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Abstract: The paper summarizes the current development of high-velocity oxygen—fuel coupled
physical vapor deposition (HVOF-PVD) duplex coatings as protective candidates. Following a de-
tailed historical overview of HVOF and PVD technologies, the fabrication methods for duplex pro-
tective coatings are presented. The duplex coating superimposes the synergistic advantages of coat-
ings deposited by HVOF and PVD, where the traditional weaknesses of each technique are modified
to a great certain extent. Subsequently, the relation between structural characteristics of the duplex
coatings and their mechanical, tribological, and corrosive behavior is described in detail. It is
demonstrated that the duplex coatings show more excellent overall performance than coatings de-
posited by both HVOF and PVD separately. Finally, we summarize the protective performance and
promising potential of HVOF-PVD duplex coating for applications as well as the research prospects
of challenges in future.

Keywords: thermal spray; HVOF; PVD; microstructure; mechanical properties; wear; corrosion;
surface engineering

1. Introduction

Thermal spraying is a general term for a series of coating processes. The process in-
volves the powder material being given thermal and kinetic energy in a hot air flow me-
dium and sprayed onto the substrate at high speed to form a coating [1-4]. Over the past
few decades, a series of thermal spray technologies have been developed, such as electric
arc spraying (EAS), plasma spraying (PS), detonation spraying (DS), and high-speed oxy-
fuel (HVOF) spraying [5-9]. In particular, HVOF spraying achieves a favorable combina-
tion of thermal and kinetic energy due to its high speed (~1500 m/s) and relatively low
temperature (~2000 °C) [10]. In addition, it benefits the advantage of high flexibility (such
as the deposition of cermets, oxide and oxide-free ceramics coatings) and low cost for
mass production [11,12]. Thus, HVOF coating as a protective candidate has been widely
used in various industrial fields, such as aviation, aerospace, petroleum, and marine com-
ponents as well as systems [13-15]. The process of preparing the coating by HVOF spray-
ing is shown in Figure 1. [16,17]. It can be observed that the raw material powder and the
spraying process are two key factors for the coatings prepared by HVOF spraying. There-
fore, designing and optimizing the raw material powder and spraying process parameters
is quite crucial before coating deposition. Typically, the powder material consists of a
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metal/ceramic primary phase and metal binder phase (Co, Cr, Nj, etc.) with a particle size
distribution of 10-40 um [18-20]. At present, a variety of commercial feedstock powders
have been developed, mainly including but not limited to WC-based, CrsCz-based, and
Fe-based powders [21-23]. Moreover, many researchers have conducted structural and
compositional modifications based on commercial feedstock powders to obtain high-qual-
ity HVOF spray coatings [24-26]. In addition, the HVOF spraying parameters particularly
involving the feature and flow rate of working gas and the ratio of oxygen/fuel gas make
a great contribution to the temperature, airflow velocity and decomposed composition
during deposition, which could change the structure and properties of coatings, such as
strength, toughness and residual stresses, to a great extent [10,27]. As a result, it is empir-
ically known that the performance of HVOF spray coating shows strong dependence
upon the combined effect of feedstock powder materials and the spraying processes.

Differently, with the thermal spraying, the physical vapor deposition (PVD) process
has been around for over 100 years, and the specific “physical vapor deposition” was not
named until the 1960s [28]. However, with the development of plasma physics in modern
industry, the vacuum-coating process based on plasma discharge has achieved revolu-
tionary progress, which has derived various technologies, such as magnetron sputtering,
thermal evaporation, and cathodic arc deposition [29-32]. Specifically, PVD technology
refers to the physical method of vaporizing the material source (often called a target) sur-
face into atoms, molecules, or ions under vacuum conditions and transporting them
through a low-pressure gas (or plasma) to form a thin film on the substrate.

.

Coating

Figure 1. Schematic diagram of the coating prepared by HVOF spraying. Reprinted with permission
from Ref. [16]. Copyright Elsevier, 2015. Reprinted with permission from Ref. [17]. Copyright Else-
vier, 2019.

