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Coatings deposited utilizing different thermal spray variants have been widely used for diverse
industrial applications. Today, various coating techniques belonging to the thermal spray family and
spanning a vast cost—quality range have been embraced by the industry to either extend the longevity
of components or enhance their performance, especially when these parts routinely operate in harsh
conditions. The current state-of-the-art route for depositing the ceramic coatings is usually atmospheric
plasma spraying (APS), while metallic and intermetallic coatings are sprayed by high-velocity oxy-fuel
(HVOF) methods. Between them, the above spray methods and the vast portfolio of commercially
available spray grade powders are capable of providing coatings that can combat premature surface
degradation when industrial components are exposed to wear, corrosion, oxidation, high thermal
load, etc. The immense versatility of the technique has already led to its numerous industrial uses,
ranging from the advanced gas turbine requirements to the relatively more mundane needs of sectors
such as textile, mining, pulp and paper and petrochemical sectors.

However, efforts continue to explore new potential applications to further expand this envelope.
Two of the papers in this Special Issue focusing on impact wear [1] and tribocorrosion properties [2] of
sprayed coatings, and another that seeks to augment mechanical properties via plasma spray deposition
of multi-constituent amorphous coatings [3] are motivated by the above. Another paper explores
novel surface designs to develop thermally sprayed icephobic coatings [4]. With the emergence of
new engineering materials such as composites, there is also an interest in implementing thermal spray
approaches for imparting them suitable protection, as exemplified by the contribution focusing on ZrC
barrier coatings deposited on SiC-coated carbon/carbon composites by vacuum plasma spraying [5].
Post-treatment of thermal sprayed coatings by adopting approaches such as shot peening and laser
remelting has also been a subject of considerable academic research. As a complement to such efforts,
one of the papers deals with gas nitriding of HVOFE-sprayed AISI 316L low-carbon austenitic stainless
steel coatings [6].

Traditionally, thermal sprayed coatings have been realized employing powder feedstock, with the
particle size typically being in the 10-100 um range, with the lower end of this range being preferred
for high melting point materials such as ceramics. Use of such feedstock, now commercially available
for an exhaustive spectrum of material chemistries, results in splat sizes that are several tens of
microns and consequently in coarse-structured coatings. However, there is growing interest in
realizing fine-structured coatings using submicron and nanosized powders that can potentially yield
enhanced functional performance. Such a feedstock injection methodology constitutes the basis for
Suspension Plasma Spraying (SPS), which has been found capable of producing coatings with tailored
microstructures, including the extremely porous to the very dense, vertically cracked, columnar, etc.,
and thus are not easily realizable when using a typical spray-grade powder feedstock. With the above
approach providing a convenient pathway to deposit fine-structured coatings, thermal spraying with
suspensions is perhaps the next frontier.

Materials 2020, 13, 3521; d0i:10.3390/ma13163521 1 www.mdpi.com/journal/materials
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A vast majority of interest in SPS has hitherto been driven by the excitement of obtaining columnar
thermal barrier coatings (TBCs). One of the papers in this Special Issue investigates SPS-derived
double-layered Gadolinium Zirconate/Yttria-Stabilized Zirconia (YSZ) coatings [7]. The rapidly growing
interest in this method is apparent from contributions that extend use of SPS to other materials such as
oxides [8] and carbides [9], as well as to other high-velocity non-plasma spray processes [8,10].

It is also relevant to point out that the advent of axial injection capable plasma spray systems
is a potential game-changer for use of liquid feedstock in the form of suspensions or solution
precursors. This is by virtue of the fact that axial feeding enables far more intimate contact between
the liquid feedstock and the plasma plume to facilitate thermal energy transfer and enable effective
utilization of plasma energy. This advantage, which manifests in the form of higher throughputs,
longer stand-off distances etc., has been harnessed in a couple of the above-mentioned studies [7,9].
The favourable thermal energy transport between the plasma plume and the suspension feedstock has
also encouraged deployment of “hybrid” powder-suspension feedstocks to achieve unique coatings
microstructures. One of the papers investigates the performance of such a hybrid powder-suspension
sprayed Al,O3—YSZ coating in bovine serum solution [11].

Admittedly, it was not possible to include in this Special Issue other key areas that, too, continue
to play a crucial role in the continued development of thermal spraying. These include, for example,
evolution of new torch designs, advanced characterization of coatings, novel approaches for in-flight
diagnostics and modelling of coating formation. The use of artificial intelligence/machine learning and
data-driven modelling approaches, as illustrated in one of the papers [12], is also destined to play an
important role in the future as thermal spray expands into new application domains such as additive
manufacturing. Perhaps these can be the focus of a subsequent Special Issue.
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Abstract: High velocity oxygen-fuel (HVOF) prepared CrC-based hardmetal coatings are generally
known for their superior wear, corrosion, and oxidation resistance. These properties make this
coating attractive for application in industry. However, under some loading conditions and in
aggressive environments, the most commonly used NiCr matrix is not sufficient. The study is
focused on the evaluation of dynamic impact wear of the HVOF-sprayed CrzC,-25%NiCr and
Cr3C,-50%NiCrMoNDb coatings. Both coatings were tested by an impact tester with a wide range of
impact loads. The Wohler-like dependence was determined for both coatings” materials. It was shown
that, due to the different microstructure and higher amount of tough matrix, the impact lifetime
of the Cr3C,-50%NiCrMoNDb coating was higher than the lifetime of the Cr3C,-25%NiCr coating.
Differences in the behavior of the coatings were the most pronounced at high impact loads.

Keywords: HVOF; hardmetal; chromium carbide; dynamic impact test; impact wear; thermal spraying

1. Introduction

In many branches of industry, the surfaces of components are exposed to mechanical loading,
the influence of an aggressive environment, high temperature, or even a combination of these features.
To increase their lifetime, the surface of such components used to be coated by protective coatings.
Among others, the technology of thermal spraying earns its position by offering a versatile solution for
various kinds of applications and types of loading [1]. Of the required properties, the problem of wear
resistance is most often addressed. If combined with high temperatures, the CrC-based hardmetal
coatings, deposited by high-velocity oxygen fuel (HVOF) spraying technology, proves its superiority
under harsh loading conditions [2-5].

The thermally sprayed chromium-based coatings were evaluated many times, in regards to the
used deposition technology [6,7], the influence of deposition parameters [8], and morphology and
phase composition of feedstock powder [9]. Their wear resistance under various loading conditions,
including the high temperature, was analyzed [3,7,10].

Often, the Cr3C,-25%NiCr coatings are applied to protect the coated parts against erosion,
particularly concerning the intended application in the power industry [11-16], where erosion by
solid particle or water droplet particle is the most curtail for components lifetime. In these works,
the mechanism of erosion wear was proposed, taking into account the influence of high temperature
and oxidation [13]. It was found that in the aggressive environment, the preferential oxidation of CrC
carbides takes place [2,14], leading to a degradation of the coating’s microstructure and increased
erosion wear [14]. To increase the resistance against corrosion and oxidation in aggressive environments,
the application of CrC-based coatings with alternative matrix compositions was suggested [2,17].

Materials 2020, 13, 2132; d0i:10.3390/ma13092132 5 www.mdpi.com/journal/materials
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The Cr3C;-50%NiCrMoNDb coating increased corrosion and oxidation resistance due to the optimized
matrix composition and comparable abrasive and sliding resistance and wear resistance [2,3].

Despite efforts, the mechanism of erosion wear is still not clearly explained due to the many
factors taking part in the wear process. Other than the external conditions, the microstructure,
phase composition, and state of internal stress are important. The materials with higher toughness can
better accommodate the energy of impacting particles and suffer less brittle cracking [13]. In the case of
hardmetals, the toughness of the material can be optimized by an increase of the soft metal matrix [18].

As surface dynamic loading appeared in various kinds of components, the need for its evaluation
has led to the development of the unambiguous test. Knotek et al. developed a method of the
dynamic impact test [19], originally focused mainly on the analysis of thin-film systems. During the
dynamic impact test, the surface of the specimen is repeatedly impacted by ball indenter. Load force is
well-defined and impact frequency is used to be a constant value. Using a dynamic impact test, it is
possible to determine the impact wear or impact lifetime of the tested specimen [20-25].

The dynamic impact test was consequently adopted by the researchers focusing on the evaluation
of thick thermally sprayed coatings [26-28], although the number of studies is rather limited.
David et al. compared the HVOF sprayed coatings based on the numbers of impacts at various
loads end evaluated the fracture modes [27]. Bobzin et al. analyzed the Cr3C,-NiCr coating impact
wear by evaluation of impact craters created by ~ 10°-10° impacts to obtain the coating failure modes
and mechanisms [26]. In a recent study, Kiilakoski et al. evaluated the fatigue life of ceramic coatings
exploiting low-energy impact conditions [28]. In this study, the impact wear was successfully related
to coating cavitation wear resistance.

Although the first attempts to evaluate the impact wear resistance of several thermally sprayed
coatings were completed, complex study of the impact wear of the Cr3C,-25%NiCr HVOEF-sprayed
coating including coating impact lifetime under various impact load remains absent. Additionally,
the methodology of results evaluation needs to be established. The aim of this work is the complex
study of impact wear and dynamic impact load limits of the HVOF-sprayed Cr3C,-25%NiCr and
Cr3Cy-50%NiCrMoND coatings. Results obtained by impact testing were compared and discussed
with respect to the microstructure of the coatings.

2. Experimental

2.1. Sample Preparation

The HVOF-sprayed coatings were deposited onto the flat surface samples of high-speed steel
5 mm thick cylindrical samples with a diameter of 20 mm. The coated surface was grit blasted before
spraying to ensure sufficient adhesion of the coating to the substrate surface, using Al,Os; F20 abrasive
media. Commercially available powders were used to spray the coatings—Amperit 588.074 was used
for the preparation of the Cr3C,-25%NiCr coating and Amperit 595.074 was used for the preparation
of the Cr3C,-50%NiCrMoNDb coating. Both coatings were deposited using the HP/HVOF TAFA JP5000
spraying device (Praxair Surface Technologies, Indianapolis, IN, USA). The thicknesses of the sprayed
coatings were set to 400 um. The spraying parameters are summarized in Table 1.

Table 1. Coatings deposition parameters.

Material Cr3C,-25%NiCr Cr3C,-50%NiCrMoNb
Feedstock Amperit 588.074 Amperit 595.074
Oxygen 823 L/min 872 L/min
Fuel 25.7L/h 21.7L/h
Barrel length 100 mm 150 cm
Spray distance 360 mm 330 mm
Traverse speed 250 mm/s 250 mm/s
Feed rate 70 g/min 76 g/min
Carrier gas Nitrogen, 6 L/min Nitrogen, 6 L/min
Offset 6 mm 6 mm
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2.2. Dynamic Impact Test

Coatings behaviour under dynamic impact load was investigated using impact tester developed
at the Institute of Scientific Instrumentation CAS in Brno, Czech Republic [20,21]. The tester is
schematically described in Figure 1.

ball indenter ) | ) hammer
1
; I [ 1 [ spring
specimen 7 @
[ I [
specimen holder .
with adjustable o coil
height L—
2

Figure 1. Dynamic impact tester developed at ISI CAS.

The impact hammer was driven electromagnetically; the amplitude of the loading force was
regulated by an electric current in the solenoids. The ball-shaped tungsten carbide with a diameter of
5 mm was used as an impact indenter. The impacting frequency was set to 8 Hz. The indenter ball was
adjusted to the unworn contact side before every test. Impact testing was carried out with the impact
loads of 150 N, 200 N, 400 N and 600 N. Speed of the ball indenter before contact with specimen was in
the range of 0.4 m-s~! for the impact load of 150 N to 0.9 m-s™! for the impact load of 600 N. Number of
impacts were in the range from 1 up to 250,000. Every test was repeated three times for the elimination
of surface inhomogeneity. All of the impact tests were carried out at room temperature.

The depth and radius of the impact craters were measured by the profilometer Talystep
(Taylor Hobson, UK). The size and surface morphology of the impact craters were determined
using confocal microscope Lext OLS 3100 (Olympus, Japan). Based on the work of Engel et al.
for the physical vapor deposited (PVD) coatings [22], the methodology of critical crater volume
determination was adapted and applied for evaluation of impact wear of HVOF sprayed coatings.
In detail, the methodology is described in the next chapter.

3. Results and Discussion

3.1. CrC-Based Coatings Structure and Properties

Structure, phase composition, and mechanical and tribological properties of both of the studied
HVOE-sprayed Cr3C,-25%NiCr and Cr3Cy-50%NiCrMoNb coatings were described in detail by
Houdkova et al. [2]. The Cr3C;-25%NiCr coating contained 25% of the Ni-Cr-based matrix,
which surrounded carbide CrzC,, Cr7Cs, and (Cr, Ni);C grains (Figure 2a).
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Cr3C2-25%NiCr Cr3C2-50%NiCrMoNb

Figure 2. The microstructure of the studied coatings. Comparison of (a) the Cr3C,-25%NiCr coating
and (b)the Cr3C;,-50%NiCrMoND coating.

Moreover, some amount of carbon was also incorporated into the matrix as a result of carbon
dissolution during the spraying process. This various carbon amount in the matrix is represented as
the shades of grey in the matrix in Figure 2a. On the other hand, the Cr3C,-50%NiCrMoNb coating
contained 50% of the Ni-Cr-Mo—-Nb-based matrix (Figure 2b). A matrix with a higher amount of
dissolved carbon surrounded Cr3C; and (Mo, Ni, Cr);C3 grains and Nb-C precipitates. Furthermore,
the Ni-based matrix also contained fcc precipitates with small crystallites and a bigger lattice parameter,
the so-called y-phase [2].

In [1], the mechanical properties and wear resistance of both coatings were compared. It was
shown that despite the slightly lower hardness of Cr3C;,-50%NiCrMoNDb, caused by the higher amount
of metallic matrix, its sliding wear resistance and coefficient of friction were comparable to the
Cr3C,-25%NiCr coating.

3.2. Impact Behaviour of the CrC-Based Coatings

The basic result of impact testing is the loading curve-dependence of the impact crater volume on
the number of impacts [20-22]. According to Engel et al., the loading curve can be divided into three
zones, as is schematically drawn in Figure 3 [22].

[0} ]
€ ! '
2 1 '
(e} [ :
> 1 1
k5 ; :
[0 ' 1
G N ZONE Il !
© - !
AP /o
number of impacts N¢

Figure 3. The scheme of the loading curve divided into three zones. Adopted from [22] and modified.

At the beginning of Zone I, the first impact causes deformation of the specimen. Any subsequent
impact causes further deformation and the impact crater volume increases. However, the increment of
the impact crater volume after the second impact is lower than increment after the first impact. As the
number of impacts increases further, the increment of the impact crater volume decreases, and the
system transits from Zone I to Zone II. This transition occurs at the low number of impacts and, for the
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investigation of the coating, impact lifetime is not important. In Zone II, the energy from the indentor
is dissipated mainly in the form of inner stress in the specimen and just a minimal increase in crater
volume is observed. In some materials, the formation of pile-ups around the impact crater can be
observed. These pile-ups can be formed due to the material transport induced by impacting or due to
the substrate deformation [29,30]. As the number of impacts increases further, the amount of stress
increases up to a certain critical value. The number of impacts corresponding to this critical value,
which is the critical number of impacts N¢, corresponds to the impact load limit. The critical number
of impacts forms a boundary between Zone IT and Zone III.

In Zone I1I, the impact crater volume rapidly increases with an increasing number of impacts,
and coating tends to fail. The thin PVD coatings exhibit damage, delamination, and revealing of the
substrate on the impact crater bottom and their Nc might be evaluated using both the rapid increase of
the carter volume and the using the analyses of the coating delamination [11]. However, in the case of
the thick HVOF coatings, no delamination or revealing of the substrate was observed. Thus, in this
work, Nc was evaluated only using the rapid increase of the impact crater volume.

The impact wear was evaluated and compared for both CrC-based coatings at 150 N, 200 N, 400 N,
and 600 N and analyzed. In Figure 4, the evolution of impact crater volumes (in mm?®) on the number
of impacts are shown for the impact load 200 N.

100 imp. |CrsC,-NiCr 1000 imp. |CrsC,-NiCr 10 000 imp. |CrsC,-NiCr 100 000 imp
P 2 120 {200 N

00 N N ‘

200
|
|

0.0010 -
e Cr,C,-25%NiCr :
iy = Cr,C,-50%NiCrMoNb %
£ 0.0008 - |
: :
[
£ 0.0006 -
=
o
>
£ 00004 P
B -‘E .!"
® 00002 %4
2 L TE
£ . B
0.0000 | ’ ..... ¥ ! I |
10° 10' 10 10° o ~ o

number of impacts

CryC;-NiCrMoNb 100 imp. CryC,-NiCrMoNb 1000 imp. CryC;-NiCrMoNb 10 000 imp. CryC,-NiCrMoNb 100 000 imp.
200 N 200 N 200 N 200 N

Figure 4. Comparison of the loading curves and impact craters of the studied coatings. The case for
impact load of 200 N. Dotted lines were added as a visual guide.

Observed volumes of the impact craters of the Cr3C,-50%NiCrMoNDb coating (black marks) were
slightly higher than the volume of the Cr3C,-25%NiCr coating (red marks). Transition to the Zone III
(rapid increase of the impact crater volume) occurred in the case of Cr3C,-25%NiCr coating earlier
than in the case of the Cr3C,-50%NiCrMoNb coating. Thus, the critical number of impacts of the
Cr3C,-25%NiCr coating was, for impact load 200 N, lower than the critical number of impacts of
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the Cr3C,-50%NiCrMoNb coating. Impact craters of the Cr3C,-25%NiCr and Cr3C,-50%NiCrMoNb
coatings related to the 100, 1000, 10,000, and 100,000 impacts and an impact load of 200 N are also
depicted in Figure 4. One can see that the dimension of the Cr3C,-50%NiCrMoNb impact craters was
slightly higher than the dimension of Cr3C,-25%NiCr craters.

The loading curves of the Cr3C-25%NiCr and Cr3C,-50%NiCrMoNDb coatings obtained with a load
of 600 N are depicted in Figure 5. Volumes of the impact craters of both coatings in Zones I and II were
comparable. The rapid increase of the impact crater volume of the Cr3C;,-25%NiCr coating (red marks)
was observed at a lower number of impacts than for the Cr3C,-50%NiCrMoNb coating (black marks).
Moreover, the impact craters of the Cr3Cy-25%NiCr coating created by > 10,000 impacts exhibited
a large dispersion of the volume. Impact craters of the Cr3C,-25%NiCr and Cr3C,-50%NiCrMoNb
coatings related to the 100, 1000, 10,000, and 100,000 impacts and a load of 600 N are also depicted
in Figure 5.
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Figure 5. Comparison of the loading curves and impact craters of the studied coatings. The case for
impact load of 600 N. Dotted lines were added as a visual guide.

Craters related to 100,000 impacts are depicted with twice the magnification of the others.
The impact crater of the Cr3C,-25%NiC coating related to the 100,000 impacts was much larger than
the corresponding impact crater of the Cr3C,-50%NiCrMoNDb coating. Parallel microcracks through all
micrographs in the case of the Cr3C;-50%NiCrMoND coating are artefacts of mechanical damage of
the coating.

Both the tested coatings exhibited radial cracking on the edge of the impact crater. The microcracks
spread and expanded as the number of impacts increased. The dynamics of microcrack spreading can
be explained using Figure 6.
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CrsC,-NiCr 500 imp. CryC,-NiCr

600 N 600 N

Figure 6. Dynamics of the microcracks spreading illustrated on the Cr3C,-25%NiC coating.

The impact craters of the Cr3C-25%NiC coating related to 500, 5000, and 50,000 impacts are
shown. At first, small radial microcracks were created on the edge of the impact crater (A). As the
number of impacts increased, the number of radial microcracks grew and the size of the microcracks
achieved the order of 100 um (B). With further increase of impacts and thereby the amount of energy
from the tester, the microcracks stopped to spread in the radial direction and tended to ramify (C).
Some microcracks connected and created a closed area (D).

The first cracking, in the case of the dynamic load of 200 N, was observed in both coatings
after 500 impacts. Both coatings exhibited similar microcrack size and density at the high number of
impacts. However, in the case of the impact load of 600 N, the dynamics of microcrack spreading
were different. The Cr3C;-25%NiCr coating exhibited the first indication of cracking after 10 impacts
and after 50,000 impacts (see Figure 6) the 100-200 um length microcracks ramified and connected
themselves. On the other hand, the Cr3C,-50%NiCrMoNDb coating exhibited the first indication of
cracking after 500 impacts, and more than 300 pm length microcracks tended to create a connection at
250,000 impacts.

The process of evaluation of the critical number of impacts had to be slightly modified for the
thick HVOF-sprayed coatings. The critical number of impacts, in the case of the thin PVD coatings,
is estimated as the highest number of impacts before coating failure, like delamination or revealing
of the substrate [19-22,30,31]. Such a critical number of impacts corresponds to the beginning of
Zone [T in the loading curve. In the case of HVOF-sprayed coatings, the critical number of impacts was
estimated also as a beginning of Zone III in the loading curve. However, in the case of the observed
large dispersion of the value of impact crater volume as shown in Figure 5, the critical number of
impacts was estimated as the highest number of impacts before this large dispersion occurred. A similar
methodology was used to evaluate the critical crater volumes for both coatings, tested at all of the
impact loads.

Profiles of the impact craters of the Cr3C,-25%NiCr coating formed by the 100, 1000, 10,000,
and 100,000 impacts are compared in Figure 7.
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Figure 7. Profiles of the impact craters of the Cr3C;p-25%NiCr coating. Comparison of the impact loads
of (a) 200 N and (b) 600 N.
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All profiles are related to craters depicted in Figures 4 and 5. Impact craters created by an impact
load of 200 N (Figure 7a) and 100,000 impacts exhibited only small pile-ups on the edge of the impact
craters. Since the depth of the impact crater was ~ 1% of the coating thickness, observed pile-ups
were induced by the material transport rather than by the substrate deformation. Similarly, only small
pile-ups were detected in the case of impact craters created by the load of 600 N (Figure 7b). The rapid
increase of the impact crater after 100,000 impacts in Figure 7b corresponds to the rapid increase of the
crater volume in Figure 5. The profile of this impact crater was considerably rougher in comparison to
the other profiles.

Profiles of the impact craters of the Cr3C,-50%NiCrMoNDb coating created by the 100, 1000, 10,000,
and 100,000 impacts are shown in Figure 8.
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Figure 8. Profiles of the impact craters of the Cr3C,-50%NiCrMoNDb coating. Comparison of the impact
loads of (a) 200 N and (b) 600 N.

As in the previous case, all profiles are related to craters depicted in Figures 4 and 5. Craters formed
under animpactload of 200 N (Figure 8a) and 10,000 and 100,000 impacts exhibited huge pile-ups on their
edges. Similarly, craters prepared using an impact load of 600 N (Figure 8b) and by 10,000 and 100,000
impacts exhibited considerable pile-ups. Profile of the impact crater of the Cr3C,-50%NiCrMoNb
coating prepared with a load of 600 N and 100,000 impacts was smooth in comparison with the
corresponding impact crater of the Cr3C,-25%NiCr coating.

It was shown that the bonding of carbide Cr3C, grains to the surrounding NiCr matrix in
the Cr3C,-25%NiCr coating is a critical point with respect to the coating’s wear resistance [4,5].
The formation of microcracks along the carbide grain boundaries and pulling-out of individual grains
during wear tests were observed [2,7], leading to loss of coatings material. Therefore, we assume
that the observed coarse profile of the crater prepared by the impact load of 600 N and 100,000
impacts (Figure 7b) in the Cr3C,-25%NiCr coating also resulted from the pulling-out of carbide
grains. This can be explained as follows: when the number of impacts (or energy supplied from
tester into the tested system) is sufficiently high, the stress in the material tends to form microcracks.
Microcracks spread along the grain boundaries and cause the pulling-out of grains. Moreover, due to
the random structure, microcracks also spread in random directions and pull-out a random amount of
material. Thus, the volume of the crater was not the same for the same number of impacts and the
average value of the volume of such impact craters exhibited large dispersion. This was observed in
the case of the Cr3C,-25%NiCr coating and the load of 600 N (see Figure 5).

This claim is in good agreement with the dynamic of microcrack spreading observed at the surface
of the coating and described above. The surface microcracks on the Cr3C,-25%NiCr coating prepared
by the impact load of 600 N tended to connect at 50,000 impacts and create a closed area which can be
easily pull-out. This microcrack spreading and thereby amount of this closed area is random and thus,
the average value of the volume of such impact craters, exhibits a large dispersion.
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A critical number of impacts of both coatings was determined for all the impact loads used—
150 N, 200 N, 400 N, and 600 N. Dependence of the N¢ on the impact load, the Wohler-like curve,
is depicted in Figure 9.
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Figure 9. Dependence of the critical number of impacts on the used impact load. Comparison of the
Cr3C,-25%NiCr and Cr3C,-50%NiCrMoNDb coatings. Dotted lines were added as a visual guide.

The Cr3C,-25%NiCr coating (red marks) exhibited a lower impact load limit than the coating
Cr3C2-50%NiCrMoND (black marks). The difference in the impact load limit was the most distinct in
the impact load of 600 N. The difference in the impact load limits became smaller as the impact load
decreased. Finally, for the impact load of 150 N, the impact lifetime of both coatings was comparable.

A possible explanation of the different impact lifetimes is based on the different microstructure of
the tested coatings. The coating Cr3C,-50%NiCrMoNDb exhibited a higher number of soft matrices.
Thus, energy supplied from tester to the coating was dissipated at first in the form of deformation and
transport of material (pile-ups observed in Figure 8). The formation of microcracks required more
energy, i.e., a higher number of impacts. On the other hand, the Cr3C,-25%NiCr coating exhibited
a lower number of matrices and the possibility of material transport was limited. Supplied energy was
rather dissipated into the formation of microcracks and the pulling-out of material. This resulted in
a rapid increase in the impact crater volume at the lower number of impacts than in the case of the
Cr3Cy-50%NiCrMoND coating. Thus, the Cr3C;-50%NiCrMoNDb coating exhibited a higher critical
number of impacts than the Cr3C,-25%NiCr coating.

The amount of energy supplied from tester to the tested system decreased with decreasing impact
load. In the case of the lowest impact load of 150 N, the amount of supplied energy was insufficient to
the formation of microcracks or even to the induction of material transport. Therefore, no differences
in the impact load limit of both coatings were observed in case of the lowest impact load.

4. Conclusions

Impact wear of two HVOF-sprayed coatings—the Cr3C,-25%NiCr and the Cr3C,-50%NiCrMoNb—
were investigated. The impact loads of 150 N, 200 N, 400 N, and 600 N were used. The results can be
summarized as follows:
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The critical number of impacts of the thick HVOF-sprayed coatings was estimated using the
loading curve and dispersion of values of the average volume of the impact crater.

Observed dispersion of values of the average volume of the impact crater was the consequence of
the different spread of microcracks in the coatings.

The Cr3C,-50%NiCrMoNDb coating exhibited, under the impact load of 200 N, a higher volume of
impact craters, and the impact lifetime was nevertheless higher than for the Cr3Cp-25%NiCr coating.
The Cr3C,-50%NiCrMoNDb coating exhibited higher impact lifetime than the Cr3C;-25%NiCr
coating, probably due to the higher number of ductile metallic matrices.

The difference between the impact lifetimes of the coatings was the most pronounced at high
impact loads.
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Abstract: Atmospheric plasma spraying (APS) was taken to fabricate the NiCrAlY coating.
The corrosion-wear properties of NiCrAlY coating was measured respectively under deionized
water, artificial seawater, NaOH solution and HCl solution. Experimental results presented that
the as-sprayed NiCrAlY coating consisted of NizAl, nickel-based solid solution, NiAl and Y,03.
In deionized water, the coating with the lowest corrosion current density (icorr) of 7.865 X 1078 A/em?
was hard to erode. Meanwhile, it presented a lower friction coefficient and the lowest wear rate. In HCI
solution, NiCrAlY coating gave the highest corrosion current density (icor) of 3.356 X 107¢ A/cm? and
a higher wear rate of 6.36 X 107® mm?®Nm. Meanwhile, the emergence of A(OH); on the coating
surface could reduce the direct contact between the counter ball and sample effectively, which was
conducive to the lowest friction coefficient of 0.24.

Keywords: corrosion-wear performance; dense structure; corrosion potential; corrosion rate;
worn surface

1. Introduction

In engineering fields, wear often occurs under different corrosive circumstances leading to the
degradation rate of engineering parts [1]. For instance, some mechanical parts utilized in the marine
atmosphere, pulping and mining, suffer the collaborative destruction of corrosion and wear [2-6].
Meanwhile, the synergism of corrosion and wear decreases the service life of the material. In the
process of friction, the passive film on the worn surface could be destroyed by friction force and the
new passive film is hard to form, which would make the material suffering more serious damage.
Normally, the corrosion-wear material loss is greater than the sum of corrosion and wear. Therefore,
it is very imperative to improve the corrosion-wear resistance property of mechanical parts in different
corrosive environments. To meet this requirement, the protective coatings are applied to protect
the mechanical parts without changing the external structure. MCrAlY (M = Cobalt and/or Nickel)
alloys with excellent oxidation resistance, corrosion resistance and wear resistance performance
have been widely used in nuclear power, automotive and marine industries acting as the protective
coatings [1,7-15]. J. Chen et al. investigated the tribocorrosion behavior of NiCoCrAlYTa coating
in corrosion. The results showed that this kind of coating presented an extremely dense structural
characteristic and excellent tribological performance in NaOH and HCl solutions [1]. M. Marcu et al.
studied the microstructure and oxidation resistance of as-sprayed NiCrAlY/Al,O3 coating. The results
presented that the as-sprayed NiCrAlY/Al,O3 coating has the best cyclic oxidation resistance with an
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oxidation rate of 2.62 x 10712 gZ:cm™*s! at high temperature and good adhesion during the cyclic

oxidization treatment [8]. Current researches mainly focus on the oxidation resistance, corrosion,
mechanical and tribological performance of the coatings [16-22]. These materials are also used for
reciprocating parts in corrosive environments [23], so the research of the wear-corrosion resistance
is still important in the process of sliding. However, few researches pay attention to the synergy of
corrosion and wear [24], and its mechanism is still unclear.

In this work, the tribocorrosion properties of NiCrAlY coating were studied and the synergistic
mechanisms between wear and corrosion in different corrosive environments were discussed in detail.
The objective of this paper is to research how corrosive environments affect the tribological behavior of
NiCrAlY coating and the interaction degree between corrosion and wear. This research would provide
usable direction to the NiCrAlY coating application in corrosive environments.

2. Materials and Methods

2.1. Coating Preparation

Gas atomized spherical NipCrpAl oY (wt.%) powder (53-106 pm) was bought from Sulzer Metco
(Winterthur, Switzerland). The NiCrAlY coating was prepared by atmospheric plasma spraying (APS).
The Inconel 718 alloy was sand-blasted, then ultrasonically cleaned with ethanol before spraying.
The coating thickness was about 300 pm. The specific spraying parameters presented were: flow rate
of Ar was 40 L/min; flow rate of H, was 5 L/min; spraying angle was 90°; feed rate of the powder was
42 g/min; voltage was 60 V; the current was 500 A and spray distance was 110 mm.

2.2. Characterization

The micromorphologies of cross-section and worn surface of this coating were measured by
field emission scanning electron microscopy (FE-SEM, Tescan Mira 3, Bron, Kohoutovice, Czech
Republic). A Philips X'Pert-MRD X-ray diffractometer (XRD; Cu-K, radiation, current 150 mA,
potential 40 kV, Philips, Eindhoven, The Netherlands) was utilized to analyzed phase composition.
The phase compositions on the worn surface were analyzed by Czemy-Tumer Labram HR800 Raman
spectrometer (Horiba, Paris, France).

2.3. Tribocorrosion Tests

The tribocorrosion experiments were tested in deionized water (pH = 7), artificial seawater
(pH = 8.2), 0.1 M NaOH solution (pH = 13) and 0.1 M HCl solution (pH = 1), with reciprocating
ball-on-disk tribometer (UMT, Karlsruhe, Germany). The schematic diagram is shown in Figure 1.
The polytetrafluoroethylene (PTFE) does not corrode as it is chemically inert to corrosion. So it acted
as the solution cell material. The Al,O3 ceramic ball acted as the counter ball, whose diameter was
5 mm. Before the friction experiment, the surface of the coating was burnished till the roughness close
to 0.5 um. The tests were performed at the conditions below: room temperature, 5 N normal load,
0.8 mm/s sliding speed, 3.5 mm amplitude and 60 min duration. Repeated experiments were tested in
every corrosive environments. The color 3D laser scanning microscope (VK-9710, Keyence, Osaka,
Japan) and SEM were utilized to analyze the worn surface. The wear rate was got by W = V/LF, where
W represented the wear rate (mm>/Nm), V represented the wear volume loss (mm°3), L represented the
sliding distance (m) and F represented the load (N).
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Figure 1. Reciprocating ball-on-disc tribometer schematic diagram.

3. Results and Discussions

3.1. Morphology and Composition of Powders and NiCrAlY Coating

Figure 2 presents the SEM micromorphology and XRD pattern of NiCrAlY powder. The spherical
shape powder with a size of 53-106 um (Figure 2a) exhibits satisfactory flowability and thus it is very
beneficial to the feeding rate in the process of spraying [25]. The results of the XRD pattern show
that the NiCrAlY powder composes of NizAl, NiAl and nickel-based solid solution and has high
crystallinity (Figure 2b).
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Figure 2. SEM micromorphology (a) and XRD pattern (b) of NiCrAlY powder.

Figure 3 presents the SEM morphology of the cross-section and diffraction pattern of NiCrAlY
coating. The coating contains some cracks and pores. Meanwhile, every phase combines well
and between any two phases have no evident cracks (Figure 3a). Compared with the NiCrAlY
powder (Figure 3b), a new phase of Y,03 formed on the coating, which could obviously increase the
microhardness and strength [26].
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Figure 3. SEM morphology of (a) cross-section and (b) XRD pattern of NiCrAlY coating.
3.2. Electrochemical Performance of NiCrAlY Coating

Figure 4 gives the potentiodynamic polarization curves of NiCrAlY coating sliding conditions
in different corrosive solutions. Key test parameters such as the corrosion potential (Eco), corrosion
current density (icorr), anodic and cathodic Tafel slopes (f; and f3.) are obtained from Figure 4 and
shown in Table 1. The polarization resistance value (Ry) is calculated by Stern-Geary equation:

Ba X Pe

Ry = 2.303icorr (a + Be) )

Deionized water

Artificial seawater
93 0.1 M HCl
0.1 M NaOH

g v — r
-0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
Potential (V)

Figure 4. Potentiodynamic polarization curves of NiCrAlY coating sliding conditions in different
corrosive solutions.

Results indicate that the corrosion potential (Ey) of NiCrAlY coating under deionized water
is the highest of —0.428 V (vs. SCE). However, the Ey of the coating in artificial seawater, HCI
and NaOH shift to —0.516 V (vs. SCE), —=0.559 V (vs. SCE) and —0.535 V (vs. SCE) respectively.
Simultaneously, the corrosion current density (icorr) of this coating in deionized water shows the
lowest of 7.865 x 1078 A/cm?. Generally speaking, corrosion current density, whose rate is often used
as corrosion rate, is a crucial reference to evaluate corrosion resistance [13,27]. Therefore, the coating
under deionized water with the lowest corrosion rate is hard to corrode. The coating in HCI presenting
the highest corrosion current density is very easy to be corroded. At the same time, the coating in
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deionized water has the highest f,, B and R, of 0.072 V/dec, 0.049 V/dec and 1.610 x 105 Q) respectively,
which further illustrates that the coating in deionized water holds a good corrosion resistance.

Table 1. Corrosion parameters of NiCrAlY coating from potentiodynamic polarization curves.

gg{i‘t’z;’; Ecorr (V,v5. SCE)  ico (Afem® P (V/ded  —fc (V/ded R, (Q)
Deionized water —-0.428 7.865 x 1078 0.072 0.049 1.610 x 10°
Artificial seawater -0.516 8.986 x 1077 0.043 0.042 1.027 x 10*
0.1 M HCl —0.559 3.356 x 107° 0.036 0.039 2.422 % 103
0.1 M NaOH —-0.535 1.039 x 1076 0.039 0.038 8.044 x 103

3.3. Tribological Behavior of NiCrAlY Coating

Figure 5 shows the friction curves and wear rate of NiCrAlY coating in different corrosive solutions.
The friction coefficient (COF) of the coating under the NaOH solution was the highest, with a value of
0.46. In artificial seawater and deionized water, it was 0.37 and 0.26, respectively. Surprisingly, the COF
reduced to 0.24 and remains steady in HCl solution. Nevertheless, the NiCrAlY coating has a high
wear rate (WR) of 6.36 x 107® mm3/Nm in the HCI solution. This phenomenon is likely to show the
high corrosion rate of coating in HCl solution (Figure 4). The synergistic effect of corrosion and wear
in a corrosive environment leads to the loss of large material, which usually larger than the synergistic
effect of the sum of corrosion and wear [28,29]. So, the coating under the HCl solution presents a more
obvious wear rate. The coating in the NaOH solution has the highest wear rate of 6.89 x 107 mm?®/Nm.
At the same time, the coating in deionized water gives the lowest WR of 2.36 x 10% mm?®/Nm, which
is caused by the lowest corrosion rate of coating in deionized water (Figure 4).
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Figure 5. Friction curves (a) and wear rate (b) of NiCrAlY coating in different corrosive solutions.

Figure 6 presents the 2D and 3D configurations of NiCrAlY coating worn surfaces in different
corrosive solutions. The worn surface has the shallowest and narrowest friction trace in deionized
water (Figure 6a,e). Therefore, the COF and WR are lower (Figure 5). It further illustrates that the
coating in deionized water shows excellent corrosion and wear resistance. The worn surface of NiCrAlY
coating in HCI corrosive solution is very rough and has serious corrosion (Figure 6c). So, the coating
obtains high WR under HCI corrosive solution (Figure 5). The worn track of NiCrAlY coating in
NaOH corrosive solution is the deepest and widest (Figure 6d,f). Therefore, this coating has the worst
tribological performance (Figure 5).
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Figure 6. 2D and 3D configurations of NiCrAlY coating worn surfaces in different corrosive solutions:
(a) deionized water, (b) artificial seawater, (¢) HCI solution and (d) NaOH solution; (e) 2D profiles of A
and B regions; (f) 2D profiles of C and D regions.

To further research the influence of corrosive solution upon the corrosion-wear property of
NiCrAlY coating, Raman analysis is tested. Figure 7 shows the Raman spectra of the worn surface of
NiCrAlY coating in different corrosive solutions. The Al,O3, Cr,O3 and NiO are the main phases on
the worn surface of NiCrAlY coating after sliding in deionized water, artificial seawater and NaOH
solution. Nevertheless, the worn surface of NiCrAlY coating observes the new phase of AI(OH)3
after sliding in HCI corrosive solution [30]. The results indicate that the NiCrAlY coating has suffered
serious corrosion in the HCl corrosive solution because of the existence of stronger and more numerous
peaks [1]. The corrosion products are easily worn out during the friction process. So the wear rate of
the coating under HCl solution is very high (Figure 5).
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Figure 7. Raman spectra of worn surface of NiCrAlY coating in different corrosive solutions.
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3.4. Lubrication Behavior of AIl(OH)z on NiCrAlY Coating in HCI Solution

Figure 8 shows the corrosion-wear mechanisms of NiCrAlY coating in the HCl solution. The surface
becomes very smooth because the corrosion-wear effect with the mix of oxides and hydroxides formed
by electrochemical reactions (Figures 6 and 7). In terms of the potential values, aluminum is the least
noble element and the order of potentials follows Ni > Cr > Al [1]. So the aluminum element is more
likely to be corroded at first. The following electrochemical reactions could explain the process of
Al(OH)3 formation:

Al — AI3" +3e” )
2H" +2¢” — H, (3)
H,0 + 2~ — H, +20H" 4)
Al3T +30H™ — Al(OH), 5)

" AlO,+H*+H,0—Al(OH), \

Al —AP™+3e
2H™2e- —H,
® | H,0+2¢ —H,+20H
i, APBT+30H —Al(0H),
: 7 AP*+40H—2H,0+AlO,
NiCrAlY coating : NiCrAlY coating 2Cr+3H,0—Cr,0;+6H"+6e

Corrosion-wear

Figure 8. Schematic diagram of corrosion-wear mechanisms of NiCrAlY coating in HCl solution.

