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Abstract

The paper describes the research of coatings on the AK9 aluminum alloy sub-
strate and hybrid coatings deposited on graphite substrate. Coatings on the
AK9 alloy were deposited by thermal spraying and PVD method (physical
vapour deposition). Hybrid coatings consisting of a tungsten interlayer and
an external layer of Zr + DLC (diamond-like carbon) and CVD were depo-
sited on the graphite surface. Plasma methods—PVD and CVD—were used.
The structure and composition of coatings were analyzed.
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1. Introduction

Surface protection is now widely used in almost every area of the economy. It is
applied for corrosion protection, abrasive wear protection, high temperatures,
antimicrobial protection or the deposited coatings that can be considered a de-
corative element.

There are many methods of coating surfaces with layers or coatings. Electro-
lytic coating and anode oxidation are among the older methods, which have
been used for many years and are also intensively used nowadays [1]. One of the
latest methods is thermal spraying [2] [3] as well as physical and chemical depo-
sition from the gaseous phase [4] [5] [6]. The development of new methods of
producing layers and coatings resulted from the avalanche of innovative solu-
tions enabling the creation of new equipment for the production of coatings.
The continuous development of knowledge and the possibility of introducing
new types of input materials (e.g. nano-powders) have also contributed to the

spectacular development of surface engineering [7] [8]. Undoubtedly, the wide
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range of applications of coatings and the demand of the industry have been the
driving force behind many solutions and the constant striving for the improve-
ment of the coating methods. Numerous examples of the application of surface
coatings in industrial plants show the rapid transition of solutions from the la-
boratory phase to the phase of commonly used commercial industrial applica-
tions. A spectacular example is coating a wide range of tools with anti-friction
coatings. A typical coating used in such cases is the coating of TiN or TiCrN [9]
[10].

The type of coating used results from its future application and from the con-
ditions of the method it has been deposited with.

The method of deposition of a coating or a layer or a combination of coatings,
as in the case of hybrid coatings, defines the thickness, hardness, porosity and
other characteristics of the formed coating, which is selected from the point of
view of the future operation of the tool, machine part or piece of equipment
subject to surface treatment.

Since each of the existing coating methods, despite using the same input ma-
terial, e.g. TiN, will produce a coating with the same chemical composition but
with different physico-chemical and geometric characteristics, this results in di-
recting the application of individual coating methods towards specific applica-
tions. The TiN coating produced by thermal spraying will have a thickness of
several dozen to several hundred micrometers, high porosity and adhesive con-
nection with the substrate [11] [12]. The same coating deposited by physical va-
por deposition from vapor phase (PVD) will be 2 - 9 mm thick, compact and will
have a chemical connection with the substrate [13]. However, it is to be expected
that some of the desired features will not be achieved with single coatings.
Therefore, hybrid methods have emerged, which enable creating a “package of
layers” in the form of successively superimposed coatings with different proper-
ties [14] [15] [16]. Thermal barriers used in aviation for rotor blades of aircraft
turbines [17] [18] [19] [20] are one of such examples.

The variety of applications results in a constant search for new coating solu-
tions. With the need to protect the surface, an economic aspect should also be
taken into account. The need to reduce expenditure leads to the abandonment of
certain solutions despite the visible benefits. Cheaper solutions are often chosen
and surface protection is achieved through paint coatings. The field of painting
coatings is currently a highly developed branch of industry and is used in almost
every aspect of economy and everyday life [21].

The paper presents examples of construction of various types of coatings
produced by thermal spraying, PVD and CVD methods, their properties were

compared and characteristic features were presented.

2. Materials and Methods

Coatings tested in the paper were produced by the following methods:
1) The coatings on the AK9 substrate produced by thermal spraying methods:
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a) HVOF (High Velocity Oxy Fuel) method was used to form Cr,C,-NiCr 75 -
25 coating.

b) Plasma spraying method was used to form Cr,C,-NiCr 75 - 25 coating.