As an advanced surface treatment technology, the PVD deposition process can be
divided into three stages: target vaporization, vapor phase transport, and thin film depo-
sition. As shown in Figure 2, depending on the way the target is vaporized, PVD can be
categorized into two main types of technologies: sputtering and evaporation [33]. During
the sputtering process, a magnetic field is formed by an array of magnets located near the
target. The gas enters the chamber and is ionized into positive ions, which are then at-
tracted to the negatively charged cathode target and bombard the target in an accelerated
manner. The bombarded target surface releases atomic scale particles, which are violently
projected onto the substrate to form a thin film/coating [33-35]. In the evaporation process,
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the cathode target serves as the source material. Through electron beam evaporation,
multi-arc evaporation ionization, and other processes, the particles in the target are evap-
orated and ionized into positive ions and electrons [36-38]. It should be emphasized that
a negative bias is usually applied to the substrate to attract positive ions. Subsequently, a
film/coating is rapidly formed on the substrate. In a word, PVD technology has made sig-
nificant progress to date, with deposit types focusing on carbon-based and nitrogen-based
composite coatings [39-42].
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Figure 2. PVD deposition coating methods: (a) sputtering, (b) evaporation. Reprinted with permis-
sion from Ref. [33]. Copyright Elsevier, 2018.

As a “magic coat” of materials, protective coatings provide an effective guarantee for
the long-term and stable service of key components in the engineering field. HVOF and
PVD are two widely used surface modification techniques that prepare coatings with their
demanded characteristics. For HVOF coatings, the deposition rate is very high, allowing
thick and hard coatings to be produced in a short period. Moreover, relatively thick coat-
ings are effective for protecting materials used in harsh environments. However, as a con-
ventional wear-resistant coating, its performance in corrosive environments is unsatisfac-
tory, because the intrinsic defects of thermal spraying, grain boundaries, porosity, and
microcracks inside the deposit are detrimental to the corrosion resistance of HVOF coat-
ings [17,43-45]. Different from the poor adhesion between coating with semi-molten drop-
lets and substrates, PVD coatings are usually dense and corrosion resistant over large uni-
formity, especially self-lubricating and chemically inert carbon-based coatings/films
[46,47]. However, due to the large internal stresses and poor toughness of thin PVD coat-
ings caused by ion bombardment with high energy during deposition, the coatings suffer
from the comprehensive properties of high hardness and weak adhesion to soft metallic
substrates (refers to iron, steel and other low-hardness metal materials, especially light
alloys, such as Mg, Al, and Ti). In particular, the substrate easily undergoes the serious
plastic deformation under the heavy load conditions, which can thereafter lead to cata-
strophic delamination/flaking of the top PVD protective coating [48-50]. Many research-
ers have recently proposed a new “duplex coating” system based on HVOF and PVD
[45,50-60].

The structure of duplex coating consists of a thick HVOF bottom layer and a thin
PVD top layer, as shown in Figure 3. There are two distinctive features of this coating
system: the first is a cumulative advantage. Duplex coatings incorporate the synergistic
advantages of both coatings by each deposition technique, such as the excellent hardness
and wear resistance of HVOF coatings and the good corrosion resistance of PVD coatings
with a dense structure. The second is to make up for the disadvantage. The thick and hard
HVOF coating acts as an intermediate layer, which provides effective support and a
smooth transition between the soft substrate and the hard yet brittle PVD coating. It can
largely avoid delamination and flaking of the PVD top layer due to the film-based
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interface mismatch during the stress/friction process [61]. Meanwhile, the dense PVD top
layer uniformly covers the HVOF coating with high porosity, which can improve the cor-
rosion resistance of HVOF coating by sealing pores and reducing chemical activity [44,45].
It can be considered that the duplex coating is an ingenious “two birds with one stone”
strategy.