Terryn et al. [31] illustrated that the generation of AI(OH)j; is related to local pH changes in the
hydrogen reduction region. Hence, the AI(OH)3 could be formed where the hydrogen evolution occurs.
Furthermore, when the local pH rises to above 9, APt jons will react with excessive OH™ ions and
forms aluminate anions [1]. Aluminate anions cannot maintain stable in HCI corrosive solution and
will precipitate as AI(OH)3 (Figure 8). This reaction can be described as follows:

Al3" +40H™ — AlO;™ +2H,0 (6)

AlO;” + HT + H,O — Al(OH), 7)

Thus, it inexistences the AI(OH); on the worn surface of NiCrAlY coating in NaOH solution in
the process of sliding but the following reaction [32]:

2A1 4 20H" + H,O — 2A10,” + 2H, ®)

Of course, in addition to the Al dissolution, according to the standard of electrode potentials,

Cr element is also dissolved at the anodic cycle and is electrochemically oxidized to Cr,O3, which is

well consistent with the micro-Raman results (Figure 7) [1]. The oxidation reaction process can be
illustrated as follows [30]:

2Cr 4+ 3H,0 — Cr,03 + 6H' + 6~ )
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The above oxidation reactions and metal dissolution explain the smooth surface. Al(OH); can be
evenly distributed on the smooth worn surface and effectively reduce the direct contact of counter ball
and sample. At the same time, the frictional shear stress can form the lubricating layer on the worn
surface, which can obviously reduce the friction coefficient of coating in HCI corrosive solution [1].
Therefore, the COF of NiCrAlY coating in the HCI corrosive solution is the lowest of 0.24 (Figure 5).

4. Conclusions

In this work, the corrosion-wear properties of NiCrAlY coating were studied under deionized
water, artificial seawater, 0.1 M HCI solution and 0.1 M NaOH. The main conclusions are given
as follows:

(1) The NiCrAlY coating is composed of NizAl, nickel-based solid solution, NiAl and Y,Os3.

(2) In deionized water, the NiCrAlY coating with the lowest corrosion current density of
7.865 x 1078 A/cm? is hard to erode. Meanwhile, it presents a lower friction coefficient and
the lowest wear rate.

(3) In HCI corrosive solution, the coating gives the highest corrosion current density (icorr) of
3.356 x 107 A/cm? and a higher wear rate of 6.36 x 107 mm?3/Nm.

(4) In HCI corrosive solution, the emergence of AI(OH); on the coating surface could reduce the
direct contact between the counter ball and sample effectively, which is conducive to the lowest
friction coefficient of 0.24.

Author Contributions: Data curation, Y.K.; Formal analysis, S.Z.; Project administration, Y.G.; Resources, Q.Z.;
Software, Y.L.; Visualization, H.G.; Writing—original draft, B.L.; Writing—review & editing, C.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
51805408, 51665026), the Natural Science Foundation of Shaanxi Province (Grant No. 2019JQ-283), the China
Postdoctoral Science Foundation (Grant No. 2019M653597), the Shaanxi Province Postdoctoral Science Foundation,
the Fundamental Research Funds for Central Universities (Grant No. xzy012019010, xtr0118008), the Guangxi
Innovation Driven Development Project (Grant No. GUIKEAA18242001) and the Guangdong Province Key Area
R&D Program (Grant No. 2019B010942001).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Liu, X;; An, Y;; Li, S;; Zhao, X.; Hou, G.; Zhou, H.; Chen, J. An assessment of tribological performance on
NiCoCrAlYTa coating under corrosive environments. Tribol. Int. 2017, 115, 35-44. [CrossRef]

2. Ma,F;LiJ; Zeng, Z.; Gao, Y. Structural, mechanical and tribocorrosion behaviour in artificial seawater of
CrN/AIN nano-multilayer coatings on F690 steel substrates. Appl. Surf. Sci. 2018, 428, 404-414. [CrossRef]

3. Huttunen-Saarivirta, E.; Kilpi, L.; Hakala, T.].; Carpen, L.; Ronkainen, H. Tribocorrosion study of martensitic
and austenitic stainless steels in 0.01 M NaCl solution. Tribol. Int. 2016, 95, 358-371. [CrossRef]

4. Wang, C,; Ye, Y;; Guan, X.; Hu, J.; Wang, Y.; Li, J. An analysis of tribological performance on Cr/GLC film
coupling with SizNy, SiC, WC, Al,O3 and ZrO, in seawater. Tribol. Int. 2016, 96, 77-86. [CrossRef]

5. Liu, X;; An, Y;; Zhao, X,; Li, S.; Deng, W.; Hou, G.; Ye, Y.; Zhou, H.; Chen, J. Hot corrosion behavior of
NiCoCrAlYTa coating deposited on Inconel alloy substrate by high velocity oxy-fuel spraying upon exposure
to molten V,O5-containing salts. Corros. Sci. 2016, 112, 696-709. [CrossRef]

6.  Meng, Y, Su, F; Chen, Y. Nickel/Multi-walled Carbon Nanotube Nanocomposite Synthesized in Supercritical
Fluid as Efficient Lubricant Additive for Mineral Oil. Tribol. Lett. 2018, 66, 134. [CrossRef]

7. Pereira, J.; Zambrano, J.; Afonso, C.; Amigo, V. Microstructure and mechanical properties of NiCoCrAlYTa
alloy processed by press and sintering route. Mater. Charact. 2015, 101, 159-165. [CrossRef]

8. Anghel, E.;; Marcu, M.; Banu, A.; Atkinson, I.; Paraschiv, A.; Petrescu, S. Microstructure and oxidation
resistance of a NiCrAlY/Al,O3-sprayed coating on Ti-19A1-10Nb-V alloy. Ceram. Int. 2016, 42, 12148-12155.
[CrossRef]

24



Materials 2020, 13, 1864

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bolelli, G.; Candeli, A.; Lusvarghi, L.; Ravaux, A.; Cazes, K.; Denoirjean, A.; Valette, S. Tribology of
NiCrAlY+Al,O3 composite coatings by plasma spraying with hybrid feeding of dry powder + suspension.
Wear 2015, 344345, 69-85. [CrossRef]

Eriksson, R.; Yuan, K.; Li, X.; Peng, R. Corrosion of NiCoCrAlY Coatings and TBC Systems Subjected to
Water Vapor and Sodium Sulfate. J. Therm. Spray Technol. 2015, 24, 953-964. [CrossRef]

Habib, K.; Damra, M.; Carpio, J.; Cervera, I.; Saura, J. Performance of NiCrAlY Coatings Deposited by
Oxyfuel Thermal Spraying in High Temperature Chlorine Environment. J. Mater. Eng. Perform. 2014, 23,
3511-3522. [CrossRef]

Li, B.; Gao, Y;; Jia, J.; Han, M.; Guo, H.; Wang, W. Influence of heat treatments on the microstructure as well
as mechanical and tribological properties of NiCrAlY-Mo-Ag coatings. J. Alloy. Compd. 2016, 686, 503-510.
[CrossRef]

Liu, X.; Zhao, X.; An, Y,; Hou, G; Li, S.; Deng, W.; Zhou, H.; Chen, ]. Effects of loads on corrosion-wear
synergism of NiCoCrAlYTa coating in artificial seawater. Tribol. Int. 2018, 118, 421-431. [CrossRef]

Peng, X; Jiang, S.; Gong, J.; Sun, X.; Sun, C. Preparation and Hot Corrosion Behavior of a NiCrAlY + AINiY
Composite Coating. J. Mater. Sci. Technol. 2016, 32, 587-592. [CrossRef]

Yaghtin, A.; Javadpour, S.; Shariat, M. Hot corrosion of nanostructured CoNiCrAlYSi coatings deposited by
high velocity oxy fuel process. J. Alloy. Compd. 2014, 584, 303-307. [CrossRef]

Bakhsheshi-Rad, H.; Hamzah, E.; Ismail, A.; Daroonparvar, M.; Yajid, M.; Medraj, M. Preparation and
characterization of NiCrAlY/nano-YSZ/PCL composite coatings obtained by combination of atmospheric
plasma spraying and dip coating on Mg-Ca alloy. J. Alloy. Compd. 2016, 65, 440-452. [CrossRef]

Demian, C.; Denoirjean, A.; Pawlowski, L.; Denoirjean, P.; Ouardi, R. Microstructural investigations
of NiCrAlY+Y,0O; stabilized ZrO, cermet coatings deposited by plasma transferred arc (PTA).
Surf. Coat. Technol. 2016, 300, 104-109. [CrossRef]

Li, B; Jia, ], Han, M.; Gao, Y.,; Wang, W.; Li, C. Microstructure, mechanical and tribological
properties of plasma-sprayed NiCrAlY-Mo-Ag coatings from conventional and nanostructured powders.
Surf. Coat. Technol. 2017, 324, 552-559. [CrossRef]

Liu, Y.; Hu, X,; Zheng, S.; Zhu, Y.; Wei, H.; Ma, X. Microstructural evolution of the interface between NiCrAlY
coating and superalloy during isothermal oxidation. Mater. Des. 2015, 80, 63-69. [CrossRef]

Tahari, M.; Shamanian, M.; Salehi, M. Microstructural and morphological evaluation of MCrAlY/YSZ
composite produced by mechanical alloying method. J. Alloy. Compd. 2012, 525, 44-52. [CrossRef]

Wang, J.; Chen, M.; Yang, L.; Zhu, S.; Wang, F. Comparative study of oxidation and interdiffusion behavior of
AIP NiCrAlY and sputtered nanocrystalline coatings on a nickel-based single-crystal superalloy. Corros. Sci.
2015, 98, 530-540. [CrossRef]

Chen, J.; Cheng, J.; Zhu, S.; Tan, H.; Qiao, Z.; Yang, J. Tribological Behaviors of Cu/AIMgB;4 Composite
Under Deionized Water and Liquid Paraffin. Tribol. Lett. 2018, 67. [CrossRef]

Espallargas, N.; Mischler, S. Tribocorrosion behaviour of overlay welded Ni-Cr 625 alloy in sulphuric and
nitric acids: Electrochemical and chemical effects. Tribol. Int. 2010, 43, 1209-1217. [CrossRef]

Shan, L.; Wang, Y.; Zhang, Y.; Zhang, Q.; Xue, Q. Tribocorrosion behaviors of PVD CrN coated stainless steel
in seawater. Wear 2016, 362363, 97-104. [CrossRef]

Chen, J.; An, Y,; Yang, J.; Zhao, X,; Yan, F; Zhou, H.; Chen, J. Tribological properties of adaptive
NiCrAlY-Ag-Mo coatings prepared by atmospheric plasma spraying. Surf. Coat. Technol. 2013, 235,
521-528. [CrossRef]

Cai, B;; Tan, Y.; Tan, H.; Jing, Q.; Zhang, Z. Tribological behavior and mechanism of NiCrBSi-Y,O3 composite
coatings. Trans. Nonferrous Met. Soc. China 2013, 23, 2002-2010. [CrossRef]

Zhang, R.; Wang, H.; Xing, X.; Yuan, Z.; Yang, S.; Han, Z.; Yuan, G. Effects of Ni addition on tribocorrosion
property of TiCu alloy. Tribol. Int. 2017, 107, 39-47. [CrossRef]

Buciumeanu, M.; Bagheri, A.; Souza, J.; Silva, E; Henriques, B. Tribocorrosion behavior of hot pressed
CoCrMo alloys in artificial saliva. Tribol. Int. 2016, 97, 423-430. [CrossRef]

Mischler, S. Triboelectrochemical techniques and interpretation methods in tribocorrosion: A comparative
evaluation. Tribol. Int. 2008, 41, 573-583. [CrossRef]

Huang, E.; Li, A.; Xu, J.; Chen, R.; Yamanaka, T. High-pressure phase transition in AI[(OH)3: Raman and
X-ray observations. Geophys. Res. Lett. 1996, 23, 3083-3086. [CrossRef]

25



Materials 2020, 13, 1864

31. Terryn, H.; Vereecken, J.; Thompson, G. The electrograining of aluminium in hydrochloric acid-II. Formation
of ETCH products. Corros. Sci. 1991, 32, 73-88. [CrossRef]

32. Wang, Y,; Kong, G.; Che, C. Corrosion behavior of Zn-Al alloys in saturated Ca(OH); solution. Corros. Sci.
2016, 112, 679-686. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

26



o

% materials ﬁw\n\l’y

Atrticle

Improvement of Mechanical Properties of Plasma
Sprayed Al,O3-ZrO,-SiO; Amorphous Coatings by
Surface Crystallization

Jan Medricky 1.2,* Frantisek Lukac !, Stefan Csaki !, Sarka Houdkova 3, Maria Barbosa ¢,
Tomas Tesar 12, Jan Cizek !, Radek Musalek !, Ondrej Kovarik ? and Tomas Chraska !

L Institute of Plasma Physics, The Czech Academy of Sciences, Za Slovankou 1782/3,

Prague 182 00, The Czech Republic; lukac@ipp.cas.cz (F.L.); csaki@ipp.cas.cz (S.C.); tesar@ipp.cas.cz (T.T.);
cizek@ipp.cas.cz (J.C.); musalek@ipp.cas.cz (R.M.); chraskat@ipp.cas.cz (T.C.)

Department of Materials, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University
in Prague, Prague 115 19, The Czech Republic; ondrej kovarik@fjfi.cvut.cz

3 Research and Testing Institute Pilzen, Pilsen 301 00, The Czech Republic; houdkova@vzuplzen.cz

4 Fraunhofer IWS, 01277 Dresden, Germany; maria.barbosa@iws.fraunhofer.de

*  Correspondence: medricky@ipp.cas.cz; Tel.: +420-266-052-931

Received: 14 August 2019; Accepted: 26 September 2019; Published: 2 October 2019

Abstract: Ceramic Al,O3—-ZrO,-S5iO, coatings with near eutectic composition were plasma sprayed
using hybrid water stabilized plasma torch (WSP-H). The as-sprayed coatings possessed fully
amorphous microstructure which can be transformed to nanocrystalline by further heat treatment.
The amorphous/crystalline content ratio and the crystallite sizes can be controlled by a specific
choice of heat treatment conditions, subsequently leading to significant changes in the microstructure
and mechanical properties of the coatings, such as hardness or wear resistance. In this study, two
advanced methods of surface heat treatment were realized by plasma jet or by high energy laser
heating. As opposed to the traditional furnace treatments, inducing homogeneous changes throughout
the material, both approaches lead to a formation of gradient microstructure within the coatings; from
dominantly amorphous at the substrate—coating interface vicinity to fully nanocrystalline near its
surface. The processes can also be applied for large-scale applications and do not induce detrimental
changes to the underlying substrate materials. The respective mechanical response was evaluated by
measuring coating hardness profile and wear resistance. For some of the heat treatment conditions,
an increase in the coating microhardness by factor up to 1.8 was observed, as well as improvement of
wear resistance behaviour up to 6.5 times. The phase composition changes were analysed by X-ray
diffraction and the microstructure was investigated by scanning electron microscopy.

Keywords: amorphous; nanocrystalline; wear resistant; Vickers microhardness; plasma spraying

1. Introduction

Thermally sprayed ceramic coatings are widely used in industry to provide mechanical, chemical
and thermal protection. Coatings are prepared by introducing the feedstock material, most often
in a form of powder, into a hot plasma jet, where it is melted and propelled towards a prepared
substrate. After their impact at the substrate, the molten particles flatten and solidify in a form of
disk-like platelets called splats. Plasma spraying inherently possesses extremely high cooling rates of
the particles, in the range 103-10° K/s, thereby frequently giving rise to a formation of non-equilibrium
phases, microstructures of fine columnar grains [1] or even amorphous phases [2].

Due to its low price as well as good chemical and wear resistance, Al,O5 is often used as
a material of the first choice for protecting metallic parts from wear and corrosion. Additionally, Al,O3
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properties can be further significantly improved when it is mixed with other components. For example,
Al,O3-Y,03 and Al,O3-TiO, composite coatings possess higher wear resistance than pure Al,O3 [3,4],
while the addition of ZrO; increases the coatings’ toughness [5].

Another way to improve the coating properties is a preparation of nanocrystalline or sub-micron
microstructure: nanocrystalline materials are characterized by a microstructural length or grain size
of up to about 100 nm, while microstructure having grain sizes from ~0.1 to 0.3 pum are classified
as submicron materials [6]. It was shown that nanocrystalline materials possess better mechanical
properties than their coarse-grained counterparts [7]. For instance, a nanocrystalline Inconel 718
coating deposited by high velocity oxygen fuel (HVOF) method exhibited a significant increase in
hardness (by approximately 60%) over that of the Inconel 718 control sample [8]. Another results
published in [9] showed that decreasing the grain size of Al,O3 feedstock powder from ~50 um down
to 300 nm increased the tensile adhesion strength of the deposited coating by a factor of three and the
coating wear resistance was increased by a factor of ten. Nanostructured zirconia coatings deposited
by plasma spraying in the study by Chen et al. [10] showed that the wear rates of the nanostructured
coatings were about 40% of those of traditional zirconia coatings under loads from 20 to 80 N. Owing
to these outstanding performances, targeted applications have been successfully implemented for hard
and wear-resistant ceramic coatings in industrial sectors in the past decade [6].

Suspension plasma spraying has been intensively studied as a reliable method of preparation
of coatings with such fine, nanometric-grain microstructure. In the early suspension experiments,
nano-sized particles were used. However, their tendency towards agglomeration as well as associated
difficult handling and potential health risk of using such suspensions [11] triggered a shift to using
sub-micrometric particles instead. Even though the coatings prepared by suspension plasma spraying
route can often surpass the coatings prepared from dry powders [9], their industrial application
remain rather scarce at the moment, owing to difficulties in the coating preparation and relatively
low deposition rate (coating thickness increase per torch pass) compared to dry powder plasma
spraying [12,13].

An alternative approach to preparation of nanocrystalline coatings is based on deposition of
amorphous coatings from coarse powders and their subsequent heat treatment in order to induce
growth of nanocrystalline grains in the microstructure. Deposition of such amorphous microstructures
can be relatively easily implemented through the rapid solidification of the particles in plasma
spraying, provided the cooling rates are sufficiently high to fully suppress crystalline growth. It has
been previously reported that materials with near-eutectic composition can solidify as fully or
partially amorphous solids, and this finding was widely used for preparation of e.g. metallic
glasses [14] or amorphous ceramics, such as Al,O3—Y,03, Al,03-ZrO, and Al,03-ZrO,-S5iO, systems,
as presented in [3,15-19]. Transformation of amorphous coating of the ternary Al,O3-ZrO,-5iO,
system into nanocrystalline coating was successfully reported in our previous studies [19,20], where
an improvement of the mechanical properties was also described. In both studies, amorphous
atmospheric plasma sprayed materials Al,O3-ZrO, and Al,O3-ZrO,-5i0O, were isothermally heat
treated at various temperatures above the crystallization temperature (980 °C), forming nanocrystallites
embedded in the amorphous matrix. Size of the nanocrystallites was strongly dependent on the heat
treatment temperature and resulted in different mechanical properties, such as hardness and flexural
strength [20].

The traditional way of heat treatment of amorphous materials would be furnace treatment;
however, it is not applicable for coatings on metallic substrates because of substrate oxidation, grain
growth and even possible spallation of the coating, caused by the differences in the substrate—coating
coefficients of thermal expansion. In this paper, we present two alternative methods of heat treatment
of amorphous Al,O3—-ZrO,~-SiO; coatings deposited by atmospheric hybrid water stabilized plasma
torch (WSP-H). The study is focused on laser and plasma surface heat treatment techniques, i.e.,
industrially relevant methods with high potential. As opposed to furnace annealing (used as a reference
method for free standing ceramic parts), both of these methods enable on-site modification of the
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coating properties without inducing any detrimental changes to the metallic substrate material and
enable surface heat treatment of large-sized components, such as paper-mill rollers. Upon the treatment,
the phase composition and microstructure changes were evaluated by XRD and SEM, respectively,
and the associated mechanical response of the coating to heat treatment was studied by measuring the
Vickers microhardness and Pin on Disc wear resistance tests.

2. Materials and Methods

Feedstock Al,O3-ZrO,-5i0, ceramic powder was obtained by crushing commercially available
bulk material Eucor (Eutit Ltd., Stara Voda, Czech Republic). The powder was sieved into a sprayable
size distribution with D5y = 89 um, as measured by particle size analyser Mastersizer 3000 (Malvern,
UK). Using the EDX analysis, the near eutectic composition of the feedstock powder was determined as
49% AlyO3, 31% ZrO, and 19% SiO; (all + 2%). The hybrid water stabilized plasma torch WSP-H 500
(ProjectSoft, Hradec Kralove, Czech Republic) was used for plasma spraying onto 5235 steel substrates
with dimensions 50 x 30 x 10 mm?3. The torch was operated at 500 A (~150 kW) and 15 slpm argon
flow rate. In addition to argon, the torch consumes about 20 g/min of demineralized water, which is
evaporated and ionized to supply the plasma with hydrogen and oxygen ions (for detailed information
about spraying with the WSP-H torch, refer to [21,22]). The stand-off distance was set to 350 mm and
powder was injected radially into plasma jet at a feeding distance (i.e., the distance of the powder
injection point from the torch exit nozzle) of 35 mm and powder feed rate of 10 kg/h (167 g/min).

Prior to the deposition, the substrates were grit blasted by alumina grit (Ra = 8.1 + 0.3 um) and
mounted to a revolving carousel. The substrates temperature during the deposition was measured by
infra-red camera TIM160 (Micro-Epsilon, Ortenburg, Germany) facing the substrates’ front side, as well
as by a K-type thermocouple inserted into a hole drilled from the back-side of one of the samples and
reaching 1 mm under the coated surface. The substrates were preheated by 3 cycles of plasma torch
with deactivated powder feeding. To prepare a coating with a 1.5 mm thickness, 11 successive plasma
torch cycles were needed. One deposition cycle consisted of three up and down strokes and was
followed by an extensive cooling. Each deposition cycle was manually triggered when temperature
measured by the thermocouple dropped to 250 °C.

To facilitate an accurate determination of the heat treatment variants” influence, the as-sprayed
coatings were polished down using a P600 diamond disc. Subsequently, the samples were subjected to
one of two methods of surface heat-treatment: laser or plasma. The laser treatment was performed
using a high power diode laser (Laserline GmbH, Muhlheim-Karlich, Germany) with maximal output
power of 9 kW, A = 915-1030 nm, 1000 pm fibre diameter, 400 mm focal length and laser focus diameter
7.5 mm. The laser transverse velocity and power were varied to obtain 15 different laser heat-treatment
conditions in total. On the other hand, high enthalpy plasma generated heat produced by the plasma
torch offers a quick and readily available alternative since the heat treatment can be performed directly
after the coating deposition using the same plasma torch that was used for the coating deposition.
The torch transverse velocity and power were modified, in order to prepare 6 different plasma
heat-treatment conditions. The samples were mounted into a stationary sample holder and heat-treated
by a single pass of the plasma torch at a stand-off distance of 150 mm. A schematic illustration of the
two surface heat-treatment methods is provided in Figure 1.

29



Materials 2019, 12, 3232

\ l| Jv WSP-H
150 |

S0

a) b)
Figure 1. Schematic illustration of samples surface heat-treatment by laser (a) and WSP-H plasma torch (b).

Stripped-off ceramic coatings were then also prepared from the as-sprayed samples by grinding
off the substrates. These coatings were used for measurement of the thermal expansion using vertical
dilatometer Setsys 16/18 (Setaram, Caluire-et-Cuire, France) and to determine the crystallization
onset temperatures using a Bahr STA 504 differential thermal analyser (Bahr, Hullhorst, Germany).
In addition to the two surface heat-treatment methods, complimentary furnace annealing of the
stripped-off ceramic samples was carried out. The furnace Entech EEF 5/16-HV (Entech, Angelholm,
Sweden) was first preheated to the temperature 1050 °C and the samples were then inserted for
a specified time. Such samples, isothermally treated in the whole volume (as opposed to gradient
heating during laser or plasma treatment), were used as a reference set.

Metallographic samples of all specimens were prepared using Tegramin-25 automated polishing
system (Struers, Willich, Denmark). The polished cross-sections were observed using a scanning
electron microscope EVO MA 15 (Carl Zeiss SMT, Oberkochen, Germany) equipped with XFlash
5010 energy-dispersive spectrometer EDX (Bruker, Hamburg, Germany). Porosity of the coating
was evaluated from seven SEM micrographs with nominal magnification 500 using semi-automatic
thresholding procedure in Image] software (National Institutes of Health, Bethesda, MD, USA). Vickers
microhardness profiles were measured on the polished sample cross-sections throughout the coating
thickness using Q10A+ universal hardness tester (Qness, Golling an der Salzach, Austria), using the
load of 300 g and dwell time 10 s. The average value of Vickers microhardness was calculated from
at least 5 indents. Phase composition was evaluated on the free surfaces of the samples by powder
X-ray diffractometer (XRD) D8 Discover (Bruker, Hamburg, Germany), using Cu anode and equipped
with 1D detector. The degree of crystallinity, size of coherently diffracting domains (CDD) and
microstrains were evaluated by quantitative Rietveld analysis of the acquired XRD spectra. Broadening
of the diffraction peaks and background fitting were analysed using TOPAS V5 software (Bruker AXS,
Hamburg, Germany). It was assumed that the effects of small crystallite size and microstrains contribute
to broadening of Lorentzian and Gaussian components of pseudo-Voigt function, respectively [23].

Tribological properties were measured by CSEM High Temperature Tribometer (Anton Paar
GmbH, Graz, Austria) by dry sliding Pin on Disc test according to ASTM G99 05 standard. The tests
were carried out at room temperature, in air atmosphere (31% relative humidity) without lubrication
using alumina counterpart ball (6 mm diameter) with 10 N normal load, 0.1 m-s~! speed and measured
distance of 110 m in 5000 cycles (track radius 3.5 mm). The wear tracks profiles were measured by
profilometer P-6 Profiler (KLA-Tencor, Milpitas, CA, USA), at four different places, and the wear
volume was calculated.
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3. Results

3.1. As-Sprayed Samples

Cross-sections, prepared from the as-sprayed coating, were analysed using SEM in Back Scattered
Electron (BSE) mode to observe the microstructure and overall coating quality. As seen from Figure 2a,
the coatings evenly covered the substrate and adhered well to it with neither delaminations nor vertical
cracks observed. The average chemical composition of the coating in wt.%, as evaluated by EDX,
was: 51 + 1 Al,O3, 33 + 2 ZrO,, 13 + 1 SiO,, with traces of Fe- and Na-oxides. From the magnified
view in Figure 2b, it can be observed that individual splats differed significantly in the shade of grey,
which is caused by variations of their chemical composition. The brighter the splat, the more ZrO; it
contains, while darker splats are richer in Al;O3, as was confirmed by EDX analysis (see Figure 3).
Apart from the compositional variations of the splats, some unmelted feedstock particles were observed
embedded in the as-sprayed coating. These particles can be easily recognized by their original eutectic
microstructure (Figure 2b), which was retained from the feedstock powder. The amount of unmelted
particles within the coating was 4.4 + 0.9%, as evaluated by the image analysis. The magnified view
also shows short micro cracks within the coating, with an average length of about 80 pm. The total
porosity of the as-sprayed coating, as evaluated by the image analysis, was 4.7 + 0.2% and consisted
mainly of globular pores with average size around 8 um?.

The XRD measurement of the samples free surfaces showed that the as-sprayed coatings were
mainly amorphous, with only about 8% of crystalline phases present, assumedly dominantly formed
by unmelted particles as described above.

3.2. Thermal Properties

Free standing ceramic samples were prepared from the as-sprayed coatings by grinding off the
substrate. These samples were used for Differential Thermal Analysis (DTA) to obtain crystallization
temperature of the amorphous samples. The DTA showed onset crystallization peak at 984 °C, and the
crystallization was fully finished at 1015 °C, as shown in Figure 4. Moreover, thermal dilatometry
was measured suggesting a rapid linear shrinkage of 2.47% observed at crystallization temperature
(blue dash-and-dot line in Figure 4). The average value of the coefficient of thermal expansion (CTE)
before crystallization, determined from measurement of displacement, was (3.5 + 0.7) x 107 K~! and
changed to (6.1 = 0.4) x 107° K~! after crystallization. When the identical sample was subjected to
a second measurement of displacement, CTE remained constant within the full temperature range up
to 1300 °C, suggesting that the primary crystallization is an irreversible transformation.

3.3. Heat Treatment

The as-sprayed samples were surface heat-treated by laser or plasma. Additionally, two free
standing ceramic samples were furnace heat-treated at 1050 °C (i.e., slightly above the determined
crystallization temperature) with dwell time 1 and 5 min, for further comparison with the surface
heat-treated samples. Parameters of all heat treatment conditions are listed in Table 1. Notation of the
samples in Table 1 is as follows: AS—as sprayed sample, F#—Furnace, L#—Laser and P#—Plasma heat
treated samples. Please consider that plasma torch used in the experiment had power of 100-150 kW.
Therefore, to prevent melting of the samples, the transverse velocities used for plasma torch treatment
had to be significantly higher than the ones used for laser treatment.

The heat treatment of the samples led to significant changes in the microstructure, as well as the
phase composition. Furnace treatment of the samples resulted in shrinkage of about 1.6%, as measured
by a vernier caliper on the samples before and after heat treatment. Moreover, heat treatment led to
closing of internal microcracks, and merging of small globular voids into larger pores, as shown in
Figure 5a. A more detailed study in Figure 5b showed a formation of polygonal crystallites within
individual splats (cf. the amorphous microstructure in Figure 2b). In most splats, the crystallites
consisted of 0-Al,O3 (dark grains), surrounded by t-ZrO, (observed by SEM and confirmed by the
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analysis of XRD patterns). Solid state crystallization took place, with various kinetics, depending on

the chemical composition of each splat, resulting in formation of 5-Al,O3 grains with size between
0.4-2 um.

Zr-rich_splat

Figure 2. Microstructure of as-sprayed Al,O3~ZrO,-SiO, coating cross-section: (a) coating overview;
(b) magnified view.
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Figure 3. Local EDX line analysis of the splats in the as-sprayed material.
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Figure 4. Measurement of differential thermal analysis (DTA) and thermal dilatometry of free standing
AlyO3-Zr0,-5i0; coatings.

Table 1. Used parameters of heat treatment and corresponding microhardness and wear resistance esults.

Dwell Time (min) Temperature (°C) HV0.3 Cracks! K (mm®/N-m)
AS - - 639 + 37 0 1.3e-2
F1 1 1050 1156+ 131 0 29e-4
F2 5 1050 1035 + 180 0 5.4 e-4
Transverse velocity (mm/min) Power (W) Surface HV0.3 Cracks K (mm3/N-m)

L1 50 250 632 + 45 0 -
L2 50 300 771 £ 89 1 1.2e2
L3 50 350 906 + 87 2

L4 50 400 939 + 85 2

L5 200 250 801 + 86 0

L6 200 300 715 £107 0

L7 200 350 729 + 146 0 1.3e-2
L8 200 400 776 + 143 1 11le2
L9 200 450 819 + 143 2 -
L10 200 500 869 + 35 3 -
L11 800 500 671 + 146 0 -
L12 800 600 688 + 12 0

L13 800 800 846 + 35 0 1.2e2
L14 800 1100 815 +22 1 79e-3
L15 800 1300 863 + 50 1 2.0e-3
P1 3000 100,000 873 +21 0 1.2e2
P2 3000 150,000 1129 + 169 3 -
P3 6000 100,000 645 + 132 0 -
P4 6000 150,000 881 + 81 1 11e-2
P5 12,000 100,000 667 + 47 0 -
P6 12,000 150,000 889 + 69 0 12e-2

0—no cracks, 1—short vertical cracks, 2—long vertical cracks, 3—vertical and horizontal cracks.
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Figure 5. Cross-section of furnace heat-treated sample at 1050 °C and 5 min dwell (a); magnified view (b).

Surface heat treatment by laser and plasma also resulted in the coating crystallization. The degree
of crystallization and microstructural changes in the sample depended on treatment parameters.
For some samples, both laser and plasma treatment resulted in cracking of the coating. Based on this,
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the samples were categorized into four groups, depending on the morphology of newly developed
cracks as follows: 0—no new cracks present, 1—short (<200 um) vertical cracks, 2—long vertical cracks
and 3—long vertical cracks together with horizontal cracks, triggering coating delamination. The crack
classification of individual coatings is presented in Table 1. A morphology of a typical crack denoted
as type 3 is depicted in Figure 6.

1000 pm

Figure 6. Cross-section of plasma surface heat treated sample P2 containing a major vertical and
horizontal cracks, classified as type 3 in this paper. Such cracking yields the procedure unusable
for applications.

3.4. Mechanical Properties

To quantify the effect of thermal treatment, a microhardness of the coating was measured.
The lowest microhardness of 639 + 37 HV0.3 was measured for the as-sprayed sample, while the
highest hardness was obtained for the furnace treated sample F1 with the average value 1156 + 131 HV0.3.
In case of surface treated samples, gradually changing values of microhardness were observed, with the
highest hardness measured close to the coatings free surface and lowest hardness close to the substrate.
An example of such microhardness profile is provided in Figure 7 for sample L4. The depth of the
influenced layer varied significantly with the heat treatment parameters from a few tens of micrometers
up to 800 um (sample P2). To facilitate a mutual comparison of all coatings, the microhardness,
measured closest to the coating free surface (corresponding to the depths of approximately 87 + 5 um
below the surface, indicated by the red cross in Figure 7), was selected as a reference value. The average
values of microhardness, calculated from five indents, are listed in Table 1.

1100 -
{ Experimental Data ———
o E I I
ol [ g { ..... I
500 ——————+—L——

0 100 200 300 400 500 600 700 800 900
Position (um)

Figure 7. Microhardness profile of the laser heat treated sample L4. For samples with gradient hardness,
the value closest to the surface (red color) was taken as reference.

Pin on Disc wear resistance was evaluated for selected samples. The criteria for samples selection
were based on following parameters: (i) significant change in surface microhardness and (ii) cracks
in the coating of type 0 or 1 only. Based on these criteria, nine surface heat treated samples were
selected, along with the as-sprayed sample and two furnace heat treated samples as the reference.
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The determined values of wear resistances of the coatings, presented by material volume loss K,
are listed in Table 1. Graphical interpretation of hardness and wear resistance of the samples is pictured
in Figure 8.

1300

Microhardness
1200 - Pin on Disc mmmm
1100 -

1000
900

HVO0.3

800
700
600
500

AS F1 F2 L2 L7 L8 L13 L14 L15 P1 P4 P6

Figure 8. Microhardness and Pin on Disc volume loss for as-sprayed, furnace treated, laser treated and
plasma treated samples.

4. Discussion

The original crystalline feedstock powder was transformed during spraying to almost fully
amorphous coatings, as can be seen from the diffraction patterns in Figure 9 and Table 2, where FS and
AS stand for feedstock powder and as-sprayed coating, respectively. Subsequently, the amorphous
phase was partially transformed back to crystalline during heat treatment, forming mainly t-ZrO,
nano-crystals, together with 6-Al,O3 and m-ZrO,. Silicon dioxide, present in the original feedstock,
remained in the amorphous phase, or transformed to mullite (3A1,03-25i0;), depending on the heat
treatment conditions of the samples.

The furnace heat treatment resulted in almost fully crystalline samples (87% and 100% crystallinity
for samples F1 and F2, respectively). As expected, both of these samples showed the highest Vickers
microhardness values 1156 + 131 HV0.3 for sample F1 and 1035 + 180 HV0.3 for sample F2, as well as
the best wear resistant behaviour with material volume loss of 2.9 x 10~ mm3/N-m for sample F1 and
5.4 x 107* mm3/N'm for sample F2 (see Table 1 for wear rate results of all samples). This was due to
the fact that, during the crystallization, the coatings could freely undergo unconstrained shrinkage,
since they were removed from the substrate prior the heat treatment. Consequently, there was no CTE
mismatch between the substrate and the coating, resulting in no additional cracking. Furthermore,
some micro-cracks originally present in the as-sprayed material closed up by the sintering effect
during the heat treatment, which improved the mechanical properties as well. However, the highest
contribution to the observed increase in microhardness and wear-rate resistance may be attributed to
formation of nanocrystallites of various phases within the microstructure. In particular, a formation of
t-ZrO, is believed to have a significant influence on the improvement of mechanical properties. In order
to conceive fine differences in the microstructure, crystallite size (or coherently diffracting domains’
size) of the t-ZrO, phase was determined by the Rietveld refinement method for XRD diffractograms
(see Table 2). Crystallite size of the t-ZrO, phase of the sample F1 showed the smallest crystallite size
(14 nm) from all the measured samples.
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Figure 9. X-ray diffraction patterns of the feedstock (FS), as sprayed coating (AS), and furnace heat
treated samples (F1 and F2).

Laser heat treated samples showed significant formation of vertical cracks, originating from the
constrained shrinkage during the crystallization. Therefore, samples with no cracks or short vertical
cracks only were selected for further tests, since extensive cracking of the samples may compromise its
overall mechanical properties, corrosion and chemical resistance. The best mechanical properties were
measured for the samples L14 and L15, which exhibited rather low wear rates of 7.9 x 1073 mm3/N-m
and 2.0 x 1073 mm3/N-m, respectively. For these samples, the highest transverse velocity of the laser of
800 mm/min was used, combined with the highest laser powers of 1100 W and 1300 W, respectively.
These two samples showed only limited cracking, significant increase in Vickers microhardness up
to 863 + 50 HV0.3 for sample L15 and improvement in wear resistant properties (compared to the
as-sprayed coating). In fact, the sample L15 showed the best wear resistance from all surface heat treated
samples. Similarly to the furnace treated samples, the sample L15 transformed to fully crystalline
material, in the vicinity of the coatings surface, with the average CDD of t-ZrO, of 32 nm. The change in
the microstructure and the appearance of Vickers indents are presented in Figure 10a,b. From Figure 10,
formation of bright domains within individual splats was observed in sample L15. These may be
segregated domains of ZrO, phase; however, they are too small for an accurate identification by
EDX. Interestingly, the sample L14 remained mostly amorphous, with only 17% of the sample surface
crystallized, as evaluated by the Rietveld analysis of XRD patterns measured from the sample surface.
The rather incomplete crystallization was caused by the fact that the combination of 800 mm/min
transverse velocity and lower power of 1100 W heated up the sample’s surface just a little above the
crystallization temperature. Due to cooling through substrate heat transfer, the crystallization was very
limited in this case, which in turn leads to inferior wear resistance, in comparison with the sample L15.
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Figure 10. Comparison of the samples heat treated by laser—sample L15 (a,b) and plasma—sample
P2 (c,d). Vickers indents marked by the arrows.

Table 2. Crystallinity of the samples. Ratio of t-ZrO, and its CDD size.

Amorphous Crystalline t-ZrO,
(%) (%) (%) CDD (nm)
FS 16 84 10 40
AS 92 8 5 -
F1 13 87 33 14
F2 0 100 35 16
L14 83 17 29 21
L15 0 100 46 32
P2 0 100 41 23
P4 92 8 5 -

Plasma heat treatment resulted in an increase of the Vickers microhardness for the samples P1, P2,
P4 and Pé6. Surprisingly, the related improvement of wear resistance of plasma heat treated samples
was not so pronounced, compared to the as-sprayed sample. This was probably caused by the used
high transverse velocity selected to prevent melting of the samples’ surfaces. The high plasma torch
movement speeds resulted in very short time of treatment, during which the samples were exposed to
the temperatures above the crystallization point. Consequently, the grain nucleation and diffusion
growth processes were limited and possibly happened only on the very specimen surface. The XRD
patterns of all but one of the plasma treated samples showed only minor changes, compared to the
as-sprayed samples. The only difference was the sample P2, which was produced using the highest
plasma power of 150 kW and lowest transverse velocity of 3000 mm/min and its XRD pattern suggest
100% surface crystallinity, comparable to the laser treated sample L15 (see the Figure 11). However,
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the wear resistance properties were not measured for the P2 sample, since the most excessive cracking
was observed in the SEM (see the Figure 6). In between the cracks, the cross-section of the sample
P2 showed a microstructure (Figure 10) similar to the one of furnace treated samples F1 and F2.
Formation of dark domains of alumina, enclosed by lighter regions, rich in ZrO, were observed in
back scattered electron mode in SEM and such element distribution was confirmed by local EDX
analysis. The remaining plasma heat treated samples didn’t show any changes in the phase composition
(compared to the as-sprayed state) and, therefore, no microstructure changes were observed in SEM
for them.
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Figure 11. X-ray diffraction patterns of the laser and plasma heat treated samples.

