency and thickness in the
spectrum of frequencies region of 2–18 GHz. We can obtain from the Figure 6a that the
MnO-Co@C-0.2 absorption effect is inferior. When the absorber’s thickness is 1–5 mm,
and the microwave frequency is 2–18 GHz, no RL value reaches the effective value of
−10 dB (absorption of 90% of electromagnetic microwaves). As the amount of resorcinol
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and formaldehyde increases, the carbon layer becomes thicker and has a good reduction
effect on the alloy. The MAPs of MnO-Co@C-0.3 and MnO-Co@C-0.4 are much better than
MnO-Co@C-0.2. For MnO-Co@C-0.3, when the absorber thickness is about 3 mm, the
EABmax value reaches 3.3 GHz and the RLmin is −23.8 dB. The addition of resorcinol and
formaldehyde further increases the absorbing effect of the materials. Thus, we reasoned
that MnO-Co@C-0.3 has the best ratio. We can infer that as the carbon content increases,
the amount of Co being reduced gradually increases, the non-homogeneous MnO-Co@C
interface gradually increases, and the interfacial polarization is enhanced. As the carbon
layer has a large number of dipoles, polarization loss is generated, which increases the
dielectric loss of the material. The exchange resonance leads to an increase in magnetic
loss, which promotes a good impedance match and increases the overall MAPs of the
material. However, further increases of carbon content will not help much, as MnO-
Co@C-0.4 did not perform better. The above results show that the spherical yolk core-
shell MnO-Co@C material with a reasonable carbon content ratio can achieve broadband
EMW absorption with good overall performance. This excellent microwave absorption
performance originates from the impedance matching of the composite; the cooperation
between dielectric losses and magnetic losses.

Figure 5. Cont.
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Figure 5. Electromagnetic parameters of MnO-Co@C-0.2, MnO-Co@C-0.3, and MnO-Co@C-0.4: (a) ε′,
(b) ε”, (c) μ′ (d) μ”, (e) the dielectric loss tangent factor tanδε, (f) the magnetic loss tangent factor
tanδμ, (g) C0, (h) attention constant α.

 

Figure 6. Reflection loss values in the frequency of 2–18 GHz for (a,b) MnO-Co@C-0.2; (c,d) MnO-
Co@C-0.3; (e,f) MnO-Co@C-0.4.
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4. Conclusions

In conclusion, a novel metal-metal oxide-carbon material interface was designed
to form a special yolk core-shell structure. The spherical yolk core-shell MnO-Co@C
material exhibits good EMW absorption performance and achieves the best reflection loss
value of −23.8 dB and the EABmax reaches 3.3 GHz when the surface thickness is 3 mm.
Both of the dielectric and magnetic losses, and the unique yolk core-shell structure, all
contribute significantly to the material’s excellent microwave absorption. Core-shell MnO-
Co@C nanospheres have the advantages of a simple preparation method, enhanced wave
absorption performance, wide absorption bandwidth, and low density, making them a
great application prospect in microwave absorption.
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Abstract: Improved optical and mechanical properties are required for future infrared windows
working in harsher mechanical and thermal environments than today. Ameliorating the homogeneity
of the phase domain and reducing the size of the phase domain are effective approaches for enhancing
the optical transmittance and mechanical hardness of a nanocomposite. In this work, we reported that
the Gd2O3-MgO nanopowders were prepared by two different processes. The core–shell nanopow-
ders synthesized by urea precipitation have a much lower agglomeration than the nanopowders
prepared by sol–gel. Excellent transmittance (70.0%–84.1%) at 3–6 μm mid-infrared wave range and
a high Vickers hardness value (10.3 ± 0.6 GPa) were maintained using the nanopowders synthesized
by urea precipitation mainly due to its homogenous phase domain distribution.

Keywords: Gd2O3-MgO; core–shell; urea precipitation; nanocomposite; homogenous phase domain
distribution

1. Introduction

Transparent polycrystalline ceramics have attracted widespread attention due to their
wide range of applications such as laser hosts, infrared windows/domes, and transparent
armors, instead of their single-crystal counterparts, mainly due to their processing flex-
ibility and low cost for fabricating items with large sizes and complex shapes [1–3]. In
particular, transparent polycrystalline ceramics have great potential in the application of
infrared windows because of their excellent optical and mechanical properties [4–6]. With
the increasingly harsh service environment of infrared windows, higher requirements are
being suggested for the optical and mechanical properties of infrared windows in extreme
environments [7,8]. Although traditional single-phase infrared transparent ceramics such
as Y2O3, MgF2, and MgAl2O4 have high infrared transmittance, the inevitable grain coars-
ening during the preparation process results in deteriorated mechanical properties, thus
limiting their widespread application [5,9,10].

One way to improve the mechanical properties of the infrared transparent ceramic is
to introduce a second ceramic phase to forming composites. Composites including fiber-
reinforced composites [11], sandwich planet composites [12–14], composite ceramics [15],
and polymers [16] are being applied in many fields. For example, in the field of mid-
infrared windows, second-phase MgO is being introduced into Y2O3 to fabricate the
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Y2O3-MgO nanocomposite with better optical and mechanical properties than any single-
phase polycrystalline ceramics [17]. Y2O3 and MgO (based on the volume ratio of 50:50)
were evenly mixed in order to mitigate grain growth during consolidation due to the fact
that the grains of each phase pin the boundary in the other phase, thus restraining the grain
boundary migration and grain coarsening. The reduced grain size will not only increase
the infrared transmittance of the nanocomposite owing to the reduction in light scattering
but also improve the mechanical strength according to Hall–Petch behavior [18]. Another
example is via the introduction of MgO to consolidate Gd2O3–MgO nanocomposites with
varied crystallographic modifications of the Gd2O3 constituent, and the nanocomposite
has excellent optical and mechanical properties for mid-infrared window applications in
our previous works [19,20].

The successful fabrication of nanocomposites with homogeneous phase domain distri-
bution, fine grain sizes, and phase domain sizes is particularly challenging. Muoto et al.
reported that the particle size and phase domain homogeneity of the initial nanocomposite
powders directly determine the grain size and phase domain uniformity of the sintered
nanocomposite ceramics, thus influencing their optical and mechanical properties [18].
Therefore, it is significant to synthesize nanocomposite powders with good dispersion and
homogenous constituent phase distribution. Among the varied methods for producing
nanopowders, such as spray pyrolysis [21,22], glycine–nitrate process [23,24], sol–gel com-
bustion [24], and hydrothermal method [25], the sol–gel combustion method has always
been favored, mainly due to its reduced synthesis temperature and the atomic-level mixing
of starting reactants [8,17,26]. However, the properties of nanocomposite powders pre-
pared by sol–gel combustion method such as particle size and dispersion are influenced by
various factors such as starting reactants, fuel type, and equivalence ratio Φ. Additionally,
the sol–gel process has long powder preparation cycles which are not conductive to batch
production. Urea precipitation is a powder synthesis method with a simple operation,
uniform system, and controllable precipitation process [27,28]. The introduction of Gd2O3
nanoparticles as the core can induce the Mg2+ precursor to precipitate on the surface of
the nanoparticles via heterogeneous formation, thereby forming Gd2O3-MgO core–shell
nanopowders. This can not only inhibit the grain overgrowth during the nanocomposite
sintering process, but also solve the difficult problem of the complex and difficult-to-control
precipitation variables of double cations.

In this work, to achieve the nanocomposites with homogeneous phase domain distri-
bution, urea precipitation and sol–gel were used to synthesize Gd2O3-MgO nanopowders.
We show that the core–shell nanocomposite powder with good dispersion can be obtained
via the urea precipitation method, and the nanocomposites with homogenous distribution
of constituent phases, higher optical transmittance, and a hardness value can be obtained
after hot-press sintering. The underlying influence mechanism of the nanopowders with
different morphologies on the microstructure of the nanocomposites was discussed.

2. Material and Methods

2.1. Preparation of the Gd2O3-MgO Core–Shell Nanopowders by Urea Precipitation

MgO coating Gd2O3 core–shell nanopowders were synthesized by urea precipitation.
The raw materials were gadolinium oxide nanopowders (5N), urea, and magnesium nitrate
hexahydrate (Mg(NO3)2·6H2O). All the raw materials were of analytical grade (Sinopharm
Chemical Reagent, Shanghai, China). First, the 74.78 mmol Mg(NO3)2 and stoichiometric
urea were dissolved in deionized water into a three-necked flask to form a mixed solution.
Then, 6.99 g Gd2O3 was weighted with a volume ratio of 50:50 to MgO (monoclinic-
Gd2O3:cubic-MgO) into the container via sufficient stirring and dispersing. After that, the
dispersed Gd2O3 was put into the above solution in the three-necked flask. Additionally,
then, the solution in the three-necked flask was heated and stirred at 90 ◦C for 3 h to obtain
the turbid solution. After that, the resulting suspension was obtained by filtration and then
the suspension was put into a 90 ◦C oven for drying, thus obtaining the dried precursors.
Then, the dried precursors were calcined at 850 ◦C to prepare the core–shell nanopowders.
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The nanopowders were ball-milled with Al2O3 balls in a roller ball mill (100 r/min). The
slurry was placed into an 80 ◦C oven for drying. Finally, the nanocomposite powders were
sieved by a 200-mesh screen.

2.2. Synthesis of the Gd2O3-MgO Nanopowders by Sol–Gel Combustion

Nanopowders of Gadolinium oxide–magnesium oxide were synthesized by sol–gel
combustion technique. Commercial Gd(NO3)3·6H2O, Mg(NO3)2·6H2O, C6H10O8, and
ethylene glycol were used as raw reactants (Sinopharm, Shanghai, China). In a typical
synthesis procedure, firstly, distilled deionized water, citric acid, and glycol were mixed to
form an aqueous solution. Secondly, the 0.03854 mol Gd(NO3)3 and 0.07478 mol Mg(NO3)2
solutions were added into the above aqueous solution to prepare a clear sol. The sol was
placed into an oven at 90 ◦C to obtain the precursor. Then, the precursors were calcined at
600 ◦C to obtain the nanopowders. The nanopowders were also obtained via a series of
ball milling, drying, and screening processes consistent with Section 2.1.

2.3. Sintering of the Gd2O3-MgO Nanocomposite

The treated (calcined, ball-milled, and screened) Gd2O3-MgO nanopowders synthe-
sized by two methods were dry-pressed at 100 MPa in a steel-mold (Φdiam = 25 mm)
to obtain the green bodies, and then the green bodies were sintered via hot pressing at
1350 ◦C for 0.5 h. The load was applied at the temperature of 600 ◦C, and gradually in-
creased to 50 MPa at 1000 ◦C. Post-sinter annealing was carried out at 1000 ◦C for 20 h
in air. Both surfaces of the samples were polished, and then thermally etched for the
property characterization.

2.4. Investigation for the Nanocomposite Powders and Sintered Ceramics

Simultaneous thermogravimetric and differential scanning calorimetry analyses of
the precursor synthesized by two different processes were carried out on a TGA-DSC
apparatus (STA449F3, Netzsch, Selb, Germany). The precursor to be analyzed was heated
at 10 ◦C/min in flowing air. The XRD analysis was conducted to identify the structures of
the nanopowders and nanocomposites by X-ray diffraction (X’pert, PANalytical, Almelo,
The Netherlands) using Cukα radiation. The crystal size of the nanocomposite powders
can be calculated by Scherrer’s formula:

DXRD = (Kλ)/(βcosθ) (1)

where K belongs to a constant, taking 0.89; λ represents the wavelength of Cukα wavelength;
the width at half height for diffraction peak of the measured sample is represented by β;
θ is the Bragg diffraction angle; and Dhkl means the crystal size of the nanopowders. The
specific surface area of the nanocomposite powders was determined using a gas sorption
analyzer by the Brunauer–Emmett–Teller (Tri-Star II 3020, Norcross, GA, USA) method.
The mean particle size of the nanopowders was calculated via Formula (2):

DBET = 6000/(ρSBET) (2)

where SBET denotes the specific surface area of the nanopowders; ρ stands for the theoret-
ical density of the nanopowders; and DBET represents the mean particle size. The ratio
of DBET/DXRD was adopted to evaluate the agglomeration factor of the nanocomposite
powders synthesized by a different method. Transmission electron microscopy (JEM-2100F,
JEOL, Tokyo, Japan) determined the morphologies of the nanopowders prepared by differ-
ent techniques. The structures and morphologies of the sintered nanocomposite ceramics
were evaluated via scanning electron microscopy (JSM-7001F, JEOL, Tokyo, Japan). The
statistics of the mean grain size for nanocomposite ceramics were obtained by measuring
at least 200 grains on the BSE images using the line-intercept method. The infrared in-line
transmittance of the nanocomposite was measured using a Fourier transform infrared
spectrometer (Nicolet iS5, Thermo Scientific, Waltham, MA, USA). The test for the Vickers
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hardness was performed via a tester (401 MVD, Wolpert, Norwood, MO, USA), the load
was 500 g, the dwell time was 10 s, and the average of 10 measurements was taken as the
final hardness value of the specimen [29].

3. Results and Discussion

3.1. The Thermal Behaviors of the Precursors Synthesized by Two Processes

Figure 1 shows the simultaneous thermal behaviors of the precursors synthesized by
the two methods. For the precursor synthesized by urea precipitation (shown in Figure 1a),
based on previous research results [30], in the process from room temperature to 1000 ◦C,
the total mass loss is 41.7%, which is divided into four steps. The first stage is from room
temperature to 196 ◦C, with a mass loss of 9.6%, and an endothermic peak at 170 ◦C is
ascribed to the evaporation of absorbed water and the release of bound water. The mass loss
in the second stage is 2.2%, which occurs in the temperature range between 196 and 281 ◦C.
The exothermic peak at 271 ◦C on the DSC curve is mainly due to the decomposition and
oxidation of nitrate. The third period is from 281 to 624 ◦C, and the mass loss is 18.3%; the
endothermic peaks are located at 437, 466, and 614 ◦C, and are related to the decomposition
of hydroxides and carbonates. The 11.6% mass loss occurs in the fourth step, and there is an
exothermic peak at 629 ◦C which is attributed to the crystallization of oxides. No obvious
weight loss was observed after 850 ◦C, indicating that MgO-coated Gd2O3 nanopowders
can be obtained at 850 ◦C. Figure 2a shows that the precursor calcined at 850 ◦C is composed
of Gd2O3 and MgO phases.

 
(a) (b) 

Figure 1. Plot of the differential thermal analysis and thermogravimetry data obtained at a heating
rate of 10 °C/min from the precursors synthesized by different methods: (a) urea precipitation; and
(b) sol–gel.

For the precursor synthesized by sol–gel (shown in Figure 1b), it can be clearly seen
that four-period weight loss occurred. The first weight loss period over the temperature
ranging from room temperature to 178 ◦C is assigned to residual water volatilization. The
DSC curve has two remarkable endothermic peaks at 68 and 161 ◦C. A sudden drop was
observed in the second period weight loss, which was from 178 to 222 ◦C. In this period,
there was a sharp exothermic peak at 197 ◦C, since the precursor was ignited. This is
because there is a redox reaction between nitrate and citrate, thus generating intermediate
products and releasing carbon oxide and nitrogen oxide gases [31,32]. The third period
occurred between 222 and 510 ◦C and there are three exothermic peaks (296, 376, and
432 ◦C) being caused by the decomposition of the intermediate products. An exothermic
peak at 587 ◦C emerged in the fourth period, which is ascribed to the decomposition of the
remaining organics and the oxide crystallization. The XRD result in Figure 2a proves that
the precursor heated at 600 ◦C consists of Gd2O3 and MgO. The thermal decomposition
process of the precursor is consistent with our previous results [20].
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Figure 2. (a) XRD patterns of the nanocomposite powders preparation via different methods. TEM
images of the calcined nanopowders synthesized by different methods; (b) urea precipitation; and
(c) sol–gel. The insets are the SADPs of the calcined nanopowders synthesized by different methods.

3.2. Effects of Preparation Process on the Performances of Nanocomposite Powders

Figure 2a shows the XRD patterns of the nanopowders synthesized from a different
method. Obviously, the composite nanopowders were cubic Gd2O3 and MgO phases,
regardless of the synthesis methods. The diffraction peaks of the sample synthesized by
urea precipitation are much more intense and sharper than that of the sample synthesized
by sol–gel. Table 1 shows the particle size (DBET), crystal size (DXRD), and agglomeration
factor calculated. Although the crystal sizes of the nanocomposite powders synthesized
by sol–gel are finer than that of the nanopowders synthesized by urea precipitation, the
agglomeration factor has an obvious increase. TEM results further verified the conjecture
for the morphologies for the two nanocomposite powders synthesized by different methods.
The sample synthesized by urea precipitation has a larger particle size and better dispersion
than those synthesized by sol–gel. The diffuse amorphous rings in the insets selected area
diffraction patterns (SADPs) are consistent with the XRD data (shown in Figure 2a) which
indicate that the nanopowders synthesized by urea precipitation have better crystallinity.
In addition, the sample shown in Figure 2b exhibits a clear interface between core and shell,
indicating that the Gd2O3, as a core, is successfully cladded with MgO as a shell.

Table 1. Characterization of the Gd2O3-MgO nanocomposite powders synthesized from differ-
ent methods.

Experiment Method DBET (nm) DXRD (nm) Agglomeration Factor

Precipitation 59.8 32.3 1.9
Sol–gel 29.7 9.1 3.3

Clearly, the above results demonstrate that the properties of the composite nanopow-
ders are greatly affected by the synthesis method. With the variation of the synthesis
method, the crystal size and the agglomeration state for nanocomposite powders varied
remarkably. The discrepancies can be related to the thermal decomposition processes of the
precursors exhibited in the TG-DSC curves. For sol–gel process, the sharp exothermic peak
of 197 ◦C in the DSC data and the sudden weight loss on the TG indicate that the decom-
position process is instantaneous. The rapid reaction rate can restrict particle growth and
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eventually form extremely fine crystallite sizes [18,24,33]. In the sol–gel reaction system,
excessive fuel will generate a lot of heat in the later decomposition process, leading to the
agglomeration of nanocomposite powder. Therefore, although the crystallite size of nano
powders synthesized by sol–gel method is much finer, the agglomeration of nanopowders
is more serious. In addition, Figure 1b shows that the peaks at 296, 376, and 432 ◦C in the
DSC data also verified that the reaction at the later stage was very intense. Such a result
is similar to our previous study [20]. For urea precipitation, the entire reaction process
is gentle without violent decomposition and abrupt weight loss, since no extra heat is
required for nanopowder agglomeration. Therefore, the nanopowder synthesized by urea
precipitation has a lower agglomeration state.

3.3. Effects of Synthesis Process on the Phase, Microstructure, Optical, and Mechanical Properties
of Nanocomposites

Figure 3 shows the structures of the Gd2O3-MgO nanocomposite ceramics. The
characteristic monoclinic Gd2O3 and cubic MgO peaks emerged without any detectable
impurity phase, irrespective of the two synthesis methods. It is worth noting that the Gd2O3
powders exhibited a cubic phase (shown in Figure 2a), but it turned into a monoclinic
phase after sintering at 1350 ◦C. It is reported that Gd2O3 undergoes a cubic to monoclinic
transformation above 1250 ◦C [34]. It is worth noting that the high-temperature monoclinic
Gd2O3 is unstable in thermodynamics. However, the two samples are still retained in a
monoclinic Gd2O3 phase at room temperature. The reason for the absence of the monoclinic-
cubic reverse transition can be attributed to the slow atom spread dynamics and rapid
cooling after hot pressing [35,36].

Figure 3. XRD patterns of the sintered nanocomposite ceramics with nanocomposite powders from
different methods.

The effect of nanocomposite powders synthesized by different methods on the mi-
crostructure of the hot-pressed nanocomposites was characterized via BSE images. Figure 4
shows the representative BSE images. There is no significant difference in the grain size of
the two samples; however, the structure and distribution of the phase domain are quite dif-
ferent. For the nanocomposite sintered using the urea precipitation nanopowders (shown
in Figure 4a), the grain sizes of Gd2O3 (bright phase) and MgO (dark phase) are 160 and
120 nm, respectively, and the sample has a very even microstructure and a homogenous
two-phase distribution. For the nanocomposite sintered using the sol–gel nanopowders, the
grain sizes of Gd2O3 and MgO become slightly finer—140 and 130 nm. However, the clus-
ters in each phase are large, which leads to a large-sized phase domain and inhomogeneous
phase domain distribution.

One of the major goals of improving the phase domain homogeneity in synthesized
nanopowder is to suppress the grain coarsening during the subsequent sintering processing
of the nanopowders. It can be seen from Figures 2 and 4 and Table 1 that the agglomeration
state of the initial nanopowders has a significant effect on the microstructure of the sintered
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nanocomposite. The speculative schematic diagrams of the microstructure evolution
process of the nanopowders prepared by two different processes during the sintering
process are shown in Figure 5. For the nanopowders synthesized by urea precipitation,
Gd2O3 as a core is effectively coated by MgO as shell, and the Gd2O3 grains are pinned by
the MgO grains; thus, due to the core–shell structure constrains and the effective pinning
effect, the microstructure will be stable until the coarsening of the one-phase domain can
occur. However, the severe agglomeration of nanopowders prepared by sol–gel may cause
each phase domain in the powder to contain multiple homophase particles. During the
sintering process, the homophase particles in each phase domain will rapidly combine and
grow. The reason for this phenomenon is that the agglomerated homophase particles only
need to cross the homophase grain boundary, so the grains only undergo a short-distance
rearrangement of atomic positions; eventually, resulting in large grain and phase domain
sizes and inhomogeneous phase domain distribution.

  

Figure 4. BSE images and grain size distributions of the sintered nanocomposite ceramics with
nanocomposite powders with two methods: (a) urea precipitation; and (b) sol–gel.

 
Figure 5. Diagrammatic sketch of the phase domain and grain size evolution during the sintering of
composite materials using different nanopowders.

As can be seen from the above analysis, initial nanocomposite powders with slight
agglomeration, fine phase domain size, and homogenous phase domain distribution are
conductive to exert pinning effect and restrain grain growth in the subsequent sintering
process. This hypothetical microstructure evolution was well verified in this work. The
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agglomeration state of the core–shell nanopowders synthesized by urea precipitation
is slighter than that of the nanopowders synthesized by sol–gel (as shown in Figure 2
and Table 1). After hot pressing, the homogeneity of the phase domain of the former
is obviously superior to that of the latter. This phenomenon of the agglomeration state
of nanocomposite powder affecting the phase domain uniformity of the nanocomposite
after sintering was observed in the previous fabrication of Y2O3-MgO and MgO-ZrO2
nanocomposites [18,33,37].

Figure 6 shows the optical transmittance in the infrared band of the Gd2O3-MgO
nanocomposites sintered using the nanopowders synthesized by two methods. The mi-
crostructure, such as the porosity, grain size, size, and homogeneity of the phase domain
greatly affects the infrared transmittance of the sample. On the one hand, the porosity
is the main factor affecting the transmittance when the ceramic bulk is at a low relative
density, because light scattering from a large number of pores will seriously deteriorate
the light transmission because of the different refractive index of MgO, Gd2O3, and air.
Additionally, the infrared transmittance also degrades when the relative density of the
sample is high due to grain overgrowth and uneven phase domain distribution. As shown
in Figure 4, there is no significant difference in the grain size between the two samples, and
there are no obvious pores. Therefore, the distribution and uniformity of the phase domain
play a dominant role in affecting the infrared transmittance in this work. As expected,
the sample sintered using the core–shell nanopowders showed excellent transmittance
(70.0%–84.1%) at 3–6 μm mid-infrared thanks to the more homogeneous phase domain
distribution. Moreover, the two specimens have several absorption peaks at approximately
7 μm due to the asymmetrical and symmetrical stretching vibrations of the carboxylate
groups, forming in the starting powders or subsequent sintering process because of the
remaining carbon-containing groups. This is detrimental to the optical performance of a
nanocomposite in the infrared wavelength range [38]. Therefore, the production of carbon-
free nanocomposite powders with good dispersion and a uniform phase domain is key to
further improving the infrared transmittance performance of nanocomposites. The detailed
results will be described in the subsequent paper.

Figure 6. IR transmission spectra of the sintered nanocomposite ceramics with nanocomposite
powders with two methods (the thickness of the sample is 2.0 mm).

The mechanical hardness of the sintered Gd2O3-MgO nanocomposites using nanopow-
ders with different methods were measured. As Figure 7 shows, the Vickers hardness of
the sample sintered using the core–shell nanopowders synthesized by urea precipitation is
higher than that of the sample sintered using the nanopowders prepared by sol–gel due to
a more homogeneous phase domain distribution. The hardness value of 10.3 ± 0.6 GPa is
significantly higher than that of pure dense MgO and Y2O3 ceramics (5–7 GPa) [39,40], and
the hardness value is similar to that of Y2O3-MgO reported by Xu et al. (10.0 ± 0.1 GPa) [7]
or Ma et al. (10.6 ± 0.2 GPa) [24]. In addition, the optical and mechanical properties will
be further improved for adapting to a much harsher environment in the future when the
microstructure is further optimized. There is still room to homogenize the phase domain
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distribution and reduce the grain size via the optimization of the nanopowders’ preparation
and sintering process.

Figure 7. Vickers hardness of the sintered Gd2O3-MgO nanocomposites using nanopowders with
different methods.

4. Conclusions

The Gd2O3-MgO nanopowders with different morphologies were synthesized by urea
precipitation and citric sol–gel, respectively. The thermal behaviors of the precursors pre-
pared by two processing methods influenced the agglomeration state of the nanopowders.
The Gd2O3-MgO nanopowders with a core–shell structure have lower agglomeration, and
are make it easy to obtain nanocomposites with a homogeneous phase domain distribution
after hot-press sintering. For the Gd2O3-MgO nanocomposite sintered at 1350 ◦C and
50 MPa using the core–shell nanopowders, the average sizes of Gd2O3 and MgO are 160
and 120 nm, respectively. The nanocomposite with even two-phase distribution exhibits an
outstanding transmission (70.0%–84.1%) in the mid-infrared range and a high hardness
value (10.3 ± 0.6 GPa). The results indicate that core–shell nanopowder is conductive to
restraining the growth of the phase domain size and the formation of an inhomogeneous
phase domain for nanocomposites.
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Abstract: In order to prepare microwave-absorbing materials with low density and high wave absorp-
tion performance, CoFe2O4/SWCNTs composites with well-designed necklace-like structures were
successfully prepared in this paper by a simple solvothermal method. CoFe2O4/SWCNTs composites
with different cobalt salt contents were synthesized by adjusting the experimental parameters. The
results of the relative complex permeability and relative permittivity of the samples, which were
investigated by vector network analysis in the frequency range of 2 to 18 GHz, are collected to
support the study of the microwave absorption characteristics of the samples. Different microsphere
densities and different cobalt salt contents have obvious differences in the electromagnetic absorption
properties of the composites. When the additions of FeCl3·6H2O, Co(Ac)2·4H2O, and NH4Ac were
0.432, 0.200, and 0.400 g, respectively, the best reflection loss reached −42.07 dB, and the effective
absorption frequency (RL < −10 dB) ranges from 3.2 to 18 GHz. Therefore, this is a preparation
strategy of CoFe2O4/SWCNTs composites with necklace structure, which has the advantages of
simple process, environmental friendliness, low cost, and high stability. The unique necklace-like
structure design makes the carbon nanotubes partially exposed, which is more beneficial to achieve
good impedance matching and giving the CoFe2O4/SWCNTs composite excellent electromagnetic
loss capability.

Keywords: CoFe2O4/SWCNTs composites; microwave absorption; necklace-like structure; double
loss mechanism; impedance matching

1. Introduction

Nowadays, with the rapid development and broad application of electronic devices
and wireless communication technologies, electromagnetic radiation poses a serious threat
to human health and the regular operation of electronic devices and has become another
major problem after air, water, and noise pollution [1–4]. To solve the problem of electro-
magnetic radiation pollution, absorbing materials that can absorb and attenuate incident
electromagnetic waves and convert the incident electromagnetic energy into heat-based
energy to be consumed are attracting much attention [5]. There are many materials for
radiation protection, such as glasses based on TeO2-WO3-Bi2O3-MoO3-SiO [6], while this
paper focuses on carbon nanotube-based microwave-absorbing composites. Therefore, the
research and development of high-performance absorbing materials to solve the electro-
magnetic pollution problem are urgent [7]. According to the research progress of absorbing
materials, using the excellent properties of composite absorbing materials with different
components to make materials with both magnetic loss and electrical loss will become the
future requirements and development direction of absorbing materials.
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Carbon materials have been recognized and widely used in the microwave absorption
field [8–10]. It is well known that carbon nanotubes are one of the significant carbon
materials in the field of electromagnetic absorption [11,12] and one of the crucial materials
in the field of military wave-absorbing stealth technology and civil electromagnetic protec-
tion [13]. Wu et al. [14] synthesized three-dimensional porous CuS@rGO composite aerogels
with MA properties and IR stealth capability by hydrothermal and ascorbic acid thermal
reduction methods and subsequent freeze-drying techniques. Peymanfar et al. [15,16]
dissected carbon-based biomass-derived materials used as microwave-absorbing struc-
tures and provided a new idea of immobilizing oxygen-containing functional groups in
carbon-based structures. Carbon nanotubes (CNTs) have attracted extensive attention as
microwave absorbers due to their low density and good electrical conductivity [17,18].
However, because carbon nanotubes have strong electrical conductivity [19], large complex
dielectric constant [20–22], small permeability, and low magnetic loss, they mainly atten-
uate electromagnetic waves through dielectric loss, which is difficult to match with free
space, resulting in poor impedance matching characteristics and less than ideal electromag-
netic absorption performance [23,24]. To improve impedance matching and microwave
absorption performance, the preparation of carbon nanotubes compounded with other
materials is an effective method. However, the disadvantage of ferric oxide (Fe3O4) is
that the high-frequency band absorption effect is not ideal, the density is larger [25–27], so
it is not good enough to achieve the “thin, light, wide, strong” requirements of the new
absorbing material. Spinel-type cobalt ferrite is a kind of spinel-type ferrite with excellent
performance, which has medium saturation magnetization strength, excellent chemical sta-
bility, high coercivity, strong wear anisotropy, high mechanical strength, and large magnet
crystal anisotropy constant, so it has a wide range of applications in rechargeable batteries,
high-density magnetic recording, biomedicine and other fields [28]. At the same time,
cobalt ferrate is also a good electromagnetic wave-absorbing material, which enhances the
effect on electromagnetic waves due to its many pores, and has received wide attention
from scholars in the field of microwave absorption [29,30]. Fu et al. [31] prepared a new
CoFe2O4 hollow sphere/graphene composite using a facile vapor diffusion method in
combination with calcination at 550 ◦C. The composite achieved a minimum reflection loss
value of −18.58 dB at 12.9 GHz and effective absorption bandwidth of 3.7 GHz when the
thickness is 2 mm. Luo et al. [32] successfully prepared layered CoFe2O4/CNTs/WPU
composite aerogels using a facile directional freeze-drying method. The best microwave
absorption performance of the heterogeneous aerogel reached −45.8 dB at 11.68 GHz when
the matched thickness was 6.8 mm. Zhang et al. [33] used a vapor diffusion method in
combination with calcination to synthesize olive sphere-shaped CoFe2O4 particles assem-
bled from nanoparticle layers showing a porous structure, and the minimum RL value
of CoFe2O4 olive spheres with a thickness of 2.5 mm reached −34.1 dB and an effec-
tive absorption bandwidth of 2.6 GHz. Wu et al. [34] synthesized core/shell structured
nanocomposites with carbon nanotubes (CNTs) as the core and CoFe2O4 nanoparticles as
the shell by a one-step hydrothermal method, matching the min RL value is −49.96 dB
when a thickness dm value is 3.18 mm and the best absorption bandwidth of 4.40 GHz
when the dm value is 1.64 mm. In summary, the composite material of cobalt ferrite and
carbon material is one of the most popular electromagnetic wave-absorbing materials at
present. However, there are still some problems, including the complicated preparation
method and the poor matching thickness of the material. Therefore, we design a composite
wave-absorbing material of CoFe2O4 and carbon nanotubes with simple preparation and a
unique necklace-like structure.

Morphology, phase, and defects also play a significant role in microwave absorption.
Peymanfar et al. [35] investigate the microwave absorption properties of graphitic carbon
nitride based on structure and defects. Chen et al. [36] found a competitive and coop-
erative relationship between conduction loss, interfaces, and defects. The solvothermal
method of preparation is characterized by particle formation through the dissolution and
crystallization process, which is characterized by high purity, good dispersion, complete
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grain development, and controllable size. Because of these advantages of the solvother-
mal method, it is better to control the microstructure of the sample and thus adjust the
electromagnetic parameters of the microwave absorber.

In order to meet the requirements of lightweight and thin thickness, a simple solvother-
mal method is chosen to prepare CoFe2O4/SWCNTs composites in this paper, and necklace-
like CoFe2O4/SWCNTs composites with dual dielectric and magnetic losses are successfully
prepared. Due to the synergistic effect of the magnetic loss capacity of CoFe2O4 and the
dielectric loss capacity of SWCNTs, as well as the multiple scattering attenuation effects
of the 3D lattice necklace-like structure on electromagnetic waves, the composites exhibit
good wave absorption performance. The minimum RL value reaches −42.07 dB, the EABD
reaches 3.8 GHz, and the thickness range is 1–5 mm. This method is simple and easy to
implement and provides an effective way to develop high-performance MAM.

2. Materials and Methods

2.1. Chemicals

All reagents applied in this experiment were analytical grade. Ferric chloride (FeCl3·6H2O,
99.0%) hexahydrate, cobalt acetate (Co(Ac)2·4H2O, 99.5%) tetrahydrate, ammonium acetate
(NH4Ac), and ethylene glycol were from Shanghai Sinopharm Group Chemical Reagent
Co. The carbon nanotubes used to prepare the necklace structured CoFe2O4/SWCNTs
composites were from Nanjing Xianfeng Nanomaterial Technology Co. Ltd. (Nanjing,
China). The deionized water used in all experiments was from Milli-Q system (Millipore,
Bedford, MA, USA).

2.2. Functionalization of Single-Walled Carbon Nanotubes

After acid treatment, the number of functional groups on the surface of carbon nan-
otubes increases, making them more suitable for accepting other nanoparticles on their
surface growth. A typical acidification process is as follows, 200 mg of carbon nanotubes
are added to a three-necked flask containing a mixture of concentrated nitric acid and con-
centrated sulfuric acid (volume ratio: 3:1). The above mixture was dispersed by continuous
strong sonication for 3 h. When the carbon nanotubes were completely dispersed, the
three-neck flask was placed in an oil bath, heated to 80 ◦C, and maintained at that constant
temperature for 1 h. Then the acidified carbon nanotubes were cooled to room temperature
and left to stand in deionized water for 12 h. The rested carbon nanotubes were rinsed to
neutral (PH ≈ 7) by filtration with a large amount of deionized water and dried at 60 ◦C in
an oven for 8 h. The functionalized carbon nanotubes are ready for subsequent use.

2.3. Preparation of CoFe2O4/SWCNTs Necklace-like Structure

0.54 g FeCl3·6H2O, 0.25 g Co(Ac)2·4H2O, and 0.50 g NH4Ac were dissolved in 60 mL
EG. After the solution was completely dissolved, different contents of functionalized
SWCNTs were weighed and added to the light yellow solution, then sonicated continuously
for 3 h. After the SWCNTs were well dispersed, small magnets were added and stirred for
30 min. Then the solution was poured into a 100 mL Teflon-lined stainless autoclave and
held in an oven at 200 ◦C for 24 h. The samples were removed and washed with deionized
water and ethanol 3 times, respectively. Vacuum drying was conducted at 60 ◦C for 8 h.

The experimental parameters (cobalt salt gradient (0.2 g, 0.25 g, 0.3 g, 0.35 g as Co-1,
Co-2, Co-3, Co-4) where carbon nanotubes were 4 mg) were adjusted to achieve the modu-
lation of the microstructure of spinel ferrites, to investigate the effect of micro-structural
changes on the absorbing properties of the samples. The cobalt and iron salts were varied
together, and they were added in multiples of 0.8, 1, 1.2, and 1.4 based on 0.25 g of cobalt
salt and 0.54 g of iron salt as a reference. Finally, the stoichiometry of the cobalt salt was
chosen as the standard to differentiate the four samples. The ratio of cobalt salt to iron
salt did not change; what changed was the amount added. By adjusting the ratio of cobalt
salts, it is the amount of cobalt and iron salts added that adjusts the microstructure of the
material
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2.4. Characterization

The crystal structure and phase composition of CoFe2O4/SWCNTs composites were
characterized by an X-ray diffractometer (XRD, Model Smartlab 9, Tokyo, Japan) with a
Cu Kα source (40 KV, 200 mA). Scanning electron microscopy (SEM, JSM-7001F, Tokyo,
Japan) and transmission electron microscopy (TEM, JEM-2100F, Tokyo, Japan) were used
to analyze the morphology and structure of the CoFe2O4/SWCNTs nanomaterials. The
composition and distribution of chemical elements on the surface of the samples were
investigated by X-ray photoelectron spectroscopy (XPS, Kratos, Manchester, U.K.). The
magnetic hysteresis loops were measured by a vibrating sample magnetometer (VSM, Lake
Shore Cryotronics, Westerville, OH, USA) at room temperature.

2.5. Characterization of Absorption Properties

The relative complex permeability and relative permittivity of the samples were tested
by vector network analysis (VNA, Agilent N5234A, California, CA, USA) in the frequency
range of 2 to 18 GHz. The sample powder was miscible with paraffin wax in the mass ratio
of 3:7 at 80 ◦C. The miscible material is quickly poured into a hollow cylindrical mold with
an outer diameter of 7 mm, an inner diameter of 3 mm, and a thickness was about 3 mm.

3. Results and Discussion

We successfully synthesized necklace-like CoFe2O4/SWCNTs composite heterostruc-
tures by a simple solvothermal method using functionalized carbon nanotubes as raw
materials, and the schematic illustration of the synthesis strategy of CoFe2O4/SWCNTs
composites is shown in Figure 1.

Figure 1. Schematic illustration of synthesis strategy for CoFe2O4/SWCNTs composites.

First, when CNTs were treated with acid, some negatively charged oxygen-containing
functional groups were produced, which provide sites for the growth of CoFe2O4 grains.
Then, the oxygen-containing functional groups were used as nucleation centers, which
are firmly bonded with carbon nanotubes to form a necklace-like composite structure.
The specific process in the solvent heat is that when the carbon nanotubes are completely
dispersed in the EG solution, Co2+ and Fe3+ in the solution can be fixed on the surface
of single-walled carbon nanotubes by electrostatic adsorption. During the solvothermal
process, EG can be dehydrated to generate H2O in a sealed autoclave under high temper-
ature and pressure. Then an alkaline environment is created by hydrolysis of NH4AC.
Finally, cobalt and iron salts react with OH− to form cobalt ferrite (Co2+ + 2Fe3+ + 8OH−→
CoFe2O4 + 4H2O) [37,38]. Thus, necklace-like CoFe2O4/SWCNTs composites are formed,
with CoFe2O4 nanoparticles passing through and immobilizing on the CNTs surface.

The phase composition and structure of the necklace-like CoFe2O4/SWCNTs compos-
ites were investigated by XRD, as shown in Figure 2. All the diffraction peaks obtained
were in accordance with the CoFe2O4 standard card (JCPDS No. 22-1086). The diffraction
peaks were clear and intense, and no obvious impurity peaks were observed, which indi-
cated that the CoFe2O4/SWCNTs composite has good crystallization and high purity. In
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addition, the diffraction peaks of CoFe2O4/SWCNTs composites are almost consistent with
the CoFe2O4 standard card, which indicates that it is an amorphous structure with little
SWCNTs content.

 
Figure 2. XRD patterns of CoFe2O4/SWCNTs composites prepared under different experimental
parameters.

The microscopic morphology of the CoFe2O4/SWCNTs composites was characterized
using SEM, and the morphology of the sample under the cobalt salt gradient is shown
in Figure 3. The sample is composed of spherical nanoclusters and cylindrical carbon
nanotubes, and the nanospheres wrap around the carbon nanotubes to form a necklace-like
structure. SEM of Figure 3a–d clearly shows that the number and distribution density
of spherical CoFe2O4 clusters obtained by adding different amounts of cobalt salts are
significantly different at a carbon nanotube content of 4 mg. With the gradual increase in the
cobalt salt content, the number of CoFe2O4 microspheres increases, and the spheres become
more uniform in size but with little change in size. It is not difficult to understand that the
increase in cobalt salt concentration will produce more CoFe2O4 microsphere nanocrystals
and increase the loading capacity of CoFe2O4 microspheres on the surface of single-walled
carbon nanotubes, the interface in the material increases, and the necklace-like structures
pile up with each other to form a network. It provides the conditions for improving wave
absorption performance.

The morphology and structure of the CoFe2O4/SWCNTs composites were further
characterized by TEM, and the results are shown in Figure 4. As can be observed from
Figure 4a, the CoFe2O4 microspheres with diameters of about 100–200 nm are uniformly
anchored on SWCNTs, and the necklace-like structure of the composite is consistent with
the SEM image. In addition, the HRTEM image of Figure 4b shows a lattice spacing of
about 0.25 nm and 0.17 nm, which is attributed to the (311) and (422) crystal plane of spinel
cobalt ferrite, further confirming the presence of CoFe2O4. The SAED pattern of Figure 4c
reveals the polycrystalline structure of the CoFe2O4/SWCNTs composite.
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Figure 3. SEM images of CoFe2O4/SWCNTs composites under Co salt gradient: (a) Co-1, (b) Co-2,
(c) Co-3, (d) Co-4.

 

Figure 4. (a) TEM image of CoFe2O4/SWCNTs, (b) HRTEM image of CoFe2O4/SWCNTs and
(c) selected area electron diffraction (SAED) image of CoFe2O4/SWCNTs.

To further investigate the chemical composition and bonding of the CoFe2O4/SWCNTs
composites, XPS characterization was performed, as shown in Figure 5. All binding energies
were normalized concerning C 1s at 284.8 eV. It can be clearly observed from the full
spectrum in Figure 5a that there are four elements present, Co, Fe, O, and C, respectively.
Figure 5b demonstrates the high-resolution Co 2p spectra, where the peaks at 781.2 eV and
796.8 eV are attributed to the Co2+ 2p3/2 and Co2+ 2p1/2 spectra, respectively [39,40]. The
double-peaked signals at about 786.3 eV and 803.2 eV are assigned to the two oscillating
satellites. Thus, the high-resolution XPS spectra of Co 2p indicate the presence of Co2+

ions. The Fe 2p spectra of the CoFe2O4/SWCNTs composites are shown in Figure 5c. The
peaks at 724.4 and 711.2 eV correspond to the binding energies of Fe3+ 2p1/2 and Fe3+ 2p3/2,
respectively, with the oscillating satellites located at 714.8 eV [41]. The detected Co 2p
and Fe 2p photoelectron peaks are consistent with the reported peaks of Co2+ and Fe3+ in
CoFe2O4. In Figure 5d, the O 1s spectrum is divided into three parts. The peak at 533.0 eV
can be attributed to the adsorbed water. The two peaks located at 531.5 and 530.4 eV are
consistent with oxygen in the defect and metal-oxygen bonds, respectively [42].
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Figure 5. XPS spectra of CoFe2O4/SWCNTs composites: (a) full spectrum, (b) Co 2p, (c) Fe 2p, and
(d) O 1s.

With the above analysis, we believe that the necklace-like CoFe2O4/SWCNTs nanocom-
posites have been successfully prepared. Next, we compared and analyzed the wave
absorption properties of CoFe2O4/SWCNTs composites with different experimental pa-
rameters. The wave absorption properties of electromagnetic wave-absorbing materials are
mainly determined by the complex permittivity (εr = ε′ − jε′′ ) and complex permeability
(μr = μ′ − jμ′′ ), with the real part ε′ and μ′ are related to the ability of the material to store
electric field energy and magnetic field energy, respectively, and ε′′ and μ′′ are related to
the ability of the material to lose electric field energy and magnetic field energy, respec-
tively [43]. Figure 6a–b shows the real and imaginary parts of the dielectric constants of
the prepared CoFe2O4/SWCNTs nanocomposites at cobalt salt gradients in the range of
2–18 GHz. The ε′ and ε′′ values of the four samples showed a trend of increasing and then
gradually decreasing as the content of added cobalt salts increased, indicating that the ε′
and ε′′ values did not keep getting larger as the content of cobalt salts increased. The higher
ε′ of the Co-2 sample indicates that the sample has better electromagnetic wave storage
and polarization ability. The dielectric tangential loss factor (tanδε=ε′′ /ε′) indicates the
dielectric loss capacity of MAM. The tanδε of Co-1 gradually increases from 0.21 to 0.6 at
10.4–12.3 GHz. The tanδε of Co-4 varied around 0.3. The values of Co-2 reach a maximum
peak of 0.73 at 15.4 GHz, and the values of Co-3 reach a maximum peak of 0.65 at 6 GHz. It
is proved that the dielectric loss capacity of Co-2 and Co-3 is stronger than that of Co-4 in
the frequency range of 2–18 GHz (Figure 6c). In terms of complex permeability, the real
part of Co-1 and Co-4 varies around 1.1, and the real part of Co-2 and Co-3 varies around
1.3 (Figure 6d). For the imaginary part of magnetic permeability, Co-2 and Co-3 show a
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decrease followed by an increase in the range of 4–8 GHz, while Co-4 shows a regular
change around 0.1and Co-1 decreases from 0.02 to −0.26 at 10.4–12.3 GHz (Figure 6e). The
values of the magnetic loss tangent factor (tanδμ=μ′′ /μ′) of all four samples in Figure 6f are
below 0.25, and the small values indicate that the magnetic storage capacity and magnetic
loss capacity are not strong. Taken together, it shows that the CoFe2O4/SWCNTs necklace
composite has dielectric and magnetic losses, mainly dielectric losses.

 

Figure 6. Electromagnetic parameters of Co-1, Co-2, Co-3, Co-4: (a) ε′, (b) ε′′ , (c) dielectric loss angle
tangent factor tanδε, (d) μ′, (e) μ′′ , (f) magnetic loss angle tangent factor tanδμ.

According to the Debye theory, ε′ and ε′ ′ follow Equation (1) [44], where ε∞ and
εs represent the relative permittivity and static permittivity at the high-frequency limit,
respectively.

(ε′ − εs + ε∞

2
)2 + (ε′′ )2 = (

εs − ε∞

2
)2 (1)

Theoretically, one Cole-Cole semicircle corresponds to one Debye relaxation polariza-
tion process. As can be seen from Figure 7, the number of Cole-Cole semicircles for the
sample with the least amount of cobalt and iron salt addition in the figure is significantly
higher than the rest of the samples, probably due to the higher number of CoFe2O4 clusters
in both samples, which provide more heterogeneous interfaces.

To further explore the absorption performance, we calculated the reflection loss
(RL) for different thicknesses in the frequency range from 2 to 18 GHz according to
Equations (2) and (3), where Zin is the input impedance of the absorbing material, Z0
is the impedance in free space, εr is the complex permittivity, μr is the complex perme-
ability, f is the frequency of electromagnetic waves in free space, d is the thickness of the
absorber, and c is the speed of light in free space [45].

Zin = Z0
√

μr/εr tan h
[

j
(

2π f d
c

)√
μrεr

]
(2)

RL(dB) = 20 log
∣∣∣∣Zin − Z0

Zin + Z0

∣∣∣∣ (3)
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Figure 7. Cole-Cole curves of (a) Co-1, (b) Co-2, (c) Co-3, (d) Co-4.

The data of the four samples were calculated, and a 1.5 mm coating thickness was
selected to carry out. The reflection loss (RL) and impedance matching change with
frequency was drawn, as shown in Figure 8.

 

Figure 8. Reflection loss diagram (a) and impedance matching (b) of CoFe2O4/SWCNTs heterostruc-
tures with different cobalt salt additions at a thickness of 1.5 mm.
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From Figure 8a, we can see that with a coating thickness of 1.5 mm, the absorption
effect of the Co-1 sample is better, and the peak value of reflection loss reaches −42.07 dB
at near 14 GHz. With the increase in cobalt salt addition, the value of reflection loss is
−42.07 dB, −7.50 dB, −11.27 dB, and −11.81 dB, and the absorption performance ap-
pears to decrease at first and then increase. With the increase in CoFe2O4 content, the
effective absorption band of the samples shifted to low frequencies, then to high frequen-
cies, when the Co-2 sample reached the lowest frequencies. The results indicate that the
CoFe2O4/SWCNTs composites can exhibit excellent microwave absorption performance
only when the component ratio is appropriate. The closer the impedance matching Z is
to 1, the more the incident wave propagates in the absorbing medium and the better the
absorption performance. As can be seen in Figure 8b, Co-1 is closest to 1, so it has the best
wave absorption performance.

To further visualize the comparative observation of the absorption capacity of the four
samples, three-dimensional plots and contour plots of the relationship between reflection
loss, frequency, and sample thickness were drawn, as shown in Figure 9.

As we can see from Figure 9b,f, the Co-2 samples do not exhibit significant microwave
absorption properties. None of the RL values reach −10 dB (absorbing 90% of electromag-
netic waves) when the range of the thickness of the absorber is 1–5 mm, and the range
of frequency of the microwave is 2–18 GHz. When d is 2.09 mm, and f is 4.6 GHz, the
minimum RL value of Co-2 is −8.3 dB. As can be seen from Figure 6a–f, Co-2 and Co-3 have
extremely similar variations in the parameters of dielectric constant, permeability, dielectric
loss factor, and magnetic loss factor. However, since the dielectric constant of Co-3 is lower
than that of Co-2, the material impedance matching is improved, and the wave absorption
performance is improved. The minimum RL value of Co-3 is −10.52 dB when d is 2.08 mm,
and f is 4.9 GHz. The performance of this weak absorption property is consistent with its
poorer values of dielectric and magnetic loss factors. In contrast, both Co-1 and Co-4 have
good absorption properties. The minimum RL value reaches −42.07 dB (at 14.3 GHz) and
EAB of 3.8 GHz (from 12.8 GHz to 16.6 GHz) when the d of Co-1 is 1.50 mm, while when
the d of Co-4 is 4.00 mm, the minimum RL value is −19.37 dB and EAB of 0.7 GHz (from
3 GHz to 3.7 GHz). According to Figure 11, the necklace-like CoFe2O4/SWCNTs compos-
ites have good absorption capability and low absorption thickness compared with other
reported CoFe2O4/CNT composites, but the effective absorption bandwidth is narrow,
which limits their practical application capability. However, considering the potential of
low-density CoFe2O4/SWCNTs composites in the field of microwave-absorbing materials,
this simple and controlled solvothermal method can be extended to composite carbon
nanotubes with other ferrites to prepare ferrite/carbon nanotube composites with better
microwave absorption properties.

In general, materials with high microwave absorption performance are required to
possess low absorber thickness, light mass, wide effective absorption bandwidth, and strong
absorption capability. As the requirements for absorbing materials increase, it is clear that
a single material cannot meet the requirements for high efficiency, lightweight, and wide
efficient absorption bandwidth. In this paper, the samples prepared by simple solvent heat
consist of carbon nanotubes as dielectric material and CoFe2O4 nanoparticles as magnetic
material. Figure 10 shows the magnetization properties of the cobalt salt gradient samples
characterized by VSM at room temperature with a magnetic field of −10,000 Oe: magnetic
hysteresis loops of Co-1, Co-2, Co-3, and Co-4. The saturation magnetization (Ms) of Co-1,
Co-2, Co-3, and Co-4 were 70.0, 58.1, 63.4 and 73.5 emu/g, respectively. By increasing the
addition of cobalt and iron salts, differences in the degree of crystallization of cobalt ferrate
particles and changes in intra-grain defects are produced, causing fluctuations in saturation
magnetization. As can be seen from the Co-1 and Co-4 samples in Figure 10, Ms can be
enhanced by increasing the magnetic phase. From Figure 10, it was found that the Ms of
the samples appeared to decrease and then increase with the increase in the cobalt salt
addition ratio, but the difference in the value change was not large. From Figure 3, it can be
seen that the size of CoFe2O4 microspheres does not vary much, which is in accordance
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with the literature expression [46], and the Ms, residual magnetization (Mr), and coercivity
(Hc) of nanocrystals are only determined by the size.

Figure 9. Three-dimensional and contour plots of the RL values of CoFe2O4/SWCNTs composites
with different cobalt salt contents: (a,e) Co-1, (b,f) Co-2, (c,g) Co-3, and (d,h) Co-4.
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Figure 10. Magnetic hysteresis loops of Co-1, Co-2, Co-3, and Co-4.

Figure 11. Comparison of the electromagnetic wave absorption capacity of this part of work with
some composites of CoFe2O4/carbon [32,47–49].

The microwave absorption performance of CoFe2O4/SWCNTs composites can be
attributed to the unique necklace-like structure and the composite loss mechanism of
carbon nanotubes and CoFe2O4 particles. For pure carbon nanotubes, only dielectric losses
contribute to the energy loss of electromagnetic waves, while for pure CoFe2O4 particles,
the effect of magnetic losses exceeds the dielectric losses. This means that in both cases,
the magnetic and dielectric losses are not balanced, which leads to poor wave absorption
performance. However, for CoFe2O4/SWCNTs nanocomposites, the microwave absorption
is improved due to the combination of paramagnetic CNTs and magnetic CoFe2O4 with
a better match between dielectric and magnetic losses. Moreover, in addition to defect
polarization, dipole polarization, and interfacial polarization, the high impedance matching,
and 3D lattice structure allow more electromagnetic waves to enter the absorber (Figure 12),
and the CoFe2O4/SWCNTs composites show a large number of nanoparticles anchored
on the surface of carbon nanotubes (Figure 3a–d), which provide multiple reflections
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in the conductive network with a structure that can effectively dissipate the incident
electromagnetic waves. All these play an important role in improving electromagnetic
absorption performance.

 

Figure 12. Schematic illustration of EM wave absorption mechanisms for CoFe2O4/SWCNTs com-
posites: (a) relaxation loss; (b) absorbing mechanism.

4. Conclusions

In summary, in this work, necklace-like CoFe2O4/SWCNTs nanocomposites were
prepared by the solvothermal method. This special structural design not only effectively
solves the problem of poor impedance matching between a single carbon material and
a single ferrite material but also can combine dielectric loss and magnetic loss, which
can reflect and scatter electromagnetic waves many times to achieve electromagnetic
wave energy dissipation, and as long as good impedance matching is achieved when the
component ratio is appropriate. The CoFe2O4/SWCNTs nanocomposites exhibit excellent
absorption performance: when the additions of FeCl3·6H2O, Co(Ac)2·4H2O, and NH4Ac
are 0.432 g, 0.200 g, and 0.400 g, respectively, the samples obtained at this time, the best
reflection loss reaches −42.07 dB. This simple microstructure design scheme provides a
new idea for the preparation of new wave-absorbing materials.
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Abstract: Composite fillers are often used to improve the protective properties of coatings. To obtain
a high protective performance of epoxy coatings for magnesium alloys, polyaniline (PANI) and
graphene oxide (GO) composite powders were selected because of their corrosion inhibition and
barrier performance, respectively. The paper mainly focuses on the effect of the preparation methods
of the composite powders on the protective performance. PANI and GO composite powders were
prepared by in situ polymerization and blending, respectively. First, the composite powder was
characterized by X-ray diffractometer, Fourier transform infrared spectroscopy, and scanning electron
microscopy. Then, the different composite powders and pure PANI powder were dispersed uniformly
in epoxy resin, and the coating was prepared on the surface of the AZ91D magnesium alloy and
studied by an electrochemical impedance test, adhesion strength test and physical properties test.
The results show that the impedance value of the coating with the added PANI and GO composite
powders by in situ polymerization was 4 × 109 Ω·cm2 and higher than that with the added pure
PANI (4 × 109 Ω·cm2) and PANI and GO mixed powders (1 × 109 Ω·cm2) after 2400 h immersion
in a 3.5% NaCl solution; the former also had better flexibility, ss impact resistance, and adhesion
strength. Compared with the direct blending method, the PANI and GO polymerization powders can
exert the shielding effect of GO and PANI corrosion inhibition better and achieve a better protective
effect on the magnesium alloy.

Keywords: magnesium alloy; polyaniline; graphene oxide; corrosion protection

1. Introduction

As the lightest metal material (65% of aluminum’s density and 25% of iron’s density)
in engineering applications at present, magnesium alloys have the advantages of high
specific strength, specific stiffness, and strong electromagnetic shielding ability. They also
have broad application prospects in aerospace and other fields. However, their relatively
high corrosion susceptibility and low potential (−2.37 V vs. SHE) limit their application in
many transport applications [1–4]. Some surface treatments, such as anodizing, microarc
oxidation, and chemical conversion film, are used to improve the corrosion resistance of
magnesium alloys successfully [5–7]. However, the thickness or compactness is limited
because the protection performance of the film is still dissatisfying.

Organic coating is a commonly used method in most metal protection methods because
of its simple process, convenient construction, and excellent protection performance [8].
However, the long-term protection of magnesium alloys is difficult to achieve because of
their high activity. One of the most common ways is to add different functional fillers to
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increase the protective properties of the coating. The fillers can be divided into three main
categories according to their mechanism of action. (1) Increased barrier performance of
coating. Generally, some layered materials, such as montmorillonite [9], hydrotalcites [10],
glass [11], and graphene [12], have attracted intense research interest because their lamellar
elements increase the lengths of the diffusion pathways of oxygen, water, and aggressive
ions [13]. In recent years, two-dimensional graphene oxide (GO) has attracted extensive
attention because of its high specific surface area, nanosheet layer, and excellent barrier
ability [14,15]. (2) Corrosion inhibition effect. The adding of some corrosion inhibition
functional fillers into the coating is an approach. However, the high activity of magnesium
alloys causes the selectivity of the fillers to be insufficient. Polyaniline (PANI) has been
studied most widely because of its good stability, low cost, and unique doping mecha-
nism [16–18]. In our previous works, the PANI coating achieved better protection against
magnesium alloys because of its unique corrosion mechanism [19]. (3) Sacrificial anode
protection. Some low-potential metals, such as Zn and Al, are used as sacrificial anodic
protective fillers. However, it is difficult for the magnesium alloy matrix because of its
lower potential.

In order to obtain the protective coating with an excellent comprehensive performance,
composite fillers with the different functions mentioned above are added at the same time.
In this paper, GO and PANI were added into the coating at the same time to improve the
corrosion resistance for magnesium alloys by a combined effect. Some research found that
the synthesized PANI/GO composite powders could improve the corrosion protection
performance of coatings for steel [15,16,20], but there is not as much research on composite
powder blending. Meanwhile, studies on magnesium alloys are limited. Therefore, this
paper focuses on the effect of the coating prepared by added in situ polymerization and the
direct blending compounding of PANI and GO on the protective properties of magnesium
alloys.