Figure 3. Structure of HVOF-PVD duplex coating.

In this review, the microstructure and properties of HVOF-PVD duplex coatings and
their potential application in the field of surface protection are described and discussed in
next three structured sections. Section 2 describes the surface and cross-sectional topo-
graphic characteristics of the deposited duplex coating. Section 3 reviews the properties
of duplex coatings in detail, including mechanical properties, tribology, and corrosion be-
havior. Finally, Section 4 summarizes the protective performance and application poten-
tial of duplex coating, where the research prospects for future are proposed as well.

2. Microstructure and Morphology of Coatings

The microstructure of the coating is closely related to its protective capabilities, such
as mechanics, wear, and corrosion resistance. Therefore, the morphology of the duplex
coating (containing cross-section and surface) is of great concern. The morphology of the
duplex coating is jointly determined by the HVOF and PVD coatings. It is worth noting
that the thick HVOF bottom layered coating can be considered as a promising and yet
tough substrate for the thin PVD top layered coating in these combined duplex coatings.
During HVOF technology, the coatings with tens of micrometers thickness can be easily
deposited to the pristine substrate due to the flattened molten particles with kinetic ener-
gies, which yield the protective performance of coating with high mechanical and tribo-
logical properties. However, note that the surface of HVOF coatings is rather rough with
accumulated molten macro-particles. For PVD technology, even the deposited coatings
with only several micrometers of thickness, the formed dense structure benefited the sub-
strate candidates with superior mechanical, tribological and electrochemical properties.
However, in order to prolong the performance of coatings in harsh conditions, it is neces-
sary to apply the PVD coating as a top layer on the HVOF mechanical transition layer
beyond the substrates, in which the pretreatment, including grinding, ultrasonic cleaning
and ion etching, is pre-required to reduce the surface roughness and macroparticle defects
of sublayered HVOF coatings and thereafter to obtain the superior combination of perfor-
mance for HVOEF-PVD duplex coatings. Picas et al. [50] prepared CrsC2-NiCr/TiN (TiAIN)
duplex coatings on light alloys by combining HVOF and PVD techniques. Figure 4a,b
shows the cross-sectional images of the CrsC2-NiCr/TiN and CrsC2-NiCr/TiAIN duplex
coatings, respectively. It can be seen that the HVOF coating consists of carbide and metal
binder phases. The carbide grains dispersed in the binder phase were decomposed and
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dissolved to some extent during the spraying process. Thus, as reported in their study,
clearly visible pores and microcracks appeared inside the HVOF coating. In contrast, the
PVD top layer exhibits a uniform single-phase microstructure. The interior is quite dense
with no obvious pores. It is worth noting that the interface between the PVD top layer and
the HVOF bottom layer is tightly bonded without visible defects. It implies a good inter-
facial adhesion between the two coatings. Moreover, the microstructure of HVOF coating
is layered and wavy, while that of PVD coating is dense and uniform, which can perfectly
complement each other. In addition, Tillmann et al. [62] investigated the effect of heating
and etching pretreatment of HVOF coatings on the duplex coating. As shown in Figure
4c,d, they found that heating and etching could obtain a smoother HVOF (WC-Co) coating
surface. Further, the defects at the interface of the WC-Co/CrAIN duplex coating were
reduced, which resulted in a dense and uniform morphology of the PVD top layer. The
surface SEM images of the PVD (CrN) coating, HVOF (CrsC2-NiCr) coating, and HVOEF-
PVD (CrN/CrsC2-NiCr) duplex coating are shown in Figure 5 [55]. It can be observed that
the PVD coating surface is relatively flat in the three samples. However, due to the anti-
sputtering effect of the PVD process [63,64], many smaller-sized particles and pits are still
distributed on its surface. Unlike this, the HVOF coating surface exhibits a very large num-
ber of pores. This phenomenon is considered to be typical of the surface morphology of
HVOF coatings [8,65].
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Figure 4. Cross-sectional microstructure of HVOF-PVD duplex coatings: the (a) CrsC-NiCr/TiN, (b)
Cr3C2-NiCr/TiAlIN, (¢) WC-Co-heating/CrAIN and (d) WC-Co-etching/CrAIN. Copyright Elsevier,
2019. Reprinted with permission from Ref. [50]. Copyright Elsevier, 2017. Reprinted with permis-
sion from Ref. [62].