Plasma surface heat treatment of the ceramic coating is very challenging. The power density of
high enthalpy plasma torch, combined with low thermal conductivity of the ceramic coatings needs
precise adjustment of heat treating conditions to provide sufficient heat treatment of the coating and,
at the same time, prevent the coating from undesirable overheating (or even remelting). Therefore,
further optimization of plasma heat treatment conditions, e.g., a change in the stand-off distance, or the
use of multiple short passes of the plasma torch above the coating, has the potential to result in similar
improvement of mechanical properties, such as was presented for the samples heat treated by laser.
The analysis of the wear tracks in the SEM showed remarkable differences in the wear mechanism.
The as-sprayed sample displayed rather wide (over 3 mm) wear track, reflecting its high material
removal rate in the Pin on Disc test. The observed wear mechanism was mainly debonding and
cracking of loosely connected splats which were crushed by the sliding ball, leaving coarse debris in
the wear track. On the other hand, the furnace-treated samples showed shallow and narrow wear track
(about 1.1 mm in width) filled with fine debris originating mainly from grinding off of the sintered
splats. No splat debonding was observed for the furnace-treated sample. A combination of both
above-mentioned mechanisms was observed for laser and plasma treated samples, where the wear
tracks were filled with mixture of fine and coarse wear debris, the former originating from grinding off
of the surface, and the latter formed due to debonding and cracking of splats.

5. Conclusions

Ceramic powder of near eutectic composition from the ternary system of Al,O3—-ZrO,-5i0, was
plasma sprayed onto steel substrates to create 1 mm-thick coatings. Atmospheric plasma spraying
was carried out by hybrid water stabilized plasma torch WSP-H 500. The as-sprayed coatings were
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amorphous and their hardness and wear resistance are rather low. Unfortunately, bulk furnace treatment
is not applicable for coatings on metallic substrates, since it irreversibly deteriorates the properties of
the substrate and causes cracking and spallation of the coating due to CTE mismatch and substrate
oxidation. Therefore, the coatings were subjected to surface heat-treatment to improve mechanical
properties of the coating while maintaining good adhesion to the substrate. In addition, the stripped-off
coatings were subject to furnace heat treatment to obtain reference samples. The surface heat treatment
by laser or plasma torch resulted in significant changes in the coating microstructure. The surface layer
of the coating transformed from amorphous to nanocrystalline structure within the splats. Some of the
heat treatment conditions led to formation of vertical cracks in the coatings, which compromised their
overall mechanical properties. In other cases, these changes were accompanied by improvement of the
coating mechanical properties. Vickers microhardness increased from 639 + 37 HV0.3 for the as-sprayed
coating, up to 1156 + 131 and 1129 + 169 HVO0.3 for the furnace treated and selected plasma treated
samples, respectively. Wear resistance was improved more than six times, from the value of material
volume loss 1.3 X 1072 mm?/N-m of the as-sprayed sample, down to 2.0 x 10~ mm?3/N-m for some laser
treated samples. The changes in mechanical properties of the heat treated samples were caused by the
solid stage crystallization in the surface layer of the originally amorphous coatings. The samples with
the highest hardness and wear resistance were fully crystalline, and had a very low size of coherently
diffracting domains in the range of 14-32 nm. Utilization of surface heat treatment could be an efficient
final stage of coating manufacturing, since only a thin surface layer of the coating can be treated to meet
the specifications for targeted wear-resistant application. Heat treatment of Al,O3—ZrO,-5i0O, coatings
is a very stochastic process as each splat has different chemical composition. Therefore, solid state
crystallization has different kinetics among splats, giving rise to various phases and crystalline grain
sizes. Improvement of mechanical properties is then controlled mainly by formation of crystallites
with sizes in tens of nanometers. Surface treatment of ceramic coatings by laser and plasma, presented
in this study, was successfully used for inducing such nanocrystalline microstructure in originally
amorphous material and these two methods may find application for similar materials, which tend to
form amorphous coatings.
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Abstract: Surface engineering promotes possibilities to develop sustainable solutions to icing
challenges. Durable icephobic solutions are under high interest because the functionality of many
surfaces can be limited both over time and in icing conditions. To solve this, one potential approach
is to use thermally sprayed polymer or composite coatings with multifunctional properties as a novel
surface design method. In thermal spraying, coating materials and structures can be tailored in order
to achieve different surface properties, e.g., wetting performance, roughness and protection against
several weathering and wearing conditions. These, in turn, are beneficial for excellent icephobic
performance and surface durability. The icephobicity of several different surfaces are tested in
our icing wind tunnel (IWiT). Here, mixed-glaze ice is accreted from supercooled water droplets
and the ice adhesion is measured using a centrifugal adhesion tester (CAT). The present study
focuses on the icephobicity of thermally sprayed coatings. In addition, surface-related properties are
evaluated in order to illustrate the correlation between the icephobic performance and the surface
properties of differently tailored thermally sprayed coatings as well as compared those to other
coatings and surfaces.

Keywords: thermal spraying; polymer coatings; flame spraying; icephobicity; ice adhesion;
wettability; coating design

1. Introduction

Thermal spraying is used in various application fields for the production of protective coatings.
In this technology, almost all materials, e.g., metals, metal alloys, ceramics, hard metals, composites and
polymers, can be used as a coating material as well as a substrate or base materials. Thermal spraying
consists of different spray techniques such as flame, arc, high-velocity flame, plasma and cold gas
dynamic spray processes [1]. The basic idea is the same in these different processes: coating material is
melted or accelerated, sprayed on the surface, solidifying or deforming, and this way building-up a
coating. Thermal spray processes can use thermal (combustion or electric arc) or kinetic energy (high
velocity) or a combination of these for the coating formation [1,2]. Furthermore, this is a fast and robust
coating manufacturing technology and suitable for many uses. For example, one interesting application
field is to produce polymer coatings by thermal spraying. This way, solvent-based coating methods can
be avoided in polymer coating production, acting as an environmentally friendly coating processing
method. Polymer coatings are used, e.g., to increase corrosion, wear, and environmental resistance,
and as slippery surfaces for reduction of friction [3-5]. They have shown great potential to have
good icephobic properties, i.e., low ice adhesion, suitable wettability and freeze-thaw performance,
which makes it easier to remove accreted ice on the surface. This is under high interest because
surface engineering including thermal spraying could provide a sustainable approach for icing
issues. In addition, the durability of current anti-icing solutions against environmental stresses and
performance in all icing conditions is insufficient and thus, novel solutions are welcome.
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Thermal spray coating solutions are under development to tackle the icing issues. These inflict
serious problems for various industrial operations such as offshore industry, transport and cargo,
ship industry, renewable energy production and aviation [6-11]. Ice accretion on the surfaces
significantly reduces the efficiency, the safety and the operational tempo of different industrial processes.
These detrimental icing events take place worldwide, e.g., in Scandinavia, Europe, Russia, Northern
America, Japan and China [10,12]. The on-going climate change has also decreased sea ice coverage in
the Arctic Ocean, which has considerably grown the industrial activity in this area [7]. The most typical
examples of icing problems can be associated to the icing of superstructures of sea vessels and offshore
platforms [6], ice accretion on wind turbines blades [13] and airplane wings [9] as well as ice loads on
power network structures [10] and tall structures [11]. At the worst, icing is causing disasters, which
have deep socioeconomic impacts, being hazardous not only for the environment but also for personnel.

It is important to find reliable solutions for these icing challenges. Active de-icing methods have
been used to remove the ice, e.g., by using heaters, which can be produced with thermal spraying of
metallic materials [14,15]. We have focused on passive anti-icing methods such as icephobic surfaces.
The main idea of icephobic surfaces is to reduce the ice adhesion on the surface and prevent ice
accumulation on the surface [16,17]. Surface engineering and coating technologies have shown potential
results, but still more development is needed especially for durable coatings and surfaces, which are
not losing their icephobicity under other environmental stresses such as rain, UV light, sand, other
impurities or temperature exchanges. Many superhydrophobic surfaces have good icephobicity [18]
but they might not be as resistant and durable as needed in environmental conditions. On the other
hand, one of the latest icephobic surfaces, which have been under high research and interest, are
slippery liquid impregnated porous surfaces (SLIPS) [19,20]. They have shown low ice adhesion values,
acting as icephobic surfaces. However, if the porous solid layer is very thin, durability might be limited.
Therefore, other surface engineering solutions are needed. Coating design can be varied in thermal
spraying. Dense or porous coatings can be produced, depending on the requirements and needs of
the surface and structure. In this study, we are producing smooth flame-sprayed polymer coatings,
which have low ice adhesion as well as surfaces with even lower ice adhesion by combining thermal
spraying and SLIPS strategy. Porous polymer coatings can be produced by using flame spraying and
then, impregnated with the lubricant. Both coating design strategies have shown their suitability for
icephobic purposes [21-23].

Generally, polymer materials have high chemical and environmental resistance [24]. Especially
hydrophobic polymers have also potential to act as icephobic and slippery surfaces because they possess
minimal water interaction and absorption. Extending this to the coatings, smooth and dense polymer
coatings can be produced by thermal spraying [3,21,22]. Actually, flame spraying is one of the common
thermal spray methods for spraying polymer coatings [3,5]. Process parameters especially temperature
influence on coating formation. Donadei et al. [22] have noticed that lower process temperature by
using high transverse speed and higher working distance will cause less polymer degradation during
spraying, which is beneficial for icephobic behavior of the coatings. The advantages of thermally
sprayed polymer coatings are related to the low cost and high performance of the coatings [3,25].
Flame-sprayed polyethylene (PE) coatings have previously been studied by Vuoristo et al. [26], where
the research focused on the use of flame-sprayed PE coatings as natural gas pipeline coatings. On the
other hand, ultra-high molecular weight polyethylene (UHMWPE) is known to have good protective
properties and flame-sprayed UHMWPE coatings have also been studied [27]. Flame-sprayed PE
coatings have primary applications in corrosion protection of components and metal structures as
the alternatives for paints and metallic coatings. One benefit is also their applicability in difficult
processing conditions [5].

In this study, we produce polymer coating by using thermal spraying and evaluate them based
on their icephobic performance. Investigations are focusing on the icephobicity and wettability of
thermally sprayed polymeric coatings and several reference materials and surfaces. In the icing
tests, ice is accreted in an icing wind tunnel IWiT) and ice adhesion measured with a centrifugal ice
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adhesion tester (CAT). One interesting focus point was the durable icephobic slippery liquid infused
porous surfaces (SLIPS) designed and manufactured by using flame spraying (FS), utilizing polymeric
materials, and further, impregnated with oil. These surfaces had low ice adhesions, which express
their high icephobicity.

2. Materials and Methods

2.1. Materials

Thermally sprayed icephobic surfaces were produced by using the flame spray (FS) process.
Dense FS coatings were sprayed with relatively low gas flow rates in order to prevent overheating
and burning of the powder with the flame. After spraying, a few post-heating passes with the
flame were done without feeding powder to densify the structure and smoothen the surface.
Commercially available and thermally sprayable polyethylene (PE, melting point 128 °C), PE mixed
with fluoropolymer perfluoroethylene propylene (FEP, melting point 260-290 °C), ultra-high molecular
weight polyethylene (UHMWPE, melting point 136 °C), polyether ether ketone (PEEK, melting point
343 °C) and polypropylene (PP, 160 °C) powders were used in these experiments. More information
about flame spraying of PE, PE + FEB and UHMWPE coatings can be found from our previous study [21].
Furthermore, slippery liquid infused porous surfaces (SLIPS), combining porous FS PE coating with a
lubricant was studied [23]. All FS coatings were produced using an oxygen-acetylene flame spray gun
(Castodyn DS 8000, Castolin Eutectic, Lausanne, Switzerland). Gas pressure was 400 kPa for oxygen
and 70 kPa for acetylene. Powder feeder (4MP, Oerlikon Metco, Pféffikon, Switzerland) was used
with compressed air as the carrier gas. Gas flows and spray distances were varied low to very low in
order to achieve a porous FS PE structure. Rough PE porous surface was achieved with as-sprayed
conditions whereas post-heating was done for smooth porous PE structure. After coating production,
silicone oil (50 cSt, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was impregnated into the
structure in order to form the FS-SLIPS.

Other materials and coatings were studied for comparison. Bulk metals were mirror-polished
aluminum (YH75, Hakudo Co., Tokyo Japan) and stainless steel (EN 1.4301/2B). Commercial paints
tested included BladeRep (Alexit®, Mankiewicz Gebr. & Co., Hamburg, Germany), wind turbine
paint (Carboline Ltd., St. Louis, MS, USA), Nanomyte®(NEI Corporation, Somerset, NJ, USA)
and NeverWet®(NeverWet LLC, Lancaster, PA, USA). UltraEverDry®film (NetDesign s.r.o, Liberec,
The Czech Republic) was representing a superhydrophobic surface. Bulk polymers were polyethylene
(PEHWU, Simona AG, Kirn, Germany), polypropylene (PP-DWU AlphaPlus, Simona AG, Kirn,
Germany), polytetrafluoroethylene (PTFE G400, Guarniflon, Castelli Calepio, Italy) and ultra-high
molecular weight polyethylene (UHMW-PE, Tivar®1000, Quadrant Group, Zurich, Switzerland).
Other references were PTFE tape (PTFE Extruded Film Tape, 5490, 3M™, St. Paul, MN, USA),
low-density polyethylene sheet (LDPE, thick film used for paper making [28]) and SLIPS containing thin
polymeric membrane and infused silicone oil. PTFE and PP membranes (0.2 um pore size, Sterlitech
Inc., Kent, WA, USA) were used together with silicone oil (50 cSt, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). Preparation of these SLIPS surfaces is shown in our earlier research [20].
All coatings, materials and surfaces studied are summarized in Table 1.
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Table 1. Coatings and surfaces used in this study divided into different material groups.

Surface .
Treatment Material Form
Flame-Sprayed Coatings
FSPE! ! As-sprayed Polyethylene Coating
FSPE? 2 Polished Polyethylene Coating
FS PE+FEB ! 1 As-sprayed Polyethylene + perfluoroethylene propylene Coating
FS PE+FEB 2 2 Polished Polyethylene + perfluoroethylene propylene Coating
FS UHMWPE ! 1 As-sprayed Ultra-high molecular weight polyethylene Coating
FS PEEK ! 1 As-sprayed Polyether ether ketone Coating
FSPp! 1 As-sprayed Polypropylene Coating
FS-SLIPS_1 SLIPS Polyethylene (fine) + silicone oil (50 cSt) SLIPS
FS-SLIPS_2 SLIPS Polyethylene (coarse) + silicone oil (50 cSt) SLIPS
Bulk Polymers
PE 2 2 Polished Polyethylene Bulk plate
UHWPE 2 2 Polished Ultra-high molecular weight polyethylene Bulk plate
PP 2 2 Polished Polypropylene Bulk plate
PTFE 2 2 Polished Polytetrafluoroethylene Bulk plate
Bulk Metals
Al? 2 Polished Aluminum Bulk plate
ss? 2 Polished Stainless Steel Bulk plate
References
LDPE As-received Low-density polyethylene Film
PTFE As-received Polytetrafluoroethylene Tape
SLIPS (PTFE) SLIPS Polytetraﬂuoroethyler;eﬂnélljeonlgi;me (0.2 pm) + silicone SLIPS
SLIPS (PP) SLIPS Polypropylene membrane (0.2 um) + silicone oil (50 cSt) SLIPS
Commercial Paints
BladeRep9 Painted, BR Polyurethane Paint
Carboline Painted, C Elastomeric Paint
Nanomyte Painted, NM Nanocomposite Paint
NeverWet Painted, NW Superhydrophobic Paint
UltraEverDry Sprayed Superhydrophobic Film

1 As-sprayed surface, 2 Polished surface

2.2. Test Methods

Structures of FS coatings were analyzed with an optical microscope (Leica DM2500 M, Wetzlar,
Germany) from the cross-sectional coating samples. Wetting behavior and water contact angle
measurements were done with a drop shape analyzer (DSA100, Kriiss, Hamburg, Germany).
Static contact angle (CA), advancing contact angle (ACA) and receding contact angle (RCA), as well
as contact angle hysteresis (CAH), were studied. The experiments were achieved by dispersing 5 uL
water droplets of ultra-high purity water (MilliQ, Merck KGaA, Darmstadt, Germany) onto surfaces.
In addition, roll-off/sliding angles were performed for SLIPS by tilting the surfaces with a 10 um
water droplet. The roughness of the solid and dry surfaces was analyzed by an optical profilometry
(Alicona Infinite Focus G5, AT, Graz, Austria) using a 20X objective magnification, achieving a vertical
resolution of 50 nm. The area of the measurements was 0.81 mm x 0.81 mm in the XY-plane and the
results are presented as surface roughness, Sa, values.

Icing tests were done at Tampere University (TAU). The mixed-glaze ice type was accreted in the
icing wind tunnel (IWiT) and the ice adhesion strength was examined with a centrifugal ice adhesion
tester (CAT) [29]. Icing test systems are presented in Figure 1.
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Centrifugal Ice

Idng Wind Tunnel (IWIT)  ; gp.esion Test (CAT)

Figure 1. Icing Wind Tunnel (IWiT) and Centrifugal Ice Adhesion Test (CAT) at Tampere University.

These test facilities are located in the cold climate room, where temperature can be set from room
temperature to as low as —40 °C. All tested samples were 60 mm X 30 mm in size and the ice accreted
area was 30 mm X 30 mm. Laboratory grade II+ water (Purelab Option-R 7/15, Elga, UK) was used
for accreting the ice. The samples were let to cool down in the cold room prior to the ice accretion
process. The most important parameters for the ice accumulation procedure for mixed-glaze ice used
in this study were the ambient temperature of the cold room (10 °C), the wind speed (25 m/s), and
the supercooled water droplet size (~30 pum, as given by the nozzle manufacturer). In this study, the
maximum water flow rate was 0.3 L/min. The accreted glaze ice refers to ice that has characteristics
from both rime and glaze ice types, having more glaze-like features without icicles or runback ice.
The mixed-glaze ice type forms a clean-cut rectangular structure. An example of the accreted ice is
presented in Figure 2. In addition to this mixed-glaze ice, rime and glaze ice can be accreted in the IWiT
as shown in our previous studies [21,29]. Ice adhesion strengths were determined using a CAT [29].
In this test, the centrifugal force detaches the ice from the surface and the ice adhesion strength (T) is
calculated according to Equation (1):

T = F/A = mr(at)2/A 1)

where a piece of ice of known mass m and contact area A is spun along a radial length r, which spins
with a constant angular acceleration a of 300 rpm/s. From this equation, the ice adhesion strength (T)
via shear stress is calculated at the time of detachment ¢.
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Figure 2. Mixed-glaze ice accreted in IWiT for CAT testing.
3. Results and Discussion

Thermal spraying is a versatile coating production technique. Traditionally, it is used, e.g., for
corrosion and wear protection, thermal conductivity and insulation [3,30-33]. Lately, thermally sprayed
coatings are developed for other advanced purposes, e.g., for self-cleaning and anti-icing [21,22,32].
Coatings and surfaces with good icephobic properties are potential to use in anti-icing applications, e.g.,
in wind energy, transportation, aviation and building industries. In our previous studies, flame spraying
was used to produce polymer coatings with icephobic properties [20,21]. There are two approaches
to achieve these goals. The first coating design approach is to produce dense and smooth polymer
coatings and the second is to produce polymer coatings with porous structures and add lubricants
to the structures, having slippery properties. The latter acts as SLIPS. Figure 3 shows a schematic
presentation of these two flame spray approaches towards anti-icing solutions. We are focusing on
thermal spraying because durable coatings with a high variety of coating thicknesses can be achieved.
FS polymer coatings have shown high durability compared to paints [21] and are considered to have
higher structural durability than thin SLIPS combined with a thin membrane and infused oil [20].

Substrate Substrate

(@) (b)

Figure 3. Schematic presentation of icephobic surfaces produced by using flame spraying (a) dense
flame-sprayed (FS) polyethylene (PE) coating and (b) FS PE slippery liquid impregnated porous surfaces
(SLIPS; porous structure with impregnated oil).

3.1. Coating Structures

Flame-sprayed PE, PEEK and PP polymer coatings own dense coating structures as presented
in Figure 4. These coating structures correspond to the schematic presentation of dense coating in
Figure 3a. Process parameters and heat-input affect the coating formation, adhesion between coating
and substrate as well as denseness or porosity level inside the coating [22]. If a dense coating structure
is produced, the temperature cannot be too high in order to avoid the defects, e.g., gas bubbles, caused
by high-temperature gas. On the other hand, if the temperature is too low, particles are not melting
enough, and pores can be formed to the structure. These dense FS polymer coatings are good examples
of the icephobic coatings followed by the first approach of the coating design.
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200 um 200 pum 200 um
(@) (b) (9)

Figure 4. Flame-sprayed polymer (a) PE, (b) polyether ether ketone (PEEK) and (c) polypropylene (PP)
coatings (middle part) on steel substrates (white part). Cross-sections. OM images.

The second coating design approach relies on the SLIPS strategy. A porous coating structure was
produced by flame spraying, and afterward, lubricant was impregnated to the structure. Flame-sprayed
porous PE coating impregnated with silicone oil has shown excellent icephobicity [23]. Figure 5 shows
the structure of the FS porous PE coating. Open and overall porosity can be detected in the structure,
which is beneficial for lubricant impregnation.

L drs)

Figure 5. Structure of the FS porous polymer PE coating. Cross-section. OM image.

3.2. Wettability of the Surfaces

In this study, FS PP and PE coatings, as well as FS-SLIPS, were hydrophobic or very close to
that, Figure 6. This implies that the surfaces can resist the droplet from spreading. Generally
speaking, hydrophobic and superhydrophobic surfaces have advantages in self-cleaning and
anti-wetting purposes. Furthermore, in this study surface state after processing affected the wettability.
Microstructures and surface topographies of the plasma sprayed coatings have shown to have an effect
on wettability as presented, e.g., by Xu et al. [34] and Sharifi et al. [35]. Here, the degree of coating
surface roughness can vary after flame spray processing, which can be smoothened by polishing as a
post-treatment. Polished FS PE coating was hydrophobic (CA 90°) whereas as-sprayed coating was
slightly hydrophilic (CA 85°). Surface roughness and uniformity influenced here by changing the
wettability of the coatings. Based on this, FS coatings with certain surface quality have beneficial
anti-wetting properties. Donadei et al. [22] have shown small differences in the wetting behavior
between FS PE coatings sprayed with different spray parameters. Heat-input was varying between
spray parameters and this influenced polymer degradation, surface roughness and thus, wettability.
However, all FS PE coatings were hydrophobic in that study.

In addition to contact angle (CA) values, advancing (ACA) and receding (RCA) contact angle values,
as well as contact angle hysteresis (CAH), indicate the wetting performance of the surfaces. CAH can
be derived from the difference between ACA and RCA, demonstrating the overall droplet mobility.
High CAH indicates differences between the ACA and RCA, which results from surface properties, such
as local roughness variations, surface free energy, surface chemistry leading to altering droplet behavior.
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Flame-sprayed dense coatings have reasonable high contact angle hysteresis, but it can be reduced with
FS-SLIPS surfaces. FS-SLIPS have low contact angle hysteresis and, therefore, water droplet mobility is
high. This, in turn, is beneficial for slipperiness and the slippery properties of the surfaces.

5 B
g8 8 8
I

Water contact angles (°)
3
|

20 A | |
41
0 ]

O CA OACA ORCA @ CAH

?If 90+

4,8

a

FS-SLIPS_2 FS-SLIPS_1

FSPE2

FS PEEK1

FSPE1

FSPP1

Figure 6. Water contact angles for flame-sprayed (FS) polymer coatings and FS-SLIPS. CA: static contact
angle; ACA: advancing contact angle; RCA: receding contact angle; and CAH: contact angle hysteresis.
Coatings are as-sprayed (1) or polished (2) prior testing.

Wettability of the different surfaces and coatings is presented in Table 2. In addition, ice adhesion
values and surface roughness (Sa values) are collected to the table. In this study, different material and
surface groups have been analyzed in order to get an understanding of the behavior and potential of
FS polymer coatings for application areas, where icephobicity and/or non-wettability are the important
properties, such as in energy, construction and building industries.

Table 2. Overview of the results divided by different material groups. Ice adhesion, contact angle (CA),
advancing contact angle (ACA), receding contact angle (RCA), contact angle hysteresis (CAH) and

surface roughness (Sa) of the materials and surfaces (+ standard deviation).

Material or Ice Adhesion Contact Adv. Rec. CA . Roughness
Surface (kPa) Angle () Contact Contact Hysteresis Sa (um)
Angle (°) Angle (°) ©)
Flame-Sprayed Coatings
FSPE! 69 (£9) [21] 85 (+3) 87 (£8) 62 (£5) 25 (+3) 2.05[21]
FS PE 2 54 (+10) [21] 90 (+2) 97 (+4) 77 (+4) 20 (+2) 0.64 [21]
FS PE + FEB ! 79 (£7) [21] - - - - 3.95
FS PE + FEB 2 53 (+16) [21] 75 (£5) 82 (£5) 65 (+) 18 (+0.1) 0.96 [21]
FS UHMWPE ! 130 (+33) [21] 91 [21] - - - 1.65 [21]
FS PEEK ! 61 (£13) 73 (£5) 73 (£7) 61 (£5) 12 (£1) -
FSPP! 119 (+18) 94 (+4) 95 (+4) 76 (£5) 19 (+6) -
FS-SLIPS_1 27 (+6) [23] 93 (+4) * * 48 (x1)* 3.0 ** [23]
FS-SLIPS_2 21 (£5) [23] 104 (£7) * * 4.1 (x0.9) * 38.8 ** [23]
Bulk Polymers
PE?2 43 (+3) [36] 95 (+2) 100 (+2) 84 (+2) 16 (+0.6) 0.64
UHWPE 2 62 (+4) [36] 84 (+2) - - - -
PP2 60 (+8) [36] 93 (£2) - - - -
PTFE 2 41 (x2) [36] 101 (+0.4) 105 (+4) 78 (+6) 26 (+2) 0.38
Bulk Metals
Aluminum 2 343 (£35) [21] 64 (+2) 74 (£1) 56 (+£3) 19 (£3) 0.26 [21]
Stainless steel 2 269 (+13) [21] 67 (1) 85 (+1) 63 (£3) 23 (+4) 0.23 [21]
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Table 2. Cont.

Material or Ice Adhesion Contact Adv. Rec. cA . Roughness
Surface (KPa) Angle () Contact Contact Hysteresis Sa (um)
Angle (°)  Angle (°) ©)
References
LDPE-film 110 (+20) [28] -
PTFE tape 39 (+14) [20] 109 (+3) 116 (+1) 108 (+3) 8 (+2) -
SLIPS 1(+0.5) *
13 (£2) [20 98 (+2) [20 * * -
PTFEmeny s stan) - ) 0 210 [20]
SLIPS 33 (+7) [20] 105 («2) [20] * * 4 (£2) * [20] -
(PPmemb + sil.oil)
Commercial Paints/Films
Blade Rep9 88 (+5) [21] 84 (+2) 91 (£0.6) 62 (+0.5) 30 (£0.7) 224 [21]
Carboline 57 (+8) [36] 85 (+1) 89 (+3) 65 (+2) 24 (+0.4) 2.55
Nanomyte 40 (+5) [36] 101 (£1) 104 (£2) 91 (6) 13 (4) 8.1

NeverWet 68 (+15) 136 (£3) 141 (+1) 138 (1) 3.3 (+0.1) 13.71
UltraEverDry 40 (£3) [29] - - -

1 As-sprayed surface; 2 polished surface; * from roll-off angle measurements; ** Sa value of porous FS PE coating
without oil; - not analyzed.

Roughness of the surface has influenced the wettability [37,38] together with other surface and
material properties [39]. It can be beneficial at a certain level. For SLIPS surfaces, roughness, together
with porosity, can help the oil to lubricate the structure and surface. On the other hand, if a dense coating
is produced by using FS, smoothness plays a role in the surface properties of the coatings. Polished
surfaces are smoother compared to the as-sprayed coatings. During the thermal spray process, roughness
forms due to the nature of the particle adherence and coating formation from the particles and splats.
Particle and splat sizes are affecting the roughness as well as post-heating of the surface. If the surface
was strongly post-heated, it resulted as a smoother surface. Especially, this is the case with thermal
spraying of polymer materials because they are heat-sensitive materials, having low melting points [3].

3.3. Ice Adhesion of the Surfaces

Ice adhesion of the surfaces can be measured with different techniques and this affects strongly
the given values [36]. Therefore, it is important to describe ice accretion methods and parameters
together with the results. In addition to this, ice adhesion measuring technique needs to explain, e.g.,
is it a centrifugal, pendulum or pushing/pulling type of testing. At the moment, there is not a clear
way to compare the results measured with the different tests. However, the trend of the results can
be seen and compared. In this study, all the tested surfaces were measured in the same way using
the same ice accretion and ice adhesion test method. Therefore, the results can be directly compared.
The centrifugal ice adhesion test (CAT) used in this study has been presented as a usable test method
to screen different surfaces also by Laforte et al. [16].

Ice adhesion is one of the indicators for icephobicity in such a way that low ice adhesion reflects good
icephobicity and the ice is easily removed from the surface. If ice adhesion is high, then the ice is strongly
adhered to the surface and icephobicity is low. We have used this definition for the ice adhesion strengths
below 50 kPa, medium-low below 100 kPa, medium below 150 kPa and when high ice adhesion strengths
are higher than 150 kPa. Ice adhesion is kept as extremely low when ice the value is below 10 kPa [20].
Figure 6 presents the ice adhesion strengths of tested surfaces. They were divided into different material
groups in order to understand the behavior of different materials and surfaces. Metal surfaces had
the highest ice adhesions due to their chemical properties whereas polymeric materials have generally
relatively low ice adhesions due to their surface properties and slippery nature. From an application point
of view, commercial paints were studied because they are used in the conditions where they can face the
icing conditions, e.g., in wind turbine blades. The lowest ice adhesion strengths have been measured with
SLIPS using porous membranes together with impregnated oil [20]. Thermally sprayed, here FS, polymer
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coatings showed medium-low ice adhesions. These are potential results taking account of the fact that
durable coatings can be manufactured with thermal spray processing [21]. In addition, we combined
durable FS PE coating and SLIPS concept and produced porous FS PE coating and impregnated oil to the
porous structure [23]. This combination resulted in low ice adhesions as can be seen in Figures 7 and 8.
Flame-sprayed PE and PE-based composites, as well as PEEK coatings, had medium-low ice adhesions
and FS UHMWEPE and PP coatings and, in turn, medium ice adhesions. However, in flame spraying,
coating properties can be influenced by process parameters [22] and further improvements are possible.
The durability of the traditional SLIPS can be a challenge and, therefore, this novel way to produce
SLIPS with high structural durability is shown to be the potential icephobic surface engineering solution.
In addition to this, many icephobic surfaces rely on small scale, expensive or multistep methods, e.g.,
lithography [40], chemical synthesis [41] or sol-gel coatings [42], which can be avoided with thermal
spraying. This, in turn, promotes thermal spraying to be a potential solution for smart and functional
coating production [43], acting as environmentally friendly surface engineering solutions.
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Figure 7. Ice adhesion strengths for several coatings and materials. Mixed-glaze ice accreted in IWiT
and ice adhesion measured with CAT. One means as-sprayed and 2 polished surfaces. FS-SLIPS_1
contains a smoother porous structure and FS_SLIPS_2 a coarser porous structure.
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3.4. Comparison between Icephobicity and Surface Properties

Based on our previous studies [20,22,36] and the present results, the icephobicity, in general, does
not have a correlation with high water contact angles in every surface technology. Icephobicity is
affected by different aspects and clear explanations of the effect of different surface properties cannot
be done. However, it was shown that the wettability and wetting properties of the surfaces had
an influence on the ice adhesion. In many cases, hydrophobicity is beneficial for low ice adhesion.
Superhydrophobic surfaces have shown their potential for icephobicity [18] but their environmental
durability is a challenge [44]. In this study, surfaces, which had low or medium-low ice adhesions,
were hydrophobic whereas metal surfaces with high ice adhesions were clearly hydrophilic, Figure 9
and Table 2. Similar findings have been reported by other research as well [45]. A comparison between
ice adhesions and static water contact angles (CA) is drawn in Figure 9.
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Contact angles (CA) showed only local wetting behavior of the surface and better indicator could
be water contact angle hysteresis (CAH) measured with dynamic contact angle or sliding/roll-off
contact angle measurements. This could indicate droplet mobility and can be related to icing as well
with some materials and surfaces. The CAH of the surfaces is presented in Figure 10. For SLIPS,
it has been calculated from roll-off angle measurements whereas for other surfaces in this study from
dynamic contact angle measurements. Therefore, also advancing and receding contact angles for
other surfaces than SLIPS are presented in Figure 10. As stated, the static contact angle does not
clearly explain the ice adhesion, but a better relationship can be found by comparing contact angle
hysteresis [46]. This was observed also here in the case of hydrophobic surfaces. SLIPS surfaces with
low CAH had the lowest ice adhesions (Figure 10).
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CAH: contact angle hysteresis, ACA: advancing contact angle; and RCA: receding contact angle.
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Roughness can influence ice adhesion although it is not a dominant factor itself. For example,
mechanical interlocking as the adhesion mechanism between ice and surface can have an influence
on the ice adhesion of textured surfaces [40]. Chemical properties, wettability and material properties
play an important role, but it is difficult to separate their influences. Generally, higher roughness leads
to surfaces with a larger number of crevices, which, in turn, gives more space for water droplets to
stay. Therefore, it can increase ice adhesion. However, sometimes it is beneficial, for example, with the
FS-SLIPS. FS-SLIPS_1 (fine) had lower surface roughness compared to FS-SLIPS_2 (coarse) without oil,
and this resulted in lower ice adhesion for FS_SLIPS_2, when there was more area for oil to penetrate
and stay on the surface. Some researchers have found that high roughness can be beneficial for lower ice
adhesion [47], depending on the surface roughness pattern. Generally, it was reported that a smoother
surface has lower ice adhesion [37,48,49]. This is also seen while comparing the same materials as here
as-sprayed FS PE coatings and polished FS PE coatings. However, there are more dominant factors
such as chemistry and surface energy and, therefore, metals (aluminum and stainless steel) had very
high ice adhesion even though they are the smoothest surfaces. Figure 11 shows surface roughnesses
and ice adhesions for selected surfaces. As a conclusion here, certain roughness is beneficial for low ice
adhesion of the paints but with the FS polymer coatings and bulk polymers, a smoother surface gave
lower ice adhesion. NW paint had high surface roughness compared to others and still reasonable ice
adhesion. This could be explained by its high hydrophobicity and low CAH (Figure 10) [46].
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Figure 11. Ice adhesion and surface roughness (Sa) for selected materials and surfaces.

4. Conclusions

Thermal spraying has shown its potential to produce multifunctional polymer coatings for icing
conditions. Flame-sprayed polymer coatings had medium-low ice adhesions, indicating their good
icephobicity. Furthermore, most FS coatings were hydrophobic, which, in turn, showed their potential
for anti-wettability conditions. Structurally dense and well-adhered PE, PEEK and PP coatings were
produced by using flame spraying. This is advantageous for environments where protection is needed.
Flame spraying is the robust and fast coating manufacturing method, which is important in several
industrial applications. Furthermore, the polymers used in this study are cheap materials, showing the
potential of this processing-material combination for anti-icing and anti-wetting purposes.

Furthermore, SLIPS are interesting options as icephobic solutions. The lowest ice adhesion values
were achieved with traditional SLIPS as well as with FS-SLIPS as a novel surface engineering solution
by combining flame spraying of porous structure with impregnation of the oil. This way, we can have
low ice adhesion surfaces as SLIPS, together with a durable structure, as thermally sprayed coatings.
FS-SLIPS are shown their potential to act as slippery and icephobic surfaces.

Future work will focus on the widening of material selection for icephobic thermally sprayed
coatings and testing of their durability under different environmental conditions with combining
icephobicity. Laboratory scale icing testing is a good way to make the ranking of the surfaces,
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but application-related testing is needed for further development towards specific requirements in
different conditions.
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Abstract: A thick ZrC layer was successfully coated on top of a SiC buffer layer on carbon/carbon
(C/C) composites by vacuum plasma spray (VPS) technology to improve the ablation resistance of
the C/C composites. An optimal ZrC coating condition was determined by controlling the discharge
current. The ZrC layers were more than 70 pm thick and were rapidly coated under all spraying
conditions. The ablation resistance and the oxidation resistance of the coated layer were evaluated
in supersonic flames at a temperature exceeding 2000 °C. The mass and linear ablation rate of the
ZrC-coated C/C composites increased by 2.7% and 0.4%, respectively. During flame exposure, no
recession was observed in the C/C composite. It was demonstrated that the ZrC coating layer can
fully protect the C/C composites from oxidation and ablation.

Keywords: carbon/carbon (C/C) composites; ultra-high temperature ceramic (UHTC); vacuum
plasma spray (VPS); ablation resistance

1. Introduction

Carbon/carbon (C/C) composites have low weight, high thermal shock resistance, and
good ablation resistance at high temperatures, which facilitate their use in engines, nose tips,
leading edges, nozzles, and thermal protection systems for space vehicles operating in severe
environments, i.e., during hypersonic flight, atmospheric re-entry, and propulsion [1,2]. However,
the working conditions of the abovementioned systems are severe. For example, re-entry vehicles
can experience high temperatures of over 2000 °C, which is sustained for several tens to hundreds
of seconds with high-pressure air and high-velocity particle erosion. However, C/C composites are
vulnerable to oxidation below 400 °C and undergo ablation during high-speed gas jet and particle
erosion, which restricts their application in this field. Hence, much effort has been undertaken to
improve the ablation resistance of C/C composites for application at higher temperatures and in
oxygen-containing atmospheres.

In recent years, extensive research was conducted with the aim of applying ultra-high temperature
ceramics (UHTCs) to C/C composites, owing to their high melting point (>3000 °C) and good thermal
properties [3-6]. Coating methods are widely used to protect C/C composites owing to the simplicity
of the fabrication and integrity with the substrate. UHTCs including transition metal carbides and
borides can improve the ablation resistance and ablation properties of C/C composites by doping into
the carbon matrix or coating on the composite surface [7-11]. Among UHTCs, ZrC is one of the most
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promising candidates due to its high melting point of over 3400 °C [12,13]. Additionally, its oxidation
product (ZrO,) has a relatively high melting point of 2700 °C and low vapor pressure; hence, it can
form a protective layer on the surface of the C/C composites and reduce the oxygen diffusion rate.

The conventional method for ZrC coating is based on chemical vapor deposition (CVD) [14,15],
however, it is complex, expensive, time-consuming, and hazardous to the environment. An alternative
low-cost method is chemical vapor infiltration (CVI) [16], however, it has the disadvantage of low
efficiency. Both are well developed and widely used to cover the C/C composites by dense ZrC layers,
but limit the shape and size of the substrate. Therefore, it is necessary to identify a suitable approach
to coat on the C/C composites.

Plasma spraying is one of the most promising coating methods because it is economical and can
be easily applied on an industrial scale [17-19]. It is also a suitable technique for depositing carbides
with high melting points such as ZrC, HfC, etc. [20,21]. In the VPS (vacuum plasma spray) process or
in other plasma spray processes in the atmosphere, ZrC powder is oxidized to result in the formation of
zirconium oxides [22-25]. Therefore, VPS coatings are especially preferred because of their high purity
with low porosity and high deposition rate without the formation of oxides [26]. In VPS, the coating
layer is formed by melting the constituent particles at a very high temperature and by colliding them
with the base material. Therefore, the inherent properties of both components, i.e., the molten particles
and base substrate, are preserved. However, as numerous parameters contribute to the formation of a
high-quality coating layer, it is important to determine the optimal process parameters. Among the
operational parameters, it is well known that the velocity and temperature of the plasma jet, which can
be controlled mainly by the discharge current, are closely associated with the phase change, thickness,
and porosity. As mentioned above, although the coating process using VPS has many advantages, few
research articles have reported on UHTCs coatings prepared using the VPS technique.

Therefore, in this work, we investigated the discharge current effects for a ZrC coating layer on
a C/C composite and evaluated the thermal ablation performance of the coating. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analyses were performed to analyze the coating layer
properties. Furthermore, an ablation test was conducted to determine the ablation resistance of coating
layers fabricated under various current conditions of VPS.

2. Materials and Methods

2.1. ZrC Coating Process on C/C Composites

Disc-shaped C/C composites (Dai-Yang Industry Co.) with a 5 mm thickness and a 30 mm
diameter were used as the substrates. To reduce the difference in the thermal expansion coefficient
between ZrC and the carbon composites, a thick SiC layer (approximately 30 um) was fabricated on the
top surface of the C/C composite by chemical vapor reaction (CVR) [27]. ZrC powders (D50 = 8 um;
purity >99.9%, Avention, Korea) were used to coat the ZrC layer using a VPS system (Oerlikon Metco
AG, Wohlen, Switzerland) with a F4-VB gun (Oerlikon Metco AG, Wohlen, Switzerland). The ZrC raw
powders exhibited irregular shapes (Figure 1).

