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Preface to ”Science and Technology of Thermal Barrier
Coatings”

Globally, higher efficiency in thermal conversion process has been required to satisfy the growing
demand for reducing the consumption of fossil fuels. The higher operating temperature of gas
turbines results in enhanced thermal conversion efficiency and has been achieved via advances
in various techniques, such as superalloy, cooling technology, and thermal barrier coating (TBC).
Among them, TBC exhibits promising potential to achieve the enhanced energy efficiency without
limitations of material selection or efficiency reduction. However, TBCs are exposed to very harsh
and complex operating conditions with high-speed rotation and high-temperature flame, requiring
the consideration of various environmental factors. The yttria-stabilized zirconia (YSZ) has been
governed by the TBC field, but it is limited at higher operating temperatures above 1200 °C due
to phase degradation and poor sintering resistance. A great deal of effort has been devoted to
overcoming the limitations of YSZ through various attempts, such as doping YSZ with various metal
oxides, and applying new materials like zirconates and perovskites. Nonetheless, there are still many
complicated application limitations that should be tackled in this field and in response, we have
focused this Special Issue of Coatings on emerging efforts in developing novel TBC materials and
their comprehensive reliability against the complex environmental factors.

Contributions to this Special Issue include original papers covering the development of
advanced TBCs and their reliability, which improve the lifetime performance. In particular,
Kilic et al. [1] investigated the microstructural characteristics and wear behaviors of the
CoNiCrAlY-based metallic bond coat using the novel methods, D-gun and supersonic plasma
spraying. Ctibor et al. [2] fabricated SrZrO3 TBC via water-stabilized plasma and revealed its
corrosion interaction mechanism with natural silicate dust. Luetal. [3] evaluated the lifetime
performance TBC with different bond coat species and top coat which deposited by electron
beam-physical vapor deposition. Cheng et al. [4] revealed the thermal stability of YSZ TBC
fabricated via novel plasma spray-physical vapor deposition method. Zeng et al. [5] studied the
high temperature anti-friction behaviors of Si-H film. Song et al. [6,7] investigated the crack-growth
behavior during cyclic thermal exposure and revealed the crack-resistant behavior of TBC with an
encapsulated healing agent-embedded buffer layer. Liu et al. [8] evaluated the hot corrosion behavior
of BaLa2Ti3010 TBC and elucidated its corrosion reaction mechanism. Orosa et al [9] reported a novel
method of nearly zero energy building internal covering design based on the neural networks. Finally,
Chang et al. [10], first evaluated the contributions of high thermomechanical fatigue on gas turbine
lifetime during a steady-state operation.

In summary, this Special Issue provides an overview of the development of advanced TBCs
to improve comprehensive reliability, which could potentially be applied in hot components of
advanced gas turbine. As such, I hope that this Special Issue is a forum to highlight and identify
emerging research in the field.



References

1. Kilic, M.; Ozkan, D.; Gok, M.S.; Karaoglanli, A.C. Room- and high temperature Wear Resistance
of MCrAlY Coatings Deposited by Detonation Gun (D-gun) and Supersonic Plasma Spraying (SSPS)
Techniques. Coatings 2020, 10, 1107.

2. Ctibor, P. Interaction of Strontium Zirconate Plasma Sprayed Coating with Natural Silicate (CMAS)
Dust—Origin of Luminescent Phases. Coatings 2020, 10, 738.

3. Lu, Z; Lyu, G,; Gulhane, A.; Park, H-M,; Kim, ].S.;; Jung, Y.-G.; Zhang, ]. Experimental and
Modeling Studies of Bond Coat Species Effect on Microstructure Evolution in EB-PVD Thermal
Barrier Coatings in Cyclic Thermal Environments. Coatings 2019, 9, 626.

4. Cheng, Z.; Yang, |.; Shao, F.; Zhong, X.; Zhao, H.; Zhuang, Y.; Ni, J.; Tao, S. Thermal Stability of YSZ
Coatings Deposited by Plasma Spray-Physical Vapor Deposition. Coatings 2019, 9, 464.

5. Zeng, Q.; Qin, L. High Temperature Anti-Friction Behaviors of a-Si:H Films and Counterface
Material Selection. Coatings 2019, 9, 450. 6. Song, D.; Song, T.; Paik, U.; Lyu, G.; Jung, Y.-G.; Choi,
B.-G.; Kim, L-S.; Zhang, J. Crack-Growth Behavior in Thermal Barrier Coatings with Cyclic Thermal
Exposure. Coatings 2019, 9, 365.