2) The coatings on the AK9 substrate produced by thermal spraying methods:

a) EB PVD method was used to deposit Cr,C, coating.

b) ARC PVD method was used to deposit Cr,C, coating.

3) Hybrid coatings were deposited on graphite substrate by PVD and CVD
methods:

a) A hybrid coating consisting of a tungsten layer by EB PVD method and a
DLC (diamond-like) layer by PACVD method were deposited.

b) A hybrid coating consisting of a tungsten layer by EB PVD method and
subsequently Zr + DLC layer by Arc CVD method were deposited.

Samples for testing, deposited by thermal spraying, were made in industrial
conditions of Plasma System S.A. from Siemianowice Slaskie.

The samples obtained by two methods of thermal spraying were tested:
¢ High Velocity Oxygen Fuel spraying (HVOEF).

e Plasma spraying (PS).

The HP/JP 5000 Gun Kit was used for HVOF coatings and the MIM 40 device
for plasma spraying. Parameters of coating processes using these methods are
presented in Table 1 and Table 2. The coatings were deposited on the AK9 alloy
substrate.

Coatings by PVD methods were made in industrial conditions of the Institute
for Sustainable Technologies in Radom.

The coatings were deposited by two different methods:

e Electron-beam physical vapor deposition (EB PVD).
¢ Electric arc physical vapor deposition (Arc PVD).

The coatings were deposited using the SPECJAL device, which was built in the
Department of Surface Engineering of ITeE-PIB (Institute for Sustainable Tech-

nologies) in Radom. The device is equipped with an arc current source (Bulat

Table 1. Parameters of high velocity oxygen fuel spraying (HVOEF).

Parameters of high velocity oxygen fuel spraying (HVOF)

Coating
Powder 0, [/min] Kerosene N, Distance ~ Powder thickness
2 (I/h] [1/min] [mm]  [g/min]  [km]
Cr,C,-NiCr 75 - 25
- 45 + 15 pm/Cr,C, 850 24 9.5 370 65 300 + 80
1 pm
Table 2. Parameters of plasma thermal spraying.
Parameters of plasma spraying
Powder Coating
Ar(l/h]  Voltage [V] Amperage  Distance  thickness [um]
(A] (mm]
-NiCr 75 - 25
CrsCorNiCx 3000 52 500 90 300 + 20

- 45+ 15 um/Cr;C, 1 um
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type) with a cathode with a diameter of ¢J80 mm and an electron gun with a
power of 60 kW. Inside there is a matrix multi-crucible which contains nine cru-
cibles with a diameter of 40 mm in an arrangement of 3 x 3. The device is
equipped with a three-stage pumping system consisting of a mechanical pump, a
Roots pump and a diffusion pump, ensuring stable process conditions. The de-
vice is also equipped with a system to control the temperature of the substrate
and the pressure of the process atmosphere [21].

The Cr;C, carbide coating was deposited on the AK9 alloy substrate using the
Arc PVD method using to the conditions shown in Table 3.

For the deposition of Cr,C, carbide coating by the Arc PVD method, the de-
vice is equipped with a 99.9% purity chrome cathode made by the German
company GfE.

Prior to coating, the charges were ground and polished in order to obtain a
roughness of Ra = 0.01 pm. Next, the samples were washed in a three-chamber
ultrasonic cleaner UMO-50-1000 in pure trichloroethylene. The substrate was
etched and ionized under the conditions presented in Table 4. C,H; reactive gas
with a flow rate of 50 + 150 ml/min was used in the process.

In the case of the EB PVD method, the charge consisted of chromium, which
was placed in a cooled crucible. Due to the very high energy that accumulates in
the crucible area (5 - 7 kW) it is not possible to directly evaporate the powders.
The material was subjected to sintering into pastilles with a diameter of f = 30
mm and a thickness of g = 5 mm. Pulse Plasma Sintering (PPS) was used for this
purpose. Then, the charge material was subjected to the process of electron beam
physical vapor deposition in the presence of C,H; reactive gas with flow between 50
+ 150 ml/min. The parameters of this process are shown in Table 5 and Table 6.