Prior to the coating process, the substrates were installed in the chamber and aligned
perpendicular to the gun. Figure 2 shows the three main steps involved in the coating process.
The first step is pre-heating the substrates, which increases the liquidity of the substrate surface and
improves the adhesion flexibility of the surface with the molten ZrC droplets in the next coating
step. Moreover, impurities on the surface are removed in this step. The splat shape of the powder
varies depending on the pre-heating temperature. As the temperature increases, the radius of the
splats increases, however the droplets spread too wide, thereby hindering the formation of the coating.
Therefore, it is important to choose the appropriate pre-heating temperature. The distance between the
substrate and plasma gun was fixed at 210 mm and the pre-heating was repeated along an S-shaped
path. The movement of the plasma gun from the top left to the bottom right of the substrate and then
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back to the top left was defined as one cycle, with a total of five cycles performed. Throughout the
pre-heating process, the surface temperature of the substrate was maintained below 900 °C.

P 4

I
20.0um

Figure 1. Field emission scanning electron microscopy (FE-SEM) morphology of ZrC powder.

@ (b) (0

Figure 2. The coating process: (a) Pre-heating, (b) coating, and (c) post-heating.

In the second step, the coating process (Figure 2b), the ZrC powder from the injector was melted
by the plasma flame, and the droplets were attached on the substrates with a high speed. In this step,
the distance between the substrates and plasma gun was adjusted to 350 mm. Ar and H, were used
as the plasma forming gases, and Ar was also used as the powder carrier gas. The powder feeding
rate was 4.5 g/min. To obtain a coating layer with uniform thickness, coating was performed over
an S-shaped path, similar to the pre-heating process. Coating was performed at 10 mm intervals and
in all, 20 coatings were applied. The current was varied as 500 A, 550 A, 600 A, 650 A, and 700 A in
the experiment, and the coated sample was denoted as ZS-1, ZS-2, ZS-3, ZS-4, and ZS-5, respectively.
Table 1 shows the detailed process conditions.

Finally, the specimens’ temperatures sharply decreased after the coating process. At this moment,
post-heating was applied to the specimens to prevent crack/defect formation, and to prevent exfoliation
of the coating layer due to the difference in the thermal expansion coefficient between the substrates
and the ZrC coating. Post-heating treatment was performed under a lower current (500 A) compared to
the current used in the pre-heating and coating steps, so as to prevent damage to the coated specimens.
The total time taken for coating was around 5 min.

Table 1. Details of the vacuum plasma spraying (VPS) parameters for ZrC coating.

Parameters
Spraying current, A 500
Ar gas flow, NLPM ! 30
Pre/post-heating H, gas flow, NLPM 2
Chamber Pressure, mbar 100
Spraying distance, mm 210
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Table 1. Cont.

Parameters
Spraying current, A 500-700
Ar gas flow, NLPM 50
. H, gas flow, NLPM 10
Coating Feeding rate, g/min 4.5
Chamber Pressure, mbar 50
Spraying distance, mm 350

1 Normal liter per minute.

2.2. Coating Characterization

After cutting the five coated samples, their surfaces were polished using 1 um of diamond paste
to analyze the characteristics of the coating layer. Phase analysis of the coating was conducted by
XRD (D8 Advance, Bruker, USA) at 40 kV, with Cu-K« radiation, and a scanning speed of 4 °/min.
The cross-sectional microstructure of the coating was determined by field emission scanning electron
microscopy (FE-SEM; SU-8030, Hitachi, Japan), and the components of the coating layer were analyzed
by energy dispersive X-ray spectroscopy (EDS; X-MaxN80, Horiba, Japan). Table 2 shows the results
of the analysis for the coating layer. The thickness and porosity were determined using an image
analyzer by referring to the FE-SEM images and by porosity measurements based on ASTM E-2109
(Test Methods for Determining Area Percentage Porosity in Thermal Sprayed Coatings). Additionally,
the coating layer’s bonding strength and porosity were analyzed. Finally, the ablation test was carried
out for the ZrC-coated sample, which was selected based on the best result in metallurgical analysis.
Before the ablation test, an adhesion test of the selected sample was also carried out by the universal
testing machine (UTM; 5982, Instron, USA). Figure 3 shows a schematic of the adhesion test with the
sample fixed with glue (Fusionbond 370, Hernon, USA) between the bars.

Table 2. Ablation properties of the carbon/carbon (C/C) composite with or without ZrC coating.

Samples Mass Ablation Rate (x10~2 g/s)  Linear Ablation Rate (X103 mm/s)
c/C 321 7.73
ZrC/SiC-coated C/C —2.67 —-3.76

off bar;2

(P2)

Figure 3. A schematic of the adhesion test.
2.3. Ablation Test with Supersonic Flame

The ZrC coating layer was expected to protect the C/C composites in a high-temperature oxidizing
environment. Therefore, the weights and thicknesses of the sample before and after ablation were
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measured by an ablation test, and the ablation rate was calculated. The ablation characteristics of the
coated and uncoated samples were compared, and the performance of the coating layer was verified
based on the results.

Among the five coated samples (ZS-1~ZS-5), the sample with the best characteristics was selected
for the ablation test. A high-velocity oxygen fuel (HVOF) system equipped with a diamond jet (D]) gun
(DJH2700 gun; Oerlikon Metco, United States of America) was used. The DJ gun uses a combination of
oxygen, fuel gas, and air to generate a high-pressure flame with uniform temperature distribution. A
pre-mixed fuel gas (typically, propane, methane, propylene, or oxygen) and oxygen come into contact
with the supplied air to generate a high-temperature combustion gas. The temperature of the generated
flame approaches 2730 °C, and the flame is accelerated through convergent/divergent nozzles to
create a supersonic flame. In this work, commercial liquefied petroleum gas (LPG) was used as the
fuel. The pressure and flow velocity were 10.3 bar and 22 L/min for oxygen, 6.2 bar and 7.5 L/min for
the fuel, and 7.2 bar and 58 L/min for air. As shown in Figure 4, the specimen was installed 60 mm
away from the nozzle and was aligned perpendicular to the nozzle. The ablation test was conducted
for 30 s at temperatures higher than 2230 °C in open air. During ablation, the surface temperature of
the specimen was measured using a two-color pyrometer. We used a digimatic micrometer (Mitutoyo),
a non-contact 3D surface measuring system (IFM G4, Alicona), and a 0.1 mg-precise electronic balance
for before and after test evaluation of the recession and mass loss of the test samples. The linear and
mass ablation rates of the sample were calculated using the following equations:

Ry = - (€]

Rj=— (2)

where, Ry, is the mass ablation rate, Am is the mass change before and after ablation, R; is the linear
ablation rate, Al is the change of the thickness at ablation region, and t is the ablation time.

specimen

pN

‘ holder

60 mm l

DJ gun

Figure 4. Test specimen mounted on holder.

3. Results and Discussion

3.1. Microstructure and Phase of the As-Sprayed Coatings

Figure 5 shows the samples’ FE-SEM cross-sections before and after the ZrC coating layers by
different conditions. Figure 5a shows that SiC is well bonded on the C/C composite substrate, with
a 30 um thickness. The coated samples (Figure 5b—f) show different coating layer characteristics
depending on the discharge currents. ZrC is uniformly coated on top of SiC without any loss of SiC,
however some cracks formed by in the coating layer of samples during the cutting. The thickness of
the coating layers gradually increases from 75 to 122 um as the discharge current increases. While the
thickness increases, more cracks were observed. As cracks formed during the cutting for cross-sectional
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observation due to the accumulated thermal stress, a partial delamination from the substrate was
observed in a thicker case, as shown in Figure 5f.

Vo I T B |
500um SUB030 10.0kV 12.7mm x100 LM(UL) 500um

(© (d)

Figure 5. Cross-section morphology of the substrate and as-sprayed coating: (a) Substrate, (b) ZS-1,
(c) ZS-2, (d) ZS-3, (e) ZS-4, and (f) ZS-5.

Figure 6 shows high-magnification FE-SEM images, detailing the interface between the ZrC and
SiC layers. The light gray region represents the ZrC layer, while the dark gray region represents the
SiC layer. There is no mixed region between the ZrC layer and the C/C substrate, hence, each layer
is distinct. Figure 7 shows the results of the porosity measurement. Although there is no significant
change in the porosity, the porosity slightly increases with the current with the exception of ZS-2.
The discharge current could significantly affect the velocities and temperatures of the particles as
well as the thermal/physical characteristics of the plasma flow. If the current increases, the discharge
power, which can bring about a higher gas temperature of the plasma jet, also increases, therefore,
more powders can be melted. Splashing occurs due to poor spreading of the particles on the substrate
surface. Therefore, the porosity increases as the molten particles splash in the substrate under a high
current. For the ablation test, the above results were considered and the ZS-2 sample was selected as
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the one with the best characteristics. Figure 8 shows the results of the phase analysis of the coated
sample. Figure 8a shows the EDS mapping results of the ZS-2 sample. In the upper part of the figure,
light blue represents Zr, green represents Si, and red represents C. Figure 8b shows the XRD diffraction
pattern of the coated sample fabricated using VPS. As shown in Figure 8b, it is clear that there are
strong peaks corresponding to ZrC, while diffraction peaks of carbon are not detected, indicating that
the thick ZrC layer is formed on the C/C composite. Meanwhile, narrow and sharp peaks indicate
good crystallization of the ZrC phase. The peaks at 26 = 33°, 36°, and 56° match well with those of ZrC
corresponding to lattice planes of (111), (200), and (220) according to the Joint Committee on Powder
Diffraction Standards (JCPDS) database [11-0110]. From the result of the XRD and EDS analyses, SiC
and ZrC are well identified, and confirm that ZrC is well coated on the substrate without the formation
of oxides or the influx of impurities.

(c) (d)

Figure 6. FE-SEM morphologies of the ZrC/SiC interfaces: (a) ZS-1, (b) ZS-2, (c) ZS-3, (d) ZS-4, and
(e) ZS-5.

65



Materials 2019, 12, 747
" :%’x ”ngﬁn o ‘ﬁ,
b Ew“u o ’“’Z‘%
¥ ":&% ww fa, M’ “’M
,116
ﬁ%‘%’m ” ﬁ m‘f
A » a g“{? 5‘ 174 !:9 n&‘““ﬁ; s ;g
112140897y oTip ) m
z«mg.z @{?” %, zsré,?gs
S
333@?%;1? n 3§3
ﬁ 2 ’“‘“’é 19.7 %
: a,,gz.v .4::,‘@# TR IR

Sl A

‘ 8 192182 nms

&i‘ 7

gk
‘399‘;&”1 3\5 33 <
%gu”& m%" »W «wﬁ 18.7%

(0

'nré’zs‘;s. oi :g"’ 3.4
) “”’“-%' X
gl

2R Wy OB 5
;:'u '] L T lxzz”,5 ‘%,,
“ 9! U

%& oﬁﬁ hw"iu’io“ § o 59&5

’3@” 1” 9 300 ) u!soigg“u;h‘ b “
Ly 13 P 102 m,};: 6. 11, W
% Mlﬁ;ﬂ,‘g’ ;3517 1}1 é“‘ M}wﬁ? mss
ﬁgm“ .203 m:m,“ mﬁo ‘33:?“‘%

% % t)mz 25,24
39 244" 282 2432 40 ‘ 2
zsmﬁf“% W 2%2%3’,& 2, ;ﬁ
mﬂ”s o m 3%
N 3"”31. ; 16.6 %
953° 3600wz w6d%n %%m 2 2
(b)
2 o 8 " a3y

v
’iq ey 3;“; L
F/ Ey n
iﬁ'f 4 1’3’7 *ﬁmﬂﬁ ﬁ:t 2 “ﬁw‘ ““
L ' 3 Szm 1 A
Pt wfez, AL
2w, z& ¥
ET . z.qim 2!7 A A z«zs
Ay e
%;&*6 3!2% %Qym.NMn
35‘ D

m
:ﬁwm *SM i
(d)
% LR v

g"‘vz “’m“

w 25 2@

-ﬁf? ) 2?1:’5 o 213“”!
38, d mnz? 5 msgis
é?ﬂ:?;{}ﬂvé B 25?*1& a?}w‘;ﬁ
&%f‘ ad 324“948 ”! 4 e 24.1%
(e)

Figure 7. Porosity of coating layer: (a) ZS-1, (b) ZS-2, (c) ZS-3, (d) ZS-4, and (e) ZS-5.

To perform the ablation test, we selected the ZS-2 condition because of its obtained low porosity
and uniform thickness without cracks and delamination. Using this condition, we increased the number
of coating cycles to obtain thicker layers of up to 163 pm, which should be useful for prolonged ablation.
Figure 9 shows the results of the adhesion test on the ZS-2 sample. Figure 9a shows tensile strength
and Figure 9b shows the tested sample ZS-2. As a result, the ZrC layer was not separated with the
SiC layer, however it was separated with the P1. Furthermore, the ZrC layer was not peeled from the
substrate. Based on these results, it can be seen that ZrC is well bonded with SiC.
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Figure 8. Phase analysis result: (a) Energy dispersive X-ray spectroscopy (EDS) mapping analysis data
of ZS-2 and (b) XRD analysis data of as-sprayed coating.
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Figure 9. Adhesion test result of ZS-2: (a) Tensile strength and (b) morphologies after the adhesion test
on the ZS-2 sample.

3.2. Ablation Properties

Table 2 shows the ablation properties of the uncoated and ZrC-coated C/C composites. Note that
there is an obvious weight loss in the ablation process for the C/C composite, while the coated sample
gains weight. For the specimen without the coating, the weight decreases by 0.95 g. The thickness
of the specimen also decreases however, it was difficult to accurately measure the ablation rate as
the diameter of the flame was smaller than that of the specimen and consequently, ablation was not
uniform. Therefore, the ablation rate of the specimen was calculated using a non-contact 3D surface
measuring system (IFM G4, Alicona). Figure 10a shows the surface image of the ablated specimen, from
which the ablated length was calculated using the difference in heights before and after the ablation
test, which is shown in Figure 10b. The most ablated part was measured and determined as the linear
ablation rate. On the other hand, for the coated specimen, the weight and thickness increased by 0.8 g
and 113 um, respectively. Figure 11 shows the results of XRD analysis of the specimen surface after the
ablation test and ZrO, component. Only the oxidation of ZrC is observed. It appears that the outer ZrC
layer can be transformed into ZrO,, which results in weight and volume increases due to the formation
of the oxide. The ablation test was performed for 30 s, and the maximum surface temperatures of the
coated and uncoated specimens were measured to be 2052 °C and 2275 °C, respectively.
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Figure 10. Ablation surface images for (a) top and (b) side.
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Figure 11. XRD analysis of ZrC coating for C/C composite after ablation for 30 s.

3.3. Morphology Analysis of the Coatings After Ablation

Figure 12 shows images of the uncoated and coated C/C composites before and after ablation.
In the uncoated C/C composite, the center is subjected to the maximum ablation. Furthermore, the
surface color of the coated specimen changes from black to white by oxidation.

@ (b) (0 (d)

Figure 12. Morphologies before (a), (c) and after (b), (d) the ablation test; (a), (b) uncoated and (c), (d)
coated specimens.

Figure 13a,c show the surface morphology of the uncoated C/C composite before ablation, while
Figure 13b,d show the surface morphology after ablation. After ablation, several large pores generated
on the surface, which show irregular patterns as seen in Figure 13b. Additionally, the spaces between
the fibers are filled with carbon matrices (Figure 13c), however after ablation, the carbon matrices
disappear and the carbon fibers are exposed with a decreased thickness (Figure 13d). Furthermore, the
fibers show a tapered shape that indicates that the carbon matrices are first oxidized, followed by the
fibers, due to which the tips of the fibers are deformed into a needle shape (Figure 13d).
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00mm

Figure 13. Before (a) and(c), after (b) and (d), ablation surface morphology of the C/C composite.

Figure 14 shows images of the specimen’s surface before and after the ablation test. Figure 14a
shows the top of the ZrC coating layer before ablation, wherein cracks and pores are not observed.
Figure 14b shows the center area in the ablation specimen, from which it can be seen that the ZrO; layer
has completely melted. This is confirmed in Figure 12d, wherein the cracks seem fine on the entire
surface, from the center of the specimen after ablation, and microcracks and micropores are observed
from the surface, as shown in Figure 14b. It appears that such cracks and defects occurred due to
the difference in the thermal expansion coefficient caused by a sudden thermal shock. Furthermore,
it seems that many microcracks and micropores generated on the specimen surface because the
ZrO, formed on the specimen surface underwent a phase change into tetragonal zirconia at a high
temperature, which further changes into monoclinic zirconia upon cooling after completion of the
ablation test. Therefore, as mentioned, cracks seem to have formed due to the volume change and
rapid cooling caused by the two phase changes, and pores seem to have formed due to CO or CO, gas,
which was generated when ZrC reacted with oxygen.

Figure 15 shows FE-SEM images and EDS mapping analysis of the specimen’s cross-section after
the ablation test. Figure 15a shows the cross-section of the coated specimen after the ablation test. Part
of the coating layer appears to be exfoliated when the specimen was cut for observation. However, the
bottom of Figure 15a shows that the remaining ZrC layer is still well bonded on the SiC layer. At the
top of the coating layer, a uniform oxide layer with over 30 um thickness formed. From XRD analysis
(Figure 11), the coating layer is covered by ZrO,. Additionally, the ZrC layer and substrate are well
bonded at the interface without exfoliation after the ablation test. Figure 15b,c show the image and
results of the EDS line scan profile and point analysis, respectively. The upper and middle parts of the
coating layer, and the substrate beneath the coating layer were selected for analysis. The white phase
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in spectrum 1 is primarily ZrO, produced by ZrC oxidation, and the light gray phase in spectrum 2
and spectrum 3 is mainly ZrC and ZrO,. The gray phase in spectrum 4 is mainly SiC with no SiO,
detected. The proportion of oxygen decreases toward the substrate. SiO, is not observed as the oxygen
could not spread to the SiC layer that forms an interface with ZrC. Figure 15¢ shows the results of
the sample’s line scan analysis. Carbon peaks are observed, because the resin flows through the gap
in the middle of the coating layer. Oxygen peaks are observed with a high intensity at 70-80 um
depth, which weakens thereafter. Based on the EDS and previous XRD results, it is clear that the ZrO,
protective film on the surface of the coating layer effectively prevents oxygen diffusion from ZrC to
the C/C composite. Furthermore, the ZrO, layer serves as a barrier to retard thermal diffusion and
thus, reduced heat transfer to the underlying C/C composites.
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Figure 15. Cont.
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Figure 15. Cross-sectional FE-SEM images and EDS analysis of the ZrC-coated samples:
(a) Cross-section image, (b) Line scan profile, and (c) Point analysis.

4. Conclusions

We developed an optimal ZrC coating process by changing the discharge current in a VPS system
for improving thermal stability of a C/C composite. The coating was performed at different current
values that ranged from 500 to 700 A, and the ablation test was conducted for the best condition of the
ZrC coating using a HVOF system. Thick ZrC layers were coated on the C/C composite, where SiC
layers formed by CVR served as the interlayer between them. By increasing the discharge current, the
coated thickness and porosity also increased. At a higher current condition, cracks and delamination
of the ZrC layer commenced. During the ablation test, the C/C composite was completely protected
from thermal oxidation by the thick ZrC layer which formed ZrO,. After the ablation test, although
cracks and pores were observed from the surface of the coating layer, no delamination was observed at
the coating layer interface. Phase analysis by XRD and EDS indicated that the ZrO, formed at the top
of the coating layer was transferred into the C/C composites. Thus, the coating process using VPS
effectively protected a C/C composite in an ablation environment; moreover, a detached coating was
not detected between the ZrC coating and substrate, indicating good adherence between them.
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Abstract: Gas nitriding is known as a convenient process to improve the wear resistance of steel
components. A precipitation-free hardening by low-temperature processes is established to retain
the good corrosion resistance of stainless steel. In cases of thermal spray coatings, the interstitial
solvation is achieved without an additional surface activation step. The open porosity permits the
penetration of the donator media and leads to a structural diffusion. An inhomogeneous diffusion
enrichment occurs at the single spray particle edges within the coating’s microstructure. A decreasing
diffusion depth is found with increasing surface distance. The present study investigates an adjusted
process management for low-temperature gas nitriding of high velocity oxy-fuel-sprayed AISI 316L
coatings. To maintain a homogeneous diffusion depth within the coating, a pressure modulation
during the process is studied. Additionally, the use of cracked gas as donator is examined. The process
management is designed without an additional surface activation step. Regardless of surface distance,
microstructural investigations reveal a homogeneous diffusion depth by a reduced processing time.
The constant hardening depth allows a reliable prediction of the coatings’ properties. An enhanced
hardness and improved wear resistance is found in comparison with the as-sprayed coating condition.

Keywords: thermal spraying; high velocity oxy-fuel (HVOEF); S-phase; expanded austenite; 316L;
stainless steel; thermochemical treatment; hardening; gas nitriding

1. Introduction

Thermochemical treatment is a common process for functionalizing the surface of stainless steels
to improve their wear characteristics. Depending on the temperature-time regime during the process,
the nitrogen enrichment leads to the formation of precipitates at temperatures above 500 °C, or an
interstitial solid solution below 450 °C. Supersaturation of the austenitic matrix decisively expands the
lattice parameters. This phase condition is named S-phase or expanded austenite [1-3].

Hardening of austenitic stainless steels comprises an initial surface activation step in order to
remove the passive layer. Special equipment is required to ensure absence of repassivation during the
diffusion enrichment. This significantly increases the complexity of the process management and often
causes high costs. In contrast, classical thermochemical treatments possess clear economic benefits;
in particular, the high flexibility and the relatively low processing costs are responsible for larger-scale
industrial application of the gas nitriding process [4,5].

Different parameter settings related to bulk materials aim to increase process efficiency in order
to reduce processing time or enhance hardness depth. Aleekseeva et al. applied a high-pressure gas
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nitriding process at a high temperature of 1150 °C, a high pressure of 150 MPa and a duration of 3 h.
The diffusion layer in martensitic steels reaches 1.5-2 mm thickness [5]. In contrast, Wolowiec-Korecka
et al. evaluated the low-pressure nitriding process for construction alloy steels and low-carbon
non-alloy steel at a temperature of 560 °C, a pressure of 0.0026 MPa and a duration of up to 6 h. Both
authors derived from their experiments an increase in the nitrogen concentration at the steel surface
together with a high diffusion rate. For low-pressure nitriding process, these findings are explained by
the surface phenomena adsorption, dissociation and desorption [6].

In the case of stainless-steel treatments, several process adjustments are required to maintain
corrosion resistance. To prevent chromium depletion the process, temperature is subjected to a
limitation. By using a low-temperature treatment, the diffusion depth is limited to a few microns,
whereby high temperature treatment results in recrystallization. Furthermore, the passivation layer
acts as a diffusion barrier, thus an activation step is necessary. This causes the risk of an inhomogeneous
diffusion layer growth by incompleteness of surface activation [3].

In general, thermochemical treatments are applied to bulk materials. Nevertheless, several
researchers have combined thermal spray processes and thermochemical treatment and proved the
feasibility of stainless-steel coatings using various industrial surface hardening processes [4,7-17].
Plasma, molten metal and salt bath processes show comparable results to bulk material treatments of
the same steel type [7,9-14,17]. Conversely, gas nitriding of thermal sprayed coatings, as described
in [4,8,15,16], improves the diffusion depth of the enrichment media. Nestler and Lindner,
who conducted a gas nitriding process with stainless steel high-velocity oxy-fuel (HVOF) coatings
without a surface activation step, explained this finding by the characteristic open porosity of thermal
sprayed coatings. The effect is shown for conventional treatment at temperatures above 500 °C, as well
as low-temperature processes [4,8,15].

The present study focuses on the modification of a classical gas nitriding process for AISI 316L
HVOF thermal-sprayed coatings. The modification comprises a gas pressure modulation and a
controlled process gas regime. The gas pressure modulation intends to utilize the open porosity effect
of thermal sprayed coatings to increase the nitrogen diffusion depth. An increase of the nitrogen
supply at the coating surface is aimed with a controlled nitriding. The temperature-time regime of the
gas nitriding process is kept constant at a temperature of 420 °C and a duration of 10 h. The nitriding
depth, phase composition, hardness and the wear resistance of the sprayed coatings are compared
considering the different nitriding process regimes.

2. Materials and Methods

The AISI 316L coatings were produced using an HVOF K2 system (GTV GmbH, Luckenbach,
Germany) with the parameters given in Table 1. The coating was deposited on & 40 x 8 mm steel
samples of the same grade. Prior to the coating’s deposition, the samples were grit-blasted with EK-F24
(Treibacher Industrie AG, Althofen, Austria), a pressure of 3 bar and a distance of 150 mm, under an
angle of 70°, then ultrasonically cleaned for 5 min. The coating material was a gas-atomized powder
with a particle size fraction of —53 + 20 um (80.46.1, GTV GmbH, Luckenbach, Germany). After coating
production, the samples were ground and polished up to mesh 1000 in order to examine the surface
properties after nitriding and the wear tests. Thereby, the coating thickness averaged about 270 um.

Table 1. Setting parameter of AISI 316L coatings for the HVOF K2 system.

Kerosene Oxygen Nozzle Powder Feed Rate  Carrier Gas  Spray Distance ~ Step Size = Surface Velocity
[1/h] [I/min] [mm/mm] [g/min] [1/min] [mm] [mm] [m/s]
24 900 11 150/14 70 2x8 350 5 1

Gas nitriding was performed at 420 °C for 10 h in an industrial vacuum chamber retort
heat-treatment furnace (WMU Warmebehandlungsanlagen, Bonen, Germany) equipped with an
ammonia cracker (O-SG-9/5, KGO GmbH, Wetter, Germany) and a hydrogen sensor (STANGE
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Elektronik GmbH, Gummersbach, Germany) to determine the nitriding potential. The temperature
and duration were held constant for all trials. During the trials, the process regime was changed firstly
with an industrial process (420 °C/10 h), secondly by adding a pressure modulation (420 °C/10 h PM)
and thirdly by performing a pressure modulation in conjunction with a controlled process regime (420
°C/10 h PM + C, Table 2). Ammonia NH3 with a volume flow of 1000 1/h was used as process gas
and mixed with dissociated ammonia in the controlled regime. The amount of cracked ammonia was
adjusted according the predetermined nitriding potential maintaining the batch volume. The hydrogen
amount was approximately five to six times higher in the controlled regime. The excess pressure in the
chamber was varied between 2 mbar and a maximum operation pressure of 50 mbar in a cycle time as
short as possible (<10 min). A surface activation step was not considered in the preparation of the gas
nitrided samples.

Table 2. Parameter adjustments during gas nitriding trials.

Trial Process Regime Pressure Modulation (PM) Over Pressure/Cycle Time  Controlled Process (C)
1 420°C/10h 2 mbar NH;
2 420 °C/10 h PM 2-50 mbar/<10 min NH;
3 420°C/10hPM + C 2-50 mbar/<10 min NH; + N, + Hp

The microstructural characterisation of the nitrided samples included the preparation of
cross-sections by hot embedding, grinding and polishing. The cross-sections were wet-etched
with the colour etchant Beraha II immediately after polishing. The etching duration varied between
10 and 15 s according to the colour change on the cross-sections. In contrast with the austenitic
phase, the supersaturated matrix showed no colouring. Images were recorded using an optical
microscope GX51 (Olympus, Shinjuku, Japan) equipped with a SC50 camera (Olympus, Shinjuku,
Japan). The nano-indentation was applied at the etched cross-section using a UNAT nano-indenter
(ASMEC GmbH, Radeberg, Germany) with a Berkovich tip. In order to determine the hardness values
of the different phases, quasi-static measurements were performed with a load of 10 mN and at least
15 repetitions based on DIN EN ISO 14577-1 [18]. The solid solution of nitrogen in the face-centered
cubic lattice was investigated by X-ray diffraction (XRD). A D8 DISCOVER diffractometer (Bruker AXS,
Billerica, MA, USA) operating with Co Ko radiation (U: 40 kV; I: 40 mA) was used to measure in a
diffraction angle (20) range from 20° to 130° with a step size of 0.01° and 1.5 s/step. Due to the use of a
1D Lynxeye XE detector (Bruker AXS, Billerica, MA, USA), this corresponded to 288 s/step.

Wear tests were conducted to verify the success of the thermochemical post-treatment.
In comparison to the coating in the as-sprayed condition, the gas nitrided samples were tested
in ball-on-disk and reciprocating ball-on-plane tests. The ball-on-disk test was carried out with Tetra
Basalt Tester (Tetra GmbH, Ilmenau, Germany) based on ASTM G 99 [19] as a dry sliding system
and the reciprocating ball-on-plane test was performed with a Wazau SVT 40 device (Wazau GmbH,
Berlin, Germany) based on ASTM G 133 [20] as a dry couple. Parameters are given in Table 3.
After the tribological testing, the wear tracks were evaluated with contact stylus instrument Hommel
Etamic T8000 (Jenoptik GmbH, Villingen-Schwenningen, Germany) to determine the wear area after
ball-on-disk testing. For the other test, wear volume was measured with an optical 3D profilometer
MikroCAD (LMI Technologies Inc., Burnaby, Canada). The wear tracks were analysed using a scanning
electron microscope (SEM) LEO 1455VP (Zeiss, Jena, Germany).
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Table 3. Setting parameters for the wear tests.

Ball-on-Disk Test Reciprocating Ball-on-Plane Test
Normal load [N] 20 Normal load [N] 26
Radius [mm] 5 Frequency [Hz] 40
Speed [rpm] 96 Time [s] 900
Cycles 15,916 Amplitude [mm] 0.5
@ Al,O3 [mm] 6 I Al,O3 [mm] 10

3. Results

3.1. Microstructural Analysis

A low-temperature gas nitriding process at 420 °C for 10 h led to nitrogen enrichment in AISI 316L
HVOF sprayed coatings without an initial activation step. Figures 1 and 2 illustrate the nitrided coatings
depending on the applied process regime. The white layer in the Beraha II-etched cross-sections
refers to the S-phase (S), whereas the blue and brown areas represent the initial austenite phase (A).
The different colouration of the austenite phase is the result of the etching duration and the preparation
of the etchant agent applied for each sample.

substrate

Figure 1. Cross-sectional micrographs of AISI 316L HVOF coating after gas nitriding at (a) 420 °C/10 h
and (b) 420 °C/10 h PM. (S: S-phase, A: austenitic phase).

substrate

Figure 2. Cross-sectional micrographs of AISI 316L HVOF coating after gas nitriding at 420 °C/10 h
with PM + C: (a) overview; (b) detailed view of the coating. (S: S-phase, A: austenitic phase.)

The formation of the S-phase was inhomogeneous along the coating thickness, starting at the
single spray particle’s edge. This confirms the gas permeability of the porous thermal spray coating’s
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microstructure. In the as-sprayed condition, the coatings exhibited a porosity of 1.6%. A detailed
description of the coating’s microstructure before nitriding is given in [8]. The penetration depth
was enhanced by a pressure modulation of the gas donator (Figure 1b). The gas exchange improved
through the coating’s open porosity. In contrast, a plasma thermochemical treatment [7,9,10,12-14]
or precipitation hardening [4,8] of thermal spray steel coatings generated a homogenous S-phase or
compound layer up to 20 um or above 100 um in depth, respectively.

Significant improvements can be achieved by using dissociated ammonia for the same process
duration. The diffusion zone increased at the spray particle’s edge and a uniform diffusion depth was
reached up to the substrate surface (Figure 2a). Small particles were nitrided completely (Figure 2b).
The coatings exhibited a similar S-phase fraction in comparison with results for a 30-h duration without
a controlled gas regime [8]. Hence, a notable time reduction of the process was realised. Consequently,
the use of dissociated ammonia under modulated gas pressure ensured a high nitrogen supply within
the coating’s structure. As a result, the diffusion in depth and a homogenous distribution of the
austenite and S-phase were improved. These results are in accordance with effects recognized for
high- and low-pressure gas nitriding of bulk materials under similar process conditions [5,6].

Figure 3 shows the XRD patterns of the HVOF coatings considering the different treatment states
in conjunction with the as-sprayed condition. The untreated coating exhibited characteristic peaks of
the austenite phase and additional minor peaks that corresponded to the ferrite phase. Depending
on the setting of the gas nitriding process, the peak intensity decreased. Additional peaks of the
expanded austenite appeared at lower angles compared to the initial austenitic phase. The peaks
shifted and intensity increased with the amount of the S-phase fraction. A higher magnification of
the peak shift for the lattice planes {111} and {200} is illustrated in Figure 3b. The broad S-phase peak
indicates a superposition of different lattice expansions and an inhomogeneous interstitial dissolution
of nitrogen within the coating’s microstructure. Higher lattice expansion equates a higher nitrogen
enrichment, as observed for the pressure-modulated and controlled gas nitriding. The results differ
from the XRD pattern of a low-temperature thermochemical-treated bulk material and a plasma
thermochemical-treated thermal spray AISI 316L coating. These revealed clear peak shifts of the
austenite lattice planes, indicating the S-phase [2,7,15]. Nitride phases like CrN or Fe4;N can be excluded
by the XRD measurements.

(a) Y austenite YN S-phase o ferrite (b)
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Figure 3. XRD diagrams of AISI 316L HVOF coatings before and after gas nitriding: (a) overview;
(b) detailed view of the peak shift of {111} and {200} lattice planes.
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3.2. Hardness and Wear Resistance

The coating’s cross-sections showed a two-phase microstructure after gas nitriding. Table 4
summarizes the nano-hardness of the different microstructure domains. The austenitic phase of the
nitrided samples exhibited a nano-hardness of 440 HVyp,n on average. In comparison with the
untreated state, the increase in hardness was affected by the nearby S-phase. The S-phase was more
than twice as hard and ranged between 870 and 1000 HVomN. The hardness values are in accordance
with the results of plasma nitrided cold sprayed AISI 316L coatings [13]. In general, a strong shift of
the diffraction peak corresponded to high nano-hardness values. This relationship was in particular
valid for greater portion of S-phase fractions. All samples showed a superposition of the dissolved
nitrogen lattice expansion. A decreasing nitrogen concentration from the enriched spray particles’
edges was reasonable for a broad peak appearance. Hence, a gradation in hardness can be assumed.

Table 4. Hardness of the AISI 316L HVOF coatings before and after gas nitriding.

State of Treatment Untreated 420°C/10 h 420°C/1I0hPM  420°C/10hPM + C
Austenitic phase HVygmn 316 + 59 462 £ 77 420 + 39 449 + 41
S-phase HVgmn 874 + 136 1005 + 65 971 + 68

Low-temperature gas nitriding improved the wear resistance of the coatings in the ball-on-disk
and reciprocating ball-on-plane test conditions (Figure 4). The wear rate was deeply influenced by the
wear mechanism. Because of the high deformation of the austenite phase, the untreated AISI 316L
steel coating showed severe wear in both wear tests (Figure 5a). Adhesive wear prevailed also in the
gas nitrided samples at 420 °C/10 h, which showed a significant decrease in wear area and volume,
respectively (Figure 5b). In addition, particle breakouts increased in the reciprocating ball-on-plane
test due to the frequent contact of the surface with the counterbody. In comparison with this, the wear
of the pressure-modulated sample increased. The higher nano-hardness values resulted in a certain
change in wear mechanism. Figure 5c shows a predominately abrasive wear with deep grooves in the
direction of sliding for the ball-on-disk test. These were caused by the breakout of hardened spray
particles acting as abrasives in combination with inhomogeneous nitriding at the surface (Figure 1b).
However, the adhesive wear dominated in the reciprocated ball-on-plane test.
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Figure 4. Results of the wear tests of AISI 316L coatings before and after gas nitriding, (a) ball-on-disk
test and (b) reciprocating ball-on-plane test.
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Figure 5. SEM micrographs of the wear tracks of AISI 316L coatings before and after gas nitriding
after the ball-on-disk and reciprocating ball-on-plane tests. (a) AISI 316L HVOF coating in untreated
condition; (b) AISI 316L HVOF coatings after gas nitriding at 420 °C/10 h; (c) AISI 316L HVOF coatings
after gas nitriding at 420 °C/10 h PM; (d) AISI 316L HVOF coatings after gas nitriding at 420 °C/10 h
PM + C.
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The highest wear resistance was proven for the gas nitrided samples with dissociated ammonia in
the pressure-modulated regime (Figure 4) possessing a homogenous nitrogen enrichment and S-phase
fraction. The main wear mechanism can be assigned to adhesive wear indicated by plastic deformation
and minor particle breakouts in both tests (Figure 5d). A reduction of approximately 89% in wear
area for the ball-on-disk test condition and 83% in wear volume for the reciprocated ball-on-plane test
condition can be achieved by thermochemical treatment of coatings. In conclusion, a post gas nitriding
of AISI 316L HVOF coatings led to a significant wear improvement with a general better performance
in the ball-on-disk test.

4. Conclusions

The microstructural evolution in HVOEF-sprayed AISI 316L coatings during gas nitriding was
studied with respect to parameter settings. A pressure modulation within the post-treatment step
improved the penetration depth. It was found that the diffusion depth was decisively increased by
using dissociated ammonia. In addition to this, the process efficiency related to the processing time was
improved. A homogeneous diffusion layer growth within the single spray particles from the coatings’
surfaces to the substrate was proven for an adjusted gas donator composition and a pressure-modulated
process management. This can be explained by a higher activity and constant exchange with renewing
of the donator media. The expanded austenite showed significantly increased hardness in comparison
with the initial austenitic phase. Gas nitriding of AISI 316L HVOF coatings resulted in a significant
enhanced wear resistance. Due to the thermochemical treatment, a change in wear mechanism could
be recognized. Abrasive wear was indicated by grooves within the austenitic phase. These were
caused by worn out particles of the hard S-phase. In the case of a homogenous hardened surface,
the adhesive wear occurred, resulting in best wear resistance shown by a combined pressure-modulated
and controlled gas nitriding process. From the results of the present study, the general feasibility of
the novel processing approach is confirmed. The constant hardening depth within the single spray
particles allows a reliable prediction of the coating properties regardless surface distance.
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Abstract: Higher durability in thermal barrier coatings (TBCs) is constantly sought to enhance
the service life of gas turbine engine components such as blades and vanes. In this study, three
double layered gadolinium zirconate (GZ)-on-yttria stabilized zirconia (YSZ) TBC variants with
varying individual layer thickness but identical total thickness produced by suspension plasma
spray (SPS) process were evaluated. The objective was to investigate the role of YSZ layer thickness
on the durability of GZ/YSZ double-layered TBCs under different thermal cyclic test conditions
i.e., thermal cyclic fatigue (TCF) at 1100 °C and a burner rig test (BRT) at a surface temperature of
1400 °C, respectively. Microstructural characterization was performed using SEM (Scanning Electron
Microscopy) and porosity content was measured using image analysis technique. Results reveal
that the durability of double-layered TBCs decreased with YSZ thickness under both TCF and BRT
test conditions. The TBCs were analyzed by SEM to investigate microstructural evolution as well as
failure modes during TCF and BRT test conditions. It was observed that the failure modes varied
with test conditions, with all the three double-layered TBC variants showing failure in the TGO
(thermally grown oxide) during the TCF test and in the ceramic GZ top coat close to the GZ/YSZ
interface during BRT. Furthermore, porosity analysis of the as-sprayed and TCF failed TBCs revealed
differences in sintering behavior for GZ and YSZ. The findings from this work provide new insights
into the mechanisms responsible for failure of SPS processed double-layered TBCs under different
thermal cyclic test conditions.

Keywords: double-layered TBC; gadolinium zirconate; suspension plasma spray; thermal cyclic
fatigue; burner rig test; yttria stabilized zirconia

1. Introduction

Thermal barrier coatings (TBCs) enhance the efficiency of a gas turbine engine by allowing them
to operate at higher temperatures, in order to lower engine emissions and improve fuel economy [1].
At higher operating temperatures (>1200 °C), the existing state-of-the-art top coat TBC candidate,
7-8 wt. % yttria stabilized zirconia (YSZ), has several limitations such as phase instability, high sintering
rates, etc. [2,3]. Another major drawback of YSZ as a top coat material is also its susceptibility to CMAS
infiltration above 1200 °C, which limits TBC longevity [4-7].