2. Materials and Methods

2.1. Experimental Materials

Ammonium persulfate, aniline, sodium dodecylbenzene sulfonate, hydrochloric acid,
and acetone were all analytically pure. The epoxy resin was E44 (purchased from Nan-
tong Star Synthetic Materials Co., Ltd., Nantong, China), the curing agent was Cardolite
LITE3100 (purchased from Caderai Chemical Co., Ltd., Zhuhai, China), and the commercial
GO powder was produced by Suzhou Tanfeng Graphene Technology (Suzhou, China)
Co., Ltd. The selected metal substrate was AZ91D magnesium alloy (with a chemical
composition of Al 9.14%, Zn 0.86%, Mn 0.30%, Cu 0.09%, Si 0.08%, Fe 0.01%, and Ni 0.01%,
and the rest was Mg, Dongguan Jiejin Metal Materials Co., Ltd, Dongguan, China). The
magnesium alloy was surface-treated with 200 and 400 sandpapers in turn, washed with
deionized water and acetone, and dried for later use.

2.2. Preparation of Composite Powder

A total of 0.1 g of sodium dodecylbenzene sulfonate was dissolved in 20 g deionized
water in a three-necked flask by stirring. Then, we added 1 g of GO, dispersed at a high
speed of 800 r/min for 1 h, named GO slurry. In addition, 10 g aniline was weighed into
a three-necked flask, and hydrochloric acid was added dropwise at a speed of 400 r/min
to control the pH within the range of 1 to 1.5 and stirred for 1 h. The dispersed GO slurry
was added to a three-necked flask, and stirring continued for 1 h. After the stirring was
completed, 24.5 g ammonium persulfate solution was added dropwise. After reacting for
12 h, the solution was washed with deionized water, filtered with suction until the filtrate
was colorless, and dried to obtain PAGO. At the same time, pure PANI was prepared by
the same synthesis process without GO, and PMGO also was prepared by blending PANI
and GO directly according to the same ratio (PANI:GO = 10:1).
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2.3. Preparation of Coating

The PANI, PAGO, and PMGO powders were added to the epoxy resin at 6% of the
mass of the epoxy resin and dispersed at a high speed of 2000 r/min for 2 h. Then, the
curing agent was added according to the mass ratio of 1:1.3 (epoxy: curing agent), stirred
evenly, and then we coated it on the surface of the treated magnesium alloy. The cured
thickness of the coating was (120 ± 15) μm, and a free film was prepared on the silica gel
plate simultaneously.

2.4. Powder Characterization

The four kinds of powders were sputtered with gold before determined via scanning
electron microscopy (SEM, VEGA3SBU, Tesken, Brno, The Czech Republic). Frontier near-
infrared spectrometer (FT-IR, FT 9700, PerkinElmer, Waltham, Mass, USA) was used to
identify whether the synthesized powder was indeed PANI and to find out the difference of
the different compound powder at 400~4000 wavenumber region. The KBr pellet method
was used to prepare FT-IR samples. X-ray Diffractometer (Bruker/D2 PHASER, XRD,
Bruker, Karlsruhe, Germany) was conducted with a copper Kα X-ray source.

2.5. Performance Test of Coating

Adhesion test was carried out using the BGD500 digital display pull-off adhesion
tester produced by Biuged Laboratory Instruments (Guangzhou, China) Co., Ltd.

Autolab electrochemical workstation was used to test the performance of the coating
in 3.5 wt.% NaCl solution. The 1 cm2 platinum sheet and Ag/AgCl (saturated KCl, Huayu
Instrument Co.,Ltd., Shanghai, China) were the counter and reference electrodes, respec-
tively. The coated magnesium alloy sample was a working electrode with a test area of
9 cm2. The test frequency was 10−2 to 105 Hz, and the disturbance signal was a 30 mV sine
wave.

According to the requirements of the ISO or Chinese standards (Table 1), the hardness,
impact resistance, and flexibility of the coating were tested. All the test instruments were
produced by Shanghai Modern Environmental Engineering Technology (Shanghai, China)
Co., Ltd.

Table 1. Test standards and instructions of the physical properties of the coating.

Test Property
Description

Standards Instructions Instruments

Film hardness ISO 15184 [21] Pencil test PPH-1 pencil hardness
tester

Flexibility GB/T 1731-93 [22] Bend test QTX film
flexibility tester

Impact resistance GB/T 1732-93 [23] Falling-weight test QCJ impact tester

3. Results

3.1. Analytical Characterization of Powder

Figure 1 shows the micromorphology of the synthesized PANI, GO, PAGO, and
PMGO powders. PANI is an irregular globular and large agglomeration (Figure 1a). GO is
distributed with an irregular flaky structure, and its surface is smooth. The accumulated
lamellae may be due to the strong interaction between the surfactant groups after long-term
storage (Figure 1b). Compared with GO, PAGO shows a smaller and thicker lamellar
structure, and the GO sheet is surrounded by PANI particles (Figure 1c). The PANI particles
are deposited uniformly on the GO surface. The particle size of PANI-deposited GO is
smaller than that of pure PANI. With the adsorption and polymerization of aniline, GO
was exfoliated into sheets and in steady state. Figure 1d shows the GO and PANI randomly
scattered in the PMGO powder.
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Figure 1. SEM of (a) PANI, (b) GO, (c) PAGO, and (d) PMGO powders.

Figure 2 shows the infrared test results of the PANI, GO, and PAGO powders. Ac-
cording to the literature [24–27], the characteristic absorption peaks that appear at 1572
and 1465 cm−1 in the infrared spectrum of PANI are the C=C bending vibration of the
quinone ring and the C=C bending vibration of the benzene ring, respectively. The peaks
at 1298 cm−1 correspond to the C–N stretching of a secondary aromatic amine; the peaks at
1104 cm−1 are assigned to vibrations associated with the C–H of the quinone ring. For GO,
the characteristic absorption peaks at 1043, 1224, and 1718 cm−1 are the C–O–C stretching
vibration of the GO surface, the C–O stretching vibration of the carboxyl group, and the
C=O stretching vibration of the carboxylic acid, respectively [28]. The characteristic absorp-
tion peaks of the PMGO powders included PANI and GO and did not significantly change,
which indicated that there was no reaction between them. However, compared with PANI
and GO, all the characteristic absorption peaks of PANI appeared in the infrared spectrum
of the synthesized PAGO powder, but some characteristic absorption peaks of GO, such as
the C=O stretching vibration of the carboxylic acid (1718 cm−1), disappeared owing to a
partial peak overlap and coverage, indicating that PANI was successfully polymerized on
the GO surface.

Figure 2. Infrared spectrum of synthetic powder.

Figure 3 shows the XRD test results of the PANI, GO, PAGO, and PMGO powders.
The PANI synthesized in the figure has characteristic diffraction peaks at 2θ of 20.3◦ and
25.0◦, and its diffraction peaks are relatively broad, indicating that the state is partially
crystalline [29]. GO has a strong diffraction peak at 2θ of 11.0◦, indicating an increased
degree of oxidation and disorder of the graphite sheet [30]. The characteristic diffraction
peaks that appeared in the synthesized PAGO are consistent with those of PANI, and the
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diffraction peak that corresponded to GO almost disappears, suggesting that GO is com-
pletely surrounded by PANI. However, the XRD pattern of the PMGO powder contained
the diffraction peaks of PANI and GO, indicating the separate situation between the PANI
and GO powders. But compare to the strong diffraction peak of GO, the diffraction peak
of PANI is inconspicuous. In addition, these results confirm that PANI was successfully
polymerized on the GO surface.

Figure 3. XRD of the synthesized powders.

3.2. Coating Performance Analysis
3.2.1. Analysis of the Physical Properties of Coatings

Table 2 shows the test results of the physical properties of the PANI, PAGO, and PMGO
coatings. Compared with the PANI coating, the hardness, flexibility, and impact resistance
of the PMGO coating are improved when GO is added through blending, whereas the
impact resistance is further improved and the flexibility is also enhanced for the PAGO
coating when GO is introduced by polymerization, because the GO lamellar structure
can disperse the stress applied on the coating. When PANI is blended with GO, granular
PANI and lamellar GO are randomly distributed in the coating. When PANI and GO are
polymerized in situ, PANI is uniformly distributed in the coating after PANI is deposited on
the GO surface (Figure 1c). Thus, it can play a more effective role in toughening graphene.

Table 2. Test results of the physical properties of the coating.

Coating
Property

Hardness Flexibility Impact Resistance (1 kg)

PANI 3H Diameter Φ4 mm 24 cm

PAGO 4H Radius of curvature
0.5 ± 0.1 mm 35 cm

PMGO 4H Radius of curvature
1.5 ± 0.1 mm 28 cm

Figure 4 shows the water absorption (marked as Q) of PANI, PAGO, and PMGO free
film. Q can be determined using the following formula.

Q =
wt − w0

w0
,
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where wt (g) is the amount of absorbed water at t (s) time, and w0 (g) is the initial weight
before immersion. Changes in Q of different coatings are roughly similar in Figure 4. That
is, they all rise rapidly at the beginning and reach a stable state with the increase in time,
and the saturated water absorption (Q-saturation) of the three kinds of coatings are all
maintained at a low level, of which the Q-saturation of the PANI coating is the highest at
1.48%, whereas that of the PAGO coating is the lowest at 1.12%. The GO lamellar structure
can disperse the shrinkage stress during the curing period, which is helpful for forming a
denser coating. Therefore, the defects of the coating are reduced, and the Q-saturation of
the coating is low.

Figure 4. Variation curve of water absorption rate of different coatings.

3.2.2. Analysis of Adhesion Strength of Coatings

Figure 5 shows the adhesion strength value and surface morphologies of the dry and
wet adhesions of different coatings (gray column chart shows the test results of the wet
adhesion strength of different coatings after 1200 h immersion). The dry adhesion strength
of the PANI, PAGO, and PMGO coatings are 9.6, 11.5, and 10.7 MPa, respectively. After the
test, only part of the metal matrix observed all three kinds of coatings, which also indicates
high adhesion strength. Compared with the pure PANI coating, the adhesion strength of
the PAGO and PMGO coatings was enhanced by the addition of GO. The main reason may
be that the lamellar structure of GO can reduce the stress concentration of the coating. The
adhesion strength of the PAGO coating is higher than that of the PMGO coating because
GO was dispersed better by in situ polymerization than by direct mixing, and GO can play
a better role.

Meanwhile, the PANI, PMGO, and PAGO coatings could also be defined as composite
material, epoxy resin as the matrix (continuous phase), and different kinds of fillers as the
reinforced (dispersed) phase. Therefore, the fracture of the coating during the adhesion
test could refer to the idea of the mechanics of composite materials. Some novel and strong
models, such as the “Tsai-Wu”and “Checkerboard” models, have been recently proposed
to estimate the strength of epoxy-reinforced glass or graphene specimens. According to the
literature, a very little volume of graphene nanoplatelets would double the critical buckling
load of the transverse-oriented fiber composite by calculation, which can be attributed to
the significant increment of the matrix modulus of elasticity [31,32].
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Figure 5. Dry and wet adhesions of the three kinds of coatings.

The wet adhesion strength of the PANI coating is 5.2 MPa, and almost all of the
coatings are stripped, and some gray product film is formed. The wet adhesion of the
PAGO coating is 8.4 MPa, and only a small portion of the coating was removed. The wet
adhesion of the PMGO coating is 7.3 MPa, and about half of the coating was stripped.
The wet adhesion strength of the PMGO and PAGO coatings is higher than that of the
PANI coating, because the labyrinth effect caused by the GO lamellar structure delays the
infiltration of the corrosion medium. Thus, the adhesion strength is enhanced. Compared
with the PMGO coating, the wet adhesion strength is higher, and the stripping area of the
PAGO coating is smaller because the dispersion effect of GO by in situ polymerization is
better than that by direct mixing, and the shielding effect is stronger.

3.2.3. Analysis of Coating Protection Performance

Figure 6 presents the Nyquist and Bode diagrams of the EIS of the PANI, PAGO, and
PMGO coatings in different time periods. The low-frequency impedance modulus of the
coating can be used to characterize the protective performance of the coating. In this study,
the impedance value of the coating was taken when the frequency was 0.01 Hz. Figure 7
shows that the three kinds of coatings all show a rapid decrease at first and then a relatively
stable state. The reason is that at the initial stage of immersion, with the increase in time
and the penetration of the solution, the shielding property of the coating decreases rapidly
when the water absorption reaches saturation. The performance of the coating tends to be
stable. The high modulus of the PAGO coating in the early stage of immersion is due to the
lamellar shielding effect of GO. In addition, in the process of soaking for 2400 h, the values
of the three kinds of coatings are all higher than 108Ω·cm2, indicating that the coatings
have a protective effect on the magnesium alloy, and the values of the coatings with the
PAGO powder coating are higher than those of the others, indicating that the coatings have
a better protective performance.
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Figure 6. EIS spectra of three kinds of coatings. (a,b)—PANI; (c,d)—PAGO; and (e,f)—PMGO.

Figure 7. Low-frequency impedance value of the three coatings versus time.

The equivalent circuit diagram of Figure 8 was selected to fit the data. Figure 8a
was selected for data fitting during the immersion process, when there is a time constant
in the impedance spectrum of the coating; that is, there is only one capacitive arc in the
Nyquist diagram, and there is no platform in the Bode curve in the low-frequency region.
This indicates that the corrosive species penetrated into the coating but did not reach
the coating/substrate interface. Meanwhile, Figure 8b was selected for data fitting when
the platform appears in the low-frequency region, suggesting that the corrosive agent
has penetrated the coating and reached the coating/substrate interface. Rs represents the
solution resistance; Qc represents the coating capacitance; Rcoating represents the coating
resistance; Qdl represents the electric double layer capacitance at the coating–metal interface,
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and Rt represents the charge transfer resistance. The red solid line in Figure 6 is the result
of data fitting.

Figure 8. Equivalent circuits of coating/magnesium alloy systems (Models A and B).

3.2.4. Analysis of Coating Protection Mechanism

(1) Shielding Effect of the Coating
Figure 9 shows the variation curve of the coating resistance (Rcoating of the PANI

coating, PAGO coating, and PMGO coating during 2400 h immersion after equivalent
circuit fitting. Rcoating reflects the barrier property of the coating [33], which is an important
factor for characterizing the protective performance of the coating. The Rcoating values of
the three coatings decreased rapidly at first and then tended to be stable with the increase
in immersion time. The rapid decrease in the early stage was mainly caused by water
absorption in the process of coating soaking, and the later stage tended to be stable because
the water absorption reached the saturation state. The PAGO coating and the PMGO
coating were higher than the PANI coating because the GO coating had better shielding
performance, whereas the PAGO and PMGO coatings had a larger difference because of
their different dispersion degrees in the coating, which affected the compactness of the
coating. At the same time, the compatibility between the powder and coating in the PMGO
coating was poor, thereby resulting in the lower Rcoating value of the PMGO coating than
that of the PAGO coating. Such a result is consistent with the Q-saturation of the coating
(Figure 4). The results show that the coating with PAGO powder had better resistance to
solution penetration. Thus, the PAGO coating had a better protective effect on the AZ91D
magnesium alloy than other coatings.

Figure 9. Variation curve of coating resistance with immersion time.

(2) Corrosion inhibition effect of coating
Figure 10 shows the variation curve of the Rt values of the PANI, PAGO, and PMGO

coatings during 2400 h immersion. The higher the Rt value is, the smaller the corrosion rate
of the metal substrate will be [34]. Therefore, Rt is inversely proportional to the corrosion
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rate of the metal. During the whole immersion process of the coating, the Rt values of
the PANI, PAGO, and PMGO coatings showed a fluctuation of decrease-increase-decrease,
which is the result of the joint action of corrosion of the magnesium alloy and the corrosion
inhibition of PANI. Among them, the Rt value of PAGO and PMGO coating is higher than
that of the PANI coating, which is mainly due to the shielding effect of GO, which ensures
that PANI can inhibit the corrosion of the magnesium alloy effectively. The Rt value of
the PAGO coating is higher than that of the PMGO coating because the coating has better
shielding properties (Figure 9). Therefore, compared with the other coatings, the addition
of the PAGO powder coating has a better protective effect on the AZ91D magnesium alloy.

Figure 10. Change curve of charge transfer resistance with immersion time.

(3) Protection mechanism of coatings
Figure 11 shows the protection mechanism of different coatings. For the PANI coating,

some defects were formed during hardening because of the solvent’s volatility, PANI
particle agglomeration, and shrinkage stress. These defects provide the initial channel
for solution penetration. With the increase in soaking time, some new diffusion channels
formed because of water polarization and osmosis. When the aqueous solution reached
the magnesium alloy surface, the oxidation-reduction action of PANI formed a protective
product film [19]. For the PAGO coating, shrinkage stress would be reduced because of
the excellent flexibility of the GO sheets, and the PAGO particles would be dispersed
more uniformly, thereby making coatings with fewer defects on the diffusion channel.
Therefore, the PAGO coating had an excellent shielding performance. Similarly, PANI
formed a protective product film when the aqueous solution reached the magnesium alloy
surface. For the PAGO coating, shrinkage stress would be reduced because of the excellent
flexibility of the GO sheets, and the PAGO particles would be more uniformly dispersed,
therefore making a coating with fewer defects on the diffusion channel. Therefore, the
PAGO coating had an excellent shielding performance. Similarly, PANI formed a protective
product film when the aqueous solution reached the magnesium alloy surface. For the
PMGO coating, the PANI particles and GO sheets dispersed unevenly in the coating, which
would influence the shielding performance of the coating, though shrinkage stress would
be reduced because of the excellent flexibility of the GO sheets.
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Figure 11. Schematic of the protection mechanism of different coatings.

4. Conclusions

In this study, the physical and corrosion protective performances of epoxy coatings
containing three kinds of fillers (PANI, PMGO, and PAGO) were compared. GO/PANI
were prepared and applied on mild steel. The results of various tests show that (1) the
composite powder containing GO could improve the performance of the PANI coating
whether it was prepared by blending or the polymerization method; (2) compared with the
blending method, the composite powder prepared by the polymerization method had a
better physical performance and corrosion protective effect on the magnesium alloy; (3)
the PAGO coating had a better shielding performance because of its fewer defects, and it
was more uniformly dispersed. Similarly, PANI formed a protective product film when the
aqueous solution reached the magnesium alloy surface.

The EIS results indicate that the PAGO coating had outstanding corrosion protective
performance for the magnesium alloy after 2400 h. This was an exciting result because it is
difficult to protect magnesium alloys from corrosion. However, the influence of the type
and ratio of PANI and GO on the properties of the coatings will be discussed further.
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Abstract: Gadolinium aluminate is an effective host for doping with various ions, and it can emit
various colors. However, it is not easy to prepare transparent ceramics of gadolinium aluminate
using traditional methods, although transparent ceramics are very suitable for solid lighting. In
this work, a two-dimensional guidance strategy has been successfully carried out for perovskite-
structured aluminate ceramic film. Through the two-dimensional interfacial reaction, GdAlO3:Eu3+

(GAP:Eu3+) transparent ceramic films were successfully fabricated using nanosheets exfoliated from
layered gadolinium hydroxide, a rare earth source. The final films were tested by characterization
techniques, including XRD, SEM, TEM, FT-IR, PLE/PL spectroscopy, temperature-dependent PL
spectroscopy, and luminescence decay analysis. The perovskite film of transparent ceramics can
be obtained by calcining LRH nanosheets on the substrate of amorphous alumina at 1550 ◦C in air
with a reaction time of 2 h. During the interface reaction, temperature-dependent element diffusion
takes the dominant role, and increased reactants take in the reaction with increasing calcination
temperature. The grain for ceramic film is only 2–5 μm, which is much smaller than that for bulk
ceramic. This is mainly due to the lower temperature and the interface diffusion. Ceramic film has
a high transmittance larger than 90% at the visible range. Upon UV excitation at 254 nm, the film
exhibits intense emission at the red wavelength range. The outcomes described in this work may
have wide implications for transparent ceramics and layered rare-earth hydroxides.

Keywords: transparent ceramics; gadolinium aluminate; ceramic film; layered rare-earth hydroxide

1. Introduction

Recently, light-emitting diodes (LEDs) have attracted increased attention because of
their high luminous efficiency, low energy costs and environmentally friendly nature [1,2].
Traditionally, LEDs were fabricated by combining an LED chip (such as InGaN) and phos-
phor powders. Taking the white LED as an example, the blue LED chip and the yellow
garnet phosphor of Y3Al5O12:Ce3+ (YAG:Ce3+) are the two most important components.
However, the glue used for the phosphor powders in LED chips is sensitive to high tempera-
tures and varied humidity, so the mixture of glue and phosphor will age and peel off as time
goes by [3–5]. Now, transparent ceramic is widely accepted as the preferred luminophore
for LEDs because of its stability and high transparency [6]. Because transparent ceramics
have high transmittance and can easily be prepared into bulk ceramics with various shapes,
they are suitable for application in high-power and high-density devices, except for light-
emitting devices [6]. Transparent ceramics can be used in optical components, scintillators,
transparent armor, solid-state lasers, and solid-state lighting. Except for the transparent
ceramics of garnet rare earth aluminates, such as Y3Al5O12 and Lu3Al5O12, perovskite
rare-earth aluminate is another system for transparent ceramics [7–9]. The investigations of
perovskite rare-earth aluminate mainly focus on the three systems of GdAlO3, LaAlO3 and
YAlO3, because in the 4f sublayer of Gd3+, La3+, and Y3+, the electrons are half, fully, or not
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filled [7,8]. Therefore, they are suitable hosts that can be doped with various activators and
emit various emissions.

By comparison, there are a lot of investigations into YAlO3 and LaAlO3, while the
studies on GdAlO3 are rather limited. GdAlO3 (GAP) has a tetrahedron unit cell structure
with a = 5.305 Å, b = 7.448 Å, c = 5.254 Å, and the unit cell belongs to the orthogonal
perovskite structure of ABO3. However, GdAlO3 is not a perfect perovskite; it is a distorted
perovskite [9]. In the ideal perovskite, Gd3+ has various coordinations with oxygen atoms,
changing from 12 to 8, while Al3+ only has one kind of 6 coordination with oxygen atoms.
The structure has the space group of Pbnm, deviating from the cubic space group Pm3m,
which is due to distortion from the octahedron of [BO6]. The octahedral cluster of [AlO6] is
arranged along the c axis, and the polyhedron of [GdO8] connects with the octahedron of
[AlO6] in a collinear or coplanar manner [9]. Because of its special crystal structure, it is
possible to optimize or realize the varied luminescence through a modification of crystal
structure and composition. Up to now, the doping ions employed for GdAlO3 hosts are
mainly Eu3+ (red) and Ce3+ (yellow), and a small number of other ions, including Yb3+

(yellow), Tb3+ (blue and green), Pr3+ (blue and red), Er3+ (green), Er3+/Yb3+/Tm3+ (white),
and Cr3+ and Mn4+ (near infrared) [10–18]. In addition, previous studies have focused on
the optical properties of GdAlO3 nanocrystals and phosphor powders, and the reports on
GdAlO3 transparent ceramics and ceramic films are rather limited.

More recently, we proposed a novel strategy to fabricate transparent ceramic film
of garnet-structured Y3Al5O12 (YAG) through an interface reaction using the exfoliated
nanosheets of layered rare-earth hydroxides (LRHs) as the rare-earth source [6,19]. The
outcomes pave a two-dimensional guidance strategy for transparent ceramic film, and
they may have a demonstrative effect on other systems, including the perovskite system.
LRHs can be exfoliated into nanosheets with single- or several-layer thickness, which
are the building units for the fabrication of films with multifunctions owing to 2D mor-
phologies [20]. It is not easy for larger rare earths to form LRHs, and Gd might be the
boundary, so most layered rare-earth hydroxides are formed for the rare earths with smaller
ionic radii, such as Eu, Tb, Sm, Ho, and Y [21]. However, most rare-earth aluminates are
garnet-structured with the composition of RE3Al5O12 for the smaller rare earths, while they
are perovskite-structured for the larger rare earths with the composition of REAlO3 [22].
Therefore, layered rare-earth hydroxides with larger rare-earth ionic radii are the possible
candidates to fabricate perovskite-structured rare-earth aluminates films. On this basis,
layered gadolinium hydroxides are the best choice to fabricate perovskite-structured alu-
minates films, because gadolinium is almost the largest element for layered rare-earth
hydroxides in the processing window.

In this work, a two-dimensional guidance strategy has been successfully carried
out for perovskite-structured aluminate ceramic film. Through the interfacial reaction,
GdAlO3:Eu3+ (GAP:Eu3+) films of transparent ceramic were fabricated using the exfoliated
layered gadolinium hydroxide nanosheets as the rare-earth source. The final films were
tested by characterization techniques, including XRD, SEM, TEM, FT-IR, PLE/PL spec-
troscopy, temperature-dependent PL spectroscopy, and luminescence decay analysis. The
transparent film exhibits intense emission at the red wavelength range. In the following
section, the synthesis and properties of the ceramic films are investigated in detail.

2. Experimental Section

2.1. Materials and Synthesis

The raw materials are rare-earth oxides of Gd2O3 and Eu2O3 with 99.99% purity
(Huizhou Ruier Rare-Chem. Hi-Tech. Co., Ltd., Huizhou, China), and are the rare-earth
source. Ammonia hydroxide (NH4OH, 25 wt %), nitric acid (HNO3, 67 wt %), and an-
hydrous ethanol (C2H5OH, 99.7%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China) The aqueous solutions of rare-earth nitrates were made by
dissolving the powder of rare-earth oxides in hot nitric acid.
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Synthesis of LRH crystals and exfoliation of LRH nanosheets. First, 2 mmol rare-
earth nitrate solution of Gd(NO3)3 and Eu(NO3)2 (Gd:Eu molar ratio of 95:5) was prepared
by stirring the mixed solution at room temperature. After adding a proper NH4OH, the
colloidal suspension was adjusted with a pH value around 7. After that, the white mixed
suspension was moved to a 100 mL Teflon-lined autoclave. After the hydrothermal reaction,
the products were collected through centrifugation. The LRH crystals were exfoliated
into nanosheets by hydrothermal anion exchange followed by mechanical agitation in
formamide, according to our previous work [20]. The dodecyl sulfate (DS−, C12H25OSO3

−)-
intercalated LRH was obtained like the first preparation [23]. The products after ion
exchange are called LRH-DS in the later text.

Film fabrication of GAP transparent ceramic. Exfoliated nanosheets were spin-
coated on a substrate of amorphous alumina and then calcined at selected temperatures
with the reaction time of 2 h. Through an interfacial reaction, films of GdAlO3 (GAP)
transparent ceramic were grown on the substrate.

2.2. Characterization

Phase identification was performed by X-ray diffractometry (XRD, Model Smart-
Lab, Rigaku, Tokyo, Japan) under 40 kV/40 mA, using nickel-filtered Cu-Kα radiation
(λ = 0.15406 nm). The scanning speed was 6.0◦/2θ per minute and the scanning range was
5◦–60◦. The FT-IR spectra were performed by Fourier transform infrared spectroscopy
(FT-IR, Model Nicolet iS5, Thermo Fisher Scientific, Madison, WI, USA) using the standard
KBr method. The morphology and microstructure of the products were analyzed by field
emission scanning electron microscopy (FE-SEM, Model JSM-7001F, JEOL, Tokyo, Japan)
and transmission electron microscopy (TEM, Model JEM-2000FX, JEOL, Tokyo, Japan).
A fluorescence spectrophotometer (Model FP-8600, JASCO, Tokyo, Japan) was used for
luminescence analysis. It was equipped with a 150 W Xe-lamp and an integrating sphere
(Model ISF-513, JASCO, Tokyo, Japan).

3. Results and Discussion

3.1. Synthesis of LRH Crystals and Exfoliation of Nanosheets

The XRD patterns of LRH are shown in Figure 1a. The synthesized product is layered
rare-earth hydroxide, since the diffraction peaks match well to the reported diffraction
data. The diffraction peaks of (002) and (004) confirm the unique layered structure, while
the appearance of (220) confirms that the compounds have a well-developed layered
structure [20,21]. It is interesting to find that the (00l) reflections shift strongly to the lower-
angle side, whereas the (hk0) reflections remain at the same position after the anion exchange
with DS−. This phenomenon can be well understood by the layer distance increase in
LRH-DS, which results in a significant change in the crystal plane perpendicular to the
host layer without affecting other planes [24,25]. There are no other impurities, implying
that the products have a single phase of LRH. Therefore, the incorporation of Eu3+ did not
affect the XRD diffraction peaks of LRH (Figure 1a). Through the anion exchange with
DS−, the LRH-DS still remains the layered characteristic, but the layer distance becomes
significantly larger than that for the original LRH (Figure 1a). Close observation of the
small-angle XRD in Figure 1b shows that the 2θ value of LRH-DS shifts to the side of the
smaller angle, so the interlayer distance increases from ~0.84 nm for the original LRH to
~2.61 nm for the ion-exchanged LRH-DS. Figure 1c shows FT-IR spectra for the original
LRH and ion-exchanged LRH-DS, which further confirms the completed reaction of ion
exchange. The absorption peak at a wavenumber larger than 3500 cm−1 indicates the
existence of o hydroxyl (OH−), and the absorption peaks at a wavenumber range larger
than 3000 cm−1 but smaller than 3500 cm−1 indicate the existence of H2O. At the same time,
the shoulder peak at ~1634 cm−1 also indicates the existence of H2O. The above results
confirm that there is molecular water in the compounds. For the LRH sample, there is a
sharp absorption peak at ~1389 cm−1, which confirms the existence of free NO3

− [26–28].
However, the vibration of free NO3

− disappears for ion-exchanged LRH-DS. Instead, new
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absorption peaks at ~1050 cm−1, ~1173 cm−1, ~1466 cm−1, ~2845 cm−1, ~2915 cm−1, and
~2962 cm−1 are found through anion-exchange processing, which are assigned to the
vibrations of OSO3

−, -CH2, and -CH3, respectively, indicating that C12H25SO4
− (DS−)

has replaced the NO3
− of LRH via anion exchange [26,27]. The FE-SEM images of LRH

are shown in Figure 2a. The products are platelets with a lateral size of 1–2 μm, and the
surface is smooth. However, they are irregular platelets rather than hexagon platelets,
which are usually observed for LRHs [20,21]. After anion exchange, the thickness of LRH
crystals significantly increases, and the interlayers are found to be obviously loose for the
LEH-DS sample (Figure 2b). Dispersing the LRH-DS in formamide yielded the transparent
suspension containing exfoliated nanosheets (Figure 2c,d). Under laser beam irradiation,
the suspension exhibited a clear observable Tyndall effect (Figure 2e). The TEM observation
finds that the exfoliated nanosheets are rather thin, but the surface is not smooth, with
flocculent molecules on the nanosheets, which may be the residual DS−. The nanosheets
exfoliated from LRH are the important reaction source of rare earth for the fabrication of
ceramic films.

Figure 1. (a,b) XRD patterns and (c) FT-IR spectra for layered rare-earth hydroxide (LRH) and
anion-exchanged product LRH-DS.
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Figure 2. FE-SEM images of (a) layered rare-earth hydroxide and (b) anion-exchanged product.
(c) Schematic illustration for nanosheet exfoliation. (d,e) TEM image of exfoliated nanosheets and
colloidal suspension containing the exfoliated nanosheets.

3.2. Preparation and Characterization of GAP Ceramic Film

Figure 3 shows the schematic illustration for fabricating ceramic film of GAP and
the formation mechanism. The exfoliated LRH nanosheets were directly prepared on the
substrate of Al2O3 and calcined at selected temperatures for 120 min. The XRD patterns
of prepared films at different temperatures are shown in Figure 4. After calcination at
800 ◦C, only cubic-structured Gd2O3 is found, which is converted from the exfoliated
LRH nanosheets on Al2O3 substrate (Figure 4). Elevating the temperature from 800 ◦C to
1000 ◦C yields a small trace of Gd4Al2O9 (GAM) along with the main Gd2O3, indicating
that Al2O3 begins to react with Gd2O3 at the interface. When the temperature reaches
1300 ◦C, the main phase for the ceramic film is GdAlO3, along with a small amount of
Gd3Al5O12 (GAG), Gd4Al2O9 and crystalline Al2O3. Further increasing the temperature up
to 1550 ◦C finally yields GdAlO3 (GAP). The above results indicate that GAP is formed at a
temperature higher than 1300 ◦C. Because the LRH nanosheets react with the amorphous
alumina substrate at the interface, the temperature-dependent element diffusion takes the
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dominant role, and more reactants participate in the reaction with increasing calcination
temperature. At the low temperature of 800 ◦C, the LRH transforms into Gd2O3 and
Al2O3 does not react with Gd2O3, because element diffusion does not happen. However,
at a temperature of 1000 ◦C, some element diffusion takes place from Gd2O3 and Al2O3,
which leads to the appearance of a small amount of Gd4Al2O9 along with the main-phase
Gd2O3. The element diffusion becomes stronger at the higher temperature of 1300 ◦C,
and the reaction between Gd2O3, Al2O3, and Gd4Al2O9 is more thorough, which finally
contributes to the main GdAlO3 and a small amount of Gd3Al5O12 and Gd4Al2O9. Because
the thicknesses of the films are not uniform, the amount of Gd2O3 that participates in the
reaction is not the same, and the resultant phases are not the same at different areas of the
ceramic film. However, the almost uniform film that makes the dominant phase is GdAlO3.
At a temperature of 1300 ◦C, the crystallization of the amorphous alumina takes place, so
some crystalline Al2O3 appears in the films. However, the Al2O3 for the interface reaction
is completely in excess (Figure S1), so all the Gd2O3 reacts with Al2O3 to form GdAlO3 at a
temperature of 1550 ◦C. All crystalline Al2O3 at the interface participates in the reaction, so
there is no crystalline Al2O3 in the film or a small trace of crystalline Al2O3 under the film
that is undetectable.

Figure 3. Schematic illustration for the fabrication of GdAlO3 (GAP) ceramic films using exfoliated
nanosheets as the rare-earth source. The intermediates GAM and GAG represent Gd4Al2O9 and
Gd3Al5O12, respectively.

The SEM morphology of the films calcined at 1300 and 1550 ◦C is shown in Figure 5a,b.
Traditionally, the obtained grain size of bulk ceramic is around 10–30 μm, because the
ceramic is prepared by the traditional method at a high temperature range from 1700 ◦C
to 1800 ◦C with the help of vacuum sintering [29–31]. Here, the sizes of most grains for
the ceramic film at 1300 ◦C are 0.3–1 μm (Figure 5a). The grain size is up to 2–5 μm with
the temperature elevated up to 1550 ◦C (Figure 5b). However, the grains are much smaller
than those in bulk ceramic. First, the reaction temperature for ceramic film (1550 ◦C in air)
is lower than that for bulk ceramic. Second, the reaction takes place on the interface, so the
element diffusion is interface diffusion, which is rather slower than the volume diffusion
for bulk ceramic. Therefore, the growth speed of the grains is much smaller than that for
bulk ceramic.
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Figure 4. XRD patterns of the ceramic film calcined at different temperatures.

 
Figure 5. (a,b) FE-SEM images of the ceramic film calcined at 1300 ◦C and 1550 ◦C. (c) Transmittance
curve and (d) appearance of the ceramic film calcined at 1550 ◦C.
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3.3. Optical Properties of GAP:Eu3+ Transparent Ceramic Film

Transmittance of the prepared GAP:Eu3+ ceramic film was analyzed in Figure 5c. A
broad and strong band is found in the transmittance curve at the range of 250–400 nm,
which is arising from the charge-transfer absorption of O2−-Eu3+ [32]. The shoulder near the
intense band is assigned to the 8S7/2-6IJ transition of Gd3+ [33]. However, the transmittance
curve is gentle and the value keeps above 90%, indicating that the transmittance of ceramic
film is higher than 90%. Because the bare amorphous alumina substrate has a transmittance
of ~99%, the ceramic film with the transmittance higher than 90% is highly transparent.
Putting ceramic film (coated on the amorphous alumina) on the words shows that the
words can also be observed clearly (Figure 5d), which confirms that GAP:Eu3+ ceramic film
has high transmittance.

Figure 6 shows the photoluminescence excitation emission spectra of GAP:Eu3+ trans-
parent ceramic film. Monitoring the wavelength at 618 nm, a broad and strong band is
observed in PLE spectra at the range of 200–300 nm, whose maximum is located at 254 nm.
The electron transition of O2−-Eu3+ mainly contributes to the intense band (Figure 6a),
which is usually called the charge-transfer band (CTB) [32]. However, the very weak peaks
at the wavelength range of 300–500 nm are assigned to the intra-4f electronic transitions
of the Eu3+ ion, but they are almost invisible because of the rather strong CTB. Under
the UV light excitation at 254 nm, the GAP:Eu3+ transparent ceramic film outputs a red
emission with multiple sharp peaks. The emission peaks at the range of 500–800 nm are
assigned to the typical transition of Eu3+ from the excited energy level of 5D0 to the ground
energy level of 7FJ (J = 0, 1, 2, 3, 4) [32]. Because the relative intensity of different J-level
transitions is closely related to the symmetrical environment of Eu3+ ion, the coordination
environment of Eu3+ in the host can be evaluated by the intensity of Eu3+ transitions. On
the basis of the Judd–Ofelt theory, when the Eu3+ ion occupies a site with an inversion
center, the magnetic dipole transition of 5D0-7F1 is allowed, but the electric dipole transition
of 5D0-7F2 is forbidden [34,35]. In Figure 6b, the intensity of 5D0-7F1 transition at 595 nm is
obviously weaker than that of 5D0-7F2 transition at 618 nm, so most Eu3+ ions occupy an
asymmetry site. The symmetry of these sites is lower than that of the perfect crystal (D2d),
which leads to the appearance of 5D0-7F2 transition at 618 nm and thus contributes to its
emission intensity. Notably, the width of the peak around 617 nm indicates the overlap of
bands corresponding to 5D0-7F2 transitions (Figure 6b). Therefore, the outputted signal is
red instead of orange. The CIE coordinate diagram of transparent ceramic film indicates
that the color coordinate is (0.644, 0.355), located in the region of red color (Figure 6c). The
CIE coordinate for the red emission of Eu3+ ions is close to the value in Ref. [13]. It not only
depends upon the asymmetric ratio, but also on the higher energy emission levels. The
appearance of the transparent ceramic film under UV light directly confirms the emission
color is red. The transparent ceramic film also exhibits a stable thermality since its emission
intensity only loses about 17% by increasing the environment temperature from 25 to
150 ◦C (Figure S2).

The lifetime of GAP:Eu3+ ceramic film is analyzed in Figure 6d through the fluores-
cence decay curve. The tested data are matched well with a single exponential, according
to the following formula: I = A exp(−t/τ)+B, where τ is fluorescence lifetime (ms), t is
decay time (ms), I is fluorescence intensity, and A and B are constants [19,36,37]. Through
the calculation from the formula, the fluorescence lifetime of the film is determined to be
~1.570 ms. For most Eu3+-doped oxides, the lifetimes in the literature are in the range of
1.4–2.0 ms, which are in the domain of the lifetimes for transparent ceramic film [38–40].
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Figure 6. (a) PLE, (b) PL spectra, (c) CIE chromaticity diagram, and (d) fluorescence decay curve with
fitting results of the ceramic film calcined at 1550 ◦C.

4. Conclusions

In this work, the two-dimensional guidance strategy has been successfully carried
out for the perovskite-structured aluminate ceramic film. Through the interfacial reaction,
GdAlO3:Eu3+ (GAP:Eu3+) films of transparent ceramic were fabricated using the exfoliated
layered gadolinium hydroxide nanosheets as the rare-earth source. The final films were
tested by the characterization techniques, including XRD, SEM, TEM, FT-IR, PLE/PL spec-
troscopy, temperature-dependent PL spectroscopy, and luminescence decay analysis. The
perovskite film of transparent ceramic can be obtained by calcining the LRH nanosheets on
the substrate of amorphous alumina at 1550 ◦C in air for 120 min. Because the reaction takes
place at the interface, the temperature-dependent element diffusion takes the dominant role
and more reactants participate in the reaction with increasing calcination temperature. The
grains for ceramic film increase up to 2–5 μm by elevating the temperature to 1550 ◦C, but
the grains are much smaller than that for bulk ceramic. The lower temperature and interface
diffusion contribute to the smaller grains. The ceramic film exhibits a high transmittance
above 90% at the visible wavelength range. Upon UV excitation at 254 nm, the ceramic film
emits intense red light with a lifetime of ~1.570 ms.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings12121927/s1, Figure S1: EDS elemental mapping analysis
of the film calcined at different temperatures; Figure S2: (a) Temperature-dependent PL spectra and
(b) relative integral intensity of 618-nm emission bands.
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Abstract: The WC-13Co (wt.%) cemented carbide was prepared by simple pressureless sintering, and
the influence of Mo and C additions on the eta evolution and mechanical properties was analyzed
by XRD, SEM, EDS, XPS, and Vickers hardness tester. The results show that the addition of Mo has
an important influence on the composition, size, and distribution of the eta phase and Mo2C phase.
When the Mo content increases from 0 to 2.5%, the Mo-enriched eta phase grows abnormally and
the area fraction of the eta phase significantly increases to 40%, leading to an obvious increase in
hardness from 1232 HV30 to 1321 HV30, and a decrease in fracture toughness from 12.5 MPa·m1/2

to 9.8 MPa·m1/2. The addition of carbon black effectively inhibits the formation of the eta phase in
the samples with 2.5% Mo. Moreover, adding Mo can suppress WC coarsening in a high-carbon
content, which is different from the obvious growth of WC grains in a high-carbon environment in
traditional research. Finally, the mechanism of eta phase evolution during the sintering process of
WC-Co cemented carbides containing Mo is discussed systematically.

Keywords: WC-Co; cemented carbide; eta phase; Mo

1. Introduction

The WC-Co cemented carbides consisting of WC grains coated by Co binders have
excellent mechanical properties, including high hardness, high wear resistance, and favor-
able fracture toughness [1]. It is widely used in metal-cutting, mining, construction, and
rock drilling [2]. Alloying is an effective method to improve the mechanical properties of
WC-Co cemented carbides. Li et al. [3] found that Cu-doped WC-Co cemented carbides
have excellent comprehensive performances. The average WC grain size decreases as Cu is
added, and the grain size distribution narrows. The addition of Al can greatly improve
the hardness and density of the WC-Co cemented carbides, but its fracture toughness
decreases [4]. The addition of the Cr element promotes the segregation of the M7C3 phase
around the eta phase, which can inhibit the growth of the eta phase, and leads to the finer
and more dispersed eta phase [5].

Recently, some reports showed that the addition of Mo [6] or Mo2C [7], which ob-
viously enhanced the wettability between WC grains and binder phases, is beneficial to
improving the mechanical properties of WC-Co cemented carbides. Some studies further
indicated that hardness [8], fracture toughness [9], and bending strength increase with the
addition of Mo in cemented carbide. Moreover, Guo et al. [10] also reported that Mo is
helpful to improve the corrosion resistance of WC-6Co cemented carbide in both acidic and
alkaline solutions.

In addition, the phase is a key factor in the mechanical properties of cemented carbides.
Especially for high-temperature sintering, the phases in W-C-Co ternary phase diagram sys-
tem are very complex, and the possible phases include eta phases (Co6W6C and Co3W3C),
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ditungsten carbide (W2C), and the intermediate Co7W6 phase [11]. However, the effect of
Mo addition on the formation and growth of the phase is still very limited. The current
work mainly focused on investigating the effect of Mo addition on the phase of WC-13Co
cemented carbides, and the difference in microstructure evolution of WC-13Co cemented
carbide containing Mo is further explored in the sintering environments of both low-carbon
and high-carbon.

2. Experimental Procedure

Commercial tungsten carbides (5.92% C, 0.094% O, W ≥ 93.98, S ≤ 0.001%, P ≤ 0.001%,
others ≤ 0.001%, wt.%, average particle size of 1.5 μm, Xiamen golden egret special
alloy Co., Ltd., Xiamen, China, Figure 1a), Co powders (Co ≥ 99.9%, Mn ≤ 0.0001%,
Cu ≤ 0.0003%, others ≤ 0.005%, average particle size of 0.8 μm, 99.9 wt.% purity, Xiamen
golden egret special alloy Co., Ltd., Xiamen, China, Figure 1b), Mo powders (Mo ≥ 99.0%,
average particle size of 2 μm, Shanghai Macklin Biochemical Technology Co., Ltd., Shang-
hai, China, Figure 1c) were selected as raw materials. Table 1 shows the nominal chemical
compositions of WC-13Co cemented carbides with different additives of Mo and car-
bon black. The carbon content of the sample is calculated using the following formula:
Ctotal% = (CWC + Ccarbon)/Mtotal, where Ctotal% is the proportion of C in the sample, CWC
is the weight of C in the WC powder, Ccarbon is the weight of carbon black added, and the
Mtotal is the total weight of the sample. The Ctotal is important for evaluating the carbon
content in the sample, although it ignores the carbon loss during the sintering process.

Figure 1. SEM of (a) WC powders, (b) Co powders, (c) Mo powders, (d) Size distribution of commer-
cial WC and ball-milled powders.

Table 1. The nominal chemical compositions of WC-13Co cemented carbides (wt.%).

Samples WC Co Mo C Ctotal

0Mo-5.13C 87 13 0 0 C5.13
1Mo-5.07C 86 13 1 0 C5.07
2Mo-5.01C 85 13 2 0 C5.01
2.5Mo-5.0C 84.5 13 2.5 0 C5.0
2.5Mo-5.3C 84.5 13 2.5 0.3 C5.3
2.5Mo-5.45C 84.5 13 2.5 0.45 C5.45
2.5Mo-5.75C 84.5 13 2.5 0.75 C5.75
2.5Mo-6.1C 84.5 13 2.5 1.1 C6.1

164



Coatings 2022, 12, 1993

The raw materials were ball-milled for 24 h in air atmosphere by adding alcohol. The
purpose of ball milling is mainly to mix the powder evenly. The mass ratio of ball-to-
powder was 4:1 and rotational velocity was 240 rpm. After milling, the powders were dried
at 70 ◦C for 5 h in a vacuum and then screened by 80 mesh griddles. Then the particle size of
the powder was measured with a laser particle size analyzer (Zhu Hai OMEC Instruments
Co., Ltd., Zhuhai, China) as shown in Figure 1d. After ball milling, the size of composite
powder containing WC, Co, Mo, and carbon black is similar to the size of WC before
ball milling.

Afterward, the powders were pressed into a mold with a diameter of 20 mm under
240 MPa. Finally, they were sintered by a pressureless method. The sintering parameters
are as follows. The samples were heated from room temperature to 1000 ◦C at a rate of
10 ◦C/min, and then to 1430 ◦C at a heating rate of 5 ◦C/min and kept at 1430 ◦C for 1 h,
and later were cooled in furnace. The sintering process is carried out under Ar atmosphere,
and the operation process of Ar gas is as follows. A vacuum pump was used to pump
down the air from the furnace and Ar gas was aerated to the furnace up to atmosphere
pressure, and then draw out the Ar gas. After filling and pumping out Ar gas 5 times, the
Ar gas was filled again for sintering under atmosphere pressure. The type of furnace used
is the Tubular experimental furnace (GSL-1700X, Hefei Kejing Co., Ltd., Hefei, China).

The phase identification of WC-Co and Mo/C-doped WC-Co alloys was measured
using XRD-7000 (Shimadzu Co., Ltd., Japan, Cu target). During XRD image analysis, the
scanning speed is 5◦/min and the scanning angle is 20◦–80◦. The microstructure was
observed by Quanta 250FEG SEM (Czech FEI Co., Ltd., Czech Republic) and the grain
size was determined by the software of Image-Pro Plus. Vickers hardness tester was
selected to estimate the hardness of alloys. When testing the hardness, the loading force
used is 30 kg, which is applied for 10 s. Based on the indentation of Vickers hardness,
the total length of indentation crack was obtained to calculate the fracture toughness of
alloys (K1C: MPa·m1/2). The etching agent for observing the optical microstructure is
the mixed 10% potassium hydroxide solution with 10% potassium ferricyanide, and the
etching method is to drop the etching agent onto the degreased cotton and then gently
wipe the sample with the degreased cotton. X-ray photoelectron spectroscopy (XPS, Model
Axis Supra, Shimadzu-Kratos Analytical Ltd., Manchester, UK) data were measured by
monochromatized Al Kα X-ray radiation (1486.6 eV).

3. Results and Discussion

3.1. Microstructure and Composition

The XRD patterns of WC-13Co cemented carbide with different Mo and C contents
were shown in Figure 2. When the Mo element is added, WC hard phase, Co binder phase,
and eta phases were identified in each sample as shown in Figure 2a. The relative intensity
of the eta phase diffraction peak enhances with the increase of the Mo content. The WC-Co
binary phase diagram indicates that two eta phases are present in the WC-Co system in
the low-carbon content, namely, M6C and M12C [12], which are also named Co3W3C and
Co6W6C [13]. The eta phases form in the sintering process [14]. Among them, the M6C
phase is the high-temperature phase and exists above 1150 ◦C. With the fall in temperature,
it starts to transform into the M12C phase. The M6C and M12C type carbides have similar
FCC crystal structures [15]. In Figure 2b, an interesting phenomenon is that the Mo2C
phase becomes detectable in the samples added Mo and carbon black, accompanied by
the decrease of the eta phase. Liu et al. [16] reported that the Mo2C phase can form below
900 ◦C when Mo is added to cemented carbide with a high carbon content. The reaction of
Mo with carbon black weakened the effect of Mo on the promotion of the eta phase.

Based on the XRD data, the lattice constants were further calculated, as shown in
Table 2. It can be seen that the lattice constants of the WC and eta phases did not change sig-
nificantly when 0%–2.5% Mo was added to the WC-13Co cemented carbide and 0%–1.1% C
was added to the WC-13Co-2.5Mo cemented carbide, which indicates that the addition of
Mo and C does not cause large lattice strain. Mo and W have very similar atomic radii
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(W: 1.37 Å, Mo: 1.36 Å) [17], thus Mo in the place of W will not produce a large
lattice strain.

 
Figure 2. XRD results of WC-13Co alloys with different contents of Mo and C, (a) WC-13Co-x%Mo,
(b) WC-13Co-2.5Mo-x%C.

Table 2. Lattice constants of WC and eta phase of various compositions.

Component WC Eta Phase
a b a = b = c

0Mo-5.13C 2.90511 2.83594 11.06816
1Mo-5.07C 2.90568 2.83645 11.06775
2Mo-5.01C 2.90464 2.83501 11.05768
2.5Mo-5.0C 2.90543 2.83578 11.06578
2.5Mo-5.3C 2.90644 2.83722 11.05969

2.5Mo-5.45C 2.90599 2.83707 11.0609
2.5Mo-5.75C 2.90453 2.83563 11.03769
2.5Mo-6.1C 2.90495 2.83613 11.03866

Figure 3 illustrates the optical microstructure and Figure 4 further demonstrates the
statistical area fraction of the eta phase. The black region in Figure 3 is the corroded eta
phase. It is worth noting that the eta phase is very sensitive to the Mo addition. When
2.5% Mo was used to replace WC, the content of C in the alloy decreased by 0.13, and the
proportion of the eta phase doubled, from 19.5% to 40%. However, the proportion of the eta
phase only decreased from 40% to 34.2% when the addition of carbon black increased from
0 to 0.3%. According to the calculated phase diagram, the ratio of the eta phase should
be close to zero for the WC-13Co with a composition of 0Mo-5.13C, and the formation of
a large area fraction of the eta phase in Figure 3a is mainly caused by the loss of carbon
during sintering [18]. When the content of carbon black reaches 1.1%, the proportion of the
eta phase decreases to 4%. Carbon black effectively inhibits the formation of the eta phase
in the sample of 2.5Mo-6.1C.

In the WC-Co phase diagram, low-carbon content is the main reason for the forma-
tion of the eta phase. The eta phase was also successfully eliminated by increasing the
carbon content when producing the inhomogeneous cemented carbides with fine-grained
structure via one-step transformation using coarse WC, WO3, C, and Co as raw materials
by Tang et al. [19].
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The eta phase can be clearly observed in the BSE-SEM images as shown in Figure 5.
With the addition of Mo from 0% to 2.0%, both the area fraction and the size of the eta
phase increase sharply. In the 0Mo-5.13C sample, the eta phase size is relatively small, and
most eta phases are slightly larger than WC grains, but in the samples with 2.0% Mo and
2.5% Mo, the size of some eta phases reaches about 10 μm, almost ten times higher than the
size of WC grains. With the increase of carbon black in the sample with 2.5% Mo, the large
size eta phase disappeared.

 
Figure 3. Optical microstructure of WC-13Co with different contents of Mo and C, (a) 0Mo-5.13C,
(b) 1Mo-5.07C, (c) 2Mo-5.01C, (d) 2.5Mo-5.0C, (e) 2.5Mo-5.3C, (f) 2.5Mo-5.45C, (g) 2.5Mo-5.75C,
(h) 2.5Mo-6.1C.

 
Figure 4. Area fraction of eta phase of WC-13Co with different additions of Mo and C.
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Figure 5. BSE-SEM microstructure of alloys, (a) 0Mo-5.13C, (b) 1Mo-5.07C, (c) 2Mo-5.01C, (d) 2.5Mo-5.0C,
(e) 2.5Mo-5.3C, (f) 2.5Mo-5.45C, (g) 2.5Mo-5.75C, (h) 2.5Mo-6.1C.

The distribution of WC grains is shown in Figure 6. As Mo content increases from
0 to 2.5%, WC grain size decreases from ~0.85 to ~0.73 μm. It is well known that the growth
and coarsening of WC grains are caused by the Ostwald ripping mechanism. The addition
of molybdenum can reduce the solubility of WC in the liquid phase, thus preventing the
growth of WC in the liquid phase [20]. Furthermore, Mo precipitates on WC particles,
leading to the formation of (W, Mo) C solid solution [16], which slows down the dissolution
of WC in the liquid phase, thus inhibiting the dissolution and growth of WC particles.

 

Figure 6. The grain size distribution in WC-13Co with different additions of Mo and C, (a) 0Mo-5.13C,
(b) 1Mo-5.07C, (c) 2Mo-5.01C, (d) 2.5Mo-5.0C, (e) 2.5Mo-5.3C, (f) 2.5Mo-5.45C, (g) 2.5Mo-5.75C,
(h) 2.5Mo-6.1C.
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In contrast, with the increase of carbon black content from 0 to 0.75%, the WC grain
size increases from ~0.73 μm to ~0.98 μm. High-carbon content can promote the WC
coarsening [21], but with the further increase of carbon black to 1.1%, the WC grain size
decreases to ~0.79 μm. Wei et al. [22] also observed a similar phenomenon, which can
be explained by the existence of free carbon in the high-carbon content. The free carbon
hinders the solid solution of W and C atoms in the Co phase during liquid phase sintering,
which is beneficial to suppress the coarsening of grains during sintering.

The eta phase in the 2.5Mo-5.0C sample was further analyzed by EDS as exhibited in
Figures 7 and 8. Surprisingly, it is in the eta phase that the Mo element is mainly enriched
in the 2.5Mo-5.0C sample as shown in Figures 7b and 8b. The black binder phase is mainly
composed of the Co and W elements. Therefore, in the process route of preparing WC-13Co
cemented carbide by powder metallurgy with WC and Co powders as raw materials, when
Mo powder is contained in the raw materials, Mo is mainly concentrated in the eta phase if
sintering in low-carbon content.

 

Figure 7. Mapping of elements distribution of the 2.5Mo-5.0C sample. (a) Co phase and (b) eta phase.

Figure 8. Elements distribution of (a) Co phase and (b) eta phase in the 2.5Mo-5.0C sample.

It is worth noting that some large black particles are observed in Figure 5g. Its
composition was analyzed by EDS in Figure 9. The results show that this large particle
is enriched with Mo and C. According to the X-ray analysis in Figure 2, this large black
particle should be the Mo2C. It can be seen from Figure 5 that such large spherical particles
are a low-frequency occurrence. Guo [7] observed that a small-sized Mo2C phase forms
by the reaction of Mo and C at about 900 ◦C during the sintering process of WC-6Co
alloys. Figure 9 also indicates that a large amount of Mo is enriched in the eta phase in the
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2.5Mo-5.75C sample, which is consistent with the observation results of the eta phase of the
2.5Mo-5.0C sample as shown in Figures 7 and 8.

Figure 9. Mapping of element distribution of the 2.5Mo-5.75C sample.

Figure 10 compares the Mo 3d3/2 and Mo 3d5/2 XPS spectra of 2.5Mo-5.0C
and 2.5Mo-6.1C samples. The main peak of the 2.5Mo-5.0C sample is characterized
by Mo 3d3/2 and Mo 3d5/2 features at 228.43 and 232.56 eV, while the main peak of
2.5Mo-6.1C sample is characterized by Mo2+ 3d3/2 and Mo2+ 3d5/2 features at 228.05 [23]
and 231.27Ev [24] and [25]. Based on the data of XPS, the percentage content of Mo with
different valence states was estimated. The fraction of Mo2+ and Mo is about 69% and
31% in the 2.5Mo-6.1C sample. Considering the XRD analysis in Figure 2, Mo2+ mainly
exists in Mo2C. It should be pointed out that it is useful to estimate the approximate pro-
portion of these atoms and ions according to the statistical theory, although this estimation
cannot accurately describe the percentage content of Mo2+ and Mo.

Figure 10. XPS survey spectra of 2.5Mo-5.0C (a) and 2.5Mo-6.1C (b) samples.

To sum up, when Mo is added to WC-Co cemented carbide, the content of C determines
its existing state. In low-carbon contents, Mo is mainly distributed in the eta phase, partially
replacing the positions of W and Co atoms. When the eta phase is formed, Mo can infinitely
replace W, forming an infinite solid solution and Mo is not observed in the Co binder phase.
According to the reports [17], the radius of W and Mo atomic is very close (W: 1.37 Å,
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Mo: 1.36 Å). In a high-carbon environment, the Mo element preferentially exists in Mo2C,
and a small amount of Mo appears in the eta phase partially replacing the lattice position
of W and Co.