However, the porosity of the HVOF-PVD duplex coating is greatly controlled com-
pared to the HVOF coating. It means that the coverage of the PVD coating significantly
improves the surface density of the HVOF coating. It is worth mentioning that the parti-
cles and pits on the surface of the duplex coating are less prevalent than on the HVOF
coating but still more so than on the PVD coating. Pougoum et al. [44] also reported that
the surface of the duplex coating had a small portion of clearly visible defects. In the PVD
process, the formation of defects is not only related to the deposition process but in many
cases mainly originates from irregularities of the substrate, such as large particles and pits
[66-69]. The HVOF coating with higher porosity can be regarded as a substrate for the
PVD coating in the duplex coating system. Therefore, the PVD top layer will have a certain
number of growth defects due to the irregularity of the HVOF bottom layer. In short, the
surface quality of the duplex coating is inferior to the PVD coating but superior to the
HVOF coating.
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Figure 5. Surface SEM images of (a) PVD CrN coating, (b) HVOF CrsC2-NiCr coating, and (¢) HVOEF-
PVD CrN/Cr3Cz-NiCr duplex coating. Reprinted with permission from Ref. [55]. Copyright Elsevier,
2019.

3. Properties of Duplex Coatings
3.1. Mechanical Properties

The mechanical properties of the duplex coating are primarily determined by the
PVD top layer before it delaminates/flakes off. Therefore, to prevent premature failure of
the brittle PVD coatings under high contact stress states, the stress distribution and load-
bearing capacity of duplex coatings are particularly essential. In duplex coating designs,
the HVOF coating acts as an intermediate layer between the soft substrate and the brittle
PVD coating, which typically lies in between in terms of hardness and modulus. It can
provide an effective transition and support for the PVD top layer and soft substrate. As a
result, the plastic deformation of the substrate due to stress concentration can be avoided
when heavy loads are applied, thereby significantly improving the load-bearing capacity
of the duplex coating. The contact stress distribution of the material can be visualized from
the von Mises stress contour plot obtained through finite element simulations. The von
Mises stress distributions of PVD (AICrN) coating and HVOF-PVD (CrsC2-NiCr/AICrN)
duplex coating are shown in Figure 6 [56]. Here, a simulated load of 15 N is applied to the
coating surface.
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Figure 6. Mises stress distribution of (a) PVD coating and (b) HVOF-PVD duplex coating. Reprinted
with permission from Ref. [56]. Copyright Elsevier, 2022.

For the PVD coating (Figure 6a), the stress concentration region is mainly at the in-
terface of the coating and the substrate. Soft substrates are prone to plastic deformation
under high contact stress conditions, which in turn leads to spalling failure of brittle PVD
coatings. However, in the duplex coating (Figure 6b), the stress concentration region is
confined to the thick and hard HVOF interlayer. Thus, the substrate only bears weak con-
tact stress. In this case, the PVD top layer will not fail rapidly due to the plastic defor-
mation of the substrate. Li et al. [57] investigated the load-bearing capacity of duplex coat-
ings by Vickers indentation and scratching. They studied the effect of different HVOF
(CrsC2-NiCr) interlayer thicknesses on the load-bearing capacity of duplex coatings. As
shown in Figure 7a, the average indentation diagonal size of the PVD coating is the largest
(52.5 pm) when there is no HVOF interlayer. It indicates that soft alloy substrates have
difficulty in providing sufficient support for PVD coatings to withstand heavy loads [70].
With the addition of the HVOF interlayer, the load-bearing capacity of the PVD top layer
is significantly enhanced.
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Figure 7. Optical morphology of (a) Vickers indentation and (b) scratches of the PVD coating and
HVOEF-PVD duplex coatings. Reprinted with permission from Ref. [57]. Copyright Elsevier, 2022.