7. Song, D.; Song, T.; Paik, U.; Lyu, G.; Jung, Y.-G.; Choi, B.-G.; Kim, L.-S.; Zhang, J. Crack-Resistance
Behavior of an Encapsulated, Healing Agent Embedded Buffer Layer on Self-Healing Thermal Barrier
Coatings. Coatings 2019, 9, 358.

8. Liu, H.; Cai, J.; Zhu, J. Hot Corrosion Behavior of BaLa2Ti3010 Thermal Barrier Ceramics in V205
and Na2504 + V205 Molten Salts. Coatings 2019, 9, 351.

9. Orosa, J.A.; Vergara, D.; Costa, AM.; Bouzén, R. A Novel Method for nZEB Internal Coverings
Design Based on Neural Networks. Coatings 2019, 9, 288.

10. Chang, S.Y; Oh K.Y., Contribution of High Mechanical Fatigue to Gas Turbine Blade Lifetime
during Steady-State Operation. Coatings 2019, 9, 229

Yeon-Gil Jung
Editor



E coatings MBPY
Article

Room- and High-Temperature Wear Resistance of
MCrALlY Coatings Deposited by Detonation Gun

(D-gun) and Supersonic Plasma Spraying
(SSPS) Techniques

Mehmet Kilic 1'*, Dervis Ozkan 2, Mustafa Sabri Gok 2 and Abdullah Cahit Karaoglanli 1

1 Department of Metallurgical and Materials Engineering, Faculty of Engineering, Architecture and Design,

74110 Bartin, Turkey; karaoglanli@bartin.edu.tr

Department of Mechanical Engineering, Faculty of Engineering, Architecture and Design,
74110 Bartin, Turkey; dervisozkan@bartin.edu.tr (D.O.); msabrigok@bartin.edu.tr (M.S.G.)
*  Correspondence: mehmetkilic307@hotmail.com; Tel.: +90-544-3296-347

Received: 14 October 2020; Accepted: 10 November 2020; Published: 19 November 2020

Abstract: In this study, CoNiCrAlY metallic coatings were deposited on an Inconel 718 nickel-based
superalloy substrate material using the detonation gun (D-gun) and supersonic plasma spraying (SSPS)
techniques. The microstructural and mechanical properties in addition to their room and high-temperature
wear behavior of the produced coatings were evaluated. The wear tests were performed at room
temperature (rt), 250 and 500 °C using 2N and X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive spectroscopy (EDS) analyses of the worn coatings were performed to assess
their wear performance. The coatings produced with D-gun process exhibited higher hardness and lower
porosity (550 + 50 HV 25 hardness and 1.2 + 1.0% porosity) than SSPS coatings (with 380 + 30 HV 25
hardness and 1.5 + 1.0% porosity) which resulted in better room- and high temperature wear performance
for D-gun coatings. The worn surfaces of both coatings exhibited formation of tribological layers and
superficial microstructural changes by varying temperature and load conditions. Increasing load and
temperature resulted in increased wear loss whereas increasing temperature resulted in reduced COF
values for both coatings.

Keywords: high temperature wear behavior; dry sliding wear; CoNiCrAlY; detonation gun (D-gun);
supersonic plasma spraying (SSPS)

1. Introduction

Thermal spray coatings are widely used as overlay coatings to improve the wear, oxidation and
corrosion resistance of engineering materials as a surface modification technique [1,2]. There are many
areas of usage notably aviation and defense industry, automotive, mechanics, chemistry and many
others to get wear, oxidation, thermal shock and corrosion resistance [3-7]. Literature showed that
the generally used thermal spray techniques for depositing metallic bond coatings are atmospheric
plasma spraying (APS), vacuum plasma spraying (VPS), high-velocity oxygen fuel (HVOF) and cold
gas dynamic spraying (CGDS) [8-11].