3.2. Mechanical Properties

Figure 11 illustrates the hardness and fracture toughness of all samples. The alloy
without adding Mo has the lowest hardness value. When the Mo content increases from
0 to 2.5%, the eta phase grows abnormally and the area fraction of the eta phase signif-
icantly increases to 40%, leading to an obvious increase in hardness from 1232 HV30 to
1321 HV30, and the decrease in fracture toughness from 12.5 MPa·m1/2 to 9.8 MPa·m1/2.
This is different from the experimental results of Wang [20]. They found that the increase
of Mo improved the fracture toughness because Mo slows down the transformation from
FCC-Co to HCP-Co. From Figures 5, 7 and 8, it is deduced that Mo is mainly concentrated
in the eta phase in the samples of 0Mo-5.13C, 1Mo-5.07C, 2Mo-5.01C, and 2.5Mo-5.0C. The
appearance of a large-sized eta phase is harmful to fracture toughness.

 

Figure 11. The hardness (a) and fracture toughness of different cemented carbides (b).

After adding carbon black to samples with 2.5% Mo added, the eta phase was re-
strained. Compared with the fracture toughness of 9.8 MPa·m1/2 in the 2.5Mo-5.0C sample
without adding carbon black, the fracture toughness of the 2.5Mo-6.1C sample increased
by about 32%. The fracture toughness and hardness of the 2.5Mo-6.1C sample are slightly
higher than those of the 0Mo-5.13C sample, which is very important to the preparation of
WC-Co cemented carbide containing Mo for improving the corrosion resistance.

The hardness of WC–Co cemented carbides is strongly dependent on the content of
the Co binder [26], the grain size of WC, and the eta phase [27]. The eta phase enhances
the WC–Co but decreases the toughness. After the addition of 1%, 2%, or 2.5% Mo, a large
amount of Co reacts and converts to the eta phase, which leads to the decrease of the Co
binder phase, the decrease of grain size (Figure 6), and the increase of eta (Figures 4 and 5).
All of these factors lead to the increase in the hardness of the cemented carbide. Therefore,
the hardness increases with the increase of Mo content in Figure 11. However, after adding
carbon black, the content of the eta phase decreases, the content of the Co binder increases,
the grain size increases, and the hardness decreases. It should be noted that the sample of
2.5Mo-6.1C also has a small grain size, but its hardness is low, which is mainly due to the
large reduction of the eta phase and the increase of the proportion of the Co binder phase.
The fracture toughness of WC–Co cemented carbides is chiefly affected by the free path of
the Co binder phase [28]. It can be seen from Figure 5 that the distribution of the Co phase
is relatively uniform, thus the higher the content of the Co phase, the better the fracture
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toughness. The specimen prepared with the carbon addition of 1.1 wt.% has the lowest
content of eta and the highest fracture toughness of 13 MPa·m 1/2.

Figure 12 demonstrates crack propagation in 0Mo-5.13C and 2.5Mo-5.0C, which have
higher and lower fracture toughness, respectively. The length of the crack affects the
calculation of the value of fracture toughness. In Figure 12a, the type of crack propagation
includes intergranular and transgranular fractures [29]. More cracks in the 0Mo-5.13C
sample are extended between WC particles, while the large-sized eta phase in the 2.5Mo-
5.0C sample leads to the formation of long flat transgranular cracks as shown in Figure 12b,
which significantly reduces the fracture toughness [30].

Figure 12. Crack microstructure of (a) 0Mo-5.13C, and (b) 2.5Mo-5.0C samples.

3.3. Influence Mechanism of the Addition of Mo

According to the Ostwald ripening mechanism, WC grains will grow gradually due to
the dynamic balance of dissolution and precipitation of WC in the Co binder phase when
WC-Co cemented carbide is prepared by liquid phase sintering. Wang et al. [20] pointed
out that the addition of Mo precipitates on the surface of WC grains, thus hindering the
growth of WC grains and resulting in the refinement of the WC grains of sintering WC-Co
cemented carbides. In this study, it is found that Mo has more influence on the development
of the phases in both low-carbon and high-carbon contents. In low-carbon content, Mo
mainly concentrates in the eta phase, as shown in Figures 5 and 7, and Mo significantly
promotes the development of the eta phase. In a high-carbon environment, Mo mainly
exists in the Mo2C phase, as shown in Figures 2 and 10. In contrast, the addition of Mo has
relatively less effect on the size of WC grains.

Moreover, Guo et al. [7] reported on the small-sized Mo2C formed by the reaction
between Mo and C in WC-Co alloys, and that most of them are distributed in the Co binder
phase. Different from the reports, it is observed in Figure 9 that some Mo2C particles
with larger sizes above 3 μm form by the reaction of Mo and C, although the number of
large-sized Mo2C particles is very small. It is inferred that the reduction of the size of Mo
powder in raw materials is helpful to eliminate the large-sized Mo2C particle.

Based on the above analysis, Figure 13 illustrates the reaction diagram in the heating
process of sintering: (i) for the Composition Design I without adding Mo, the alloy is
composed of the WC grain, the Co binder, and eta phase after sintering in the low-carbon
contents; (ii) for the Composition Design II of adding Mo powder in the sample with low-
carbon content, the eta phase of [W, Co, Mo] C forms by the reaction of Mo, Co, and WC
when the temperature rises to 900–1100 ◦C, and Mo mainly concentrates in the eta phases;
(iii) for the Composition Design III of adding Mo powder and sintering in a high-carbon
environment, the Mo2C preferentially forms by the reaction of Mo and C at 900–1100 ◦C
and the remaining part of Mo mainly exists in the eta phase of [W, Co, Mo] C after sintering.
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Figure 13. The reaction diagram in the heating process of sintering in WC-Co cemented carbides
adding different contents of Mo and C.

4. Conclusions

The addition of Mo in WC-13Co cemented carbides has an obvious impact on the
composition, size, and distribution of the eta phase and Mo2C phase, and shows different
results in low-carbon and high-carbon contents.

Without the addition of Mo, the eta phase of the WC-13Co cemented carbides is
composed of the elements of Co, W, and C. After adding 2.5% Mo in low-carbon contents,
the eta phase is composed of Co, W, Mo, and C. With the increase of Mo content from
0 to 2.5% in WC-13Co cemented carbides, the Mo-enriched eta phase grows abnormally
and the area fraction of the eta phase significantly increases from 19.4% to 40%, leading
to an obvious increase in hardness from 1232 HV30 to 1321 HV30, and the decrease in
fracture toughness from 12.5 MPa·m1/2 to 9.8 MPa·m1/2. With the increase of carbon black
content from 0 to 1.1% in WC-13Co-2.5Mo cemented carbides, the formation of the eta
phase is inhibited and a small number of large-sized Mo2C occurs. The fracture toughness
clearly increases from 9.8 MPa·m1/2 to 13 MPa·m1/2 while the hardness decreases from
1321 HV30 to 1237 HV30.

In view of the beneficial effect of Mo addition on mechanical properties and corrosion
resistance of WC-Co cemented carbides found in previous reports, it is believed that this
work can contribute to the control of the eta phase of WC-Co cemented carbides containing
Mo for industrial production.
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Abstract: In this study, the structural characteristics of TiN coatings deposited by DC magnetron
sputtering on the surface of AISI 304 stainless steel were modulated by performing deposition at
four different nitrogen flux ratios. The XRD results indicated that the coatings mainly contained
face-centered cubic TiN phase. The experimental results showed that the nitrogen flux ratio played a
major role in determining the microstructure and the mechanical and tribological properties of the
TiN coatings. SEM images revealed that the thickness of the TiN coatings decreased linearly as the
nitrogen flux ratio increased from 0.25 to 0.55. However, the grain size had a nonlinear relationship
with the nitrogen flux ratio. When the nitrogen flux ratio was 0.45, the grain size was only 5.3 nm.
Theoretical and experimental analysis showed that the TiN coating deposited at a nitrogen flux ratio
of 0.45 had the best mechanical properties, which due to its minimum grain size and (111) orientation,
and the best tribological performance under unlubricated conditions, may have been due to its higher
fracture toughness and plastic deformation resistance among the four TiN coatings.

Keywords: TiN coatings; nitrogen flux ratio; microstructure; tribological properties

1. Introduction

Titanium nitride (TiN) coatings have been widely used as wear-protective hard coat-
ings in automobiles, impellers, and cutting cools because of their good mechanical and
tribological properties [1–3]. In addition, the high thermal stability, chemical stability and
low resistivity of TiN coatings make them widely used not only as protective coatings for
mechanical tools, but also in the decoration [4] and micro-electronic industries [5]. Espe-
cially with the development of micro-electromechanical systems (MEMS) and precision
machinery, the demand for thin TIN coatings with high wear resistance and high hardness
of several hundred nanometers thickness has greatly increased. In recent years, TiN has
also become commonly used as a protective surface coating for orthopedic implants and
cardiac valves [6] due to its excellent biocompatibility and hemocompatibility [7]. These
applications require highly dense coatings and have typical deposition temperatures lower
than 450 ◦C [8]. Improving the wear resistance of a surface coating can extend the lifespan
of an implant, thus reducing costs to patients. Physical vapor deposition (PVD) is widely
utilized for the deposition of TiN coatings to improve the tribological properties of the
mechanical components. Among the different PVD methods, DC magnetron sputtering
can be used to obtain high-density TiN coatings that generate little gas pollution and
strong adhesion between the deposited coating and the substrate [9]. However, most of the
problems associated with TiN production are due to its requirements of high voltages and
temperatures. Much of the literature has reported the preparation of TiN coatings at high
temperatures [10,11]. Gerlach et al. [12] prepared a TiN coating by reactive evaporation
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at 1023 K. However, the effects of deposition parameters on the microstructure, and the
mechanical and tribological properties of TiN coatings have rarely been studied at low tem-
peratures [13]. The microstructure and properties of a coating can be adjusted by changing
the deposition parameters [14]. TiN coatings with a high density and excellent mechanical
and tribological properties can be obtained by optimizing the deposition process.

To understand the relationship between the process parameters, microstructure, and
properties of TiN coatings deposited at low temperatures, various studies have been carried
out. The nitrogen flux ratio during the deposition of a TiN coating influences some major
properties of the coatings. Therefore, in this report, TiN coatings were deposited by DC
magnetron sputtering to investigate the effect of the nitrogen flux ratio on the structural,
morphological and tribological behavior of the low-temperature deposited TiN coatings.
The nitrogen flux ratio was varied from 0.25, 0.35, 0.45, to 0.55 under an Ar/N2 atmosphere
at a deposition temperature of 300 ◦C.

2. Experimental Section

2.1. Deposition of TiN Coatings

Before deposition, the AISI 304 stainless steel samples (Ra = 20 nm) were washed
ultrasonically in anhydrous ethanol, petroleum ether, and deionized water for 15 min each
and then dried with nitrogen for later use. DC magnetron sputtering of a Ti target (99.9%)
was used to prepare TiN coatings on the cleaned samples. When the pressure inside the
sputtering chamber stabilized at the set value of 4.0 × 10−3 Pa, the specimens were etched
with Ar+ for 20 min at a low-duty cycle (30%) and a high bias voltage (−800 V). During
the deposition stage, the flow rate of argon gas (99.9%) was 60 mL/min, and the working
pressure was approximately 5.0 × 10−1 Pa at −50 V and 7 A. First, a Ti transition layer was
sputtered on the flats for 15 min, and then the nitrogen flow was turned on. At that moment,
the sputtering chamber contained a mixture of Ar and N2 (99.9%) with different nitrogen
flux ratios R(N2) = f (N2)/f (Ar + N2), and the pressure was maintained at 5 × 10−1 Pa by
adjusting the grating. Deposition was continued at a constant temperature of 300 ◦C for 4 h.
The TiN coatings obtained at R(N2) = 0.25, 0.35, 0.45 and 0.55 were denoted as TiN-0.25,
TiN-0.35, TiN-0.45 and TiN-0.55, respectively.

2.2. Characterization of TiN Coatings

The phase structure of the TiN coatings was characterized by X-ray diffraction (XRD,
Bruker, Karlsruhe, Germany) using Cu Kα radiation. Small-angle glancing mode (1.5◦)
with scattering angles from 20 to 90◦ was used to avoid interference by the substrate
peaks. Scanning electron microscopy (SEM, MERLIN Compact, Jena, Germany) was used
to characterize the surface, abrasion, and cross-sectional morphology of the TiN coatings.
The surface morphology and roughness of the samples were investigated with atomic
force microscopy (AFM, Bruker, Karlsruhe, Germany). The chemical composition of wear
scars was analyzed by energy-dispersive X-ray spectroscopy (EDS, MERLIN Compact,
Jena, Germany). The adhesion between the TiN coatings and the substrate was measured
using a UMT-3 (CETR, Bruker, Rheinstetten, Germany) with a load range of 0–30 N and
scratch length of 3 mm. The device collected the acoustic signal of the peeling coatings to
determine the critical load (Lc) of coating adhesion. It is generally believed that there are at
least two stages during the deformation and failure of a coating. The former represents
the loading force when a coating peels for the first time (Lc1), and the latter represents the
loading force when the coating is completely peeled off (Lc2) [15].

Tribological properties of the TiN coating were assessed by UMT-3 under unlubricated
conditions. The tests were carried out in ball-on-flat reciprocating mode using a GCr15
ball with a diameter of 9.525 mm at room temperature (20 ± 5 ◦C) and a relative humidity
of 70 ± 5%. Before the test, samples and balls were cleaned ultrasonically in acetone for
15 min. During the tribological experiments, the stroke was 6 mm, the frequency was 2 Hz
and the normal load was 20 N with a maximum Hertzian contact pressure of 1.45 GPa.
To ensure the reliability of the test results, the same experimental conditions were tested
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three times. The friction sensor with a 20 N load was 2.5 mN, which was accurate enough
to measure the friction coefficient in the order of millesimals under that load.

3. Results and Discussion

3.1. Microstructure and Morphology of TiN Coatings

The XRD patterns of the substrate and TiN coatings deposited at different R(N2) are
shown in Figure 1. The peaks at diffraction angles of 36.8, 42.6, 62.1 and 73.8◦ corresponded
to TiN(111), TiN(200), TiN(220), and TiN(222), respectively. The XRD pattern of the TiN
coatings showed that the four coatings mainly existed as face-centered cubic TiN phase
(JCPDS-ICDD NO. 87-0629). The TiN-0.25, TiN-0.35 and TiN-0.45 coatings showed two
strong peaks for TiN(111) and TiN(200), and another relatively weak peak for TiN(220).
For the TiN-0.45 coating, the strongest peak was at 36.8◦, illustrating that the TiN coating
preferred the (111) orientation. The sharp peak indicated good crystallinity [16]. Some the-
ories and hypotheses state that the preferred orientation of TiN depends on the lowest total
energy, which is the result of competition between strain energy and surface energy [17].
When R(N2) was small, the TiN coating had no obvious preferred orientation, but when
R(N2) gradually increased to 0.45, the sputtering power of the nitrogen was lower than
that of Ar, and the average free path and adsorption energy of particles decreased upon
increasing R(N2). The adsorbed atoms did not have enough mobility to move on the surface
and migrate to the (111) plane at lower energy position, so they formed columnar structures
perpendicular to the surface due to competitive grain growth. When R(N2) continued
to increase to 0.55, the preferred TiN orientation changed from (111) to (200), because
upon increasing the nitrogen flux ratio, the degree of nitriding of the coating increased. Its
deposition rate decreased, leading to an increase in the surface diffusion capacity of the
deposited particles [18]. This is consistent with previous studies [19,20].

Figure 1. XRD pattern of the TiN coatings.

The texture coefficient, grain size and lattice parameters of the microstructure were
calculated from the XRD patterns of the coatings. The texture coefficient (Tc) determining
the degree of the preferred orientation was calculated by formula (1) [21]:

Tc =
Im(hkl)/I0(hkl)

1/n ∑n
1 Im(hkl)/I0(hkl)

(1)

where Im(hkl) is the integrated intensity of the hkl plane, I0(hkl) is the relative intensity of the
hkl plane obtained from the JCPDS card, and n is the number of reflections. As shown in
Figure 2, the texture coefficient of the TiN coatings was calculated from their respective
XRD patterns using Equation (1). For each R(N2), the value of n was 4. As the R(N2)
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increased, the value of Tc for the TiN(111) orientation increased first and then decreased, in
which the largest value of Tc was observed at R(N2) = 0.45.

Figure 2. The texture coefficient of the TiN coating at different R(N2).

Figure 3a depicts the distribution of the lattice parameters of the TiN coatings at different
R(N2). The lattice parameters increased from 4.240 Å to 4.266 Å as R(N2) increased from
0.25 to 0.55 (JCPDS No.87-0629), obtained using MDI Jade 6 software [22]. In this report, the
resulting increase in the lattice parameters is consistent with previous reports [23,24]. The
lattice parameter is generally 4.240 Å at ambient temperature. Soudgren et al. proposed that
lower lattice parameters may be attributed to a reduction in the ratio of N and Ti in the TiN
coatings [23].

Figure 3. (a) Lattice parameter and (b) grain size of the TiN coating at different R(N2).

Scherer’s formula was used to calculate the grain size of the TiN coatings [25].

D =
0.9λ

B cos θ
(2)

where λ is the wavelength of the X-ray source (1.54056 Å), B is the FWHM of diffraction
lines, and θ is the diffraction angle. The grain size approximately showed a decreasing
trend as the nitrogen flux ratio increased, as shown in Figure 3b. This was because the
mobility of the deposited atoms decreased, resulting in less diffusion. On the other hand,
the sputtering energy of the atoms decreased as the sputtering rate decreased under a high
nitrogen flux ratio. The formation of nanoparticles in the coating is affected by the ion
energy, ion flux, trace impurities, texture and other factors [26]. Adatoms with low energy
had less mobility to slip on the surface, and were dispersed across the grains and grain
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boundaries to form coarse grains. Therefore, the grain size of the TiN coating decreased
as the nitrogen flux ratio increased. However, when R(N2) was 0.55, the grain size of the
TiN coating increased, and agglomerated particles appeared due to the random Brownian
motion of the particles. This made it possible for the particles to collide and adhere directly
at a high nitrogen flux ratio [27].

Figure 4 shows the surface morphology and cross-sectional FESEM micrographs (in-
sert) of the TiN coatings. The deposit rates of the TiN coatings were calculated based on
the thickness and deposit time. The largest and smallest values were 4.3 nm/min and
2.8 nm/min at R(N2) = 0.25 and 0.55, respectively. The thickness of the TiN coatings de-
creased linearly as the nitrogen flux ratio increased from 0.25 to 0.55 because the sputtering
rate of Ti decreased as the nitrogen flux ratio increased [28].

Figure 4. Surface morphology and cross-sectional images (insert) of (a) TiN-0.25 (b) TiN-0.35 (c) TiN-
0.45 (d) TiN-0.55 coatings.

The surface morphology of the TiN coatings changed obviously at different nitrogen
flux ratios. As shown in Figure 4a, the grains of the TiN-0.25 coating showed a tri-pyramid
shape and uneven particle size with large gaps. When the nitrogen flux ratio increased,
the particles size became smaller, and the structure became denser (Figures 4 and 5).
However, when R(N2) increased to 0.55, large particles reappeared, which is consistent
with changes in the grain size. Combining Figures 1 and 4 shows that the preferred
orientation changed from (200) to (111), the surface of the coating became uniform, and
dense particles with a clear interface formed. Hence, the TiN-0.45 coating exhibited a dense
columnar microstructure with well-defined grain boundaries.

3.2. Mechanical Performance of TiN Coatings

The mechanical properties of the TiN coatings measured by nano-indentation tests
are shown in Table 1. Nano-indentation is a common method for determining the Young’s
modulus of coatings. The accuracy of the test is strongly influenced by the surface quality of
the material [29], so the roughness and grain size differences of the coating surface may be
the main reason for the large deviations in its elastic modulus and hardness. The hardness
and elastic modulus of the TiN coatings dramatically decreased as the nitrogen flux ratio
increased. The mechanical properties of the coatings were affected by grain size, internal
microstress, orientation, and other factors. According to the Hall–Petch relationship, the
hardness of the material is inversely proportional to the grain size [30]. Combined with
the results of the previous grain size calculations, our conclusions are consistent with
this relationship. The TiN-0.45 coating had the greatest hardness and elastic modulus of
26.1 GPa and 329.5 GPa, respectively, which was similar to most of the previous studies on
TiN [31]. One previous study [32] indicated that the (111) texture coefficient is a key factor
of coating hardness, which is due to the hardest orientation of TiN being (111).

179



Coatings 2023, 13, 78

Figure 5. Three-dimensional representation (15 × 15 μm2) of the surface morphology of the (a) TiN-
0.25 (b) TiN-0.35 (c) TiN-0.45 (d) TiN-0.55 coating.

Table 1. Mechanical properties of the TiN coatings.

R(N2)
Roughness

(nm)
Hardness

(GPa)

Elasticity
modulus

(GPa)
H/E H3/E2

(GPa)

0.25 26.03 ± 0.15 18.50 ± 4.10 278.0 ± 28.7 0.067 ± 0.008 0.082 ± 0.012
0.35 6.81 ± 0.12 23.32 ± 2.21 315.2 ± 31.1 0.074 ± 0.012 0.128 ± 0.017
0.45 1.46 ± 0.08 26.14 ± 2.07 329.5 ± 28.7 0.080 ± 0.007 0.165 ± 0.025
0.55 3.90 ± 0.14 20.87 ± 3.52 296.8 ± 30.1 0.007 ± 0.006 0.103 ± 0.009

Figure 6 shows the adhesion results of the TiN coating. The magnitude of the acoustic
signal depended on the peeling of the coating. The location of the first crack (Lc1) was
determined by combining the acoustic signal and the scratch morphology of the TiN coating
at R(N2) = 0.25, 0.35, 0.45 and 0.55, which occurred at 1.8, 3.1, 13.6 and 7.8 N, respectively.
The loads at which the coating completely peeled off (Lc2)) were 2.3, 5.0, 17.2 and 8.8 N,
respectively. This suggests that the adhesion between the TiN coating and steel substrate
increased and then decreased with the increase in nitrogen flux ratio. The adhesion was
influenced by the thickness, microstrain and atomic arrangement [33]. When R(N2) was
less than 0.45, the microstrain increased, and the film thickness decreased. Therefore, the
thickness overcame the effect of microstrain and improved the adhesion. As the nitrogen
flux ratio continued to increase, the energy of the adsorbed atoms decreased, so atoms
were severely attenuated, the compactness of the coating decreased, and the microstrain
increased. Combined, these effects reduced the adhesion of the TiN coatings. As shown
in Figure 6c, the TiN-0.45 coating had a few chips in its surface but no significant coating
shedding. The Lc2 of this coating is comparable to the Ti-TiN-multilayer PVD coatings with
a thickness of about 2.7 μm [34].

3.3. Tribological Performance

Figure 7 shows the friction coefficient (COF) and wear rates for the uncoated and
TiN-coated steel under unlubricated conditions at a load of 20 N. The TiN-coated steel
showed a lower COF than the uncoated steel. The most striking case was for the TiN-0.45
coating, which showed the smallest COF of 0.36. Correspondingly, the TiN-0.45 coating
possessed the lowest wear rate of 12.4 × 10−5 mm3N−1m−1, which was only one-eighth of
the uncoated steel (96.8 × 10−5 mm3N−1m−1).
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Figure 6. The scratch morphologies and results of scratch test of the (a) TiN-0.25 (b) TiN-0.35
(c) TiN-0.45 (d) TiN-0.55 coating. (Red line is load, black line is acoustic emission intensity (AE).)

Figure 7. Wear rates and friction coefficient for the steel substrate and the TiN coating sliding against
GCr15 steel ball under unlubricated conditions. (Line graph is friction coefficient, and bar graph is
wear rates.)

Figures 8 and 9 show SEM images of the morphology of the wear track for flats and
dual steel balls after tribological tests at a load of 20 N under unlubricated conditions. For
the steel/steel system (Figure 8a), the surface of the wear track on the substrate steel was
full of furrows and scratches. The width of the wear track was about 1096.3 μm and the
diameter of the grinding steel ball reached 1074.5 μm. The TiN-0.25 coating showed a
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wear track surface morphology similar to that of the uncoated steel, indicating that the
TiN-0.25 coating was almost worn out. This observation was confirmed by EDS analysis
(Table 2), as indicated by the lower number of Ti and N atoms and larger number of Fe
atoms inside the wear track. The other TiN coatings showed wear tracks with different
surface morphologies. Especially for the TiN-0.45 coating (Figure 8d), a smoother surface
was observed for the wear track on both the flat and steel ball, suggesting it had excellent
wear resistance. The EDS analysis in Table 2 also supports the SEM observation.

Figure 8. SEM images morphology for wear scars on the (a) substrate and TiN coating at R(N2) of
(b) 0.25, (c) 0.35 (d) 0.45 (e) 0.55 at load of 20 N under unlubricated conditions. White square is the
EDS test area.

Figure 9. SEM images of morphology for wear scars on the dual ball sliding against (a) substrate and
TiN coatings at R(N2) of (b) 0.25, (c) 0.35 (d) 0.45 (e) 0.55 at load of 20 N under unlubricated conditions.
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Table 2. EDS analysis of the wear scars corresponding to the white frame in Figure 8 of the four TiN
coatings under 20 N load under unlubricated conditions.

R(N2)
Element (at.%)

Ti N Fe Cr

0.25 22.57 4.40 30.77 42.26
0.35 52.98 24.26 17.94 4.82
0.45 60.45 28.76 10.01 0.78
0.55 56.33 16.81 23.08 3.78

The values of H/E and H3/E2 are more suitable for predicting the failure resistance of
PVD coatings during unlubricated sliding [35]. A higher value of H/E means that stress
can be distributed over a larger area, thereby delaying the failure of a coating. The higher
value of H3/E2 means a coating possesses greater toughness, thus improving a sample’s
resistance to mechanical failure. This is consistent with the tribological properties of the
TiN coating. Of the four TiN coatings, the TiN-0.45 coating had the largest H/E and H3/E2

value and, therefore, the best wear resistance.

4. Conclusions

TiN coatings deposited at different nitrogen flux ratios presented different microstruc-
tures and mechanical properties. The effects of nitrogen flux ratio on the microstructure
were studied in terms of lattice orientation, grain size and lattice coefficient. The influence
of nitrogen flux on the coating deposition rate, elastic modulus, adhesion and other me-
chanical properties of the TiN coatings was analyzed in detail. The following is a summary
of our conclusions:

1. The phase structure of the TiN coatings deposited at R(N2) = 0.25, 0.35, 0.45, and
0.55 was mainly face-centered cubic TiN. All TiN coatings had obvious columnar
crystals. The TiN-0.45 coating possessed the densest columnar microstructure of the
four TiN coatings.

2. The nitrogen flux ratio strongly affected the mechanical properties of the coating, and
the TiN-0.45 coating had the best mechanical properties (hardness, elasticity modulus,
H/E, and H3/E2) due to its minimum grain size and (111) orientation. In addition,
the thickness of the TiN coating was inversely correlated with R(N2) and decreased
from 772 nm to 509 nm as R(N2) decreased.

3. The TiN-0.45 coating had the largest values of H/E and H3/E2 and, therefore, the best
wear resistance among the four TiN coatings.
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Abstract: WC-13Co (wt.%) composite with Fe added was prepared by pressureless sintering, and
its microstructure and mechanical properties were analyzed by X-ray Diffraction (XRD), Scanning
Electronic Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and Vickers hardness tester.
The effect of Fe and C content on the microstructure of the eta phase, binder phase, grain size and
porosity, as well as mechanical properties in the W-Co-Fe-C system, was discussed quantitatively.
The position of added Fe in the lattice of the composites is clarified. When 2%–4% Fe was added,
Fe existes in both the binder phase and the low-carbon eta phase. In the lattice of the eta phase, Fe
occupies the position of Co and Fe uniformly existes in the binder with the structure of simple cubic
when the composites is in the eutectic phase region. Differently from the previous report that the
growth of WC in liquid Fe was severely limited, the size of WC in the W-Co-Fe-C system increases
from 1.14 μm to 1.21 μm when the content of Fe increases from 0 to 4%, which indicates that the
growth behavior of WC in liquid CoFe was different from that in liquid Fe, but closer to that in liquid
Co. The sample added both 2% Fe and 1% C has the optimum matching of hardness and toughness.
Compared with the hardness of 979 HV30 in the sample without adding Fe and C, the hardness of the
sample with both 2% Fe and 1% C added achieved 1071 HV30, which is increased by 9.4% under the
conditions of a slight increase in fracture toughness.

Keywords: WC-Co; Fe; eta phase; grain growth; hardness; toughness

1. Introduction

Composites can obtain comprehensive properties that cannot be achieved by the single
component material [1–4], and they are an important achievement of material technology
during the development of human civilization. More than 100 years ago, in order to
replace expensive diamonds, the WC-Co composite, which was composed of hard WC
particles and tough Co binder, was invented by powder sintering in the cutting processing
industry [5]. At present, this material has been widely used in wear-resistant parts and the
cutting tools of mining, machinery, oil mining, aerospace and other industries [6]. For each
country, Co is a limited resources and is widely used not only in WC-Co composites as
binders [7], but also in other important alloys, such as ultra-high strength martensitic steel
for aircraft landing gear [8], high-performance Co-based soft magnetic materials [9], and
high efficiency lithium batteries for new energy vehicles, which have developed rapidly
in recent years [10]. Therefore, researchers have been considering new alternative binders
for many years. In particular, the new European chemicals regulation clearly proposes to
consider partially replacing Co with Fe and Ni [11]. Both Fe and Ni are transition metals
close to Co element in the periodic table and have similar affinity with carbon and tungsten.

Coatings 2023, 13, 116. https://doi.org/10.3390/coatings13010116 https://www.mdpi.com/journal/coatings186



Coatings 2023, 13, 116

The replacement of Co with Fe and Ni has been a research focus of WC-Co composites.
Uhrenius’ [12] work showed that the calculated phase diagram based on Thermo Calc
databases can be used to predict the corresponding C content in the two-phase region
WC + fcc (face-centered cubic) under different Fe, Ni and Co content combinations in
the new Fe-Ni-Co-W-C composites. Shon et al. [13] fabricated the WC-10Co (wt.%),
WC-10Ni and WC-10Fe composites by the high-frequency induction heating sintering
(HFIHS) method and further discussed the effects of Fe and Ni on sintering behavior,
density, grain size and mechanical properties of the composites. Soria-Bairrun et al. [14]
added Cr to the binder of WC-Co-Fe-Ni composite, and found that, compared with the
phase diagram of WC-FeNiCo based on Thermocalc, the position of the carbon window
and the temperature of solidus and liquidus are significantly affected by the content of Cr.

After replacing Co with other metal elements, the microstructure evolution changed
significantly in WC-based composites. Marek Tarraste et al. [15] fabricated the WC-FeCr
composites using ferrite chromium steel as the binder metal and found that the addition of
about 2% carbon in WC-30%FeCr composites can hinder the formation of the eta phase.
Wittmann [16] investigated the effect of VC and other inhibitors on the growth of WC grains
when Ni and Fe are used as binders and found that VC is the most effective grain growth
inhibitor in WC-Ni hard metals, while the growth of WC grains is strongly restricted even
if no growth inhibitor is added in Fe-binder composites.

Furthermore, it is possible to obtain higher mechanical properties and corrosion resis-
tance through the replacement of reasonable content of Fe and Ni [17]. Kakeshita et al. [18]
found that the toughness of WC-(Fe-Ni-C) composites is higher than that of common
WC-Co composite by controlling martensitic transformation strengthening. Guo et al. [19]
investigated the influence of heat treatment on the toughness of WC-(Fe-Ni-C) compos-
ites, and results showed that isothermal heat treatment can also effectively improve the
toughness. Chang et al. [20] reported that, compared with WC-Co composites, the sin-
tered nanostructured WC-(Co-Ni-Fe) composites have better corrosion resistance and
mechanical properties.

The efforts above have shown that Fe has become an important alloying element to
replace Co in WC-Co-based composites. On the other hand, completely replacing Co with
Fe or Ni leads to a sharp decline in the performance of composites, and the composites
showed an extremely narrow carbon window (about 40% of WC-Co composites) at binder
contents of ≤10 wt.%, resulting in difficult control of the stability and reliability of products
in the factory.

At present, the research on WC-Co composites with added Fe has paid more attention
to the calculated phase diagram, WC grain growth, mechanical properties and corrosion
resistance. The research on the composition and distribution of the eta phase as well as the
occupation of Fe atoms in the lattice of WC-Co composites adding Fe is still limited.
Moreover, although the current experimental work has illustrated a good agreement
with the calculated phase diagram of WC-Co containing Fe based on CALPHAD, more
experimental data are needed, especially on the eta phase formation side, to better compare
the experimental and calculation [21].

In this work, WC-Co-based composites with different Fe contents were prepared by
powder metallurgy. The key factors affecting the mechanical properties, such as the density,
eta phase and WC grain size, as well as the composition and structure of the binders, were
studied. The occupation of Fe atoms in the crystallographic lattice of the composites after
the addition of Fe powder was also explored.

2. Experimental Procedure

Commercial tungsten carbide powder (6.1% C, W ≥ 93.72, p ≤ 0.001%, S ≤ 0.001%,
0.094% O, others ≤ 0.001%, wt.%, average particle size of 2 μm, Xiamen golden egret
special alloy Co., Ltd., Xiamen, China, Figure 1a), Co powder (Co ≥ 99.9%, Mn ≤ 0.0001%,
Cu ≤ 0.0003%, others ≤ 0.005%, average particle size of 0.8 μm, 99.9 wt.% purity, Xiamen
golden egret special alloy Co., Ltd., Xiamen, China, Figure 1b), Fe powder (Fe ≥ 99.0%,
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average particle size of 10 μm, Qinghe county Kegong Metallurgical Materials Co., Ltd.,
Xingtai, China, Figure 1c), W powder (W ≥ 99.0%, average particle size of 1.2 μm, Xiamen
golden egret special alloy Co., Ltd., Xiamen, China, Figure 1d) and carbon black (average
particle size of 200 nm, Xiamen golden egret special alloy Co., Ltd., Xiamen, China) were
selected as raw materials. Table 1 shows the nominal chemical compositions of different
WC-Co composites. The carbon content is calculated as follows: Ct% = (C1 + C2)/Mt,
where Ct% is the weight of total carbon in the sample, C1 is the weight of carbon in WC
powder, C2 is the weight of adding carbon black, and Mt is the total weight of sample. The
Ct is important for evaluating the carbon content in the sample, although it ignores the
carbon loss during the sintering process.

Figure 1. BSE-SEM of raw powders. (a) WC, (b) Co, (c) Fe, (d) W.

Table 1. The nominal chemical compositions of WC-13(Co-Fe) composites (wt.%).

Samples WC Co Fe W C Ctotal

0Fe-5.3C 87 13 0 0 0 C5.3
1Fe-5.3C 87 12 1 0 0 C5.3
2Fe-5.3C 87 11 2 0 0 C5.3
3Fe-5.3C 87 10 3 0 0 C5.3
4Fe-5.3C 87 9 4 0 0 C5.3
2Fe-5.1C 83.7 11 2 3.3 0 C5.1
2Fe-5.5C 87 11 2 0 0.25 C5.5
2Fe-6.3C 87 11 2 0 1 C6.3

Various weighed powders and ethanol were put into the ball mill. The weight ratio of
the ball to powder was 4:1, and the ball milling lasted for 24 h. Then, the mixed materials
were placed in a 70 ◦C vacuum drying furnace, and the drying time was 5 h. After drying,
the powder was sieved with an 80 mesh sieve and pressed into a mold with a diameter
of 20 mm under the pressure of 240 Mpa. Finally, the pressed blank was heated in a
tubular experimental furnace (GSL-1700X, Hefei Kejing Co., Ltd., Hefei, China) from room
temperature to 1000 ◦C at the rate of 10 ◦C/min, then heated to 1430 ◦C at the rate of
5 ◦C/min, kept at 1430 ◦C for 1 h, and then cooled in the furnace. The atmosphere for
oxidation prevention was argon during sintering.
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The prepared samples were ground and polished to analyze the phase by
XRD-7000 (Shimadzu Co., Ltd., Kyoto, Japan, Cu target.). The selected angle was
20◦–80◦ and the scanning speed was 5◦/min. Quanta 250FEG SEM (FEI Co., Ltd., Hillsboro,
OR, USA) equipped with energy dispersive spectroscopy (EDS) was used to analyze the
microstructure and chemical element distribution. Image Pro Plus image analysis soft-
ware was used to measure WC grain size. After sintering, the electronic analytical scale
(JHY-600Q, Xiamen Jinheyuan Technology Co., Ltd., Xiamen, China) was used to measure
the bulk density, which is calculated using the Archimedes principle. The pressure of
the indenter for measuring Vickers hardness was 30 kg, lasting for 10 s. Moreover, in
view of the high toughness of the samples 0Fe-5.3C and 2Fe-6.3C, the hardness tests at
50 kg pressure and 10 s were carried out on the two samples in order to observe the
crack morphology.

3. Results and Discussion

3.1. The Microstructure of WC-Co-Fe Composites

The XRD patterns of different samples are illustrated in Figure 2, and the composites
of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C, 3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C are composed
of three phases: WC, binder and eta phase. Only binder phase and WC exist in samples
2Fe-6.3C. Moreover, with the increase of Fe content, the peak value of the eta phase
increases, indicating that the formation of eta phase is promoted by replacing Co with Fe.
In the environment of low-carbon content, the reaction between WC and Co contributes
to the formation of the eta phase, which is usually called M6C and M12C [22] (or Co3W3C
and Co6W6C [23]). The addition of C leads to the disappearance of the eta phase in the
2Fe-6.3C sample.

Figure 2. XRD patterns of WC-13 (Co-Fe) composites with different contents of Fe and C (a) and the
enlarged XRD patterns between 43◦ and 46◦ (b).

Furthermore, the crystal structure of the binder phase changes with the addition of Fe
and C. The binder phase in the 0Fe-5.3C sample is Co-binder, corresponding to the lattice
constant of 3.57. After 2%–4% Fe is added, the CoFe-binder is formed, corresponding to
the lattice constants of 2.82. Through adding 1% C in the 2Fe-6.3C sample, the eta phase
is eliminated and the sample is a two-phase material, consisting of B2 ordered (simple
cubic, sc) CoFe and WC, and the Co-binder phase of fcc cannot be observed. In addition,
the content of added Fe has no obvious effect on the lattice constant of the eta phase. The
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lattice constant of the eta phase is about 11.04 in all samples of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C,
3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C. The occupation of Fe in the lattice of the eta
phase of WC-Co composites has been reported [24], and the results of this study are in
agreement with it, and it is difficult to observe the change of the corresponding 2θ angle in
the XRD pattern due to the very similar atomic radii of Fe and Co (Fe: 1.27 Å, Co: 1.26 Å).

As mentioned above, there are more eta phases in the sample added with Fe, which
indicates that Fe promotes the expansion of the upper limit of C in the fcc + WC + eta phase
region. Figure 3 demonstrates the phase diagram of WC-13Co and WC-9Co-4Fe calculated
by Thermo-Calc software. It can be seen that, with the increase of Fe, the carbon content
range of the WC + fcc two-phase region increases from 5.19%–5.36% to 5.33%–5.42%; that is,
the addition of Fe expands the range of carbon content in the phase diagram corresponding
to the WC + fcc two-phase region in the WC-Co-Fe system. It should be pointed out
that there is a large carbon loss in the sintering process, as reported by [25,26], so the
nominal C content in Table 1 is significantly higher than the carbon content in the phase
diagram in Figure 3.

Figure 3. Isopleth calculated with ThermoCalc software using TCFE10 database corresponding to the
WC-13Co (Black) and WC-9Co-4Fe (Red) composites.

The eta phase can be clearly observed in the BSE-SEM images in Figure 4. With the
addition of Fe from 0 to 4.0%, the area fraction and the size of the eta phase increase
sharply. In the 0Fe-5.3C sample, the eta phase size is relatively small, and most eta phases
are slightly larger than WC grains and, moreover, in the samples adding 4% Fe, the size
of some eta phases reache ~10 μm, which is more than five times the WC size. With
the increase of carbon black in the sample adding of 2% Fe, the fraction of the eta phase
gradually decreases and it finally disappears in the sample of 2Fe-6.3C.
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Figure 4. BSE-SEM microstructure of composites, (a) 0Fe-5.3C, (b) 1Fe-5.3C, (c) 2Fe-5.3C, (d) 3Fe-5.3C,
(e) 4Fe-5.3C, (f) 2Fe-5.1C, (g) 2Fe-5.5C, (h) 2Fe-6.3C.

Figure 5 further illustrates the statistical area fraction of the eta phase. The eta phase is
very sensitive to the addition of Fe. Under the same carbon content conditions, when 4% Fe
was used to replace 4% Co, the proportion of the eta phase increased more than twice, from
20% to 45.3%. When the added content of C reached 1%, the proportion of the eta phase
decreased to 0% in the sample of 2% Fe. Carbon black effectively inhibits the formation
of the eta phase in the 2Fe-6.3C sample. Wei et al. [27] also eliminated the eta phase
by adding carbon when using the WO2, Co3O4 and C as raw materials to manufacture
WC-Co composites.

Figure 5. Area fraction of the eta phase of different WC-13 (Co-Fe) composites.

The eta phase and Co in the 2Fe-5.3C sample are further analyzed by EDS as exhibited
in Figures 6 and 7. In addition to replacing Co in the binder (Figure 6a), the added Fe
also exists in the eta phase (Figure 6b) in 2Fe-5.3C sample, while in the 2Fe-6.3C sample,
Fe only exists in the binder (Figure 6c) due to the disappeared eta phase, as shown in
Figures 2 and 5. Moreover, the Co content in the binder and eta phases of the 2Fe-5.3C
sample is higher than the Fe content, as seen in Figure 7.
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Figure 6. EDS mapping of element distribution of different samples, (a) the binder phase of 2Fe-5.3C
sample, (b) the binder and eta phases of 2Fe-5.3C sample, (c) the binder phase of 2Fe-6.3C sample.

Figure 7. Elements’ distribution of binder phase, eta phase and WC phase in the 2Fe-5.3C sample.

To sum up, for the sample without an eta phase such as 2Fe-6.3C, Fe mainly exists in
the binder, forming a solid solution with B2 ordered structure (Figure 2). When the WC-13
(Co-Fe) composite is sintered at low-carbon content, such as 1Fe-5.3C, 2Fe-5.3C, 3Fe-5.3C,
4Fe-5.3C, 2Fe-5.1C and 2Fe-5.5C, Fe exists in both the eta phase and B2 ordered binder,
which has been confirmed by EDS analysis in Figure 6. In the eta phase, Fe occupies the Co
position instead of the W position, which can be identified by comparing the diffraction
peaks of the eta phase of 0Fe-5.3C and 2Fe-5.3C samples in Figure 2. If Fe occupies the
W position, the lattice constant will be greatly changed due to the large difference between
the atomic radii of Fe and W. Figure 8 demonstrates the schematic diagram of atomic
occupancy of Fe in the lattice of WC-13 (Co-Fe) composites.
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Figure 8. Crystal structure diagram of (a) binder phase of Co and CoFe and (b) eta phase of [W, Co]C
and [W, Co, Fe]C.

Figure 9 illustrates the distribution of the grain size of the composites. With the Fe
content increase from 0 to 4% (Figure 9a–e), the grain size of WC increases slightly from
1.14 μm to 1.21 μm, which is different from the previous report that the growth of WC
was hindered by adding Fe [16]. The growth of the WC grains was primarily related to
the dissolution and re-precipitation of WC grains in the binder phase during liquid phase
sintering [28]. Roulon et al. [11] found that the solubility of WC in liquid Fe is lower than
that in liquid Co. Wittmann et al. [16] reported that the substitution of Fe for Co as a binder
would strongly limit the growth of WC grains during liquid sintering.

Figure 9. The grain size distribution in WC-13Co with different additions of Fe and C: (a) 0Fe-5.3C,
(b) 1Fe-5.3C, (c) 2Fe-5.3C, (d) 3Fe-5.3C, (e) 4Fe-5.3C, (f) 2Fe-5.1C, (g) 2Fe-5.5C, (h) 2Fe-6.3C.
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The results in Figure 9 demonstrate that the growth behavior of WC in liquid CoFe
is close to that of liquid Co but completely different from that of liquid Fe. Moreover,
with the increase of the content of carbon added, the grain size of the composites further
increased from 1.21 μm to 1.42 μm. Konyashin et al. [29] pointed out that the high-carbon
environment is more conducive to the WC coarsening in WC-Co hard metals, although
the influence of carbon content on the grain growth behavior in the W-C-Co-Fe system is
still unclear.

3.2. Analysis of the Density

Figure 10 illustrates that the density of the WC-13 (Co-Fe) composite decreases grad-
ually with the increase of Fe content. The densification of WC-Co composites mainly
depends on the volume shrinkage and the closure of micro-pores during liquid sintering.
The high content of liquid metal and the good wettability between WC and the liquid metal
are important factors for densification sintering. Both the XRD pattern in Figure 2 and
the volume fraction of the eta phase in Figure 5 demonstrate that the proportion of the
eta phase increases with the increase of Fe content. This means that, during the sintering
process, the liquid Co decreases, which leads to the inhibition of shrinkage behavior and
the decrease of density.

Figure 10. The effects of addition of Fe and C on the densities of WC-13 (Co-Fe) composites.

Figures 11 and 12a further demonstrate the distribution and area fraction of micro-pore
with different additions of Fe and C. With the increase of Fe content from 1% to 4%, the area
fraction of micro-pore increased from 0.21% to 1.03%, while with the increase of C content
the area fraction of micro-pore significantly decreased, and the fraction in the 2Fe-6.3C
sample decreased to 0.30%. This is consistent with the change trend of density in Figure 10.
According to the EDS analysis in Figure 12b, the content of all elements of W, Fe and Co is
extremely low in the micro-pore, which is useful to prove the existence of the micro-pore in
the composites containing Fe.

With the addition of C, the fraction of eta phase decreases and the content of liquid
Co increases. Interestingly, comparing the density of 2Fe-6.3C and 0Fe-5.3C samples, the
density of the 2Fe-6.3C sample was lower than that of 0Fe-5.3C samples, although the eta
phase in the 2Fe-6.3C sample was completely eliminated. The reasons for the decrease in
density include: (i) the density of Fe is lower than that of Co; (ii) the increase of porosity. It
can be seen from Figure 11 that there are some micro-pores in the 2Fe-6.3C sample, which
can be explained by the lower wettability of WC in CoFe than in Co [30,31].
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Figure 11. BSE-SEM microstructure of different composites, (a) 0Fe-5.3C, (b) 1Fe-5.3C, (c) 2Fe-5.3C,
(d) 3Fe-5.3C, (e) 4Fe-5.3C, (f) 2Fe-5.1C, (g) 2Fe-5.5C, (h) 2Fe-6.3C.

Figure 12. (a) Area fraction of the micro-pore in different WC-13 (Co-Fe) composites and (b) the EDS
analysis around the micro-pore in the 2Fe-5.1C sample.

3.3. Mechanical Properties

When powder metallurgy is used to fabricate WC-Co composites, the key to the
sintering process is to remove porosity and make the composite compact, and to bond
different WC grains together with metal. Especially in the process of liquid phase sintering,
WC particles rearrange, dissolve and precipitate in the liquid phase binder, thus further
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removing the composite porosity. The hardness H affected by porosity can be described by
the following formula [32]:

H = H0 exp(−bρ) (1)

where ρ is the porosity, and H0 and b are constants. With the increase of porosity, the hard-
ness decreases rapidly. The quantitative effect of grain size on hardness can be expressed
by the Hall-Petch relationship [33]:

H = H0 + kd−
1
2 (2)

where H0 and k are constants, and d is the grain size of WC. The hardness decreases with
the increase of grain size. However, when the addition of Fe increased from 0 to 4%, the
porosity ρ and the grain size d increased (Figures 3 and 6), but hardness also increased
(Figure 13). This is because the hardness of WC-Co-based composites is also affected by
the eta phase. It is well known that the higher the content of the eta phase, the lower
the proportion of the binder phase. The eta phase is an intermetallic compound, and its
hardness is significantly higher than that of the metal binder phase. Therefore, the eta phase
is the dominant factor affecting the hardness in samples of 0Fe-5.3C, 1Fe-5.3C, 2Fe-5.3C,
3Fe-5.3C, 4Fe-5.3C, 2Fe-5.1C. When the Fe content increases from 0 to 4%, the eta phase
grows abnormally and the area fraction of the eta phase significantly increases to 45.3%,
leading to an obvious increase in hardness from 979 HV30 to 1185 HV30, and the increase in
average crack length from 0 μm to 47 μm.

Figure 13. The hardness (a) and the micrographs of Vickers’ indentations and induced surface
cracking in different WC-Co-Fe samples under 30 kg (b) and 50 kg (c) pressure, respectively.

On the other hand, the addition of C increases the grain size, and especially, signif-
icantly, decreases the eta phase, leading to the clear decrease of hardness, although the
decrease of porosity (Figure 3) is beneficial to the increase of hardness. Therefore, the
2Fe-6.3C sample without eta phase has lower hardness than other samples containing 2%
Fe. Surprisingly, compared with the hardness 979 HV30 of the 0Fe-5.3C sample without Fe
addition, the hardness of the 2Fe-6.3C sample clearly increases to 1071 HV30 by adding Fe
and C and, moreover, it also has good fracture toughness and the average crack length de-
creases to 0 μm, as shown in Figure 13b. The disappearance of the eta phase can strengthen
the skeleton structure of WC, which is very beneficial to synergistically increasing the
hardness and toughness [34].

As the cracks cannot be observed in the 0Fe-5.3C and 2Fe-6.3C samples in the hardness
test under 30 kg pressure (Figure 13b), the pressure of hardness was increased to 50 kg
and two samples had obviously different crack morphology. Clear cracks appeared at the
corners of the Vickers hardness indentation in the 0Fe-5.3C sample, while the 2Fe-6.3C
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sample still had no cracks. However, unlike hardness, fracture toughness is more difficult
to assess accurately, especially in brittle materials. The Godse and Gurland’s model (GGM)
given in the literature [35] can evaluate the fracture toughness in WC-Co composites with
10%–25% Co. The model formula is as follows.

KIc =

√
R(λ + d)E′σB

(1 − CVWC)

C1
(3)

where C, d and VWC are the contiguity, grain size and volume fraction of the carbide phase,
respectively; λ is the binder mean free path; R is a floating parameter calculated on the
basis of best fitting with experimental results, C1 is taken from McMeeking’s work as 0.54,
E′ is the ratio of elastic modulus to Poisson’s ratio, σB is the binder effective flow stress. E′
can be calculated by using Equation (4) for plane stress:

E′ = E
1 − V2 (4)

where E and V are elastic modulus and Poisson’s ratio. According to reports [36], 600 Gpa
and 619 Gpa were used for E and 0.23 and 0.22 for V in 0Fe-5.3C and 2Fe-6.3C samples,
respectively. Additionally, σB is the effective flow stress of binder, calculated by using
Equation (5) as proposed by Sigl and Fischmeister:

σB = 480 +
1550

λ
[MPa] (5)

The adjacency degree and the mean free path of the Co phase can be measured from
the SEM image. In the 0Fe-5.3C sample they are 0.27 and 0.39 μm, while in the 2Fe-6.3C
sample they are 0.31 and 0.42 μm. It is noted that the grain size of the 2Fe-6.3C sample is
larger than that of 0Fe-5.3C, which is in agreement with the report [37] that the average
free path of the Co phase increases with the increase of WC grain size. Then, the KIC can
be calculated by the Formula (3). The KIC of the 0Fe-5.3C sample and the 2Fe-6.3C sample
is 29.6 MPa·m1/2 and 31 MPa·m1/2, respectively. Eta phase exists in the 0Fe-5.3C sample,
which is unfavorable to the fracture toughness [38]. The calculation results show that
the fracture toughness of the 2Fe-6.3C sample is slightly higher than that of the 0Fe-5.3C
sample, which are consistent with the experimental results in Figure 13c.

The toughness of WC-based composites is mainly contributed by the metal binder
phase. The eta phase was completely eliminated in the 2Fe-6.3C sample, as seen in
Figures 2 and 5, leading to the highest proportion of binder phase compared with other
samples in Figure 13a. Furthermore, the density of Fe (7.86 g/cm3) is significantly lower
than that of Co (8.9 g/cm3). Therefore, after replacing Co with Fe of the same weight,
the volume fraction of the binder increases, resulting in a higher average free path of the
2Fe-6.3C sample. In addition, CoFe binder has higher hardness than Co binder. This
is because Fe replaces the occupation of Co in the binder based on the crystal structure
diagram as illustrated in Figure 8, which inevitably leads to lattice distortion and solution
strengthening. Moreover, the formation of the B2 ordered structure further produces the
ordered strengthening. Thus, the strengthening of the binder phase induced by the addition
of Fe is the main reason that the hardness of the 2Fe-6.3C sample is significantly higher
than that of the 0Fe-5.3C sample.

It should be pointed out that the hardness of WC based composites is significantly
lower than that reported in low pressure sintering and SPS sintering [36] due to the simple
pressureless sintering method adopted in this paper. However, the samples have excellent
fracture toughness, especially the 2Fe-6.3C sample, which did not crack in the hardness
test. This is significantly higher than the reported WC-13Co composite [39].

Consequently, adding 2% Fe to the WC-13Co composites increases the porosity, but by
adjusting the carbon content, the hardness can be significantly improved without obviously
damaging the toughness, although the porosity will damage the bending property [13].
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When WC-based composites perform with low requirements for bending strength, the
beneficial exploration of the current study can provide a useful reference on the control
of the eta phase, binder phase and porosity for saving cobalt resources and reducing raw
material costs in industrial production.

4. Conclusions

WC-13 (Co-Fe) composites were prepared by pressureless sintering at 1430 ◦C. The
effects of Fe and C additions on the microstructure and mechanical properties of composites
were investigated. The conclusions were drawn as follows.

� The addition of Fe significantly promoted the formation of eta phase in WC-13 (Co-Fe)
composites, and slightly promoted the growth of WC. With the increase of Fe content
from 0 to 4%, the content of the eta phase increases significantly from 20% to 45.3%,
and the grain size of WC increases from 1.14 μm to 1.21 μm. The addition of C
inhibited the eta phase and further promoted the growth of WC. With the increase of
C content from 0 to 1%, the content of the eta phase decreases from 37.6% to 0, and
the grain size of WC increases from 1.19 μm to 1.42 μm.

� The added Fe mainly exists in the eta phase and the binder phase. Compared with
the WC-13Co composite, the added Fe occupies the Co position instead of the W
position in the lattice of the eta phase. When the eta phase is eliminated by adjusting
the content of C, Fe uniformly exists in the binder, and after adding a relatively small
amount of 2% Fe, the binder phase of fcc-Co transforms into sc-CoFe.

� WC-13 (Co-Fe) composites with 2% Fe and 1% C added obtain good matching of
hardness and toughness. The fracture toughness is slightly higher than that of
WC-13% Co without the addition of Fe and C, and the hardness also increases by 9.4%.
The hardness of composites is mainly controlled by the content of WC and eta phases,
and is not very sensitive to porosity.
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Abstract: Laser cladding was used to prepare three composite coatings, i.e., Inconel 718 nickel-based
superalloy (IN718), IN718-50 wt.% WC created by adding tungsten carbide (WC) particles and
IN718-50 wt.% WC assisted by ultrasonic vibration. The phase composition, microstructure evolution,
microhardness, residual stress and tribological properties of the three coatings were studied. The
addition of WC enhances hardness and improves tribological properties, but also causes aggregation
and considerable formation of carbides associated with rough structure. Ultrasonic vibration greatly
refines the solidification microstructure, as it can break the growing dendrites, reduce the aggregation
of reinforced particles and refine solidified structure. The average microhardness of the latter two
composite coatings was increased by 36.37% and 57.15%, respectively, compared with the first IN718
coating, and the last composite coating (ultrasonic assistance) had the lowest COF (0.494). The WC
particles and refined carbides converted the wear mechanism from adhesive wear to abrasive wear.
In addition, the resultant stress on the surface of the composite coating roughly doubled after adding
50 wt.% WC, and only increased by 49.53% with ultrasonic treatment. The simulation results indicate
that acoustic cavitation mainly occurs in the middle and bottom of the molten pool and proper
frequency ultrasonic is conducive to the generation of the cavitation effect.

Keywords: laser cladding; IN718 nickel-based superalloy; tungsten carbide; ultrasonic; acoustic cavitation

1. Introduction

IN718 is a precipitate-strengthened superalloy based on Ni-Fe-Cr elements, possessing
high yield strength and good resistance to heat, creep and corrosion, and therefore has
been widely used in the manufacturing of gas turbine blades, engine casings, pumps and
molds [1,2]. Under high-temperature, overloading and alternating-loading severe serving
conditions, the failure of nickel-based alloy components is mainly caused by surface
abrasion, corrosion and fatigue spalling, resulting in the scrapping of a large number of
expensive mechanical parts [3,4]. Therefore, numerous surface modification techniques are
used to improve surface performances of these parts to prolong service life. In recent years,
with the merits of good metallurgical bonding, convenience for automation and controllable
thickness, laser cladding technology has been widely used in preparing functional coatings
on surfaces [5,6].

However, it is difficult for pure nickel-based coating to meet practical application
requirements. Therefore, ceramic particles (such as TiC, WC, Al2O3 and ZrO2) possessing
the properties of good thermal stability, high hardness and superior wear resistance are
added into nickel-based alloy powder to fabricate metal-based ceramic composite coatings
with excellent performance [7–10]. Therefore, WC particles having a fine affinity with
nickel-based alloys are ideal materials for improving the wear properties of nickel-based
coatings [11–13]. Xia et al. [14] studied the tribological properties of laser melting GH3536-
WC composite coatings reinforced by coarse and fine WC particles, concluding that the
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more uniform distribution of fine WC particles can significantly enhance the effect of
dispersion strengthening under the same WC content. Shen et al. [15] fabricated NiCrSiBC-
WC composite coatings with different WC content to investigate the mechanism of grain
refinement and crack behavior, and found that high WC content can refine solidified
structures obviously while also causing increases in the tensile stress and crack susceptibility
of coatings. In fact, due to the differences in physical properties between ceramic particles
and Ni-based alloy as well as the rapid melting/solidification characteristics of laser
cladding, metallurgical defects such as uneven distribution of WC ceramic particles, cracks
and pores are more likely to appear in the composite coating [16–18].