Hybrid W/DLC and W/Zr+ DLC coatings were produced on isostatic pressed
graphite specimens, the parameters of which are shown in Table 7. This material

is used for the production of elements resistant to high temperatures in the

Table 3. Parameters of Cr,C, coating deposition by Arc PVD.

Composition and  Atmospheri Source  Substrate

N . - ime
Designation flow of working gases c pressure current polarization [min]
[ml/min] [mbar] [A] voltage [V]
TCrCl1 C,H, - 50, Ar - 100 3x107° 60 300 60

Table 4. Parameters of etching and heating of the substrate within Arc PVD.

Substrate polarization voltage Pressure in the chamber Working gas flow Heating time

80 A 1000 V 7 x 107 mbar 20 ml/min (Ar) 450 s

Table 5. Parameters of EB PVD coating processes.

Substrate

i . Composition and flow of  Atmospheric Source L. Time
Designation R . polarization K
working gases [ml/min] pressure [mbar] current [A] [min]
voltage [V]
TCrC2 C,H, — 100, Ar - 90 7 x 107 50 200 5
DOI: 10.4236/jsemat.2019.92002 14 J. Surface Engineered Materials and Advanced Technology
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metallurgical industry, e.g. crucibles, crystallizers, die casting moulds, conti-
nuous casting sets.

Multilayer coatings W/Zr+DLC were deposited using Arc and electron beam
physical vapour deposition technique (Arc-EBPVD), carried out by an original
technological process implemented in hybrid multisource device produced by
the Institute for Sustainable Technologies The samples were installed in a sta-
tionary location opposite the plasma source. Detailed technological parameters
of the processes are given in Table 8 and Table 9. The first stage was the appli-
cation of tungsten layer by EB-PVD method (Table 8). Then, using the Arc PVD
method, the substrate was etched with Zr+ ions, and successively the Zr coating
was deposited, the substrate was cooled down and then the Zr + DLC coating
was deposited. The Zr-DLC coating was generated using a plasma filter, which
was an electrostatic separator. A detailed design of the process is discussed in the
publication [22].

Hybrid W/DLC coating was produced using EB-PVD method for tungsten
layer formation (Table 8) and PACVD method for external CVD layer forma-
tion (Table 10). The IONIT-COMPACT PACVD device, located in the Aviation
Industry Research Laboratory at Rzeszéw University of Technology, was used.
The process included the following stages:

e heating the reactor chamber to a preset process temperature,

e nucleation of the diamond coating—hydrogen plasma,

Table 6. Parameters of etching and heating of the substrate within EB PVD.

Source Substrate polarization Pressure in the Working gas Heating
current voltage chamber flow time
80 A -1000 V 7 x 107 mbar 20 ml/min (Ar) 360 s

Table 7. Parameters of graphite substrate.

Size of grain 10 pm
Bulk density 1.83 g/cm’
Bending resistance 60 MPa
Hardness 62° Shore
Open porosity 10%

Table 8. Technological parameters of stage I of W interlayer deposition by EB-PVD me-
thod on both samples.

Pressure Beam current Temperature d::z::t(i):n Azclzlrs::::e Substra‘t;ﬁ:la:rization
tmbar] WAL TUC ming wia) U V]

Ti ion etching
9x 107 - 325 10 60 -100

W coating deposition

5x 107° 0.15 200 45 - -
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Table 9. Technological parameters of stage II of the deposition process for Zr doped sample (process with the use of an electros-
tatic separator).