It can be understood that the HVOF interlayer provides effective support for the PVD
top layer. In addition, the scratch test results (Figure 7b) also show that the HVOF inter-
layer can significantly improve the interfacial bond strength of the PVD coating. In con-
clusion, the dual-phase coating design greatly eliminates the stress concentration at the
interface between the PVD coating and the soft substrate, effectively inhibiting the plastic
deformation of the substrate under heavy load, thereby significantly improving the load-
bearing capacity of the PVD coating [71]. Incidentally, once the thickness of the HVOF
interlayer covers the stress concentration region, its thickness value has little effect on the
load-bearing capacity of the PVD coating. This point can be concluded from the simula-
tion and experimental results of Zheng and Li et al. [56,57].
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3.2. Tribological Performance

Tribological properties consist of antifriction and wear resistance, respectively. The
low coefficient of friction and wear rate signifies excellent antifriction and wear resistance
[72-74]. Initially, the HVOF interlayer was introduced between the PVD top layer and the
soft substrate to avoid delamination/collapse of the brittle PVD coating due to the “egg-
shell effect” under repeated heavy loading. Therefore, it is not difficult to understand that
the wear resistance of the HVOF-PVD duplex coating is significantly improved compared
to the PVD single layer. However, the surface roughness of the duplex coating is higher
than that of the PVD coating [55]. As a result, the frictional resistance is greater during the
sliding process, causing an increase in the coefficient of friction. In short, compared with
PVD coating, HVOF-PVD duplex coating has superior wear resistance, but the antifriction
is somewhat reduced. The friction coefficients of PVD coating and HVOF-PVD duplex
coating on 304 stainless steel are recorded in Figure 8 [51]. It can be seen that both CrN-
based and DLC-based duplex coatings have comparable coefficients of friction to the re-
spective PVD single layer. That is to say, the presence of the HVOF interlayer seems to be
less important for the antifriction properties of PVD coatings. It has been reported that the
HVOF interlayer adversely affects the antifriction performance of the PVD top layer [57].
As shown in Figure 9 [57], it can be found that the friction coefficient of the PVD mono-
layer is consistently lower and less fluctuating than that of the duplex coating. This can be
explained by the surface quality of the coating. As mentioned in Section 2, the surface
roughness of the HVOF-PVD duplex coating is greater than that of the PVD monolayer
due to the growth defects during the physical vapor deposition [55,58,66], and the rough
surface will inevitably cause greater frictional resistance. Therefore, during the friction
process, the friction coefficient of the duplex coating is higher than that of the PVD mon-
olayer.
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Figure 8. The COF of (a) CrN-based and (b) DLC-based PVD coating and HVOF-PVD duplex coat-
ing on 304 stainless steel. Reprinted with permission from Ref. [51]. Copyright Elsevier, 2018.
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Figure 9. The COF of HVOF-PVD duplex coatings with different HVOF interlayer thicknesses. Re-
printed with permission from Ref. [57]. Copyright Elsevier, 2022.

In addition to antifriction, the wear resistance of the duplex coating is also worthy of
attention. Figure 10 reports SEM images of the wear tracks of PVD coating and HVOEF-
PVD duplex coating on Ti6 Al4V [61]. It can be observed that the PVD coating (Figure 10a)
has undergone catastrophic delamination, and the substrate is visibly grooved under
shear with very severe material loss.

Only TV/TiN on Ti6Al4V Ti/TiN + WC-Co on Ti6AI4V

Figure 10. The surface wear track morphology of (a,c) PVD coating and (b,d) HVOF-PVD duplex
coating on Ti6Al4V substrate. Reprinted with permission from Ref. [61]. Copyright Elsevier, 2008.