Alternative ceramic top coat materials for TBC application such as gadolinium zirconate (GZ),
have been shown to possess lower thermal conductivity and excellent phase stability compared to
YSZ at high temperatures [8]. The other advantage of GZ over YSZ is its excellent CMAS (Calcium-
Magnesium-Alumino-Silicates) attack resistance [9]. However, GZ has drawbacks such as inferior
fracture toughness and poor thermochemical compatibility with alumina (thermally grown oxide),
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which limits its durability [10,11]. To overcome these drawbacks, double-layered TBCs with GZ as the
top layer and YSZ as the base layer have been used [12,13]. A double-layered, GZ/YSZ TBC design
exploits the merits of YSZ (high fracture toughness close to the TGO/bond coat) and GZ (excellent
CMAS resistance, low thermal conductivity etc.). Furthermore, the GZ/YSZ multi-layered TBCs were
shown to be more durable compared to a YSZ single layer TBC [12]. Failure analysis of the GZ/YSZ
multi-layered TBCs investigated so far with a layer thickness ratio of 4:1 for GZ and YSZ revealed
spallation of the GZ layer close to its interface with YSZ and at a distance of less than 100 pm from
the bond coat [12,14]. The reason for this was attributed to lower fracture toughness of GZ than
YSZ [15]. Fracture toughness plays a crucial role in governing spallation in the ceramic as it resists
crack propagation due to accumulation of stresses in the coating from various sources (coefficient of
thermal expansion [CTE] mismatch between ceramic and metallic substrate, oxidation of bond coat,
etc.) during thermal cycling [8]. The specific purpose of this study was to assess if the durability of
GZ/YSZ double-layered TBC could be improved by moving the inferior fracture toughness material,
i.e., GZ, further away from the bond coat by increasing the underlying YSZ layer thickness. By doing
so, the relatively higher fracture toughness material (YSZ) is presented at the probable failure location,
which could lead to improved durability by delaying the onset of failure. Durability of TBCs and their
associated failure mechanisms vary with the test conditions employed (such as cycling conditions,
exposure temperature and time etc.) [16]. Furthermore, the choice of substrate (composition) has an
influence on the durability as it leads to differential CTE mismatch with the top coat, resulting in
differing stress state in the TBC [17,18]. Previously, burner rig test comprising of short exposure time
(75 s of heating cycle) and relatively lower exposure temperature (1350 °C), were employed to evaluate
the performance of GZ/YSZ double-layered TBCs deposited on Hastelloy-X substrates [19].

In this work, three double-layered GZ/YSZ TBCs with variable YSZ thickness i.e., 400GZ/100YSZ,
250GZ/250YSZ and 100GZ/400YSZ, where the prefixed numbers represent layer thickness in um, were
deposited by SPS process. SPS process was opted over other TBC deposition techniques such as
EB-PVD (Electron Beam- Physical Vapor Deposition) or APS (Atmospheric Plasma Spray) due to its
capability to produce columnar microstructured TBCs via plasma route. Columnar microstructured
TBCs are desirable for higher cyclic lifetime and higher erosion resistance [20,21]. The GZ/YSZ TBCs
were subjected to two different thermal cyclic test conditions, one without a thermal gradient (thermal
cyclic fatigue or TCF) and the other with a thermal gradient (burner rig test or BRT) across the TBC test
specimen. For BRT, TBCs were deposited on Inconel-738 substrates and exposed to a relatively higher
surface temperature and exposure time than the ones reported elsewhere [19]. The BRT and TCF failed
TBC specimens were analyzed by SEM to gain insights into the mechanisms responsible for failure.

2. Experimental Details

Two different substrates, namely Hastelloy-X and Inconel-738, with dimensions 50 mm X 30 mm
x 6 mm and 30 mm dia X 3 mm thickness were used for the TCF and BRT tests, respectively. The
substrates were grit blasted to create a surface roughness of approximately 3 um Ra. A NiCoCrAlY
bond coat (AMDRY 386, Oerlikon Metco, Westbury, New York, NY, USA) was first deposited on the
surface using High Velocity Air Fuel (HVAF) process (M3 gun, UniqueCoat, Oilville, Virginia, VA,
USA). The thickness of bond coat was kept at 190 um + 10 pm in all the investigated specimens. HVAF
sprayed bond coat may contain unmelted droplets and loosely bound particles on the surface which
could hinder mechanical adhesion of the TBC. Therefore, grit blasting of the bond coated surface was
carried out to get rid of the loosely bound particles and create a surface roughness of approximately
5 um Ra. After grit blasting, the surface was cleaned with pressurized air to remove loosely bound
grit particles.

Ethanol based, commercial 8YSZ and GZ suspensions supplied by Treibacher Industrie AG,
Althofen, Austria were used. Both the 8YSZ suspension (AuerCoat YSZ) and the GZ suspension
(AuerCoat Gd-Zr) comprised of powders with a median size of 500 nm and a solid load content of
25 wt. %.
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The bond coated substrates were preheated prior to top coat deposition in order to remove volatile
impurities from the surface. An axial-feed capable plasma torch (Axial III, Mettech, Vancouver, BC,
Canada) was used to deposit the ceramic layers. Identical spray parameters (Table 1) were used for
deposition of YSZ and GZ layers. The first double layered TBC variation had 400 um thick GZ top
layer and 100 pm thick YSZ base layer, which is denoted as 400GZ/100YSZ. Similarly, the second and
third double-layered TBC variations are denoted as 250GZ/250YSZ and 100GZ/400YSZ.

Table 1. Suspension plasma spray parameters for YSZ and GZ layers in the three double layered

TBC variants.

Parameters YSZ GZ

Solid load content (wt. %) 25 25

Median particle size (nm) 550 550

Solvent Ethanol Ethanol

Stand off distance (mm) 100 100
Enthalpy (kJ/I) 125 125

Atomizing gas flow (L/min) 20 20

Microstructure of the as-sprayed TBCs was characterized using a scanning electron microscope
(HITACHI T™ 3000, Hitachi High-Technologies Corporation, Tokyo, Japan). The porosity content
in GZ and YSZ layers of as-sprayed and TCF failed TBCs were analyzed using an open software
called ‘Image]” (version 1.52p, University of Wisconsin, Wisconsin, US) [22] by considering twenty
five different cross-sectional SEM micrographs at high magnification (5000x). Furthermore, column
gaps in the TBC were not considered during porosity measurement. For simplicity, one TBC variation
(250GZ/250YSZ) was chosen for the porosity measurement of GZ and YSZ layers in the as-sprayed
condition since all the investigated TBCs were deposited using identical spray parameters. After TCF
test, porosity evolution in GZ and YSZ layers for all three TBC variations was measured and compared
with as-sprayed condition.

In the TCF test, the TBC specimens were exposed to 1100 °C for 1 hr and were later, cooled to
100 °C in 10 min using compressed air. This cycle was repeated until specimen failure, which was
deemed to be 20% visible TBC spallation. After the completion of each cycle (heating and cooling),
photograph of the specimens were taken by integrating a high-resolution camera with LabVIEW
software in order to monitor the progress of failure. The temperature during the heating cycle was
monitored using two thermocouples, which were placed at different locations in the heating chamber.
Further details regarding the TCF test setup are disclosed in our previous work [23]. It should be noted
that the TCF test was conducted in the absence of a thermal gradient across the TBC specimen. Three
specimens of each coating variation were subjected to a TCF test and the mean value and standard
deviation are reported.

In the burner rig tests (BRT), performed at Forschungszentrum Jiilich, Germany, the TBC surface
was exposed to a surface temperature of 1400 °C with the rear of the specimen maintained at a
temperature of 1050 °C. The test specimen was heated periodically using natural gas/oxygen burners
whereas the backside of the specimen was cooled using compressed air. The surface temperature
was measured using a land infrared pyrometer whereas the backside (substrate) temperature was
measured using a NiCr/Ni thermocouple. Each cycle involved 5 min. heating followed by 2 min of
cooling. Failure criteria was 30% visual spallation. Further details regarding the test setup and TBC
specimen geometry are disclosed elsewhere [24]. Two specimens were tested for each TBC variant and
their mean values are reported.

87



Materials 2019, 12, 2238

3. Results and Discussion

3.1. Microstructure

The cross sectional SEM micrograph of the 400GZ/100YSZ double-layered TBC showed columnar
microstructure, according to Figure la. A similar columnar microstructure of the GZ/YSZ double
layered TBC processed by SPS process was reported elsewhere [25]. The thickness of top GZ layer was
measured to be approximately 410 um and the base YSZ layer was approximately 95 um. The GZ/YSZ
interface in this case seems to be continuous and free from delamination cracks, according to Figure 1b.
This is highly desirable since any cracking or discontinuity at the interface can promote delamination
and adversely influence durability. Similarly, the cross sectional SEM micrographs of 250GZ/250YSZ
and 100GZ/400YSZ TBCs showed a columnar microstructure along with a delamination free GZ/YSZ
interface, according to Figure 1c—f, respectively.

Figure 1. SEM (scanning electron microscope) micrograph of as-sprayed TBCs: (a) 400GZ/100YSZ cross
section; (b) GZ/YSZ interface of 400GZ/100YSZ; (c) 250GZ/250YSZ cross section; (d) GZ/YSZ interface
of 250GZ/250YSZ; (e) 100GZ/400YSZ cross section; (f) GZ/YSZ interface of 100GZ/400YSZ.

3.2. Porosity

Porosity content in the individual layers comprising the TBC specimen, i.e., GZ and YSZ, were
measured in as-sprayed condition for 250GZ/250YSZ. The YSZ layer showed a higher porosity content
than the GZ layer, although the spray parameters and suspension properties were kept the same, see
Table 1 and Figure 2. It should be noted that GZ has a lower melting temperature (2570 °C) than YSZ
(2700 °C). Therefore, the GZ splats undergo a greater degree of melting than YSZ. According to the
understood theory of plasma spraying, this should result in a relatively denser coating for GZ than
for YSZ. This explains the higher porosity content observed for YSZ than for GZ. Similar findings of
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YSZ showing higher porosity compared to GZ were reported in the past under similar processing
conditions [25].

30 [ . As-sprayed ®TCF failed 4006Z/100YSZ 1 TCF failed 250GZ/250YSZ M TCF failed 100GZ/400YSZ

Porosity (%)
&

GZ YSZ

Figure 2. Porosity content of as-sprayed GZ and YSZ layers and after failure.

The porosity content in a TBC can be expected to progressively change with time when subjected
to a burner rig test as a result of sintering. Moreover, the porosity can plausibly also vary along
the TBC thickness due to the presence of a thermal gradient across the test specimen, leading to
greater sintering in the ceramic layer closer to the burner. Therefore, it is a challenge to compare the
porosity content in a TBC before and after exposure to BRT. However, in a TCF test, the lack of a
thermal gradient across the test specimen ensures that the extent of sintering in the ceramic material is
independent of thickness across the TBC. Therefore, in this work, porosity evolution in GZ and YSZ
layers were compared in as-sprayed and TCF failed condition for 400GZ/100YSZ, 250GZ/250YSZ and
100GZ/400YSZ TBCs. After the TCF test, the individual GZ and YSZ layers showed a reduction in
porosity compared to the as-sprayed condition, according to Figure 2. Sintering is known to lead to an
increase in stiffness of the TBC, which could result in loss of strain tolerance and eventually lead to
TBC failure [26,27]. Therefore, it is desirable to have a ceramic top coat material which can provide
better sintering resistance. Furthermore, according to the mean porosity values in Figure 2, the YSZ
layer showed higher reduction in porosity than GZ in all the three variants of TCF tested TBCs when
compared to the as-sprayed condition. However, the error bar consideration shows no significant
difference in the sintering resistance of GZ and YSZ. Cao et al. reported higher sintering resistance of
rare earth based pyrochlores than YSZ [28]. The reason for higher sintering resistance of pyrochlores
than YSZ was attributed to the fact that the oxygen anion vacancies in pyrochlores are arranged in an
orderly fashion compared to YSZ [28].

3.3. TBCs Subjected to TCF Test

In TCF, the test conditions are relatively harsh due to the fact that the top coat, bond coat and the
substrate are exposed to the same temperature, i.e., there is no thermal gradient across the TBC test
specimen. The TCF test results indicate that the GZ/YSZ double-layered TBC with higher YSZ thickness
(100GZ/400YSZ) showed lower durability whereas the TBC with lower YSZ thickness (400GZ/100YSZ)
showed higher durability, as depicted in Figure 3. In a TBC, the bond coated surface could be accessed
(oxidized) by oxygen via two possible routes i.e., from the open porosity through TBC and the oxygen
ion vacancies in the crystal structure of the ceramic. It is speculated that the oxygen penetration
resistance of rare earth zirconate based pyrochlores is higher than YSZ due to their cubic crystal
structure having a systematic arrangement of the oxygen ion vacancies [28,29]. Moreover, the porosity
content in the GZ layer has also been shown to be lower than that in the YSZ layer, thereby further
contributing to the better oxygen penetration resistance.
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Figure 3. Thermal cyclic fatigue (TCF) life of GZ/YSZ double-layered TBCs.

The cross sectional SEM micrograph of failed 400GZ/100YSZ showed column gap widening in the
double-layered TBC, according to Figure 4a. The reason for column gap widening could be attributed
to the tensile stresses in the TBC during the heating cycle, where the metallic substrate expands more
than the ceramic. The photograph of failed TBC specimen showed TBC spallation and the oxidized
bond coat surface being exposed, according to Figure 4b. At high magnification, the failure in the TGO
layer due to horizontal crack propagation could be seen, according to Figure 4c. Similar failure mode
in the GZ/YSZ double layered TBCs when subjected to TCF test was reported elsewhere [12]. The
thermally grown oxide (TGO) layer at failure showed a thickness of approximately 6-7 um. Lu et al.
and Smialek et al. previously reported the critical TGO thickness at failure in TCF tested specimens
to be approximately 7-8 um [30-32]. The failed specimen does not show blue failure, indicating the
presence of alumina in the failed region of TGO [33].

Bond coat 50 um

Figure 4. SEM micrograph of TCF (thermal cyclic fatigue) failed (570 cycles) 400GZ/100YSZ (a) Cross
section and (b) Photograph (c) TGO (thermally grown oxide).
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The cross sectional SEM micrograph of the failed 250GZ/250YSZ and 100GZ/400YSZ double
layered TBCs also showed failure in the TGO layer, according to Figures 5a and 6a. The TGO thickness
at failure was also measured to be approximately 6-7 um in these TBC variations. The photographs
of the TBC after failure also showed spallation of the ceramic coating from the test specimen edges,
according to Figures 5b and 6b. The high magnification cross sectional SEM micrograph of failed TGO
layer in the case of 100GZ/400YSZ is shown in Figure 6c¢.

Figure 6. SEM micrograph of TCF failed (528 cycles) 100GZ/400YSZ (a) Cross section; (b) photograph
and (c) TGO.

Failure in the double-layered TBC variations (400GZ/100YSZ, 250GZ/250YSZ, 100GZ/400YSZ)
when subjected to TCF test appears to be similar, i.e., spallation of TBC due to failure in the TGO.
However, their TCF durability differs, with the 400GZ/100YSZ showing the highest durability and
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100GZ/400YSZ showing the lowest. Oxidation of bond coat and attaining critical TGO thickness has
been previously reported to be the limiting step governing the durability of TBCs under a TCF test,
and this has been reaffirmed by the present results.

In the TCF test, the relatively longer exposure to high temperature allows sufficient time for
oxidation of the bond coat, while the ceramic coating simultaneously undergoes a degree of sintering.
Furthermore, the CTE mismatch between the metallic substrate and ceramic coating during the heating
and cooling cycle leads to accumulation of strain energy in the coating. These three mechanisms
(oxidation of bond coat, sintering, CTE mismatch) compete for the TBC failure and reaching a
critical TGO thickness via bond coat oxidation appears to be the dominant failure mode under TCF
test conditions.

3.4. TBCs Subjected to BRT

The TBC surface temperature in BRT test was chosen as 1400 °C in order to replicate the desired
service temperature of an aero engine. In BRT, the durability of double-layered TBCs showed a ranking
similar to that during TCF testing, where the TBC with higher YSZ thickness (100GZ/400YSZ) in the
GZ/YSZ double-layer coating showed lower durability and vice-versa, although the absolute values of
the lifetime were different, see Figure 7. Previous findings demonstrated that the absolute values of
durability results would improve (longer lifetime) when the TBC surface temperature is lowered [23].
Furthermore, ranking of the coatings, in terms of durability, were shown to be the same with lower
exposure temperature [23].

Burner Rig Test @1400°C

800
700 F
600
500 F
400 £
300 F

Cycles to failure

200 £
100 i
0

400GZ/100YSZ 250GZ/250YSZ 100GZ/400YSZ

Figure 7. Burner rig test (BRT) life of GZ/YSZ double-layered TBCs.

Failure analysis of the BRT 400GZ/100YSZ TBC showed spallation of top GZ layer from region
close to interface with YSZ, according to Figure 8a,c. Exposure of TBCs to thermal cyclic test results
in accumulation of strain energy in the ceramic coating. This could be attributed to the coefficient of
thermal expansion (CTE) mismatch between the ceramic coating (10.4 x 107%/K for GZ and 11.5 x 107/K
at 30—1000 °C [8]) and the metallic substrate (16-17 x 107¢/K at 1000 °C [34]) during the heating
cycle (resulting in tensile stresses in the TBC) and cooling cycle (compressive stresses in the TBC).
Viswanathan et al. used the concept of available elastic energy to explain the failure modes observed
in their findings for APS processed GZ/YSZ TBCs subjected to thermal cyclic test [35]. In their findings,
it was reported that TBC failure would occur when the available elastic energy exceeds the critical
stress intensity factor (fracture toughness) of the ceramic [35]. YSZ has higher fracture toughness
than GZ (approximately double) [15]. Recently, Zhou et al. reported the fracture toughness of SPS
processed, porous, columnar microstructured YSZ TBC was approximately 1.0 Mpa.m'? [36] whereas,
for SPS processed porous GZ, fracture toughness was 0.48 Mpa.ml/2 [10]. Therefore, in a GZ/YSZ
double-layered TBC, it is expected that the GZ layer would allow crack propagation with relative ease
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compared to YSZ. After reaching a certain number of cycles in the burner rig, the stored elastic strain
energy in the GZ/YSZ system presumably exceeds the fracture toughness of GZ and, hence, results in
spallation of the GZ layer from a region close to GZ/YSZ interface. Similar horizontal cracks close to
GZ/YSZ interface were reported previously elsewhere for GZ/YSZ double-layered TBCs processed by
APS [12]. The photograph of failed 400GZ/100YSZ TBC showed failure in the ceramic layer, leaving
behind some part of the intact ceramic layer, see Figure 8b. Furthermore, the blue failure appearance
in the photograph suggests the presence of NiO and other spinels. The TGO layer thickness at failure,
as shown in Figure 8d, was measured to be approximately 2 um, which happens to be lower than the
critical TGO thickness (as seen in TCF tested specimens).

Figure 8. SEM micrograph of BRT (burner rig test) failed (814 cycles) 400GZ/100YSZ (a) Cross section;
(b) photograph; (c) cross sectional view at a different location; (d) TGO.

In the case of failed 250GZ/250YSZ TBC, horizontal crack parallel to GZ/YSZ interface was
observed. Furthermore, the location of horizontal crack shifted away (approximately 250 pm) from the
bond coat compared to the 400GZ/100YSZ failed TBC, see Figures 8a and 9a. The reason for such a shift
in failure location could be due to the presence of higher fracture toughness material, i.e., YSZ, at the
previously reported failure location. However, the durability results did not show improvement over
400GZ/100YSZ. The photograph of failed 250GZ/250YSZ also confirmed the spallation in the ceramic
layer, see Figure 9b. High magnification SEM micrograph of the GZ/YSZ interface showed interlinking
of horizontal and vertical cracks in GZ layer, according to Figure 9¢c, which led to spallation of GZ
layer. TGO thickness at failure in this case was measured to be less than 2 um. Furthermore, the YSZ
layer close to TGO was free from cracks, according to Figure 9d.

In the case of failed 100GZ/400YSZ TBC, the cross sectional SEM micrograph shows delamination
of the top GZ layer along with a thin remnant layer of GZ, according to Figure 10a. The failure location
shifted further away from the bond coat (approximately 400 pm from the bond coat). The BRT lifetime
was determined based on the photographs captured after each cycle. In this case, the test specimen
was exposed to BRT conditions for longer cycles than its lifetime. Therefore, after the spallation of the
GZ layer, horizontal cracks in YSZ appeared at two different locations; one close to the free surface
and one close to the bond coat, see Figure 10c,d. The reason for horizontal crack propagation close to
the bond coat could be attributed to the mismatch in coefficient of thermal expansion (CTE) between
YSZ and metallic substrate. When the stored elastic energy in the TBC due to CTE mismatch exceeds
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the fracture toughness of the material, a crack propagates through the coating, leading to spallation.
Previous findings on failure of the YSZ single layer TBC when subjected to a burner rig test reported
similar horizontal crack propagation in the YSZ layer close to the bond coat [14]. The photograph also
suggests that the failure occurred in the ceramic layer, as some part of the ceramic was still intact after
the test, according to Figure 10b.

Figure 9. SEM micrograph of BRT failed (301 cycles) 250GZ/250YSZ (a) Cross section; (b) photograph;
(c) high magnification cross sectional view; (d) TGO.

Bond coat

Figure 10. SEM micrograph of BRT failed (101 cycles) 100GZ/400YSZ (a) Cross section; (b) photograph;
(c) cross sectional view at a different location; (d) TGO.

In the BRT, the relatively shorter time of exposure to high temperature during each cycle prevents
sufficient time for oxidation of the bond coat and hence TGO growth is restricted, as seen in this
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work (<2 um at failure in all the tested coatings). Simultaneously, the ceramic coating also undergoes
sintering to some extent at a relatively higher exposure temperature, with the sintering rate being
higher close to the surface than near the bond coat. The evidence of sintering was reported in our
previous work for SPS-processed GZ and YSZ TBCs when subjected to BRT (same test rig) even at
lower surface temperature (1300 °C) and time, see [14]. If the TBC failure occurs near the surface, it
could be argued that the potential cause for failure was due to sintering. The failure analysis of BRT
specimens in this study did not reveal failure at the TBC surface. Furthermore, the failure was not
observed in the TGO (<2 um thickness) layer under BRT conditions as the TGO thickness at failure was
well below the critical TGO thickness On the other hand, the CTE mismatch between ceramic coating
and the metallic substrate during BRT results in accumulation of strain energy in the TBC. When the
strain energy in the coating exceeds the fracture toughness of the material, failure occurs. In the current
work, all the three double-layered TBC variations failed in GZ (inferior fracture toughness material)
layer close to interface with base YSZ layer, indicating CTE mismatch as the potential cause for failure.
It seems that the three mechanisms (oxidation of bond coat, sintering and CTE mismatch) compete
with each other for TBC failure during BRT and, in this case, the CTE mismatch between the ceramic
and metallic substrate wins the race. Based on the author’s hypothesis, with an increase in YSZ layer
thickness in the GZ/YSZ double-layered TBC, the BRT lifetime should have been higher. However, the
BRT results obtained in this work contradict the author’s hypothesis, although the failure mechanisms
were similar for all the three GZ/YSZ double-layered TBC variants. It is worthy to mention that GZ has
lower thermal conductivity than YSZ (approximately 30% lower) [8,23]. Improved thermal insulation
in 400GZ/100YSZ TBC due to lower YSZ thickness leads to lower bond coat temperature, which results
in lower CTE mismatch and stress levels in 400GZ/100YSZ than 100GZ/400YSZ TBC. This could be one
possible explanation for the improved durability of 400GZ/100YSZ than 100GZ/400YSZ. BRT results
indicate that, in addition to the TBC fracture toughness, thermal insulation property of the TBC also
plays an important role in governing durability.

4. Conclusions

In this work, gadolinium zirconate/YSZ double-layered TBCs with varying GZ/YSZ thickness
combinations were investigated to evaluate the hypothesis that an increase in the YSZ layer thickness
would enhance TBC durability. It was conjectured that this would provide a bigger region of higher
toughness in the immediate vicinity of the bond coat to consequently delay cracking in the tougher YSZ
layer or shift the probable failure-prone GZ region further away from the bond coat. The as-sprayed
TBCs were subjected to different thermal cyclic test conditions, i.e., BRT (with temperature gradient)
and TCF (without temperature gradient). Test results obtained in this work oppose the author’s
hypothesis, as an increase in YSZ layer thickness in the GZ/YSZ double-layered TBC led to inferior
durability under BRT and TCF test conditions. A possible explanation for inferior durability of
100GZ/400YSZ under BRT could be due to its higher thermal conductivity than 400GZ/100GZ (GZ
has 30% lower thermal conductivity than YSZ), resulting in severe stress state (due to higher CTE
mismatch) in the 100GZ/400YSZ coating. On the other hand, in the case of TCF, inferior durability
of TBC with higher YSZ thickness (100GZ/400YSZ) could be due to the higher oxygen penetration
resistance of GZ than YSZ.

Failure modes under TCF and BRT conditions were found to differ in the investigated TBCs.
Among the three possible mechanisms for TBC failure i.e., sintering of the ceramic, oxidation of bond
coat and CTE mismatch between the top coat and bond coat; oxidation of the bond coat and reaching
a critical TGO thickness were found to be the reasons for TBC failure under TCF test conditions. In
contrast, in the case of BRT, it was shown that CTE mismatch between the ceramic coating and metallic
substrate dictates the TBC failure. Furthermore, with an increase in the YSZ layer thickness in the
GZ/YSZ double-layered TBC, failure location shifted northwards from the bond coat, but remained in
the GZ layer close to the interface with YSZ. In this work, it was also shown that an increase in fracture
toughness at the probable failure location does not necessarily improve the durability. Other factors
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(such as thermal conductivity of the top coat) could play an important role in dictating the durability
of the TBC.

Although the failure modes under different thermal cyclic conditions differed for the investigated
TBCs, durability was shown to be superior for 400GZ/100YSZ TBC. Further improvement in the
durability of 400GZ/100YSZ TBC could be achieved by opting for a denser GZ microstructure (due to
improved fracture toughness) as failure in BRT in this work was shown to be in the GZ layer close to
the YSZ interface.
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Abstract: In this work, the alumina (Al,O3) and alumina-titania coatings with different contents
of TiO,, i.e., Al,O3 + 13 wt.% TiO; and Al,O3 + 40 wt.% TiO,, were studied. The coatings were
produced by means of powder and liquid feedstock thermal spray processes, namely atmospheric
plasma spraying (APS), suspension plasma spraying (SPS) and suspension high-velocity oxygen
fuel spraying (5-HVOF). The aim of the study was to investigate the influence of spray feedstocks
characteristics and spray processes on the coating morphology, microstructure and phase composition.
The results revealed that the microstructural features were clearly related both to the spray processes
and chemical composition of feedstocks. In terms of phase composition, in Al,O3 (AT0) and Al,O3 +
13 wt.% TiO, (AT13) coatings, the decrease in x-Al,O3, which partially transformed into y-Al,O3,
was the dominant change. The increased content of TiO; to 40 wt.% (AT40) involved also an increase
in phases related to the binary system Al,O3-TiO; (AL, TiO5 and Aly_,Ti;Os). The obtained results
confirmed that desired x-Al,O3 or x-Al,O3, together with rutile-TiO, phases, may be preserved more
easily in alumina-titania coatings sprayed by liquid feedstocks.

Keywords: Al,O3-TiO, system; APS; suspension spraying; microstructure; morphology;
phase composition

1. Introduction

Thermal spraying is a well-known technique used for the deposition of different types of coatings
for applications in many industrial fields. The processes based on direct spraying of liquid feedstocks
have gained increasing interest in recent years. Among different technologies, the most intensively
studied are suspension plasma spraying (SPS) and suspension high-velocity oxygen fuel spraying
(S-HVOF) [1,2], patented, respectively, by Gitzhofer et al. in 1997 [3] and Gadow et al. in 2011 [4].
Since that time, these techniques have been developed in parallel [5,6]. By spraying with feedstocks of
submicrometer- or even nanometer-sized powders, the microstructural features of coatings change
significantly and, thus, the different functional properties of coatings may be improved [7,8].

Al,O3 is among the most popular oxide ceramic materials used in thermal spray technology.
Besides pure Al,O3, the attention is paid nowadays to the Al,O3 + TiO, ceramics, including especially
Al O3 + 13 wt.% TiO; (due to its outstanding tribological behavior) and Al,O3 + 40 wt.% TiO; (e.g., for
its improved fracture toughness). In general, with the increased content of TiO,, the melting ability of
the powders is more favorable and, then, the deposition of denser and defect-free coatings is easier.
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Furthermore, the addition of titania to alumina coatings improves, e.g., fracture toughness, and this
may be used to improve the wear resistance of alumina-based coatings. The beneficial increase in TiO,
was confirmed, e.g., at a content of 44 wt.% TiO, where the formation of the Al,TiO5 phase takes place,
which is of better corrosion resistance in dilute acids [9].

Furthermore, when compared to conventional powder thermal spray processes, suspension-based
techniques show higher flexibility in tailoring the microstructure and chemical composition of the
feedstock material [2]. For example, APS-sprayed coatings based on Al,O3 and Al,O3 + TiO, are
relatively porous which is undesirable in some applications, for example in electronics and sealing
systems [10,11]. Suspension-based coatings seem to be an interesting solution for such problems.
The studies devoted to the liquid feedstock spraying [12-14] have already shown that these processes
can provide thinner coatings with comparable, or even better properties, including hardness, corrosion
or wear resistance.

Studies on Al,O3 sprayed by S-HVOF [15,16] have shown that these coatings are of higher density
and improved adhesion, and contain refined microstructure with small lamellas when compared to
conventional APS or HVOF [17]. Another benefit of suspension spraying using HVOF is the possibility
of retention of the original crystalline phase. This is of great importance especially in the case of Al,O3
because, during spraying, this material tends to transform from initial thermodynamically stable
a-phase into metastable y-phase, which is characterized, e.g., by lower corrosion resistance [18].

It should be emphasized that most of the articles devoted to the spraying from liquid feedstocks
concern SPS [19,20] and S-HVOF [21,22] of Al,O3 coatings. There are only a few papers that consider
the influence of TiO, addition in such coatings. Darut et al. [23] investigated phase transformation
in Al,O3 + 13 wt.% TiO, SPS coatings, while Vicent et al. [24] characterized microstructure and
nanoindentation properties, also in similar coatings.

In the article, both powder- and suspension-based feedstocks of Al,O3 (AT0), Al,O3 + 13 wt.%
TiO; (AT13) and Al,O3 + 40 wt.% TiO, (AT40) were sprayed by means of: (i) APS, (ii) SPS and (iii)
S-HVOE It is well-known that feedstock characteristics have a great influence on the splat formation
during spraying [8]. Depending on the size of raw powder, manufacturing method of the suspensions,
particle size distribution, etc., different microstructural properties may be obtained [15]. Therefore, all
suspensions were formulated under laboratory conditions in a repetitive manner. The obtained coatings
were analyzed and compared in the terms of morphology, microstructure and phase composition.

2. Materials and Experimental Methods

2.1. Feedstocks

In this study, the powders with 3 different chemical compositions were used: Al,O3, A,O3 + 13
wt.% TiO; and Al,O3 + 40 wt.% TiO,. They are labeled and denoted within the article as ATO, AT13
and ATA40, respectively.

The commercially available ATO, AT13 and AT40 spray powders manufactured by Oerlikon Metco
(Pfaffikon, Switzerland) were used to produce coatings by means of conventional APS: (i) Al,O3 Metco
6103, in agglomerated and sintered form, with the particle size —45 + 15 um; (ii) Al;O3-13TiO, Metco
6221, in agglomerated and sintered form, with the particle size —45 + 15 um; and (iii) Al,O3-40TiO,
Metco 131VFE, in agglomerated form, with the particle size of —45 + 5 um. The powder particle size
distribution was verified by the means of powder granulometry, by Partica LA-950V2 (Horiba, Kyoto,
Japan), according to the standard [25].

For the formulation of liquid feedstocks, the Al,O3-TiO, powders were milled using a high-energy
ball milling EMax setup (Retsch GmbH, Haan, Germany) for 80 min per batch. However, the Al,O3
suspension was formulated by using commercially available x-Al,O3 submicrometer-sized powder
MARTOXID® MZS-1 (Martinswerk GmbH, Bergheim, Germany), labeled below as AT0*. The use
of commercial AT0* powder was caused by the difficulties in formulating stable suspension based
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on milled Metco 6103 (AT0) powder. All suspensions used within this study were water-based and
contained 25 wt.% of submicrometer-sized solids.

The detailed results of powder granulometry measurements are listed in Table 1. The morphology
of powders was investigated with the use of SEM microscope JEOL JSM-6610A (JEOL, Tokyo, Japan).

Table 1. Particle size distribution of Al;O3 raw powder and milled Al,O3-TiO, powders for suspension
preparation; d,—particle size by volume [pm].

ATO0* SPS/S-HVOF AT13 SPS/S-HVOF AT40 SPS/S-HVOF

dy10 0.81 um 0.67 um 0.51 um
dyso 1.22 ym 1.15 um 0.67 um
dygp 1.82 pm 1.73 pm 1.01 pm

The formulated suspensions were further investigated mainly in terms of rheological properties.
The measurements were carried out by modular compact rheometer MCR 72 (Anton Paar, Graz,
Austria) in cone-plate (CP) rotation mode, in order to estimate the viscosity and shear stress. Values of
pH were measured using HI-2002 Edge pH Meter (Hanna Instruments, Leighton Buzzard, UK).

2.2. Deposition Process

The 304 austenitic stainless steel coupons (25 mm diameter, 2 mm thick) were used as substrates.
Just before spraying, the substrates were sand-blasted with corundum and cleaned with ethanol. The
Ni20Cr (Amperit 250, Hogands Germany GmbH, Laufenburg, Germany) bond coats of thickness
about 70 um were previously deposited by APS. Then, the alumina and alumina-titania topcoats were
fabricated by means of APS (spraying was performed at Wroctaw University of Science and Technology,
Poland), SPS, and S-HVOF (both suspension spraying trials were done at Fraunhofer IWS, Dresden,
Germany). All liquid feedstocks were fed using the industrially suitable suspension feeder. The feeder
was equipped with continuous suspension stirring and controlled pressure/suspension flow rates.
It was developed by Fraunhofer IWS and tested already with a wide variety of suspensions [6,26].
Prior to the spraying, the suspensions were continuously mechanically stirred in order to redisperse
feedstocks and to avoid any clogging in the suspension lines.

2.2.1. Atmospheric Plasma Spraying (APS)

Conventional atmospheric plasma spraying was carried out using one cathode, one anode SG-100
gun (Praxair, IN, USA). The spraying of each powder was preceded by the optimization of the deposition
parameters. The details can be found elsewhere [27,28]. The spraying parameters, considered in the
presented study, are given in Table 2.

Table 2. APS spraying parameters.

Spray Variables ATO AT13 AT40

Electrical power, kW 35

Ar/Hp, L-min~! 45/5

Spray distance, mm 100
Relative torch scan velocity, m-s™! 0.3
Powder feed rate, g'min’1 20

Coating thickness, um 200-250
Thickness per pass, um/pass 29-35

Prior to the spraying, powders were dried in the temperature of 120 °C within 2 h, in order
to avoid clogging in the powder liner or injector. Powders were injected radially, with the external
feedstock injection mode.
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2.2.2. Suspension Plasma Spraying (SPS)

Suspension plasma spraying was carried out with the use of cascade KK plasma gun (AMT AG
Kleindottingen, Switzerland) with a 7 mm nozzle and Ar/H, plasma gas mixture. It should be noticed
that this configuration allowed using relatively long spray distance, which was very similar as in the
case of APS or S-HVOF. In the SPS process, the suspensions were externally and radially injected. All
process parameters are collected in Table 3.

Table 3. SPS spraying parameters.

Spray Variables ATO* AT13 AT40
Electrical power, kW 70
Ar/Hp, L'min~! 50/6
Spray distance, mm 80
Relative torch scan velocity, m-s~! 0.8
Suspension feed rate, mL-min~! 35 35 42
Coating thickness, pm 200-250
Thickness per pass, um/pass 9-13

2.2.3. Suspension High-Velocity Oxygen Fuel Spraying (S-HVOF)

The S-HVOF process was performed by using the Top Gun setup (GTV Verschleifischutz GmbH,
Luckenbach, Germany). The combustion chamber of conventional HVOF Top Gun torch was modified,
so the suspensions were injected internally and axially. The 8 mm diameter and 135 mm length nozzle
were used each time with an ethylene/oxygen working gas mixture. The main spraying parameters are
given in Table 4.

Table 4. Suspension high-velocity oxygen fuel spraying (S-HVOF) spraying parameters.

Spray Variables ATO* AT13 AT40
C,H,/O,, Lmin~! 75/230  75/230  65/200
Spray distance, mm 90
Relative torch scan velocity, m-s™! 1.6
Suspension feed rate, mL-min ™" 35
Coating thickness, um 200
Thickness per pass, um/pass 10-12

2.3. Sample Characterization

The coatings’ surfaces and cross-sections were investigated by scanning electron microscope SEM
Phenom G2 Pro (Phenom World BV, Eindhoven, The Netherlands). In order to estimate the porosity of
the coatings, the micrographs were analyzed by Image] software, according to the standard ASTM
E2109-01 [29]. Porosity was estimated on the images taken at 1000x magnification and the average
porosity was calculated based on at least 20 micrographs. The thickness of the coatings was analyzed
on the micrographs taken at 500x magnification. At least 5 measurements in random regions were
made for that purpose.

Phase compositions of the feedstock powders and coatings were determined by the X-ray
diffraction technique (XRD) using the Empyrean diffractometer (Malvern Panalytical, Egham, UK)
and with CuK« radiation. The measurements were performed in the range of 20 equal to 10-80°,
with 0.1° step size and 0.9 s/step counting time. The crystalline phases were identified using the
JCPDS standard cards: 00-046-1212 (x-Al,O3), 00-010-0425 (y-Al,O3), 00-041-0258 (Al TiOs) and
00-21-1276 (rutile-TiO;). The percentage of phases was determined by the method called reference
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intensity ratio (RIR), described in [30,31]. As for example, the contents of x-Al,O3 and y-Al,O3 for
ATO coatings were determined with the use of Equation (1) [32]:

1,,(400)
ALO; _ ¥ 100 (% 1
& = am) 1,00 0 @

where C;?IZOS is the y-Al,O3 phase content, Iy is the intensity of the peak diffraction for the
corresponding plane of a given phase.

3. Results and Discussion

3.1. Feedstocks

The APS spray powders (Figure la-c) were of micrometer sizes and spherical shape. ATO
and AT13 powders (Figure 1d), showed slightly greater particles when compared to AT40 powder.
Furthermore, the microscopic investigations of feedstocks showed also that some AT40 particles were
already fragmented in the delivery state. This phenomenon was not observed for ATO and AT13
powders because those materials were not only agglomerated but sintered as well. This showed
that the sintering of powders provides increased cohesion and thus, better flowability of powders
during spraying. Indeed, during APS trials, the AT0 and AT13 powders showed good flowability and
coatings were easily deposited. On the contrary, when spraying AT40 powder, deposition trials had
to be repeated due to clogging of the transportation lines or injectors. Finally, all APS coatings were
successfully deposited.

- - L f Y. 2 A
SEl  20kV WD9mm $850 x1,000 10um SEl  20kV WD10mm  SS50 x1,000 10pum  —

P LURY X e
SEI  20kV  WDSmm x1,000  10pm

Figure 1. Exemplary morphology of powders used for spraying: (a) AT0 spray powder, (b) AT13 spray
powder, (c) AT40 spray powder, (d) milled AT13 powder for suspension spraying.
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All powders used for the suspension formulation were of dy59 of around 1 um. The powders were
very similar in terms of morphology; they revealed irregular crushed form and monomodal particle
size so the micrograph of the representative AT13 powder was presented only (Figure 1d).

Figure 2a presents the relationship between the viscosity and shear rate of all home-made
suspensions. The measured values were below 10 mPa-s at the shear rate of 100 s71 which was
reported to be appropriate for a constant and stable feeding [6]. At higher shear rates the slight increase
in viscosity was observed. However, the viscosity values were found to be still in a proper range [33].
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Figure 2. Comparison of viscosity (a) and shear stress (b) of AT0*, milled AT13 and AT40
water-based suspensions.

Another important factor to be considered was the value of pH. It should be ideally between 4 and
10, in order to prevent the hardware parts against the corrosion [6]. The measured values of all prepared
suspensions were within this range (4 to 9.5). Finally, during SPS and S-HVOF spraying, the use of
integrated stirrers in the pressurized vessels during suspension feeding limited the sedimentation of
the feedstock and provided its continuous supply.

3.2. Morphology and Microstructure of the Coatings

The microstructural observations of coatings morphology (Figures 3 and 4) revealed clear
differences between APS, SPS and S-HVOF deposits.
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F— 100 um

Figure 3. Low-magnification SEM images of coatings surface morphology, mag. 500x.

Figure 4. High-magnification SEM images of coatings surface morphology, mag. 5000x.
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Coatings produced by APS showed the classical microstructure of the conventional thermally
sprayed coatings; the presence of semimelted (or even nonmelted) powder particles and large,
micron-sized splats with cracks (see Figures 3 and 4) could be observed.

SPS coatings revealed finely-grained morphology. However, in ATO SPS a cauliflower-like
topography was clearly noticed. The surfaces of AT13 and AT40 coatings were characterized by a more
compact structure, but still relatively developed (Figure 5). Moreover, in SPS coatings, between melted
lamellas, fine particles of sintered or partially melted powders were observed (Figure 4).