Process stage

Process parameter
Substrate etching with Zr+ ions Zr coating deposition Cooling the substrate Zr-DLC coating deposition

Pressure in the chamber

<1x107 5x 107 1x107° 7.4x10™
Py [mbar]
Working gas flow PGt - - - 45
pAr [ml/min], pAr 50 160 - -
Substrate polarization voltage -750 + —1000 50 100
Usgpas [V] (increments of 50 V)
Amperage of the source current
90 90 - 90
I, [A]
A f th t
mperage of the separator % % i %
Isep [A]
Temperature 250 <220 300
T [C]
Time
. 6 30 - 90
t [min]

Table 10. Parameters of DLC coating deposition by PA CVD on tungsten coated graphite

samples.
Temperature 600°C
Time 12h
Methane flow 0.51/h
Hydrogen flow 150 I/h
Plasma voltage 500 - 800 V
Plasma amperage 2-10A

e actual process—plasma mixture H, + CH,,
e cooling the reactor.

Hybrid coatings were studied using Thermo Scientific’s Raman DXR Spectrome-
ter to identify the DLC layer. A laser with the wavelength of 532 nm and the power
of 10 nW was used. The analysis was carried out in the range of 38 - 3583 cm™". The
results obtained were compared with Raman spectra for diamond and graphite.

The microstructure of coatings was examined by optical microscope Olympus
GX51 and Hitachii SU-70 scanning electron microscope (SEM). Thin foils were
examined under JEOL 2010 ARB transmission electron microscope (TEM). The
samples for optical (OM) and SEM observations were mechanically polished ap-
plying Struers equipment and technique. They were ground, then polished with
diamond pastes and OPS suspension. Thin foils for TEM investigations were

prepared by FIB technique.

3. Results

Figures 1-5 present the results of tests of the structure and chemical
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Figure 1. Structure of Cr,C,-NiCr 75 - 25, deposited by HVOF method on the AK9 substrate. (A) Cross-section through coatings,
optical microscopy; (B) Chemical composition of the coating, X-ray spectrum; (C) Coating microstructure, optical microscopy;
(D) Structure of the coating observed from the top by scanning microscopy; (E) Microstructure observed with a transmission
electron microscope, visible nanometric size carbides; (F) Chemical composition determined by EDX method.
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Figure 2. Structure of Cr,C,-NiCr 75 - 25 coating, produced by PS on the AK9 substrate. (A) Cross-section through the coating,
optical microscopy; (B) X-ray spectrum of chemical composition of the coating; (C) Structure of elongated grains in the coating,
optical microscopy; (D) Structure of the coating observed from the top by scanning microscopy; (E) Nanometric microstructure of
the coating observed with a transmission electron microscope; (F) Chemical composition determined by EDX method.
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Figure 3. Structure of the Cr,C, coating deposited by EB PVD on the AK9 substrate. (A) Cross-section through the coating, opti-
cal microscopy; (B) X-ray spectrum of chemical composition of the coating; (C) Structure of the coating observed from the top by
scanning microscopy; (D) Structure of the coating observed from the top by scanning microscopy; (E) Nanometric microstructure
of the coating observed with a transmission electron microscope; (F) Chemical composition determined by EDX method.
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Spectrum 1 0
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Figure 4. Structure of the Cr,C, coating deposited by EB PVD on the AK9 substrate. (A) Cross-section through the coating, opti-
cal microscopy; (B) Structure of the coating observed from the top by scanning microscopy; (C) Structure of the coating observed
from the top by scanning microscopy; (D) Structure of the coating observed from the top by scanning microscopy; (E) Nanome-
tric microstructure of the coating observed with a transmission electron microscope; (F) Chemical composition determined by
EDX method.

composition of coatings made with different methods.

Figure 1 shows the Cr,C,-NiCr 75 - 25 coating, which was produced by
HVOF method on the AK9 substrate. The thickness of the coating was estimated
to be about 350 pm. The coating contains numerous Cr,C, carbides evenly dis-
tributed in the deposited layer (Figure 1(C)). The presence of carbides of na-
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nometric sizes was confirmed by the examination of thin foils with a transmis-
sion electron microscope (Figure 1(E)). The observation of the surface of the
coating, from the front, using a scanning microscope, revealed a compact
fine-grained structure (Figure 1(D)).