Ultrasonic vibration, as a type of auxiliary field, has been applied in the solidification
process of molten metal to refine the growth of microstructures via the synergistic effect of
ultrasonic cavitation and acoustic streaming [19,20]. Based on mathematical deduction and
analysis, Zhu et al. [21] proposed that the degree of undercooling and nucleation rate of the
molten pool increase with increasing amplitude and frequency of the ultrasonic vibration.
Moreover, Fan and Chen et al. [22] conducted a series of experiments on ultrasonic-field-
assisted gas tungsten arc cladding high-entropy alloys and found that the size of grains
and crystal boundary decrease with an increase in ultrasonic power. In addition, the
acoustic streaming and thermal effect of ultrasonic in the molten pool were studied using
numerical simulation. At present, most research mainly focuses on the field of pure
superalloy coating, while the mechanism of ultrasonic vibration on the distribution and
decomposition of reinforced particles as well as the morphologies of precipitated carbides
in the composite coatings is still insufficiently studied.

In this study, IN718 coating, IN718-50 wt.% WC and IN718-50 wt.% WC (ultrasonic
assistance) composite coatings were prepared by laser cladding. The phase composition,
microstructure evolution, microhardness, wear resistance and residual stress of the three
coatings were investigated. In addition, both the sound pressure distribution and cavitation
process in the molten pool were analyzed by numerical simulation.

2. Materials and Methods

2.1. Materials

The raw materials were spherical IN718 alloy powder (particle size: 40–100 μm) and
spherical WC particles (particle size: 30–70 μm), as shown in Figure 1, which were then
mechanically mixed by a planetary ball mill for 180 min. Finally, the mixed powder was
dried in a vacuum drying oven at 373.15 K for 30 min. The chemical composition of bonding
metal IN718 alloy powder is shown in Table 1. The forged In718 alloy with the dimensions
of 58 mm × 38 mm × 6 mm was used as the substrate. Before the experiment, the surface
of the substrate was grinded with sandpaper and washed with acetone solution to remove
oil stains.

 
Figure 1. SEM images of powders. (a) Spherical IN718; (b) spherical WC.
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Table 1. Chemical composition of bonding metal IN718 alloy powder (wt.%).

Elements Ni Cr Nb Mo Al Si Ti Fe

wt.% 52.3 19.01 5.07 3.06 0.57 0.35 1.00 Bal.

2.2. Experimental Procedure

The experiment was carried out on a composite device, and the details of the overall
layout diagram are shown in Figure 2. The whole device is composed of two parts,
including the laser cladding system and the ultrasonic vibration device. The laser cladding
system consists of a continuous fiber laser (IPG-YLS-2000-TR, Ipg Photonics Corporation,
Oxford, MA, USA), a powder feeder (Acunity, Acunity GmbH, North Rhine-Westphalia,
Germany) and a six-axis industrial robot (KUKA, KUKA Schweissanlagen, Augsburg,
Germany). The ultrasonic vibration device (CYCS-300TJ, Chiyu Ultrasonic Equipment,
Jinhua, China) is composed of a piezoelectric transducer, an acoustic horn and an ultrasonic
regulator. The resonant frequency of ultrasonic generator is adjustable from15 kHz to
60 kHz, and the maximum amplitude is 30 μm. The perpendicular relation and tight
junction between the horn and the substrate were double-checked before the experiment to
ensure the introduction of ultrasonic.

 
Figure 2. Setup for laser cladding with ultrasonic assistance. (a) Overall layout diagram; (b) schematic
diagram of ultrasonic-assisted laser cladding processing system.

Based on the optimization results of previous experiments, the process parameters
of laser cladding are listed in Table 2 [18,20,23]. The IN718 coating, IN718-50 wt.% WC
and IN718-50 wt.% WC (ultrasonic assistance) composite coatings were fabricated, and
were marked as Coating A, Coating B and Coating C, respectively. Figure 3a,b show their
dimensions and the scanning strategy, respectively. Moreover, all coatings and the single
track were fabricated using the same process parameters of laser cladding.

Table 2. The process parameters used in preparation of coatings.

Laser Cladding Value Ultrasonic Vibration Value

Laser power (w) 1300 Ultrasonic power (w) 300

Scanning speed (mm/min) 450 Amplitude (μm) 20

Power feeding rate (g/min) 16 Angular frequency (kHz) 20

Overlapping ration (%) 50 Wavelength (mm) 1.7
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Figure 3. (a) Top view of the laser cladding coating; (b) laser scanning path; (c) residual stress
testing points.

2.3. Microstructure and Properties Characterization

Samples were prepared using wire-cutting machine for metallographic observation
and phase detection. The metallographic samples were etched by aqua regia solution
(HCl: HNO3 = 3: 1) for 220 s to observe the microstructure under scanning electron
microscopy (SEM, S-3400N, Japan) and optical microscope (OM, Axio-Lab.A1, Carl Zeiss
AG, Baden-Wurttemberg, Germany). X-ray diffractometer (XRD, Bruker D8 Advance,
Bruker, Karlsruhe, Germany) was used to analyze the phase of coatings. The residual
stress on the surface of coatings was obtained by the sin2ψ method with a Proto-LXRD
instrument (X-350A, Aurora Group Company, Vancouver, Canada). The high voltage of the
X-ray was 22 kV and the current was 6 mA. Cr-Kα characteristic X-ray filtered by nickel
and the diffraction plane 220 were utilized for the measurement. The stress constant was
−601 MPa/deg.

The mechanical properties of different coatings were measured by Vickers microhard-
ness tester (MHVS-1000BZ, Yizhong Precision Instrument, Shanghai, China) and friction
and wear tester (HT-1000, Kaihua Technology Company, Lanzhou, China). The load and
hold time of the microhardness test were set as 0.2 kg and 15 s, respectively. Before friction
and wear test, the surface of coatings was grounded with sandpapers from 400# to 2000#
and then polished with diamond polishing agents to obtain high-quality smooth surface. In
addition, the material of grinding balls (ϕ = 5 mm) was Si3N4. The wear tests were carried
out with a load of 1500 g and a constant duration of 20 min.

3. Results and analysis

3.1. Cross-Sectional Morphologies of Different Coatings

Figure 4 shows the cross-sectional morphologies of three coatings fabricated by laser
cladding. It can be found that Coating A contains many pores, while the main defects of
Coating B are longitudinal and transverse cracks, as shown in Figure 4a,b. Due to the rapid
solidification in the laser cladding process, pores are caused by shielding gas and air which
cannot escape out of the molten pool in time, as shown in Figure 4(a1,a2). Under natural
conditions, melt flow in the molten pool is not strong enough to overcome agglomeration
and sedimentation of WC particles because of considerable density differences (Table 3), as
shown in Figure 4(b2). Carefully observing Figure 4(b1,b2), it can be seen that transverse
cracks occur at the interface between the coating and the substrate, while longitudinal
cracks are observed in the overlapping area. The longitudinal cracks propagate in the
direction of the highest temperature gradient, i.e., the preferentially growing direction
of dendrites, and then penetrate the whole composite coating. The transverse cracks
are induced by the difference of the coefficient of thermal expansion in different regions,
especially the reinforced WC particles which tend to cluster toward the bottom of the
coating. The micro-jetting and acoustic streaming generated by ultrasonic can effectively
promote the internal flow of the melt pool, and thus the WC particles are relatively evenly
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distributed across the cladding layer. In addition, there are no obvious pores and cracks in
the cross-section of the coating, as shown in Figure 4c.

Figure 4. Cross-sectional morphologies of different coatings: (a) Coating A; (b) Coating B; (c) Coating
C; 1 and 2 represent partial enlarged images of the top and bottom regions respectively.

Table 3. Physical properties of bonding metal IN718 alloy and WC particles.

Materials
Density Expansion Coefficient Elastic Modulus Melting Point

g cm−3 10−6 K−1 Gpa K

IN718 8.24 11.8–18.7 199.9–240 1523

WC 16.5 6.5–7.4 650–710 2798
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3.2. Microstructure of Coatings
3.2.1. Phase Composition Analysis

Figure 5a shows the XRD patterns of the three coatings. Tungsten carbide particles
possessing high thermal stability and chemical inertness experience almost no conversion
or chemical reactions under individual heating. The possible decomposition reactions
of WC particles in the molten pool were calculated using HSC thermodynamic software.
The Gibbs free enthalpy (ΔG) of WC decomposing into W2C and WC turns out to be
negative only when temperature surpasses 2614 K (as shown in Figure 5b), which means
this reaction can proceed spontaneously with the rise in temperature. However, with
strong thermal convection and high-density energy in the molten pool, tungsten carbide
particles can decompose into W2C even at low temperatures (873 K~1143 K), as reported by
Nerz et al. [24]. The free enthalpy of decarburization reaction (2) is positive, which means
that it cannot proceed spontaneously without external force. In fact, the non-equilibrium
solidifying characteristics of the laser cladding process, including high cooling rate (up to
7800 K/s) and strong thermal convection (up to 0.5 m/s) induced by the Marangoni effect,
promote the forward process of the reaction [25,26].

2WC → W2C + C (1)

W2C → 2W + C (2)

WC + W + L → M3W3C (3)

M + C → MC (4)

where L means Fe-C liquid phase and M means Cr elements in the IN718 alloy.

 
Figure 5. (a) XRD patterns of the three coatings; (b) relationship between temperature and free enthalpy.

Therefore, under high-intensity laser irradiation, WC decomposes into W2C and C at
the beginning, and then the intermediate product (W2C) proceeds to undergo the decar-
burization reaction. During the dynamic decomposition process, the W and C elements
can react with the active elements (such as Fe, Mo and Cr elements) in the molten pool
to precipitate carbides with different shapes and crystalline structures. The XRD pattern
shows that the dominant phase in Coating A is Fe0.64Ni0.36 supersaturated solid solution
(namely γ-Ni). With the addition of numerous WC particles, the phases of Coating B and
Coating C are mainly γ-Ni, WC, W2C, M6C (Fe3W3C and Fe3Mo3C), M7C3 (Cr7C3) and
M23C6 (Cr23C6) [15,27].

Attentive examination of Figure 5a reveals some detailed information: the main peak
position of Coating A is 50.7038◦ and those of Coating B and Coating C are 39.7464◦ and
39.7656◦, respectively. The left shift of the diffraction peak is closely related to the increase
in residual stress caused by a considerable number of precipitated carbides, which is
consistent with prior studies [14,25]. The mean grain size of the coating can be deduced

206



Coatings 2023, 13, 151

from the Scherrer equation [28]. The full width at half maximum (FWHM) of the XRD
diffraction peak is calculated by

L =
0.9λ

βcosθ
(5)

where L is the mean grain size, λ is the X-ray wavelength, β is the FWHM and θ is half
the scattering angle. According to this equation, the FWHM is inversely proportional to
the mean grain size. Fitting the main peaks of XRD curves using Gaussian functions, the
FWHM values of Coatings A, B and C are measured to be 0.31849, 0.25541 and 0.26437,
respectively. Therefore, the mean grain size of the three coatings first increases and then
decreases. It is noted that the grain size of precipitated carbides is generally larger than
the γ-Ni phases of IN718 alloy, and this kind of microstructure is more refined with the
application of ultrasonic (as is shown in Figure 6), corresponding with the above inference.

Figure 6. Typical microstructure on cross-section. (a1–a3), (b1–b3) and (c1–c3) are the cross-sectional
morphologies of Coating A, Coating B and Coating C, respectively. 1, 2 and 3 represent the top region,
middle region and bottom region, respectively.

3.2.2. Microstructure Analysis

The typical microstructure of Coating A is shown in Figure 6. According to the
constitutional supercooling criterion, the morphology of a solidified structure depends
on the combined parameters of temperature gradient G and solidification rate R [29]. The
solidification rate R is defined as the rate of normal advance at the solidification interface,
which can be expressed as [26]:

R = Vs · i · n∗ (6)

where Vs, i and n* correspond to the laser scanning velocity, the unit vector of scanning
direction and the interface normal vector of the solidification front, respectively. Therefore,
the value of solidification rate R gradually decreases in the depth direction. The surface
of the molten pool is at the gas–liquid interface where it is affected by a strong dual
action of thermal radiation and thermal convection, while the interior is mainly affected by
thermal convection caused by the Marangoni effect. As a result, the temperature gradient
G gradually decreases in the depth direction. The morphology of the solidified structure
is determined by the morphological parameters G/R; the larger the value, the rougher the
microstructure. Meanwhile, the size of the solidified structure decreases with the increase
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in the cooling rate G × R [30]. Therefore, the microstructure of Coating A sequentially
presents as fine equiaxed grains, dendritic crystal and coarse columnar grains from the top
to bottom of the coating, as shown in Figure 6(a1–a3).

When adding 50 wt.% WC particles, the microstructure undergoes a dramatic shift from
single γ-Ni solid solution phase to a large number of precipitated carbides. At the top region
of Coating B, the direct laser radiation and endothermic decomposition of tungsten carbide
both promote the higher temperature gradient G and cooling rate G × R around WC parti-
cles [14]. Thus, WC particles act as heterogeneous nucleation sites for precipitated carbides
which appear as long columnar and large block carbides with sharp edges, as shown in
Figure 6(b1). Due to the addition of a high content of WC particles, obvious cracks and
pores occur in the cluster regions of multiple particles at the middle region of Coating B,
as shown in Figure 6(b2). It is noted that cracks initiate at the edges of WC particles and
gradually extend to the interior, presenting as brittle fracture of multiple clustered particles.
These phenomena are mainly related to local stress concentration and poor flowability of
IN718 melt caused by the agglomeration of WC particles [15,27]. At the bottom region of
Coating B, the WC particles with high density tend to sink, and the precipitated carbides
become granular and columnar in shape rather than block-shaped, and clustered in floccu-
lent and chrysanthemum shapes. In addition, mixed microstructures such as feather-like,
long columnar and large block carbides with obvious dendrite orientation form, as shown
in Figure 6(b3).

After introducing ultrasonic vibration into the molten pool, the solidified microstruc-
ture is refined, apparently because of the synergetic effects between acoustic streaming
and cavitation. The acoustic streaming and micro-jet emitted by the collapse of cavitation
bubbles both accelerate the thermal convection of the molten pool, which is conducive to
reducing the temperature gradient G. Thus, plenty of fine equiaxed carbides are generated
at the top of Coating C, as shown in Figure 6(c1). Moreover, the solidification rate R
decreases with increasing depth, which leads to the formation of columnar carbides. The
refinement of the microstructure is more remarkable at the bottom region associated with
less ultrasonic attenuation, as shown in Figure 6(c2,c3). The epitaxial growth of dendrites as
well as the large block eutectic carbides are broken on the side near the bottom. In addition,
fine dispersed carbides in the shape of cells and arborization are generated.

A map scanning analysis of a whole WC particle and the surrounding area in the
metal-base ceramic coatings was carried out, as shown in Figure 7. A dissolution–diffusion
layer can be obviously observed around the WC particle, with strips and blocks of tungsten-
rich dendrites growing perpendicular to the edges. The W elements are mainly enriched
in the surrounding bright white carbides, while the Cr, Fe and C elements are relatively
evenly distributed within the coatings. Based on previous studies [18,31], five main phases
are observed in Figure 7, namely the bright white tungsten carbide phase (1), the white
W2C phase in the dissolved diffusion layer (2), the block as well as striped eutectic carbide
phases (3) and (4), and the dark grey IN718 matrix phase (5). The eutectic carbide phase
is produced by the metallurgical combination of W elements released by the thermal
decomposition of WC with elements from IN718 alloy at locations relatively far from the
WC particles, and contains more Fe, Cr and Ni elements. The chemical compositions of
typical phases are shown in Table 4. The results show that the weight ratio of W and C
elements in the block carbide is higher than that of the strip carbide, which contains more
Nb and Cr elements.

Several typical decomposition characteristics of WC particles are generalized according
to the microstructure SEM images in different coatings, as shown in Figure 8. Figure 8a,c are
extracted from Coating B, while the others are from Coating C. Firstly, WC particles with a
small size are prone to experiencing disintegration and diffusion at high thermal energy
densities, while the decomposition type of large WC particles is dissolution–diffusion.
Secondly, the main differences between Coating B and Coating C are the morphologies
and sizes of precipitated carbides. In Figure 8a, the splitting decomposition of small-
scale WC particles occurs at a high temperature, then reacts with the active elements in
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the IN718 matrix, which finally precipitate large block carbides with sharp edges and
microcracks. However, when ultrasonic is introduced into the molten pool, the edges
of carbides become more rounded and their size reduces, as shown in Figure 8b. The
same phenomenon can be found in the morphology of the large WC particles. During
the cladding process, the energy in the molten pool is not sufficient to cause complete
dissolution of large WC particles. The borders of the WC particle are slightly eroded by
molten IN718 alloy and form a shallow alloyed reaction layer which is mainly composed of
the intermediate product (W2C) from the decarburization reaction of tungsten carbide. At
the same time, the surrounding carbides present as block and strip shapes, as shown in
Figure 8c. In Figure 8d, the decomposition of WC particles increases obviously because of
the completely disappearance of the shell-core structure, and rounded carbides nucleated
at the WC particle grow radially after ultrasonic treatment. Meanwhile, the microstructure
and size of precipitated carbides are generally refined.

 
Figure 7. EDS map scanning results of typical microstructure in composite coatings.
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Table 4. Chemical compositions of different phases in the composite coating.

Point Phase
Composition (wt.%)

W C Ni Fe Cr Mo Nb

1 WC 78.63 10.13 1.62 2.35 0.96 0.09 6.22

2 W2C 75.65 6.56 1.05 1.64 0.70 0.18 14.21

3 Block
carbide 49.10 9.65 15.25 6.94 9.23 1.03 8.79

4 Strip
carbide 42.21 6.54 11.41 4.49 11.64 1.32 22.39

5 Ni matrix 12.35 2.1 45.85 17.58 15.25 0.76 6.11

 
Figure 8. Thermal decomposition characteristics of WC particles during laser cladding process
with and without ultrasonic: (a,b) disintegration–diffusion type for WC particles with small size;
(c,d) dissolution–diffusion type for WC particles with large size.

3.3. Performance of Composite Coating
3.3.1. Microhardness

Figure 9 shows the microhardness distribution along the depth direction of the three
coatings. The average microhardness of Coatings A, B and C is 304.27 HV0.2, 414.93 HV0.2
and 478.15 HV0.2, respectively. The microhardness of Coating C increases by 63.22 HV0.2
(15.25%) compared with Coating B and is 1.36 times that of Coating A. The enhancement of
microhardness in Coating B and Coating C can be ascribed to a large number of precipitated
carbides after the addition of WC particles. According to the Hall–Petch formula [32],
there is a nonlinear inverse relationship between microhardness and grain size. Thus,
the microstructure refinement caused by ultrasonic, as shown in Figure 6, can effectively
enhance the microhardness of Coating C. Meanwhile, the fluctuation of microhardness
along the depth direction is gentle, which indicates that the homogenization of particle
distribution and microstructure has improved significantly.
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(a) (b) 

Figure 9. (a) Microhardness of different coatings along the depth direction; (b) average hardness of
cladding layers of different coatings.

3.3.2. Residual Stress

The residual stress of WC-reinforced composite coatings prepared by laser cladding
was made up of two parts: thermal stress and shrinkage stress [31]. Thermal stress was
generated due to high-temperature ingredients, especially at the interface between the
coating and the substrate, while shrinkage stress was induced by the incompatible coeffi-
cient of thermal expansion between carbides and nickel-based alloy [15,33]. The generation
mechanism of residual stress is shown in Figure 10. Basing on the laser scanning path
shown in Figure 3b, the direction along the laser scanning path was set as x, while that
perpendicular to it was set as y. Nine points selected evenly on the surface of coatings were
measured to obtain the average residual stress. Then, the residual stress component of
x direction was set as σx, and the residual stress component of y direction was set as σy.
Eventually, the resultant stress—which was the vector sum of σx and σy—was set as σt, as
shown in Figure 11.

The results indicate that residual tensile stresses are widespread on the surface of
coatings, and the residual stress component σx is the principal stress, similar to the results
of previous studies [34]. With the addition of numerous WC particles, σx and σy of Coating
B increased significantly. It is noteworthy that the gap between σx and σy on Coating C
decreased due to the homogenized effect of ultrasonic. Based on the synthesis results, the
resultant stress σt for Coating A was 237.19 MPa, while these values increased to 460.43 MPa
and 354.68 MPa for Coating B and Coating C, respectively. According to previous studies,
the bulk precipitated carbides with sharp edges and uneven distribution of WC particles
all increase residual stress levels [14,33]. In short, the distribution of WC particles was
improved, and the formation of bulk precipitated carbides with sharp edges was inhibited
by ultrasonic, as shown in Figures 6 and 8. Therefore, the resultant stress σt of Coating C
showed a 22.95% decrease compared with Coating B.

Figure 10. Mechanism of residual stress generation during laser cladding.
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Figure 11. Average residual stress of different coatings.

3.3.3. Tribological Properties

The friction and wear curves of the three coatings are shown in Figure 12a. The friction
and wear curves of the three coatings can be divided into two stages: the rapid growth
stage and the steady wear stage. In the initial stage, due to the flatness of the sample and
the cold-welding effect of wear debris between friction pairs, the grind ball needed greater
friction force to overcome the above negative factors. Therefore, the friction and wear
coefficient increased significantly. After a period of running-in, as the cold-welding areas
were cut off, the friction and wear coefficient decreased sharply, and all curves entered a
relatively stable stage after 6 min. The mean coefficients of friction (COFs) for Coatings A,
B and C are 0.605, 0.546 and 0.494, respectively. Therefore, the abrasion curve of Coating C
is the most stable, and also has the smallest COF. In addition, the abrasion curve of Coating
C is more stable than those of the other coatings and it was the first to enter the steady wear
stage. This can be attributed to the more uniform distribution of WC particles and grain
refinement induced by ultrasonic, as shown in Figures 4 and 6.

 
(a) (b) 

Figure 12. (a) Friction and wear curves of different coatings; (b) average COF.

In order to further study the wear mechanism of various coatings, the morphologies
of worn surfaces were observed by SEM, as shown in Figure 13. The wear scar width
decreases successively from 1.058 mm on Coating A to 0.397 mm on Coating C, which
means the wear resistance of the coating was improved. For Coating A, which was prepared
by IN718 alloy powder, large wear debris, obvious plowing grooves and spalling pits in
the sliding direction were found (Figure 13a). The WC particles and precipitated carbides
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enhance the wear resistance of the coating. As shown in Figure 13(a2,a3), the WC particles
and granular-lump carbides with high hardness can improve surface resistance to local
plastic deformation and destruction capabilities. Compared with Coating A and Coating B,
Coating C has the smallest wear debris, which can be attributed to the uniform distribution
of WC particles and formation of fine dispersed carbides. Acoustic streaming and cavitation
induced by ultrasonic promote the even particle distribution in the upper region of the
coating and grain refinement. Coating C has excellent friction performance caused by
precipitation and grain refinement strengthening.

 

Figure 13. Worn surface morphology of different coatings. (a1–a3) Coating A; (b1–b3) Coating B;
(c1–c3) Coating C.

4. Discussion

Numerous recent research works indicate that dendrite fragmentation and microstruc-
ture refinement in metal solidification processes with ultrasonic treatment are mainly
ascribed to the cavitation effect of ultrasonic [21,35,36]. The cavitation effect is the result of
the dynamic interaction between sound pressure and bubbles. Figure 14 shows the two-
dimensional model for finite element simulation. The model is predigested to an integration
of two semi-ellipses by gauging the cross-section of the single-track cladding layer.

Figure 14. Numerical simulation model for ultrasonic effect.

When high-intensity ultrasonic is introduced into the molten pool, the tiny bubbles in
liquid metal are subjected to periodic action of sound pressure. When there is a cavitation
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nucleus with initial radius R0 in the molten pool, the cavitation threshold of the molten
pool in the form of sound pressure is expressed as [37]:

PB = P0 − Pv +
2

3
√

3

⎡
⎢⎣ ( 2σ

R0
)

P0 − Pv +
2σ
R0

⎤
⎥⎦

1
2

(7)

where P0 = 101 kPa is the liquid static pressure, Pv = 0 kPa is the saturated steam pressure,
σ = 1.5 N/m is the liquid surface tension coefficient of the IN718 alloy molten pool and
R0 = 5 μm is the initial radius of the cavitation bubble. The corresponding cavitation
threshold PB in liquid IN718 metal is 0.3 MPa, calculated by Equation (5). The ultrasonic
input position is located at the bottom of the substrate, the same as in the experimental setup.
The molten pool and the substrate are modelled separately with the pressure-acoustic,
frequency-domain and solid mechanics modules in COMSOL Multiphysics software. In
order to simplify the model, the influences of the WC particle’s distribution and dissolution
on physical parameters such as liquid metal density and dynamic viscosity are ignored.
The entire molten pool is assumed to be filled with the melting IN718 alloy to characterize
the function of ultrasonic. The Y-axis sinusoidal displacement A(t) on the middle of the
substrate’s bottom is set as

A(t) = Amsin(2π f t) (8)

where Am = 20 μm is the vibration amplitude and ω = 20 kHz is the ultrasonic frequency.
A sound-soft boundary is applied to simulate the vapor–liquid interface at the top of the
molten pool, and the acoustic impedance of the top boundary is nil. At the same time, an
acoustic-structure boundary coupling model was used to calculate the actual distribution
of sound pressure of the molten pool in this work and the results are shown in Figure 15.

Figure 15a shows the transient sound pressure distribution in the molten pool and
the displacement of the substrate which was extracted from 1 μs to 6 μs in the first period
of ultrasonic (50 μs). It is remarked that regions with the actual value of sound pressure
surpassing the cavitation threshold (0.3 MPa) are mainly distributed in the middle and
lower parts of the molten pool. Figure 15b shows the average, maximum and minimum
sound pressures of the whole molten pool within ten ultrasonic cycles. The results show
that the sound pressure in the molten pool gradually tends to be stable despite large
amplitude oscillation with time, which is mainly caused by the attenuation effect associated
with the propagation of sound waves in the fluid. In order to further investigate the
expansion, contraction and collapse process of cavitation bubbles in the molten pool, the
evolution law of individual cavitation bubbles under different sound pressure fields is
analyzed based on the Rayleigh–Plesset model [38]:

R d2R
dt2 + 3

2

(
dR
dt

)2

= 1
ρ

[(
P0 +

2σ
R0

− Pv

)(
R0
R

)3k − 2 σ
R − 4μ 1

R
dR
dt − P0 + Pv + Pmsin(ωt)

] (9)

where R is the real-time radius of the cavitation bubble; t is time; k is the ratio of the specific
heat at a constant pressure to specific heat at a constant volume of gas in the bubble, taking
4/3; and μ is the dynamic viscosity of molten IN718 alloy, taking 0.005 Pa·s. Additionally,
Pmsin(ωt) is the acoustic pressure in the cladding pool substituted with the simulated
values, as shown in Figure 15, to solve this differential equation.

The Rayleigh–Plesset equation is solved using the differential equation interface in
COMSOL Multiphysics software, and the evolution law of the cavitation bubble under
specific sound pressure amplitude, initial radius and ultrasonic frequency is calculated as
shown in Figure 16. The horizontal coordinate is the ratio of time to ultrasound period and
the vertical coordinate is the ratio of the real-time radius of the cavitation bubble to the initial
radius, showing the variation of the cavitation bubble radius over ten ultrasound periods.
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Figure 15. Simulation results of sound pressure in the molten pool: (a) sound pressure and vibration
amplitude at 1 us to 6 us with 1 us time interval; (b) average, maximum and minimum sound
pressures in the molten pool; 1–6 represents each microsecond from 1 us to 6 us.

Figure 16. Influence of characteristic parameters on cavitation process. (a) Ultrasonic amplitude;
(b) initial radius; (c) ultrasonic frequency.
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When the radius of cavitation bubbles and ultrasonic frequency are certain, the evolu-
tion law of the bubble’s radius with different sound pressures from 0.40 MPa to 0.90 MPa is
shown in Figure 16a. The results indicate that only when the sound pressure in the molten
pool is much higher than the cavitation threshold can the radius of cavitation bubbles vary
significantly. The cavitation bubbles with various radii are invariably in the condition of
moderate amplitude and nonlinear oscillation at an acoustic pressure of 0.8 MPa; some do
not even collapse within ten sound pressure cycles, as shown in Figure 16b.

Based on the R–P equation to predict the effect of ultrasonic frequency on cavitation
bubble radius, Figure 16c shows that under the sound pressure field with the sound pressure
of 0.8 MPa and the initial radius of 5 μm, the collapse times of the cavitation bubbles at
frequencies of 20 kHz, 21 kHz, 22 kHz, 23 kHz and 24 kHz are 3.85 T, 5.16 T, 0.87 T, 3.16 T and
3.90 T, respectively. Moreover, the maximum radii of the cavitation bubbles during dynamic
evolution are 76.36, 53.57, 25.50, 58.62 and 63.88 times the initial radius, respectively. At an
ultrasonic frequency of 20 kHz, the intensity of cavitation is guaranteed to include higher
radius variation and moderate collapse time. Some experimental observations indicated
that when the ultrasonic frequency increased to a certain value, no ultrasonic cavitation
occurred or cavitation could not be detected, resulting in a more stable pressure value in
the flow field [39]. The main reason for this anomaly is that at higher ultrasonic frequencies,
the cavitation bubbles do not have enough time to expand and contract under the effect
of alternating strong positive and negative pressures, and the difficulty of generating the
cavitation effect increases. Therefore, low-frequency ultrasonic was used in this study.

In this study, the size of the molten pool formed by laser irradiation was approximately
equivalent to the width of a single-track cladding layer, which is about 2.4 mm. According
to the laser scanning speed (450 mm/min), the existence time of the molten pool was
estimated to be about 0.32 s, which was long enough to cover the annihilation time of the
cavitation bubbles (about 0.00005 s). Therefore, the solidification process of the molten pool
can experience up to ~103 cavitation.

Based on the above cavitation simulation, the ultrasonic used in this experiment can
generate the cavitation effect, and the cavitation intensity can be guaranteed. On the one
hand, a large number of cavitation bubbles are generated and then swell up at the initial
stage of ultrasonic cavitation; these bubbles absorb considerable heat from the liquid metal.
Therefore, the overall undercooling degree of the molten pool increases, which is conducive
to decreasing the grain size. On the other hand, acoustic streaming and microjets generated
by the collapse of cavitation bubbles both promote the internal flow of melt as well as the
uniform distribution of solute elements in the coating. The combined action of the above
two factors refines the microstructure of the coating. Some laboratory observations using
synchrotron radiation indicated that acoustic cavitation and acoustic streaming can break
the growing dendrites into tiny fragments, and these fragments then act as the nucleus of
heterogeneous nucleation [40,41].

The schematic illustration of grain refinement in the molten pool is shown in Figure 17.
Under the action of a high-energy density laser, WC particles decompose and react with
elements in the IN718 matrix to precipitate massive carbides with sharp edges and coarse
structure, as shown Figure 17a,b. After introducing ultrasonic into the molten pool, acoustic
cavitation and the acoustic streaming effect greatly improve thermal convection and mass
transfer, which promote the decomposition of WC particles, and the size of carbides is
refined, as shown in Figure 17c,d. Moreover, the tiny fragments from growing dendrites act
as the nucleus of heterogeneous nucleation, which can result in the growth of equiaxed grains.

In short, the enhancements in mechanical properties (microhardness, residual stress
and wear resistance) of IN718-WC composite coatings can be attributed to precipitation
strengthening and microstructure refining induced by fine dispersed carbides.
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Figure 17. A schematic of grain refinement including small and large size WC particles in laser
cladding: (a,b) without ultrasonic vibration; (c,d) with ultrasonic vibration.

5. Conclusions

IN718 coating, IN718-50 wt.% WC and IN718-50 wt.% WC (ultrasonic assistance)
composite coatings were prepared by laser cladding. The influences of decomposition of
WC particles and ultrasonic vibration on composition, microstructure evolution, micro-
hardness, residual stress and tribological prosperities have been systematically analyzed.
The following main conclusions can be drawn:

(1) The main phase in laser cladding IN718 coating is the γ-Ni phase. With the addition
of numerous WC particles, the phase compositions are converted into γ-Ni, WC, W2C,
M6C (Fe3W3C and Fe3Mo3C), M7C3 (Cr7C3) and M23C6 (Cr23C6) due to considerable
generation of precipitated carbides with various shapes and sizes.

(2) The decomposition of WC particles can greatly enhance microhardness and wear
resistance of composite coatings. Meanwhile, acoustic streaming and cavitation can
homogenize the distribution of WC particles and refine the microstructure. Therefore,
the composite coating assisted by ultrasonic has the highest microhardness (478.15 HV0.2)
and the lowest COF (0.494).

(3) Massive particles and carbides can increase residual stress on the surfaces of coatings,
while ultrasonic vibration can inhibit the formation of massive carbides with sharp
edges. Thus, the resultant residual stress and the gap between σx and σy can be
effectively decreased.
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(4) The cavitation effect is mainly concentrated at the bottom of the molten pool. The
ultrasonic used in this work can guarantee the intensity of cavitation, including
through higher radius variation and moderate collapse time.
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Abstract: Pyroxene glass-ceramic enamels based on combinations of blast furnace slag and some
additives were produced and investigated. The batch compositions and technological regimes of
enameling were developed to produce high temperature protective coatings for carbon steel (ASTM
1010/1008). The composition of raw materials was selected to match the values of the thermal ex-
pansion coefficients of the glass-ceramic coating (~11·10−6 K−1) and metal substrate (~12·10−6 K−1)
taking into account the temperatures of fluidization (Tf ~ 800◦) and crystallization (Tc = 850−1020 ◦C)
of the corresponding glasses. The covered and thermally treated samples of carbon steel were
produced using single-layer enameling technology and investigated to specify structure, phase
composition and properties of the coating and coating-steel interface. The obtained coatings were
characterized with excellent adhesion to the steel (impact energy ~3 J) and protective properties.
The closed porous structure of the coatings promoted low thermal conductivity (~1 W/(m·K)) and
high (up to 1000 ◦C) thermal resistance, whereas the pyroxene-like crystalline phases supported
high wear and chemical resistance as well as micro-hardness (~480 MPa) and thermal shock resis-
tance (>30 cycles of 23–700 ◦C). The obtained cheap coatings and effective protective coatings could
be used at the temperatures up to 1100 ◦C in the corrosive atmosphere and under the action of
abrasive particles.

Keywords: glass-ceramics; carbon steel; protective coating; structure; properties

1. Introduction

Modern engineering techniques demand the creation of new coatings, which must
have high efficiency under the action of temperature and an aggressive environment.
Among protective ceramic coating systems for industrial and engineering applications,
glass–ceramic coatings have advantages of chemical resistance, high temperature stability
and superior mechanical properties such as abrasion, impact etc., as compared to other
coating materials applied by different forms of thermal spraying (physical and chemical
vapor deposition (PVD and CVD), plasma, etc.) [1]. In addition, the ceramic coatings
produced by sputtering technologies [2–5] usually are brittle, expensive, and difficult to
deposit with low-cost processes.

The sol-gel process enables the synthesis of ceramic coating on the steel surfaces with
a protective layer based on SiO2, ZrO2, Al2O3, TiO2. These materials, easily deposited on
surfaces with inexpensive processes, showed excellent chemical stability, and improve the
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corrosion resistance of metal substrates at low temperatures [6], however, their thermal
refractory properties are not high enough. Besides imparting required functional properties
such as heat, abrasion and corrosion resistance to suit particular end use requirements,
the glass-ceramic coatings in general also provide good adherence, defect free surface
and refractoriness [1,7]. However, most of the glass-ceramic coatings described in the
literature were developed for stainless steel [8]. The data on protective glass-ceramic
coatings recommended for carbon steels are not so extensive.

Some glass-ceramic compositions based on the system of SiO2-Al2O3-CaO-MgO-
Fe2O3-MnO2-K2O-Na2O were developed by Zubekhin and coauthors to coat carbon
steels [9,10]. A wear resistant glass-ceramic coating system based on SiO2-B2O3-Al2O3
glass was reported by [11]. A glass-ceramic coating with quartz additions has been devel-
oped in [12], as a single coat without prior chemical treatment of the surface, by using the
dipping technique on low carbon alloyed steel. A number of TiO2 and P2O5 nucleated glass-
ceramic coating compositions in the system of RO-R’2O-Al2O3-SiO2 (R = Ca, Mg; R′ = Na,
K, Li) have been studied for application on various grades of steel and alloy, including mild
steel, with an aim of protecting them against mechanical wear and chemical corrosion [13].
A novel environmental barrier double-layer coating system for mild steel consisting of a
perhydropolysilazane bond coat and a polysilazane-based glass/ceramic composite topcoat
has been developed in [14]. An anti-fouling ceramic coating was developed and applied to
carbon steel in the work [15]. Anti-fouling testing and thermal conductivity measurements
were performed to evaluate the performance of this coating. However, the modern industry
requires that the coatings must have greater efficiency under aggressive environments and
can be used in the thermal shock conditions.

Here, it is necessary to note that glass-ceramic materials based on various combinations
of industrial waste have been intensively investigated in the last decades and indicated
excellent wear, chemical and thermal resistance [16–21]. Among them, the pyroxene-type
glass-ceramic materials are very attractive, due to their excellent exploitation properties
such as chemical, thermal and wear resistance [21,22].

We proposed that the glass compositions based on industrial waste such as blast
furnace slag, fly ash and neutralized sludge of nickel electroplating could represent the
glass-forming systems with the chemical composition very similar to that required for the
formation of pyroxene-like glass compositions. It is also important that possible varying of
the above-mentioned industrial wastes practically does not influence the crystallization
behavior of the pyroxene-type glasses due to varied chemical composition of the pyroxen-
like solid solutions [22].

In this regard, the aim of this study is to develop a pyroxene-type glass-ceramic coating
based on the combination of different industrial wastes using the traditional enamel fritting
technique applied to common carbon steel (ASTM 1010/1008) substrates. It is proposed that
such coatings could be formed using the single-layer enameling technology (1 coat–1 firing),
which minimizes the consumption of raw materials and energy resources due to decreased
number of the technological operations. The protective properties of the obtained coatings
were investigated taking into account their hardness, wear, chemical and thermal-shock
resistance as well as their thermal conductivity.

2. Materials and Methods

2.1. Design of Glass Composition

The pyroxene-like glass-ceramic materials could be obtained using the raw mate-
rial mixtures with the chemical composition varied in the range (wt.%): SiO2 (35–60),
Al2O3 (2–15) 3, Fe2O3 (1–26), % CaO (9–25), MgO (1–20), R2O (0–12) [22]. Taking into
account the gradual global transition from non-renewable raw materials to renewable
(plant-based) ones has intensified, the industrial wastes combined with some additives
were applied to prepare fritted vitreous materials. The chemical compositions of the applied
raw materials are reported in Table 1.
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Table 1. Chemical composition (wt.%) of different industrial wastes and other raw materials used to
formulate glass coating composition.

Oxide

Raw Materials

Fly Ash
Lime

Stone Dust
Dolomite

Dust
Silica Sand Soda Ash

Dried Gavanic
Slurry

Blast
Furnace Slag

Bento-nite

Na2O 0.6 0.5 - - 58.5 - - 2.1
MgO 0.7 1.2 20.6 - - - 11 2.1
Al2O3 24.1 2.6 - - - - 14.5 24.2
SiO2 59.7 6.7 0.2 98.5 - - 33.0 64.1
K2O 1.5 0.7 - - - - - 0.7
CaO 4.6 86.1 32.5 - - 25.6 40.0 2.2
TiO2 1.5 - - - - - - 0.2

Fe2O3 6.5 1.5 - - - 12.3 0.5 2.4
P2O5 0.1 0.5 - - - - - -
Cr2O3 - - - - - 1.1 - -
NiO - - - - - 37.7 - -
SO3 - - - - - 21.5 - -

These raw materials allow preparing the pyroxene-type glasses with their various
combinations. In any case, the blast furnace slag can be considered as the main component
of the batch due to its high content of the oxides which participate in the vitrification pro-
cesses and crystallization of pyroxenes (CaO, MgO, Al2O3, Fe2O3, SiO2). The admixtures
of fly ash, silica sand, dolomite and limestone dusts (wastes of the crushed stone pro-
duction) were selected to optimize the glass composition for the following crystallization,
whereas soda ash admixtures were used to regulate the glass transition and fluidization
processes (Tg, Tf).

It is known that the pyroxene-like glasses have a trend of the surface crystallization
in the temperature range of enameling (700–900 ◦C), however, controlling the nucleation
and crystal growth rates allows obtaining the glass-ceramic materials, which have high
contents of crystalline phases in the glass matrix, using NiO and Cr2O3 as nucleating
agents [23]. That is why, the dried slurry obtained by neutralization of liquid wastes of the
nickel electroplating and characterized with high content of nickel and chromium oxides,
was introduced in the raw material mixtures too. In addition, it is necessary to note that a
presence of NiO promotes wetting of the steel surface by silicate melts [24].

The batch compositions reported in Table 2 were considered to meet the pyroxene-like
chemical composition requirements for the glass destined for the protective coating. Table 3
presents the theoretical chemical compositions of the glasses based on these raw material
mixtures. The industrial wastes produced in the plants of Severstal Inc. (Cherepovets,
Russia) were used here as raw materials.

Table 2. Raw material mixtures used to formulate glass composition.

Raw
Material

Batch Number

1 2 3 4 5

Fly Ash 30 - 30 - -
Limestone 38 - - - -
Silica Sand 15 23 17 24 24

Galvani Slurry 7 12 7 13 14
Soda Ash 10 8 8 13 13

Dolomite dust - 17 38 20 19
Slag - 40 - 30 30
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Table 3. Theoretical chemical composition of the glasses based on the formulated raw material
mixtures (Table 2) and their calculated (theor.) and measured (exp.) CTE values.

Oxide
Number of Glass Composition (Corresponding Batch)

1 2 3 4 5

Na2O 7.5 5.1 6.3 9.2 9.9
MgO 0.8 8.6 10.6 8.9 8.6
Al2O3 16.3 11.7 10.6 5.2 5.5
SiO2 46 39 44.1 40.4 41.3
CaO 26 27 19.8 26.4 26.0
TiO2 0.5 - 0.5 - -

Fe2O3 4 1.8 2.6 2.1 2.3
NiO 3.2 6.2 2.5 7.5 6.4
K2O 0.7 - 0.5 - -

Cr2O3 0.1 0.1 0.1 0.2 0.2

CTE (theor.)
×106 K−1 10 8.6 8.3 10.6 11.5

CTE (exp.) 9.7 ± 0.2 8.6 ± 0.2 8.4 ± 0.1 10.3 ± 0.3 11.6 ± 0.2

It was assumed that cracking and peeling defects would not occur in the coatings
during their formation as when they were exposed to thermal shock and aggressive en-
vironment, these coatings will be characterized with optimal values of the coefficient of
the thermal expansion (CET). That is why the theoretical CET values were calculated in
accordance with [25] for each formulated glass composition to guarantee the compatibility
of the coating and the substrate over the temperature range of the expected applications.

The steel ASTM 1010/1008 was selected as a substrate taking into account that this
type of carbon steel is used for a wide variety of applications that need high strength and
toughness in the form of plates, sheets, bars, and tubes.

The thermo-mechanical behavior of all the investigated materials was determined by
dilatometry (Netzsch DIL 402 PC equipment, Selb, Germany) in the temperature range
from 20 to 800 ◦C with a rate of 3 K·min−1 using the samples of glass (glass-ceramics)
and steel (substrate) of square parallel bases with 6 mm per side and 40 mm length. It
was determined that the CTE value of the metal substrate varied from 12.2·10−6 K−1(in
the range of 20–100 ◦C) to 15·10−6 K−1(in the range of 20–800 ◦C). That is why, the batch,
which allows producing the glass composition No 5 characterized with CTEtheor. < CTEsteel
but closer to CTEsteel (Table 3), was chosen for the following experiments, taking into
account traditional requirements of the enameling [25,26]. Some preliminary experiments
were conducted on the fusion and crystallization of the glass compositions based on the
batches No 1–5 and confirmed the correctness of the choice of the batch No 5 as the optimal
composition in terms of the thermal expansion properties (experimental CTE values).

2.2. Glass Frits and Raw Material Mixtures

The selected batch No 5 was dry homogenized in the rotating drum and melted in
alumina crucibles at 1450 ◦C for 2 h using a Lindberg-Blue high-temperature electric furnace
BF51433. To produce a glass frit, the glass-forming melt was poured onto a stainless-steel
plate, in order to temper the melt and prevent surface crystallization, and further was
ground in a two-station Retsch PM400 planetary mill for 30 min. The glass frit was screened
until passing the #325 mesh, considering that this particle size favors green coating of the
metal substrates [25,27,28].

The temperatures of vitrification (Tg) and crystallization (Tc) of the parent glass was
determined using the DTA technique (calorimeter Perkin Elmer DTA7), whereas the tem-
perature of fluidization (Tf) was estimated taking into account the data of dilatometry too.
These results were applied to select the temperature of firing which allowed the forma-
tion of the protective glass-ceramic coating by the single-layer enameling technique. This
technique is especially promising due to the decreased number of coating operations and
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firings. A single-layer enameling prevents warping of thin and large-size metal substrates;
the coating becomes more elastic and impact resistant and has reduced thickness.

To form the glass-ceramic coatings, the glass frit (95 wt.%) was dry mixed with
powdered bentonite clay (5 wt.%). The obtained mixture was used to produce a slurry
(dispersion) prepared in accordance with [24,25,27] an aqueous solution (weight ratio of
1:2) contained 5 wt.% of Na2B4O7 (purity of 99%, MosReactiv) and phenol sulfonic acid
dispersant (Tamol, BASF) (0.5%). Subsequently, this dispersion was magnetically stirred
for 30 min and maturated for 24 h (stabilization).

Three slurries with different water contents (40, 50 and 60 wt.%) were used to form
green coatings of different thicknesses.

2.3. Pretreatment and Coating of the Substrate

Rectangular specimens of 25 × 50 × 5 mm3 were used as a substrate and prepared
by cutting the commercial steel plate (ASTM 1008/1010), containing 1.87 wt.% of car-
bon. To obtain the surface characteristics of a substrate required for the enameling, a
chemical treatment of the steel specimens was applied to remove the adhering oxides and
surface grease.

The chemical treatment process consisted of immersing the steel specimens in the
acidic solution composed of 80 mL of 1 M H2SO4 and 7.2 g of NaCl [25]. The specimens
were introduced in this solution heated up to 80 ◦C for 15 min. Subsequently, the treated
samples were washed in hot water at 95 ◦C for 1 min to remove residues from the acid
solution. After that, the treated specimens were immersed in a solution formed by Na2CO3
(5 g/L) and Na3PO4 (3 g/L) at 60 ◦C for 6 min to inhibit the previous acidic action. Finally,
each specimen was dried at 90 ◦C for 20 min in an oven.

Each specimen of the obtained metal substrate was coated by immersion in the disper-
sion based on fritted glass. The obtained green coating was dried in an oven at 90 ◦C for
30 min and further thermally treated at the temperature selected for firing (820, 850 ◦C).

The muffle furnace was preheated up to 40 ◦C above the required temperature; subse-
quently, the green coated specimens were introduced into the hot furnace. Additionally, an
evaluation of the time required for the formation of homogeneous coating was performed.
It was determined that the burning time of 5 min ensured the total fusion of the green
coating and made it possible to avoid generating any cracks or detachment of the coating
during the cooling.

2.4. Microstructure Analysis and Materials Characterization

The microstructure and chemical composition of the protective layer, obtained after
coating and firing, was investigated by scanning electron microscopy (Philips XL30ESEM,
SEMTech Solutions, Inc., North Billerica, MA USA) equipped with an energy dispersive
spectrometer (EDS, EDAX Pegasus, EDAX, LLC, Pleasanton, CA USA) conducted at 20 kV.

The phase composition of the bulk glass-ceramics and coatings obtained onto the
steel surface was carried out using a Philips PW3040 difractometer (CuKα radiation with a
nickel filter operating 40 kV and 100 mA). The reflection positions and relative intensities of
the XRD patterns were compared to the catalog of the International Center for Diffraction
Data (ICDD-2008).

The chemical resistance of the glass-ceramic material used to produce the coatings
was estimated by the following standards based on measurement of weight losses:

• water resistance (IRS-3502, Japan): 2 g of the powdered glass-ceramics (fraction of
0.5–0.8 mm) was treated in 50 mL of distilled water for 5 h, filtered and dried for 12 h
and weighed;

• chemical resistance to the action of basic and acidic aqueous solutions (GOST 10134-62,
Russia): 10 g of powdered glass-ceramics (fraction of 0.5–0.8 mm) were treated in
100 mL of 1 M NaOH or 1 M HCl solutions, respectively, for 3 h at 96 ◦C; filtered and
dried for 12 h and weighed.
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Microhardeness of the coatings was measured in accordance with the standard ASTM
E384-99 (Tukon microhardness tester, Vickers indenter) using an indentation load of 50 g
for 20 s.

To measure the thermal shock resistance of the coating, six coated specimens were
heated in an electrical furnace up to 700 ◦C and then immersed in water at 23 ◦C (heating–
cooling cycle). The number of cycles required to cause any failure was recorded for
each specimen.

To estimate wear resistance (wear loss in mg·cm2) we used a modification of the
ASTM abrasion standard (G65, by sand between a specimen and a rubber wheel tested for
50,000 revolutions with a rate of 200 ± 10 rpm at a load of 45 N) for coating evaluation to
rank the relative abrasion resistance and compare the abrasion resistance with that of the
uncoated steel surface.

The thermal endurance was estimated by standing the coated steel specimens at
1000 ◦C with heating and cooling rates of 10 K/min and holding times of 30 min. The
thermal conductivity was measured at room temperature and 700 ◦C in air by the Hot Disk
Transient Plan Source (TPS) method according to ISO 22007-2.

The coating-substrate adhesion was estimated in accordance with the Russian standard
GOST 24788-2018 which determines minimal acceptable impact energy of the enamel
protective coating as 0.6 J. The impact strength (impact energy) test of the coating was
carried out on flat areas of the coated metal substrate by the action of a steel ball freely
falling from a certain height. After the impact, the surface was tested to recognize any
cracking or chipping of the coating. A value of the impact strength was determined as the
impact energy which favored delamination of any part of the protective coating from the
metal substrate.

3. Results

3.1. Chemical and Phase Composition (Frits and Coatings)
3.1.1. Chemical Composition

The chemical composition of glass No 5 used as a frit to produce the coatings, in accor-
dance with the data of energy-dispersive X-ray spectroscopy (EDS) and inductively coupled
plasma (ICP) analysis, included (wt.%): Na2O (8.9), MgO (7.8), Al2O3 (7.9), SiO2 (41.9),
CaO (24.9), Fe2O3 (2.5), NiO (5.9), K2O (0.2), Cr2O3 (0.2).

3.1.2. Thermal Behavior

The DSC data obtained for the coarse (0.6–0.8 mm) and thin (0.1–0.16 mm) powders
of the parent glass (No 5) are reported in Figure 1a. It is possible to note that the temper-
ature of glass transition of the investigated composition Tg~720 ◦C and temperature of
fluidization is about 800 ◦C. At the same time, the exothermal peaks of the surface and bulk
crystallization appear in the range of 850 and 1020 ◦C, respectively. The main crystallization
process for the coarse powder takes place at T > 1000 ◦C, while the surface crystallization
dominates for the thin powder used to produce glass frit. Taking into account these data,
the temperatures 820 and 850 ◦C have been selected for firing the protective coatings based
on the fritted glass No 5. The temperatures of 820–850 ◦C could allow fluidization as
crystallization processes in the glass-forming composition. The temperatures above 850 ◦C
are not recommended for carbon steel enameling [24,25].

The XRD analysis data obtained for the coatings produced at 820 and 850 ◦C are
reported in Figure 1b. A firing at 820 ◦C did not allow obtaining the glass-ceramic coating,
whereas at 850 ◦C crystallization processes take place in the system investigated; that is
why the following experiments were conducted using a firing of green coatings at 850 ◦C.

3.2. Structure

The microphotographs of the obtained coatings are reported in Figure 2. The structure
of the external surface for the coating fired at 850 ◦C is well crystallized (Figure 2b),
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continuous and homogeneous, and has some inclusions of open pores. The structure of the
coating formed at 820 ◦C is more rough and inhomogeneous (Figure 2c).

 

 
(a) (b) 

Figure 1. DSC data obtained for the coarse (1) and thin (2) powders of glass frit (a) and XRD patterns
of the coarse glass powder fired at 820 and 850 ◦C (b). 1—nepheline, 2—gehlenite, 3—pyroxene. Tg,
Tf, Tc(S) and Tc(V)–the temperatures of glass transition, fluidization, surface and bulk crystalliza-
tion, respectively.

   
(a) (b) (c) 

Figure 2. Microphotographs (SEM) of the protective coating fired at 850 ◦C (a,b) and at 820 ◦C (c).

The cross-section microphotographs (Figure 3) indicate that the obtained coating has a
glassy matrix and contains closed pores of a different diameter. The size of pores increases
in the direction of the external surface, while, near the coating-metal interface these pores
almost disappear. Nepheline (NaAlSiO4), gehlenite (Ca2Al2SiO7) and pyroxenes (Ca, Mg,
Fe, Al) Si2O6 represent the crystalline phases of the coating. The pyroxen-like crystals form
the main crystalline phase in accordance with the XRD data (Figure 1b). It is important
that the crystals are mainly formed either on the coating-steel interface or on the surface of
closed pores (Figure 3) and on the external surface of the coating (Figure 2b).

The coating fired at 820 ◦C is characterized with a very low content of the crystalline
phases (Figure 3b) and contains pores near the coating-steel interface (Figure 3b).

It is necessary to note that for the coarse glass powder treated at 820 ◦C the XRD
patterns do not present any reflections of crystalline phases (Figure 1b), whereas, in the
structure of the protective coating based on thin glass powder with some additives (clay,
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borax), several pores demonstrate initial stages of the surface crystallization (Figure 3b),
although in the most part of these pores a surface is free of crystals (Figure 3c).

(a) (b) (c) 

Figure 3. Cross-section micrographs of the coatings produced at 850 ◦C (a) and 820 ◦C (b,c).

The data of the EDS point analysis (Figure 4, Table 4) indicate a presence of the
chemical elements of the substrate and fritted glass.

  
(a) (b) 

1 
2 3 

4 

Figure 4. SEM images of the coating-steel interface formed at 820 ◦C (a) and the trace from a
ball impact (6 J) on the surface of the coating obtained at 850 ◦C (b), the elemental composition
corresponding to points 1-4 is shown in Table 4.

Table 4. Chemical composition of the metal substrate, different zones of the interface and coating
(marked in Figure 4). Data of the EDS point analysis.

Numer of the EDS
Point Analysis

Content of the Chemical Elements, at.%

Si Ca Fe Ni Na Mg Al O C

1 23.5 14.9 0.6 3.0 4.7 6.5 1.9 44.9 -
2 2.2 1.5 54.8 3.1 0.2 - 0.5 37.7 -
3 0.9 1.0 64.6 3.3 - - - 30.7 -
4 - - 99.1 - - - - - 0.9

3.3. Properties

The steel ball impacts (adhesion tests) indicated high adhesion of the coating to the
steel surface. The impacts with the energy value of 1 J only promoted a cracking of walls of
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some pores located near the external surface of the coating (Figure 4b) and did not cause
delamination of the coating.

The properties characterizing other protective functions of the resulting coatings are
given in Table 5 and considered in the Discussion.

Table 5. Some properties of the protective coatings fired at 850 ◦C.

Content of
H2O in the
Slurry, %

Properties

Thickness, μm
Weight Losses in Aqueous

Solutions, % Microhardness,
MPa

** Relative
Wear

Resistance,
%

*** Thermal
Shock

Resistance

Impact
Energy,

J

Thermal
Conductivity

at 700 ◦C,
W/(m·K)Coating

* Interface
Layer

H2O Acidic Alkali

40 150–180 4–10 0 0.5 6.3 440 ± 32 122 22 3.1 1.0

50 110–135 3–8 0 0.2 4.8 459 ± 20 132 25 3.3 0.8

60 80–110 2–5 0 0.1 5.0 481 ± 21 154 >30 3.6 1.1

* glass-ceramic coating–metal substrate, ** comparison with the uncoated steel, *** quantity of the thermal cycles
23–700 ◦C.

4. Discussion

Thus, the glass-ceramic coatings, produced using the combination of blast furnace
slag, dried galvanic slurry of the nickel electroplating and some additives have excellent
protective properties. They meet the standard requirements (GOST 24788-2018) related
to the impact strength (impact energy) and are characterized with a good adhesion to the
carbon steel surfaces. Impact energy values were higher than 0.6 J and reached 3.1–3.6 J,
whereas such characteristics reported in the literature ranged between 1.1 and2.4 J [1,13,29].

In comparison with similar protective glass-ceramic coatings proposed earlier for the
carbon steels [9–15,27–30], the obtained coating is characterized with some very attractive
exploitation properties.

The experimental data indicate that the developed protective coating has excellent
chemical resistance in water and alkali aqueous solutions and acceptable resistance under
the action of strong acids.

Abrasion resistance of the coating (1.6 ± 0.1 mg/cm2) increased in 54%, in comparison
with the uncoated parent steel surface, and was higher than one reported in previous works
(2–3 mg/cm2 after 50,000 cycles of RWAT [1,12]). The hardness of the obtained coating is slightly
less of the best characteristics for the analogs (480 MPa and 500–600 MPa [9–11], respectively),
however, it is acceptable taking into account high wear resistance and corresponds to the
data obtained for the bulk pyroxene-type glass-ceramics [20–22,30].

The thermal conductivity of the coating is also much better for this one mentioned for
the analogs (1.1 and 2.6 W/(m·K) [15], respectively).

Spherical pores of various diameters located in the external part of the coating can be
considered as a filler of the glassy matrix. In fact, the obtained coating is filled with ceramic
porous particles characterized with high mechanical strength and low thermal conductivity.
Such structural features of the coating also promote high mechanical properties, thermal
and thermal-shock resistance.

Good adhesion of the coating to a surface of the carbon steel substrate and low
thermal conductivity promote an excellent thermal shock resistance (more than 30 cycles of
23–700 ◦C, in comparison with 15–20 cycles of 23–400 ◦C [1,13]).

The boiling water resistance (100%) as well as acid (>99%) and alkali (~95%) resistance
of the obtained coatings are better for the analogs described in the literature (98%–99%,
95%–98%, 92%–94%, respectively, [1,9,10,12,13,31]). The cause of this phenomenon can be
explained by dominant surface crystallization of the pyroxene-like glass compositions. As
a result, a presence of the chemically resistant ceramic layers as onto the external surface of
the coating as on the surfaces of pores, provide improved chemical durability.