F—— 100 um

Figure 5. SEM images of cross-sections of APS-sprayed coatings: ATO (a), AT13 (b), AT40 (c); mag.
1000x.

The results obtained for SPS coatings showed that further optimization of spraying parameters is
needed, especially for AT0O SPS coating, due to its heterogeneous topography. Seshadri et al. [34], who
characterized the conventional and cascaded arc plasma sprayed coatings, had shown that there is
some threshold of, e.g., powder feed rate, where particles are not well melted or impinge the substrate
in a partially melted state. If the optimum rate is highly exceeded, it could be expected that coatings
may not be homogeneous in terms of microstructure and the porosity of coating may increase.

Additionally, the abovementioned morphology may be related to the type of solvent used for
suspension formulation. Water requires approximately 3.2 times more energy for vaporization than
ethyl alcohol [35]. On the other hand, water-based solvents are preferred due to their safe storage and
handling as well as economic and environmental purposes [33,36]. Moreover, Vicent et al. [24] showed
that power requirements become lower in the case of water-based suspension when solid content is
higher (but it results, at the same time, in increased viscosity, which should be also adapted for the
specified torch). It clearly shows that the optimization of spraying parameters is a complex task.

Surface micrographs showed that SSHVOF coatings were of most finely-grained microstructure,
when compared with both APS and SPS. As expected, for this deposition method, the obtained coatings
were characterized by a homogeneous and denser structure.

It should be noted that both KK and Top Gun torches enabled the deposition of suspension-based
coatings, with the use of similar stand-off distances when compared to the SG-100 torch. For APS
spraying, the distance was 100 mm, while for SPS and S-HVOF—80 mm and 90 mm, accordingly.
Moreover, suspension-based processes had comparable deposition efficiencies as APS. Powder feed
rate in atmospheric plasma spraying was about 20 g/min, while in SPS and S-HVOF spraying was
equal to 25-35 mL/min. It provided feeding of the solid in the range of 10-15 g/min. When considering
also the particle size (1 um in suspension spraying, 20-30 um in APS), it may be concluded that SPS
and S-HVOF spraying had even better deposition efficiency as APS.

The cross-section micrographs (Figures 5 and 6) showed clear differences between APS and
suspension sprayed coatings.
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— 10um

Figure 6. SEM images of cross-sections of suspension sprayed coatings: ATO SPS (a), AT13 SPS (b),
AT40 SPS (c), AT0 S-HVOF (d), AT13 S-HVOF (e), AT40 S-HVOEF (f); mag. 5000%.

It was observed that APS coatings had pores of the greatest size, in the micrometer range. However,
the mean volume area of pores, at a magnification of 1000x [29], was the highest for SPS coatings,
as shown in Figure 5 (19 vol.% for ATO SPS, 14 vol.% for AT13 SPS, 7 vol.% for AT40 SPS). Pores
observed in those coatings were one order of magnitude smaller than in APS coatings. The densest
and homogeneous coatings were observed for the S-HVOF process (1 vol.% for ATO S-HVOF and AT40
S-HVOF, 3 vol.% for AT40 S-HVOF). However, in all types of S-HVOF coatings, both vertical and
horizontal cracks were observed (Figure 6). In the case of ATO S-HVOF coating, cracks constituted
even more area (3 vol.%) than pores (1 vol.%). Regardless of the deposition method, it was observed
that the addition of TiO, resulted in decreased coatings’ porosity, see Figure 7. It was consistent with
other results given in the literature [37,38].
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Figure 7. Average porosity in obtained coatings.
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The low-magnification images (Figure 5) revealed that all types of coatings were well bonded
to the bond coats. The micrographs taken at higher magnification showed that in some coatings, the
fractions of nonmelted powders were present (Figure 6). They were found mainly in APS and SPS
coatings; nevertheless, ATO S-HVOF coating also revealed the presence of fine particles.

Fine fractions of powders, observed mainly in the cross-section images of SPS coatings (Figure 6),
confirmed the presence of nonmelted or partially melted particles of the size around 1 pm, identified
also in the top view images (Figures 3 and 4). It was due to the fact that powder did not penetrate into
the plasma hot core and then was not sufficiently heated. The smaller powders have lower momentum
and do not penetrate plasma jets in the same manner as bigger powders [39].

A close examination of the micrographs showed very different characteristics of the coatings. The
microstructure of S-HVOF coatings, characterized by dense and uniformly distributed splats, was the
result of high kinetic energy, typical for HVOE. In turn, more rough morphology and higher porosity,
obtained in coatings sprayed by APS and SPS were influenced by plasma fluctuation, which is not to
be neglected especially for SPS. However, in a cascade plasma gun, the electric arc was more stabilized
than in classical plasma guns, like SG-100.

Different scales porosity was observed in the coatings. The detailed study on the porosity
was already presented in our previous work [40]. According to the results, submicrometer- and
micrometer-sized porosity was the highest for the coatings sprayed by SPS and the lowest for the
S-HVOF deposits. The obtained porosity values were of similar range as reported in the literature [22,41].
The significant decrease in the porosity of AT40 coatings was observed for each spraying technique.
This was mostly caused by the lower melting temperature of Al,O3 + 40 wt.% TiO, powders, when
compared to pure Al,O3 or Al,O3 + 13 wt.% TiO,. Moreover, agglomerated and nonsintered state of
AT40 powders, also favored melting of this material; easily fragmented particles, due to their decreased
diameter and mass, could be fast and well melted. It was also relevant for the formation of dense AT40
coatings, sprayed by S-HVOEF.

3.3. Phase Composition

3.3.1. Micrometer- and Submicrometer-Sized Powders

Phase compositions of micrometer-sized powders in the delivery condition are shown in Figure 8.
According to the results, ATO powder consisted of a 100% stable x-Al,O3 phase. AT13 and AT40
powders, beyond x-Al,O3, contained also peaks of rutile-TiO, (AT13, AT40), tialite Al,TiO5 (AT13,
AT40) and Al-rich solid solution Al,_,Ti;,Os (AT40). Similar phase compositions of such powders
were stated in the works of other authors [42,43].
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Figure 8. XRD patterns of powders used for APS spraying.
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Figure 9 presents phases identified in AT0O, AT13 and AT40 powders, dedicated to suspension
preparation. As planned, the initial phase composition of (i) ATO APS powder and (ii) ATO SPS and
S-HVOF powder was identical (100% «-Al,O3). This phase composition was also confirmed by other
authors working with similar powders [44].
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Figure 9. XRD patterns of raw AT0* and milled AT13, AT40 powders used for suspension spraying.

Special attention was paid to the phase composition of powders subjected to high-energy ball
milling (AT13 and AT40). It is known already that such processes, including, e.g., high plastic
deformation of powders may result in the phase transformation [45,46]. In the case of AT13 powders,
no significant differences in the phase content were observed. In both cases, the identified phases
were: «x-Al,O3, A,TiO5 and rutile-TiO,. The content of phases was also quite similar in both
powders. On the other hand, the XRD analysis showed that AT40 powder underwent a phase
transformation during preprocessing. High-energy ball milling induced the Al,_,Ti;,Os intermediate
phase decomposition, at the expense of increased content of x-Al,O3, and, importantly, the formation
of rutile-TiO,. Bégin-Colin et al. [46], who studied the process of high-energy ball milling of TiO,
powders, showed that phase transformations during this process are dependent, e.g., on grinding
time. According to the results [46,47], the content of rutile-TiO, increases with the milling time
and is additionally accompanied by the formation of high-pressure TiO,(II). Its intensity increases
first and then decreases with milling time. After about 70 min of milling, TiO,(II) fully transforms,
which induces a continuous increase in rutile-TiO, content. The results correspond well with the
abovementioned studies—in this case, after 80 min of milling, rutile-TiO, peaks were well identified in
AT40 submicrometer-sized powder.

APS, SPS and S-HVOF spraying resulted in the change of the coatings’ phase composition, which
was dependent both on (i) the chemical composition, as well as on (ii) the spraying technique. The
quantitative results are summarized in Figure 10.
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3.3.2. APS Coatings

In ATO APS coatings, the phase change covered the transformation of x-Al,Oj3 into y-Al,O3
(Figure 11).
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Figure 11. XRD patterns of APS-sprayed coatings.

The presence of y-Al,O3 in conventional plasma sprayed coatings was the result of the rapid
heating and cooling of molten powder particles. It is assumed that due to a lower activation energy of
v-AL O3, its formation was favored in comparison with x-Al,O3 [48-52]. Moreover, the presence of
a-Al,O3 (50 vol.%) was caused by the incomplete melting of powders in the plasma jet, as confirmed
by microstructural studies. In the literature, the content of the x-Al,O3 phase in AT0 APS coatings is
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reported in a wide range, starting from 4 vol.% [53], 15 vol.% [42] up to 35 vol.% [54]. It is commonly
agreed that the amount of preserved «-Al,Os phase is influenced both by the characteristics of the
feedstock material as well as by the spray process parameters.

In AT13 APS coatings, one of the main changes was (similarly to ATO APS) the transformation
of a-Al,Og3 (initially 83 vol.%, after spraying 53 vol.%) into y-Al,O3 (42 vol.% after spraying). This
change is usually observed in the studies related to the Al,O3-TiO, system [54-57]. Compared to ATO
APS, the phase changes in AT13 APS coatings is more complex, due to the presence of tialite Al;TiOs
in the feedstock material. It was observed that the Al,TiO5 phase was reduced to half of its original
content (from 10 vol.% to 5 vol.%). As explained by Vicent et al. [24], the Al;O3-TiO, feedstock in the
form of micrometer-sized powder, tends to transform to Al,TiOs less intensively than the suspension.
Moreover, in the coating, the peaks of rutile-TiO, were not identified. This could result from the use of
Ar/H; plasma-forming gases for APS spraying. It might lead to the inhomogeneous distribution of
oxygen in the coating and reduction of phases derived from TiO, [58].

Similarly, the phase composition of the AT40 APS coating showed significant differences from
the composition of the powder that was used for spraying. The major phase in this case, as expected
according to the Al,O3-TiO, phase diagram, was tialite Al;TiOs5 (40 vol.%) [59]. Under equilibrium
conditions, with the chemical composition of AT40, there is only a small amount of x-Al,O3, together
with AL TiOs [60]. Tialite phase was formed as a result of the reaction between Al,O3 and TiO,
particles in the plasma jet. In AT40 APS coating the peaks of Al,TiO5 were obviously more intensive
than in AT13 APS (Figure 11). However, this was not only due to higher TiO, content, but it was
influenced also by the smaller size of agglomerated AT40 powder particles. It was confirmed in different
studies [60-63] that the fine size of powder particles (and therefore, the larger specific surface area
of particles) promotes the formation of the Al,TiO5 phase. Moreover, in AT40 APS coating, x-Al,O3
phase present in the raw material (52 vol.%) was transformed into y-Al,O3 (23 vol.% of a-Al,O3 and
23 vol.% of y-Al,Oj3 in the coating). This type of transformation (observed also for AT0 APS and AT13
APS coatings) is typical for conventional thermal spraying. Additionally, it was assumed that the solid
solution of the Aly_,Ti; 1 O5 phase (rich in alumina) was oxidized and decomposed to Al,TiOs, which
was also observed by Richter et al. [58].

As already described, the XRD patterns of APS-sprayed coatings showed that all powders
underwent significant phase transformations during spraying. In the case of AT0 and AT13, the
decrease in «-Al,Os, which partially transformed into y-Al,O3; was the most significant change.
According to the results, with the increased content of TiO, (AT40), the number of phases related to
pure Al,O3 (-Al,O3 and y-Al,O3) was considerably reduced (Figure 12). This was accompanied by
the increase in phases derived from TiO,.
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Figure 12. Al,O3 phases content in APS coatings.
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3.3.3. SPS Coatings

According to the XRD patterns given in Figure 13, pure Al,O3 SPS coatings contained both a
stable and metastable Al,O3 phases.
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Figure 13. XRD patterns of SPS sprayed coatings.

The presence of x-Al,O3 (63 vol.%) and y-Al,O3 (37 vol.%) phases in ATO SPS coating was mainly
caused by: (i) fraction of nonmelted particles in the final coating (Figure 4) and (ii) «—y phase change
during coating deposition, i.e., some part of fine powder particles were rapidly melted, cooled and
crystallized, respectively [48]. Furthermore, the ATO SPS sample had the highest content of x-Al,O3
among all ATO coatings. This was probably influenced by the small size of powder particles and
radial suspension injection. In such configurations, the finest fraction of powder tends to follow the
external and relatively cold regions of plasma. This influences the heat-history of particles, causes
some difficulties in particle melting and has an effect on particle impact on the substrate (this may
also explain the cauliflower topography of the coating in Figure 3). The fact that the spraying was
carried out with the use of a cascaded gun, with a spray distance of 80 mm could be relevant in this
case as well. As for suspension-based spraying, it was rather a long spray distance (usually it is of
about 40, similarly like here [64]). Thus, the velocity, trajectory and temperature distribution of the
sprayed powder particles could be influenced as well. However, in general, the heat gradient and
cooling rate of deposited particles should not be that significant in such cases, so this would limit
the transformation into y-Al,O3. Comparing the obtained results with the works of other authors,
it should be pointed that the content of x-Al,O3 in AT0 SPS coatings is reported in a varied range,
between 18 vol.% [65], 25 vol.% [66] and even up to 65-77 vol.% [32].

Considering the phase composition of AT13 SPS coating, it was observed that a suspension-based
coating was of higher «-Al,O3 content than the APS one. SEM observations showed that the retention
of x-Al,O3 may be the result of nonfully melted powder particles in the coating structure but also of
relatively slow cooling, solidification and crystallization of splats, similarly as discussed in the case of
ATO0 SPS. Moreover, it is suggested that most of the initial rutile-TiO; (7 vol.%) reacted with alumina
during spraying, which led to the formation of Al,TiOs (17 vol.%). Such a transformation was also
observed in the works of other authors investigating SPS coatings with different TiO, contents [67].

In the case of AT40 SPS coating, the intermediate phase Aly_Ti;«Os (37 vol.% in the coating)
was formed as a product of Al,O3 (78 vol.% x-Al,O3) with the tialite Al TiOs5 reaction. It is assumed
that the solid solution of this phase is formed at the intermediate stage of the Al,TiO5 decomposition
to the form of Al;O3 and TiO, [60]. This is confirmed also by the presence of Al,O3 phases, identified
in the coating (30 vol.% of x-Al,O3 and 12 vol.% of y-Al,Os3).
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Similarly, as in the case of APS coatings, the results showed that with an increased TiO, content,
SPS coatings were characterized by decreased content of x-Al,O3 and y-Al,O5 (Figure 14). Moreover,
phases in the form of: rutile-TiO,, tialite A, TiO5 and Al,_,Ti;Os were identified in SPS coatings.
These findings were consistent with the observations of other authors working on Al,O3-TiO; coating
produced by using submicrometer- and nanometer-sized powders [23,24,67-69].
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Figure 14. Al,O3 phases content in SPS coatings.

3.3.4. S-HVOF Coatings

In comparison with the initial ATO powder (which consisted completely of stable x-Al,O3),
AT0 S-HVOF coatings contained «-Al,O3 (55 vol.%) and y-Al,Os (45 vol.%), which indicated the
transformation of x-Al,Oj into y-Al, O3 (Figure 15).
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Figure 15. XRD patterns of S-HVOF sprayed coatings.

So far, in the literature, a wide range of x-Al,O3/y-Al,Oj3 ratios in ATO S-HVOF coatings was
published: 2.8 vol.% [10], 5 vol.% [18], 19-73 vol.% [32]. It is considered that x-Al,Oj3 in the studied
coatings did not result (at least partially) from the presence of nonmelted powders [23], as the loosely
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bonded powder particles were not observed in the coating. The microscopic studies revealed lamellar
characteristics with well-flattened splats, as discussed in previous paragraphs. It might be possible
that, as already suggested by Toma et al. [32], the substrate interpass temperature during spraying
(250-350 °C) had a positive impact on the retention of a-Al,O3 This sufficiently limited the cooling
rate of splats and preserved the x-Al,O3 phase in the coating.

AT13 and AT40 S-HVOF coatings showed different mechanisms of phase changes, mainly because
of differences in TiO; content. In AT13 coatings, a higher number of phases derived from Al,O3 was
identified (48 vol.% of x-Al,O3 and 46 vol.% of y-Al,O3). However, the use of AT40 powder allowed
the retention of more of the desired a-Al,O3 phase (56 vol.%) when compared with AT13. At the same
time, the content of y-Al,O3 in AT40 S-HVOF coatings was very low (less than 9 vol.%). According
to SEM observations, the splats in AT40 S-HVOF coating were very well melted, and therefore, the
identified o-Al,O3 was assumed to have remained as a result of relatively slow solidification, as
discussed already.

Moreover, the amount of Al,TiOs5 in AT13 S-HVOF coatings was reduced when compared to the
composition of starting powder. It was twice lower (6 vol.%) than in the case of AT40 S-HVOF coating
(12 vol.%). Additionally, in AT40 S-HVOF coatings (similarly as in the case of SPS), the presence of
intermediate phase Aly_,Tij+xO5 was observed (8 vol.%).

Quantitative analysis of S-HVOF coatings showed that with higher TiO, content, the presence of
rutile-TiO, (AT13, AT40), Al,TiO5 (AT13 and AT40), Al,_,Ti; . Os (AT40) was identified (Figure 10).
Moreover, based on XRD diffractograms, it is expected that in all SSHVOF coatings the amorphous
phases existed, probably due to still relatively intensive heating/cooling conditions [54]. A trend in
decreasing the pure Al,O3 phases content along with an increase in TiO, was still observed but it was
not that obvious as in the case of APS and SPS coatings, especially for AT40 (Figure 16). Unfortunately,
it was not possible to truly compare the presented results to the literature, as there are no papers
concerning such types of coatings yet.
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Figure 16. Al,O3 phases content in S-HVOF coatings.

The results showed that not only the chemical composition but also the spraying method had an
influence on the phase composition of the obtained coatings. Significant differences were observed for
a-Al,O3 and y-Al,O3. Among all spraying techniques, the highest content of x-Al,O3 was obtained
for the following coatings: (i) for pure Al;O3 in the case of SPS coatings (63 vol.%), (ii) for Al,O3
+ 13 wt.% TiO; in the case of SPS coatings (59 vol.%), (iii) for Al,O3 + 40 wt.% TiO, in the case of
S-HVOF coating (56 vol.%). With regard to intermediary and rutile-TiO, phases, the differences were
observed especially between coatings obtained from powders and liquid feedstocks (Figure 17), i.e., in
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the AT40 APS coating, the content of tialite Al,TiOs5 was several times higher than in AT40 SPS and
AT40 S-HVOF coatings.
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Figure 17. Content of TiO, and intermediary phases in AT40 coatings.
4. Conclusions

In the presented study, Al,O3, Al,O3 + 13 wt.% TiO, and Al,O3 + 40 wt.% TiO, coatings
were successfully deposited by using APS, SPS and S-HVOF thermal spray methods. Water-based
suspensions sprayed by SPS and S-HVOF allowed producing of dense and more homogeneous coatings
than those obtained by conventional APS. S-HVOF coatings were characterized by fine porosity and
smooth coating surface, while SPS coatings exhibited more porous microstructure, but with still evenly
distributed pores. It was also found that cascade the KK plasma gun and S-HVOF Top Gun enabled
the deposition of suspension coatings at comparable stand-off distances as in conventional APS and
HVOF processes, which is important when, for example, coating parts with complex geometry.

The alumina-titania suspensions were formulated here by using preprocessed commercially
available micrometer-sized powders. High-energy ball milling may be easily used to obtain such
submicrometer-sized Al,O3-TiO, powders but the mechanical treatment introduced initial phase
changes to the feedstock material, even if it was in agglomerated form. Then, the serious phase
transformations occurred during spraying, depending on, e.g., the Al,O3/TiO; ratio, deposition method,
spray parameters, etc. In general, in the case of AT0 and AT13, the most intensively observed was
the decrease in x-Al,O3, which partially transformed into y-Al,O3. The increased content of TiO,
(AT40), caused the decrease in vol.% of Al,O3 (both a-Al,O3 and y-Al,O3) and was accompanied by
the increase in phases derived from TiO; (Al TiO5 and Aly_,Ti;.4Os). The results confirmed also that
(i) x-Al,O3 or (ii) x-Al,O3 with rutile-TiO, may be preserved more easily in AT0, AT13 and AT40
coatings made by SPS and S-HVOEF. However, the phase analysis is a complex task and a more detailed
analysis will be carried out and presented in future works.
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Abstract: Titanium- and chromium-based carbides are attractive coating materials to impart wear
resistance. Suspension plasma spraying (SPS) is a relatively new thermal spray process which has
shown a facile ability to use sub-micron and nano-sized feedstock to deposit high-performance
coatings. The specific novelty of this work lies in the processing of fine-sized titanium and chromium
carbides (TiC and Cr3C;) in the form of aqueous suspensions to fabricate wear-resistant coatings by SPS.
The resulting coatings were characterized by surface morphology, microstructure, phase constitution,
and micro-hardness. The abrasive, erosive, and sliding wear performance of the SPS-processed TiC
and Cr3C, coatings was also evaluated. The results amply demonstrate that SPS is a promising route
to manufacture superior wear-resistant carbide-based coatings with minimal in situ oxidation during
their processing.

Keywords: titanium carbide; chromium carbide; suspension plasma spray; wear

1. Introduction:

Wear is a severe problem in a vast majority of industrial applications, leading to reduced durability
of engineering components and increased frequency of replacement shutdowns. Protective coatings
of carbide-based compositions have been extensively employed to enhance wear resistance, and the
popular processing routes to produce them have included physical vapor deposition (PVD),
chemical vapor deposition (CVD), thermal spray, etc. [1]. Among these, thermal spraying offers
unique advantages such as the ability to spray thicker protective layers, faster deposition rates, and cost
efficiency. Historically, atmospheric plasma spraying (APS), high velocity oxy-fuel (HVOF) spraying,
and more recently high-velocity air-fuel (HVAF) spraying techniques have progressively become the
thermal spray methods of choice for depositing carbide-based coatings [2]. A significant limitation
of these techniques is their inability to process fine powders due to considerable feeding-related
challenges [3], although employing such feedstock can potentially result in improved tribological
performance of the coatings [4].

Suspension plasma spraying (SPS) is an advancement in APS, enabling spraying of fine feedstock
(100 nm-5 pum diameter) [5], and has already shown promise for yielding thermal barrier coatings
(TBCs) with improved performance compared to APS [6]. SPS coatings can similarly enhance wear
performance due to unique microstructural features inherently associated with the process, such as the
smaller splat size, fine scale porosity, low surface roughness, etc. An illustrative description of distinct
microstructures resulting from the thermal spraying of different feedstock sizes, as well as their likely
influence on wear performance, is shown in Figure 1. Yet, the predominant focus of SPS research so far
has been on TBCs. In particular, there have been very few prior efforts to deposit pure carbide coatings
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by SPS, which are ideal candidates for mitigating wear. Recently, Mubarok et al. reported SPS-processed
SiC coatings, which exhibited excellent carbide phase retention post spraying [7]. Berghaus et al.
reported similar findings (minimal oxidation) for SPS-processed WC-Co coatings, demonstrating
the capability of SPS to minimize the in-flight oxidation of carbide feedstock [8]. The reason for the
minimal oxidation of carbides in SPS-processed coatings compared to APS can be attributed to the
presence of a solvent (ethanol or water) which consumes a considerable part of the plasma energy
during its evaporation, thus minimizing feedstock decomposition.

Process Feedstock size Microstructure Expected Performance

Relatively rough surface finish Good wear resistance

Atmosphericplasma spray (APS) Larger splat size
Higher porosity

Particle size (10 pum— 100 pm) Substrate

Relatively smoother surface finish Further improved wear resistance

Suspension plasma spray (SPS) Lower porosity

Smaller splat size
Particle size (100 nm—5 pm) Substrate

Figure 1. Schematic of comparison of feedstock-microstructure—property relationships in APS and
SPS coatings.

Recognizing the above, the present study specifically deals with titanium carbide (TiC) and
chromium carbide (Cr3Cy) coatings (without any metal or alloy binder) produced by SPS. To the best
of our knowledge, no prior attempts have been made to deposit TiC- and CrzCy-based coatings via the
SPS route. The SPS carbide coatings were comprehensively characterized using SEM, XRD, porosity,
hardness, etc. The tribological behavior of the coatings under erosive, sliding, and abrasive wear
modes was also evaluated.

2. Experimental Work

SSAB Domex®350LA (low-alloyed steel, SSAB AB, Stockholm, Sweden) substrates were grit
blasted to provide a surface roughness of approximately 3 um Ra prior to spraying. Two experimental
water-based suspensions, comprising 40 wt.% TiC and Cr3C,, respectively, were produced by the
Treibacher Industrie AG (Althofen, Austria) for this work. Water-based suspensions were chosen
due to their higher surface tension versus ethanol, which promotes the formation of relatively denser
coatings [9]. Particle size analysis of the liquid feedstock was performed using CILAS 1064 equipment
(CILAS, Orleans, France). An Axial III plasma torch (Mettech Corp., Vancouver, Canada) was employed
to deposit the coatings. The spray parameters used for SPS deposition of both the coatings are given in
Table 1. A gas mixture comprising argon, nitrogen, and hydrogen was used as the primary gas.

Table 1. Spray parameters used for depositing TiC and Cr3C; coatings.

Suspension Nozzle ?pray Surface Atomizing Gas Power  Enthalpy Current
Feed Rate  Diameter Distance Speed Flow Rate (W) /0 (A)
(mL/min) (inches) (mm) (mm/s) (L/min)

40 3/8 100 100 15 111 9.7 200

The surface morphology and cross-sectional microstructure of the coatings were analyzed using a
scanning electron microscope (HITACHI TM-3000, Tokyo, Japan) in back-scattered electron (BSE) mode.
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Surface roughness was examined using a stylus-based profilometer (MITUTOYO SURFTEST-301,
Kawasaki, Tokyo, Japan). Micro-hardness measurements were performed on the cross section of
coatings (HMV-2 series, SHIMADZU Corp., Tokyo, Japan). Hardness testing was performed using a
load of 980.7 mN (HV 1) and the dwell time was kept at 15 s. Ten independent measurements were
made, and their mean and standard deviation values are reported herein. Porosity measurements
were made using Image] software (version 1.52p, University of Wisconsin, Wisconsin, US)) [10] by
considering fifteen different cross-sectional SEM micrographs at 5000x magnification. XRD analysis
of the top surface of as-sprayed coatings was performed using a high-energy intensity micro X-ray
diffractometer (RAPID-II-D/MAX, Rigaku Corp., Tokyo, Japan). A slow scan rate comprising a step
size of 0.01° and time of 10 s per step was utilized.

The as-sprayed specimens were polished to a surface roughness <1 pm on the Ra scale prior to
wear testing. Three different wear tests (erosion, sliding, and abrasion) were performed in this work.
The erosion test (TR-470, DUCOM, Bengaluru, India) was performed at room temperature according to
the ASTM G76-13 standard [11] at an impingement angle of 90°. Alumina of approximately 50 + 10 pm
mean particle size was used as the erodent media. During the test, the air pressure was maintained
at 0.5 bar and the specimens (1-inch diameter coupons) were exposed to the erosion test for 10 min.
The abrasive-wear test was performed as per ASTM G65 standard [12] using a dry abrasion test rig
from DUCOM (DUCOM instruments, Bangalore, India, 2019) with 80 mesh silica sand particles at a
load of 5 kg. The speed of the wheel was kept at 245 + 5 rpm and the abrasive flow rate was kept at
350 g/min. For the sliding-wear tests, specimens of size 10 mm X10 mm X 4 mm were cut from the
coated plates. Sliding wear tests were performed as per ASTM G99 standard [13] by employing a
coated pin (sintered WC-6Co) of diameter 6 mm, at a load of 5 kgf sliding against a disc rotated at
5 m/s velocity. The duration of this test was three hours and twenty minutes. In each of the above wear
tests, the weight loss was measured using a high-accuracy weighing balance (Sartorius, Cubis®II,
Sartorius Gmbh, Gottingen, Germany), accuracy: 0.01 mg). Three samples were used for erosion tests,
while only one specimen was used for sliding- and abrasive-wear tests.

3. Results and Discussion

The particle size distribution of titanium carbide and chromium carbide feedstock is shown in
Figure 2a,b respectively. The median (Ds) particle size of titanium carbide was approximately 2.21 um,
and the Dgy was approximately 4.30 um. The median (Ds) particle size of chromium carbide was
3.84 um and Dgy was 6.25 pm. The particle size of chromium carbide was only slightly larger than that
of titanium carbide, which is not expected to significantly influence splat size in the deposited coatings.
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Figure 2. Particle size distribution of (a) TiC powder feedstock (b) Cr3C, powder feedstock.

The SEM micrographs of TiC and Cr3C, powders revealed that they were both comprised of
irregularly shaped particles (see Figure 3a,b). The Cr3C, particles were clearly seen to be relatively
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coarser than the TiC particles, confirming the accompanying particle size distribution results,
according to Figure 3b.

Figure 3. SEM micrographs showing§; (a) feedstock TiC powder; (b) feedstock Cr3C, powder.

The top surface views of SPS-processed TiC and Cr3C; coatings in Figure 4 show fine-structured
splats in the size range 3—4 pum, as compared to conventional powder-derived splats, which are at
least an order of magnitude larger. The reason for the finer splat size in SPS can be directly attributed
mainly to the considerably smaller particles in the feedstock. Moreover, the relatively lower droplet
momentum in the case of SPS ensures that the droplets flatten to a lesser extent on impact with the
substrate compared to conventional spray processes such as APS. This results in a much-refined
microstructure in the case of the suspension-derived SPS coatings in comparison to the powder-derived
APS coatings. The top-view SEM micrograph of the TiC coating shows unmolten spherical particles
(see Figure 4a). The Cr3C; coating also showed fewer unmolten particles than those observed in TiC
coating (Figure 4b). The reason for lower unmolten particles in Cr3C, (melting point: ~1800 °C [14])
than TiC could be attributed to the significantly lower melting point of Cr3C, compared to TiC (melting
point: ~3100 °C). Furthermore, in both the SPS-processed coatings, the top surface morphology did not
resemble the cauliflower-like microstructure as reported elsewhere for SPS-processed YSZ coatings,
which accompanies the columnar microstructures desired for TBC applications [6].

Figure 4. Surface morphology SEM micrographs of SPS-deposited coatings: (a) TiC; (b) Cr3C,.

The low-magnification cross-sectional SEM micrograph of an SPS-processed TiC coating is shown
in Figure 5a, and reveals a largely homogeneous microstructure. The corresponding high-magnification
cross-sectional SEM micrograph is more revealing, and shows uniformly distributed porosity with
very few unmelted particles (Figure 5b). Furthermore, the splat boundaries between successive splats
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could be discerned, but no inter-pass porosity was obvious, suggesting reasonably good inter-splat
cohesion. Additionally, the cross-sectional SEM micrographs did not show any delamination cracks or
separation at the splat boundaries, indicating good coating integrity.

7 Splatboundary* . .

-
-

Figure 5. SEM micrographs of cross sections of SPS-deposited TiC coating: (a) low magnification;
(b) high magnification.

The cross-sectional SEM micrograph of the Cr3C, coating at low-magnification in Figure 6a also
showed uniform distribution of porosity. The high-magnification cross-sectional SEM micrograph
in Figure 6b shows inter-splat boundaries between successive splats. At certain locations, the splat
boundaries in the Cr3C, coating were observed to reveal separation between splats, indicating relatively
poor cohesion. Notwithstanding the very promising results exhibited by the Cr3C, coating as discussed
subsequently, the above microstructural examination suggests that there clearly exists room for
further optimization of coating quality by modifying suspension formulation and/or manipulating
spray parameters.

a)

Figure 6. SEM micrographs of cross sections of SPS-deposited Cr3C, coating: (a) low magnification;
(b) high magnification.

Phase analysis of both transition metal carbide coatings by micro-XRD revealed varying extents of
oxidation and decarburization occurring in-flight, to show different levels of sub-carbides and oxides
in Figure 7a,b. Among various carbide materials, TiC is known for its difficulty in melting and is
quite stable over a wide compositional range, between TiC( 97 and TiCq50. It is highly challenging
to retain the carbides during plasma spraying [15,16]. However, in the present case, the strongest
peaks corresponded to titanium oxy-carbide and TiC phases (Figure 7a). This implies minimal
decarburization, although considerable amounts of titanium oxides were noted to have formed during
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the SPS deposition process. The predominant presence of carbide phases can potentially provide
better wear resistance by reducing the friction coefficient between the sliding contacts, which was
confirmed from the sliding wear results (Table 2). Furthermore, the XRD pattern of the SPS TiC coating
in Figure 7a suggests that there could be some amorphous phase formation. Li et al. have reported
similar findings related to amorphous phase content in tungsten-carbide-based coatings deposited by
HVOF [17].
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Figure 7. XRD analysis of the as-sprayed surface of (a) TiC coating; (b) chromium carbide coating.

Similarly, plasma/HVOF spraying of Cr3C; typically results in phase transformation into Cr;Cs
and Cry3Ce. It has also been previously reported that Cr;Cs forms as a rim over Cr3C, particles [15].
On the other hand, the completely molten chromium carbide (melting point: 1811 °C [14]) preferably
precipitates in the form of stable My3Cg-type carbides of Cry3Cg, which are relatively smaller in grain
size [18]. Accordingly, Cr;Cs and Cry3Cg phases were detected in case of SPS Cr3C, coatings along
with non-stoichiometric CrC phases and oxides of chromium, as shown in Figure 7b.
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The TiC coating (12.9 + 2.2 um) showed a higher surface roughness (Ra) in as-sprayed condition
than the Cr3C; coating (4.6 + 1.2 um). It should be mentioned that the TiC feedstock had a relatively
lower median particle size (Dsg) and lower splat size in the as-sprayed condition than did Cr3Cs.
Furthermore, both the coatings were deposited using identical spray parameters. One possible
explanation for the observed difference in Ra values could be the difference in the degree of in-flight
melting of powder particles because of their vastly different melting temperatures. TiC (melting point:
3100 °C) has a higher melting temperature than Cr3C; (melting point: 1800 °C), which could resultin a
higher degree of melting in the case of Cr3C; than TiC. As discussed previously, some unmolten TiC
particles were also noted in the coating, which could have contributed to higher surface roughness,
suggesting need for further feedstock and process optimization. However, it is also pertinent to
mention that the surface roughness of the SPS-processed Cr3C, coating in this work was lower than
that previously reported for HVOF-processed Cr3Cp-based coating [19]. For wear application, it is
desirable to produce coatings with low surface roughness. Therefore, SPS seems to be a promising
processing method to achieve coatings with low surface roughness due to its finer splats compared to
APS, HVOF, etc.

The porosity content of both SPS processed carbide coatings was comparable and measured to be in
the range of 6-9%, which is higher than ideally desired for wear applications. However, this preliminary
attempt at depositing carbide coatings via SPS constitutes a useful basis to minimize porosity content
and further improve coating quality through process optimization. The micro-hardness values for
SPS-processed Cr3Cy (920 + 70 HV( 1) and TiC (980 + 60 HV( ;) coatings were found to be lower
than the bulk hardness values for TiC (2850 HV 1) [20] and Cr3C; (1834 HV( 1) specimens [21,22].
This could be attributed to the features such as pores and inter-splat boundaries that are typical of
thermally sprayed coatings. Regardless of the above, the wear performance of these coatings was
suggestive of considerable promise, as discussed below.
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Figure 8. Performance of SPS-processed Cr3C; and TiC coatings under different wear modes: (a) erosion;
(b) abrasion; and (c) sliding.

In the wear tests performed under identical test conditions, SPS-processed Cr3zC, showed superior
erosive and sliding wear resistance to the SPS-processed TiC coating (Figure 8a,c and Table 2). However,
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the abrasion test results showed comparable performance for the investigated coatings, according to
Figure 8b. Note that the hardness for the TiC coating was higher than that of the Cr3C; coating.
Furthermore, the cross-sectional SEM micrograph of Cr3C; showed few regions of poor cohesion
between the splats. However, its erosion and sliding wear performance was superior to that of
TiC. On the other hand, such fine-structured splats in the SPS-processed carbide coatings (in case
of both Cr3C; and TiC) could favor improved performance under all wear modes compared to a
microstructure with relatively larger splats (APS) for an identical composition. Similar findings related
to improved wear resistance compared to conventional coatings was reported by Liang et al. in the
case of nanostructured coatings, and the reason was attributed to their enhanced mechanical properties
(higher hardness, higher cohesive strength, higher toughness, etc.) [23]. The above results from our
preliminary study with carbide suspensions show considerable promise and clearly motivate further,
more detailed, investigations. Process optimization and the investigation of different suspension
properties (e.g., carbide particle size, solid loading, etc.) and their influence on wear behavior are logical
next steps. Furthermore, examining the worn surfaces of the coatings and worn debris (for sliding wear)
using SEM/EDS would provide further insights into the wear mechanisms responsible for material
removal under different wear modes. These will be performed as a continuation of the present study.

Table 2. Sliding wear results of the investigated coatings.

Sample Identity ~ Volumetric Wear Loss (mm®)  Coefficient of Friction (u)

Cr3Cy 0.0314 0.60
TiC 0.2129 0.28

4. Conclusions

In this work, we demonstrated for the first time that TiC and Cr3C, coatings could be successfully
deposited by suspension plasma spray (SPS) utilizing a feedstock of fine powders. The top-view
microstructures of both coatings showed splats that were an order of magnitude lower than those
typically observed in APS coatings, indicating the possibility of producing coatings with refined
microstructures for wear applications. XRD analysis revealed the presence of the desired carbide
phases in the deposited coatings, demonstrating the potential of SPS as a facile route to the deposition
of carbide-based coatings. The coatings were shown to have good integrity, and the tribological
performance of these coatings was found to be extremely promising under different wear modes
(i.e., erosion, sliding contact, and abrasion), motivating their further investigation with and without
the addition of binder materials.
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Abstract: Thermal spraying of metal materials is one of the key applications of this technology in
industry for over a hundred years. The variety of metal-based feedstocks (powders and wires) used
for thermal spray is incredibly large and utilization covers abrasion and corrosion protection, as well
as tribological and electrical applications. Spraying metals using suspension- or precursor-based
thermal spray methods is a relatively new and unusual approach. This publication deals with three
metal types, a NiCr 80/20, copper (Cu), and silver (Ag), sprayed as fine-grained powders dispersed in
aqueous solvent. Suspensions were sprayed by means of high-velocity suspension spraying (HVSFS)
employing a modified TopGun system. The aim was to prepare thin and dense metal coatings (10-70
um) and to evaluate the process limits regarding the oxygen content of the coatings. In case of Cu
and Ag, possible applications demand high purity with low oxidation of the coating to achieve for
instance a high electrical conductivity or catalytic activity. For NiCr however, it was found that
coatings with a fine dispersion of oxides can be usable for applications where a tunable resistivity is in
demand. The paper describes the suspension preparation and presents results of spray experiments
performed on metal substrates. Results are evaluated with respect to the phase composition and the
achieved coating morphology. It turns out that the oxidation content and spray efficiency is strongly
controlled by the oxygen fuel ratio and spray distance.

Keywords: high-velocity suspension flame spraying; copper; silver; NiCr 80/20; metal coatings

1. Introduction

In recent years the high-velocity suspension flame spraying (HVSES) process, an evolution of the
well-established HVOF process that allows for spraying of liquid feedstock instead of finely grained
spray powders, has been developed. Whereas the majority of studies focus on the spraying of oxide
ceramics, such as aluminum oxide [1,2], titanium oxide [3,4], or zirconium oxide [5], glasses [6], and
biomaterials [7,8], there are not many studies on the topic of suspension sprayed metal coatings.
Among these, more focus can be found on the topic of suspension plasma spraying [9,10], while only
few publications cover the suspension flame spraying of metals, for instance Inconel alloys [11].

The use of suspensions in the flame spraying process allows for the processing of submicron-
and nanopowders to form finely structured coatings with reduced coating thickness, which can lead
to an improvement of the mechanical, thermal and chemical properties of the coatings [12]. While
suspension flame spraying offers many advantages, it also increases the complexity of the process
due to the additional parameters (such as suspension formulation) that have to be considered. In the
case of metals, the suspension formulation is especially important and challenging due to the surface
reactivity and high density of the involved metal powders.

Materials 2020, 13, 621; d0i:10.3390/ma13030621 131 www.mdpi.com/journal/materials



Materials 2020, 13, 621

In this study, suspensions from three metals were prepared and sprayed via HVSFS: NiCr, silver,
and copper. While powder and wire spraying of NiCr alloys and Cu is more common in thermal
spraying, Ag has not been in the focus; and to our knowledge, none of these materials have been
applied in suspension spray processes so far. The aim of this study is to create metal coatings with a
reduced thickness in the range of 10-50 um. The amount of oxides in the coating should be as low
as possible, especially for Cu and Ag. For Ag, a high deposition efficiency is also mandatory to keep
material costs in a reasonable range.