MCrAlY metallic materials have been developed by considering high-temperature damage like
oxidation and corrosion to protect the substrate material [12]. An MCrAlY coating system (M is
Ni, Co or combination both elements) is widely used for turbine blades and vanes of gas turbine
engines to provide surface protection [13,14]. MCrAlY-type coatings are widely applied in the form
of NiCrAlY, NiCoCrAlY and CoNiCrAlY on nickel-based superalloy substrates. CoNiCrAlY alloys
are commonly used as a metallic bond coating layer in thermal barrier coatings (TBCs) due to its
excellent high-temperature strength [15,16]. TBCs are protective coating systems on the purpose of

Coatings 2020, 10, 1107; d0i:10.3390/coatings10111107 1 www.mdpi.com/journal/coatings
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thermal insulation in gas turbine engine blades and vanes in the aviation industry [17]. Generally,
a TBC system consists of a metallic bond coat (MCrAlY; M = Co, Ni or Co/Ni), a ceramic top coat
(YSZ, yttria-stabilized zirconia), and a thermally grown oxide layer (TGO). The ceramic top coat has
an essentially low thermal conductivity and low thermal expansion and the metallic bond coat is
deposited between the metallic substrate and ceramic top coat for developing the adherence of the
ceramic top coating to the substrate alloy [9,16,18]. The basic purpose of CoNiCrAlY layer is the
adhesion of ceramic top coating with base surface and these alloys help chemical stability which
ceramic top coating cannot provide due to the porous surface [19].

Improving high-performance wear-resistant coating materials to protect the metallic substrate
is an efficient approach to reducing wear. MCrAlY overlay coating is used as a protective coating
against high-temperature oxidation and corrosion. Due to the sufficient amount of Al in the coatings
during service life is the main degradation factor in conventional MCrAlY coatings. The performance
of a metallic bond coat can be improved by applying Al and Cr gradient MCrAlY coatings [20].
Plasma spray, HVOF and CGDS coating techniques are used producing of CoNiCrAlY containing
bond coating structure [21]. Materials processed by the detonation gun (D-gun) and supersonic plasma
spraying (SSPS) techniques are used to display alternative characteristics/qualities for the production
of coatings. The SSPS process enables the production of coatings cheaper, faster and easier. The D-gun
technique also enables the production of fast and denser coating structure [22]. It's expected from
CoNiCrAlY metallic bond coating structure to be dense, to have low porosity and oxide due to primary
role on TGO forming and growing [23]. D-gun spraying is a thermal spray coating process that
creates a coating surface with extremely hard, wear resistance, good adhesion strength, dense structure,
low porosity and compressive residual stresses [24-26]. Additionally, due to D-gun spraying being
an intermittent coating process, very few pores and blanks appear in the sprayed coatings [27]. It is
preferred for protecting gas turbine engine parts and increasing material life against various types of
wear at high temperatures. Unlike the D-gun technique, SSPS technique enables the production of
coatings more efficiently, faster and more easily with a high deposition rate on different substrates [28].
SSPS technique enables the production of more dense and high bonding strength coatings due to
the shorter exposure of atmospheric conditions and faster production compared to the conventional
plasma spray coating process [29]. SSPS’s density, porosity and adhesion strength of the coating is also
higher than the coating prepared by APS [30,31]. Compared to the APS technique, it is faster and more
efficient in completely melting SSPS powders [24].

Thermal spray coatings have been widely utilized in various industrial applications against
surface damages such as wear corrosion and oxidation. Therefore, low porosity and good adhesion
behavior are desired for the coating. Thermally sprayed MCrAlY bond coats, such as the one used in
the present research, are primarily used for serving as an overlay metallic bond coat for thermal barrier
coating systems against damages such as high-temperature oxidation and hot corrosion. However,
few studies are encountered related to their wear performance, particularly those deposited with D-gun
and SPSS techniques. This work therefore aims to investigate the microstructural characteristics and
wear behaviors of CoNiCrAlY-based metallic bond coats onto nickel-based superalloy substrate Inconel
718 using the D-gun and SSPS coating techniques. To analyze the high-temperature wear behavior of
the coatings, wear tests were applied at different temperatures and different loads. Before and after
high-temperature wear tests microstructural characteristics and mechanical properties of CoNiCrAlY
coatings were examined. SEM, EDS, hardness and 3D topography of the produced and worn samples
were comparatively evaluated. Asaresult of the study, it has been understood that the high-temperature
wear performances of the coatings vary depending on the technique used in the production of coatings
and their microstructural characteristics.