The structure of the Cr,C,-NiCr 75 - 25 coating deposited by plasma spraying
(PS) is shown in Figure 2. The thickness of the coating was estimated to be
about 200 pm. On the cross-section, parallel to the substrate, grains containing
numerous Cr,C, carbide inside are clearly visible, parallel to the substrate
(Figure 2(C)). The view from the top showed the surface with numerous pores
(Figure 2(D)). Analysis using a transmission electron microscope showed that
the internal microstructure consists of nanometric grains.

Figure 3 and Figure 4 show the structure of coatings deposited by PVD me-
thod. Figure 3 shows the Cr,C, coating deposited by EB PVD method, while
Figure 4 shows the coating deposited by ARC PVD method. Coatings are sig-
nificantly thinner than those obtained by thermal spraying. In particular, the
coating deposited using the ARC PVD method (d ~ 1.4 um) is very thin. The
thickness of the coating applied by EB PVD method was estimated to be several
micrometers.

The PVD coating has a columnar structure typical for physical vapour deposi-
tion coatings. Heterogeneity of the structure is observed in the form of cracks
and losses of the material in the deposited coatings and funnel-shaped thicken-
ing resulting from disturbances in growth through the droplet phase, occurring
in the process of arc evaporation (Figure 3(A)).

The structure of hybrid coatings is shown in Figure 5 and Figure 6.

Figure 5 shows the coating consisting of a tungsten layer deposited by EB
PVD method and then the DLC layer deposited by PACVD method. The
tungsten layer is 15 pm thick. The existence of the DLC layer was confirmed by
Raman spectroscopy (Figure 5(B)). The structure of this system is characterized
by the presence of DLC layer of variable thickness in the range of about 20 - 100
nm (Figure 5(C)). It seems that extending the time of DLC deposition could
even out the thickness of the layer due to the island nucleation of the DLC phase
reported in the literature [23]. Blurred peaks indicate that the structure of the
DLC layer is formless.

Figure 5(A) shows a fragment of tungsten layer structure disturbance by
droplet phase during layer deposition in PVD device. Such disturbances reduce
the smoothness of the top surface as they are reflected in the successive layers.

Figure 6 shows the hybrid coating W/Zr + DLC. The measurements showed
that the thickness of the tungsten layer is about 16 pym and the Zr layer about 1.4
pm. The presence of DLC layer was confirmed by Raman study (Figure 6(B)).
The Raman spectrum of the Zr + DLC coating (Figure 6/71) is characterized by
an extended peak from 1000 to 1700 cm™’, which is characteristic for DLC coat-
ings. The spectrum does not have a characteristic graphite peak at 2700 cm™.

Blurred peaks blur indicate that the structure of the layer is formless.
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Figure 5. Structure of W/DLC hybrid coating with Raman test results. (A) Microstructure of W/DLC hybrid coating deposited on
graphite substrate, SEM. The presence of DLC coating was confirmed—Raman spectrum; (B) Results of Raman analysis of
W/DLC coating (comparison of W/Zr + DLC coating spectra with diamond and graphite spectra); (C) Microstructure of individ-
ual areas of the W/DLC hybrid coating (TEM), (a) bright field of view, (b) dark field of view, transmission electron microscopy.

The structure of the W/Zr + DLC layer system observed with the transmission
electron microscope is shown in Figure 6(C). The study revealed the presence of
the Zr layer between the tungsten layer and the Zr + DLC layer. It can be noticed
that the Zr layer is about 400 nm thick and the Zr + DLC layer is about 100 nm
thick. It is probable that the thickness of the layer can change locally along the
length of the sample.