NiCr coatings are mostly used as protective coatings or for heating elements and can be sprayed
by various thermal spray techniques [13,14]. While copper can also be deposited by different thermal
spray techniques, cold gas spraying of copper offers low oxidation and porosity, which results in
good electrical properties of the coatings [15]. Silver is a less common material in thermal spraying.
There are only very few studies on the cold gas spraying of silver or silver composites for electrical
contacts [16,17]. Silver is also well known for its antibacterial effect. Thin suspension-sprayed coating
may also serve as an antibacterial layer in medical applications.

Ultrafine Ag powder can also be incorporated as a dopant in biomedical coatings to display their
antibacterial properties. This has been examined in recent studies for different calcium phosphate- based
coatings. One route uses HVSFS with mixed Ag/HAp, TCP, or bioglass containing suspensions [18],
the second route uses a standard plasma spraying process with agglomerated powders containing Ag
particles [19].

As already mentioned, one of the main competing spray method for spraying soft metals like
copper or silver is cold gas spraying (CGS). A comparative study with CGS has been recently published
by some of the authors [20]. Copper and silver powders were sprayed using a Kinetiks 4000 system
(CGT Cold Gas Technology GmbH, Ampfing, Germany). As powder feeder operated spray systems
are restricted to a minimum powder grain size of >5 pum (typically grain size distribution in the range
of 5-25 um) coatings show higher roughness and thickness than suspension sprayed coatings, but it
is well known that CGS produces a more or less pore-free coating structure when well-plasticizing
metals, like aluminum, copper, or silver, are used as a feed stock. Due to the coarser spray particles,
CGS coatings are usually limited to a minimum thickness of approx. 20 um, but are theoretically not
limited in regard to a maximum thickness value. In contrast, HVSFS can go below 10 um, but is limited
at higher thickness due to the increasing formation of residual stresses in the coating when increasing
the coating thicknesses. As CGS is operated on a significantly lower thermal level of approx. 800 °C,
the amount of oxides in the coating can be usually kept significantly lower than in HVSES coatings.
This is especially relevant for electrical applications, where a high electrical conductivity is demanded.
Therefore, spraying copper is one of the main industrial application in CGS industry. In any case, a
more elaborate comparative study is necessary to compare electrophysical properties of Cu and Ag
coatings sprayed with the two methods.

2. Materials and Methods

2.1. Preparation and Characterization of the Metal Suspensions

Three different metal powders were selected for this study. Available manufacturer data have
been summarized in Table 1. The first was a gas atomized NiCr powder (H.C. Starck, Goslar, Germany),
the second was a chemically derived copper powder (Evochem GmbH, Offenbach, Germany) and the
third was an agglomerated silver powder (Metalor Technologies SA, Neuchatel, Switzerland). As can
be seen in Figure 1, the NiCr powder shows a perfect spherical structure, which is generally achieved
in the gas atomization process. The agglomerated and sintered silver powder also shows a more or less
spherical structure, whereas the copper particles show a dendritic and irregular structure, resulting
from the chemical precipitation process.
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Table 1. Overview of the commercial powders used for suspension preparation. All data in this table
are according to supplier datasheets.

NiCr 80/20 Cu Ag
Manufacturer H.C. Starck Evochem GmbH Metalor Technologies SA
Notation Amperit 251.051 14/200 P747-35
Density [g/cms] 8.31 8.93 10.49
D10 [um] 4 - 1.8
D50 [um] 7.8 - 6.2
D90 [um] 13.6 - 20
Powder type Gas atomized Chemically derived Agglomerated and sintered
Morphology spherical and dense  irregular dendritic spherical

Figure 1. SEM images of the metal powders used in this study.

The materials were dispersed in deionized water with a solid content of 18 wt% for the copper
suspension and 30 wt% for the NiCr and the silver suspension. In contrast to organic solvents like
isopropanol or ethanol, deionized water does not deliver combustion enthalpy and the evaporation
enthalpy is significantly higher (water: 2.26 kJ/g; isopropanol: 0.66 k]/g; ethanol: 0.84 kJ/g). Therefor
it was used as dispersant to reduce the total combustion enthalpy, leading to a reduction in flame
temperature and thus reducing oxidation of the metal particles. To improve the stability and to
prevent sedimentation and clogging during the process, suspensions were stabilized using an organic
dispersant, an anti-foaming agent and a rheology additive. The amount of solid content has been
chosen to adjust the viscosity behavior of the suspensions. In case of copper, the solid content could
not be increased to higher value due to the irregular particle morphology that promotes clogging in
the feedline. It has been described in more detail in a previous publication [21]. The particle size
distribution was measured by laser diffraction (Mastersizer 3000, Malvern Instruments, Malvern, UK).
The rheological properties of the suspensions were characterized using a MCR 302 rheometer (Anton
Paar GmbH, Graz, Austria). The measurements were performed at 25 °C using a double-gap cylinder.

2.2. Coating Deposition and Characterization

For the HVSEFS process, a modified high-velocity flame spray torch type TopGun (GTV GmbH,
Luckenbach, Germany) was employed. In the modified torch, the powder injector is replaced with
a suspension injector unit, which allows for injection of the suspension axially into the combustion
chamber. The suspension injector is equipped with a simple turbulence nozzle having an orifice
diameter of 0.5 mm. A more detailed description of the HVSFS process can be found in [12].

The coatings were deposited on planar stainless steel (X6CrNiMoTil7-12-2) substrates. In case
of some Ag-coatings pure copper samples were alternatively used as substrate. Dimensions of all
substrate samples were 50 X 50 X 3 mm. Surface activation was done by grit-blasting using F120
corundum at a pressure of 5 bar. Prior to coating operation, all specimens were cleaned with acetone.
Whereas the TopGun-system allows for the use of a wide variety of fuel gases, all coatings in this
study were sprayed using an ethene-oxygen mixture. The torch was operated either at a stoichiometric
ethene-oxygen ratio (denoted as A = 1) and, for comparison also at different sub-stoichiometric ratios,
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thus having a surplus of ethene (denoted as A = 0.57; 0.63, and 0.87, respectively). The idea in mind is
to have a reducing flame chemistry that may reduce oxidation of metal particles in the spray process.

The torch was operated on a six-axis robot describing a meander movement in front of the planar
substrates with a torch speed of 500 mm/s. Two air cooling nozzles were mounted on the torch to
simultaneously cool the substrate during spray process using compressed air. The two cooling spots
are located on both sides near the spray focus on the substrate surface. Samples were sprayed at five
distances: 60 mm, 75 mm, 90 mm, 105 mm, and 120 mm and a suspension feed rate of 40-55 g/min. An
overview of the spraying parameters can be found in Table 2. It should be noted that for all samples
a fixed amount of torch passes was used (NiCr and Cu: eight passes; Ag: four passes) also holding
constant the suspension feed rate for each system. This allows for comparison of relative deposition
efficiencies assuming comparable porosity values for all coatings. In case of HVSFES coating porosity
typically is in the range of 0-5%. Thus, when calculating DE from coating thickness the error is in the
same magnitude (0-5%). In the case of silver, the deposition efficiency was measured following DIN
EN ISO 17836 according to Equation (1):

DE [%] = Z—Z x 100 1)

m: mass of coating
my: theoretically sprayed mass

Table 2. Overview of the HVSFS spraying parameters discussed in this paper.

Parameter NiCr Cu Ag
Normalized ethene-oxygen ratio A 0.87 1 0.57/0.63 1 063 1
*TGER (oxygen + ethene) (slpm) 180 200 190/230 230 230 160
**GFR oxygen (slpm) 130 150 120/150 58 150 120
**GFR ethene (slpm) 50 50 70/80 172 80 40
Spray distance variations (mm) For all three materials: 60; 75; 90; 105; 120
Meander offset (mm) For all three materials: 3
Torch speed (mm/s) For all three materials: 500
Length of combustion chamber (mm) 22 22 22 22 12 12
Suspension feed rate (g/min) 55 43 52
Number of torch passes 8 8 8 8 4 4

*TGEFR = Total gas flow rate; **GFR = Gas flow rate; slpm = standard liters per minute.

Further spray parameters that are listed in Table 2 are: ethene-oxygen ratio A, total gas flow rates
(TGFR), separate gas flow rates (GFR) for ethene and oxygen. Spray distance variations, meander
offset and torch speed have identical values for all three materials.

Cross-section images of the coatings were taken using a Leica MEF4M (Leica GmbH, Wetzlar,
Germany). The coating thickness was measured on eight different points of these cross-sections.

The surface structure of the coatings was investigated using a white light interferometry (Bruker
ContourGT-K, Bruker, Mannheim, Germany) using a 5x objective. Three surface areas with a size of
1.2 X 0.9 mm were evaluated.

A comparative microhardness measurement study was performed to analyze the coating properties
for the different spray parameters, i.e., spray distance, A, and total gas volume. Vickers microhardness
(HV( 1) measurements were carried out on polished cross-sections using a Fischerscope H100 instrument
(Helmut Fischer, Sindelfingen, Germany). A set of 20 measurements were performed on one probe and
evaluated statistically. The study was made in accordance to DIN EN ISO 12577.

High-resolution SEM pictures and the EDX measurements were performed using a SEM DSM 982
Gemini (Zeiss AG, Oberkochen, Germany).

XRD analysis on coatings have been carried out using a X"Pert MPD diffractometer using Cu
Ko (40 kV/40 mA) in combination with a Panalytical X"Celerator detector (both from Panalytical
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GmbH, Herrenberg, Germany). The used database was taken from International Centre for Diffraction
Data (JCPDS ICDD). For qualitative analysis “Crystallographica Search Match” software (Oxford

Cryosystems Ltd., Long Hanborough, UK) has been used. The Siroquant software (Sietronics Pty Ltd.,

Mitchell, ACT 2911, Australia) was used for quantitative Rietveld analysis.

3. Results and Discussion
3.1. Suspension Characterization
Suspensions were evaluated regarding their particle size distribution, their sedimentation behavior
and their rheological properties. It was found, that particles tend to form agglomerates in the suspension,
which can be redispersed using ultrasonic treatment. In Figure 2, the particle size distribution of the
stabilized silver suspension is displayed. If the sample is treated ultrasonically, the measured particle

size is reduced significantly. However, treatment of the suspension using ultrasonic has to be done
carefully, as it degrades the stabilization of the suspension, which leads to a faster sedimentation of the

suspended particles.
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Figure 2. Particle size distribution of silver suspension—with and without ultrasonic treatment.

By applying ultrasonic treatment, average particle size d50 in silver suspension drops from 9.5
um to 3.6 um. This effect can also be observed for the copper suspension, showing a measured average
particle size d50 of 64.8 pm without, and 34.6 um with, ultrasonic treatment. Especially, agglomerated
powders show a weak mechanical cohesion and easily form fragments. This effect is even stronger
when applying ultrasonic treatment. The NiCr suspension does not show this effect (d50 = 10.8

um). This can be mainly explained by the powder particle properties. The gas atomized particles are

mechanical stable and do not tend to break.
The flow curves of the suspensions are shown in Figure 3. All three suspensions show shear
thinning behavior. The observed difference between the NiCr suspension and the Ag and Cu
suspensions is probably due to a slightly lower concentration of rheology additive in the NiCr

suspension. Particle morphology also has an effect on rheological behavior of the suspension.
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Figure 3. Flow curves of the Cu, Ag, and NiCr suspensions used in this study.

3.2. Coating Structure and Properties

3.2.1. NiCr Coatings

In Figure 4, a collection of cross-sections of HVSFS sprayed NiCr coatings at different spraying
distances and oxygen-to-ethene ratios are shown, the bright areas correspond to metal-rich, dark areas
to oxide phases.

50um s 50um

S0um

60 90 120
Spray distance [mm)]

Figure 4. Optical microscope cross-section images of NiCr coatings sprayed with two different A (0.87
and 1) and with three different spray distances (60, 90, and 120 mm).

At a very close spraying distance of 60 mm, an increased formation of defects can be observed.
The formation of these defects begins near the substrate and increases in size during the build-up of
the coating, resulting in a cone-shaped defect. Fauchais et al. described the formation and possible
reasons of this defects [22-24]. These defects grow at an angle from the surface and show an increase
in porosity (Figure 5). Consequently, the surface roughness Sa (shown in Figure 6) of these coatings is
significantly higher. This effect is more pronounced at a stoichiometric oxygen-to-ethene ratio.

136



Materials 2020, 13, 621

A=1,60 mm A=0.87,90 mm

Wm""‘"’ 2

(@) (b)

Figure 5. SEM image of NiCr coatings. (a) A typical cone-shaped defect found in NiCr coatings at
60 mm spray distances (A = 1). (b) Spray parametres: A = 0.87 (<1); spray distance = 90 mm. Taken
from [21].
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Figure 6. Comparison of coating thickness and roughness values of the NiCr coatings sprayed at
different spray distances and A values.

The variation of the oxygen-to-ethene ratio A clearly affects the oxidation of the NiCr particles.
The coatings sprayed at a surplus of ethene (A < 1) contain more metallic particles (visible as the bright
phase in the light micrograph), while the coatings sprayed at stoichiometric parameters show higher
oxidation (darker phases visible in the micrographs in Figure 4). A similar approach is described in
detail by Forg et al. in the case of suspension spraying of Cr3C,. Varying A allows for an adjustment
of the formation of Cr,O3 [25]. Consequently, for NiCr coatings, it is possible to adjust the electrical
conductivity and resistance as demanded by the desired application (i.e., heating elements) [26].

As all coatings have been prepared using the same amount of spray passes (= 8), the achieved
coating thickness can serve as an indicator for deposition efficiency. These are summarized in Figure 6
together with the Sa values. Deposition efficiency slightly rises with decreasing spray distance.
When spraying under stoichiometric conditions (A = 1), slightly higher deposition efficiencies can be
observed. As already mentioned, at lower spray distances more coating defects occur that contribute
to a significantly increased surface roughness.

The microhardness measurement results are summarized in Figure 7. Hardness values differ
significantly and show a dependency of spray distance, A and total gas volume. For lower gas
volumes (180 and 200 L/min), the spray distance clearly controls hardness values. As observed in the
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microscope images higher spray distances show higher porosities and correspondingly lower hardness
values. On the other hand, a higher A together with a slightly higher total gas volume increases
oxidation significantly. Doubling the total gas volume doubles the hardness value. Both factors may
contribute: the higher kinetic impact leads to a denser coating structure thus increasing the hardness;
the significantly increased heat impact on the other hand leads to a strong increase in oxide species

which in turn will increase hardness.

1200

1000 i
800 - 4

- A =1+ 200l/min W )\ = 1, 370 Umin, 120 mm
o _ . I )\ < 1, 400 U/min, 110 mm
> 6001 A = 0,87 +180l/min | == =1’ 200 imin. 120 mm
I I A = 1, 200 limin, 105 mm

/_/R I\ = 1, 200 Uimin, 90 mm

400 I ) = 1, 200 /min, 75 mm

I )\ = 1, 200 I/min, 60 mm

A <1, 180 Vimin, 120 mm

200 [\ < 1, 180 I/min, 105 mm

I\ < 1, 180 I/min, 90 mm

[ \ < 1, 180 I/min, 75 mm

I\ < 1, 180 I/min, 60 mm

Decrease of spray distance Decrease of spray distance

Figure 7. Comparison of Vickers hardness HV0.1 for NiCr coatings sprayed with different A (0.87 and 1)

and at different spray distances (60; 75; 105; 110; 120 mm).

XRD analysis has been carried out to analyze type and quantity of the oxide phases. The NiCr
coating sprayed with A = 0.87 (also noted as A < 1 in Figure 7) and a spray distance of 90 mm was
analyzed for this purpose, please refer to Figure 8. Based on the Rietveld method, a quantitative
analysis was performed to learn more about the oxidation species that form during spraying. Achieved
results are summarized in Table 3. Additionally, to the metal phases, two major types of oxides can be
found in the coating: Spinel (Cr,NiOy) and bunsenite (NiO). From this data it can be concluded that
the oxide fraction in the coating is in the range of 25%-30%.
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Figure 8. Representative XRD spectrum of a HVSFS sprayed NiCr coating. A Rietveld fit has been
applied to the spectrum. Spray parameters (A = 0.87; total gas flow: 180 L/min; spray distance: 90 mm).
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Table 3. Rietveld analysis taken from XRD spectrum in Figure 8.

Phase (Ref. No.) Fraction (wt%) Error (wt%)
Nickel (000-04-0850) 60 +3
Chrome (000-01-1250) 14 +1
Spinell Cr,NiOy4 (000-47-1049) 22 +3
Bunsenit NiO (000-75-0198) 4 +1,5

A comparison of the oxide content for two different total gas flows (180 vs. 370 L/min) shows a
significant increase of the oxide peaks in XRD. An increase of the total gas flow from 180 to 370 L/min
leads to a doubling of the heat flux as well as a strong increase of the turbulence on the surface. This
leads to a higher substrate temperature and thus to higher oxidation rates. Additionally, the slightly
higher spraying distance could have an influence. In Figure 9, both spectra are shown for comparison.
The relevant oxide peaks are significantly increased. A quantitative Rietveld evaluation estimates the
amount of oxide above 50%.
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Figure 9. Comparison of XRD spectra for NiCr coatings sprayed with two different total gas flow
amounts (180 vs. 370 L/min) as noted in the graph. A was kept constant, and the spray distance differs
slightly. 4 symbols highlight the most prominent oxide peaks that were identified according to Figure 8.

3.2.2. Cu Coatings

The cross-sections of the copper coatings, as shown in Figure 10, show the difference in oxidation
between the stoichiometric and the sub-stoichiometric parameters. At A < 1, there are distinguishable
metallic and oxide layers, which are more pronounced at closer spraying distances. This is presumable
due to the higher heat flux at close distances, resulting in a post-oxidation process of the surface layer
of the coating.

In contrast, the coatings sprayed at stoichiometric ratios show a more homogeneous distribution of
oxide phases. While the increased heat flux at close distance will also influence the oxide formation, the
dominating mechanism here appears to be the in-flight oxidation of the particles during the spraying
process. The cross-sections show dense microstructures for all copper coatings with low porosity,
suggesting that a sufficient melting of the particles during the spraying process has occurred.

As already discussed in the previous section, the achieved coating thickness again can serve as an
indicator for deposition efficiency. Coating thicknesses and surface roughness of the Cu coatings, as
shown in Figure 11, indicate slightly higher deposition efficiencies for the stoichiometric parameters as
well as higher values for the surface roughness, which decreases with increasing spraying distance.
Interestingly, when directly compared to NiCr, the spray distance seems to have a minor influence on
these values.
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Spray distance [mm]

Figure 10. Optical microscope cross-section images of the Cu coatings sprayed with two different A
(0.63 and 1) and with three different spray distances (60, 90, and 120 mm). Taken from [21].

Figure 11. Comparison of coating thickness and roughness values of the Cu coatings sprayed at
different spray distances and A values.

For comparison a set of samples were sprayed with a reduced A of 0.57, because it was observed
that oxidation can be further reduced. Interestingly, oxidation now occurs more in the outer part of the
coating, and is somewhat lower near the interface. Respective coatings are displayed in Figure 12.

A = 0.57; total gas volume = 190 |/min

Spray distance [mm]

Figure 12. Optical microscope cross-section images of Cu coatings sprayed with a reduced of A =
0.57 with increasing spray distance (from left to right). Applied spray parameters: A = 0.57; total gas
volume = 190 L/min.
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As oxidation is clearly visible in all samples, EDX analysis was performed to analyze the
distinguishable phases in regard of their Cu and O content for to Cu coatings at different A (0.57 and 1)
and two different total gas volumes (190 and 230 slpm); refer to Figure 13. For both Cu coatings, a
higher amount of oxygen can be detected in the dark phase (6-7 wt%). The bright phase is more
pronounced in sample A (A = 0.57; total gas volume = 190 slpm) with low oxygen content (0.5-1 wt%),
whereas in sample B (A = 1; total gas volume = 230 slpm) metal and oxide lamellas are more densely
mixed and cannot be clearly separated by EDX. Thus, the oxygen content of the brighter phase is
measured at a higher level (between 2-3 wt%). However, the polished surface contains a high amount
of impurities, which is due to the somewhat difficult conditions when preparing cross-sections of the
smooth copper material in metallography (noted as other in Table 4). There is a high risk of working in
impurities into the polished surface during the polishing process.

10mm

(b)

Figure 13. SEM images of two Cu-coatings prepared for EDX-analysis. Left: (a) A = 0.57; total gas
volume = 190 slpm; Right: (b) A = 1; total gas volume = 230 slpm. Taken from [21].

Table 4. EDX-Cu and O wt% values achieved from EDX on the samples shown in Figure 13.

Ref. No (Refer to Figure 13) Cu (Wt%) O (wt%) Other (wWt%)

1 95.32+ 0.6 071 +0.13 3.97 +£0.31
2 87.79 + 0.45 7.46 +0.10 574 +0.19
3 95.76 + 0.56 0.69 + 0.07 3.55+0.27
4 92.66 + 0.44 0.85 + 0.04 6.49 + 0.42
5 93.09 + 0.47 6.91 £ 0.11 -

6 95.11 + 0.47 4.63+0.1 0.25+0.18
7 97.09 +0.45 2.64 +0.09 0.27 + 0.04
8 95.11 + 0.48 4.89 +0.10 -

9 97.06 + 0.48 2.94 +0.09 -

XRD analysis of HVSFS sprayed copper shows clearly distinguishable peaks for metallic Cu,
and oxide species namely copper(Il)oxide (cupric oxide, CuO) and copper (I) oxide (cuprous oxide,
CupO). Figure 14 shows the spectrum for a coating with spray parameters identical to those shown in
Figure 12, left (A = 0.57; spray distance = 60 mm and total gas volume = 190 I/min).
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Figure 14. XRD spectrum of HVSFS sprayed Cu coating shown in Figure 12 on the left (A = 0.57; spray
distance = 60 mm and total gas volume = 190 I/min). CuO and Cu,O. Strongest peaks are labeled.

3.2.3. Ag Coatings

When spraying silver coatings, it was observed, that in order to achieve a suitable coating, the
appropriate parameter window appears to be much narrower than for NiCr and copper. In a parameter
pre-study, coatings have been sprayed on mild steel and on copper substrates as can be seen in Figure 15.
The colors of the coatings after spraying differ significantly depending on what spray distance and
what A has been chosen. Colors change from brown, yellow to a bright white. This behavior is probably
due to formation of different amount of oxide species in the coatings.
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Figure 15. Color scheme of silver coating surfaces sprayed at different parameter sets worked out in a
pre-study. Size of each sample is 50 X 50 mm.
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Respective cross-sections of the coatings for spray distances at 60, 90, and 120 mm are shown in
Figure 16. The stoichiometric parameters yield a lower coating thickness and, consequently, a lower
deposition efficiency at all spraying distances. Due to the higher spraying distance, the residual time
of the particles in the flame is increased and the formation of oxide species may be favored. As a
consequence, the coating shows a more and more greyish color at higher spray distances compared to
the bright color at closer ones.

80/150 and A =0.62 (substrate: steel)
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Spray distance [mm]

Figure 16. Optical microscope cross-section images of the Ag coatings on mild steel and Cu substrate
from samples in Figure 15 chosen for 60, 90, and 120 mm spray distances. Please note that in respect of
gas ratios and substrate type, images are organized in the same systematic as in Figure 15.

The cross-sections, as well as the color of the coatings, suggest that best results are achieved at
sub-stoichiometric ratios with a distinct surplus of ethene. Although the flame temperature at this
ratio should be somewhat higher compared to A = 1, there is less formation of oxides. Apparently, the
process needs a certain degree of reducing effect to overcome oxidative reactions promoted by the gas
mixture itself and the surrounding air. Figure 17 shows the Ag coating at a higher resolution in SEM. It
corresponds to the coating shown in Figure 16 in the fourth row, sprayed with 90 mm spray distance.
However, in SEM there is no evidence for the presence of oxides. Figure 17b reveals the fine micropore
structure that can be found in the coatings.
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Figure 17. SEM images of Ag-coating on copper substrate with parameter set 60/100, A = 0, 55, 90 mm,
(refer to Figure 16 last row). (a) near surface (b) details of pore structure.

The coatings sprayed at closer distances and with a sub-stoichiometric oxygen-ethene-ratio are
dense and no inter-layer porosity is visible. In contrast to the NiCr and copper coatings, the silver
coatings show a pronounced correlation at sub-stoichiometric parameters between spraying distance
and coating thickness.

Considering the high costs of silver powder feedstocks, deposition of thin coatings with high
efficiency is an interesting approach. With a coating thickness of up to 30 um deposited in four torch
passes, the HVSEFS process allows for a further reduction of the coating thickness. With 60 mm spray
distance, it seems possible to perform 10 um thick coatings in one torch pass. However, the short
spraying distances result in an increased thermal load of the sample. Depending on the substrate and
the desired coating thickness, a more elaborate cooling concept is needed.

Comparative XRD spectra are shown in Figure 18 for coatings sprayed with a gas flow rate of
70/120 and varying spray distances (60-120 mm; refer to Figure 15, second row). Only the peaks of
pure silver are detectable, with peak intensity increasing towards lower spray distances. It was not
possible to certainly identify oxide species in the XRD spectra.
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Figure 18. XRD spectrum of HVSFS sprayed Ag coatings as a function of spray distance (assigned as
60, 75,90, 105, and 120 mm in the graph). Data correspond to samples in Figure 15, second row (60, 90,
120 mm).
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Achieved coating thickness and coating surface roughness show a clear dependency of spray
distance and the ethene-oxygen ratio A, as can be seen in Figure 19. Best coating structure and highest
coating thickness was reached with sub-stoichiometric values (A in the range of 0.56-0.63). The achieved
coating thickness was in the range of 15-30 um, sprayed with four torch passes, refer to Figure 19.
Shorter spraying distances lead to higher deposition rates and accordingly demonstrate a higher
deposition efficiency, as illustrated in Figure 20. Surface roughness on the other hand stays around 2
um as can be seen in Figure 19. This is remarkable and may be due to the fact, that the heavy particles
do not change their velocity significantly due to their high inertia at higher spray distances.
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Figure 19. Comparison of coating thickness and roughness values of Ag coatings sprayed at different
spray distances and A values.
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Figure 20. Deposition efficiency of Ag coatings for various spray parameter sets. Different spray
distances for given sets of A and total gas volume (slpm).

Spraying with stoichiometric parameter (A = 1) on the other hand leads to the lowest deposition
rate/efficiency and highest roughness values. The high roughness is mainly explained by the formation
of defects on the coating surface as already discussed. This can be also clearly observed from the
cross-section in Figure 16 (third row). Apparently, this parameter set is unsuitable to deposit defect
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free and smooth coatings. So far, the role of oxide formation at higher spray distances could not be
clearly resolved in this study.

4. Conclusions and Outlook

In this study, suspensions containing metal powders of NiCr 80/20, copper and silver, suitable
for the HVSFS process, were successfully prepared, characterized, and sprayed. Through variation
of ethene and oxygen gas flow as well as the spraying distance, a suitable parameter window for
each material could be established. The aim to spray dense and thin coatings with low oxidation rate
and high metal content was fully achieved for silver and at least partially for copper. The results can
open up interesting possibilities for electrical applications. Thin silver coatings may also serve as
antibacterial surfaces. However, reduced spraying distances are necessary to achieve defect free silver
coatings with reasonable deposition efficiencies. To minimize heat flux to the substrate, a different
torch type or modified torch concept with reduced thermal power may be advantageous. In a future
study, an in depth characterization regarding electrical conductivity together with the role of oxide
formation, should be carried out in more detail.

The NiCr coatings show a fine dispersion of metal and oxide phases. Microstructure and oxidation
are less affected by the spraying distance in comparison to silver and copper but can be adjusted
by a variation of the gas flow. Due to its fine and evenly distributed oxide and the possibility to
adjust coating thickness down to 10 pm or even lower, suspension sprayed NiCr can be an interesting
approach for the improvement in film heating applications. This approach has been described and
published recently by some of the authors [26].

Suspension preparation for metal powders on the other hand stays as a demanding task. High
solid content and a long-term stability is overall difficult to achieve. As long as sedimentation occurs
without the forming of stable aggregates, the suspension can stay processible by means of agitation and
redispersion. This was especially the case for the suspensions used in this study. To reach industrially
appropriate suspensions however, further development is necessary at this point.
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Abstract: Ceramic coatings on metallic implants are a promising alternative to conventional implants
due to their ability to offer superior wear resistance. The present work investigates the sliding wear
behavior under bovine serum solution and indentation crack growth resistance of four coatings,
namely (1) conventional powder-derived alumina coating (Ap), (2) suspension-derived alumina
coating (As), (3) composite Al,O3—20wt % Yittria stabilized Zirconia (YSZ) coating (AsYs) deposited
using a mixed suspension, and (4) powder Al,O3—suspension YSZ hybrid composite coating ApYs
developed by axial feeding plasma spraying, respectively. The indentation crack growth resistance
of the hybrid coating was superior due to the inclusion of distributed fine YSZ particles along with
coarser alumina splats. Enhanced wear resistance was observed for the powder derived Ap and
the hybrid ApYs coatings, whereas the suspension sprayed As and AsYs coatings significantly
deteriorated due to extensive pitting.

Keywords: axial feeding; hybrid plasma spray coating; bovine serum solution; sliding
wear; indentation

1. Introduction

Thermal spray technique is one of the most versatile surface engineering processes and enables the
production of protective coatings, especially for harsh environments such as wear, corrosion/oxidation,
high temperature, etc. Among the different variants within the thermal spray family, plasma spraying
is a well-established technique used in many applications, such as aerospace, automotive, marine,
and medical devices [1,2]. Particularly, plasma spraying has an important role in orthopaedic implant
application, where it is used to develop bio-ceramic (hydroxyapatite) coatings on the hip femoral
stem to enhance Osseo-integration. Furthermore, the hydroxyapatite coating on the hip femoral
stem is approved by the Food and Drug Administration (FDA) in the USA [3,4]. Plasma spraying
involves the use of high energy plasma to transform the powder particles of the coating material into
their molten state, and these are then propelled towards the substrate to form a coating. Usually,
conventional plasma spraying uses a powder feedstock with a particle size distribution in the range of
10-100 pum, which results in a relatively coarse structured coating. Recently, the deposition of finely
structured coatings using plasma spraying has gained attention due to their ability to yield improved
performance [5-7]. However, the production of such finely structured coatings using plasma spraying
has traditionally been a huge challenge due to the inherent flowability problems associated with the
use of fine feedstock powders [8].
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Suspension plasma spraying (SPS) has now emerged as an attractive technique to produce fine
structured coatings. The process involves suspending a fine sub-micron or nanometric powder in a
solvent and injecting the resulting suspension into a plasma flame to overcome the above issue of
flowability associated with fine powders [9,10]. Axial suspension feeding is a recent advancement
in the SPS process and involves the suspension being injected axially into the plasma flame rather
than radially. This axial feeding enhances the enthalpy exchange between the plasma flame and the
sprayed material [11] and allows more efficient utilization of the plasma energy that is essential to
achieve industrially relevant throughputs. The advent of the SPS process with axial feeding provides
an opportunity to combine coarse powder feedstock and a fine structured suspension feedstock to
realize hybrid coatings with superior properties. In the present study, four different coatings were
developed using axial suspension plasma spraying. These included a conventional monolithic spray
grade powder derived alumina coating (Ap) and a pure suspension-derived alumina coating (As).
These were compared with two composite alumina—yttria-stabilized zirconia (YSZ) coatings, one
derived from a mixed suspension (AsYs) and the other deposited using a hybrid feedstock (ApYs),
in which a conventional micron-sized alumina powder and fine sized YSZ in the form of suspension
were axially injected simultaneously into the plasma flame. The coating developed by the hybrid
process possesses a multi-scale structure, i.e., the presence of both micron- and fine-sized features,
due to typical splat sizes that result from the conventional coarse spray-grade powder and the much
finer powder that constitutes the suspension [12]. The choice of alumina and YSZ as an illustrative
material system to demonstrate the efficacy of hybrid coatings was based on the combination of high
hardness and Young’s modulus of the Al,O3 matrix with an additional toughening effect expected from
the YSZ dispersion, thereby significantly increasing the flexural strength and the fracture toughness
of Al,O3 [13-15]. Furthermore, the application of zirconia toughened alumina in hip implants has
been already reported to significantly reduce the failure rate of implants due to the superior wear
resistance [16,17].

Although the zirconia toughened alumina hip implants have significantly reduced the failure
rate, the sudden fracture of bulk ceramic implants has raised inevitable concerns over their utility.
Consequently, ceramic coatings on metallic implants are a promising alternative due to their ability
to offer superior wear resistance, with the metallic substrate providing good fracture toughness.
Considering the impact of the wear and the fracture toughness on the longevity and the performance
of hip implants, the present study aimed to investigate the sliding wear behaviour of all the
above-mentioned ceramic coatings in the presence of a bovine serum albumin solution. In addition to
wear resistance, the indentation crack growth resistance of the developed coatings was also investigated,
and the prominent results are presented herein.

2. Experimental Methods

2.1. Substrate Materials, Powders, and Suspensions

The suspensions used in the study were of Al;O3 (d10 = 0.51 um, d50 = 2.20 um, d90 = 4.93 pum)
for As and 8 wt % YSZ (d10 = 230 nm, d50 = 440 nm, d90 = 950 nm) for ApYs coating. A mixed
suspension of the above two to obtain an Al,O3-20wt %YSZ composition was used in the case of the
AsYs coating. All the suspensions were procured from the same supplier (Treibacher, Austria) with
identical solid load content of 25 wt % in ethanol. Spray-grade powders of Al,O3 (AMPERIT® 740,
fused and crushed, 22/5 um, H.C. Starck GmbH, Miinchen, Germany) and NiCoCrAlY (AMPERIT®
410, gas atomized, H.C. Starck GmbH, Miinchen, Germany) were also used as feedstock materials. The
substrate material employed was Domex 355 steel for all the coatings. Although this material is not
specifically intended for biomedical applications, it was used out of convenience since, in the case of
overlay coatings such as those that are plasma sprayed, the investigated wear resistance properties of
the deposited layer are not expected to be influenced by the substrate.
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2.2. Coating Deposition

All the coatings produced in this study were sprayed using a Mettech Axial IIl high power plasma
torch (Northwest Mettech Corp., Vancouver, BC, Canada) capable of the axial introduction of feedstock
and equipped with a Nanofeed 350 suspension feeder as well as a separate powder feed system
(Uniquecoat, model PESOWL, Richmond, VA, USA). The plasma spray process involved in the current
study has three different processes:

(a) The Axial feed of conventional powder to develop Ap coating. In this process, the feedstock
powder was carried inside a tube and injected just before the plasma gun exit. Argon was used as a
carrier gas to transform the powder from the powder feeder to the plasma torch.

(b) The second process involved the axial feed of suspension with a coaxial feed of atomizing
gas to develop As and AsYs coatings. Instead of the simple tube in the case of Ap coating, a larger
tube housing a coaxially mounted liquid feedstock injector was used in suspension spraying. The
inner tube carried the suspension while surrounding the inner tube; an atomizing gas was fed into the
annular region to atomize the feedstock. The liquid feedstock was pumped into the plasma torch, and
the feed rate could be varied by varying the atomizing gas.

(c) The third process involved the combination of the above two processes to fetch the hybrid
powder-suspension ApYs coating. The process involved the axial feed of suspension with a coaxial
feed of powder with a carrier gas. The amount of suspension, powder feed rate, and carrier/atomizing
gas could be controlled individually. The process parameters employed for depositing the coatings
As, AsYs, Ap, and ApYs are given in Table 1. A schematic representation of the plasma spray process
involved in the current study is depicted in Figure 1. Prior to the coating, the substrates were grit
blasted with alumina grit of 80 um size to induce surface roughness, which enhanced the mechanical
interlocking between coating and substrate. Furthermore, the grit blasted substrates were the first
bond coated with NiCoCrALlY to enhance the adhesion of the coatings.

]
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Figure 1. Cont.

151



Materials 2019, 12, 1922

X — Carrier gas

Powder Feeder

Suspension feeder
Plasma gun

I
= ) -

Figure 1. Schematic representation of the axial plasma spraying process of (a) Ap, (b) As and AsYs (c)

<

ApYs coatings.

Table 1. Process parameters employed for depositing As, AsYs, Ap, and ApYs coatings.

Parameters ApYs Ap As AsYs
Operating gas H,, N, H,, N, H,, N, Ar H,, N, Ar
Spray Distance, mm 150 150 100 100
Current, A 230 230 220 220
Powder feed rate, g/min 40 50 - -
Suspension feed rate, mL/min 40 - 40 40
Power, kW 124 109 122 122

2.3. Coating Characterization

Microstructural investigation of polished cross-sections of the coatings was carried out using SEM
(HITACHI, TM3000, Tokyo, Japan). The phase constitution of the composite coatings was analyzed
using a Siemens D500 XRD with Cr K« radiation (A = 2.29 A) with the diffraction angle (260) varied
between 10° and 120°. In addition, an energy dispersive spectroscopy (EDS) system (EDAX, Mahwah,
NJ, USA) was utilized for composition analysis of cross-sections of the coating. The porosity of the
coatings was measured using an image analysis technique Image] software (National Institute of
Health, USA). Twenty cross-sectional SEM images were taken at appropriate magnification (x500)
for porosity measurement. The grey scale images were converted into black and white by manual
threshold adjustment. The average porosity values of the coatings were given in the table.

2.4. Mechanical Characterization

2.4.1. Vickers Micro Hardness

The hardness of all the coatings was measured using Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Kyoto, Japan) with a constant load of 100 g and a dwell time of 15 s. A total of
eight indents were recorded on each specimen, and the average hardness and the standard deviation
were determined.

2.4.2. Indentation Crack Growth Resistance

The crack growth resistance of the coatings was evaluated by Vickers indentation method. The
indentations were made on polished coating cross sections. The indenter was carefully positioned
in such a way that the indent was made approximately at the centre of the coating. A load of 2 kg
was chosen in the case of all the coatings, since lower loads were not found to lead to any discernible
crack formation. A minimum of five indentations was carried out, and the lengths of the cracks
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were measured using an optical microscope (Carl Zeiss). The crack length C was measured using the
equation [18]:
(2dy + 2dy) i (h+h)

4 2
where 2d; and 2d, are the parallel and the perpendicular Vickers indenter diagonals, /; and I, are the
lengths of the cracks observed on either side of the indent parallel to the lamellae, depicted to originate
below in Figure 2 from the left and the right side of the indent corners. A schematic representation
of crack propagation from the Vickers indenter corner and the measurement of the crack length are
shown in Figure 2 below:

C=

Figure 2. Schematic representation of crack propagation from Vickers indentation and the measurement
of crack length.

2.5. Sliding Wear Test

The coatings were subjected to a sliding wear test carried out using a linearly reciprocating
wear tester TR-285 M machine (DUCOM, Bengaluru, India) as per American Society for Testing and
Materials (ASTM) standard G133-05 [19]. An alumina ball with a diameter of 6 mm was used as the
counterpart. The wear tests were carried out in the presence of a 4 mg/mL bovine serum albumin
solution with the addition of 0.2% sodium azide to retard bacterial growth. The whole test set up was
maintained at 37 °C for 10° cycles. Prior to the wear test, all the coatings were polished using SiC
emery sheets (600 to 3000 grit size) and finally polished with 0.1 um diamond paste. The polished
coatings were ultrasonically cleaned in acetone to get rid of any contaminants. The wear volume was
calculated by following the ASTM G133-05(2016) standard [19] using the relationship V = A x [, where
A is the average cross-sectional area of the track (mm?) and ! length of the stroke (mm). The area of
the wear track was measured using a three-dimensional (3-D) optical profilometer (Taylor Hobson,
Leicester, UK). The specific wear rate was measured using the following formula:

\4

R=—0
w LxS

where WR represents wear rate (mm> N~! m™), V is the wear volume (mm?) determined as the
product of the mean worn area and the width of wear track, L corresponds to normal load (N), and S
signifies sliding distance (m).

3. Results and Discussion

3.1. Cross-Sectional Morphology

Figure 3 shows the cross-sectional morphology of the four coatings, As, AsYs, Ap, and ApYs. All
the coatings revealed a well-intact interface with the bond coat, which was indicative of good adhesion.
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Figure 3. Cross-sectional SEM images of As, AsYs, Ap, and ApYs coatings.