2. Materials and Methods

Inconel 718 nickel-based superalloy disc samples having 25.4 mm diameter and 5 mm height
were used as the substrate material. Before the coating process, surface cleaning and grit blasting of
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the substrate samples were fulfilled. Grit blasting was applied under a 75° angle and 2.5 bar pressure
conditions when the shotgun and the surface of the distance of the substrate was approximately
10 cm. Different process parameters have been used in the production of CoNiCrAlY metallic bond
coatings with SSPS and D-gun coating techniques. As for the metallic bond coats, the D-gun (Perun-S,
Kiev, Ukraine) and the SSPS (Kiev-S plasma installation, Kiev, Ukraine) techniques were applied.
The thickness of metallic coatings with MCrAlY content is approximately 100 um. Coating parameters
of D-gun and SSPS coating techniques used in CoNiCrAlY bond coating production are given in
Tables 1 and 2.

Table 1. Deposition parameters of CoNiCrAlY sprayed using the D-gun technique.

Combustion Gas  Air Flow Velocity =~ Number of Shots Spray Time Spray Distance
C3Hg (7.5 slpm)
O, (25 slpm) 6.7-15 slpm 100 14s 110-150 mm
Air (5 slpm)

Table 2. Deposition parameters of CoNiCrAlY sprayed using the SSPS technique.

Airflow Velocity Current Voltage Spray Distance
715 slpm 270 A 380V 200 mm

CoNiCrAlY coated substrates after wear tests by using D-gun and SSPS techniques. In the study,
wear tests were performed at different loads (2N and 5 N) and different temperatures (room temperature
(rt), 250 and 500 °C) for each sample. Using the contact stylus instrument Hommelwerke device
(Hommelwerke GmbH, Villingen-Schwenningen, Germany), the surface roughness values were
obtained by measuring from 5 to 10 different points on each sample according to the standard.
Microhardness measurements of materials and coatings were made in Duramin brand test device
using 250 g load (HV( 25) and 15 s dwell time. Porosity measurements of the coatings were made by
defining the matrix and porosity structures in microstructures in the Image J image analysis program
(Lucia), by taking the average of the measurements on 5 SEM images at 2500x magnification.

Dry-sliding wear tests were performed using a Pin-on-disc wear test device (Turkyus Brand,
Istanbul, Turkey) with tungsten carbide (WC) balls of 6 mm diameter (Redhill, Prague, Czech Republic)
at three different temperatures: rt, 250 and 500 °C. The hardness value of the hard carbide balls used in
the experiments is 19 GPa. The wear tests of the coated samples were performed at 0.18 m/s sliding
speed by applying 2 and 5 N loads. After the dry sliding, wear tests were performed under different
loads on Pin-on-disc wear device, volume losses of samples were determined with the help of a
3D-profilometer (Huvitz, Gunpo, Korea) by taking the average of 10 microstructural area measurements
and multiplying this with the track diameter. Coefficient of friction values were evaluated by the
frictional force data received from the load cell of the wear test rig.

3. Results and Discussion

Figure 1 shows the 2D, 3D and cross-sectional views of the wear tracks. As shown in the figure,
the track widths are not uniform along the wear tracks which necessitated performing numerous
cross-sectional area measurements.
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>

Maximum wear depth

Maximum wear depth

Figure 1. Scanning electron microscope (SEM) and 3D-profilometer image of the wear tracks:
(a) produced by D-gun technique; (b) produced by the supersonic plasma spraying (SSPS) technique.

The hardness, surface roughness, porosity and oxide content parameters of CoNiCrAlY containing
metallic bond coatings produced with D-gun and SSPS coating techniques are given in Table 3. It was
determined that CoNiCrAlY metallic bond coatings produced by using the D-gun coating technique
have higher hardness than the metallic bond coatings produced by SSPS coating technique. The reason
for this is that the particles forming the coatings undergo plastic deformation which provides a dense
coating structure [32].

Table 3. Hardness, surface roughness, porosity and oxide content of CoNiCrAlY coatings produced
with the D-gun and SSPS techniques.

Coating Method Hardness (HV»5) R, (um) Porosity (%) Oxide (%)
D-gun 550 + 50 4.50 1.2+1.0 29 +3.0
SSPS 380 + 30 6.90 1.5+1.0 9+20

The cross-sectional SEM micrographs of the as-sprayed CoNiCrAlY coatings are shown in Figure 2.
These coating microstructures have high porosity content in addition to oxide formations. In the figure,
regions with porosity are observed in black color, and those with oxide content are observed in dark
and light grey.