4. Discussion

Investigations of coatings deposited by different methods of surface engineering

reveal significant differences in the structure and geometric dimensions of layers.
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Figure 6. Structure of W/Zr + DLC hybrid coating with Raman test results. (A) Microstructure of hybrid coating W/Zr + DLC
deposited on graphite substrate by PVD method: ((a), (b)) optical microscopy (OM), ((c), (d)) scanning electron microscopy
(SEM). The presence of DLC coating (Raman spectrum) is found; (B) Results of Raman analysis of W/Zr + DLC coating (compar-

ison of W/Zr + DLC coating spectra with diamond and graphite spectra); (C) Microstructure of individual areas of hybrid coating
W/Zr + DLC. Transmission electron microscopy.
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This is due to the mechanisms of deposition of coatings leading to their different
structures [24]. In the case of thermal spraying, the coating is formed by sticking
particles dissolved in a stream of hot gases onto a surface that has previously
been cleaned and has the appropriate roughness.

In the gas stream, the individual particles achieve high speeds: ~160 m/s in
flame and arc spraying, ~200 - 250 m/s in plasma spraying (PS) and above 330
m/s in supersonic spraying (HVOEF). Upon hitting the surface, the droplets cool
down and solidify. During the movement towards the surface, the droplets, due
to surface tension, are spherical in shape and, when they hit the surface, they are
flattened parallel to the surface and take on the characteristic, strongly elongated
shape. At this stage, oxides can form on the surface of the droplets, if the spray-
ing is not carried out in the vacuum chamber. Therefore, unmelted particles and
oxides resulting from the interaction of powder with air can be found in the
structure of thermally sprayed layers and coatings. Thermally sprayed coatings
have high porosity, which decreases when using higher spraying speeds and us-
ing nanometric powders as charge material. The example of Cr,C, + NiCr coat-
ings presented in the paper, which are deposited by HVOF ultrasonic spraying
(Figure 1) and PS plasma spraying (Figure 2), illustrates well the effect of
spraying speed on the porosity of the coating, which in the case of PS is much
higher (Figure 2).

Nowadays, thermally sprayed layers are widely used to protect the surface of
components such as industrial fan blades, for example. A part of the study, pre-
sented in the paper, including Cr,C, thermally sprayed coatings, was the subject
of the project No. NR15000106/2009, and the results of the project were applied
in the rotor regeneration and construction industry [25].

The mechanism of producing coatings by PVD methods is completely differ-
ent. This results in a different structure of the coating. The coating grows from
the substrate by depositing and attaching successive ions of the coating material.
In contrast to thermal spraying, the substrate should be as smooth as possible. A
build-up of the coating from the substrate results in a columnar, compact struc-
ture, without porosity. The growth of coatings takes place in vacuum, which
protects the material from oxidation. The layers obtained by PVD method are
much thinner than the layers produced by thermal spraying.

Hybrid technologies have developed very strongly in recent years, which
through the synergy effect combine the features of different types of coatings,
resulting in the possibility of obtaining interesting coatings and best solutions
for a given application. PVD coatings and hybrid coatings are used more and
more often nowadays, among others, on various types of tools [21].

An example of a hybrid coating is the W/DLC and W/Zr + DLC coatings on
graphite presented in the article. The production of coatings on graphite is ex-
tremely difficult and only the use of intermediate layers allows to create the top
layer of DLC [26]. The task, which was solved in the project (Polish project No
INNOTECH-K2/IN2/9/181851/NCBR/13) was to form a protective layer on
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graphite crystallizers, which were destructed by sticking liquid cast metal on the
porous graphite. Hybrid layers on the surface of which a thin layer of DLC was
deposited and identified were successfully formed. This is the prospect of a
possible extension of the service life of graphite crystallizers. The financial aspect
of surface protection projects remains to be considered. The cost of inputs must
be commensurate with the profits generated by the new solutions, which can be

verified by the economic market.

5. Conclusions

1) The performed investigations allow recognizing characteristic features of
different kinds of coatings. Despite the same chemical composition, the charac-
teristics of coatings are different, depending on the applied method of coating
deposition, which determines their application and utility in industry.

2) It was found that there is a possibility of depositing DLC coatings on gra-
phite substrate with the use of an intermediate coating allowing combining a
very thin and hard DLC layer with the substrate.
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