While under the same test parameters, the PVD coating in the HVOF-PVD duplex
coating (Figure 10b) was not severely delaminated, which only showed deep furrows and
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small separations under shear action. It is not difficult to find that the wear resistance of
the duplex coating has made a qualitative leap after introducing the HVOF interlayer be-
tween the soft substrate and the PVD coating. It can be attributed to the successful transfer
of surface contact stresses and improved adhesion in the duplex coating system [53]. It
should be further pointed out that the hardness and thickness of the HVOF interlayer will
also affect the wear resistance of the duplex coating to a certain extent [51,57]. However,
the impact of these factors appears to be negligible.

3.3. Corrosion Behavior

The surface of the HVOF coating is covered with a specific PVD coating, which can
enhance its corrosion resistance, including chemical and electrochemical corrosion
[44,45,75]. Generally, HVOF coatings present more intrinsic defects, such as pores and
cracks, which provide more corrosion channels for corrosive media (CI). In contrast, PVD
coatings are dense and virtually defect free. Therefore, the PVD top layer in the duplex
coating system can effectively inhibit the corrosive medium Cl- from entering the interior
to penetrate the passivation film (oxide film), thereby delaying the swelling, flaking, and
pitting formation of the passivation film. In turn, the corrosion resistance of the HVOF
coating is substantially improved. As is well known, the electrochemical corrosion behav-
ior of coatings can be quantitatively evaluated by the potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy (EIS) provided by electrochemical work-
stations [76,77]. Monticelli et al. [75] investigated the electrochemical corrosion behavior
of the HVOF coating and HVOF-PVD duplex coating on steel substrates in a 3.5% NaCl
solution. The PDP curves of all specimens are shown in Figure 11a. It can be visually ob-
served that the corrosion resistance of the coated samples is better than that of the steel
substrate. To further determine the differences in corrosion behavior of the coated sam-
ples, Figure 11b presents the corrosion current densities of all coated samples obtained by
Tafel fitting. It can be seen that the current densities of both HVOF-PVD duplex coatings
are lower than the respective HVOF coatings. This means that the PVD coating coverage
further enhances the corrosion resistance of the HVOF coating. The presence of the coating
greatly enhances the resistance of the sample to aggressive ions (Cl") [78]. Therefore, it is
easy to understand that the corrosion resistance of the coated samples is superior to that
of the steel substrate.

0.20 920
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Figure 11. (a) Polarization curves and (b) corrosion current density of the steel substrate and coating
samples in 3.5% NaCl solution. Reprinted with permission from Ref. [75]. Copyright Elsevier, 2010.

However, HVOF coatings have relatively more pores and microcracks, which pro-
vide channels for the penetration/diffusion of corrosive media. It will adversely affect the
corrosion resistance of the HVOF coating. In this case, the dense PVD coating on the
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HVOF coating can serve to seal the pores and block/extend the corrosion channels. There-
fore, the PVD coating can be regarded as a strong barrier layer, further preventing the
corrosion attack of Cl- on the HVOF coating and even the substrate. It is the major reason
for the superior corrosion resistance of HVOF-PVD duplex coating compared to HVOF
coating. As mentioned earlier, EIS is also an important tool to evaluate the electrochemical
behavior of coatings. The EIS patterns of the HVOF(Fe3Al) coating and the HVOF-PVD
duplex coating are shown in Figure 12 [44]. It can be seen from the Bode plot (Figure 12a)
that the phase angles of both HVOF-PVD duplex coatings are always above the HVOF
coating. Moreover, the impedance modulus value of the duplex coating is also much
higher than that of the HVOF coating. It is further observed from the Nyquist plot (Figure
12b) that the capacitive arc radius of the two HVOF-PVD duplex coatings is significantly
larger than that of the HVOF coating. These results indicate that the HVOF-PVD duplex
coating plays a more prominent role in hindering the penetration of the corrosion solution
than the HVOF coating [79,80]. It is worth mentioning that DLC-covered HVOF coating
has a phase angle closer to 90°, a higher impedance modulus, and a larger capacitive arc
resistance radius compared to CrN. This indicates that the chemically inert DLC can im-
prove the corrosion resistance of HVOF coatings more significantly than CrN [81]. In
short, the corrosion resistance of HVOF-PVD duplex coating is distinctly better than that
of HVOF coating, and it is closely related to the type of PVD coating.
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Figure 12. (a) Bode and (b) Nyquist plots of the Fe3Al, CrN/Fe3Al/S5304 and DLC/Fe3Al/SS304
coatings. Reprinted with permission from Ref. [44]. Copyright Elsevier, 2019.