It is necessary to note that a thickness of the glass-ceramic coating based on metal-
lurgical slag can be regulated with the H2O contents in the slurry used to form green
coating by dipping (Table 4). The obtained results allow one to suggest that an increase
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in the viscosity of the slurry based on fritted enamel increases a thickness of the film due
to the substrate-coating interaction. However, more thick coatings are characterized with
worse thermal shock and wear resistances, whereas very thin coatings have worse abrasion
resistance and relatively high thermal conductivity. That is why the slurries containing
50–55 wt.% of H2O could be recommended to produce the glass-ceramic coatings of the
proposed composition characterized with improved protective properties.

The following factors influencing protective properties of the proposed coating have
to be taken into account.

A presence of about 6 wt.% of NiO in the chemical composition of fritted glass, used
to produce the coating, promotes two useful processes.

The first, in accordance with [22,23,28,30], is related to the nucleation of crystalline
phases in the molten silicate glasses. However, in spite of a presence of NiO and Cr2O3
supporting the crystallization of pyroxenes [21], a surface crystallization dominates in
the system investigated; a bulk crystallization only takes place at T > 1000 ◦C (Figure 1a).
Nonetheless, the nucleants favor an intensive growth of the pyroxene-like crystals from the
steel-coating interface into a volume of the protective coating (Figure 3a), improving the
mechanical strength and thermal-shock resistance of the coating.

In addition, a presence of NiO in the glass composition promotes a perfect adhesion
between the coating and metal substrate, achieved due to an appearance of the intermediate
layer. This layer has a thickness of 2–8 μm (Figures 3 and 4, Table 4) and, in accordance with
the EDS point analysis data, contains the components of fritted glass and metal substrate
(SiO2, CaO, NiO, Fe2O3). Thus, it is possible to assume that the phases supporting adhesion,
in particular α-Fe2O3 and ferrites (NiFe2O4), formed during a firing as a result of the redox
processes [31].

Fe + NiO = Fe2O3 + Ni

NiO + Fe2O3 = NiFe2O4.

The data of the EDS point analysis (Figure 4, Table 4) indicate that interdiffusion
occurs at the interface during the firing of green coatings [26]. The interlayer is formed
as a result of the metal substrate oxidation and diffusion of the glass components into the
Fe2O3 structure. It is important that Ni has a trend of incorporation into the structure of the
interface layer in the metal form; this is indicated by a gradual decrease in the amount of
oxygen in the intermediate layer, when moving from the steel surface to the glass-ceramic
coating. Such gradient structure of the interlayer prevents micro-cracking of the ductile
metal substrate, which recently has been discovered to be dangerous during the destruction
of brittle coatings [32]. In our case the interlayer provides perfect adherence of the coating
due to its good impact strength and wear resistance.

Thus, the developed glass–ceramic coating material based on industrial wastes, such
as metallurgical slag and waste of nickel electroplating, is useful for specialized engineering
and industrial applications. A presence of the pyroxene-like crystalline phases, charac-
terized with high toughness, hardness, thermal, wear and chemical resistance promotes
improved exploitation properties in comparison with the analogs containing inclusions
of quartz, alumina, magnesium aluminium titanate, lithium titanium silicate or sodium
silicates [9–15,31]. Due to high mechanical strength and abrasion resistance, the pyroxene-
type glass-ceramic coating has a good potential for its applications for the carbon steel
constructions which are used in the conditions where an abrasive action accelerates a failure.

It is important to note that the developed coatings can be produced by the simple
one-stage technique of enameling. Such a technique allows one to obtain protective coatings
onto the surface of large-sized samples of carbon steel. In our case, the ASTM 1008/1010
carbon steel plates with a size of 4 × 150 × 200 mm were coated using the investigated
glass-ceramic composition. However, some special equipment has to be developed to coat
the samples of a higher scale. This research as well as more detailed investigation of the
mechanical and other exploitation properties will be conducted in the near feature taking
into account the requirements of the potential consumers.
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5. Conclusions

The raw material mixtures based on the combination of powdered blast furnace slag
and wastes of nickel electroplating as well as some technological additives (silica sand and
soda ash) allow producing the ASTM 1008/1010 carbon steel glass-ceramic coating by the
simple one-stage enameling technique, using the 50% aqueous dispersions of the fritted
pyroxene-type glass powder with admixtures of bentonite clay, borax and surfactant, and
with the following thermal treatment at 850 ◦C.

The obtained coatings have some structural features: (1) well developed gradient
coating-steel interface layer formed, most likely by α-Fe2O3, NiFe2O4, Fe and Ni;
(2) closed spherical pores with the ceramic walls, located near the external surface; (3) to-
tally crystallized external surface formed by nepheline (NaAlSiO4), gehlenite (Ca2Al2SiO7)
and pyroxene-like crystals.

These structural features promote improved adherence, mechanical properties, ther-
mal shock and chemical resistance of the coating, which allow one to recommend them
for the carbon steel constructions used in the aggressive conditions of high temperatures,
abrasive action and chemically aggressive media.
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Abstract: A new high-temperature method for the deposition of gas-tight silicon carbide protective
coatings with low gas permeability has been developed. The free carbon atoms form during the
high-temperature pyrolysis of hydrocarbon molecules. In turn, carbon reacts with molten silicon
contained in the subsurface substrate layers and/or with silicon vapor. The source of silicon vapor
serves the molten silicon in the heated zone of a reactor furnace. Such coatings effectively protect
SiC-C-Si and SiC-C-MoSi2 ceramics, carbon–carbon composite materials, structural graphite, and
refractory metals and alloys from oxidation. The conducted tests show the high thermal oxidation
and thermal shock stability of deposited protective coatings, as well as their good adhesion to
the substrates.

Keywords: silicon carbide; coatings; deposition; high-entropy alloys; gas permeability; thermal
oxidation; thermal shock stability

1. Introduction

Graphite, carbon–carbon composite materials (CCCMs), and silicon carbide-based
composites containing carbon are widely used in the design of various devices, machines,
and mechanisms. In particular, they are used in the development of aviation and rocket tech-
nologies. The application of these materials is limited to temperatures below 450–500 ◦C.
At higher temperatures, carbon is oxidized by the oxygen contained in the air. High-
density silicon carbide (SiC) ceramics (such as reaction-bonded silicon carbide) usually
contain some residual silicon. This fact limits their applicability due to thermal oxidation
or degradation when operating in an alkaline environment.

Therefore, the development of high-temperature protective coatings on carbon- and
silicon-containing materials is an urgent task [1]. These so-called “functional coatings” can
be used for the following purposes:

- Isolation of the substrate material from contact with an oxidizing atmosphere in order
to prevent corrosion;

- Increasing the wear resistance of the surface of the product;
- Increase in the strength of the product;
- Surface engineering, etc.

Silicon carbide is one of the most commonly used materials for protective coatings
due to its resistance to temperature variations, high corrosion resistance, and good wear
resistance at high temperatures in an oxidizing environment [2–4]. SiC thin films and
coatings on high-temperature materials can be deposited by chemical vapor deposition
(CVD) [5–8], metal organic chemical vapor deposition (MOCVD) [9], and reactive chemical
vapor deposition (RCVD) [10]. SiC coatings are also deposited by high-speed plasma
deposition [11–13], thermal evaporation [14], and magnetron sputtering [15,16]. Chemical
surface modification [17], sol–gel technology [18], electrolytic and electrophoretic deposi-
tion from liquid solutions [19,20], plasma chemical vapor deposition [21–23], and reactive
diffusion coating [24] are also used to deposit SiC.
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CVD is the most common method for the deposition of protective SiC coatings on
carbon-containing materials. This is because of its versatility and technological ripeness.
CVD allows for gas-tight, homogeneous coatings to be obtained (on large-dimension parts)
with precise thickness control and improved surface morphology. These properties ensure
the good protective ability of SiC coatings. The disadvantages of CVD include the high
cost of reagents, low deposition rates, and difficulties with adhesion when applied to some
materials due to the impossibility of forming buffer layers.

There are also other methods for the deposition of SiC coatings. Thus, to protect
carbon fibers and nanotubes from oxidation, as well as to form a buffer layer, the coating
can be deposited in such a way that the surface of the carbon material does not deteriorate.
This can be achieved if carbon is excluded from the reaction. For example, fibers can
be impregnated with mixtures of reagents containing carbon and silicon subjected to
hydrolysis, followed by heat treatment such as a gradual temperature increase up to
1400 ◦C [25]. Additionally, to obtain a composite material, the carbon powders can be
coated with a SiC layer before subsequent sintering [26].

On the contrary, the participation of silicon in the formation of a coating on SiC
ceramics with a high content of residual silicon permits the production of continuous SiC
coatings when only a carbon-containing component is supplied. This approach ensures not
only the protection of silicon-containing material, but also the manufacturing of hermetic
(gas-tight) joints for ceramic parts [27]. Pastes or slurries consisting of a finer carbon filler
fraction than the siliconized graphite being coated can also be used for deposition of SiC
coatings. In this way, after siliconization, the dense SiC layer is formed on the surface of
the product [28]. Due to the high content of SiC and reactive bonding with the protected
material, such SiC coating exhibit good adhesion and wear resistance.

In this paper, we consider a new method for the deposition of tight SiC coatings with
low gas permeability. Such SiC coatings permit improvements to the thermal oxidative
resistance of ceramic materials containing residual carbon and silicon, as well as carbon–
carbon composite materials, especially graphites and refractory metals and alloys. We
also characterized the properties of materials, coatings, and products obtained using the
developed deposition technology.

2. Materials and Methods

The technique for applying a gas-tight silicon carbide coating to a substrate material is
based on the direct interaction of carbon formed during the high-temperature pyrolytic
decomposition of hydrocarbon molecules (for example, methane) with a silicon melt
contained in the surface layer of the material to be coated and/or silicon vapor. The source
of silicon vapor is the silicon melt placed in the thermal zone of the furnace [29].

The layout of the reactor for deposition of a gas-tight SiC coating is shown in Figure 1.
The process was carried out in a vacuum high-temperature furnace with a graphite heater
and carbon thermal insulation. In the lower part of the thermal zone of the furnace, a
crucible with silicon was located on a support, above which the coated part was placed
upon special tooling. The furnace was evacuated using a fore-vacuum pump and was
smoothly heated to a temperature of 1500–1800 ◦C until silicon melted in the crucible. After
that, with the help of a gas flow regulator, methane was supplied to the thermal zone of
the furnace. After reaching the required thickness of coating, the supply of methane to
the thermal zone of the furnace was stopped and the heater was turned off. The coating
growth rate can vary from 10 to 100 μm/h depending on the application mode and the
type of surface to be protected. The vacuum supply system was left on until the furnace
was completely cooled down.

Grain size of the SiC coating (from microcrystalline to nanoscale), the fraction of void,
the atomic structure of grain boundaries, the composition of polytypes, and the morphology
of SiC depend on the temperature in the interaction zone and the pressure of hydrocarbon
gas. In this case, depending on the deposition conditions, one can controllably obtain either
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coating from SiC nanoparticles with a controlled content of nanopores or poreless coatings
consisting of nano- or microcrystals with uniform granulometric composition.

 
Figure 1. The layout of the reactor for deposition of gas-tight SiC coatings.

At low temperature (1500–1600 ◦C) in the reaction zone, the coating structure was
formed of SiC nanoparticles ranging in size from 10 to 80 nm, which were agglomerated
into clusters up to several tens of microns in size (Figure 2a). These clusters compose an
ordered structure on the surface of the material, forming a porous coating in one or more
layers (Figure 2b,c). Such coatings have significant advantages for a number of specific
applications. For example, for materials operating under conditions of intense radiation,
a large positive role is played by the presence of nanocavities, which ensure the rapid
emergence and annihilation of radiation defects.

At higher temperatures (1700–1800 ◦C), gas-tight protective coatings are formed from
micro- and nanocrystals (Figure 3).

Depending on the composition of the protected material, carbon and silicon can be
used to form a coating both from external or internal sources. External sources are either a
crucible with a silicon melt placed in the thermal zone of the furnace or carbon from the
thermal decomposition of a gaseous hydrocarbon. Internal sources are residual silicon
and carbon contained in the near-surface substrate layer. Information on the components
involved in the formation of coatings on various materials is given in Table 1.

Application of the developed technique makes it possible to obtain air-tight polycrys-
talline silicon carbide coatings with thicknesses from 300 nm to hundreds of micrometers
and even several millimeters. Depending on the feed rate, pressure, and temperature of the
components in the interaction zone, it is possible to change the grain size of the SiC coating
from dozens of nanometers to hundreds of micrometers.
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(a) 

  
(b) (c) 

Figure 2. Porous coating formed of SiC nanoparticles from 10 to 80 nm in size, agglomerated into
clusters. (a) SiC nanoparticles ranging in size from 10 to 80 nm agglomerated into clusters up to
several tens of microns in size; (b) clusters in an ordered structure on the surface of the material;
(c) resulted porous coating in one or more layers.

  
(a) (b) 

Figure 3. Gas-tight protective coatings formed by micro-F (a) and nanocrystals (b).
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Table 1. Features of SiC coating deposition on various refractory materials.

Substrate Material
Carbon

from the Substrate
Silicon

from the Substrate
Carbon

from the External Source
Silicon

from the External Source

CCCMs and graphite yes no yes yes
SiC-C-Si, siliconized graphites yes yes yes yes

SiC-C-MoSi2 yes no yes yes
Modified RSiC no yes yes yes

Metals and alloys no no yes yes

3. Results and Discussion

In this section we describe the deposition of protective SiC coatings on various high-
temperature materials. The features of the formation of coatings on various materials and
their influence on the characteristics of products are considered. Oxidation resistance at
high temperatures, thermal shock resistance, and the influence on mechanical properties
are described.

3.1. Deposition of Protective SiC Coatings on the Carbon–Carbon Composite Materials and Graphites

Carbon–carbon composite materials (CCCMs) and graphites have high strength and
thermal stability in vacuum or inert environments. However, they can be oxidized by the
oxygen in air at above 450–500 ◦C. The oxidation leads to corrosion and loss of strength
and therefore limits the applicability of CCCMs and graphites. To protect CCCMs from
oxidation, deposition modes were used, in which a dense SiC coating about 10 μm thick
with a small grain size (80 nm) was formed. Such coating protects the substrate material
from reactions with environmental components. The SiC coating also leads to a noticeable
change in the size and mechanical characteristics of the coated composite material.

A CCCM with a SiC gas-tight coating is shown in Figure 4. The carbon from the
surface layer of the CCCM partially participated in the formation of the SiC coating. This
ensures the high adhesion of the SiC coating to the substrate and high protective properties
with a thin coating.

Figure 4. Cross-section of a CCCM with a protective gas-tight SiC coating (a) and its enlarged
fragment (b).

To determine the thermal oxidative resistance of the coatings, tests were carried out
on a specially prepared CCCM sample with a SiC coating. The experimental conditions
were as follows: air velocity head 4–6 GPa, temperature T = 1700 ◦C, test time of 10 min.
Figure 5 shows the test thermograms for a CCCM sample with a protective SiC coating
and its appearance before and after testing. Figure 6 shows the temperature distribution
over the area of the sample. Despite the local overheating of the sample surface (Figure 4),
the continuity of the coating was not disturbed. The weight loss of the sample after
testing was 14.6 mg, which was less than 0.1% of the total weight of the sample. Tests
for thermo-oxidative resistance demonstrated the promising features of the developed
technique for deposition of silicon carbide coatings on CCCMs. The coating has good
protective properties up to temperatures of 1700–1750 ◦C.
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Figure 5. Test thermograms for a CCCM sample 50 mm in diameter with a protective SiC coating (a)
and its appearance before (b) and after (c) testing.

Figure 6. Temperature distribution over the area of the CCCM sample with a protective SiC coating.

Tight SiC coatings with low gas permeability were also deposited on graphite parts
with various geometries to protect them from oxidation. The maximum dimensions of
products to be coated are limited only by the dimensions of the thermal zone of the
installation. Figure 7 shows examples of SiC coatings of uniform thickness that were
deposited on graphite parts with various geometries.
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Figure 7. Examples of gas-tight SiC coatings of uniform thickness on the large graphite parts with
complicated geometries.

Graphite can be used as a removable substrate to obtain polycrystalline silicon carbide
in complex shapes. Figure 8 shows SiC tubes and a magnetron sputtering target made
by depositing a thick layer of silicon carbide on rectangular graphite rods and a plate.
After coating, the graphite was removed by annealing in air at a temperature of 1100 ◦C.
This technique allows you to obtain macroscopic articles of various configurations from
nanostructured SiC.
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(a) (b) 

Figure 8. SiC rectangular tubes with a wall thickness of 1–1.5 mm (a) and a SiC magnetron sputtering
target of 70 mm in diameter and 6 mm in thickness (b), which were obtained by deposition onto
removable graphite substrates.

3.2. Deposition of Protective SiC Coatings on SiC-C-Si and Siliconized Graphites

Relatively light and wear-resistant SiC-C-Si ceramics are well suited for manufacturing
complex-shaped parts. As for carbon materials, their operating conditions are limited to
temperatures of 450–500 ◦C due to the oxidation of residual carbon. In the absence of
residual carbon, their operating conditions are limited to temperatures of 1100 ◦C due to
the oxidation of residual silicon. The atmosphere of water vapor and alkali metal salts
accelerates the destruction of SiC-C-Si ceramics. Thus, a protective SiC coating should
significantly limit the corrosion of such ceramics.

Polycrystalline SiC coatings with a thickness of 20–100 μm were deposited on the parts
made of SiC-C-Si ceramics. These parts were produced by the impregnation of porous
carbon matrices with liquid silicon. The porous carbon matrices had different residual
silicon and carbon content in the volume [30,31]. It can be seen in the cross section of
the coated substrate (Figure 9) that the part of the residual silicon in the near-surface
open pores was involved in the formation of the coating. Single pores in the near-surface
layer of the material do not have any noticeable effect on the mechanical properties of
ceramics, especially in front of their significant increase from the presence of the SiC coating.
The coating itself has multiple continuous bonds to the carbon and silicon carbide of the
material, providing strong bonding to the substrate.

 

Figure 9. Cross section of a SiC-C-Si ceramic substrate with a deposited protective gas-tight SiC thick
(a) and thin (b) coating.

To determine the temperature stability of protective SiC coatings on SiC-C-Si ceramics,
the decrease in the mass of samples due to carbon burnout when exposed to high temper-
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ature in an oxidizing atmosphere was evaluated. Figure 10 shows cross sections of the
SiC-C-Si/50-40-10 ceramics without a protective coating (Figure 10a) and with a gas-tight
SiC coating after annealing in air at 1000 ◦C for 60 h (Figure 10b). It can be seen that the
structure of the material without a protective coating is severely damaged due to carbon
burnout from the bulk of the material. Information about the changes in the weight of the
samples is given in Table 2. The weight of parts with SiC coatings changed by less than 1%,
which indicates that the coating has high functional quality.

 

Figure 10. Microstructure of composite material SiC-C-Si/50-40-10 without a coating (a) and with a
gas-tight SiC coating (b) after annealing at 1000 ◦C in air for 60 h.

Table 2. Weight of samples from SiC-C-Si/50-40-10 ceramics without a coating and with a protective
SiC coating before and after annealing.

Sample Description
Weight of

Sample before Annealing, g
Weight of

Sample after Annealing, g
Weight Loss, %

Sample 1, without coating 29.35 18.76 36.08
Sample 2, without coating 25.19 16.33 35.17

Sample 3, with protective SiC coating 28.82 28.68 0.48
Sample 4, with protective SiC coating 24.21 24.05 0.66

The deposition of a SiC coating on SiC-C-Si ceramics can also improve the mechanical
properties of the material by reducing the contribution of surface defects during bending
and compression testing. Table 3 shows the measurement results of mechanical testing of
the uncoated and coated SiC-C-Si specimens.

Table 3. Comparison of the strength characteristics of SiC ceramics with SiC-C-Si/50-40-10 composi-
tion without coating and with a gas-tight SiC coating.

Property Without Coating With Coating, 20 ◦C With Coating, 1000 ◦C

Compression strength, MPa 398 ± 19 472 ± 11 483 ± 8
Bending strength, MPa 126 ± 6 204 ± 11 203 ± 7

The SiC film deposited according to the developed method is sufficiently conformal. In
other words, its thickness on the walls of complex structures is comparable to the thickness
of the film on the horizontal sections of these structures. This means that the method can
be used to apply protective coatings on parts that are very complex in shape.

Using the developed method for manufacturing ceramic parts with complex shapes
and the technique of applying protective SiC coatings, high-temperature equipment was
manufactured. Namely, inserts for thermocouples were produced and used in the test bench
for a gas turbine engine (Saturn, Rybinsk). Figure 11 shows the water-cooled metal case of
a gas flow thermometer with five SiC inserts for the placement of thermocouples [32,33].

240



Coatings 2023, 13, 354

In the test bench for the gas turbine engine, a test cycle was carried out where the total
operating time of the equipment was about 8 h; the thermogram (Figure 12) shows that the
maximum measured temperature was 1465 ◦C.

Figure 11. Thermal probes for temperature measurement in a high-temperature gas flow with brake
chambers (a,b) and a comb with thermal probes as an assembly (c).

 
Figure 12. Thermogram recorded by thermocouples placed in silicon carbide inserts with a protective
SiC coating.

3.3. Deposition of SiC Coatings on SiC-C-MoSi2 Ceramic Products

SiC has good chemical compatibility and thermal stability with MoSi2, so the strength
and toughness of SiC-based composites enriched in the MoSi2 phase can be greatly im-
proved. Figure 13 shows the microstructure of a SiC-C-MoSi2 composite material with
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a silicon carbide protective coating. The coating makes it possible to prevent both the
high-temperature oxidation of carbon particles (which are present in the material’s struc-
ture) and the low-temperature oxidation of molybdenum disilicide. Such stability is
necessary during the long-term operation of such a material in the temperature range of
600–900 ◦C [34,35]. The coating was deposited by the gas-phase method through the expo-
sure of the composite sample in the thermal zone of the furnace, where silicon vapors and
products of high-temperature pyrolytic decomposition of methane molecules were present.

Figure 13. Micrograph of the structure of a SiC-C-MoSi2 ceramic composite material with a protective
SiC coating: black areas represent carbon, dark gray represents SiC, and light gray represents MoSi2.
(a) low magnification; (b) high magnification.

Additionally, this method can be used to obtain protective coatings for SiC-based com-
posites reinforced with refractory metal wire, such as molybdenum, tungsten,
niobium, etc. [36,37].

3.4. Deposition of SiC Coatings on Products from SiC-Si Material

A silicon carbide gas-tight coating can be deposited on materials containing residual
silicon, such as modified recrystallized silicon carbide (mRSiC) or reaction-bonded silicon
carbide (RBSiC). Such protective SiC coatings significantly increase the thermal and oxida-
tive resistance of mRSiC or RBSiC (Figure 14) due to the protection against oxidation of
residual silicon contained in the material.

 

Figure 14. Protective SiC coating on recrystallized (a) and reaction-bonded (b) SiC.

Heaters made of recrystallized SiC ceramics “age” during operation. Due to oxidation,
the cross section of the working part of the heater decreases and its electrical resistance
increases. As a result, zones of local overheating are formed. In places of overheating, more
intense oxidation occurs, which in turn causes a further decrease in the cross section of the
heater and an increase in temperature. The process proceeds at an increasing rate and leads
to the burnout of the heater. We have developed a technique for modifying RSiC [38]. This
technology increases the mechanical strength and thermal shock resistance of the material.
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The dependence of electrical resistivity on temperature becomes more stable. Therefore,
the manufacture of an mRSiC heater with a protective SiC coating is of great interest as this
would increase the resistance of the heater to oxidation.

To confirm the effectiveness of the above method for manufacturing heating elements
from mRSiC, a prototype heater was prepared and tested. A heating element of made
of mRSiC with an outer diameter of 12 mm and a length of 180 mm was made from the
working parts of a standard heating element. The protective silicon carbide coating was
deposited on its surface (Figure 14a).

The tests were carried out on a stand (see the scheme in Figure 15). A computer-
controlled power supply heated the heater up to ~1600 ◦C for two minutes, which was
followed by cooling for one minute. The cycle was repeated afterwards. At the end of each
heating cycle, the values of the current flowing through the heater and the voltages on the
current leads were recorded.

 

 

Figure 15. Scheme of the stand and a photograph of the testing process for the mRSiC heater with a
protective SiC coating.

In Figure 16, the dependence of heater resistance vs. the number of warm-up/cool-
down cycles is plotted. After 2000 cycles, the change in the electrical resistance of the
heater was less than 5%. The stability of electrical resistance confirms the good protective
properties of the SiC coating and its high adhesion to the heater surface.

3.5. Deposition of SiC Coatings on SiC-C-MoSi2 Ceramic Products

The protective SiC gas-tight coating can also be deposited on refractory metals and
metal alloys. Figure 17a shows a SiC-coated molybdenum plate that was used as a heater in
an oxidizing atmosphere at a temperature of 1500 ◦C for about 10 h. Heater contact zones
at the edges were not protected by the coating.

To achieve good adhesion with the SiC coating and prevent its delamination and
destruction during temperature cycling, an intermediate layer of silicide was formed on the
surface of metal (Figure 17b). In order for this to be achieved before methane was supplied
to the chamber, the metal was preliminarily held in silicon vapor to form a silicide layer
on its surface. Further, after the start of methane supply to the interaction zone, a silicon
carbide coating was formed on a silicide layer.
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Figure 16. Dependence of heater resistance on the number of heating/cooling cycles.

 
(a) 

 

 

(b)  

Figure 17. Protective gas-tight SiC coating on a molybdenum heating element (a). Phase analysis of
the heating element’s cross section (b).

4. Conclusions

The conventional CVD method for SiC deposition includes various precursors
(monomethylsilane, methyltrichlorosilane, tetramethylsilane, etc.). In contrast to CVD, the
proposed high-temperature method of the gas-phase deposition of protective SiC coatings
has a number of significant advantages. These are the following:

– The deposition rate is approximately two orders of magnitude higher;
– The adhesion of the protective coating to the surface of a carbon- and/or silicon-

containing material is significantly higher. This is because the process is carried out at
a high temperature with the participation of carbon and silicon located directly in the
substrate material;

– Simpler technological equipment;
– Low cost due to the speed of coating deposition and the use of more accessible and

cheaper components compared to silicon-containing precursors.

Thus, a high-temperature method for the deposition of protective SiC coatings onto
SiC-C-Si and SiC-C-MoSi2 ceramics, CCCMs, graphite, refractory metals, and metal alloys
has been developed. The tests carried out showed high thermal-oxidative and thermal
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shock resistance and good adhesion, with protective coatings also capable of withstanding
harsh environments.
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Abstract: In this study, a type of micro-nano Si3N4 matrix ceramic cutting tool material was suc-
cessfully prepared by controlling the addition amount of TiC0.7N0.3 and the hot-pressing sintering
temperature. The effects of different volume fractions of TiC0.7N0.3 on the microstructure, mechanical
properties, particle size distribution, and relative density of Si3N4 ceramic tools at the same tempera-
ture were investigated. The results show that the addition of TiC0.7N0.3 makes the β-Si3N4 grains with
different diameters and aspect ratios interlaced and tightly bonded, thus achieving the strengthening
and toughening effects. In addition, the effects of different hot-press sintering temperatures on the
properties of Si3N4 ceramic tool materials were studied. It was concluded that the density of the
material increased with the increase of the hot-pressing temperature. The relative density, flexural
strength, and fracture toughness of the samples with 1 vol% TiC0.7N0.3 added at 1750 ◦C and 30 MPa
pressure reached 99.22%, 993 MPa, and 9.81 MPa·m1/2, respectively.

Keywords: Si3N4; ceramic cutting tool; hot-pressing sintering; TiC0.7N0.3; self-toughening

1. Introduction

With the development of modern manufacturing technology, the use of various new
difficult-to-machine materials is increasing, such as iron-based, nickel-based, cobalt-based,
titanium-based superalloys, ultra-high strength steel, and high wear-resistant cast iron.
Therefore, the cutting and machining of such materials are becoming increasingly important.
However, with the current use of traditional hard alloy or high-speed steel and other tool
materials to process, tool life is very low or even impossible to process. This prompted
people to study and manufacture suitable-for-processing engineering materials for use as
tool materials. Because of the outstanding performance of high-toughness ceramic tools,
ceramic tools are considered to be the most prominent and widely useful option. In modern
machining, ceramic materials have become the most promising utility tool materials due to
their excellent heat resistance, high-temperature oxidation resistance, high hardness, and
wear resistance [1–5].

Although ceramics cutting tools play an increasingly important role in cutting difficult-
to-machine materials, ceramics cutting tools suffer from relatively low fracture toughness
and ductility due to the inherent brittleness of ceramic materials [6]. Therefore, some
scholars have focused their research on improving the fracture toughness of conventional
ceramic tool materials to meet the requirements of high-speed precision cutting processing.
Some researchers choose to prepare a coating (cBN coating, [7] TiAlN coating, [8,9] WS2/Zr
soft-coating [10]) on the surface of the ceramic tool to achieve the purpose of improving the
tool life, study the wear mechanism of the tool during cutting, and prepare a composite
ceramic tool with good performance. These coatings can effectively prevent the internal
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ceramic material from being corroded, thereby increasing the service life of the tool. Mikoła-
jczyk et al. [11] studied a new selective exchange worn cutting edge (SEWCE) scheme,
which achieved the effect of reducing tool cost. Wang et al. [12] fabricated Si3N4 ceramic
cutting tools with high fracture toughness by introducing tungsten particles and chang-
ing nitrogen pressure. Lucchini et al. [13] found that although the Al2O3/Mo composite
increases the toughness of the ceramic cutting tool, there is a performance defect in some
material cutting due to the too-low adhesion between the Al2O3 matrix and the Mo dis-
persion. TiCN-based materials have the characteristics of high hardness and high melting
point, so they are also widely used in various metal-based ceramic materials [14–17]. It has
been reported that adding 10–30 wt.% coarse TiCN to ultrafine TiCN metal-based ceramics
can significantly improve the fracture toughness and strength of the material [18]. In the
past, there were very few studies on TiCN-toughened silicon nitride ceramic materials. The
TiC0.7N0.3 used in this experiment is a continuous solid solution formed by TiC and TiN,
both of which have high hardness and high melting points. Most academic research focuses
on the performance improvement of Si3N4 by TiC or TiN [4,10,19–21], while TiC0.7N0.3 is
mostly used to improve the performance of other ceramic materials.

In this study, Si3N4-based ceramic materials with good overall performance were
prepared from two commercial ultrafine Si3N4 powders by controlling the addition of
TiC0.7N0.3 and different sintering temperatures. In addition, the chemical composition,
microstructure, and micro-interface of the Si3N4-based ceramics were characterized, and
the mechanical properties of the ceramics were measured. In addition, the bimodal particle
size distribution phenomenon and the self-toughening principle of β-Si3N4 are discussed.

2. Experimental Procedures

Two sizes of commercialα-Si3N4 powders (α> 92.5 wt.%, D50 = 0.8μm and D50 = 0.35 μm,
oxygen content = 1.20 wt.%, Shanghai Ansame Fine Ceramics Co., Ltd., Shanghai, China)
were used. Al2O3 (purity ≥ 99.9 wt.%, Shanghai Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China), Y2O3 (purity ≥ 99.5 wt.%, Shanghai Aladdin Biochemical Technology
Co., Ltd., Shanghai, China), and TiC0.7N0.3 ultrafine powder (purity ≥ 98%, D50 = 200 nm,
Shijiazhuang Huatai Ceramic Materials Factory, Shijiazhuang, China) were used as raw
materials. The 0.8 μm Si3N4 powder was marked as Si3N4-80, and the 0.35 μm Si3N4
powder was marked as Si3N4-35. In this experiment, a combined Y2O3-Al2O3 sintering aid
was selected, and the Si-Al-O-N and Y-Si-O-N liquid phases formed during the sintering
process allowed for more than adequate sintering of the Si3N4 [22,23]. The starting compo-
sition was determined to be Si3N4-80:Si3N4-35:Y2O3:Al2O3 = 87:5:6:2 by mass ratio, and the
powder was weighed and planetarily ground in ethanol at a speed of 300 rpm using Si3N4
balls for 10 h. After the planetary milling, the mixed slurry was poured out and placed
in an oven for drying at a drying temperature of 60 ◦C. The ground and dried powder
was passed through an 80-mesh sieve and recorded as the initial powder SN. According to
different TiC0.7N0.3 contents and different hot-pressing temperatures, it is divided into five
experimental schemes, SN1, SN2, SN3, SN4, and SN5, for hot-pressing sintering at 30 MPa
pressure, as shown in Table 1.

Table 1. Starting powder composition (vol%) and sintering parameter.

Sample SN TiC0.7N0.3 Temperature (◦C)

SN1 100 / 1650
SN2 99 1 1650
SN3 97 3 1650
SN4 99 1 1700
SN5 99 1 1750

The samples obtained by sintering were cut into several standard samples of
40 mm × 5 mm × 6 mm with a diamond cutter, and the standard samples were polished
and ground until the surface was mirror-like for various performance tests. Relative densi-
ties of Si3N4 tool material were evaluated by the Archimedes method. Phase characteriza-
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tion was performed by X-ray diffraction (XRD; PW3040/60, Panalytical Ltd, Netherlands,
The Netherlands). Backscatter observation and energy spectrum analysis were performed
on the polished surface of the specimen using a scanning electron microscope of SSX-550
(Shimadzu, Kyoto, Japan). The Vickers hardness of the material was measured with a
450SVDTM Vickers hardness tester (Walbert Measuring Instruments (Shanghai) Co., Ltd.,
Shanghai, China), the indentation load was 10 Kg, and the diamond indenter was loaded
on the surface of the sample for 15 s. The single-edge notched beam (SENB) method
was used to test the fracture toughness of the material. The strength of the material was
measured using the three-point flexural strength method. The surface of the ground and
polished sample strip was tested on a SANS computer-controlled electronic universal
testing machine (Shenzhen Xinsansi Material Testing Co., Ltd., Shenzhen, China).

3. Results and Discussion

Figure 1 shows the morphology of the SN2 mixed powder. In the SN2 composite
powder of various raw materials mixed and dispersed by ball milling, the particles are
separated from each other, the small particles are dispersed between the large particles,
and there is no agglomeration between the large and small particles. This shows that the
composite powder after dispersion treatment is evenly mixed and has good dispersibility,
which is beneficial for the subsequent experiments.

 

Figure 1. SEM image of SN2 sample powder before hot-pressing sintering.

X-ray diffraction (XRD) phase analysis was performed on the pre-compact body and
sintered body before and after hot-pressing sintering, respectively, to determine the phase
change before and after sintering, as shown in Figure 2. Based on the analysis of the
XRD pattern, it can be seen that the Si3N4 before sintering is mainly α-Si3N4, and there is
only β-Si3N4 remaining in the sample after sintering, indicating that during the sintering
process, the α-Si3N4 in the initial powder is all converted into columnar β-Si3N4 [24,25].
In addition, oxygen-containing sintering aids react with surface SiO2 and Si3N4 to form
a liquid phase of oxynitride at a high temperature. That is, during the high-temperature
sintering process of Si3N4, Al2O3 enters the Si3N4 crystal, and Al3+ and O2− ions replace
part of the Si4+ and N3− ions in the Si3N4 lattice, respectively. This forms the Si-Al-O-N
(which is β-sialon) phase, Y2O3 becomes Y-N apatite, and the Y-Si-O-N phase appears. The
resulting liquid phase can provide a solvent for bond breaking, reconstruction, and phase
transition; phase transition usually occurs only at the solid-liquid phase contact because
the sintering and densification of Si3N4 are affected by the solubility and viscosity of the
liquid phase [26–28]. During the phase transition, the unstable and easily soluble α-Si3N4
dissolves into the liquid phase, while the stable and insoluble β phase is precipitated, and
this liquid phase becomes the grain boundary phase when cooled. It can be seen from XRD
(Figure 2) that the TiC0.7N0.3 phase exists before and after sintering. Therefore, it can be
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inferred that TiC0.7N0.3 does not undergo phase transformation during the experiment but
is uniformly dispersed in the Si3N4 matrix.
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Figure 2. X-ray diffraction (XRD) patterns of SN2 samples before and after sintering at 1650 ◦C for 1 h:
(a) Standard data for TiC0.7N0.3 (PDF#42-1489); (b) Sample before sintering; (c) Sample after sintering.

Table 2 presents the mechanical properties of materials with different TiC0.7N0.3 ad-
ditions. Figure 3 shows the relationship between the relative density, hardness, flexural
strength, fracture toughness of the material, and the amount of TiC0.7N0.3 added. It can
be seen from Figure 3a that with the increase of the addition amount of the second phase
TiC0.7N0.3, the relative density of the material has a downward trend. However, the relative
density is more than 98%, which can be regarded as densification at the same time, and the
overall hardness has an increasing trend. This is because TiC0.7N0.3 has the characteristics
of high hardness [29,30]. In the meantime, the addition of TiC0.7N0.3 is equivalent to adding
a hard second phase, so it can be expected that when the addition amount continues to
increase, the hardness of the material will further increase.

Furthermore, adding 1 vol% of TiC0.7N0.3 can significantly improve the flexural
strength of the material, but when the addition is 3 vol%, it decreases significantly. It
can be seen from Figure 3b that the fracture toughness increases gradually with the increase
in the addition amount. The toughening effect of TiC0.7N0.3 on the matrix material is mainly
due to the difference in thermal expansion coefficient and elastic modulus between the
Si3N4 matrix and the dispersed phase particles of TiC0.7N0.3. In the process of material
preparation, when sintering and cooling, local residual stress will inevitably be generated.
When the residual stress is greater than a certain value, microcracks will be generated.
During the propagation of the main crack, the energy required for the propagation of the
main crack is consumed by microcracks, thereby improving the fracture toughness of the
material. Among the four performance indicators of the material, under the premise that
the relative density, Vickers hardness, and fracture toughness do not change much, the
flexural strength of the material added with 1 vol% TiC0.7N0.3 is the best. Therefore, among
the three samples with different compositions, the best comprehensive performance is the
sample with the TiC0.7N0.3 addition of 1 vol%.

Table 2. Effect of TiC0.7N0.3 content on the mechanical properties of materials.

Sample Relative Density (%) Bending Strength (MPa) Fracture Toughness (MPa·m1/2) Vickers Hardness (GPa)

SN1 99.42 809 9.10 15.9
SN2 98.78 916 9.47 15.8
SN3 98.90 856 9.89 16.1
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Figure 3. The effect of different volume fractions of TiC0.7N0.3 in SN1, SN2, and SN3 on the properties:
(a) Relative density and Vickers hardness; (b) Flexural strength and fracture toughness.

Figure 4 is the backscattered photos of the polished surface of the sample without and
with 1 vol% and 3 vol% TiC0.7N0.3 added. It can be seen in Figure 4a–c that the black parts
are distributed in stripes of different sizes, and the white areas are evenly distributed. With
the increase of TiC0.7N0.3 addition, the size of the black strips gradually decreased. The
uniform distribution of the black and white areas indicates that the powders are well-mixed
and have no serious agglomeration. Figure 5a,b is the energy spectrum (EDS) analysis of
points A and B in Figure 4c, respectively. Combined with the XRD phase analysis of the
sintered body (Figure 2c), it can be seen that point A, that is, the white area in the figure,
is mainly the Y-Si-O-N phase, and there is also a small amount of the Si-Al-O-N phase.
Point B, which is the black area in the figure, is mainly the β-Si3N4 phase and also has a
small amount of Al, indicating that it also contains a small amount of the Si-Al-O-N phase.
Since the addition of TiC0.7N0.3 is very small, the Ti is not obvious in the energy spectrum.
As a result, it is difficult to determine whether it is distributed at the grain boundaries of
β-Si3N4 or involved in the nucleation of β-Si3N4 and located at its crystal lattice.
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Figure 4. Backscattering photos of the polished surface of samples with different TiC0.7N0.3 contents:
(a) without TiC0.7N0.3; (b) 1 vol% TiC0.7N0.3; (c) 3 vol% TiC0.7N0.3.

Figure 5. Energy spectrum analysis (a) Point A in Figure 4c; (b) Point B in Figure 4c.

It can be seen from Figure 6 that with the change in the addition amount of TiC0.7N0.3,
the microstructure of the material has undergone a relatively obvious change. The Si3N4
matrix in the sintered body is all long columnar β-Si3N4 grains with different diameters
and aspect ratios interlaced with each other, and the fractures are rough. From the fracture
morphology of the material (Figure 6a–c), it can be clearly seen that the holes and part of
the grain section are left by the grain pulling out. This indicates that the fracture mode
is a combination of intergranular fracture and transgranular fracture. The long columnar
β-Si3N4 has the effect of strengthening and toughening similar to fibers and whiskers. This
is the self-toughening of Si3N4, and it is also an important reason why the flexural strength
and fracture toughness of Si3N4-based ceramic tool materials are higher than other tool
materials. At the same time, a small amount of β-Si3N4 in the raw material exists in the
form of seed crystals, and self-toughening Si3N4 ceramics can also be synthesized [31,32].
In addition, a small number of irregularly shaped and deep holes can be seen from the
fracture of the material. These are the pores inside the material, indicating that the density
of the material is not enough, especially the pores in Figure 6b are more obvious, and the
number of pores is slightly more than the other two. This also corresponds to the lowest
relative density of the sample added with 1 vol% TiC0.7N0.3 measured earlier. It can also be
seen from Figure 6 that with the increase of TiC0.7N0.3 addition amount, the average grain
size gradually decreases.
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Figure 6. (a–c) are the fracture scan photos of no addition, the addition of 1 vol%, and the addition
of 3 vol% TiC0.7N0.3, respectively; (d–f) are the scanning photos of the corroded surface without
adding, adding 1 vol%, and adding 3 vol% TiC0.7N0.3, respectively. On the right are the diameter
distributions of the three corresponding β-Si3N4 grains.

It can be seen from Figure 6d–f of the corroded surface topography that the grains
without TiC0.7N0.3 are more uniform and have little difference in size. After adding a small
amount of TiC0.7N0.3, due to the pinning effect of the second phase particles, the growth of
part of the grains is prevented so that the diameter and aspect ratio range of the overall
grains increases. Small grains are embedded between large grains, and the structure is
more tightly packed. This is also the reason why the flexural strength increases after adding
1 vol% TiC0.7N0.3. When the addition amount is 3 vol%, the number of small grains is too
large, which weakens the self-toughening effect of Si3N4. Therefore, the flexural strength
starts to decrease again while the fracture toughness continues to increase, which is still
due to the difference in thermal expansion coefficient and elastic modulus between the
Si3N4 matrix and the dispersed phase particles of TiC0.7N0.3.

It can be clearly seen from the particle size distribution diagram on the right that
the diameter of β-Si3N4 grains in the sample without TiC0.7N0.3 is concentrated between
0.4 and 0.8 μm. After adding 1 vol% TiC0.7N0.3, the diameters of β-Si3N4 grains are
concentrated between 0.3 and 1 μm. After adding 3 vol% TiC0.7N0.3, the diameters of
β-Si3N4 grains are concentrated between 0.1 and 0.65 μm. It shows that the addition of
TiC0.7N0.3 reduces the diameter of some β-Si3N4 grains in the sample and increases the
diameter distribution range. It can also be seen that the diameter of β-Si3N4 grains has a
bimodal distribution, especially the bimodal distribution of the 1 vol% TiC0.7N0.3 sample
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is more obvious. At the same time, when the grain size of β-Si3N4 in the Si3N4 matrix
presents a bimodal distribution, its mechanical properties are greatly improved [33–35].
This is also an important reason for the improvement of the mechanical properties of the
material after adding a small amount of TiC0.7N0.3.

The above discussion can be concluded that the addition of TiC0.7N0.3 has a certain
effect on the relative density and hardness of ceramic tool materials. However, TiC0.7N0.3
exists as a hard second phase in the Si3N4 grain boundary, and the second phase particles
act as pegging. When the addition amount is 1 vol%, the β-Si3N4 grains have an overall
bimodal structure. Different diameters of β-Si3N4 are interlaced with each other, which
makes the flexural strength of ceramic tools much higher.

In the process of hot-pressing sintering, the influence of hot-pressing temperature on
the properties of materials is also very obvious. The addition of sintering aids can reduce
the sintering temperature, and the optimal sintering temperature of different sintering aid
combinations is also different. It can be seen from Figure 2c that the mixed powder with
1 vol% TiC0.7N0.3 that was hot-pressed and sintered at a sintering temperature of 1650 ◦C
for one hour, the α → β phase transition was complete. Therefore, when the sintering
temperature increased to 1700 and 1750 ◦C, the phase composition of SN2, SN4, and SN5
samples did not change after sintering. It was still the four phases of β-Si3N4, Si-Al-O-N
(which is β-sialon), Y-Si-O-N, and TiC0.7N0.3. In XRD images (Figure 7), the difference
between the three images is only the difference in peak strength.
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Figure 7. XRD patterns of samples at different hot-pressing temperatures: The sintering temperatures
of SN2, SN4, and SN5 samples were 1650, 1700, and 1750 ◦C, respectively.

Table 3 presents the mechanical properties of the materials prepared at different hot-
pressing sintering temperatures. Figure 8 shows the relationship between the relative
density, hardness, flexural strength, fracture toughness of the material, and hot-pressing
sintering temperature. It can be seen from Figure 8 that with the increase of hot-pressing
temperature, the relative density of the material increases gradually, indicating that increas-
ing the hot-pressing sintering temperature can promote the densification of the material.
The Vickers hardness of the material had almost no change, indicating that the hardness of
the material is mainly affected by its composition and phase, and is little affected by the
hot-pressing temperature. In addition, the flexural strength and fracture toughness of the
material increased significantly with the increase in hot-pressing temperature, which may
be related to the increase in the material density or the change in grain size, which can be
verified by the microstructure and morphology. Some researchers claim that the α-Si3N4
powder can be completely densified under the temperature of about 1850 ◦C and the
pressure hot-pressing of 23 MPa [36]. However, our temperature has not reached 1850 ◦C
at present, so by increasing the hot-pressing sintering temperature, the comprehensive
performance of the Si3N4-based ceramic tool material can be further improved.
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Table 3. Effect of hot-pressing temperature on the mechanical properties of materials.

Sample Relative Density (%) Bending Strength (MPa) Fracture Toughness (MPa·m1/2) Vickers Hardness (GPa)

SN2 98.78 916 9.47 15.8
SN4 99.04 961 9.95 15.9
SN5 99.22 993 9.81 15.9

Figure 8. Comparison of performance parameters of SN2, SN4, and SN5 samples at different sintering
temperatures: (a) Relative density and Vickers hardness; (b) Flexural strength and fracture toughness.

Figure 9 shows the scanned photographs of the fracture cross-sections at three hot
pressing temperatures. When sintered at 1650 ◦C, the β-Si3N4 seeds in the raw material
grow through the Ostwald maturation mechanism. Due to the relatively low sintering
temperature, the overall grain radius is relatively small, and there are many pores at the
grain boundary. The TiC0.7N0.3 in the raw material is uniformly dispersed in the Si3N4
matrix. Because its thermal expansion coefficient and elastic modulus are different from
those of Si3N4, β-Si3N4 grains with different diameters and different aspect ratios are
interlaced and tightly combined with each other during the sintering process to achieve the
effect of reinforcement and toughening.
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Figure 9. The fracture surfaces SEM of SN2, SN4, and SN5 samples sintered at different temperatures:
(a) 1650 ◦C; (b) 1700 ◦C; (c) 1750 ◦C.

In the sintering process, there are two main factors affecting the crystal growth, one
is the diffusion rate of solute atoms, and the other is the deposition rate of solute atoms
at the particle-matrix interface [37]. In this experiment, with the increase of temperature
under the same conditions, the diffusion rate of solute atoms increases greatly, making the
grain size of β-Si3N4 larger. At the same time, the density of the material increases, and
the porosity defect decreases so that the mechanical properties such as flexural strength,
fracture toughness, and hardness are improved.

At the same time, we can also draw from Figure 9, with the change of hot-pressing
sintering temperature, the intrinsic reasons for the change of mechanical properties of
materials. With the increase of hot-pressing sintering temperature, the phenomenon of grain
pull-out during fracture becomes more and more obvious, and the fracture is rougher; that
is, the holes left after grain pulling out are larger and deeper. This indicates that the diameter
and length of the grains increased. Due to the existence of rod-like β-Si3N4, crack deflection
and bridging occur during crack propagation, which increases the crack deflection angle,
consumes more energy, and inhibits crack propagation [26,35]. Furthermore, the larger
the rod size, the better the effect. The β-Si3N4 particles at 1750 ◦C are larger than other
samples, so the performance is better. It may be that the increase in temperature makes
a large amount of liquid phase to be formed at the grain boundary during the sintering
process, which increases the crystal phase transformation rate and makes the particle
diameter of β-Si3N4 larger. Compared with those shown in Figure 9a,b, the fracture surface
(Figure 9c) seems to be denser, and the number of irregularly-shaped deeper pores at the
fracture is significantly reduced. This basically conforms to the relative density variation
trend of samples at different temperatures shown in Table 3. Therefore, increasing the
sintering temperature is helpful to improve the flexural strength and fracture toughness of
the samples.
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Figure 10 is the distribution curve of the aspect ratio of β-Si3N4 grains in samples with
hot-pressing sintering temperatures of 1650, 1700, and 1750 ◦C. It can be seen that with the
increase in hot-pressing temperature, the aspect ratio of β-Si3N4 grains increases signifi-
cantly. This makes the inter-grain interleaving of Si3N4 more complex so that the overall
mechanical properties are relatively high. This is the same as the previous experimental
results. At the same time, the mechanical properties still show an increasing trend as the
temperature continues to increase. The increase in grain diameter and aspect ratio enhances
the self-toughening effect of the material and improves the overall performance [38].

Figure 10. The distribution curves of the aspect ratio of β-Si3N4 grains in SN2, SN4, and SN5 at
different hot-pressing temperatures.

4. Conclusions

In this study, the mechanical properties of Si3N4 ceramic tool materials were improved
by adding a new TiC0.7N0.3 sintering aid to the traditional sintering additive combination
of Al2O3 and Y2O3. Using different sintering temperatures, Si3N4 ceramic tool materials
with excellent bending strength and fracture toughness were prepared. The relationship
between the microstructure and mechanical properties of the prepared Si3N4 ceramics
was systematically characterized and discussed. Based on the experimental results and
discussion, the following conclusions are drawn:

(1) The added TiC0.7N0.3 and the matrix Si3N4 have different thermal expansion coeffi-
cients and elastic moduli; they prevent the growth of part of the grains so that the
β-Si3N4 grains with different diameters and different aspect ratios are staggered and
tightly combined with each other. At the same time, because TiC0.7N0.3 has the char-
acteristics of high hardness and high strength, it is uniformly dispersed in the matrix
of Si3N4 as a hard second phase, and the effect of strengthening and toughening is
achieved. In addition, the effect of adding 1 vol% TiC0.7N0.3 is relatively the best; the
flexural strength and fracture toughness are 916 MPa and 9.47 MPa·m1/2, respectively.

(2) Use of the Ostwald maturation mechanism to explain the grain growth process at
different temperatures. By increasing the temperature of hot-pressing sintering, the
degree of grain growth is greater, the degree of the interlacing of β-Si3N4 grains
with different diameters and different aspect ratios is also gradually increased, and
the mechanical properties of the material are also improved. The relative density,
flexural strength, and fracture toughness reached 99.22%, 993 MPa, and 9.81 MPa·m1/2,
respectively, when the hot-pressing sintering temperature was 1750 ◦C. However,
there is still a great potential for improvement in numerical value.
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Abstract: In this work, TiN/Ti(C,N)/Al2O3 multilayer coatings were deposited using an industrial-
scale thermal CVD system. Two polymorphs of Al2O3, the stable α- and the metastable κ-Al2O3,
were obtained by the deposition of specific bonding layers at the Al2O3/Ti(C,N) interface. The
comparable hardness and elastic moduli of α- and κ-Al2O3 multilayer coatings were measured.
The tribological behavior of Al2O3 multilayer coatings was studied at room temperature using
24CrMoV5-1 balls; friction coefficients were comparable for both α- and κ-Al2O3 multilayer coatings.
As a result of the relatively high hardness of coatings and the generation of abrasive wear particles,
larger wear tracks were observed on balls. In Rockwell C tests, good adhesion at Al2O3/Ti(C,N)-
based layer’s interface was reported in κ-Al2O3 multilayer coatings, which could be attributed to the
deposition of κ-bonding layers consisting of needle-shaped grains. The cutting performances in the
turning-roughing of 24CrMoV5-1 steel under different parameters—cutting speed, feed, and depth
of cut—were investigated. Herein, κ-Al2O3 multilayer coatings showed the longest tool life, double
of that of a commercial CVD Al2O3 multilayer coating. The results obtained could enrich the existing
database for the development of prediction models of tool wear and machined surface quality and
help improve tool performance for the machining of 24CrMoV5-1 steel.

Keywords: chemical vapor deposition; Al2O3; wear-resistant coatings; tungsten carbide cutting
inserts; cutting performance

1. Introduction

Metal cutting is a manufacturing process achieved through different operations, mainly
categorized as turning, milling, and drilling [1]. During metal cutting, high forces act at
contact zones between the tool and workpiece. The chip formation involves the plastic
deformation at shear zones, generating contact stress and heat in cutting tools, which are
subjected to abrasive and adhesive wear. When using workpiece materials with relatively
high thermal conductivities, the generated heat is transported away with chip flow over
the tool rake face [2–5]. In the case of continuous cylindrical turning, the workpiece
rotates around its center axis, while a sharp-edged tool is set to a certain depth of cut
for performing a facing operation towards the workpiece rotational center [6]. In contact
zones, high temperatures are reached, where thick coatings (≈5–20 μm) with low thermal
conductivities are accepted as favorable since they provide a thermal barrier to the substrate,
and the generated heat is deflected into the chip, preventing the plastic deformation of the
underlying substrate [1,7].
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CVD α- and κ-Al2O3 coatings were found to be efficient to protect cutting tools from
crater wear on the rake face, due to their low adhesion tendency in contact with metals
and excellent chemical stability at high temperatures [8]. α- and κ-Al2O3 differ in their
crystal structure, grain size and thermal conductivity; the low thermal conductivity of κ-
Al2O3, approx. three times lower than α-Al2O3, suggests that this metastable phase of
alumina could be an excellent thermal barrier for cutting tools [9]. However, κ-Al2O3 can
transform irreversibly to α-Al2O3 at high temperatures, resulting in a volume contraction of
approx. 8% due to the heat generated during thermal CVD process and metal cutting [10].
It was also reported that the mechanical properties of CVD α-Al2O3 coatings could be
enhanced by choosing an optimized texture for the α-Al2O3 phase [11]. Consequently,
CVD Al2O3 coatings have continuously been optimized with respect to the phase and film
texture control.

In previous studies, CVD TiN/Ti(C,N)/Al2O3 multilayer coatings were extensively
studied [12,13]. It was shown that the growth of α- and κ-Al2O3 on Ti(C,N) could be
controlled with the deposition of bonding layers at the Al2O3/Ti(C,N)-based layer’s inter-
face [12]. The epitaxial growth of α-Al2O3 on rutile as well as that of κ-Al2O3 on needle-like
Ti(C,N) were reported [12,13]. It is essential to achieve the phase control to compare the
performance of CVD α- and κ-Al2O3 multilayer coatings in the present work.

In this work, 24CrMoV5-1 was selected as the workpiece material, which is widely
used to produce molds for light metals and plastics. Based on a previous study, tungsten
carbide tools with coatings of hard refractory materials such as Ti(C,N) and Al2O3 were
used for turning operations of 24CrMoV5-1 steel herein [14]. The aim of the present work
is to study mechanical and tribologicial properties of CVD α- and κ-Al2O3 multilayer
coatings and to investigate the effects of operational conditions on tool wear. The cutting
performances of coated tungsten carbide inserts were characterized and compared to that
of a commercial CVD Al2O3 multilayer coating.

2. Materials and Methods

2.1. Sample Preparation

Four CVD Al2O3 multilayer coatings were deposited, corresponding to the following
samples: A, B, A1 and B1. All coatings were deposited using an industrial-scale thermal
CVD system (Ionbond BernexTM BPXpro 325S, IHI group, Olten, Switzerland). The
process was described in a previous study, principally composed of four systems: reactor,
AlCl3 generator, by-products treatment system, gaseous and liquid precursors (TiCl4 and
CH3CN) supply systems [15]. As shown in Figure 1, the multilayers in samples A and B
were deposited on 30 mm diameter cemented carbide substrates (WC-Co 6 wt.%) to study
the mechanical and tribological properties of CVD Al2O3 coatings. All substrates were
mirror-polished (1μm diamond slurry) and cleaned using ethanol.

This coating architecture is described as: TiN buffer layer/TiN gradient layer (Grad
1)/MT-Ti(C,N); gradient layer (Grad 2)/MT-Ti(C,N)/MT-Ti(C,N); gradient layer (Grad
3)/HT-Ti(C,N); gradient layer (Grad 4)/HT-Ti(C,N); and α- or κ-bonding layer/Al2O3. For
clarity, the TiN buffer layer acts as a diffusion barrier of Co from the substrate, Ti(C,N)
layers provide high hardness and good wear resistance; bonding layers help to control the
growth of α- and κ-Al2O3 on Ti(C,N); and the Al2O3 top layer can improve the oxidation
resistance of coatings. Herein, α-Al2O3 was obtained in samples A and A1, whereas κ-
Al2O3 was obtained in samples B and B1. Importantly, multilayers with a 0.8 μm thick TiN
top layer were deposited in samples A1 and B1 on tungsten carbide inserts for the turning
of 24CrMoV5-1 steel. TiN top layers can facilitate the wear detection. TiN top layers in
samples A1 and B1 were deposited at 1005 ◦C and 70 mbar from a TiCl4-H2-N2 gas mixture
(H2: balance, N2: 39.4 vol.%, TiCl4: 1.70 vol.%, the total flow rate: 34.0 L.min−1). Due to an
increasing deposition temperature in the CVD process, MT (medium-temperature) and HT
(high-temperature) Ti(C,N) layers, as well as different gradient layers, were deposited in
order to enhance the process continuity and the coating adhesion. The detailed deposition
parameters are given in Tables 1 and 2.
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Figure 1. Schematic representation of the coating architecture of samples A, B, A1 and B1.

Table 1. The deposition parameters of different layers in samples A, B, A1 and B1.