Figure 4 shows higher magnification images of the coatings AsYs and ApYs, which revealed the
incorporation of YSZ (seen as the brighter phase) in the coating over a large area. Particularly, the
incorporation of YSZ was finer and more homogenous in the AsYs coating compared to the ApYs
coating, plausibly due to the significantly smaller particle size of the Alumina splats comprising the
matrix. In addition, EDS analysis was carried out on the cross-section of the ApYs coating to confirm
the presence of the Zr region. Spot 1, which was taken at the darker area, confirmed the presence of
Al O3, whereas spot 2 at the brighter region confirmed the presence of a Zr rich region, as shown
in Figure 5. The percentage porosities of all the coatings were determined by image analysis (using
Image] software) and are given in Table 2. The porosity of the AsYs (3.5 + 2.2 vol%) was found to be
the highest among all the coatings, whereas the porosities of Ap, As, and ApYs coatings showed no
significant difference.

Table 2. Percentage porosity values of the coatings.

Coatings As AsYs Ap ApYs
Porosity (Vol%) 25+0.9 35+1.2 22+03 2.6+03
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Spot (0] Al Zr Y
wt.% wt.% wt.% wt.%
1 54.0 46.0 - -
2 29.9 0.9 65 42

Figure 5. Energy dispersive spectroscopy (EDS) analysis on the cross-sectional SEM image of hybrid
ApYs coating and its elemental composition taken at two different spots confirms the bright region to
be Zr.

3.2. XRD Analysis

The XRD patterns of the coatings (As, AsYs, Ap, and ApYs) are shown in Figure 6. The conventional
alumina coating Ap exhibited the typical XRD pattern representative of conventional plasma sprayed
alumina coatings in which the metastable y-Al,O3; was observed to be the major phase along with
traces of x-Al,O3 phase, It is well known that in conventional plasma spraying, the presence of y-Al,O3
is attributable to the rapid splat quenching of alumina during the plasma spray process, whereas the
a-AlyO3 results from partially melted or unmelted alumina particles [20-24]. On the contrary, the
coating As which was produced by the SPS technique showed x-Al,O3 as the predominant phase
rather than y-Al,Os. The disparity in the alumina phase constitution between the conventional
atmospheric plasma spraying and suspension spraying is that, in the conventional spraying, the
alumina particles are in direct contact with the plasma flame, which subjects the particles to extensive
melting and subsequent rapid splat quenching, leading to the formation of a significant amount of
v-Al, O3 phase. In the latter case, the evaporation of the solvent consumes a substantial portion of the
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energy available in the plasma flame, which plausibly results in lower particle temperature at impact,
leading to reduced cooling rates that promote the retention of the x-Al,O3 phase. In this context, it is
also relevant to mention that a prior study already demonstrated the formation of phase-pure x-Al,O3
using a liquid feedstock involving a solution precursor rather than a suspension [25]. In the case of
both the all-suspension composite AsYs coating and the powder-suspension hybrid composite ApYs
coating, the presence of tetragonal ZrO, distributed in Al;O3 was confirmed. Furthermore, all the
coatings that involved the use of a suspension feedstock showed a broad hump in 2theta position from
approximately 20° to 60°, which was suggestive of the presence of amorphous phases in the coatings.

Intensity, abs. u.
Intensity, abs. u.

20 30 40 50 60 70 80

Intensity, abs. u.
—

Intensity, abs. u.
=

@22)
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a = a alumina, Y=Y alumina, I = t-Zirconia

Figure 6. XRD spectra of coatings (a) As, (b) AsYs, (c) Ap, and (d) ApYs.
3.3. Hardness

Figure 7 shows the Vickers microhardness of As, AsYs, Ap, and ApYs coatings, respectively.
Among all the powder-derived coatings, Ap exhibited the highest hardness of 1310 + 15 HV followed
by the hybrid coating ApYs 1021 + 19 HV. Another interesting result was that the suspension coating
As exhibited lower hardness compared to the conventional powder Ap coating. This lower hardness
could be attributable to the inherent differences in the microstructures of the powder-derived and the
suspension-derived coatings in terms of individual splat sizes, a number of splat boundaries, porosity
and pore distribution, etc. It was also noted that the suspension derived coating AsYs exhibited the
lowest hardness 938 + 08 HV among all the coatings. A relative decrease in hardness in the cases of
ApYs and AsYs compared to Ap and As respectively was due to the inclusion of YSZ, which has an
intrinsic lower hardness than alumina [22].
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3.4. Indentation Crack Growth Resistance

The Vickers indentation technique is a versatile tool for assessing the fracture toughness of
bulk brittle materials—particularly ceramics. However, the determination of fracture toughness of
plasma sprayed coatings employing this technique is quite complicated due to the highly anisotropic
microstructure associated with the typical lamellar structure [26]. Therefore, in the present work,
the indentation technique was utilized to study the crack growth resistance of the coatings rather
than for fracture toughness measurement. A similar approach of investigating the indentation crack
growth resistance by measuring the crack length was reported previously by Hong Luo et al. [26].
Figure 8 shows the indentation crack growth in As, AsYs, Ap, and ApYs coatings. The crack length
was measured and is tabulated in Table 3. From Figure 8, it is evident that the coatings As and Ap
showed a long crack originating from the two indent corners parallel to the coating-substrate interface.
However, there were no cracks observed from the indentation perpendicular to the coating—substrate
interface. This asymmetric crack behaviour was due to the inherent splat microstructure of the plasma
sprayed coatings [26]. On the contrary, the hybrid coating ApYs did not show any cracks around the
indentation either parallel or perpendicular to the coating—substrate interface, whereas the coating
AsYs exhibited short cracks along the plane of the coating-substrate interface.

Table 3. Indentation crack length in the coatings.

Coatings Crack Length (um)
As 111.35
AsYs 54.72
Ap 181.50
ApYs No visible cracks
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Figure 8. Optical micrographs revealing indentation crack growth in (a) As (b) AsYs (c) Ap and
(d) ApYs.

The crack growth resistance of a coating was evaluated from the length of the cracks that emerged
from the two indenter corners parallel to the coating—substrate interface. The smaller the crack length,
the larger the crack growth resistance. In this context, the hybrid coating ApYs was observed to
possess superior crack growth resistance with no crack originating from the indenter corners, even at
2 kg force. The enhanced crack growth resistance of the ApYs coating could plausibly be attributed
to one or more of the following: (i) the intrinsic phase transformation toughening associated with
tetragonal-to-monoclinic transition of zirconia phase, which restricted crack propagation [16], or (ii)
the inclusion of finer YSZ particles in coarser alumina splats leading to an enhancement in cohesion
strength between the splats and thereby resulting in superior crack growth resistance. In the case of
AsYs coatings, considerably smaller cracks were observed to have emanated at the indenter corners
compared to As, which highlights the role of the finer YSZ included in the former coating in enhancing
the crack growth resistance. According to the measured crack length, the indentation crack growth
resistance of the coatings could be ranked as ApYs > AsYs > As > Ap. The inferior crack growth
resistance of the powder derived Ap was due to the presence of y-Al,O3 phase. It has been reported
that the y-Al,O3 phase present in the high velocity oxy fuel (HVOF) sprayed alumina coating worsened
the fracture toughness compared to the mixed « and y-Al,O3 phases [27].
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3.5. Sliding Wear

The sliding wear behaviours of As, AsYs, Ap, and ApYs coatings were investigated in the presence
of bovine serum albumin solution. In order to understand the prevailing wear mechanisms, the
coatings were grouped into different categories. The coatings Ap—As were grouped to study the
wear performance of conventional powder-derived and fine structured suspension-derived coatings.
Coatings Ap—ApYs were compared to evaluate the effects of the introduction of a fine structured
second phase on the performance of a conventional coarse-structured Ap coating. Similarly, coatings
As—AsYs were also compared to investigate how the introduction of fine structured YSZ second phase
affected the performance of the fine structured As coating.

3.5.1. Specific Wear Rate

The specific wear rates of the coatings were calculated and are shown in Figure 9. The wear rate
of the Ap coating was found to be the lowest among all the coatings. In contrast, the wear rate of the
As coating was highest among all the coatings. In the case of the hybrid ApYs coating, the wear rate
was almost similar to that of the Ap coatings. The wear rate of AsYs was slightly lower than As but
significantly higher compared to Ap and ApYs coatings. Further, the wear depth assessed by 3-D
optical profilometer in Figure 10, showed larger wear depth for coatings As and AsYs, whereas the
wear depth was smaller for Ap and ApYs coatings. According to the wear rate values determined, the
wear rate of the investigated coatings could be ranked in the order Ap ~ ApYs < AsYs < As.
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Figure 10. Three-dimensional (3-D)-optical profilometer images of coatings As, AsYs, Ap, and ApYs.

3.5.2. Worn Surface Morphology

Figure 11 shows the worn surface morphology of all the coatings. The worn surface of the Ap
coating revealed a smooth surface. Higher magnification images showed uniformly distributed pits
with no evidence of fine grooves or wear debris. Furthermore, in the wear track, underlying splats
unaffected during sliding were also observed. In comparison, the worn surface morphology of the
As coating revealed substantial pitting formation with a rougher surface. Furthermore, at higher
magnification, the presence of nano-sized wear debris was also observed. When comparing ApYs
and AsYs coatings, the latter showed extensive pitting with a rough, worn surface, whereas the ApYs
coatings showed occasional pitting. From the above results, it could be inferred that the suspension
derived coatings As and AsYs underwent severe pitting in serum solution, whereas the powder derived
Ap and hybrid ApYs coatings exhibited occasional pitting. The extent of pitting directly influenced the
wear resistance of the coatings. The coatings As and AsYs, which showed extensive pitting, possessed
a higher wear rate; particularly, the As coating possessed the highest wear rate among all the coatings.
In contrast, the wear rates of coatings Ap and ApYs were significantly reduced.

As suggested by Hawthrone et al. [28], the wear of thermal spray coatings occurs via three
processes, (i) microchipping and ploughing, (ii) debonding at splat boundaries, and (iii) splat fractures
associated with porosity. In the case of coatings with poor inter-splat bonding, the primary material
removal mechanism is debonding at splat boundaries and results in an increased wear rate.
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Wear Tra

Figure 11. Worn surface morphologies at different magnifications in the case of (a) As, (b) AsYs, (c) Ap,
and (d) ApYs coatings.
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Additionally, many prior reports have shown that the wear resistance of plasma sprayed ceramic
coatings increases with enhanced hardness and toughness [29-31]. In this context, the Ap coating
was found to possess the highest hardness among all the coatings, which explains its superior wear
resistance. It is noteworthy to mention that a previous study involving one of the authors showed
that the coating Ap under dry sliding conditions possessed the highest specific wear rate among all
the four coatings [32]. However, in the present study, the wear rate of the Ap coating was the least
among all the coatings. This reduction in wear rate could be easily explained by the introduction of
lubricant. Also, the presence of proteins in bovine serum solution could significantly influence the
frictional and the wear behaviours. Many authors have reported that, under bovine serum lubrication,
a tribolayer could be formed on the surface, which limits direct contact between mating materials,
thereby reducing friction and wear [33,34]. Furthermore, the underlying splats that are not affected
during sliding may act as reservoirs for the lubricant. During sliding, the lubricant tends to be drawn
up to spread on the surface, leading to a reduction in friction, wear, and seizure [35]. This could also
explain the absence of grooves and grain pull outs in the case of Ap. A schematic wear mechanism of
all the coatings in the presence of bovine serum solution is shown in Figure 12.

Fy
YSZ grain pull out

Fy
Smooth surface Pitting during sliding

<4 Sliding direction
Bovine serum \

solution c ot e et il
R R RS N ey~ TR G0 R P R G
i T I L S NN 1S W T 5 Wl T O
Bond Coat s s o e Pek O T A e )

Sliding direction

Alumina Ball

(a) Ap (b) ApYs
Fx Fx
adjoinng tamelne adjoming amelne
adjoining lamellae Sliding direction j 2 <« Siiding direction

Pitting

(c) As (d) AsYs
Figure 12. Schematic representation of wear of all the coatings in bovine serum solution.

In the case of the hybrid ApYs coating, even though the hardness was lower compared to that of
the Ap coating, the indentation crack growth resistance was enhanced by the inclusion of much finer
YSZ, with the splat sizes of alumina and YSZ in ApYs differing by nearly two orders of magnitude.
This combination of optimum hardness and enhanced fracture toughness could significantly reduce
the brittle fracture, thereby resulting in a wear rate that was comparable to that of the Ap coating. In
contrast, the suspension derived coatings (As and AsYs) exhibited relatively poor wear resistance.
Furthermore, the worn surface morphology of the As and the AsYs coatings suggested that pitting in the
presence of the bovine serum solution was a predominant damage mechanism and could have resulted
in severe wear. It is essential to mention that the powder derived Ap and hybrid ApYs coatings were
also found to have undergone pitting, but the extent was much lower compared to the As and the AsYs
coatings. The formation of pitting of ceramic prosthesis under bovine serum solution was previously
reported by Rainforth et al. [36]. They reported that the Biolox Delta (Zirconia toughened alumina
ceramic hip prosthesis) underwent severe pitting in serum solution when compared to ultra-pure
water and Carboxy Methyl Cellulose (CMC)-Na solution as a lubricant. The initiation of pitting was
primarily due to the intergranular fracture and the grain pull-out with the formation of a localized
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region of craters. Furthermore, they also observed that the pits were first initiated from the removal of
zirconia grains followed by some of the alumina grains. Similarly, the coatings As and AsYs, which
had lower hardness and toughness compared to Ap and ApYs coatings, might have been subjected to
intergranular fracture and grain pull-out during sliding, which substantiated the formation of pitting.
Moreover, the extensive pitting of AsYs compared to the As coating could have been attributed to
the removal of zirconia grains followed by alumina grains. Furthermore, it was supposed that the
difference in the splat size of As and AsYs, which was approximately ten orders lesser than the Ap and
the ApYs coatings, attributed to the extensive pitting. During sliding, aggregate pull out of adjoining
lamellae took place and led to extensive pitting of the As and the AsYs coatings. On the other hand, the
Ap and the ApYs coatings possess superior wear resistance behaviours under bovine serum solution
despite showing local pitting formation.

3.6. The Coefficient of Friction

The evolution of the coefficients of friction (CoF) of Ap, As, AsYs, and ApYs coatings during wear
tests conducted in the presence of bovine serum are shown in Figure 13. As expected, the Ap and
the hybrid ApYs coatings exhibited low CoF values compared to the As and the AsYs coatings. The
average CoF values of the Ap and the ApYs coatings were 0.21 and 0.24, respectively. In the cases of
As and AsYs, the CoFs were found to be higher at 0.34 and 0.36, respectively.

Coefficient of friction (CoF)

0000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000
Time (Hrs)

Figure 13. Coefficients of friction of As, AsYs, Ap, and ApYs coatings determined during wear testing
in the presence of bovine serum.

The reason for lower CoF of the Ap coating was attributed to the microstructure of the coating.
The conventional powder alumina coating yielded typically smooth, disk-like splats (fully molten
splats), which usually resulted in lower local surface roughness. In addition, the polished, worn surface
(see Figure 11c) and the presence of proteins in bovine serum solution also attributed to the lower CoF
values of the Ap coating. Similarly, the hybrid coating ApYs also showed only marginally higher CoF
values compared to the Ap coating despite showing a slightly rougher worn surface. In the case of the
pure suspension coating As and the mixed suspension coating AsYs, the CoFs were found to be higher.
As already seen in Section 3.5, the worn surface morphology of the pure suspension coatings (As and
AsYs) revealed a rougher surface due to extensive pitting, which could explain the higher CoF values.

4. Conclusions

Alumina-YSZ ceramic composite coatings deposited using a hybrid powder-suspension feedstock
(ApYs) were studied, and their microstructures and mechanical properties were compared with
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conventional powder-derived (Ap) and suspension-derived (As) alumina coatings, as well as coatings
deposited using mixed alumina—YSZ suspension (AsYs). The sliding wear and the indentation crack
growth resistance of these coatings were explicitly investigated, and the critical conclusions that could
be drawn are as follows:

e The hardness of the conventional monolithic alumina coating Ap was the highest among all the
coatings, which was 1.28 times higher than the hybrid ApYs coating, 1.34 times higher than the
As coating, and 1.39 times higher than the AsYs coating. The inclusion of YSZ in both Ap and As
coatings lowered the hardness by virtue of its lower intrinsic hardness.

e The indentation crack growth resistance of the hybrid coating ApYs was superior when compared
to all the other coatings. The inclusion of finer YSZ particles into the coarser alumina splat
increased the cohesion strength and resulted in superior crack growth resistance.

e The worn surface morphology of the Ap coatings exhibited polishing wear without any grooves,
whereas the hybrid coating ApYs coating revealed local pitting. In the case of the pure and the
mixed suspension coatings (As and AsYs), extensive pitting was observed, which deteriorated the
wear resistance properties.

Overall, the hybrid coating ApYs showed promising results in terms of superior indentation
crack growth resistance without any compromise in wear resistance properties compared to the other
coatings. The optimum wear resistance and the superior indentation crack growth resistance of the
hybrid ApYs coating could be a potential candidate for implant application. On the other hand, the
suspension derived coatings (As and AsYs) showed detrimental properties by exhibiting severe pitting
during sliding under the bovine serum solution.
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Abstract: Cold spray additive manufacturing is an emerging technology that offers the ability to
deposit oxygen-sensitive materials and to manufacture large components in the solid state. For further
development of the technology, the geometric control of cold sprayed components is fundamental but
not yet fully matured. This study presents a neural network predictive modelling of a single-track
profile in cold spray additive manufacturing to address the problem. In contrast to previous studies
focusing only on key geometric feature predictions, the neural network model was employed to
demonstrate its capability of predicting complete track profiles at both normal and off-normal spray
angles, resulting in a mean absolute error of 8.3%. We also compared the track profile modelling
results against the previously proposed Gaussian model and showed that the neural network model
provided comparable predictive accuracy, even outperforming in the predictions at cold spray profile
edges. The results indicate that a neural network modelling approach is well suited to cold spray
profile prediction and may be used to improve geometric control during additive manufacturing
with an appropriate process planning algorithm.

Keywords: cold spray; neural network; additive manufacturing; model; spray angle; profile

1. Introduction

Cold spray is a materials deposition technology that is suitable for coatings and repair and is
widely employed in industrial applications. This technology adopts a supersonic gas jet to accelerate
powder particles to 500-1000 m/s and enables solid-state deposition onto a substrate by kinetic energy
of the particles without melting. This mechanism offers unique characteristics that are difficult to
achieve otherwise, including: Low oxygen-content deposition, the avoidance of melting-induced
microstructure changes, and the ability to handle oxygen-sensitive materials without a protective
atmosphere [1-3]. Furthermore, a high deposition rate can be achieved with a narrow nozzle diameter,
resulting in a well-defined and high-density particle beam at small standoff distances [4].

The characteristics of cold spray are now recognized to offer great potential as an alternative solution
to the field of additive manufacturing, namely Cold Spray Additive Manufacturing (CSAM) [5-9].
The elimination of a protective atmosphere environment provides the ability to fabricate larger
manufactured components that are not possible with other additive manufacturing technologies,
e.g., powder-bed additive manufacturing, while still allowing for excellent flexibility in the selection
of oxygen-sensitive powder materials [9-11]. This benefit of cold spray technology can be further
enhanced by the inclusion of a robotic system in CSAM which also allows the stability of fabrication,
more Degrees of Freedom (DoF) for complex shapes and industrial automation [12-14]. Such robotic
CSAM effectively utilizes its high deposition rate to produce components at industrially relevant
part turnaround times [7,9]. Owing to the benefits of CSAM, successful demonstrations have been
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reported largely in aerospace industries at different levels of fabrication complexity: Simple rotational
structures [15,16] and more complex components (e.g., fin arrays) [17-19].

However, the CSAM technology has not yet reached a mature technology level where it is
considered a viable and reliable replacement to what is currently in use in commercial manufacturing
industries due to a number of fundamental and practical problems. Fundamental problems are
associated with the acceptable range of CSAM materials selection [20,21] and the microstructure
and mechanical properties of deposits under different process parameters [22,23]. In contrast,
practical challenges attract less attention from the CSAM community although providing a solution
to them is a key aspect to facilitating the development of a commercial CSAM technology. One such
practical challenge is the geometric control of as-fabricated components often associated with the
nature of high production rate additive manufacturing technologies: namely, CSAM [8,9,24], Wire and
Arc Additive Manufacturing (WAAM) [13,25] and Laser Cladding (LC) [26,27]. Low geometric control
is attributed to a range of key issues that limit the application of additive manufacturing technologies
such as the necessity of post-machining, difficulty in fabricating complex shapes, geometry-induced
property variations and inconsistent quality of fabricated parts [8,9,28]. Therefore, addressing the
challenge of geometric control is undoubtedly of great importance in CSAM as well as other high-speed
additive manufacturing technologies.

From the perspective of geometric control, the development of a high-accuracy process model
on the smallest processing unit (e.g., single cold spray track) offers a promising solution to
the aforementioned problem since an aggregate of single tracks determines final part geometry.
Furthermore, such a single-track model often plays a key role in the modelling of higher processing unit
(i.e., overlapping and overlayer models) in the literature [25,29]. Previous studies of the single-track
modelling fell into two main approaches: mathematical and data-driven modelling.

Suryakumar et al. approximated the profile of a single symmetric bead as a parabolic model
in WAAM [30]. The model was developed in terms of WAAM process parameters as well as bead
geometric characteristics (i.e., height and width). A second-order regression model was established
with the aid of experiments to express the bead height in terms of the process parameters from which
the bead width was calculated mathematically. This hybrid modelling approach showed reasonable
pictorial agreement with a verification bead profile under the reported experimental conditions. Caietal.
employed a Gaussian model with a constant scaling coefficient to approximate the profile of a single
symmetric cold spray track under different standoff distance scenarios [31]. The authors integrated the
derived model into their Thermal Spray Toolkit, a software package in ABB RobotStudio®, for offline
programming to predict cold spray track profiles.

Alternatively, a data-driven modelling approach attracted attention as an alternative to
mathematical modelling approach with the increased accessibility of available software options.
Mahapatra and Li applied an Artificial Neural Network (ANN) modelling with back propagation
algorithm to predict the cross-sectional geometry of a single symmetric track profile in highly nonlinear
and multivariate nature Pulsed-Laser Powder Deposition process [32]. The trained ANN model
predicted bead width, cross-sectional area and heights at three segments within mostly 10% mean
absolute error. Xiong et al. highlighted the development of ANN and second-order regression models
in single symmetric bead geometry prediction in WAAM [33]. The authors compared the performance
of the developed models in bead height and width predictions and reported that the ANN model
outperformed in both predictions due to its ability to approximate any nonlinear process.

Despite the great capability of ANN modelling as seen in other additive manufacturing processes,
it has drawn only a small amount of interest as a track modelling approach from the CSAM community.
Furthermore, the application of the ANN modelling in prediction was greatly limited to key geometric
characteristics only, e.g., height and width, in additive manufacturing [27,33]; such observations
formed an underlying motivation to study in mathematical modelling that could describe more
detailed geometric track profiles. This trend can be seen in previous CSAM studies focusing on the
mathematical approach only (i.e., Gaussian model) to predict a single-track profile at both normal and
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off-normal spray angles [24,34]. However, a data-modelling approach can be more competent than
what was previously conceived of in additive manufacturing as recently demonstrated successfully by
Kochar et al. in joining application [35]. The data-driven approach offered great nonlinear mapping
capability and multi-output predictions with affordable model complexity; such advantages are
particularly desirable as asymmetric track profiles resulting from off-normal spray angles have become
more frequent due to the necessity of complex spray strategies in CSAM. An accurate modelling of
both symmetric and asymmetric single-track profiles with high geometric details will contribute to the
improved geometric control in CSAM, enabling the fabrication of more complex and consistent parts
with minimal post-machining.

In this study, we focus on the modelling of a single-track profile with high morphology in CSAM,
both at normal and off-normal spray angles, using an ANN modelling to demonstrate its potential
as a predictive modelling approach in additive manufacturing. The significance of this study is
three-fold: (1) The application of a data-driven modelling approach in the prediction of a track profile
to CSAM, (2) the modelling of an asymmetric track profile using the ANN model instead of the
previous mathematical approach, and (3) the ANN modelling of a detailed track profile rather than
key geometric characteristics only.

2. Materials and Methods

An ANN is a type of data-driven model for supervised machine learning which is sufficiently
capable of handling nonlinearity and constructing an input-output relationship mapping based on
a set of training data. The development of an effective ANN relies on a number of key design
aspects such as input variable selection, data quality and network architecture [36,37]. In this study,
three process variables were chosen as the inputs of the ANN model: spray angle, traverse speed,
and standoff distance. These process variables are precisely controllable in real time with the support
of an appropriate robotic system [12] and have been shown to be influential on cold spray geometric
profiles in previous studies [24,31].

In this study, a full factorial approach was adopted to define the values of the input variables in the
ANN training dataset due to the nonlinear and complex nature of CSAM and the affordable number of
the input variables. In this approach, three levels were defined for traverse speed and standoff distance,
while four levels were employed to capture the effects of spray angle on track profiles more precisely.
The values of the input variables at each level are listed in Table 1. The lowest- and highest-level values
were determined as those of the corresponding operating limits to maintain the sufficient deposit quality
in the CSAM system. Defining the parameter boundaries at these operating limits avoided the weakness
of an ANN model in extrapolation outside the training dataset [38]. The input values of intermediate
levels were equally spaced between the lowest and highest level such that possible interactions between
the input variables were adequately captured [39]. The resulting experiment design matrix required
the fabrication of 36 samples for the ANN training dataset. The details of the experiment design matrix
of each sample can be found in the Supplementary Materials (i.e., Tables S1 and S2).

Table 1. The levels of input variables in the experimental design matrix for the Artificial Neural
Network (ANN) training dataset: 4 levels for spray angles, 3 levels for traverse speed and 3 levels for

standoff distance.
Level Spray Angle (°) Traverse Speed (mm/s)  Standoff Distance (mm)
1 45 25 30
2 60 100 40
3 75 200 50
4 90 - -
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2.1. Sample Preparation

All sample preparations were performed using a commercial Impact Innovations (Haun, Germany)
5/11 cold spray gun guided by an ABB (Zurich, Switzerland) 4600 6-DoF robot. The cold spray gun
was equipped with a long pre-chamber and an Impact Innovation’s OUT1 tungsten carbide de Laval
nozzle with a 6.2 mm exit diameter. Commercial purity grade-2 titanium from AP&C (Boisbriand,
Canada) was selected as the powder feedstock. The particles were prepared by gas atomization
and distributed within the size of 15 to 45 um: (i.e.,, D1g = 19 um, D5y = 34 um and Dgy = 45 pm).
Nitrogen gas was preheated to 600 °C at a pressure of 5 MPa to accelerate the particles that were
fed into the upstream of the nozzle at a feed rate of 1.9 kg/h. These spray variables except those
listed in Table 1 were held constant throughout the sample fabrications. The substrate was a strip of
commercial purity grade-2 titanium with a dimension of 6 x 30 X 200 mm. The surface of the substrate
was prepared with a milling machine from Avemax Machinery (Taichung City, Taiwan) followed by
grinding with P120-SiC emery paper from LECO (Moenchengladbach, Germany). Ethanol was used
to clean the surface prior to the sample fabrications. The fabrication of all samples was randomized
to obtain statistically unbiased results and minimize the effects of potential extraneous factors [40].
RobotStudio® software version 6.08 (ABB Robotics, Zurich, Switzerland) was used to verify that there
was sufficient travel past the edge of the substrate to allow for the robot trajectory and traverse speed
to stabilize prior to sample fabrications.

The profile of each sample was measured five times at randomly selected locations using a LEXT
OLS4100 confocal laser scanning microscope from Olympus (Tokyo, Japan) and scanControl 2950-100
laser scanner from Micro-Epsilon (Ortenburg, Germany) with the z-axis measuring precision of at least
12 pm. The obtained measurements were processed with the in-built filtering: Flat Surface filtering
in LEXT OLS4000 and average filtering with a filter size of 7 in scanControl Configuration Tools 6.0.
The filtered profiles were averaged for each sample, resulting in the ANN output profiles considered
in this study.

2.2. Artificial Neural Network Model Design and Training

In this study, a static multilayer perceptron ANN model was considered due to various successful
demonstrations of its application as a predictive model in manufacturing processes. The model
consisted of three different layer types: input layer, hidden layer, and output layer. Each layer
contained a number of neurons with connections in between through activation functions. The number
of neurons in the input layer corresponded to the number of input variables considered, i.e., 3 neurons
in this study. The neurons in the hidden layer act as computational elements processing nonlinear
mapping between the input and output variables and largely influence the performance and reliability
of an ANN model [41]. Although a higher number of hidden neurons allow more accurate predictions
or the modelling of more complex processes, it poses a higher risk of overfitting that is critical with
only 36 training samples. For developing a reliable ANN model, this study iteratively investigated the
performance of the ANN model with the different number of hidden neurons (i.e., 1 to 15 neurons) for
each hidden layer. Similarly, the number of hidden layers was incrementally changed between 1 to 3
layers to optimize the ANN model architecture. Furthermore, the number of output neurons must
be sufficient to achieve the objective of modelling a detailed track profile in CSAM. We adopted the
area validation methodology proposed by Kochar et al. [35] in which polar lengths were considered as
output neurons, measured from the tool center point as the origin. The number of output neurons
was incrementally changed from 5 neurons with equal angular spacing between each output neuron
(e.g., 45° each between 5 neurons) until the sufficient number was reached. Here, the sufficient number
of output neurons was defined as that whose enclosed area reached and maintained at least 99% of the
sample cross-sectional area in the last five consecutive candidates. An activation function is another
critical aspect in an ANN model that computes the output of a neuron given the set of weights and
biases as inputs. In this study, the commonly used hyperbolic tangent sigmoid and linear activation
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functions were chosen for hidden and output layers respectively. With the selected activation functions,
all inputs and outputs variables were scaled to [-1 1] for improved training process [41].

The back-propagation algorithm with Bayesian regularization was selected as the training function
of the ANN model. This algorithm depends on Levenberg-Marquardt optimization for updating
weights and biases. The benefits of this training algorithm are two-fold: Robustness and the elimination
of validation dataset, reducing the number of samples required [42]. In addition, the performance of
the training process was measured using Mean Squared Error (MSE). The training of the ANN model
was conducted using Deep Learning Toolbox in MATLAB® version R2018a and the training dataset in
the supplementary material (i.e., Samples 1 to 36 in Table S1). To avoid the effects of different initial
weights and biases, each ANN candidate model was retrained 100 times.

The performance of the trained ANN model was evaluated using an independent set of testing
samples (see Table S2 in the Supplementary Material). The number of testing samples was determined
according to the 75-25 training-testing data division method [43], resulting in a total of 12 testing samples
(i.e., Samples 37-48). The values of the input variables in the testing dataset were randomly selected
between their minimum and maximum operating limits with the aid of MATLAB® version R2018a.

3. Results and Discussion

3.1. Single-Track Profiles Validation

The quality of the cold spray profile samples was validated against the previous CSAM studies
in terms of the effects of the input variables on the sample profiles. Figure 1 shows the effects of the
following input variables on the profiles of the selected training samples: (a) Spray angle at 25 mm/s
traverse speed and 30 mm standoff distance, (b) Traverse speed at 90° spray angle and 30 mm standoff
distance, and (c) Standoff distance at 90° spray angle and 25 mm/s traverse speed.

5 Spray angle Traverse speed Standoff distance
—_ ——450° —25 mm/s —30 mm
g (a) —60° (b) — 100 mm/s (C) — 20 mm
E —750 —200 mm/s —50 mm
= 1.5
- —90°
=
20
Q 1
=
X
3
.05
]
A
0
4 2 0 2 4 6 -4 2 0 2 4 4 2 0 2 4

Horizontal location on substrate (mm)

Figure 1. (a) the effect of spray angle at 25 mm traverse speed and 30 mm standoff distance (45°—sample
1, 60°—sample 2, 75°—sample 3, 90°—sample 4), (b) the effect of traverse speed at 90° spray angle and
30 mm standoff distance (25 mm/s—sample 4, 100 mm/s—sample 8, 200 mm/s—sample 12) and (c)
the effect of standoff distance at 90° spray angle and 25 mm/s traverse speed (30 mm—sample 4, 40
mm-—sample 16, 50 mm—sample 28).

In Figure 1a, it is clear that the spray angle was positively correlated to the height and negatively
to the width of the sample profiles, being consistent with the previous studies [24,44]. The smaller
effect of spray angle between 75° and 90° was attributed to the smaller relative deposition efficiency
drop; in comparison, such phenomenon was observed between 80° and 90° spray angle in [24].

Importantly, the effect of traverse speed was found to be nonlinear and the most influential on the
track profiles in Figure 1b. This observation suggests that the more levels of traverse speed may be
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employed in the experimental design matrix for the ANN training dataset to integrate more relevant
information into an ANN model, especially at low traverse speeds (i.e., between 25 and 100 mm/s).
The lower traverse speed resulted in a thicker and sharper track profile, while widening the track
profile as also seen in [9,24].

In contrast, the effect of standoff distance was the least influential on the track profiles in Figure 1c.
With the larger standoff distance, the track profile became shorter and wider as observed in [31].
This phenomenon was previously confirmed by Pattison et al. [45] and indicated that the standoff
distance parameter space covered in this study was in the medium region near the optimal deposition
efficiency point. It is of great interest to study further towards the nonlinear extreme ends (e.g., 10 and
100 mm), maximizing the benefits of nonlinear mapping ability in an ANN model.

In summary, the validation of the selected track profiles confirmed that the fabricated profiles were
consistent with the previously reported trends and therefore of sufficient quality as the output profile
data considered in this study. Note that the track profiles of all samples are presented in Figures S1-53
in the Supplementary Materials.

3.2. Neural Network Architecture Validation

The area validation method for determining the sufficient number of output neurons was
performed over all the samples and the results of some randomly selected samples are shown in
Figure 2 to illustrate the trend of area convergence. The mean sufficient number of output neurons
was found as 67 over all the samples, while the maximum number was 167. Here, 67 output neurons
were chosen for the ANN model, taking polar lengths from the tool center point at every 2.72°.
This selection was because the maximum sufficient number of output neurons resulted in capturing too
fine geometric features that could be considered as noises. Furthermore, the fewer number of output
neurons allows a simpler ANN architecture, thereby reducing the computational burden of training
process, while the resulting ANN model is accurate enough to achieve the objective of describing
a detailed CSAM track profile. The resulting output neuron parameters are presented in Tables S3 and
54 in the Supplementary Materials.

The iterative investigation of different ANN hidden layer topologies concluded that two hidden
layers with 6 and 10 neurons achieved the best predictive performance on the normalized independent
testing dataset with MSE of 0.009454 and R? coefficient of 0.9493 (see Figure 3). The mean predictive
performance for each output geometric point was evaluated among all 12 testing samples and the
corresponding overall predictive performance for all 67 outputs is summarized in Table 2. Both Mean
Absolute Percent Error (MAPE) and Maximum Absolute Percent Error (MXAPE) were reasonable in
comparison with the previous studies in different manufacturing processes (i.e., MAPE = just below
10%, MXAPE ~ 11% [35] and MAPE = 6.611%, MXAPE = 10.31% [46]). Consequently, the results
demonstrated the suitability of a data-driven ANN modelling approach to the prediction of a track
profile in CSAM.
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Figure 2. The validation results of the randomly selected samples. The validation of the number of
output neurons indicates that the mean 67 output neurons are sufficient to describe the track profile
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Figure 3. Normalized ANN predictions vs. target output neuron values of all test samples. The ANN
had the architecture of [3 6 10 67], resulting in MSE of 0.009454 and R? =0.9493.

Table 2. Summary of the performance evaluation results of the developed model in Figure 3 in terms of
Mean Absolute Error (MAE), Maximum Absolute Error (MXAE), Mean Absolute Percent Error (MAPE),
and Maximum Absolute Percent Error (MXAPE).

MAE (mm) MXAE (mm) MAPE (%) MXAPE (%)
0.05782 0.1522 8.342 10.20
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3.3. Evaluation of Artificial Neural Network Modelling for Predicting Single-Track Profiles

Figure 4 shows the track profile of the two selected test samples as an illustration: (a) Sample 37
at a nearly normal spray angle (i.e., 86°) and (b) Sample 39 at a spray angle of 48°. The developed
ANN model was used to predict the track profiles, resulting in a qualitatively good agreement
with the measured profiles. The MAEs were 0.009550 mm and 0.04256 mm for Sample 37 and 39,
respectively. Thus, it is demonstrated that the application of an ANN modelling approach is possible
to predict both symmetric and asymmetric track profiles at normal and off-normal spray angles.
However, for Sample 39 at a lower spray angle, a larger deviation from the measured profile was
found, as compared to Sample 37, in the high region of the track profile (between 3 and 7 mm on the
substrate). The possible causes for this observation include: (1) The lack of training samples within
this region to provide sufficient robustness to external factors (e.g., robot joint misalignment and tool
centre point variation) at an off-normal spray angle and (2) inefficient experimental design matrix to
capture high nonlinearities in CSAM, e.g., more traverse speed levels may be suitable as discussed in
Section 3.1 towards the low-speed end, resulting in thicker track profiles. The robustness issue was
also raised in the application of ANN modelling in welding [35], but it is more severe when a large
number of ANN output predictions is necessary with a small number of input parameters such as in
this study. Note that the ANN prediction results for all other test samples are presented in Table S5
and graphically shown in Figure S4 in the Supplementary Materials.

1
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Figure 4. The experimental single-track profiles of the two selected samples are shown as illustrative
examples along with the corresponding ANN (red) and Gaussian (blue) models: (a) Sample 37 (spray
angle: 86°, traverse speed: 75 mm/s, standoff distance: 45 mm) and (b) Sample 39 (spray angle: 48°,
traverse speed: 34 mm/s, standoff distance: 41 mm).

To demonstrate the potential of ANN modelling to predict detailed track profile for the objective
of this study, in Figure 4, we also compared the ANN modelling results against the Gaussian modelling
approach in cold spray proposed by Chen et al. [24]. The details of the Gaussian models can be found
in Table S6 in the Supplementary Material. The ANN modelling approach showed about 2.5 times
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smaller MAE than the Gaussian model for Sample 37, but about 1.3 times larger MAE for Sample 39.
The latter result was mainly attributed to the larger deviation at the high portion of the track profile as
discussed previously. Meanwhile, the ANN modelling showed better predictive performance in the
region of track profile edges than the Gaussian model. Such better predictive performance at profile
edges was most likely due to the ANN model adequately capturing the complex multivariate nature
of cold spray process (e.g., bow shock and compressed gas layer [47]), while this was observed to be
lacking with the Gaussian model used previously in cold spray [24,31]. In summary, the comparative
study of the two modelling approaches in Figure 4 showed that the ANN modelling possessed the
potential to provide the prediction of detailed track profiles in CSAM at the same level of accuracy
or higher.

4. Conclusions

This study demonstrated the potential of a data-driven modelling approach in the prediction of
single-track profiles in CSAM, rather than only key geometric features as in previous studies. The ANN
modelling enabled an accurate description of track profiles at even off-normal spray angles that are
frequently encountered during the cold spray process of complex shapes. Furthermore, the detailed track
profiles predicted by the ANN model were in good qualitative agreement with the measured profiles,
even outperforming at the region of profile edges as compared to the previously proposed Gaussian
modelling approach. Therefore, the data-driven modelling, in combination with an appropriate process
planning algorithm, possesses the potential to improve the problem of geometric control in additive
manufacturing processes and therefore foster the development of a commercial CSAM technology.
With the appropriate adjustment of ANN input feature parameters and architecture, the approach
presented in this study can be extended to other additive manufacturing techniques such as WAAM
and LC.

However, the limitation of the ANN modelling approach was also encountered due to the size of
training dataset and robustness. These issues were more significant in this study as the ANN approach
adopted a larger number of output neurons than previous studies where only key geometric features
were predicted. Therefore, it is of great importance in future works that a more data-efficient modelling
approach is explored, and real-time measurement and a data processing system are developed so
that the data diversity and collection rate increase. Furthermore, the comparative study of the two
models showed that the Gaussian model predicted with better accuracy within the high portion of
track profiles, while the ANN model was more accurate towards the profile edges. This finding triggers
a motivation for exploring a hybrid modelling approach in future works, taking advantages from the
two modelling approaches, while minimizing the disadvantages discussed in this study.

In addition to the aforementioned future works, we plan to extend this study to overlapping
and overlayer modellings and integrate the ANN model from this study into our toolpath planning
algorithm at a system level.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/17/2827/s1,
Figure S1: the measured track profiles of Sample 1 to 18, Figure S2: the measured track profiles of Sample 19 to
36, Figure S3: the measured track profiles of Sample 37 to 48, Figure S4: the predicted track profiles using the
developed ANN model, Table S1: Input parameters in the training dataset, Table S2: Input parameters in the
testing dataset, Table S3: Output parameters in the training dataset, Table S4: Output parameters in the testing
dataset, Table S5: ANN results for all test samples, Table S6: Gaussian model parameters.
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