In addition to electrochemical corrosion, chemical corrosion is also another common
corrosion phenomenon that produces loss and damage to materials [82,83]. Tang et al. [45]
studied the hot corrosion behavior of HVOF (CrsC2>-NiCr) coatings and HVOE-PVD
(CrsC2-NiCr/CrN) duplex coatings in mixed salts at 550 °C.

The cross-sectional morphology and element distribution of the HVOF coating and
HVOE-PVD duplex coating after hot corrosion for 50 h are shown in Figure 13a,b, respec-
tively. It can be seen that the oxide layer of the HVOF coating exhibits a dark-scale struc-
ture with a large number of voids inside. Moreover, the thickness of the oxide layer
reaches 13 um (elemental distribution of oxygen in EDX scan results). In contrast, the ox-
idation erosion of HVOF-PVD duplex coatings is very restricted. The PVD coating re-
mains relatively intact after hot corrosion, and the thin oxide layer (~1.3 pm) still main-
tains a dense structure. However, due to the growth defect of the PVD coating [66], local-
ized corrosion occurred in the regions that were not completely covered by the HVOF
coating. Based on the above phenomena, it can be known that the coverage of the PVD
coating dramatically improves the chemical corrosion resistance of the HVOF coating.
This is due to the high number of defects in the HVOF coating, which allows the corrosive
medium (CI) to easily enter the interior of the coating. The extremely penetrating CI-
breaks through the oxide film and triggers oxidation expansion of the inner layer, which
in turn causes cracking and flaking [45,84-86]. For comparison, since the duplex coating
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has a very dense PVD top layer, it is difficult for the corrosive medium to enter the interior
of the coating to attack and destroy. Therefore, under the protection of PVD coating, the
HVOEF-PVD duplex coating exhibits outstanding hot corrosion resistance.

-

Figure 13. Cross-sectional micrographs and elemental distribution of (a) the HVOF coating and (b)
the HVOF-PVD duplex coating after hot corrosion. Reprinted with permission from Ref. [45]. Cop-
yright Elsevier, 2020.

Finally, the structural characteristics and properties of the duplex protective coatings
were summarized in order to obtain a more intuitive overview. The statistical results are
listed in Table 1.

Table 1. Performance summary of PVD, HVOF and HVOF-PVD coatings according to the literature
in Section 3.

Load- Anti- Wear Electro-

Coating Dense Bearing Friction Resistance Chemical Oxidation
PVD Yk k * * kK * * kK /
HVOF * / * / *
HVOE-PVD * Yk k * ok k ok k ok k

It should be pointed out that since some properties such as denseness and load car-
rying capacity are difficult to quantify, we used “*” for evaluation, with more “*” mean-
ing better performance. In addition, the specific content of the duplex coating structure
and performance is described in detail in Section 3, so it will not be repeated here.