Parameters TiN MT-Ti(C,N) HT-Ti(C,N)
α-Bonding

Layer
κ-Bonding

Layer
Al2O3

Temperature (◦C) 900 880 1005 1005 1005 1005
Pressure (mbar) 70 70 70 70 70 70

Deposition time (min) 40 60 15 15 15 120
Total flow rate (L.min−1) 33.8 26.1 32.5 26.0 32.5 25.0

H2 (vol.%) balance

N2 (vol.%) 39.6 20.3 18.4 - 9.2 -
TiCl4 (vol.%) 1.3 2.4 1.4 - 1.2 -

CH3CN (vol.%) - 0.8 - - - -
CH4 (vol.%) - - 3.4 - 2.2 -
CO2 (vol.%) - - - 3.8 - 4.0
CO (vol.%) - - - - 0.9 -

AlCl3 (vol.%) - - - - 0.4 1.6
HCl (vol.%) - - - - - 2.0
H2S (vol.%) - - - - - 0.3
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Table 2. The deposition parameters of different gradient layers.

Parameters Grad 1 Grad 2 Grad 3 Grad 4

Temperature (◦C) 900 → 890 890 → 880 880 → 890 890 → 1005
Pressure (mbar) 70 70 70 70

Deposition time (min) 10 15 15 60
Total flow rate (L.min−1) 33.9 26.1 26.1 26.2

H2 (vol.%) balance

N2 (vol.%) 39.5 20.3 20.3 16.8
TiCl4 (vol.%) 1.6 2.2 2.3 1.6

CH3CN (vol.%) - 0.8 0.8 -
CH4 (vol.%) - - - 5.3

2.2. Characterization

X-ray diffraction (XRD) studies were carried out using a Bruker D8 Advance diffrac-
tometer (Bruker, Billerica, MA, USA) operating at 40 kV/40 mA with Kα radiation of Cu (λ
Kα1 = 1.54059 Å and λ Kα2 = 1.54443 Å). Phase identifications were conducted in Bragg–
Brentano geometry with a step size of 0.02◦ for a 2θ-range from 20◦ to 60◦. Peak positions
were determined by fitting the diffraction peaks with the Pseudo–Voigt function, and the
software MAUD (version 2.92) was used. The instrumental contribution was determined
using the standard material® 640d.

Surface morphology was observed using a Zeiss Gemini 500 scanning electron micro-
scope (SEM, Jena, Germany), and cross-sectional fractures were prepared by a FIB/SEM
FEI Helios NanoLab 600i (FEI, Hillsboro, OR, USA) equipped with platinum gas injection
system. The FIB column used a gallium liquid metal ion source operating at an accelerating
voltage up to 30 kV. A Pt-layer was primarily deposited to protect the coating surface
from ion beam damage. However, the film thickness is more than 11 μm, which exceeds
the limit of the FIB/SEM used, and only the Al2O3 and Ti(C,N)-based layer’s interface
was highlighted.

The average surface roughness Ra was evaluated by an AltiSurf© 500 optical pro-
filometer (Altimet, Thonon-Les-Bains, Switzerland) with a scanning rate of 50 μm/s, using
a measurement length of 5 mm on ten different positions at the coating surface. Surface pro-
files were characterized after ball-on-disc tests with a scanning rate of 50 μm/s (analyzed
area: 2.5 × 2.5 mm2).

The hardness and modulus of samples A and B were evaluated by a Nano-indenter
HYSITRON TI980 using a Berkovitch diamond tip with a maximum load of 11 mN. Loading
and unloading rates were 2 mN/s with a residence time of 2 s at the maximum load. Prior
to measurements, the coating surface was mirror-polished to eliminate asperities and to
obtain an average roughness Ra less than 15 nm. Twenty-five indentations were performed
for each sample and an average value was considered. The Oliver and Pharr method
and the Poisson’s ratio of 0.24 for both α- and κ-Al2O3 were used for calculations [16,17].
Vickers hardness HV0.05 values were measured using a Wilson® TUKONTM 1202 (Buehler,
Leinfelden-Echtergingen, Germany): ten indentations were performed for each sample,
and an average value was considered [18].

A CSM tribometer was used for ball-on-disc tests. Samples A and B were tested using
6 mm diameter grade 24CrMoV5-1 balls (workpiece material for cutting tests) without
lubricant. A normal force of 10 N (maximum of the tribometer used) was applied; the
sliding distance was 1000 m with a speed of 10 cm/s and a rotational radius of 2.5 mm.
Wear tracks on coating surfaces were observed by an optical microscope KEYENCE VH-
Z250R (KEYENCE, Bois-Colombes, France). Rockwell C tests were carried out for samples
A and B to investigate the film adhesion and its brittleness; a conical diamond indenter
with a load of 150 kg was used [19].

Furthermore, Ø 200 × 300 mm annealed bars of 24CrMoV5-1 (Dijon, France: ANFOR
NFA) with a hardness of 220 HB were selected as the workpiece material; its composition
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(C: 0.39 wt.%, Si: 1.03 wt.%, Mn: 0.33 wt.%, Cr: 5.07 wt.%, Ni: 0.16 wt.%, Mo: 1.23 wt.%,
V: 0.39 wt.%, P: 0.02 wt.% and S: <0.001 wt.%) is given in a previous study [14]. The tool
holder DCLNL 3232 P16 was used with uncoated (CNMX 16 06 12 E8 CH01) and coated
(CNMX 16 06 E8 CFX 1025) inserts provided by Evatec Tools. According to the ISO standard
3002:1982, the tool cutting edge angle (kr) is 95◦, the tool cutting edge inclination (λs) is
−6◦, the orientation of the cutting face (γo) is −6◦ and the orientation of the flank (αo) is 6◦.

A spinner TC600 CNC lathe machine was used for the cylindrical turning of 24CrMoV5-
1 steel; the experimental set-up is shown in Figure 2 [14]. A water–oil mixture (8.5% S-Aero
Fluch soluble oil) was used as lubricant during turning. Cutting edge temperatures were
measured by an Actarus® System (CIRTES, Saint-Dié-des-Vosges, France); a temperature
probe was 1 mm under the cutting edge. A triaxial piezoelectric dynamometer-Kistler 9257B
and accelerometer-Kistle 8763B were placed to measure cutting forces and accelerations
in feed, in tangential and radial directions with reference to tools [14,20]. Herein, cutting
parameters, cutting forces, accelerations, and temperature are inputs of the “Machine
Learning Model”, which can provide an estimation of tool wear and machined surface
roughness as outputs [14].

 

Figure 2. Cutting forces, accelerations and cutting-edge temperatures measurement systems.

The COM (Couple Tool-Material) protocol defined on the standard NF E 66-520
was devoted to the determination of cutting parameters, for a precise association of tool,
workpiece material and machining operation. This protocol provides the guidelines for
choosing minimum values for cutting speed-Vc, as well as maximum and minimum values
of depth of cut-ap and feed-f. The determination of these values is based on cutting
parameters and other process information (cutting forces, accelerations, cutting edge
temperatures, roughness of the machined surface, tool wear, chip shape, etc.).

Herein, 39 experiments were carried out following the COM protocol using commercial
coated inserts from Evatec Tools to choose the optimum cutting parameters. As can be seen
in Table 3, cutting speed-Vc was increased from 150 to 500 m/min in the series (A), feed-f
was increased from 0.2 to 0.6 mm/rev in the series (B), and depth of cut-ap was increased
from 1 to 5.5 mm in the series (C). These parameters (Vc: 150–500 m/min, f : 0.2–0.6 mm/rev
and ap: 1–5.5 mm) were suggested by Evatec Tools for turning-roughing operations.
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Table 3. Experiments carried out for the determination of cutting parameters: cutting speed-Vc
(m/min), feed-f (mm/rev) and depth of cut-ap (mm).

Series
Experience

Number
Vc (m/min) f (mm/rev) ap (mm)

(A)

1 to 3 150 0.3 2.5
4 to 6 240 0.3 2.5
7 to 9 340 0.3 2.5

10 to 12 500 0.3 2.5

(B)

13 to 15 240 0.2 2.5
16 to 18 240 0.3 2.5
19 to 21 240 0.45 2.5
22 to 24 240 0.6 2.5

(C)

25 to 27 240 0.35 1
28 to 30 240 0.35 2.5
30 to 32 240 0.35 3.5
33 to 36 240 0.35 4.5
37 to 39 240 0.35 5.5

Each experiment repeated three times consists of performing a cylindrical turning op-
eration for about 30 s with given cutting parameters, to obtain stable signals of temperature
and a visible evolution of tool wear. Accelerations and cutting-edge temperatures were
measured, and specific cutting force-kc (cutting force per unit area of cut) was calculated
according to the standard NF ISO 3002-4. Tool flank wear-Vb was measured as the average
width of the flank land by an optical microscope according to the ISO standard 3685:1993.
At the end of each experiment, an average roughness Ra of the machined surface was
measured by a portable roughness tester: Mitutoyo SJ 210 (Mitutoyo, Roissy, France). A
new cutting edge was used for each experiment.

Based on the results obtained from 39 experiments and the “Machine Learning Model”,
cutting parameters were determined: cutting speed—240 (m/min), feed—0.35 (mm/rev)
and depth of cut—3.5 (mm). In these conditions, a low flank wear with a low machined
surface roughness was obtained for turning of 24CrMoV5-1 steel using commercial coated
cutting inserts (CNMX 16 06 E8 CFX 1025) from Evatec Tools (Evatec tools, Thionville,
France). However, it was not possible to characterize this TiN/TiB2/Al2O3 commercial
coating in terms of coating thickness, composition or microstructure. Afterwards, tool-life
tests were carried out according to the ISO standard 3685:1993 using these determined
parameters. When tool flank wear-Vb reached 300 μm or edge breakage occurred, the
cutting edge was considered as reaching the end of life. The results obtained are discussed
in Section 3.5.

3. Results and Discussion

3.1. Structure, Morphology and Microstructure Analyses

The X-ray diffractograms of samples A, A1, B and B1 are presented in Figures 3 and 4.
It is shown that α-Al2O3 was obtained in samples A and A1, due to the deposition of the
α-bonding layer that was obtained by oxidizing the uppermost part of the HT-Ti(C,N)
layers. This oxidizing step resulted in the formation of rutile; the epitaxial growth of
α-Al2O3 on rutile was evidenced [12]. On the contrary, κ-Al2O3 was obtained in samples
B and B1, due to the deposition of κ-bonding layer composed of Ti(C,N) needle-shaped
grains [12]. Compared with Figure 3, diffraction peaks belonging to TiN were pronounced
in Figure 4, since 800 nm thick TiN top layers were deposited in both samples A1 and B1 to
facilitate the wear detection after the manufacturing process.

265



Coatings 2023, 13, 883

 

Figure 3. X-ray diffractograms of samples A and B.

 
Figure 4. X-ray diffractograms of samples A1 and B1.

Figure 5 shows surface morphologies and cross-sectional microstructures of samples
A and B. Sample A consists of facetted grains, in agreement with earlier observations
reported [12,21,22]. Previous studies found that κ- to α-Al2O3 phase transformation can
occur during the CVD deposition process, and α-Al2O3 obtained through this phase trans-
formation shows large equiaxed grains [21,23]. Herein, neither diffraction peaks originating
from κ-Al2O3, nor large equiaxed grains was observed, and the phase transformation is
ruled out. In contrast, sample B is composed of small, rounded grains, thus a similar mor-
phology was reported [12]. Some cracks were observed due to thermal stresses generally
found in CVD coatings. Cross-sectional fractures were prepared by FIB, the Al2O3 and
Ti(C,N)-based layer’s interface was highlighted, and Ti(C,N) needle-shaped grains were
grown to promote the nucleation of κ-Al2O3 in sample B.
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Figure 5. SEM images showing surface morphologies (top view) and cross-sectional fractures of
samples A and B. Note that top layers in these two samples are α- and κ-Al2O3, respectively.

3.2. Nano- and Micro-Indentation

The hardness of 28.0 ± 0.8 GPa and 25.6 ± 0.4 GPa was measured for samples A
and B, in good agreement with earlier studies: polycrystalline α-Al2O3 exhibits slightly
higher hardness than κ-Al2O3 [24–27]. Young’s moduli of 333 ± 6 GPa and 292 ± 6 GPa
were measured for samples A and B. Accordingly, Ruppi et al. reported elastic moduli of
390 ± 44 GPa and 340 ± 15 GPa for CVD α- and κ-Al2O3 multilayer coatings [25]. However,
Rebelo de Figueiredo et al. obtained lower moduli of 280 ± 8 GPa and 250 ± 6 GPa [24]. It is
believed that the mechanical properties of CVD Al2O3 are strongly dependent on deposition
conditions. Additionally, elastic properties of CVD Al2O3 coatings depend also on residual
stress state [27,28]. High tensile residual stresses could provoke low moduli. Regarding
CVD coatings, thermal stresses induced by dissimilar coefficients of thermal expansion
play a crucial role, and the stress behavior of anisotropic α-Al2O3 is not independent from
the in-plane orientation [27,29,30]. Such a conclusion requires further investigations.

The Vickers hardness of 27.3 ± 1.1 and 25.9 ± 1.0 GPa was measured for samples A
and B, respectively. Comparable values of approx. 29.4 GPa were reported for both CVD α-
and κ-Al2O3 multilayer coatings from the company Bernex. Since the applied indentation
load was relatively small in both the present study and company measurement standard,
no visible radial or lateral cracks were observed at the surroundings of the imprints by an
optical microscope.

3.3. Ball-on-Disc Test

As shown in Figure 6, friction coefficients (μ) of 0.76 and 0.72 were determined for
samples A and B, respectively. This could be attributed to relatively high surface roughness
Ra, which is 125 nm and 108 nm for samples A and B. Accordingly, a slightly lower
μ of sample B could be related to its smaller grain size [31,32]. As shown in Figure 7,
wear tracks were observed on the surfaces of samples A and B, while larger tracks were
found on 24CrMoV5-1 balls. It is speculated that the counterpart crushed coating surface
asperities and abrasive wear particles were generated. Furthermore, the counterpart shows
an adhesion tendency to the coating surface, leading to the stick-slip phenomenon and
scattering friction forces [33]. Meanwhile, coatings exhibit much higher hardness levels
than 24CrMoV5-1 steel, which could also be responsible for larger tracks on balls [34,35].

267



Coatings 2023, 13, 883

 
Figure 6. Friction coefficients measured using 6 mm diameter 24CrMoV5-1 balls at room temperature
in air atmosphere without lubricant.

 

Figure 7. (a,b) Optical microscope images of wear tracks on the surface of samples A and B. (c,d) 3D
profilometer images of wear tracks.

3.4. Rockwell C Test

As shown in Figures 8 and 9, samples A and B were characterized by SEM after
Rockwell C tests. In general, coatings under extreme stress conditions show two different
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aspects. On the one hand, the normal components of the stress tensor could be responsible
for the brittle failures of coatings [36]. Normal stresses greater than the coating strength can
provoke coherence release or chipping. In this case, the mechanical properties of coatings,
such as the internal cohesion, play an important role. On the other hand, interfacial bonds
between the coatings and the substrates—the so-called adhesion—are key. The release of
interfacial bonds could be correlated to the shear stress components of stress tensors, which
could result in micro- or macro-delamination.

 

Figure 8. SEM images and EDS analyses of sample A after Rockwell C test. (a) Secondary electron
(SE) image and (b) Backscattered electron (BSE) image.

As shown in Figure 8, extended delamination and radial cracks surrounding the
imprint are observed. As can be seen in Figure 8a,b, film delamination with buckling at
the center of the imprint is evidenced. In EDS analysis (1), an Al2O3 layer was detected.
In EDS analyses (2) and (3), Ti(C,N)-based layers and a substrate were characterized. It
was observed in EDS analyses (4) and (5) that Al2O3 layers pile up at the center of imprint,
and Ti(C,N)-based layers were exposed. As shown in Figure 9, film delamination and
cracks at the vicinity of imprint were observed, similar to sample A. On the contrary, no
significant buckling at the center of the imprint could be observed in sample B, consistent
with EDS analysis (4). EDS analysis (1) demonstrates that only an Al2O3 layer was detected,
whereas Ti(C,N)-based layers and a cemented carbide substrate were characterized in EDS
analyses (2) and (3).

In such case, it is difficult to conclude whether the fracture results from cohesive
or adhesive failures, so the so-called mixed failure mode is considered. This kind of
failure could be caused by a combination of normal and shear stresses. At least, the poor
delamination at the center and small radial cracks at the surrounding of imprint indicate
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that sample B shows a better adhesion between the Al2O3 and based layers, compared with
sample A. However, these results must be put into perspective with respect to the nature
of the substrate. However, indentations were performed on these coatings deposited on
cemented carbide substrates, whereas in conventional Rockwell C tests, a quenched and
tempered high-speed steel (62 HRC) substrate is used.

 

Figure 9. SEM images and EDS analyses of sample B after Rockwell C test. (a) Secondary electron
(SE) image and (b) Backscattered electron (BSE) image.

3.5. Metal Cutting Test

Tool-life tests consist of executing cutting experiments with the same cutting edge
until the end of life. Using the determined cutting parameters in Section 2.2, tool-life tests
of 24CrMoV5-1 steel using sample A1 and B1 coated cutting inserts, commercial uncoated
and coated cutting inserts were carried out according to the ISO standard 3685:1993. It is
noticeable that cutting-edge radiuses are comparable before and after the deposition of
CVD Al2O3 multilayer coatings (samples A1 and B1). Regarding commercial uncoated
inserts, edge breakage occurred after the very first seconds. It is shown clearly that these
uncoated inserts are not adaptable to the severe cutting conditions applied.

Tool-life plots are shown in Figure 10. Flank wear, cutting edge temperature, roughness
of the machined surface, accelerations and cutting forces were measured every 30 s during
the cutting tests, as displayed in Figure 11. In these conditions, sample B1 (the coated
tungsten carbide cutting insert) exhibits the longest tool life of approx. 650 s, double that of
commercial coated inserts. In this study, tool life was evaluated by flank wear-Vb; when
flank wear reaches 300 μm or edge breakage occurs, the tool reaches the end of its life.
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Figure 10. Tool-life plots for cutting tests of 24CrMoV5-1 steel.

 

Figure 11. Evolution of cutting-edge temperature-T, average roughness of machined surface-Ra,
cutting forces in tangential-Ft, feed-Ff and radial-Fr directions, as well as accelerations-Acc (vibrations
in tangential-Acct, feed-Accf and radial-Accr directions) with increasing machining time during
tool-life tests.
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As can be seen in Figure 11, while cumulated machining time increased, cutting
temperatures did not increase until the end of life. As aforementioned, the generated heat
in the shear zone could be transported away with chip flow. In this respect, CVD Al2O3 is
considered a good thermal barrier for preventing the plastic deformation of substrates [1,7,8].
Compared with α-Al2O3, κ-Al2O3 shows a much smaller thermal conductivity. This could
be a plausible explanation for the lower cutting-edge temperatures measured during cutting
tests using sample B1 coated cutting inserts [9]. Concerning the roughness of the machined
surface, comparable results of approx. 3 μm were obtained at the end of tool life in all
three tests.

Cutting forces in different directions were measured. Cutting forces in all directions for
tool-life tests using commercial coated cutting inserts were always higher than those using
sample A1 and B1 coated inserts, particularly Ft and Ff, indicating that more important
powers were required on the spindle for turning using commercial coated inserts. Accelera-
tions in all directions were measured and root mean square values were considered. Indeed,
accelerations correlated to cutting vibrations could significantly influence tool service life
and tool deflection, and the vibration of tool tip could seriously deteriorate the quality of
the machined surface. In this study, smaller accelerations were measured during the test
using sample B1 coated cutting inserts. In contrast, it is speculated that large grain size
and the higher hardness and roughness of sample A1 generated important vibrations. This
could be responsible for the significant chipping reported in Figure 12a.

 

Figure 12. SEM images and EDS analyses of the sample A1 (CVD α-Al2O3 coating) coated insert after
cutting test of 24CrMoV5-1 steel. (a) Flank face of the cutting insert. (b,c) SEM images corresponding
to the red and blue areas indicated in (a). (d) The cutting edge.
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As shown in Figures 12 and 13, sample A1 and B1 coated inserts were characterized,
but we could not characterize this commercial coating due to an industrial confidential
issue. Important chipping on the flank face of sample A1 can be observed, showing that
wear penetrated the α-Al2O3 layer, revealing Ti(C,N)-based layers, which is not the case
for sample B1 except for a small area near the cutting edge. As sample B1 exhibits a good
adhesion at the Al2O3/Ti(C,N)-based layer’s interface, this could be a plausible explanation
for its good performance in these cutting tests.

 

Figure 13. SEM images and EDS analyses of the sample B1 (CVD κ-Al2O3 coating) coated insert after
cutting test of 24CrMoV5-1 steel. (a) Flank face of the cutting insert. (b,c) SEM images corresponding
to the red and blue areas indicated in (a). (d) The cutting edge.

Figure 12b,c shows SEM images of sample A1 corresponding to the red and blue
squares indicated in Figure 12a. EDS analyses were conducted. The adhesion of the
workpiece material to the tool surface and visible cracks were observed. However, the
diffusion of cobalt from the substrate is not evident, but it could be possible in the zone
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where the adhesion of the workpiece material occurs. A similar phenomenon is found
in sample B1, as shown in Figure 13b,c, but the diffusion of Co from tungsten carbide
substrates into coatings needs further cross-sectional EDS analyses. Accordingly, the
adhesion of the workpiece material on tools could generate progressive tool wear. It
was suggested that diffusion of Fe and Cr from the workpiece material through grain
boundaries into coatings accelerated the degradation of coatings [37]. Furthermore, Ti and
Al appear in very limited zones, similar to sample B1. It is assumed that the delamination
only occurred at the Al2O3/Ti(C,N)-based layer’s interface, but Ti(C,N)-based layers are
adherent to cutting inserts.

Regarding sample B1, as shown in Figure 13a,d, the Built-Up-Edge (BUE) is observed,
due to the adhesion of the workpiece material. Moreover, since the cutting-edge temper-
ature was low (approx. 300 ◦C), only thermal cracks were observed, but there was no
evidence for secondary cracks resulting from κ- to α-Al2O3 phase transformation.

4. Conclusions

In this work, four CVD Al2O3 multilayer coatings were deposited without (samples A
and B) and with thin TiN top layers (samples A1 and B1). The morphology, microstructure,
and mechanical and tribological properties of samples A and B were studied, while turning
operations of 24CrMoV5-1 with uncoated and coated tools (commercial coating, samples A1
and B1) were carried out. The main results can be summarized as follows:

(1) By means of nano-indentation, hardness levels of 28.0 ± 0.8 and 25.6 ± 0.4 Gpa
and Young’s moduli of 333 ± 6 and 292 ± 6 GPa were measured for CVD α- and
κ-Al2O3 coatings, respectively. Due to the anisotropic properties of α-Al2O3, the
influence of film texture on its mechanical properties needs further investigations.
Vickers hardness levels of 27.3 ± 1.1 and 25.9 ± 1.0 GPa were measured for CVD
α- and κ-Al2O3 coatings, comparable with CVD α- and κ-Al2O3 coatings from the
company Bernex.

(2) In tribotests using 24CrMoV5-1 balls, friction coefficients of approx. 0.7 were mea-
sured for samples A and B, respectively. The effects of grain size, hardness and
surface roughness were discussed. In Rockwell C tests, poor delamination but no
evident bulking at the center of imprint indicate that sample B could be a good
adherent coating.

(3) Cutting parameters for tool-life tests of 24CrMoV5-1 were determined according to
the COM protocol: cutting speed—240 (m/min), feed—0.35 (mm/rev) and depth of
cut—3.5 (mm). In this study, commercial uncoated inserts were not adaptable. Sample
B1 coated inserts exhibited the longest tool life of approx. 11 min, double of that of
commercial coated inserts from Evatec Tools. Compared to sample A1, good adhesion
between κ-Al2O3 and Ti(C,N)-based layers was evidenced in sample B1. The large
grain size and high hardness and surface roughness of sample A1 could be responsible
for important vibrations that could seriously deteriorate the tool service life.

The results obtained can enrich the existing database for the development of prediction
models of tool wear and machined surface quality. They can also help in improving the
tool performance for the turning-roughing of 24CrMoV5-1 steel, as the tool life has been
dramatically improved compared with the existing commercial CVD Al2O3 multilayer
coating. Further works will focus on the optimization of multilayer coating architecture
and film texture to improve the adhesion and mechanical properties. The crater wear on
the tool rake face also needs more investigations, to study the tool-chip interface.
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Abstract: To increase the service life of tool materials and further meet the demands of modern high-
speed machining, a Si-doping CrN coating consisting of Si3N4 amorphous and CrN nanocrystalline
was fabricated on top of W18Cr4V high-speed steel. The effect of coating thickness on its structure
and properties was investigated by means of X-ray diffraction (XRD), scanning electron microscope
(SEM), transmission electron microscope (TEM), scratch test, nano-indenter, and friction–abrasion
tester. The thickness of the coating was modulated by the deposition time. The results show that
the coating consists of a CrN phase distributed into an amorphous Si3N4 matrix. As the thickness
increased, the surface defects decreased, and the residual compressive stress, hardness, and elastic
modulus as well as the H/E and H3/E2 factors increased, improving the wear resistance significantly.
The adhesion between coating and substrate increased first and then decreased, and it reached the
maximum when the coating thickness was 1.9 μm (deposition 60 min). Moreover, the effect of
toughness on wear resistance and the wear mechanisms is discussed.

Keywords: CrSiN coating; structure; thickness; mechanical property; residual stress; wear resistance

1. Introduction

At present, the development of high-speed cutting and dry cutting technology puts
forward higher requirements for tool materials and cutting performance, and the cutting
tools which are covered by coatings exhibit an important way to improve their surface
properties by endowing them with higher hardness and wear resistance [1–4]. In addition
to fabrication techniques and methods, the type and structure of the coating is a significant
factor in the lifetime of the cutting tools. In the past decades, the tools coated with a transi-
tion metal nitride coating, such as TiN [2,5,6], CrN [5], NbN [6], and ZrN [4], demonstrated
that they were well resistant to wear. They combine the advantages of high strength and
toughness of the steel matrix and high hardness and wear resistance of the coating not only
to enable high-speed cutting of tools but also to enhance machining accuracy and quality
of the workpiece. Particularly, CrN coatings are expected to be technologically important
in many tribocorrosion-resistant applications due to their good wear resistance, corrosion
resistance, and oxidation resistance [7].

However, the binary CrN film applied to machining tools, cutting tools, and molds
exposed problems with low oxidation temperatures, poor wear resistance, and low thermal
hardness [8,9]. Previous reports [1,3,7,10–13] have shown that the Si-doped CrN coatings
had better performance than CrN. The addition of Si can refine the grain and improve
the hardness, and Si is likely to form the Si3N4 amorphous phase with N atoms, which
can reduce the columnar crystals of film, obtain more grain boundaries, and prolong the
diffusion path of oxygen, thus improving the hardness and high-temperature stability of
the coating and inhibiting the formation of cracks in the layers. In addition, Cr and Si in the
CrSiN coating can form oxide films of SiO2 and Cr2O3 that are resistant to high-temperature
corrosion [10,13]. As a result, CrSiN coatings, with their high hardness and strength, low
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friction coefficient, better oxidation resistance, and high thermal shock resistance, have
attracted increasing attention in the area of cutting tools and have become one of the
important research directions in hard coatings. Scholars at home and abroad have studied
the effect of deposition temperature [14,15], matrix bias [15], periodic layers [1], nitrogen
flow rate [14], and other process parameters on the performance of CrSiN coating, but the
effects of coating thickness on structure and properties have been less reported. In this
work, a CrSiN coating with a composite structure is fabricated at various deposition times
to obtain different thicknesses, and the influence of the coating thickness on the structure
and properties is systematically investigated.

2. Experimental Details

W18Cr4V (commercial high-speed steel) with a dimension of 15 mm × 15 mm × 2 mm
was used as the substrate. After grinding, polishing, and ultrasonic cleaning in acetone,
anhydrous ethanol, and deionized water rinsing, the steel was loaded into a vacuum chamber.
Under a united action of a DC and a bias voltage supply, a pure Cr target and a Si target
were first pre-sputtered to ensure the purity of the coating and to produce a micro-convex
structure on the W18Cr4V surface to enhance the adhesion between the coating and the steel
substrate. A thin bottom Cr layer was then prepared by DC magnetron sputtering in an argon
atmosphere. Next, a mixture of Ar and N2 was introduced into the chamber, and a CrN layer
was prepared by DC-sputtering the Cr target. Finally, a CrSiN top layer was deposited in
a mixture of Ar and N2 by co-sputtering Cr and Si targets with DC and Rf power supplies.
Table 1 summarizes the deposition parameters used in this study.

Table 1. Processing parameters for coating deposition.

Layer
Bias Voltage

(V)
Ar Flow
(sccm)

N2 Flow
(sccm)

Power
DC(A)/RF(W)

Time
(min)

Cr −50 30 0 0.5/0 5
CrN −50 30 10 0.5/0 10

CrSiN −50 30 10 0.5/180 15, 30, 60, 120

The background vacuum was lower than 1 × 10−3 Pa.
The working pressure was 0.5 Pa.
The deposition temperature was 300 ◦C.
The distance between the target and the substrate was 60 mm.
The deposition times were set to 15 min, 30 min, 60 min, and 120 min. For the sake of

illustration, we refer to them T1, T2, T3, and T4, respectively.
A D8 Advance X-ray diffractometer (XRD; Bruker, Billerica, MA, USA) was used

to analyze phase structure with a 3-degree grazing incidence, the scanning speed
was 8◦/min, and the step was 0.05 degree. The Debye–Scherrer equation, shown in
Equation (1), is employed to calculate the grain size. The surface morphology was ob-
served by means of JSM-6700 scanning electron microscopy (SEM, FEI, Hillsboro, OR,
USA) and Tecnai F20 transmission electron microscopy (TEM, FEI, Hillsboro, OR, USA).
A WS-2005 scratch tester (Zhongke Kaihua Co., Ltd., Lanzhou, China) was used to
evaluate the adhesion, with a load of 20 N, a scratch length of 3 mm, and a loading rate
of 20 N/min, and the scratch morphology was observed by an optical microscope (OM,
CR 30-T1000, Suzhou, China) [16,17].

D =
kλ

β cos θ
(1)

where k is a constant equal to 0.89, β is half-width of the diffraction peak (in radian), λ is
the wavelength of 0.154 nm (Cu kα), θ is the Bragg Angle (◦), and D is the grain size (nm).

The surface mechanical properties were carried out with 3 mN load (kept for 10 s) via
a nano-indenter (KLA-Tencor, Milpitas, CA, USA). The loading and unloading speed were
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5 mN/min, the indentation depth to eliminate the influence of the W18Cr4V steel [18–20],
and it was necessary to measure at least 5 points to avoid error [18]. The error bar was
calculated as a standard deviation of the average tested data, which was a result of the
variation in the local mechanical properties of the coating [21]. An SFT-2M model pin-on-
disk tester (Zhongke Kaihua Co., Ltd., Lanzhou, China) was employed to measure the
coefficient of friction (COF) and wear loss rate in a dry environment against a φ 6 mm
Al2O3 ball rotating at 300 rpm (30 ◦C, relative humidity of 60%). A 200 g normal load was
applied for 15 min, and the wear track was observed by using an optical microscope (OM,
CR 30-T1000, LTD, Suzhou, China). Residual stress was evaluated by using FST1000 film
stress tester (Supro Instruments Co., Ltd., Shenzen, China), measuring the curvature radius
(W18Cr4V steel). The value was calculated by Stoney’s equation (Equation (2)) [22].

σ =
Es

1 − νs

t2
s

6t f

(
1

R1
− 1

R2

)
(2)

where Es and νs are the elasticity modulus and the Poisson’s ratio of the substrate, R1 and
R2 are the curvature radii of the substrate before and after deposition, and ts and tf represent
the thicknesses of substrate and coating, respectively. The Es and νs in this investigation
are 0.22 and 180 GPa, respectively.

3. Results and Discussion

Figure 1a–d show the cross sections of the coatings. It is clearly observed that the
thickness of the CrSiN coating increases significantly from 0.8 to 4.0 μm. The thicknesses
are 0.8 μm (T1), 1.2 μm (T2), 1.9 μm (T3), and 4.0 μm (T4), respectively. Each interface is
well bonded and uniform in thickness, without obvious defects. Moreover, Figure 1a–d
show that the CrSiN coating is well-compact, with a relatively flat cross section, no colum-
nar crystal structure, and that each deposited layer is well-bonded to the other without
significant pores, leading to its strong resistance to crack expansion. The addition of Si
can refine the columnar crystal structure of the coating and improve the compactness of
the coating. Figure 1a–d demonstrate that the coating structure becomes compact as the
thickness increases. The compact structure is able to avoid the abrupt sinking of the tip
during indentation testing, resulting in high hardness. In addition, elemental analysis of
point A on the surface of the T1 coating reveals the presence of Fe, Mo, and V, originating
from the W18Cr4V substrate, due to the thin thickness of the T1 sample. In addition, C and
O are detected on the surface of the T4 coating due to surface contamination. Excluding
the effects of surface contamination and matrix elements, we can say that the thickness
has little influence on the element content in the coating, and the main components of the
coating are Cr, Si, and N.

Figure 2 presents the surface morphology of the four group samples. Figure 2a exhibits
some pits and white particles on the film surface, where pits and particles of various sizes
and shapes are clearly visible. The broad pits are clearly visible, and the coating is not
completely covered or continuous, which leads to a poor surface density. Figure 2b shows
the distribution of a large number of small-sized irregular white particles and some pits
and pinholes on the surface of the T2 sample. The number of white particles increases but
is significantly reduced in size compared with the T1 sample, resulting in a reduction in
surface roughness. In addition, the white particles are concentrated mostly in the lower left,
while the upper right is smooth and flat, with no visible particles and a reduced number of
pits, indicating an improved surface quality for the T2 coating. Figure 2c illustrates that the
T3 coating has only a few white particles on its surface, no pits or pores are observed, and it
is smooth and flat. Figure 2d shows that the surface of the T4 coating has few shallow pits
and white particles, the number of white particles further decreases, and the coating has a
smoother surface. The surface morphology in Figure 2 illustrates that the coating roughness
decreases and the surface density improves with the increase in coating thickness.

279



Coatings 2023, 13, 889

 

 

Figure 1. Cross section of the samples, (a) T1; (b) T2; (c) T3; (d) T4; (e) EDS analysis of the point A;
and (f) EDS analysis of the point B.

3.1. Microstructure

Figure 3 presents the coating XRD pattern. It is clear that coatings of different thickness
have the same shape and crystal plane index of the diffraction peak. There are two types
of phase consisting of FCC-CrN phase and Cr phase; the CrN phase corresponds to the
(111), (200), (220), and (311) planes (PDF#06-0694), and the Cr phase located at 44.2◦
corresponds to the (210) index (PDF#19-0323). The CrN phase is formed from the top
CrSiN layer, and the Cr phase is formed from the bottom Cr layer. Figure 3 shows that
the peak intensity decreases with increasing coating thickness, and the half-width of the
diffraction peak increases with an increase of coating thickness, indicating that the grain
size of the coating was reduced and more amorphous phases formed. According to Debye–
Scherrer, as shown in Equation (1), the grain size reduces a little with an increase in coating
thickness—the values are 13.5 nm, 11.8 nm, 10.2 nm, and 8.9 nm, respectively. The reason
for the decrease in the grain size with thickness is attributed mainly to thermodynamics.
When the coating is deposited for 15 min, the coating thickness is only 0.8 μm, and it tends
to grow in a linear fashion, which leads to a relatively high crystallinity in some crystal
orientations. On the contrary, the T4 coating with a thickness of 4.0 μm possesses a long
time to diffusion and growth. It tends to grow in several orientations; thus, the film is
uniform and dense. In addition, no diffraction peaks are detected in Figure 3 for the Si or
Si3N4 phases, which is most likely due to the amorphous structure generated by Si with N2
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atoms. Therefore, the Si-contained phases are not observed in Figure 3. This is consistent
with other studies [10,23].

Figure 2. Surface morphology of the coatings: (a) T1; (b) T2; (c) T3; and (d) T4.

Figure 3. XRD patterns of the coating: a—T4; b—T3; c—T2; and d—T1.

Figure 4 shows the TEM images of the T4 and T1 coatings. It is clearly observed that
the structure of the T4 coating is a mixed structure consisting of tiny CrN nanocrystalline
and amorphous phases, combining with the XRD pattern, and we know that the CrN
nanocrystal is mainly in the (111) index. The selected area electronic diffraction (SAED)
in Figure 4c1 (yellow box area in Figure 4a) demonstrates that the T4 sample formed a
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large mount of amorphous phases. In contrast, the T1 coating shows a distinct interface
consisting of a Cr base layer, a CrN interlayer, and a CrSiN top layer. The Cr layer has the
(210) crystal plane with a d-spacing of 2.05 Å, the CrN interlayer shows two indexes of (111)
and (200) with d-spacing of 2.4 Å and 2.07 Å, and the CrSiN top layer exhibits d-spaces
of 1.25 Å and 2.4 Å, corresponding to the (311) and (111) plane indexes. The SAED image
in Figure 4c2 demonstrates the formation of a CrN polycrystalline phase. Following the
EDS analysis in the red box region in Figure 4b, we know that this region is dominated
by Si and N elements, 40.13 at% and 53.48 at%, respectively, close to 3:4. From this, we
deduce that the amorphous phase is Si3N4 and that the structure of the T1 coating is a
mixture of CrN polycrystalline and Si3N4 amorphous phases. Figure 4 demonstrates that
as the coating thickness increases, the crystallinity of the coating and the size of the grains
decrease significantly, which is in strong agreement with the XRD results.

Figure 4. TEM images of the samples: (a) T4; (b) T1; (c1) SAED image of the T4, (c2) SAED image of
the T1 and (d) EDS analysis of the red box area in (b).

3.2. Mechanical Properties

Table 2 shows the specific parameters of the nano-indentation, and the corresponding
plots can be seen in Figure 5. It is visible that the hardness (H) is approximately 11.75 GPa,
16.15 GPa, 22.77 GPa, and 25.45 GPa, respectively, and the elastic modulus (E) is approxi-
mately 130.9 GPa, 148.5 GPa, 180.2 GPa, and 192.6 GPa, respectively. Figure 5 illustrates that
the values of H and E increase with the deposition thickness, suggesting that the mechanical
properties of the coating improve. The results demonstrate the good mechanical properties
of the composite structure consisting of the nanocrystalline CrN and the amorphous phase,
and the tiny CrN grains help to further enhance the mechanical properties of the coating.
This is because the strong interfaces between amorphous phase and CrN nanocrystalline
effectively prevented dislocation proliferation and grain boundary sliding, which increased
the coating hardness [24].
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Table 2. The specific parameters of the nano-indentation test.

Parameters T1 T2 T3 T4

H/GPa 11.75 ± 0.80 16.15 ± 1.10 22.77 ± 1.07 25.45 ± 1.25
E/GPa 130.9 ± 3.0 148.5 ± 4.5 180.2 ± 6.0 192.6 ± 7.2

H/E 0.090 ± 0.005 0.109 ± 0.0065 0.126 ± 0.006 0.132 ± 0.0071
H3/E2(GPa) 0.095 ± 0.012 0.191 ± 0.015 0.364 ± 0.030 0.444 ± 0.035

  
Figure 5. Mechanical property index of the nano-indentation test: (a) H and E; (b) Elasticity factor
(H/E) and shaping factor (H3/E2).

In addition, the ratios H/E and H3/E2 are two important factors to assess the mechan-
ical properties of the sample, as shown in Table 2 and Figure 5b. The T4 coating exhibits the
highest H/E and H3/E2 ratio of all the coatings, and the corresponding values are 0.132
and 0.444, respectively. However, the T1 coating exhibits the lowest H/E and H3/E2 ratios
among all the coatings, namely 0.09 and 0.095. Table 2 and Figure 5 suggest that the H/E
and H3/E2 values increase with increasing coating thickness. Therefore, it also indicates
that an increased coating thickness results in better mechanical properties.

Figure 6 exhibits the relationship between the residual stress and the thickness, accord-
ing to Equation (2). It is clearly observed that the residual compressive stress of the coating
increases with an increasing thickness. When the thickness ranges from 0.8 to 1.9 μm, the
increase in residual stress is relatively flat with the thickness. When the coating thickness
is in the range of 1.9 to 4.0 μm, the residual stress increases rapidly, and the maximum is
−1287 ± 39 MPa when the thickness is approximately 4.0 μm. This demonstrates that the
residual stress increases as the thickness increases, especially when the thickness excesses
2.0 μm, which increases the risk of the film peeling off from the matrix due to the high
residual stress.

 
Figure 6. Relationship between residual stress and coating thickness.
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The total stress of the film consists of two parts, an internal stress due to imperfections,
defects, and lattice deformations in the crystal, and an external stress due to the lattice
mismatch between the film and the substrate and different expansion coefficients. During
the film growth process, a fraction of the sputtered particles from the target are inserted
into the film. At the same time, as the film grows, surface atoms are moved deeper into
the growing film by the bombardment of sputtered particles. The interstitial particles
and surface atoms of the sputtered particles result in a reduction of the lattice constant
and, hence, of the compressive stress. As a result, the compressive stress increases as the
film thickness increases. In addition, as the film grows, the diffraction peak widens, the
grain size decreases, the grain strengthening effect increases, and the compressive stress
gradually increases due to the impact pinning effect of high-velocity particles. As the
film thickness increases, the film hardness gradually increases. When the film thickness is
sufficiently large, the composite hardness of the film substrate is essentially the same as
that of the film, and the effect of the matrix vanishes.

Figure 7 shows the OM morphology during the scratch test. The adhesion properties
of the coatings illustrated in Figure 7 are quite different due to the different mechanical
properties and surface densities, as well as the coating thickness. As the coating thickness
increases, the adhesion first increases and then decreases. The T1 coating presents an
adhesion of 4.8 N, the T2 sample shows an adhesion of 7.2 N, and the T3 coating shows
that it does not detach continuously from the substrate throughout the scraping process,
indicating its highly bonded nature. In the case of the T4 sample, Figure 7d shows that the
decrease in adhesion is due mainly to the larger residual stress, and that the T4 coating
undergoes continuous peeling when the dynamic load exceeds 9.9 N, so that the adhesion
is defined as 9.9 N, which is lower than that of the T3 coating.

 

Figure 7. Scratch morphology of the coatings taken by OM: (a) T1; (b) T2; (c) T3; and (d) T4.

The lowest adhesion that the T1 sample shows is dominated by the surface defects
(pits, pinholes, and white particles), and the defects breaks the continuity of the coated
surface and leads to an increase in the roughness of the coated surface, which is the main
factor responsible for the decrease in the binding force, which leads to the critical load of the
T1 coating of approximately 4.8 N. As shown in Figure 7a, a very long white linear scratch
is clearly visible, and it is clear that the matrix was exposed continuously at a load of 4.8 N.
In summary, Figure 7 illustrates that the adhesion of the coating increases first with an
increase in the thickness, then begins to decrease. The complete and smooth surface with
few defects, as well as its highest mechanical properties resulted in its highest adhesion
among the four groups.
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3.3. Wear Resistance

Figure 8 shows the coefficient of friction (COF) and wear loss rate (WLR) of all coatings.
Figure 8a illustrates that the COFs of all test samples exhibit an abrupt fluctuation at
the very beginning stage. All the CrSiN films exhibit COFs of 0.2~0.5 and WLRs of
(5.83~9.05) × 10−7 mm3/N·m. It can be observed that the COF of the T1 coating includes
three distinct stages: a run-in period, a continuous decreasing period, and a stable period.
During the run-in period, the COF is very high, with a value of approximately 0.88, due to
the large actual contact of its defective surface. However, it soon reaches a decreasing stage
that exhibits effective protection from the substrate, and this decreasing phase persists for
approximately 780 s of the test. The COF then enters a stable period, with a stable value of
approximately 0.43. In contrast, the T2 coating is composed of only two phases, including a
run-in period and a continuous fluctuation period. During the run-in phase, the COF is
approximately 0.5, it soon decreases and increases against at 140 s duration, after which it
reaches a stable fluctuation stage with an average value of approximately 0.42. This may
be attributed to a mount of white particles which acts as isolation and load-bearing sites,
leading to large and persistent fluctuations, in which the wear process is not stable. In
the case of T3 and T4 coatings, they exhibit a very smooth friction process with very little
fluctuation during the entire friction process, the COFs of them are approximately 0.27 and
0.34, respectively, which is related to grain orientation [25].

  
Figure 8. Results of friction–wear test: (a) Friction coefficient and (b) Wear loss rate.

Figure 8b displays the WLRs of the samples. It is clear that the T1 coating shows the
maximum of 9.05 × 10−7 mm3/N·m, and the T3 coating has the minimum of
5.83 × 10−7 mm3/N·m. The WLRs are consistent with COFs, namely, the T1 sample has
the worst wear resistance, whereas the T3 sample has the best wear resistance.

Figure 9 shows the wear tracks for the tested samples. Severe scratches and furrows
as well as detachments along the wear scar were observed in Figure 9a,b, and several
ploughs and some white wear particles appeared, as well as a little black debris distributed
around the edges of the wear track, which indicates that the T1 and T2 coatings belong
to abrasive wear and adhesive wear [26]. In addition, the track widths of the T1 and T2
coatings are relatively broad, suggesting their relatively poor wear resistance among the
four groups. In contrast, Figure 9c,d only show a number of furrows; the appearance of the
furrows indicates the coating belongs to abrasive wear [26]. In addition, the track widths of
the T3 and T4 coatings are greatly decreased in comparison with the T1 and T2 coatings,
especially for the T3 sample, which has the smallest abrasion mark width. From this, we
know that the wear mechanisms of coatings are severe abrasive wear and mild adhesive
wear. Moreover, as the coating thickness increases from 0.8 to 4.0 μm, the width and depth
of the wear track decrease, implying that the wear resistance improves with an increase of
coating thickness. The wear resistance of the T4 sample degrades, which is not a result of
its surface density and inter-structure, but rather due to the large residual stress resulting
from the large thickness.
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Figure 9. Wear tracks of the coatings: (a) T1; (b) T2; (c) T4; and (d) T3.

To further investigate the wear resistance of the coating, the coating toughness was
used to illustrate the wear resistance. The H, E, H/E, and H3/E2 values of the hard coatings
suggested alternating fracture toughness for evaluating wear resistance, and the coatings
with H/E>0.1 possessed high elasticity and wear resistance [15,27,28]. In addition, the high
H/E ratio is helpful in decreasing the ploughing effect and obtaining a low COF [26]. In
the case of the T4 coating, the values of H, E, H/E, and H3/E2 exhibit maximum values of
25.45, 192.6 0.132, and 0.444 GPa (Table 2), respectively. That is to say, the T4 coating has
the best toughness to resist deformation and wear failure. Thus, the COF and WLR of the
coating are the lowest, but this does not take into account the effect of the variation of the
coating thickness on the residual stress. In fact, Figure 7 demonstrates that the compress
residual stress of the T4 sample is much larger than that of the T3 coating, resulting in wear
resistance of the T4 coating being lower than that of the T3.

Moreover, for a hard coating, the factors of H/E and H3/E2 are closely related to crack-
ing resistance and plastic deformation, which is often used to assess wear resistance [26–28].
From Table 2, it is seen that the T1 coating shows the lowest toughness (H/E = 0.09), and
the T3 coating exhibits the highest toughness (H/E = 0.126) and excellent resistance to
plastic deformation (H3/E2 = 0.364 GPa). This is also evidence that the T3 coating has good
wear resistance. In addition, according to a report [26], higher hardness of the hard coating
means higher load-carrying capacity, which is very helpful in reducing plastic yielding
and actual contact area with the counterpart, resulting in the amount of wear reduced.
However, reports [26,29] tell us that satisfying H/E (>0.1) and H3/E2 (0.15~0.3 GPa) are
important conditions for good lubrication and good wear resistance, but the T4 coating
in this work has the highest H3/E2 ratio beyond the range of 0.15~0.3 GPa. Therefore,
according to all the results in this paper and reports [26,29], the optimal deposition time is
60 min (thickness of 1.9 μm).
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4. Conclusions

The effect of thickness on the structure, mechanical properties, and wear resistance of
CrSiN films deposited on the surface of W18Cr4V by DC and RF magnetron sputtering is
investigated in this work. The details are summarized as follows:

(1) The crystal phase of coating is a mixture of nano-sized CrN and amorphous Si3N4
phase, and the size of CrN phase reduces as the coating thickness increases.

(2) With the increase in coating thickness, the surface roughness, grain size, and the
number of defects decrease, whereas the toughness, wear resistance, and mechanical
properties significantly improved. The coating is well bonded with the substrate.
When the coating thickness increases, the adhesion first increases and then decreases,
and the residual stress increases. The T3 sample with a thickness of 1.9 μm has
the largest adhesion, and the T4 sample with a thickness of 4.0 μm has the largest
compress residual stress.

(3) The T4 coating with a thickness of 4.0 μm possesses the highest hardness, elasticity
modulus, H/E, and H3/E2 ratios. The T3 coating with a thickness of 1.9 μm possesses
the lowest COF and WLR, whereas the T1 coating with a thickness of 0.8 μm possesses
the lowest hardness, elasticity modulus, and the highest COF and WLR.

(4) The toughness and residual stress, which have a close relationship with thickness,
are the important factors affecting the wear resistance of the CrSiN coating, but
the excessive ratio of H/E and H3/E2 and high residual stress are not helpful in
enhancing wear resistance, Thus, in this work, the T3 coating with a thickness of
1.9 μm is preferred for wear resistance application.
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Abstract: With the whole society’s demand for intelligence, the smart highway has become the
inevitable trend of road development. Luminescent road marking made of long persistent luminescent
coating is a new type of functional marking that is designed with long afterglow luminescent
material as the raw material and has many features such as safety, beauty and energy saving. Here,
SrA12O4:Eu2+,Dy3+ green long afterglow phosphors were prepared using a high-temperature solid
state method. The green phosphors obtained at 1350 ◦C have two traps with a shallow trap depth of
0.66 eV and a deep trap depth of 0.8 eV. The green afterglow can be seen in the dark for more than 8 h
after sunlight excitation for 2 h. The green long persistent luminescent coatings were synthesized
using the blending method. The uniformity of each component can be improved by adding 1.25%
SiO2 into the luminescent coatings. The addition of 3.5% CaCO3 will improve the compactness of the
coatings and reduce water absorption. After soaking in water for 120 h, the afterglow intensity of the
coating decreases to 76% of the original, showing good water resistance. After daylight excitation in
different weather conditions (cloudy, sunny, rainy), the afterglow can reach more than 5 h; therefore,
it can be applied to a smart highway.

Keywords: SrA12O4:Eu2+,Dy3+; luminescent coating; afterglow; smart highway

1. Introduction

Due to the promotion of energy conservation and emission reduction all over the
world, long afterglow materials have attracted great attention with their excellent char-
acteristics. Long afterglow materials can store energy and emit light of different colors
at the same time under the irradiation of different light sources (ultraviolet light, visible
light or near infrared light), electron beams or high energy rays. When the external energy
stops irradiating, the stored energy can be slowly released in the form of light to achieve
non-electric luminescence; therefore, it is also known as luminous material [1,2]. At present,
several green long afterglow phosphors with excellent persistence properties have been
reported such as SrAl2O4:Eu2+,Dy3+ [3], Li2MgGeO4:Mn2+ [4], Ca2MgSi2O7:Eu2+,Dy3+ [5],
Ba2SiO4:Eu2+,Ho3+ [6], Ga4GeO8:Tb3+ [7], Sr3Ga4O9:Tb3+ [8], and Zn2SiO4:Mn2+,Pr3+ [9].
Among them, SrA12O4:Eu2+,Dy3+ is one of the most studied green long afterglow phos-
phors. It has several advantages, including stable luminescence, high efficiency, less toxicity
than sulfide, and good afterglow luminescence properties [10–12]. In addition, it can be
excited effectively by sunlight or visible light to emit green light. The main synthesis
methods reported by researchers include sol-gel, combustion and high-temperature solid
state methods [13–16], all of which can produce a sample with a long green afterglow.

As an environment-friendly material, long afterglow phosphor has been widely used
in safety signs, emergency signals and persistent pigments [17–19]. Since the 21st century,
due to the rapid development of science and technology, especially the rapid development
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of artificial intelligence and big data, intelligent transportation has become an inevitable
trend of road development. In order to meet the needs of a smart highway, new pavement
materials with self-capture [20], self-illumination [21], self-regulation of temperature [22]
and self-healing functions [23] have been proposed. In recent years, long afterglow phos-
phor has received much attention among luminescent coatings [24–27]. With the deepening
of technology research and application, the use of long afterglow energy storage lumines-
cent coatings made of road markings can improve the recognition and safety in dust, haze
or other harsh environments; at the same time, it will also save a lot of power resources.
However, the research of luminescent coating based on road marking is still in its infancy,
and there are still many theoretical and application problems to be solved. For example,
the luminescent coating prepared by adding phosphor into the coating cannot achieve
the ideal luminescent effect and cannot guarantee the stability of luminescent coating in
the external environment. Therefore, the research on the best components and processes
of the long afterglow energy storage luminescent coating has become a hot topic. The
composition of luminescent coating is mainly composed of film-forming material, long
afterglow phosphors, fillers and additives [28]. The film-forming material has the ability to
adhere to substances and form a film. It is the base of paint, sometimes also known as the
base material. The addition of the fillers SiO2 and CaCO3 can improve the compactness
and uniformity of each component in luminous coatings, along with reducing the cost.

In this study, we successfully synthesized the SrA12O4:Eu2+,Dy3+ phosphor using a
high-temperature solid state method. The phosphor was selected as the raw material for
luminescent coating and acrylic emulsion was used as the film-forming material. Using the
blending method, SrA12O4:Eu2+,Dy3+ phosphors, acrylic emulsion, SiO2 and CaCO3 were
mixed evenly under the action of additives to obtain green long persistent luminescent
coatings. X-ray diffraction (XRD), field-emission scanning electron microscopy (FE-SEM),
excitation (PLE) spectrum, emission (PL) spectrum, afterglow spectrum and afterglow
decay curves were used to characterize the phosphor and coatings. Through composition
regulation, green long persistent luminescent coating was successfully prepared, which
exhibited a potential application in a smart highway.

2. Experimental Section

2.1. Preparation of Phosphor

The SrAl2O4:0.01Eu2+,0.02Dy3+ phosphor was prepared using a high-temperature
solid state method. The raw materials were analytical-grade reagents SrCO3, Al2O3, Eu2O3,
Dy2O3 and H3BO3, all purchased from Sinopharm Chemical Reagent Co. LTD (Shanghai,
China) with a purity of 99.9%. The ingredients were accurately weighed according to the
stoichiometric ratio, and then 5% of the mass of the matrix material H3BO3 was weighed as
the flux. After grinding the powders in agate mortar for 30 min, the phosphor was obtained
by calcination for 2 h in a reducing atmosphere of 10% H2/90% N2 at 1350 ◦C.

2.2. Preparation of Long Persistent Luminescent Coating

The film-forming substance was acrylic emulsion purchased from Hebei Taiji Chemical
Industry Co. LTD (chemically pure, Hebei, China). The additives were a thickening agent,
film-forming agent, anti-sedimentation agent and silane coupling agent purchased from
Shenzhen Jitian Chemical Co. LTD (chemically pure, Shenzhen, China), and the fillers
were SiO2 and CaCO3 purchased from Sinopharm Chemical Reagent Co. LTD (99.99%
pure, Shanghai, China). First, the required reagents were weighed according to the raw
material ratio. Using the blending method, water, thickening agent, SiO2 and CaCO3 were
mixed and then mixed with acrylic emulsion and film-forming agent directly. After stirring
for 10 min, SrAl2O4:Eu2+,Dy3+ phosphors, anti-sedimentation agent and silane coupling
agent were added, following by stirring for 15 min, to obtain a green long persistent
luminescent coating.
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2.3. Characterization Techniques

The purity of the phase was measured by X-ray diffraction (XRD, Model SmartLab,
Rigaku, Tokyo, Japan). The diffraction data were detected at 40 kV/40 mA, and the Cu Kα

radiation was filtered by nickel. The scanning speed and scanning range were 10.0◦ 2θ/min
and 10◦–70◦, respectively. The microscopic morphology of the samples was observed with
field-emission scanning electron microscopy (FE-SEM, Model S-4800, Hitachi, Tokyo, Japan)
at an acceleration voltage of 15 kV. The photoluminescence spectra, afterglow spectra and
afterglow decay curves of phosphor and luminescent coating were measured by a Model JY
FL3-21 spectrophotometer (Horiba, Kyoto). After exposure to a 365 nm UV light for 5 min
at room temperature, the thermoluminescence glow curve of the phosphor was measured
on a spectrometer (Model FJ-427A TL, Beijing Nuclear Instrument Factory, Beijing, China)
at a heating rate of 1 K·s−1.

3. Results and Discussion

Figure 1a shows the XRD pattern of the SrAl2O4:Eu2+,Dy3+ phosphor. It can be seen
that all diffraction peaks of the sample match well with the peaks of the standard diffraction
of SrAl2O4 (JCPDS No. 34-0379), indicating that a pure phase sample has been obtained.
The diffraction peaks are very sharp, which indicates the high crystallinity of the sample.
Figure 1b shows the FE-SEM morphology of the SrAl2O4:Eu2+,Dy3+ phosphor, in which it
can be seen that the selected particle size is approximately 15 μm. The elemental mapping
results in Figure 1c confirm that all elements are evenly distributed in the particle. It is
further proved that the sample obtained is a solid solution.

Figure 1. (a) XRD pattern and (b) FE-SEM image of the SrAl2O4:Eu2+,Dy3+ phosphor. (c) Elemental
mapping images of Sr, Al, Eu and Dy for the selected particle.

Figure 2a shows the photoluminescence excitation (PLE) and photoluminescence
(PL) spectra of the SrAl2O4:Eu2+,Dy3+ phosphor. The PLE spectrum monitored at 522 nm
contains a broad band from 300 nm to 500 nm, with the maximum at ~397 nm. Thus,
the sample can be effectively excited by daylight or visible light. When excited by UV
light at 397 nm, the sample exhibits a green emission with a peak at 522 nm, which is
attributed to the 5d1–4f7 transition of Eu2+ [29]. Figure 2b shows the afterglow spectrum of
the SrAl2O4:Eu2+,Dy3+ sample. The afterglow emission wavelength is 522 nm, which is
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assigned to the 5d1–4f7 transition of Eu2+ [30]. The CIE chromaticity diagram is utilized
to analyze the afterglow emission color and indicates that the color is located in the green
region with coordinate of (0.284, 0.543), as shown in Figure 2c. The afterglow decay curve
in Figure 2d describes how the green afterglow of the sample can last more than 1000 s,
which is detected at 522 nm after 5 min excitation by a 365 nm UV lamp. The afterglow phe-
nomenon is determined by the existence of traps in the materials. The thermoluminescence
(TL) curve is an important method to characterize the trap in phosphors [31]. In Figure 2e,
the traps of the sample are tested and analyzed. The TL curve of phosphor covers a wide
range from 320 K to 420 K, with two peaks centered at 342 K and 395 K. The following
function is used to calculate the depth of the trap (E) [32]:

E =
Tm

500
(1)

where Tm is the temperature of the peak maximum in the TL curves (Kelvin temperature).
The trap depths of the sample are 0.68 eV for 342 K and 0.79 eV for 395 K, respectively.
Among them, the shallow trap at 0.68 eV leads to a high initial afterglow intensity and the
deep trap at 0.79 eV leads to long lasting afterglow phenomena. After sunlight excitation
for 2 h, a green afterglow lasting more than 8 h in the dark can be seen by the naked
eye (Figure 2f). Therefore, SrAl2O4:Eu2+,Dy3+ can serve as a potential long afterglow
luminescence material for application in a smart highway.

 

Figure 2. (a) PLE and PL spectra of SrAl2O4:Eu2+,Dy3+ phosphor, with inset showing the digital
photo under 365 nm UV light irradiation of phosphor. (b) Afterglow spectrum, (c) CIE chromaticity
coordinates, (d) afterglow decay curve and (e) TL glow curve of the SrAl2O4:Eu2+,Dy3+ phosphor
obtained after 5 min illumination with 365 nm UV light. (f) Afterglow images of SrAl2O4:Eu2+,Dy3+

phosphor taken after sunlight excitation for 2 h.

The green long persistent luminescent coating is prepared by using the blending
method. Then, it is coated on the substrate and dried at room temperature to obtain the
green luminescent coating (Figure 3), which can be tested and analyzed later.
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Figure 3. Schematic illustration of the preparation process of luminescent coating.

As can be seen from the XRD pattern in Figure 4a, the diffraction peaks of green lumines-
cent coating correspond exactly to the positions of the diffraction peaks of SrAl2O4:Eu2+,Dy3+

phosphor, but the peak intensity drops a lot [33,34]. The crystal structure of phosphor is
not changed when SrAl2O4:Eu2+,Dy3+ phosphor is used to prepare luminescent coating.
Therefore, the characterization and analysis of green luminescent coating can be carried
out. Figure 4b shows an FE-SEM image of the cross section of green luminescent coating.
The irregularly shaped particles of approximately 10–30 μm in the luminescent coating
are SrAl2O4:Eu2+,Dy3+ phosphor, indicating that there is no agglomeration of phosphor
during the preparation of luminescent coating [35,36]. The element mapping analysis
(Figure 4c) is performed on the selected region of the luminescent coating cross section. It is
shown that Sr, Al, C, Si and Ca elements are detected. Furthermore, the SrAl2O4:Eu2+,Dy3+

phosphor, SiO2 powder and filler CaCO3 are dispersed in the acrylic emulsion, and the
green luminescent coating with uniform dispersion of each component is obtained.

 

Figure 4. (a) XRD patterns of SrAl2O4:Eu2+,Dy3+ phosphor and luminescent coating. (b) FE-SEM
image for cross section of luminescent coating. (c) Elemental mapping images of C, Sr, Al, Si and Ca
for the selected region.

Figure 5 shows cross sections of the morphology of the luminescent coating with
different SiO2 contents. It can be seen that when the incorporation content is small, pores
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will be generated in the coating (Figure 5a), which will affect the compactness of the
luminescence coating. If the content is too high, the components in the coating will gather
(Figure 5e), which may affect the luminescence performance. Therefore, the proper addition
of 1.25% SiO2 to the luminescence coating will make the coating more evenly dispersed
(Figure 5d), and thus, make it achieve the best luminous effect [37,38].

Figure 5. FE-SEM images of luminescent coating cross sections with different SiO2 contents: (a) 0.5%,
(b) 0.75%, (c) 1%, (d) 1.25% and (e) 1.5%.

The water absorption of a material is closely related to its porosity and pore structure
characteristics. The water absorption of luminescent coatings with different CaCO3 contents
are tested and calculated according to the following formula [39]:

mt =
(m2 − m1)

m1
100% (2)

where mt is water absorption of the sample, m1 is mass of the sample before soaking and
m2 is mass of the sample after soaking. It can be seen from Figure 6 that all curve trends
are divided into two stages. At the initial stage, the water absorption of the luminescent
coating increases rapidly with the increase in soaking time. After about five days, the water
absorption of coatings basically no longer has a large change, reaching saturation. At the
saturation stage, the water absorption of the luminescent coating mixed with 3.5% CaCO3
is the lowest, which is close to 26%. As depicted in Figure 6, the initial water absorption is
nonlinearly fitted using Equation (3) [40]:

mt = K·tn (3)

where mt is the water absorption of the coating at time t and K and n are constants. When the
process exhibits ideal Fickian behaviour, n is equal to 0.5. The n values of the luminescent
coatings with different CaCO3 contents are all close to 0.5. Therefore, the diffusion behavior
of water in the coatings basically conforms to the ideal Fickian behavior. On this basis, the
diffusion coefficient can be calculated using Equation (4) [41]:

mt

ms
=

4
√

D
L
√

π

√
t (4)

where mt is the water absorption of the coating at time t, ms is the water absorption of the
coating when it is saturated, L is the coating thickness (cm) and D is the diffusion coefficient
(cm2·s−1). Equation (4) shows that mt/ms is proportional to t1/2 and such that the diffusion
coefficient can be obtained by linear fitting [42]. It can be seen from Figure 7 that with the
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increase in CaCO3 content, the diffusion coefficient increases first and then decreases, and
the diffusion coefficient of the coating mixed with 3.5% CaCO3 is the lowest. Therefore,
appropriate addition of CaCO3 will improve the density of the luminescent coating and
reduce the water absorption. The hardness of the luminescent coating with 3.5% CaCO3 is
0.5 GPa, as tested by an automatic microhardness tester.

Figure 6. Water absorption of luminescent coatings with different CaCO3 contents. The inset is the
fitting diagram of water absorption.

Figure 7. The relationship between water absorption and immersion time of luminescent coatings
with different CaCO3 contents.

Figure 8 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different ratios of phosphor to emulsion. As shown in
Figure 8a, the excitation spectra include a broad band centered around 397 nm. Therefore,
the green luminescent coatings can be effectively excited by sunlight or visible light. In
addition, under the excitation of 397 nm, the emission of the luminescent coating is a broad
peak ascribed to the 5d1–4f7 transition of Eu2+. The optimal emission peak is located at
522 nm (Figure 8b). Theoretically, if the phosphor content of the luminescent coating is
too small, its total emission intensity will be weak. With the increase in the amount of
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phosphor, the emission intensity of the coating will increase. The results obtained in this
experiment correspond to that, with the decrease in the phosphor content, the intensity
of the excitation and emission peaks of luminescent coatings decrease. After 5 min of
irradiation by a 365 nm UV lamp, the afterglow spectra and afterglow decay curves of the
green coatings with different ratios of phosphor to emulsion were analyzed. As shown
in Figure 8c, the afterglow emission wavelength of all luminescent coatings is located
at 522 nm. With the reduction of long afterglow phosphor contents, the intensity of the
afterglow decreases. Figure 8d shows the afterglow decay curves of green luminescent
coatings. All of the curves show a similar trend: the intensity of the afterglow decays
very fast in the first few minutes and gradually slows down over time. Considering the
practical application of luminescent coatings, the coating is exposed to sunlight for 2 h
(Figure 8e). It can be clearly seen that the afterglow brightness of each coating darkens with
the increase in time, and the afterglow time can last for more than 5 h. Due to the high price
of long afterglow phosphor, if its use content is too large, the cost of luminescent paint will
increase. Considering the luminescent effect and cost, this work shows that the best ratio of
phosphor to emulsion is 1:2.

 

Figure 8. (a) PLE spectra and (b) PL spectra of luminescent coatings with different ratios of phosphor
to emulsion. (c) Afterglow spectra and (d) afterglow decay curves of luminescent coatings with
different ratios of phosphor to emulsion obtained after 5 min illumination with 365 nm UV light.
(e) Afterglow images of luminescent coatings taken after sunlight excitation for 2 h with different
ratios of phosphor to emulsion.

Figure S1 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different SiO2 contents. It can be seen that the addition
of SiO2 does not affect the luminous color of the luminescent coating. Figure S1c shows the
afterglow spectra and afterglow decay curves of the luminescent coatings. Incorporation of
SiO2 with increasing concentrations from 0.5% to 1.25% causes an increase in the afterglow
intensity. When the SiO2 content is 1.5%, the afterglow intensity decreases. This is because
the components in the luminescent coatings are evenly dispersed when the 1.25% SiO2 pow-
der is added, as shown in the above FE-SEM image in Figure 5d. Thus, SrAl2O4:Eu2+,Dy3+

phosphor can achieve the best luminous effect in the luminescent coating. Figure S1e
shows the afterglow photos of the luminescent coating after sunlight excitation for 2 h
which can prove that the afterglow brightness is the highest when 1.25% SiO2 is added,
which corresponds to the above spectra. Therefore, the optimal incorporation of SiO2 is
determined to be 1.25%.

Figure S2 shows the PLE spectra, PL spectra, afterglow spectra and afterglow decay
curves of luminescent coatings with different CaCO3 contents. It can be seen that the peak
shape and peak position of PLE/PL spectra do not change after the addition of CaCO3.
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With the increase in CaCO3 content, the intensity of the excitation and emission peaks of the
coatings increase first and then decrease, and the luminescence reaches the highest intensity
when the coating is mixed with 3.5% CaCO3. After 5 min of irradiation by a 365 nm UV
lamp, the afterglow spectra and afterglow decay curves of luminescent coatings were
obtained, as shown in Figure S2c,d. It can be seen that the afterglow emission wavelength
is 522 nm. With the increase in CaCO3 content, the afterglow intensity of luminescent
coatings first increases and then decreases. Figure S2e shows the afterglow images of the
luminescent coating. With the increase in time, the brightness of the afterglow of the coating
darkens, and the change of intensity corresponds to the afterglow decay curves. When
3.5% CaCO3 is added, luminescent coating has the best afterglow performance. The results
show that when the coating has the best compactness, it has the highest afterglow intensity.
Therefore, the optimum content of CaCO3 is determined to be 3.5%.

The water resistance of luminescent coating with different CaCO3 contents is sys-
tematically tested, as shown in Figure 9a. After soaking in water for 120 h, the surface
of the coating is smooth without blistering. It can be seen from the afterglow emission
spectra in Figure 9b that the afterglow emission of the coatings is located at 522 nm and
the peak position does not change. Corresponding to the variation trend of the afterglow
emission intensity of the coatings without soaking water, the afterglow intensity is the
highest when 3.5% CaCO3 is added. Figure 9c shows the afterglow decay curves measured
by the luminescent coatings doped with 3.5% CaCO3 soaked in water for different lengths
of time. The afterglow intensity of the coating gradually decreases with the increase in
soaking time. The inset in Figure 9c is the afterglow photo of the coating excited by the
ultraviolet lamp at 365 nm after soaking for 120 h, which can still output a bright green
afterglow. Figure 9d shows the change rate of the afterglow intensity obtained at different
times. After soaking for 120 h, the afterglow intensity reaches 76% of the original at 1000 s,
indicating that the luminescent coating has good water resistance and practical applicability.

Figure 9. (a) Photographs of luminescent coatings with different CaCO3 contents after immersion in
water. (b) Afterglow spectra of luminescent coatings with different CaCO3 contents after immersion
in water for 120 h obtained with 5 min illumination of 365 nm UV light. (c) Afterglow decay curves
of 3.5% CaCO3 doped luminescent coating after immersion in water for different lengths of time
obtained after 5 min illumination with 365 nm UV light. The inset is the afterglow image of 3.5%
CaCO3 doped luminescent coating after immersion in water for 120 h taken after 10 s illumination
with 365 nm UV light. (d) The change rate of afterglow intensity of 3.5% CaCO3 doped luminescent
coating after immersion in water for different lengths of time. The inset is the afterglow images at
1000 s after excitation.
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Figure 10 shows the afterglow photos of the luminescent coating during daylight
excitations on cloudy, sunny and rainy days in different weather. With the increase in
time, there is little difference in the brightness of the afterglow obtained under different
weather conditions, and the afterglow can last for more than 5 h. This shows that weather
conditions have no effect on the intensity of the coating afterglow. Therefore, this kind of
luminescent coating can meet the application requirements of a smart highway.

Figure 10. Afterglow images of luminescent coatings taken after sunlight excitation for 2 h in different
weather conditions.

4. Conclusions

In this work, we successfully synthesized SrAl2O4:Eu2+,Dy3+ green long afterglow
phosphor via high-temperature solid state reactions in a reducing atmosphere. The phos-
phor was used as a raw material to prepare a green long persistent luminescent coating
using the blending method. The main methods of characterization were XRD, FE-SEM,
PL/PLE, TL, afterglow spectra, afterglow decay curves and water absorption. The green
phosphor calcined at 1350 ◦C has two traps of appropriate depths, a shallow trap (0.66 eV)
and a deep trap (0.8 eV), showing good afterglow properties. After 2 h of sunlight excitation,
the afterglow can reach more than 8 h. The optimum ratios of different substances in the
long persistent luminescent coating were determined. The ratio of phosphor to emulsion is
1:2, and the incorporation amounts of SiO2 and CaCO3 are 1.25% and 3.5%, respectively.
The addition of SiO2 improves the uniformity of each component in the coating and makes
the coating achieve the best luminous effect. By adding CaCO3 to adjust its content, the
compactness of the coating is improved, and the water absorption is reduced. After soaking
for 120 h, the afterglow intensity decreased to 76% of the original. When it is applied in
practice, the afterglow intensity of luminescent coatings is not significantly affected after
daylight excitation in different weather conditions (cloudy, sunny, rainy), and can reach
more than 5 h; therefore, it can be applied to a smart highway.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13061050/s1, Figure S1: (a) PLE spectra, and (b) PL
spectra of luminescent coatings with different SiO2 contents. (c) Afterglow spectra, and (d) Afterglow
decay curves of luminescent coatings with different SiO2 contents obtained after 5 min illumination
with 365 nm UV light. (e)Afterglow images of luminescent coatings taken after sunlight excitation
for 2 h with different SiO2 contents. Figure S2: (a) PLE spectra, and (b) PL spectra of luminescent
coatings with different CaCO3 contents. (c) Afterglow spectra, and (d) Afterglow decay curves of
luminescent coatings with different CaCO3 contents obtained after 5 min illumination with 365 nm
UV light. (e) Afterglow images of luminescent coatings taken after sunlight excitation for 2 h with
different CaCO3 contents.
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Abstract: Solid lubricating composite TiN coatings with Pb additives were obtained on steel and
titanium substrates in the process of reactive magnetron sputtering of separate cathodes. Columnar,
columnar nanostructured and composite nanostructured TiN coatings with different contents (3–13%)
of a lubricating component (Pb) were obtained by deposition onto rotating and stationary substrates.
It was found that deposition at a rotating substrate and 3% Pb content in the TiN matrix led to a
columnar crystallite coating structure. With an increase in its content to 8%, columnar crystallites
in the structure become less pronounced, and the coating becomes columnar nanostructured. In
nanostructured composite coating with 12% Pb, the soft component is distributed both in the matrix
and in the form of inclusions. XRD analysis of the composite nanostructured TiN–Pb coating
indicates a textureless state. In this case, the diffraction lines of all present phases (Pb, PbO, TiN)
are characterized by a significant broadening, indicating that the size of the subgrains are in range
of 10–20 nm. Tribological tests of the coatings were carried out at room temperature and under
conditions of stepwise heating. The nanostructured composite coating showed the best tribological
characteristics due to a high Pb content, a relatively high microhardness (817 HV) and a textureless
state with a low grain size. This coating had a low friction coefficient (~0.1) over 50,000 test cycles,
both at room temperature and under conditions of stepwise heating up to 100 ◦C and 200 ◦C.

Keywords: solid lubricant coating; titanium nitride; lead; nanostructured coating; composite coating;
tribological testing; friction coefficient; stepwise heating

1. Introduction

An increase in the loads of thermal machines and the desire to reduce the weight of
products lead to a gradual replacement of the liquid lubricants system in favor of alterna-
tive solutions. Solid lubricant coatings (SLC) can resist wear for a long time at elevated
temperatures and high contact pressures [1–3]. Such coatings should have high wear
resistance to ensure a long service life and a low friction coefficient. Various combinations
of oxide, nitride, and carbide ceramics, wear-resistant metals, and intermetallic compounds
are promising materials as a matrix for SLC [4–7].

Solid lubricants currently used at high temperatures can be divided into three cate-
gories [8,9]: (1) soft metals (Ag, Cu, Au, Pb, In and etc.); (2) fluorides (e.g., CaF2, BaF2 and
CeF3); and (3) metal oxides (e.g., V2O5, Ag2Mo2O7). All three types of materials plastically
deform and/or form low shear strength surfaces at elevated temperatures. They do not
lubricate at relatively low temperatures, so they have been combined with low temperature
lubricants to create “chameleon” coatings that adapt their surface during a temperature
cycle from 25 ◦C to 1000 ◦C to reduce friction in this temperature range [1,2,10].

At present, various magnetron sputtering types are increasingly used for tribological
coatings deposition in industry. The method makes it possible to vary the microstructure
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of coatings, to change the grain size, phase composition and crystallographic orientation
that creates a control mechanism in a wide range of coating properties. The most effective
modern approaches of SLC properties increase are: (1) deposition of multicomponent
coatings, when, along with the main metal component (for example, Ti, Zr), such elements
as Al, Cr, Nb, Y, Si are introduced into the coating; (2) multilayer coatings containing
alternating layers with the thickness from several nanometers to micrometers; (3) combined
deposition methods accompanied with ion nitriding or ion implantation. In recent years,
multicomponent coatings have attracted increased interest [11–18]. For example, in [11]
it was shown that titanium nitride-based coatings doped with Al and Zr had higher heat
resistance due to the formation of stable, dense oxides on the surface, which increased the
performance of coated products at elevated temperatures. For a number of systems, it was
found that three-component coatings had higher hardness and wear resistance compared
to binary coatings based on these elements [12]. The addition of metalloids atoms with the
formation, in particular carbonitride and oxynitride coatings, affect their properties in a
more complex way. Generally, carbonitride coatings have a higher hardness and oxynitride
coatings have a lower hardness compared to nitrides. Some elements (e.g., Y and Si) added
in amounts up to 10% lead to amorphization of the coating structure [7,13–16]. For example,
in works [7,12], the addition of Al and Si in TiN coatings was accompanied by a change in
the crystallographic texture. The pronounced (111) texture of TiN coatings passed into a
state close to textureless. In textureless TiN and ZrN coatings, the hardness was two times
higher than in coatings with a pronounced (111) texture [19].

The authors of work [2] suppose that oxides are potentially the best choice for SLC
under extreme conditions at high temperature since oxides are often structurally and
chemically thermodynamically stable although there are exceptions. Solid solutions such
as (Al,Cr)2O3 form a corundum phase in relatively low temperature PVD processes and
may be promising for low friction and wear coatings, but they are metastable at moderate
temperatures [20]. Recently, researchers have focused on understanding the tribological
properties of various Magneli phases, as WOx, VOx, MoOx and TiOx [21].

In work [2], the authors added a silver to a binary oxide to create ternary oxides.
Silver is a soft metal and self-lubricating at relatively high temperatures (T > 300 ◦C). Ag–O
bonds are relatively weak. They enhance the shearing of crystal planes and lower the
melting point of initial metal double oxides when incorporated into the ternary oxide
crystal structure. Besides, elemental Ag does not easily oxidize and will improve the
tribological properties of the surrounding oxide phases by increasing the toughness of
the film. Ag adds effects to a solid nitride matrix. Its influence to tribological properties
at different operating temperatures and the transport activity of silver depending on the
deposition temperature conditions were studied by authors of works [22–26].

The concept of tribological oxidation with the formation of ternary oxides was first
described in [27]. In this research, composite PbO–MoS2 coatings, which formed a PbMoO4
lubricating layer at elevated temperatures, were obtained. In a subsequent study focusing
on the lead molybdate phase [28], the authors found that, although this material was
abrasive at low temperatures, it showed reduced friction coefficients at high temperatures
(~0.3–0.4 at 700 ◦C) [18]. It has been found that the presence of a soft metal with low oxygen
bond strength in ternary oxides was effective decision for high temperature solid lubricants.
The low bond strength results show that low melting point materials are soft and easy to
shear and can degrade into a binary oxide and a soft metal to improve lubricity. Recently,
such soft metals as Pb, Cu and In have attracted interest.

Thus, studies of the Ti-N-Cu system with the aim of developing both multilayer
and composite wear-resistant coatings were carried out using various options of vacuum-
arc [29] and magnetron [30,31] deposition and their hybrid application [32,33].

Copper is a soft metal with excellent thermal conductivity contributed to efficient
dissipation of friction heat and therefore lower temperatures in the contact area. The
main lubrication mechanism is their increased ductility and low shear strength at high
temperatures. Thus, soft metals can plastically deform during sliding and conform to both
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interacting surfaces, reducing friction and wear. Increased softening at high temperatures
can lead to the pulling of soft metals from the interface, which limits their lubricating
effect [34].

Lead has excellent tribological properties. In works [35,36], the magnetron sputtered
with ion assistance TiN based solid lubricant coatings with the Pb addition showed the
advantage of composite structure over a multilayer structure with alternating layers of a
solid matrix and lubricant component. The development of these works has shown that an
increase in the lubricant component in the matrix leads, on the one hand, to a decrease in
the friction coefficient and, on the other hand, reduces the wear resistance of the coating.

In [37], the tribological behavior of PVD TiN coatings with the addition of indium
was studied. Tribological studies showed an improvement of wear resistance over unmod-
ified TiN thin films up to 450 ◦C. Observed deterioration in coating behavior at higher
temperatures was attributed to indium oxidation.

In this work, composite TiN based SLC with different structure and Pb content have
been formed by Ti and Pb cathodes co-sputtering of two separate magnetrons, and their
tribological properties have been studied at room and elevated temperatures.

2. Materials and Methods

Solid lubricant nanostructured TiN coatings with Pb additives were formed on steel
AISI 304 and titanium VT1 (99.0% Ti) samples in the process of reactive magnetron sputter-
ing of separate cathodes (99.2% titanium, 99.5% pure lead).

Planar magnetrons with the size of both targets, 0.273 m × 0.112 m × 0.01 m, were
placed vertically in the chamber at different distances d from the target to the substrate
during the deposition of TiN–Pb coatings (Figure 1). The ion source was placed vertically
opposite the substrate at a distance d1 from it (Table 1). The screens made of steel were
located next to them to reduce the possible transfer of sputtered atoms from one magnetron
to another. Ar and N gases were fed into the vacuum chamber through an ion source.

 

Figure 1. Scheme of TiN–Pb coatings deposition.
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Table 1. Parameters of the coating deposition process. QAr, QN2—gas flow rates; ITi,
IPb—discharge currents; t—spraying duration; F—power supply frequency; d—target-substrate
distance; d1—substrate–ion source distance; n—substrate rotation speed.

No. Substrate
PAr+N2,

Pa
QAr,

cm3/min
QN2,

cm3/min
ITi, A IPb, A t, min

F,
kHz

d, mm
d1,

mm
n, rpm

1 steel 0.31 8.65 2.45 3.5 0.1 720 - 100 160 2

2 steel 0.25 8.54 4.1 3.5 0.1 350 - 100 160 2

3 steel 0.24 6.52 5.14 3.5 0.1 350 25 220 250 -

4 steel, Ti 0.24 6.49 5.18 3.5 0.1 350 40 220 250 -

The samples were cleaned in an ultrasonic bath in gasoline for 10–15 min before
spraying. Then, they were placed into the chamber, and it was pumped out to a pressure of
5.3 × 10−4 Pa. The samples were cleaned using an ion source for 20 min at PAr = 0.13 Pa at a
flow rate of QAr = 6.49 cm3/min. Then, the ion source was turned off. Ti and TiN transition
layers were deposited for 10 min. Then, the main TiN + Pb coating layer was deposited.
The main parameters of the coating deposition process are given in Table 1. Ti and Pb
sputtering was carried out in the constant current mode with current stabilization when
coatings 1 and 2 were deposited. For coatings 3 and 4, Ti sputtering was carried out in the
constant current mode with current stabilization, and Pb sputtering was carried out in the
medium frequency mode at 25 and 40 kHz and a duty cycle T = 80%. The total deposition
time was 350 min for coatings 2–4 and 720 min for coating 1. During the deposition of
samples 1 and 2, the substrate was rotated clockwise at a speed of 2 rpm.

The morphology and composition of the coatings were studied using a Quanta 600
scanning electron microscope (SEM, FEI Company, Eindhoven, The Netherlands) equipped
with a TRIDENT XM4 energy dispersive X-ray microanalysis system. The thickness of
the coatings was measured in a cross-section of the samples using SEM. The roughness
was examined using an Olympus LEXT OLS 5000 confocal microscope (Olympus, Tokyo,
Japan). 2D profiles were used to obtain the roughness parameters. X-ray phase analysis
was performed by DRON-7 X-ray diffractometer (NPP “Burevestnik”, Saint-Petersburg,
Russia) in filtered CuKα radiation with a wavelength λ = 1.54178 Å. The microhardness of
the coatings was evaluated on a Buehler Micromet 5101 instrument (Buehler, Lake Bluff, IL,
USA) by indenting a Vickers pyramid with a load of 50 g.

Ball-on-disk tribological tests were carried out in the reciprocating wear mode with a
displacement of 15 μm, a normal contact load of 1 N, a displacement frequency of 20 Hz, a
cycles number of 50,000 (total sliding distance—1.5 m), an ambient temperature of 23 ◦C
and a humidity of 37 ± 5%. A sphere with a diameter of 12.6 mm made of 100Cr6 steel
(62–65 HRC) was used as a counter body. The influence of heating on the tribological
properties of the coatings was studied in the stepwise heating mode up to 100 ◦C and
200 ◦C with holding at each temperature for 2 h. The coated samples were tested to
determine the friction coefficient after each stage of heating.

Volumetric wear was analyzed using a confocal laser microscope LEXT OLS5000. The
microscope software evaluates volumetric wear by integrating wear worn space points
relative to the original surface. The transferred material of the counter body was estimated
as the build-up volume in the wear patches. The build-up height exceeded the original
level of the coating surface. In the case of its formation, the build-up volume corresponded
to the volumetric wear of the counter body.

Also, tribological tests of the samples were carried out with a change in the loading
parameters: displacement D = 5–60 μm; normal contact load F = 1–13 N; displacement
frequency f = 20 Hz; the number of cycles n = 10,000. The friction coefficient and the
mechanism of bodies interaction were analyzed in the testing process.
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3. Results

3.1. Surface Structure and Elemental Composition

The coatings surface morphology on a steel substrate is characterized by globules
with the size of ~1–5 μm (Figure 2). Coating 1 has the largest surface globules (Figure 2a),
which may be due to the longer deposition time. The smallest size of surface globules was
obtained for coating 3 (Figure 2c), while their highest packing density was obtained for
coating 4 (Figure 2d). An enlarged image of the coating 4 globule structure is shown in
Figure 2e. Differently oriented crystallites less than 0.1 μm in size are seen in the structure of
the globule. Globules and cavities on the coatings surface could be formed in the presence
of high compressive stresses. Thermal stresses arising as a result of temperature changes at
the deposition completion can promote diffusion processes. In such a way, mass transfer of
the deposited material can occur [38].

 

Figure 2. SEM images in backscattered electrons of the surface for coatings 1 (a), 2 (b), 3 (c), 4 (d), an
enlarged image in secondary electrons of coating 4 globules (e) and a summary map of the elements
distribution over the coating 4 surface (f).

X-ray microanalysis showed a uniform distribution of Pb over the surface for coatings
1–3 and the presence of areas with an increased content of Pb and O for coating 4 (Figure 2f).
The thicknesses of coatings 1–4 are ~5.8, 3.8, 2.3 and 2.0 μm, according to the results of SEM
studies on cross-sections. The average lead content is ~3, 8, 13 and 12 at.% for coatings
1–4, respectively. With an increase in the QAr/QN2 ratio, the TiN content in the coating
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increases, and the Pb content decreases. The oxygen content in the surface layer of the
coatings increases with an increase in the Pb content from 12 at.% (coating 1) to 40 at.%
(coatings 3 and 4), which is associated with its oxidation.

3.2. Surface Roughness

In Figure 3, the coatings surface height maps obtained using a confocal microscope
are shown. For coatings 1–3, the surface topography changes from the predominance of
protrusions to a greater content of depressions with an increase in the lead content from 3 to
13%. A decrease in the roughness parameters Ra and Rq to 0.126 and 0.464 μm for coating 3
(Table 2) shows that the surface is getting smoother. Ra parameter and, more significantly,
Rq parameter decreased with an increase in the lead content in the coatings, which may be
due to the smoothing of the surface as a result of the lower thermal stresses action after the
deposition process completion. The parameters Ra and Rq are higher for coating 4 with
an uneven distribution of lead in the surface layer than for coatings 1–3. The roughness
parameters Rsk and Rku analysis allows the prediction of the tribological behavior of the
coatings. Rsk parameter shows the asymmetry of the height distribution, and Rku estimates
the flatness or sharpness of the surface topography. Since the values of Rsk > 0 for all
coatings, the protrusions dominate in the structure of all coatings. The smallest Rsk was
obtained for coating 4, which indicates a significant proportion of depressions on the
surface. The parameter Rku is high for 1 coating due to individual sharp protrusions. Rku
shows a significant smoothing of the surface due to the reduction of the “sharpness” of the
protrusions for coatings 2–4. Coating 1 is characterized by the highest values of Rsk and Rku,
which shows the predominance of higher and “sharper” protrusions on the surface. It was
found in [39] that the following values of roughness parameters are satisfied to maintain an
oxide coating low friction coefficient for a long time: Ra = 0.4 μm, Rsk = −1.8 and relatively
high Rku = 10. Thus, from the point of view of the obtained roughness parameters, coating
4 can have the lowest friction coefficient due to both a relatively low value of Ra and the
lowest Rsk.

3.3. Cross-Section Coatings Structure

The coatings have a two-layer structure consisting of a Ti + TiN transition layer (1) up
to 0.1 μm thick and the main coating TiN + Pb layer (2) (Figure 4). The inhomogeneity of
the coating thickness is due to the globular structure of the surface. The globules height
reaches 0.3 μm. Coating 1 has a columnar structure consisting of intergrown crystallites
located perpendicular to the surface (Figure 4a). Such structure is typical for deposited TiN.
It is characterized by the (111) texture component predominance [19]. In growth process,
the deposited atoms diffuse over the surface until they enter the low-energy lattice sites
and are included in the growing coating. The deposited atoms can change their positions
in the crystal lattice due to diffusion and recrystallization processes [38]. The thickness of
columnar crystallites (0.05–0.25 μm) increases with approaching to the surface of the coating.
Their magnified image is shown in Figure 4a. The elements distribution map of coating
1 cross-section showed a uniform distribution of Pb in depth mainly along columnar
crystallites, which may be due to the filling of intercrystallite spaces by it (Figure 4b).
Coating 2 is columnar nanostructured. Columnar crystallites become less pronounced.
Their thickness and length decrease, but a noticeable texture is retained, as in coating 1
(Figure 4a). The structure of coating 3 corresponds to the textureless state (Figure 4d).
Columnar crystallites disappear, the structure becomes denser, nanocrystallites appear,
which suggests the coating amorphous-crystalline state. Thus, for coatings 1–3, the structure
with an increase in lead content from 3 to 13% changes from columnar to dense textureless.
Coating 4 is composite nanostructured. On the one hand, its state is also close to textureless,
but unlike coating 3, it consists of differently oriented nanocrystallites (Figure 4f). Lead is
present both in the coating matrix and in the form of islands predominantly distributed in
the surface layer of coating with a thickness of ~0.6 μm (Figure 4f). At the same time, its
average content is less than that of coating 3. This suggests a smaller amount of Pb in the
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matrix compared to coating 3, which may contribute to the nanostructured state. A special
metastable state for the process of coating formation can lead to phase migration of the soft
and fusible component and its higher concentration in the surface coating layer [40].

Figure 3. Surface height maps of coatings 1 (a), 2 (b), 3 (c), 4 (d) on a steel substrate.

Table 2. Roughness parameters of coatings 1–4.

No. Pb, at.% Ra, μm Rq, μm Rsk Rku

1 3 0.277 0.486 4.265 44.251

2 8 0.187 0.258 1.657 8.246

3 13 0.126 0.170 1.382 6.427

4 12 0.366 0.464 0.739 4.014
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Figure 4. Cross-section structure SEM images in secondary electrons of the coatings 1 (a), 2 (c), 3 (d),
4 (e), a summary map of the elements distribution for coating 1 (b), SEM image of coating 4 in
backscattered electrons (f). 1—Ti + TiN transition layer, 2—main TiN + Pb layer, 2*—surface layer
with island-like Pb-containing inclusions, 3—substrate.

3.4. Phase Composition

Coatings 1 and 2 have a pronounced columnar structure. Usually such structure has
pronounced (111) crystallographic texture. The XRD pattern of TiN–Pb coating 4 (Figure 5)
indicates a textureless state. The diffraction lines of all present phases (Pb, PbO, TiN) are
characterized by a significant broadening, indicating that the size of the subgrains are in
range ~10–20 nm. It can be assumed that the absence of a columnar structure is associated
with its discontinuous growth provided by Pb because it does not dissolve in the TiN
matrix and has a weak tendency to nitridation. Formation of Pb and PbO phases nuclei
on the surface of TiN crystallites promotes their growth interruption and their nanometer
size retention. In addition, particles of Pb and PbO phases stimulate the formation of TiN
nuclei of random orientations, which prevents the formation of a pronounced texture.
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Figure 5. XRD pattern of TiN–Pb coating 4 on a steel substrate (•).

It was shown in [41] that an increase in the (111) texture component of TiN coating
is accompanied to decrease in wear resistance. The textureless structure of the TiN coat-
ing may contribute to an increase in microhardness and wear resistance. Discontinuous
structure and grain reduction provide strengthening in accordance with the Hall-Petch law.

3.5. Microhardness

The highest Vickers microhardness (919 HV50) was obtained for columnar coating 1
with the greatest thickness (Table 3). The transition of the coating structure to a columnar
nanostructured and textureless state, as well as a decrease in thickness, led to a decrease
in microhardness. This is also associated with an increase in the content of the soft Pb
component in the structure. For coating 3, the microhardness values become similar with
those for the substrate—steel. An increase in Pb content can lead to the formation in the
coating structure of such compounds as lead oxides, lead oxynitride, Ti3PbO7, TiPbO3,
etc. [42]. The hardness of these compounds is significantly inferior to TiN, which contributes
to a general decrease in hardness, despite the compaction of the coating structure and a
decrease in the size of crystallites. Despite its more than 2 times smaller thickness, the
microhardness of the composite nanostructured coating 4 is 817 HV, which is not much
inferior to the columnar coating. This must be due to the composite structure of the coating.
In coating 4, surface layer lead is mainly present in the form of island inclusions, which
makes it possible to maintain a solid matrix. The content of large Pb inclusions increases
when approaching the surface. In addition, grains’ size reduction provides strengthening
in accordance with the Hall-Petch law.

3.6. Tribological Tests at Room Temperature

In tribological tests, the lowest friction coefficient (~0.1) was shown by nanostructured
composite coating 4 (Figure 6). Its friction coefficient practically does not change during
50,000 test cycles. Textureless coating 3 also had low friction coefficient at the initial stage
of testing. Already after 2000 cycles, it increases sharply, which is associated with the onset
of the coating destruction. During subsequent cycles, the friction coefficient increases from
0.3 to 0.35. For columnar coating 1 and columnar nanostructured 2, the friction coefficient
is ~0.27 during all 50,000 test cycles. Intensive destruction was accompanied by large
oscillations in the friction coefficient. Small rises and decreases in the friction coefficient
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during the experiment are associated with the accumulation of wear products in the contact
zone and their removal outside the contact patch.

Table 3. Structure, Pb content and microhardness of the coatings.

No. Thickness, μm Pb, at.% Structure Microhardness, HV50

1 5.8 3 Columned 919

2 3.8 8 Columned
nanostructured 570

3 2.3 13 Textureless 283

4 2.0 12 Nanostructured
composite 817

Figure 6. Comparison of friction coefficients of coatings 1–4 on a steel substrate when moving at
15 μm.

Figure 7 shows a comparison of the volumetric wear of the coatings and the material
transfer from the counter body. An increase in the height of wear spots relative to the main
coating and an increase in the friction coefficient indicated significant transfer of material
from the counter body (steel) for coatings 1 and 2. Such a significant mass transfer should
be associated with the rapid destruction of the coatings and the interaction of the substrate
with the counter body, as can be seen in the graphs of the friction coefficient. “Sticking”
was not observed for coatings 3 and 4. However, the volumetric wear of coating 3 is much
higher.

3.7. Tribological Tests under Stepwise Heating Conditions

The effect of temperature on the tribological properties of the coatings was carried out
with stepwise heating to 100 ◦C and 200 ◦C and a holding time of 2 h in a muffle furnace at
each temperature. After heating tribological tests were carried out (Figure 8). Composite
nanostructured coating 4 demonstrated the stability of tribological characteristics. The
friction coefficient remained an approximate value of 0.1 during 50,000 test cycles, as after
heating to 100 ◦C. After heating to 200 ◦C, it slightly increased up to 0.12. After heating to
100 ◦C, the friction coefficient of coating 3 increased already to 0.4 at the beginning of the
tests (Figure 8a). After subsequent heating, it decreased to 0.3. Increased softening at high
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temperatures can cause the soft component to be pulled away from the interface, which
limits its lubricating effect.

 

Figure 7. Volumetric wear of the coatings (blue columns) and material transfer from the counter body
(orange columns).

Figure 9 shows images of wear patches. After heating to 200 ◦C, the coatings were
subjected by rather strong oxidation that affected their tribological properties. Minor
improvement in coating 3 tribological characteristics at the beginning of the tests could be
due to the formation of oxides and oxynitrides of the system components.

3.8. XRD Analysis after Stepwise Heating

Some change in the properties of the coatings may be associated with the oxidation
of the TiN–Pb system components, as well as the substrate. After heating reflections of
Pb with FCC lattice and reflections of TiN are retained in addition to reflections from the
substrate in XRD pattern of coating 4 (Figure 10). Reflection angles 2Θ~36◦ correspond to
reflections (200) Pb and (111) TiN, and reflection angles 2Θ~62◦ correspond to reflections
(311) Pb and (220) TiN, which cannot be uniquely identified as belonging to Pb or TiN.

The ratio of Pb reflection intensity (2Θ~36◦) to PbO (2Θ~28◦) increases compared to
the diffraction pattern before heating (Figure 5). The diffraction lines of Pb, PbO and TiN
are strongly broadened, which indicates the nanostructured state retention. A decrease
in the signal-to-background ratio for Pb reflections compared to the XRD pattern before
heating may indicate the formation of other oxide compounds with lead. In addition,
oxygen atoms can also enter the TiN matrix, forming titanium oxynitride, which retains
the original crystal structure (NaCl type). In this case, oxygen atoms replace some of the
nitrogen atoms without forming TiO2, and the signal-to-background ratio in the region of
these reflections may decrease [43].

After heating, the intensity ratio of IPb/IPbO reflections is much higher for coating 3
than for coating 4, which indicates less oxidation. Most likely, this is due to a more uniform
distribution of Pb in the matrix and the absence of islands with its increased content in the
surface layer of the coating.
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Figure 8. Friction coefficients of coatings 4 (a) and 3 (b) on a steel substrate during stepwise heating.

 
Figure 9. Images of wear patches after heating to 200 ◦C for coatings 4 (a) and 3 (b).
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Figure 10. XRD pattern of coating 4 after stepwise heating up 200 ◦C. •—steel substrate.

3.9. Tribological Study of a Nanostructured Composite Coating at Various Loading Parameters

Coating 4 was studied in friction modes that differ in mechanisms of surface de-
struction, when fatigue processes, abrasive damage by wear products or adhesive wear
can predominate [44,45]. The mechanism of friction during fretting was analyzed using
an energy approach [46]. It consists in dissipation energy determining in the contact by
measuring the instantaneous values of the friction force and displacement with a frequency
at least 20 times higher than the frequency of bodies movement. The fretting hysteresis
loops analysis makes it possible to estimate the modes of friction bodies interaction directly
in the course of the experiment by calculating the slip index. Tribological tests were carried
out in a wide range of loading parameters to obtain a fretting map. The resulting fretting
map based on the hysteresis loops analysis is shown in Figure 11.

Figure 11. Fretting map of nanostructured composite coating 4 on titanium.

The process of abrasive and adhesive interaction of the bodies prevails in gross slip
mode during fretting. The gross slip mode is indicated by blue squares in Figure 11. Fast
fatigue failure dominates in mixed slip mode (yellow crosses). Fatigue failure with low
cracking rate is observed in partial slip mode (brown triangles). The friction processes
without the specific features of the friction bodies interaction in fretting corresponds to the
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reciprocating slip mode (green circles). The wear patch obtained at D = 5 μm and F = 13 N is
an uneven damage with dimensions of ~100 μm along the displacement axis and ~250 μm
across (Figure 12a). The areas with a high lead content are visible on the coating surface in
the form of light spots. Cracks up to 15 μm long are observed on the surface of the coating.
They are located perpendicular to the direction of the bodies’ friction (Figure 12b). The
coating mechanism destruction corresponds to the process prevailing for the partial slip
mode–fatigue failure. It occurs as a result of the sign-alternating friction force action in a
contact in combination with the transition between slip zones and elastic bodies interaction.
At loading parameters (D = 15 μm, F = 10 N), the process of fatigue failure is significantly
getting worse. A network of cracks is formed over the entire area of the contact patch on
the coating surface, which corresponds to a mixed slip mode (Figure 12c). The process of
further destruction can lead to flaking of large agglomerates of the coating during friction
and interaction of the counter body with the substrate. Also, under certain conditions the
cracks could transit from the coating to the surface layer of the metal. In the gross slip mode
(D = 30 μm and F = 3 N), the processes of abrasive interaction begin to prevail (Figure 12d).
The shear relief of the coating along the bodies’ direction motion is associated with the
presence of a Pb soft component (Figure 12e). In this case, the lead plastically deformed
during the slip, which reduced friction and wear. Figure 10f shows regions of the coating
structure of differently oriented crystallites and “shear” regions, apparently corresponding
to zones with a Pb high content.

Figure 12. SEM images in backscattered electrons of TiN–Pb coating damage zone obtained at
D = 5 μm and F = 13 N (a,b), at D = 15 μm and F = 10 N (c), at D = 30 μm and F = 3 N (d–f).
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Elemental microanalysis of the wear patch obtained at loading parameters D = 15 μm,
F = 10 N showed the transfer of the soft coating component to the edge region. It led to the
coating preservation in this area and its destruction in the central regions accompanied by
the formation of microcracks and the appearance of areas with increased titanium content
(Figure 13a). The dissipation energy in the gross slip mode is the highest, which indirectly
indicates a rather high wear rate. Elemental microanalysis of the wear patch shows the
appearance of titanium zones up to 20 μm in size in the center (Figure 13) associated with
the beginning of the process of complete coating wear to the metal. Mass transfer of the
soft component is not observed in this mode.

 
Figure 13. Summary maps of the elements’ distribution of wear patches corresponding to loading
parameters: D = 15 μm, F = 10 N (a) and D = 30 μm, F = 3 N (b).

The dissipation energy drops by more than 3 times, accompanied with a sharp decrease
in the friction coefficient from 0.25 to 0.05 during the transition from the gross slip mode to
the reciprocating slip mode. Thus, the reciprocating slip mode, as well as the partial slip
mode, occur in narrow ranges of loads and displacements for TiN–Pb coating. The main
mode of friction during the fretting is the gross slip mode. Mixed slip mode also occurs
in a narrow range of the loads accompanied with the formation of a cracks network that
can lead to its delamination. In the gross slip mode, the friction coefficient is set equal to
~0.25, which is significantly lower than the friction coefficient of TiN without Pb additives
(~0.75–0.9) [25,26].

4. Discussion

The reactive deposition of TiN–Pb coatings is a multifactorial process complicated by
a significant difference in the masses of Ti and Pb. The result is the different efficiency of
the sputtered particles scattering process along the way to the substrate. Energy transfer
during collisions of particles is maximum when their masses are equal. The masses of argon
and titanium atoms are almost equal. As a result of successive collisions, Ti is effectively
scattered by Ar slowing down and deviating at different angles. This effect ensures the
deposition of titanium on the substrate by falling at an angle. On the other hand, nearly
ballistic sputtering is realized for heavy lead atoms. They reach the substrates slightly
deviating and losing a small amount of energy. By changing the angle of the ion beam,
one can control such important properties of the coatings as structure, size of structural
components, hardness, texture and morphology [47–49]. The structure of the formed
coatings is usually also influenced by the substrate temperature, the chamber pressure, the
initial surface roughness, and (especially at low temperature) the deposition rate and the
angle of incidence of the deposited particles.

The deposition of sputtered Ti and Pb atoms on rotating substrates (coatings 1 and
2) provides their incidence angles in the range from 0 to 90◦ and leads to an increase in
the coating thickness. This is due to such atoms involved in the process with direction of

315



Coatings 2023, 13, 1463

arrival provided the self-shadowing effect. During the rotation and repeated passing of the
substrate in front of the magnetrons, the atoms sputtered from the cathodes are deposited
in a wide range of incidence angles from the normal (0–90◦). This process is similar to the
so-called “oscillation” deposition when the substrate oscillates in front of the sputtered
target [50]. In this case, the substrate rotation rate is very important since the possibility
of nucleation and growth direction of columnar crystallites also depends on it. Since the
direction of vapor flow changes during the rotation, the direction of growth of individual
columnar crystallites can change.

Sputtering of Pb in the medium frequency mode at 25 and 40 kHz for coatings 3 and
4 could contribute to their higher content in the coatings. The conditions of a stationary
substrate and the medium-frequency Pb sputtering regime may promote to Pb-containing
phases nuclei on the surface of TiN crystallites, their growth interruption and nanosized
grains preservation. In addition, particles of Pb-containing phases could stimulate the
formation of TiN nuclei of random orientations prevented the formation of a texture. A
possible mechanism for this atomic densification is bombardment of the coating by high-
energy argon atoms reflected from the cathode and sputtered heavy Pb atoms. This is due
to the fact that both the average energy and the sputtered particles flux increase with the
atomic mass of the target material.

Usually, TiN deposited coating has a pronounced columnar structure mostly combined
with a pronounced crystallographic texture (111). TiN–Pb is a multicomponent coating.
It has a structure formation mechanism different from two-component coatings. This is
confirmed by changes in the crystallographic texture while in two-component coatings
the texture is stably reproduced over a wide range of deposition coatings parameters. For
example, it was found in [7,12] that the addition of Al and Si to TiN coating composition
is accompanied by a transition of a pronounced texture (111) to a textureless state, mi-
crostructure refinement and the formation of a pseudo amorphous structure. As was found
in [38], compressive stresses in the surface layer contribute to the formation of the deposited
coating globular surface. As the lead content increases, the coating can become more fusible
due to the presence of Pb and PbO phase inclusions. This can reduce the activation energy
of diffusion processes. Under these conditions, volume diffusion becomes more significant,
which can reduce internal stresses and prevent their accumulation. Increasing the fusibility
of the coating can lead to an increase in the effects of recrystallization on the coating struc-
ture decreasing in the texture component as was obtained for coatings 2–4. An increase
in the lead content with its uniform distribution in the coating can reduce the difference
in thermal expansion of the substrate—steel and the coating with a TiN matrix. This can
help to reduce the thermal stresses and the height of irregularities—the “globularity” of
the surface. In this work it was found a decrease in the roughness of the coatings from
1 to 3. The composite structure of coating 4 did not lead to a decrease in roughness. It
may indicate that a higher content of lead and Pb-containing phases in the TiN matrix
can also lead to an increase in thermal stresses, phase migration of a soft and low-melting
component into the surface layer [38].

Among the obtained coating (columnar, columnar nanostructured, textureless, nanos-
tructured composite), nanostructured composite coating 4 showed the best tribological
characteristics. In coating 4, the soft component is distributed both in the matrix and in
the form of island-like inclusions predominantly in the surface layer. In columnar coatings
(1 and 2), the crystallites are bound by a rather small area to the surface. In this case, the
application of a load in the tangential direction can lead to their destruction. In addition, in
the regions between the crystallites, there are often vertical pores in the form of channels
through which the penetration of external environment products is possible. Therefore, the
formation of a nanostructured textureless coating contributes to longer durability. Certainly,
the friction coefficient, microhardness and roughness were essential in the testing process.
In this case, the higher tribological characteristics stability of the composite nanostructured
coating can be explained by the presence of soft island-like inclusions in the surface layer.
This structure provides easier formation of shear regions under the loads, and the lower
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content of lead in the matrix can maintain a relatively high microhardness. In the same
time, a high content of Pb in the matrix (coating 3) can negatively influence wear resistance
due to a decrease in microhardness, despite the low friction coefficient.

5. Conclusions

Solid lubricating ceramic composite TiN coatings with Pb additives were obtained on
stationary and rotating substrates made of AISI 304 steel and titanium in the process of
reactive magnetron sputtering of separate cathodes.

Columnar, columnar nanostructured, textureless and composite nanostructured TiN–
Pb coatings with different Pb content (3–13%) were obtained by varying the deposition
regimes. The columnar structure changes to a columnar nanostructured with an increase in
the Pb content in the coating to 8%.

Deposition on a stationary substrate and the use of medium frequency sputtering
of Pb lead to an increase in its content in the coatings and textureless state. The coatings
include Pb, PbO and TiN phases. The diffraction lines are characterized by significant
broadening, indicating nanometer size of the subgrains.

Tribological tests of the coatings were carried out at room temperature and under con-
ditions of stepwise heating, as well as at various loading parameters. Among the obtained
coating structures, the nanostructured composite coating showed the best tribological
characteristics. In this coating the lead-containing components are distributed both in the
matrix and in the form of inclusions contributed to relatively high microhardness (817 HV),
a high Pb content and a textureless state with a low grain size. This provided a low friction
coefficient (~0.1) over 50,000 test cycles, both at room temperature and under conditions of
stepwise heating up to 100 ◦C and 200 ◦C.
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Abstract: In this work, ethyl cellulose was used as a wall material, propanetriol as a core material,
polyvinyl alcohol as a stabilizer and gelatin as an emulsifier. Self-healing microcapsules with a slow-
release effect were prepared using the solvent evaporation method. Various analytical techniques,
such as 3D confocal microscopy (LCSM), optical microscopy (OM), scanning electron microscopy
(SEM), infrared spectroscopy (FT-IR), energy dispersive spectroscopy (EDS), thermal weight loss
analysis (TGA), laser particle size tester and electrochemical impedance polarization, are utilized. The
morphology, distribution, particle size, corrosion resistance and self-healing ability of the prepared
microcapsules and resin-based coatings were characterized and analyzed. The results show that the
cross-sectional core–shell structure is clearly seen in the LCSM, showing a smooth, hollow, spherical
shape. OM and laser particle size testers have shown that the size of the microcapsules decreases
over time. Also, in OM, the microcapsules are uniformly distributed in the emulsion with a smooth
and non-adherent surface. In SEM, the microcapsule particle size is about 150 μm, the shell wall
thickness is about 18 μm, and the hollow structure of ruptured microcapsules is obvious. FT-IR and
TGA confirmed the successful encapsulation of the formulated microcapsules. The results show that
when the core-wall mass ratio is 1.2:1 and the amount of microcapsule is 10% of the coating amount,
the prepared microcapsule has high thermal stability and certain wear resistance. By electrochemical
and immersion experiments, it was found that a 3.5 wt % NaCl solution has the best impedance,
the lowest corrosion current density, and good adhesion and tensile toughness. The results showed
that glycerol was successfully released from the broken microcapsules and self-healed, forming an
anticorrosive coating with excellent corrosion resistance and self-healing ability.

Keywords: microencapsulation; E-51 epoxy resin; self-healing; corrosion resistance; AZ91D
magnesium alloy

1. Introduction

Magnesium alloy has shown high application value in various applications in today’s
society. In the field of lightweight alloys, it is of great significance as a benefit mankind
and to the promotion of further developments in science and technology. Magnesium
alloys are also the lightest structural metal materials in the world [1–3]. They have the
advantages of having a high specific strength sufficient toughness, and being lightweight
and easy to transform, hence their pivotal in the development of society from ancient times
to the present [4–7]. Therefore, magnesium alloys play an indispensable role in the fields
of construction, aerospace, smart wearable, portable home, and so on, as well as in the
energy and chemical industries. [5–8]. However, China is a large consumer of magnesium
resources, it is not difficult to predict that under the development trend of today’s world,
further research and application of magnesium alloys will increase in significance [6–10].
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Therefore, in this context, the poor corrosion resistance of magnesium alloy itself restricts the
development of magnesium alloys. This situation urgently needs to be addressed [11–14].
The surface of magnesium alloys is similar to that of aluminum alloys; it also has a layer
of magnesium oxide coating. However, the coating itself is loose, porous, soft and thin,
and it is difficult to provide good corrosion protection [15–19]. This requires a layer of
organic coating on the surface to prevent corrosion and improve its utilization. However,
considering that it is not easy to dispose of the coating after the application or recycling
of magnesium alloys, it is necessary to consider more environmentally friendly, highly
efficient and long-lasting corrosion-resistant coatings [20–24]. In this context, coatings with
self-repairing abilities and added microcapsules have emerged.

In recent years, self-healing microcapsules have achieved remarkable advantages in
terms of biocompatibility and environmental friendliness, which has attracted much atten-
tion in various fields, such as materials chemistry, biopharmaceuticals and environmental
sciences [25–29]. In particular, microencapsulation technology, with a core–shell structure
and the synergistic effect of self-healing and slow release, has started to be explored for
the corrosion and protection of alloy surfaces [30–34]. This is because microcapsules act as
fillers in the preparation process to provide a good slow-release refinement and significantly
improve the coating microstructure [34,35]. The self-healing ability of microcapsules is a
very promising method for repairing microgaps in epoxy-resin-based magnesium alloy
materials. There are two general types of self-healing microcapsules: One is the general
type of microcapsule, and the other is the slow-release type of microcapsule. White SR [36]
et al. attempted to design a general-type self-healing microcapsule by means of in situ
polymerization. The microcapsules were composed of polyurea-formaldehyde resin-coated
dicyclopentane, which is a general microcapsule of the resin-coated dicyclopentadiene
type. The slow-release self-healing microcapsules are released from the wall material by
controlling the core material within the core–shell structure. They can be used in alloy
corrosion protection, chemical production as well as in the agricultural and food industries.
Chen [37] designed a structurally robust microcapsule with a slow-release synergistic effect
using a face complex of mesoglycan and chitosan from pectin as well as latex proteins.
Cunha [38] studied bifunctional polyurea-formaldehyde microcapsules and successfully
prepared microcapsules by mixing linseed oil and benzotriazole. Wang [39] prepared
slow-release microcapsules that can act as a vitamin supplement using spray technology,
while the natural antioxidant capacity and release rate of the microcapsules were tested
for modulation. Amand [40] prepared a capsule structure with a synergistic effect of self-
healing and slow release by varying the acetone content. The generated content of the
core wall was also investigated, and when the microcapsules produced an effect, the core
material flowed out, which in turn diffused to fill and bind the cracks.

Compared to existing literature reports, the uniqueness of this research lies in the fact
that PVA itself has bonding, emulsification and dispersion properties, while gelatin itself is
a macromolecular hydrophilic colloid, which can also be used for bonding. Therefore, the
simultaneous addition of poly (vinyl alcohol) and gelatin provides stabilization as well as
enhances aqueous phase viscosity to form a thin film, thereby increasing the encapsulation
rate of the microcapsules. The wall material, ethyl cellulose, has the functions of bonding,
filling and coating forming. However, there is limited research on the emulsifiers used in
compounding. We analyzed the morphology of the microcapsules using a single emulsifier,
as well as the lack of a certain heart–wall ratio and optimal mass fraction between the
entire composition and the coating. This is the focus of this work. Finally, LCSM was
used to observe the macroscopic morphology of the microcapsules, and the existence of
core–shell structure was preliminarily determined. The particle size distribution and dis-
persion uniformity of the microcapsules in emulsion were evaluated using OM and a laser
particle size analyzer. The micromorphologies of the microcapsules and the self-healing
coatings were observed by scanning electron microscopy. In addition, FT-IR and TGA were
used to verify that the microcapsules were successfully encapsulated. The basic proper-
ties of microcapsule coatings are tested via electrochemical Nyquist diagrams and Tafel
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analyses, immersion experiments, adhesion tests and coating tensile tests. The purpose
of this experiment was to show that the self-repairing coating with added microcapsules
has excellent self-healing properties, corrosion resistance characteristics, adhesion, and
self-healing tensile ductility under the action of a compounded emulsifier. Meanwhile, the
impedance value in 3.5 wt.% NaCl solution was 8.242 × 104, which reached the optimum
value. And it had the lowest corrosion current density and good adhesion and tensile
toughness. Through the above corresponding series of experiments, it was able to be thor-
oughly analyzed that the glycerol was successfully released from the broken microcapsules
for self-heal. The AZ91D magnesium alloy anticorrosive coating with excellent corrosion
resistance and self-healing ability was formed. Compared to other experiments, the wall
material, ethyl cellulose, itself is easy to degrade, green and has good biocompatibility as
well as the function of bonding and filling. Finally, new theoretical support and empirical
methods are provided for the corrosion and protection of magnesium alloy surfaces in
this field.

2. Materials and Methods

2.1. Materials and Instruments

Main raw materials: AZ91D magnesium alloy (density 1.82 g/cm3); ethyl cellulose
(density 1.07 g/cm3); propanetriol (relative molecular mass 92.09, colorless, odorless, sweet,
clear and viscous liquid appearance; Sinopharm Chemical Reagent Co., Shanghai, China);
polyvinyl alcohol (relative molecular mass 44.05, white flake, flocculent or powdery solid);
Shanghai Sinopharm Chemical Reagent Co., Ltd., Shanghai, China); gelatin (also known as
animal gelatin, gelatin belongs to a large molecule hydrocolloid; Tianjin Damao Chemical
Reagent Factory, Tianjin, China); OP-10 (white and milky white paste; Shanghai Aladdin
Biochemical Technology Co., Ltd., Shanghai, China); dichloromethane (relative molecular
weight 84.93, colorless and transparent liquid; Tianjin Damao Chemical Reagent Factory,
Tianjin, China); n-butanol (relative molecular weight 74.12, colorless and transparent liquid;
Tianjin Damao Chemical Reagent Factory, Tianjin, China); xylene (relative molecular weight:
106.165; Tianjin Damao Chemical Reagent Factory, Tianjin, China); anhydrous ethanol
(colorless liquid, with special fragrance; Tianjin Damao Chemical Reagent Factory, Tianjin,
China); and E-51 Epoxy resin and supporting curing agent (Zhongtian Fine Chemical Co.,
Ltd., Zhoushan, Zhejiang Province).