4. Conclusions and Outlook

In this work, we systematically review the microstructure and properties of a high-
velocity oxygen-fuel coupled physical vapor deposition (HVOF-PVD) duplex coating
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system. Specifically, the morphology (surface and cross-section) of the HVOF-PVD du-
plex coating and its mechanical (stress and load-bearing capacity), tribological (wear and
lubrication), and corrosion (chemical and electrochemical) behavior are described and dis-
cussed for surface protective concern (Figure 14). The duplex coating involves a combina-
tion of a thick, hard HVOF bottom layer and a thin, hard yet tough PVD top layer. The
hardness and modulus of the HVOF coating are between those of the soft substrate and
the hard PVD coating, which thereafter provides a smooth transition and effective support
between them. As a result, the HVOF interlayer can eliminate the plastic deformation of
the substrate due to stress concentration under heavy load, effectively avoiding the “egg-
shell effect”. As expected, the duplex coating system would provide excellent load-bear-
ing capacity. In terms of tribology, the wear resistance of the HVOF-PVD duplex coating
is significantly improved compared to that of PVD monolayer coating. As previously
mentioned, due to the supporting effect of the HVOF interlayer, the PVD coating will not
undergo catastrophic delamination/flaking, but merely be removed by shearing during
the load sliding process. Therefore, duplex coatings favor a longer service life as a protec-
tive layer compared to the PVD coatings.

Substrag,

Chemical
Electrochemical

Figure 14. Properties of HVOF-PVD duplex coating, including mechanics, tribology, and corrosion.

However, the roughness of the HVOF coating is higher compared to the soft sub-
strate, which causes the PVD coating grown on the HVOF interlayer to be rougher than
that grown on the substrate. Thus, the HVOF-PVD duplex coating is subjected to greater
frictional resistance during the sliding process than the PVD coating, resulting in an ele-
vated friction coefficient. It can be summarized that the HVOF interlayer significantly im-
proves the wear resistance of the duplex coating but reduces its antifriction. In terms of
corrosion, PVD coatings can significantly enhance the corrosion resistance of duplex coat-
ings, regardless of chemical or electrochemical corrosion. It is because the dense PVD top
layer can be considered as a barrier to inhibit the corrosive medium from penetrating/at-
tacking the HVOF coating, thus enhancing the corrosion resistance of the duplex coating
system. Therefore, the corrosion resistance of the duplex coating substantially depends on
the PVD coating, and the HVOF coating may play a negative role. Finally, research on
HVOEF-PVD duplex coatings has made some progress. However, there are still several
points to ponder in terms of subsequent scientific research and industrial applications:

(a) Rational design and construction of duplex coatings. The comprehensive perfor-
mance of duplex coatings is not completely superior to that of single coatings. For in-
stance, the introduction of the HVOF interlayer will increase the surface roughness of the
PVD coating, which is detrimental to its antifriction properties. In addition, compared to
PVD coatings, HVOF coatings with more defects are not beneficial to the corrosion
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resistance of duplex coatings. In fact, for PVD coatings, when the load-bearing capacity of
the entire film-based system meets the actual working conditions (low/no load case), the
design of a duplex coating is not necessary. On the other hand, for thick HVOF coatings,
the coverage of thin PVD coatings acts as the “icing on the cake”. It means that the pro-
tection efficiency of the coating is still strongly dependent on the HVOF coating rather
than the PVD coating. In short, a reasonable duplex coating system should be constructed
based on the actual application conditions of the material, and whether such a design is
required.

(b) Challenges for industrial applications. As we know, HVOF coatings have been
widely used for various shapes and sizes of industrial components, such as bridges and
offshore platforms. However, for the surface protection of large structural parts, PVD
coating is difficult to achieve. On the other hand, small precision parts require high surface
quality of the coating, which is a major challenge for the polishing of HVOF coatings.
Therefore, dimensional suitability and smooth surface are the bottlenecks for industrial
applications of HVOF-PVD duplex coatings.

(c) The wide variety of duplex coatings makes standardization difficult. Both HVOF
and PVD coatings are flexible in their option for raw materials. As a result, the combina-
tion of HVOF-PVD duplex coating is ever changing. In the future, it will be necessary to
perform structural design and performance prediction of duplex coatings by simulation
calculations to simplify the experimental process. It will greatly contribute to the devel-
opment of duplex coatings.
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