Main experimental instruments: HH-S2 digital thermostatic water bath (Changzhou
Yineng Experimental Instrument Factory, ChangZhou, China); DZF vacuum drying oven
(Nanjing Suenrui Production Plant, Nanjing, China); 85-2 digital thermostatic magnetic
stirrer (Changzhou Jintan Jingda Instrument Manufacturing Co., Ltd., Changzhou, China);
CHINALAB 20 electronic balance (Anhui Tianping Machinery Co., Ltd., Chizhou, China);
CHI660E-type electrochemical workstation (Gongyi Kerui Instrument Co., Ltd., Gongyi,
China); VEGA3 XMU scanning electron microscope (Guangzhou Dongrui Technology Co.,
Ltd., Guangzhou, China); 3D confocal microscope (Xiamen Maina Optical Technology
Co., Ltd., Xiamen, China); NMM-800TRF optical microscope (Dongguan Ruixian Optical
Instrument Co., Ltd., Dongguan, China); FBS-50KNW tensile tester (Jinan Tianhua Testing
Equipment Co., Ltd., Jinan, China); GD26-FTIR-650 Fourier transform infrared spectrometer
(Zhongke Ruijie (Tianjin) Technology Co., Ltd., Tianjin, China); and TGA55 thermal weight
loss analyzer (Nanjing Nanda Wanhe Technology Co., Ltd., Nanjing, China). The main
experimental instruments are shown in Figure 1 below.

2.2. Sample Preparation

An AZ91D magnesium alloy with the size of 15 mm × 15 mm × 25 mm was selected
And sanded with 600#, 800#, 1500# and 2000# sandpaper, in this order, until a metallic
luster appeared. After, it was rinsed with deionized water for 3 minutes and put into a
beaker filled with absolute ethanol. Ultrasonic shaking treatment was carried out for 5 min
for the purpose of de-oiling. It was then removed, rinsed again with deionized water for
2 min, and put in alkaline washing solution. After rinsing with deionized water for 2 min,
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it was degreased with acetone. Then, it was removed and rinsed with deionized water for
3 min and put in an acid washing solution. After rinsing with deionized water for 3 min, it
was put into the vacuum drying oven and dried at 50 ◦C for use.

  
(a) (b) 

Figure 1. Macroscopic view of the main experimental instruments: (a) scanning electron microscope;
(b) 3D confocal microscopy (LSCM).

2.3. Experimental Content
2.3.1. Preparation of Microcapsules

Stirring was continued at 200 rpm for 5 min to obtain 250 mL of 0.8 wt.% PVA with
1 wt.% gelatin as a microencapsulated stabilizer. Next, 20 g of ethyl cellulose was fully
dissolved in 100 mL of dichloromethane. 8 mL of propanetriol was added to the mixture
of ethyl cellulose and dichloromethane. It was mechanically emulsified at 600 rpm in a
constant temperature water bath at 45 ◦C and fully reacted for 4 h until the dichloromethane
was completely evaporated. After the reaction, the microcapsules were isolated by filtering
and rinsing with deionized water and were dried in a vacuum drying oven at 60 ◦C for use.

2.3.2. Preparation of Self-Healing Coatings

In the process of adding microcapsules into the coating, the influence of the amount
and dispersion of microcapsules on the properties of the coating was researched. The
designs are no add, 5% addition, 10% addition, and 20% addition. Twelve 25 mL beakers
were taken and divided into three groups, a, b and c, resulting in three groups of 3 beakers
each. 3.75 g of epoxy E-51 was put in each beaker. 1.25 g of hardener b was put in a beaker.
The organic solvent in beaker c was put into a and b in an appropriate amount and stirred
with a magnetic stirrer to mix thoroughly. Among them, 0 g, 0.5 g, 1 g, 2 g were added to
each component and stirred for 30 min using a magnetic stirrer. Finally, the epoxy resin
self-healing coating containing microcapsules with different mass fractions was uniformly
coated on the surface of the magnesium alloy and then cured at 25 °C for 12 h and then at
60 °C for 24 h in a vacuum drying box.

2.4. Testing and Analysis
2.4.1. Electrochemical Test

The electrochemical impedance spectrum and polarization curves of the self-healing
coatings were obtained using a CHI660E electrochemical workstation. The experimental
tests were performed using a conventional three-electrode system. The specimen was the
working electrode (exposed area of 1 cm2), the saturated glycerol electrode (SCE) was
the reference electrode, and the platinum electrode was the auxiliary electrode. The test
solution was 3.5% N saturated aCl solution, and the test temperature was (25 ± 5) ◦C.
The electrochemical impedance spectrum was scanned from 0.01 Hz to 100,000 Hz, the
polarization curve was scanned at a voltage range of ±0.5 V relative to the open circuit
potential, and the scan rate was 5 mV/S. To ensure accuracy and reproducibility, three sets
of parallel tests were performed for each test.
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2.4.2. Scanning Electron Microscopy and X-ray Diffraction Spectroscopy

A VEGA3 XMU scanning electron microscope (SEM) (Guangzhou Dongrui Technology
Co., Ltd., Guangzhou, China) from TESCAN, with an accompanying energy spectrom-
eter (EDS), was used to observe the prepared microcapsules as well as the microscopic
morphology and microscopic characterization of the coatings, with a scanning voltage of
20 kV.

2.4.3. Microcapsules Particle Size and Macroscopic Morphology Analysis

3D confocal microscope (LCSM) (Xiamen Maina Optical Technology Co., Ltd., Xiamen,
China), optical microscope (OM) (Dongguan Ruixian Optical Instrument Co., Ltd., Dong-
guan, China), and laser particle size tester (Kunshan Lugong Precision Instrument Co., Ltd.,
Kunshan, China) were used to characterize the macroscopic morphology, distribution in the
compounded emulsion, particle size, and the aggregation of the prepared microcapsules.
Among them, LCSM uses a 405 nm laser as the light source to initially determine the
microcapsule roughness and core–shell structure.

2.4.4. Fourier Infrared Spectroscopy and Thermal Weight Loss Testing

The GD26-FTIR-650 Fourier infrared spectrometer (Zhongke Ruijie (Tianjin) Technol-
ogy Co., Ltd., Tianjin, China) was used to view the organic functional group profile of
the microcapsules. Among them, about 0.3 mg KBr was weighed and fully ground with
microcapsules in an agate mortar, pressurized to 15–20 MPa and kept for 1 min for testing.
The TGA55 heat loss tester (Nanjing Nanda Wanhe Technology Co., Ltd., Nanjing, China)
was used for testing, and the sample was tested by opening the pure nitrogen valve and
adjusting the outlet pressure to 0.1 MPa.

3. Results and Discussion

3.1. Characterization of Microcapsules
3.1.1. Microstructure and Particle Size Distribution

Figure 2 shows the SEM morphology and particle size distribution of the microcapsules
and microstructure. Figure 2a shows the SEM image of microcapsules loaded with glycerol
at 500 μm. It can be seen from the figure that the microcapsules are relatively uniform in
both distribution and size. Local rupture appears, and the core–shell structure can be seen
initially from the rupture. Figure 2b shows the SEM image of the microcapsules at 200 μm,
and further magnification shows that the surface of the microcapsule is smooth and round
and that the size distribution is relatively uniform. Figure 2c shows the SEM image of a
single microcapsule, which is the moment when the magnification could be maximized
and a clear image could be taken under the right conditions. At 100 μm, the synthesized
capsule appears spherical, then becomes very round and smooth again. The core and wall
states of the core–shell structure can be seen under reflection, in addition to the compact
distribution of the capsule-forming structure. Figure 2d shows the SEM cross-section of the
microcapsules rupture. The total thickness of the outer and inner walls of the capsule is
about 15 μm, and Figure 2e shows the SEM image at a magnification of 100 μm. At this
time, not only can the core–shell structure be clearly seen, but also the change distribution
of microcapsule particle size can be seen. The observed results correspond to the particle
size distribution detected by the laser particle size tester. Figure 2f shows the particle size
distribution of the microcapsules, ranging from (150.424 ± 3.756) μm, which is consistent
with the Gaussian nonlinear fitting results.

324



Coatings 2023, 13, 1514

 

  

  

  

Figure 2. SEM images and size distribution of glycerol-loaded microcapsules: (a) microcapsule
magnification at 500 μm; (b) microcapsule magnification at 200 μm; (c) microcapsule magnification at
100 μm; (d) ruptured microcapsule magnification at 200 μm; (e) ruptured microcapsule magnification
at 100 μm; (f) size distribution of particle size.

3.1.2. Macroscopic Structure and Particle Dispersion

Figure 3 shows the macroscopic structure and particle size morphology of the micro-
capsules prepared under the 3D confocal microscopy (LCSM), optical microscopy (OM),
and camera 2a. Figure 3a,b show the morphology of the capsule emulsion prepared under
optimal conditions and the capsule emulsion dried in a vacuum drying oven, respec-
tively. It can clearly be seen that the emulsions are green and transparent, the viscosity is
moderate, and the dry powder is milky and delicate, which preliminarily indicates that
the preparation method and process were successful. Figure 3c shows the dispersion of
the emulsion under an optical microscopy (OM). It can be seen that the surface of the
microcapsule obtained after mixing the water phase with oil is smooth and has no adhe-
sion. The uniform distribution in the emulsion is attributed to the use of a gelatin and
PVA compound emulsifier. The deposition rate of the polymer on the wall slowed down,
forming a smooth-surfaced microcapsule. The microcapsule particle size is about 152 μm,
as shown in Figure 3d. The inner capsule wall, outer capsule wall, and hollow of the
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microcapsule are clearly seen in Figure 3e. Figure 3f shows the three-dimensional structure
of the microcapsule measured under 3D confocal microscope. It can be seen that the outer
capsule wall is locally depressed, indicating that the interior is hollow. The reason for the
depression is that the outer capsule wall is resistant to friction and has toughness, which
can undergo some deformation. As can be seen in Figure 3d–f, this is consistent with the
results from scanning electron microscopy (SEM) and the laser particle size tester tests.

  

 

 

Figure 3. Macrostructure of prepared microcapsule and particle size under core–shell structure:
(a) optimal emulsion; (b) microcapsule powder; (c) emulsion dispersion under optical microscope
(OM); (d) particle size under 3D confocal microscope (LCSM); (e) inner capsule wall under 3D
confocal microscope (LCSM); (f) capsule structure under 3D confocal microscope (LCSM).

3.1.3. Chemical Structure of Microcapsules

Figure 4a shows the FTIR spectrum of ethyl cellulose in the wall material. In the above
peaks of organic functional groups, the tensile vibration of C-C aromatic ring ranges from
1586 to 1467 cm−1. The characteristic peak corresponding to the microcapsules in Figure 4c
is 1439 cm−1. Meanwhile, the O-H-O asymmetric tensile vibration ranges from 1316 to
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1289 cm−1. The peak value of C-O-C stretching vibration is 1227 cm−1. This corresponds to
microcapsules at the characteristic peak of 1240 cm−1. Figure 4b shows the FTIR spectrum
of glycerol. There is a stretching vibration at the 3248 cm−1 peak for the -OH bond and
an asymmetric stretching vibration at the 2913 cm−1 peak for the -CH2 bond. There is a
symmetric stretching vibration for the -CH2 at the 2867 cm−1 peak and a bending vibration
for the -CH2 bond at the 1407 cm−1 peak. The symmetric stretching vibration peak of C-O
ranges from 1132 to 1030 cm−1, and that of the secondary alcohol is at 839 cm−1. These
peaks coincide with those of the microcapsule at 2964 cm−1. The results showed that the
characteristic peaks of ethyl cellulose and glycerol reacted in microcapsules. This also
confirmed that glycerol was successfully encapsulated in the microcapsules.
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Figure 4. FTIR spectra of microcapsules, glycerol and ethyl cellulose: (a) ethyl cellulose; (b) glycerol;
(c) microcapsules.

3.1.4. Conversion Efficiency of TGA and Microcapsules

Figure 5a,b show the heat weight loss curve and the conversion rate curve of mi-
crocapsules, respectively, and the initial decomposition temperature of ethyl cellulose is
shown in Figure 5a at 465 ◦C. It has a higher initial decomposition temperature than the
wood carbon structure, and the residue content is 29 wt.% at 800 ◦C, which easily forms
a heat-stable carbon material. This is inherently because of the presence of the aromatic
hydrocarbon skeleton structure in ethyl cellulose. Therefore, the initial decomposition
temperature of glycerol is 150 ◦C, and the final decomposition temperature is 284 ◦C. The
initial thermal degradation temperature of the microcapsules is 360 ◦C. It can be seen from
the figure that the slope of the microcapsule curve is smaller than that of the ethyl cellulose
curve. Combined with the Fourier infrared spectroscopy in Figure 4, it can be seen that
glycerol is well encapsulated into the microcapsules. In Figure 5b, the thermogravimetric
analysis of the figure shows that the microcapsule structure is synthesized by glycerol
and the wall material. It can be seen from the TGA diagram of the microcapsules that
the encapsulation rate of the microcapsules is 12 wt.%. This further indicates that the
preparation of microcapsules was successful.
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(a) (b) 

Figure 5. Fourier infrared spectra (TGA) plots of self-healing microcapsules: (a) a, ethyl cellulose; b,
microcapsules; c, propanetriol; (b) a, TG; b, DTG.

3.2. Characterization of Optimal Core-to-Wall Ratio of Microcapsules and Corrosion Resistance of
Self-Healing Coatings

Figure 6 shows the optimal core–wall ratio and corrosion resistance test of self-healing
coatings after the microcapsules with different mass fractions are soaked. In Figure 6a,
when the core–wall ratio of microcapsules is 1:1, the proportion of spherical microcapsules
with regular morphology is low in the total number of microcapsules. The surface is not
polished, and there are more impurities attached. Due to the low core material ratio, the
microcapsules adhere to each other, causing excess wall polymers to accumulate on the
already formed microcapsules. In Figure 6b, when the core-to-wall ratio of 1.2:1, it is
easily seen that the microcapsules are uniformly dispersed. The spherical structure of the
microcapsule formed is smooth and more regular, and the surface is not adhered to anything.
Figure 6c When the core–wall ratio is 1.5:1, the wall content is too low. During the mixing
process, the microcapsule capsule is easy to break due to its thin wall shell. Therefore, when
the mass ratio of core material to wall material is 1.2:1, the microcapsules synthesized with
high sphericity have a regular shape and clear structure. There is no adhesion between
microcapsules. The best results were prepared at this ratio. In Figure 6d–f, the scratch
corrosion morphologies of magnesium alloys soaked in non NaCl solution, 3.5% NaCl
solution for 24 h and 3.5% NaCl solution for 48 h, respectively, can be seed. The analysis
showed that the corrosion of the epoxy coating without microcapsules was more significant
than that of epoxy coating with microcapsules. And relative to the epoxy coatings with 5%
and 20%, the epoxy coating with 10% microcapsules has good corrosion resistance. This
indicates that there is an optimal concentration range for self-healing microcapsules to
achieve maximum corrosion resistance. Excessive microcapsule content may compromise
the water repellency of the coating, resulting in reduced corrosion resistance.

3.3. Characterization of Self-Healing Ability of Coating by Microcapsules with Different Mass
Fraction Addition

Figure 7 shows the corrosion effect of the coated samples with different amounts of
microcapsules in artificial seawater. For pure epoxy resins without microcapsules. With
the increase in soaking time, corrosion appeared in the scratch area, and the corrosion
outside the scratch was more obvious. As can be seen from figure b, when the microcapsule
content is 5%, compared to the pure epoxy coating, the scratches become shallower and
lighter under the same soaking time. This indicates an initial ability to self-healing, and
when the microcapsule content is 10%, only a small amount of corrosion occurs around the
coating. This indicates that the microcapsules will release the core material, propanetriol,
over time when the coating is scratched or broken. However, glycerol is a polar molecule,
and the unshared electron pair of the oxygen element on the polar group combines with
the hydrogen ion. This causes cations to adsorb on the substrate surface, which changes the
structure of the double electric layer on the surface of the substrate, producing a covering
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effect, forming a hydrophobic coating and weakening the movement of hydrogen ions,
chloride ions and water molecules. In turn, this weakens the access to the solution substrate
and hinders charge transfer. Moreover, anode polarization occurs, thereby reducing the
corrosion rate and self-healing, and hindering further corrosion. When the microcapsules
content in d is 20%, the ratio between microcapsules and epoxy resin becomes larger. As a
result, the epoxy resin inside the microcapsule cannot be evenly dispersed and cannot be
scratched at the scratch site, and the corrosion resistance is weakened as the soaking time
increases. It can be seen that when the microcapsule content is 10%, the self-healing ability
is the best, which is consistent with Figure 6.

  
(a) Core wall ratio: 1:1 (b) Core wall ratio: 1.2:1 

  
(c) Core wall ratio: 1.5:1 (d) 0 h 

  
(e) 24 h (f) 48 h 

Figure 6. In the impregnation corrosion resistance test, the best core–wall ratio of microcapsules and
self-healing coatings with different mass fractions are the following: (a) core-to-wall ratio of 1.5:1;
(b) core-to-wall ratio of 1.2:1; (c) core-to-wall ratio of 1.5:1; (d) no sodium chloride solution immersion;
(e) 3.5% sodium chloride solution immersion for 24 h; (f) 3.5% sodium chloride solution immersion
for 48 h.
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Figure 7. Corrosion effect of coatings with different self-healing microcapsule additions in artificial
seawater: (a) no microcapsule addition (a1 0d, a2 1d, a3 3d); (b) microcapsule content 5% (b1 0d, b2

1d, b3 3d); (c) microcapsule content 10% (c1 0d, c2 1d, c3 3d); (d) microcapsule content 20% (d1 0d,
d2 1d, d3 3d).

3.4. Electrochemical Test Characterization of Self-Healing Coatings
3.4.1. Electrochemical Impedance Spectroscopy

Figure 8 above shows the electrochemical impedance spectra of different self-healing
microcapsules added to the 3.5% NaCl solution. Figure 8a shows the Nyquist diagram.
The impedance modulus values in the low frequency region are 2.8 × 104, 3.6 × 104, 7.8 ×
104, and 5.3 × 104, respectively. As the radius of the capacitive resistance of the capacitive
arc in solution gradually increases, the corresponding resistance of the solvation layer also
increases. The charge transfer resistance becomes more pronounced, which in turn hinders
further erosion of the coating by the solute in solution. Moreover, when the microcapsule
addition amount is 10 wt.%. The coating has the best self-healing ability, indicating that
it has the best corrosion resistance at this moment. Compared to the pure epoxy coating
without the addition of microcapsules, its corrosion resistance is poor. Also in the Byrd
plot in Figure 8b, it can be seen that the |Z| value increases continuously in the absence
of the microcapsules up until they are added up at 10 wt.%, but the value decreases at
a microcapsule content of 20 wt.%. This indicates that the self-healing coating exhibits
optimal impedance coating volume with a stable passive response at 10 wt.% microcapsule
content [40]. The self-healing epoxy coating successfully prevented the electrolyte solution
from penetrating into the substrate and coating surface. The corrosion inhibitor released
by the microcapsule is adsorbed at the corrosion site. It successfully inhibits the corrosion
process. The appearance of double peaks can clearly be observed in Figure 8c, indicating
that the self-healing coating was successfully coated at this time and has a double-layer
structure. This indicates that the corrosion resistance of the coating is optimal when the
microcapsule content is 10 wt.%. In Figure 9, the error between the data fitted in the figure
and the experimental data is minimal, so the equivalent circuit can be used to fit the coating
data of the optimal microcapsule addition amount, where CR and CP are, respectively,
the annual corrosion rate and anti-corrosion efficiency on the Tafel curve. Ecorr mainly
describes the corrosion thermodynamic trend of the coating, and Icorr is the corrosion
current density. In general, the main criterion of corrosion resistance is determined by
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the corrosion current density. The lower the current density, the lower the corrosion
rate accordingly. Epoxy resin varnish coatings and self-healing coatings have orders of
magnitude lower current densities compared to magnesium alloy substrates. In addition,
the self-healing coating worked better in the sodium chloride solution. The reason is that
the coating successfully resists the penetration of the electrolyte solution to the substrate
and the coating surface. The corrosion inhibitor released by the microcapsule is adsorbed
at the corrosion site. The corrosion process was successfully suppressed, which is also
consistent with the polarization curve analysis in Figure 10 below.

 
(a) 

  
(b) (c) 

Figure 8. Electrochemical impedance spectra of coatings with different self-healing microcapsule
additions in 3.5% NaCl solution: (a) Nyquist plot; (b) impedance vs. frequency Byrd plot; (c) Bode
diagram of phase angle and frequency.
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Figure 9. Equivalent circuit diagram of epoxy resin coating in 3.5% NaCl solution at optimal micro-
capsule addition.

E SC
E/(V

)

log(I/A )

 20% content microcapsules
 10% content microcapsules
 5 content  microcapsules
 No microcapsules added
 Magnes ium alloy substrate

Figure 10. Polarization curve of epoxy resin coating in 3.5% NaCl solution at optimal microcap-
sule addition.

3.4.2. Electrochemical Polarization Curve Graph Analysis

Figure 10 shows the polarization curves of epoxy resin coatings in 3.5% NaCl solution
at the optimal microcapsule dosage. Table 1 shows the Ecorr and icorr of the epoxy coating
with different microcapsules added in 3.5% NaCl solution. Each set of experiments was
conducted three times in parallel to exclude accidental errors. It can be concluded from the
figure that when the addition of microcapsules reaches 20%, the anode arc can be observed.
The corrosion potential and corrosion current density of magnesium alloy in a bare matrix
are the worst, at −1.125 V and 1.562 × 10−5 A, respectively. With the addition of epoxy
resin varnish, the corrosion potential and corrosion current density showed an obvious
optimization trend. At this time, the corrosion potential and the corrosion current density
are −1.014 V and 1.854 × 10−5 A, respectively. After that, according to the percentage
content of microcapsule additives, the added amounts were 5 wt.%, 10 wt.% and 20 wt.%.
The corresponding electrochemical measurement data showed a trend of first increasing
and then decreasing, and reached the peak value when the microcapsule addition amount
was 10 wt.%; that is, the optimal value was reached. The optimal corrosion potential and
corrosion current density are −0.721 V and 1.86 × 10−7 A, respectively. In general, the
corrosion resistance of self-healing coatings is mainly determined by the corrosion current
density. The lower the corrosion current density, the lower the corresponding corrosion
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rate of the self-healing coating. The self-healing coating without added microcapsules
has a lower order of magnitude current density compared to the added microcapsules.
This indicates that both coatings can provide corrosion protection to magnesium alloy
substrates and slow down the corrosion rate. However, the self-healing coating is effective
because it can release microcapsules, causing the slow-release healing of coating ruptures
and adsorption on the broken parts, which can inhibit the corrosion process well. Table 2
shows the equivalent fitting of impedance using electrochemical fitting software, and the
fitted equivalent circuit diagram of the coating is shown in Figure 9, which shows that
the fitted data and the experimental data are similar. The result error is small, so the
equivalent circuit diagram can be used to fit the experimental data. Rs represents the
resistance of the solution, CPE1 and CPE2 represent the capacitance and resistance of the
self-healing coating, and R1 and R2 represent the charge transfer resistance between the
coating and the reaction resistance of the coating, respectively. Due to the rough surface
and inhomogeneous electrochemical properties of the magnesium alloy substrate, a phase
angle element is commonly used instead of the capacitance for interpreting the behavior of
the high-frequency capacitive arcs. CPE1 and CPE2 represent the phase angle elements of
the reaction interface and the two-layer corrosion products, respectively. The results show
that the higher the fitting resistance of microcapsules, the better the corrosion resistance.
When the mass fraction of the microcapsule is 10 wt.%, its corrosion resistance reaches its
maximum. The results are consistent with those of the polarization curve.

Table 1. Ecorr and icorr of epoxy resin coatings with different microcapsule additions in
3.5% NaCl solution.

Microcapsules Ecorr/V icorr/(A/cm2)

Uncoated −1.125 1.562 × 10−5

Pure epoxy resin coating −1.014 1.854 × 10−5

5 wt.% epoxy-based coating of microcapsules −0.931 1.538 × 10−6

Epoxy-based coating of 10 wt.% microcapsules −0.721 1.86 × 10−7

Epoxy-based coating of 20 wt.% microcapsules −0.903 1.507 × 10−6

Table 2. Tafel curve extrapolation results of epoxy resin coatings with different microcapsule additions
in 3.5% NaCl solution.

Microcapsules
Rs

Ω·cm2
CPE1

Ω−1·S−n·cm2 n1
R1

Ω·cm2
CPE2

Ω−1·S−n·cm2 n2
R2

Ω·cm2
R1 + R2

Ω·cm2

Uncoated 19.92 8.32 × 10−6 0.87 8110 4.8 × 10−4 0.61 15,890 24,000
Pure epoxy resin coating 12.13 8.94 × 10−6 0.89 26,450 2.3 × 10−4 0.85 13,150 39,600

5 wt.% epoxy-based coating
of microcapsules 11.2 8.44 × 10−6 0.89 14,080 1.7 × 10−4 0.73 39,820 53,900

Epoxy-based coating of
10 wt.% microcapsules 9.8 1.33 × 10−5 0.82 13,520 2.3 × 10−4 0.85 68,900 82,420

Epoxy-based coating of
20 wt.% microcapsules 13.08 2.49 × 10−5 0.84 28,900 4.4 × 10−4 0.62 24,180 53,080

3.4.3. SEM Image and EDS Image of Self-Healing Coating

Figure 11 shows the planar SEM image, sectional SEM image and the corresponding
sectional EDS spectra of the epoxy resin coating with optimal microcapsule dosage. At the
magnification of Figure 11a, 200 μm, it can be seen that the encapsulated small particles
are uniformly dispersed on the surface of the self-healing coating. This indicates that the
microcapsules at the optimal content are well formed by stirring and curing after being
added to the epoxy resin coating. When the coating is damaged by external forces, the
microcapsules encapsulated in the coating can flow out in time to release the retarding
agent, glycerin. In turn, the coating provides good protection against corrosion. Figure 11b
shows the enlarged view in a. At this time, under the amplification size of 100 μm, the
structure of the microcapsule can be seen increasingly clearly, and the dispersion is very
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good. Figure 11c shows the cross-sectional SEM image of the epoxy resin coating at
the optimal microcapsule dosage. Figure 11d shows the EDS energy spectrum of the
corresponding cross section in Figure 11c, which corresponds to the overall face-swept
element distribution. The thickness of the self-healing coating is 95–100 μm. It is clearly
seen that the incorporation of microcapsules results in a tighter adhesion of the coating to
the magnesium alloy substrate and thus excellent corrosion resistance.

  

  

Figure 11. Plane SEM and cross-sectional SEM and EDS spectra of epoxy resin coatings at optimal
microcapsule addition levels: (a) 200 micron SEM; (b) 100 micron SEM; (c) cross section of the self-
healing coating was examined by SEM at 100 microns; (d) EDS spectra of self-healing coating cross
section at 100 microns.

4. Conclusions

The present work is based on the preparation of loaded propanetriol microcapsules in
micrometer vessels. Because ethyl cellulose is easily decomposed by heat, it is biodegrad-
able and chemically stable. Glycerol itself, due to its lubricating and oiliness, can form a
good hydrophobic coating with hydrogen ions on the surface of magnesium alloys. In turn,
it can slow down hydrogen ions, chloride ions and water molecules from penetrating the
epoxy resin coating, which can effectively reduce the corrosion resistance of the coating
and enhance the self-healing performance of the coating, specifically as follows:

1. Microcapsules containing the corrosion inhibitor propanetriol are added into the
epoxy resin to form a round and smooth spherical structure, which is uniformly
dispersed into the coating.

2. The particle size of the propanetriol-loaded microcapsules was (150.424 ± 3.756) μm
as observed by SEM, laser particle size tester, and 3D confocal microscopy.

3. The results of TGA and FTIR show that propanetriol, as a corrosion inhibitor, was ef-
fectively encapsulated inside the capsule wall as a core material for release retardation
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when rupturing of the microcapsules occurred. The DTG curves of the microcapsules
show that the capsule wall shell are loaded with about 12% of the printing agent.

4. SEM images of the plane and cross-section of the self-healing coating show that
the microcapsules are evenly distributed in the epoxy resin layer, and the incorpo-
ration of microcapsules makes the coating adhere more closely to the magnesium
alloy substrate.

5. The electrochemical experimental analysis shows that the microcapsules are success-
fully added into the epoxy resin coating. Glycerol, as a corrosion inhibitor, is able
to be successfully released. It is adsorbed to the rupture site to form a hydropho-
bic coating layer for self-healing, which in turn attenuates the corrosion rate of the
magnesium alloy.
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Abstract: The application of magnesium alloys in the 3C industry requires the coexistence of excellent
corrosion resistance and good electrical conductivity. In this work, a conductive and corrosion-
resistant phosphate conversion coating (PCC) on AZ91D magnesium alloy was investigated. The
effects of strong oxidant (KMnO4), additive (Na2MoO4), surface-active agent (OP-10) and their
content in phosphating bath on PCCs were studied, and the mechanism of action of strong oxidant
was analyzed. The results showed that the optimum content for KmnO4, Na2MoO4 and OP-10 in
phosphating bath was 3.0 g/L, 1.5 g/L and 1.0 g/L. The PCC formed at the phosphating bath at the
optimum condition was completely covered, the coating on α phases had a bilayer structure and the
β phases were protruded. The electrical contact resistance (ECR) of the PCC was as low as 4.91 Ω,
the Ecorr positively shifted about 27 mV, and the icorr reduced significantly. The presence of KMnO4

inhibited the formation of phosphate crystals and made the β phases protrude from the surface to
form conductive spots, which improved the conductivity of PCCs.

Keywords: phosphate conversion coating; magnesium alloy; strong oxidant; corrosion resistance;
electrical conductivity

1. Introduction

Magnesium alloys are the lightest engineering materials [1], which have promising applica-
tions in aerospace, military defense, biomedicine, transportation and the 3C industry [2–10] due
to their excellent properties such as low density, high mechanical strength, high thermal conduc-
tivity and good electromagnetic compatibility [11]. Unfortunately, the poor corrosion resistance
of magnesium alloys is still the biggest challenge of expanding their application range [12].
Surface treatment technology is an effective means to improve the corrosion resistance of mag-
nesium alloys. Thus, the surface treatment technologies for magnesium alloys including anodic
oxidation, micro-arc oxidation, organic coating, electroplating, chemical plating and chemical
conversion treatment have experienced rapid development in the past decades [13–17]. As
the applications of magnesium alloys in the 3C industry gradually expanded, in order to meet
the requirements such as electromagnetic compatibility and electrostatic release, it is necessary
to develop a surface treatment technology which can provide a coating with both excellent
corrosion resistance and good electrical conductivity.

Chemical conversion treatment has gained widespread interest due to its low cost and
simplicity of operation [18]. However, the chemical conversion coatings of magnesium
alloys are usually composed of oxides and insoluble salts, which leads to the lack of
conductivity of the coating itself [19]. Considering that the electrical contact resistance
(ECR) is determined by the electrical conductivity of the material [20], and the charge
transfer resistance (Rt) related to corrosion resistance is the resistance of metal atoms to
lose electrons and become cations during the electrochemical reaction [21], the two are
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irrelevant. Therefore, it is feasible to prepare conversion coatings with high corrosion
resistance and low electrical contact resistance.

A few studies on the chemical conversion coatings with high corrosion resistance and
low electrical contact resistance have been reported. Jian et al. [22] developed a permanganate
conversion coating with a thickness of only 230 nm on AZ31 magnesium alloy; this coating
has sufficient conductivity to ensure the magnetic shielding performance of AZ31 due to
its low thickness. Duan et al. [23] proposed a design idea of a chemical conversion coating
with high corrosion resistance and low ECR on AZ91D magnesium alloy, which was to
make β-Mg17Al12 phase protrude from the surface as a conductive spot by using the micro-
galvanic effect between different phases and adding VO3

− as a strong oxidant to conversion
solution to inhibit the deposition of coating on it. Zhou et al. [24] studied the phosphate
conversion coatings (PCCs) with low electrical contact resistance on sand-cast and die-cast
AZ91D magnesium alloy, and found that the PCCs of die-cast exhibit lower ECR and better
corrosion resistance, which is attributed to the intensified micro-galvanic effect between
different phases through the grain refinement of the die-cast alloy.

The main function of the phosphate conversion coatings is to improve the corrosion resis-
tance of magnesium alloy. However, the current studies on conductive and corrosion-resistant
PCCs mainly focus on how to improve their conductivity, and ignore the corrosion resistance.
Therefore, the aim of this study is to prepare PCCs with low ECR and high corrosion resistance
on AZ91D magnesium alloy. The pretreatment before phosphating was screened. The effects of
strong oxidant (KMnO4), additive (Na2MoO4), surface-active agent (OP-10) and their content in
phosphating bath on PCCs were studied, and the mechanism of action of strong oxidant was
analyzed by electrochemical measurement and scanning electron microscopy (SEM).

2. Materials and Methods

2.1. Sample Preparation

An AZ91D magnesium alloy was used as the substrate material; the content is shown
in Table 1. After cutting into a dimension of 30 × 30 × 5 mm and mechanical polishing
with up to 2000 grit SiC paper, plate samples were treated in different pretreatments as
shown in Table 2 [25–27]. A phosphating bath containing 35 g/L Ca(NO3)2·4H2O, 20 g/L
NaH2PO4·2H2O, 1~5 g/L KMnO4, 0.5~2.5 g/L Na2MoO4·2H2O, 0.5~2.5 g/L OP-10 was
used to treat the samples after pretreatments, and the process conditions were as follows:
phosphating temperature 55 ◦C, reaction time 10 min, pH 3.0 (regulated with phosphoric
acid). After being taken out of the bath, the samples were thoroughly washed using running
deionized water, and then dried with cold air for subsequent tests.

Table 1. Elemental composition and content of AZ91D magnesium alloy (wt.%).

Element Al Zn Mn Si Cu Ni Fe Mg

Content 9.1 0.84 0.23 0.01 0.02 0.0021 0.005 Margin

Table 2. Formula and operating condition of pretreatment [25–27].

Sample Number Formula and Operating Condition

No. 1

Na3PO4·12H2O 10 g/L
NaOH 50 g/L
70 ◦C, 10 min

3 wt.% H2SO4
25 ◦C, 10 s

No. 2 3 wt.% HNO3
25 ◦C, 10 s

No. 3 5 wt.% HCl
25 ◦C, 10 s

No. 4 30 wt.% H3PO4
25 ◦C, 30 s

No. 5
H3PO4 20 g/L

Na3PO4·12H2O 12 g/L
25 ◦C, 30 s

No. 6 Sonication cleanout in acetone for 5 min
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2.2. Surface Characterization

The appearances and surface morphologies of the phosphate coatings were observed
using a digital camera (Sony ZV-1F, Shenzhen, China) and a scanning electron microscope
(SEM, TESCAN MIRA3, Brno, Czech Republic), and the chemical compositions were
identified using an energy dispersive spectroscopy (EDS, Oxford Instruments X-Max,
Oxford, UK).

2.3. Electrical Contact Resistance (ECR) Measurement

The ECR measurement was analyzed with an ohmmeter, two probes were placed
vertically on the sample with a distance of 1 cm, and a load of 120 g was applied. The
arithmetic average of the measured results in three different areas of the sample was taken
as the final test result.

2.4. Corrosion Tests

The time of CuSO4 pitting corrosion test of the coating was carried out dropping a
drop of 3 wt.% CuSO4 solution on a 1 cm2 area of the sample and recording the time when
the droplet changed from blue to black. The arithmetic average of the test results in three
different areas of the sample was taken as the final test result.

The potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy
(EIS) curves were measured using an electrochemical workstation (CH Instruments Ins
CHI660E) in 3.5 wt.% NaCl solution at room temperature. A three-electrode cell was used,
with the sample as the working electrode (with 1.0 cm2 exposed area), a platinum electrode
as the counter electrode, and a saturated calomel electrode (SCE, +0.242 V vs. SHE) as
the reference electrode. Before the test, the sample was immersed in the test solution for
about 30 min to stabilize the open circuit potential (OCP). The scanning rate of PDP tests
was 5 mV/s, and the scanning range was OCP ± 0.5 V. The EIS tests were conducted at
OCP values, and the scanning frequency range was from 10 mHz to 100 kHz. The data for
the PDP and EIS curves were analyzed using tafel extrapolation and ZSimpWin software
(ZSimpWin 3.60, http://www.echemsw.com/), respectively.

The immersion test was performed in 3.5 wt.% NaCl solution at room temperature.
The appearances of samples were imaged every 12 h.

Each test was repeated at least three times to ensure reproducibility.

3. Results and Discussion

3.1. Effect of Pretreatment

Due to the strong chemical activity of magnesium alloys [28], the pretreatment before
phosphating has a great influence on the phosphate coatings prepared later. Figure 1 shows
the appearance of the samples after pretreatment and phosphating, the results of CuSO4
pitting corrosion test and ECR measurement are shown in Figure 2. It is seen that the PCC
with good corrosion resistance tend to have poor electrical conductivity. The coatings on
sample No. 1, 2 and 3 are incomplete and heterogenous, with low ECR and poor corrosion
resistance. The coatings on sample No. 4, 5 and 6 are compact and integral and have good
corrosion resistance, but the electrical conductivity of No. 4 and 5 is poor. Therefore, process
No. 6, which has both excellent corrosion resistance and good electrical conductivity, is
selected as the pretreatment for the phosphate conversion coatings preparation.
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Figure 1. Appearance of samples treated with pretreatment and phosphating (a–e: samples after No.
1–No. 5 pretreatment; f: sample No. 6 only ultrasonic cleaned by acetone; g–l: sample No. 1–No. 6
after phosphating).

Figure 2. Curves of CuSO4 pitting time and ECR of PCCs prepared by different pretreatments.

3.2. Effect of Strong Oxidant

In the present study, KMnO4 is applied as the component of strong oxidant in the
studied phosphating bath. Figure 3 presents the surface morphologies of samples treated in
phosphating bath with KMnO4, and the chemical compositions are shown in Table 3. It is
seen from Figure 3b that the coating has a “riverbed” appearance, and numerous irregular
bright spots can be seen on the surface. These bright spots are obviously raised, and clear
grinding scratches can be seen on the surface, indicating that the coatings on them are
very thin, or even that no coatings exist, as shown in Figure 3b. Combined with Table 3,
the percentage of Al atoms in bright spots is much higher than that in the surrounding
areas, and no Ca and P are detected, indicating that these areas are β-Mg17Al12 phase, it
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is speculated that there is an extremely thin coating composed of Mg, Al and O on the
surface, and the surrounding region is α-Mg phase, the main components of the upper
coating are phosphates of Ca and Mg and oxides of Mg, Al and Mn. According to previous
investigations [29], the action mechanism of KMnO4 is speculated as follows:

MnO4
− + 4H+ + 3e−→MnO2 + 2H2O (1)

Mg + H2O − 2e−→MgO + 2H+ (2)

2Al + 3H2O − 6e−→Al2O3 + 6H+ (3)

 

  

Figure 3. Surface morphologies of PCC with KMnO4 (a: ×500; b: ×2000).

Table 3. Chemical composition of PCC with KMnO4 by EDS equipped in SEM.

Atom (%) Mg Al Ca Mn Mo P O

α phase 11.6 4.0 6.1 2.6 0.5 14.5 60.6

β phase 51.38 39.24 — 0.35 — — 9.03

Figure 4 presents the surface morphologies of the coating formed at the phosphating
bath free of KMnO4, and the chemical compositions are shown in Table 4. It can be seen
from Figure 4a,b that mass flake crystallization generated, and a few protruding β-Mg17Al12
phases are also visible, but these β phases are blocked by crystals. Combined with the
chemical compositions shown in Table 4 and previous investigations [29], these crystals are
presumed to be CaHPO4·2H2O formed by the deposition of Ca2+ due to the rapid rise in
pH of solution surrounding the micro cathode β phase caused by the micro-galvanic effect.
The following reactions of deposition of Ca2+ may occur in the studied phosphating bath:

H2PO4
2−→HPO4

2− + H+ (4)

Ca2+ + HPO4
2−→CaHPO4↓ (5)

 

  
Figure 4. Surface morphologies of PCC without KMnO4 (a: ×500; b: ×2000).
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Table 4. Chemical composition of coating and crystallization of PCC without KMnO4 by EDS
equipped in SEM.

Atom (%) Mg Al Ca Mo P O

PCC 2.41 0.38 12.66 0.1 16.72 67.81

Crystal 0.42 — 21.77 — 12.86 64.95

Table 5 shows the ECR of two coatings measured by the two-point method. The
ECR decreases from unmeasurable to 5.74 Ω with the addition of KMnO4. Observe the
phenomenon of parkerising, the number of bubbles generated by the reaction in the
phosphating bath containing KMnO4 is significantly reduced compared with that without
KMnO4. Combined with the surface morphologies above, it is seen that the introduction of
KMnO4 can effectively slow down the hydrogen evolution reaction in the reaction, inhibit
the formation of CaHPO4·2H2O crystals and form an extremely thin oxide coating on the
β phase, which finally protrude from the surface to become “conductive spots”, and the
conductivity of the phosphate conversion coating is improved.

Table 5. The ECR of phosphate conversion coating with and without KMnO4.

Composition of Phosphating Bath ECR (Ω)

Without KMnO4 —

With KMnO4 5.74

The results of the electrochemical tests for the PCCs formed at phosphating bath with
different content of KMnO4 are shown in Figure 5. The main fitting results of the PDP and
EIS curves are summarized in Tables 6 and 7, respectively, and the equivalent electrical
circuit (EEC) model used to fit the EIS curves is shown in Figure 6. Rs is the resistance of
solution, R1, CPE1 and R2, CPE2 represent the resistance and capacitance of coating and
double electric layer, respectively.

 
Figure 5. PDP and EIS curves of the PCCs obtained at different contents of KMnO4 (a: PDP curves;
b: EIS curves).

 
Figure 6. Equivalent circuit for EIS curve.
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Table 6. Electrochemical parameters derived from the PDP curves of the PCCs obtained at different
contents of KMnO4.

Content of KMnO4 (g/L) Ecorr (V) icorr (A/cm2)

0.0 −1.646 5.27 × 10−5

1.0 −1.669 3.61 × 10−5

2.0 −1.611 2.04 × 10−5

3.0 −1.638 9.62 × 10−6

4.0 −1.682 1.39 × 10−5

5.0 −1.635 2.86 × 10−5

Table 7. Fitting results of EIS curves of the PCCs obtained at different contents of KMnO4.

Content of KMnO4 (g/L) 0.0 1.0 2.0 3.0 4.0 5.0

Rs (Ω·cm2) 30.95 8.779 15.96 8.011 8.965 10.64

CPE1/(μS·s−n·cm−2) 2.697 × 10−5 1.484 × 10−5 1.215 × 10−5 1.362 × 10−5 1.375 × 10−5 1.458 × 10−5

n1 0.8091 0.7914 0.8403 0.7817 0.7867 0.7759

R1 (Ω·cm2) 2486 3744 4478 5956 5798 4335

CPE2 (μS·s−n·cm−2) 9.589 × 10−4 5.534 × 10−4 3.411 × 10−4 2.598 × 10−4 6.991 × 10−4 3.071 × 10−4

n2 0.9244 0.8021 0.8947 0.8736 0.7641 0.8768

R2 (Ω·cm2) 780 675 1404 1357 568 1378

R1 + R2 (Ω·cm2) 3266 4419 5882 7313 6357 5713

The results show that adding KMnO4 into the phosphating bath can improve the
corrosion resistance of the PCCs. It can be seen from Figure 5a and Table 6 that with the
content of KMnO4 increasing, the corrosion current (icorr) of the coating decreases first
and then increases, and the PCC exhibit the minimum icorr of 9.62 × 10−6 A/cm2 when
the content of KMnO4 is 3.0 g/L. As for the EIS curves in Figure 5b, the Nyquist curves
all have similar characteristics and consist of two capacitive loops. The high-frequency
capacitive loop is related to the process of charge transfer from magnesium alloy matrix to
solution double layer during corrosion, while the low-frequency capacitive loop represents the
process of Mg2+ diffusion to the sample surface. The order of dimension of the high-frequency
capacitive loop is as follows: 3.0 g/L > 4.0 g/L > 2.0 g/L > 5.0 g/L > 1.0 g/L > 0.0 g/L.
Combined with the data in Table 7, the coating resistance R1 reaches the maximum of
5956 Ω·cm2 at the content of KMnO4 is 3.0 g/L. Therefore, the optimal content of KMnO4
in the studied phosphating bath to form PCCs with the best corrosion resistance is 3.0 g/L.

In addition to corrosion resistance, low ECR is also the focus of conductive and
corrosion-resistant phosphate conversion coatings. Therefore, CuSO4 pitting corrosion test
and contact resistance are used as the evaluation basis for corrosion resistance and electrical
conductivity, respectively, to comprehensively screen the appropriate content of KMnO4.

Figure 7 presents the results of the CuSO4 pitting corrosion test and ECR measurement
of PCCs with different KMnO4 contents. It is seen that the concentration of KMnO4 has
a significant influence on the CuSO4 pitting time and ECR. With the increase in KMnO4
concentration, the pitting time of the coatings first increases and then decreases, which
is consistent with the electrochemical test results above, and the ECR shows a trend of
decrease, with the magnitude of the decreasing has lessened. In the formation of PCC,
MnO4

− will react with H+, so that the pH between the solution and the alloy increases,
thus promoting the deposition of phosphate and accelerating the formation of coating.
However, when the content of KMnO4 is too high, the surface of Mg alloy will be passivated,
which will inhibit the subsequent deposition reaction, and the thickness of the coating
will become thinner, the corrosion resistance will decrease, thus improving the electrical
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conductivity [30–32]. When the concentration of KMnO4 is 3.0 g/L, the coating has the
longest pitting time and a low ECR. With the further increase in the concentration, the
pitting time is significantly shortened, but the decrease in the ECR is not obvious. Therefore,
the optimum content of KMnO4 in the studied phosphating bath is 3.0 g/L.

Figure 7. Curves of CuSO4 pitting time and ECR of PCCs formed at different KMnO4 content.

3.3. Effect of Additive

In the present study, Na2MoO4 is applied as the component of additive in the studied
phosphating bath. Figure 8 presents the appearances of samples treated in phosphating
bath with and without Na2MoO4 at various times during the 48 h immersion test, and the
time interval of each photograph is 12 h. It is seen that both samples exhibited obvious
pitting corrosion. The sample without Na2MoO4 showed obvious corrosion points at
24 h, while the sample containing Na2MoO4 showed corrosion points after 36 h. After
the 48 h immersion test, the corroded area of both samples was intensified. However,
the corroded area on the surface of sample with Na2MoO4 was less than that of sample
without Na2MoO4. The result shows that adding Na2MoO4 into the phosphating bath can
effectively improve the corrosion resistance of the coatings.

     

     

Figure 8. Appearances of samples treated in phosphating bath with and without Na2MoO4 at various
times during the 48 h immersion test (a–e: without Na2MoO4, 0–48 h; f–j: with Na2MoO4, 0–48 h).

Figure 9 shows the results of electrochemical tests for the PCCs formed in the phos-
phating bath with different contents of Na2MoO4. The main fitting results of the PDP and
EIS curves are summarized in Tables 8 and 9, respectively. MoO4

2− can form insoluble
CaMoO4 with Ca2+. A small amount of Na2MoO4 can increase the nucleation site in the
phosphating process to promote the deposition of Ca2+ and accelerate the coating formation.
However, when the concentration of Na2MoO4 is too high, cracks in the coating will be
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thickened and many uneven coarse crystals will be generated on the surface, leading to the
decline in corrosion resistance [33]. It can be seen from Figure 9 that with the increasing
concentration of Na2MoO4, the icorr of the coating decreases first and then increases, while
the dimension of the high-frequency capacitive loop increases first and then decreases.
According to the data in Tables 8 and 9, when the content of Na2MoO4 is 1.5 g/L, the icorr
of the PCC is the lowest (3.74 × 10−6 A/cm2), and R1 reaches the maximum (7841 Ω·cm2).
Therefore, the optimal content of Na2MoO4 in the studied phosphating bath to form PCCs
with the best corrosion resistance is 1.5 g/L.

Figure 9. PDP and EIS curves of the PCCs obtained at different contents of Na2MoO4 (a: PDP curves;
b: EIS curves).

Table 8. Electrochemical parameters derived from the PDP curves of the PCCs obtained at different
contents of Na2MoO4.

Content of Na2MoO4 (g/L) Ecorr (V) icorr (A/cm2)

0.0 −1.644 2.02 × 10−5

0.5 −1.673 1.87 × 10−5

1.0 −1.638 9.62 × 10−6

1.5 −1.597 3.74 × 10−6

2.0 −1.590 7.53 × 10−6

2.5 −1.545 1.02 × 10−5

Table 9. Fitting results of EIS curves of the PCCs obtained at different contents of Na2MoO4.

Content of Na2MoO4 (g/L) 0.0 0.5 1.0 1.5 2.0 2.5

Rs (Ω·cm2) 11.34 10.72 8.011 9.342 12.73 12.1

CPE1 (μS·s−n·cm−2) 1.665 × 10−5 1.481 × 10−5 1.362 × 10−5 1.575 × 10−5 1.79 × 10−5 1.859 × 10−5

n1 0.8395 0.827 0.7817 0.7392 0.8423 0.8357

R1 (Ω·cm2) 3226 4289 5956 7841 6638 6165

CPE2 (μS·s−n·cm−2) 4.725 × 10−4 3.455 × 10−4 2.598 × 10−4 3.636 × 10−4 6.126 × 10−4 8.546 × 10−4

n2 0.9179 0.8701 0.8736 0.8127 0.8335 0.8314

R2 (Ω·cm2) 979 1187 1357 2278 2166 962

R1 + R2 (Ω·cm2) 4205 5476 7313 10,119 8804 7127

Figure 10 shows the results of the CuSO4 pitting corrosion test and ECR measurement
of PCCs with different Na2MoO4 contents. It is seen that the concentration of Na2MoO4
has a great influence on the CuSO4 pitting time, which increases first and then decreases
with the increase in the content, reaching the maximum at 1.5 g/L, which is consistent
with the results of electrochemical tests. However, the concentration of Na2MoO4 has
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little effect on the ECR, which shows an upward trend, and the difference between the
minimum 0.0 g/L and the maximum 2.5 g/L is about 1.5 Ω. Thus, 1.5 g/L is the optimum
content of Na2MoO4 in the studied phosphating bath considering corrosion resistance and
electrical conductivity.

Figure 10. Curves of CuSO4 pitting time and ECR of PCCs formed at different Na2MoO4 content.

3.4. Effect of Surface-Active Agent

In the present study, OP-10 is applied as the component of surface-active agent in the
studied phosphating bath. Figure 11 presents the surface morphologies of PCCs formed in
the phosphating bath with and without OP-10. It is seen that no matter whether OP-10 is
contained in the phosphating bath or not, both coatings have a “dry riverbed” appearance.
However, the cracks on the PCC containing OP-10 are significantly fewer than that without
OP-10, and the crack width is also decreased. According to previous investigations [34],
the composition of OP-10 is alkylphenol ethoxylates (APEO), which can reduce the tension
between the metal and the solution interface, allowing the phosphating bath to moisten
the surface rapidly, and can also reduce the adhesion ability of bubbles generated by
the reaction, making them more easily separable from the sample surface, so that the
compactness of the coating is improved.

  
Figure 11. Surface morphologies of PCCs with and without OP-10 (a: without OP-10 ×2000; b: with
OP-10 ×2000).

Figure 12 shows the results of electrochemical tests for the PCCs formed at phosphating
bath with different contents of OP-10. The main fitting results of the PDP and EIS curves
are summarized in Tables 10 and 11, respectively. It is seen that the icorr of the coating
decreases in the following order: 0.0 g/L > 2.5 g/L > 2.0 g/L >1.5 g/L > 0.5 g/L > 1.0 g/L.
The icorr reaches the minimum (3.74 × 10−6 A/cm2) when OP-10 concentration is 1.0 g/L,
and the coating resistance R1 of the PCC reaches the maximum (7841 Ω·cm2). Therefore,
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the optimal content of OP-10 in the studied phosphating bath to form PCCs with the best
corrosion resistance is 1.0 g/L.

Figure 12. PDP and EIS curves of the PCCs obtained at different contents of OP-10 (a: PDP curves;
b: EIS curves).

Table 10. Electrochemical parameters derived from the PDP curves of the PCCs obtained at different
contents of OP-10.

Content of OP-10 (g/L) Ecorr (V) icorr (A/cm2)

0.0 −1.619 1.35 × 10−5

0.5 −1.622 7.52 × 10−6

1.0 −1.597 3.74 × 10−6

1.5 −1.624 8.19 × 10−6

2.0 −1.595 9.45 × 10−6

2.5 −1.694 1.01 × 10−5

Table 11. Fitting results of EIS curves of the PCCs obtained at different contents of OP-10.

Content of OP-10 (g/L) 0.0 0.5 1.0 1.5 2.0 2.5

Rs (Ω·cm2) 10.72 14.48 9.342 11.26 10.99 12.07

CPE1 (μS·s−n·cm−2) 1.484 × 10−5 1.748 × 10−5 1.575 × 10−5 1.867 × 10−5 1.611 × 10−5 1.305 × 10−5

n1 0.7677 0.8481 0.7392 0.838 0.7655 0.7925

R1 (Ω·cm2) 3944 7468 7841 6126 5268 4957

CPE2 (μS·s−n·cm−2) 3.181 × 10−4 6.223 × 10−4 3.636 × 10−4 4.685 × 10−4 3.538 × 10−4 2.905 × 10−4

n2 0.8529 0.7445 0.8127 0.8662 0.8763 0.8331

R2 (Ω·cm2) 2804 1347 2278 2292 2522 2261

R1 + R2 (Ω·cm2) 6748 8815 10,119 8418 7790 7218

Figure 13 shows the results of the CuSO4 pitting corrosion test and ECR measurement
of PCCs with different OP-10 contents. It is seen that the ECR of coatings fluctuated between
4.4 Ω and 5.2 Ω, indicating that the concentration of OP-10 had no significant effect on
electrical conductivity, while the pitting time increases first and then decreases with the
increase in concentration, reaching the maximum at 1.0 g /L, which is consistent with
the electrochemical test results. Therefore, the optimum content of OP-10 in the studied
phosphating bath is 1.0 g/L.
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Figure 13. Curves of CuSO4 pitting time and ECR of PCCs formed at different OP-10 content.

3.5. Performance Tests Results of PCC

From the results above, the optimum content for KMnO4, Na2MoO4 and OP-10 in
phosphating bath is 3.0 g/L, 1.5 g/L and 1.0 g/L, respectively.

Figure 14 shows the results of the electrochemical tests for the uncoated AZ91D
magnesium alloy and the PCC formed at the optimum phosphating bath formulation. The
main fitting results of the PDP are summarized in Table 12. The results show that PCC
can provide good protection for the magnesium alloy. It can be seen from Figure 14a and
Table 12 that the coated alloy has more positive Ecorr and lower icorr than the uncoated
one. The Ecorr positively shifts about 27 mV, and the icorr decreases by more than 1 order
of magnitude.

  

Figure 14. PDP and EIS curves of uncoated AZ91D magnesium alloy and PCC formed at the
phosphating bath at the optimum condition (a: PDP curves; b: EIS curves).

Table 12. Electrochemical parameters derived from the PDP curves of uncoated AZ91D magnesium
alloy and PCC formed at the phosphating bath at the optimum condition.

Sample Ecorr (V) icorr (A/cm2)

Phosphate conversion coating −1.597 3.74 × 10−6

AZ91D magnesium alloy −1.626 7.84 × 10−5

As for the EIS curves in Figure 14b, the Nyquist curve of the PCC consisted of two
capacitive loops, while that of the uncoated alloy has an obvious inductive loop in the
low-frequency region. The shape of the impedance spectrum describes the type of electro-
chemical reactions that occur at the electrode surface. The low-frequency inductive loop
corresponds to the adsorption process of Mg2+ on the alloy surface. A fully covered PCC
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can block the contact between alloy and the test solution, thus hindering the generation and
adsorption of Mg2+ on the surface. Therefore, no inductive loop appears in the Nyquist
curve of the PCC.

Figure 15 presents the surface morphologies and the chemical compositions of PCC
formed at the phosphating bath at the optimum condition. It is seen that the coating has a
“dry riverbed” appearance and is covered completely. Clear irregular bright spots can be
seen, which are raised β phases according to the previous results. The β phases combined
with the ECR of the PCC is 4.91 Ω, demonstrating that β phases act as a conductive spot to
achieve electrical conductivity.

  

 
c 

Figure 15. Surface morphologies and the chemical compositions of PCC formed at the phosphating
bath at the optimum condition (a: ×500; b: ×2000; c: EDS).

Obvious scratches are visible on the surface, showing that the coating is thin, so that it
cannot effectively cover the polishing marks. However, the bilayer structure can be clearly
seen from the coating upon α phases in Figure 15b, which is consistent with the structure
of Ca phosphate conversion coatings in previous investigations [35], indicating that the
PCC has good corrosion resistance.

According to the chemical compositions shown in Figure 15c, the PCC consists of
Ca, Mg, Al, O, P and a small amount of Mn and Mo, and it is speculated that the main
coating-forming substances are phosphate of Ca and Mg and oxides of Mg and Al.

4. Conclusions

The conductive and corrosion-resistant phosphate conversion coating was prepared
upon the surface of AZ91D magnesium alloy. The PCC was completely covered, and the
main coating-forming substances were phosphate of Ca and Mg and oxides of Mg and Al.
The coating on α phases had bilayer structure and the β phases protruded as conductive
spots, which provided high corrosion resistance and low ECR.

The presence of strong oxidant KMnO4 formed an extremely thin passive film on
the protruded β phases and inhibited the formation of phosphate crystals to prevent the
conductive spots from being obscured.
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The optimum content for KMnO4, Na2MoO4 and OP-10 in phosphating bath was
3.0 g/L, 1.5 g/L and 1.0 g/L, and the pretreatment before phosphating was sonication
cleanout in acetone for 5 min after mechanical polishing.
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