Inconel 718

wo:sszmm | | ||| || MAK3TESCANJ SEM HV:200kV Wo:Sazmm | ||| MAW3TESCAM
SEM MAG: 1.50 kx Det: BSE 50 pm SEM MAG: 1.50 kx Det: BSE 50 pm

Figure 2. Cross-sectional SEM image of as-sprayed CoNiCrAlY coatings: (a) D-gun technique;
(b) SSPS technique.

Figure 2a shows the microstructure of the coating deposited by the D-gun technique.
The differences in the porosity and oxide content of the coatings produced by SSPS and D-gun
techniques can be seen in SEM microstructures. The as-sprayed SSPS-CoNiCrAlY coatings exhibited a
porous microstructure having micro-cracks as expected from a typical plasma spraying microstructure.



Coatings 2020, 10, 1107

Itis seen from the SEM images that the surface roughness of the coating produced by the SSPS technique
is lower compared to those produced by the D-gun technique. This situation occurs depending on the
production characteristics of the coatings and the production conditions [3,26,27]. It causes damage
formation that result in a lower level of oxidation resistance and detaching of the coating from the
surface [33].

After the dry sliding wear tests performed at different temperatures and different loads, the volume
loss tables were obtained with the 3D-profilometer, as shown in Table 4. Generally, the samples
produced by the D-gun technique showed better wear resistance both at room temperature and
high temperatures (250 and 500 °C) [7]. It is possible to associate the first reason for the hardness.
The other effective parameter is microstructural features that come from the production process and
conditions. Hardness values of coatings produced by using the D-gun technique are comparatively
higher than the other thermal spray coating techniques [34]. When the coatings produced by D-gun
and SSPS techniques were evaluated microstructurally, it is seen from the microstructures that the
coatings produced by the SSPS technique have higher porosity content. In the D-gun coating technique,
denser coating structure is obtained because of the high speed used in the production of coatings [32].
The microstructural defects, high porosity structure of SSPS coatings have had a negative effect on the
wear, strength and toughness properties of the coatings. The techniques used in the production of
coatings are mainly effective in their performance during usage conditions [35].

Table 4. Volume losses of the samples at varying load and temperature conditions of D-gun and SSPS
coating technique. Room temperature—rt.

D-gun SSPS
Temperature (°C) Load
5N 2N 5N 2N
rt 0.47 0.45 0.44 0.77
250 °C 0.39 0.56 0.38 0.57
500 °C 0.25 0.52 0.29 0.48

Table 4 shows that a decrease in volume loss occurred in almost all samples with increasing load.
The reason for this may be related to the fact that the oxide layer formed on the surface; this formed
oxide layer becomes more composite under heavy load and increases the wear resistance [36]. With the
start of the wear process that is, with the abrasive ball and the relative movement of the opposite surface
the surface roughness will break first. This roughness that is broken at the micron level, some of which
remain on the surface of the material as wear debris. With the movement and increased pressure of the
abrasive ball on them, they will both be oxidized and buried in the lower surface. Thus, the oxide layer
formed on the surface will play an effective role in increasing wear resistance. As mentioned earlier,
when the wear graph of the samples produced with the SSPS technique was examined under the same
conditions, compared to the D-gun technique, higher volume loss was observed. However, with the
increase of the load here, the volume loss values in the samples also increased. While the increase in the
previous sample causes the volume losses to decrease, the opposite situation will be tried to relate to the
microstructure and mechanical properties of the produced sample. It is briefly explained above how to
decrease volume loss with increasing load for D-gun coating samples. A similar mechanism (breaking
the roughness on the surface, composing, burying on the surface) is also valid here. When the hardness
values of the samples are examined, it is seen that the hardness value of the samples produced by the
SSPS technique is lower. Accordingly, the abrasive ball will have a deeper depth of penetration in the
opposite surface under the same load. Therefore, the volume loss of the opposite surface material
gathered in front of the cutter will increase, so the volume loss will increase. Furthermore, an increase
of the failure with the increase of the load could be related to weakness of the bond strength between
the splat of the samples produced by the SSPS coating technique than those produced with the D-gun
technique [37].
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At the end of the dry sliding wear tests, when the SEM wear track photos taken from the sample
surfaces after being subjected to etching at rt under 2 N load are examined, it was found that the
samples produced by both techniques are first exposed to oxidation wear. However, in the samples
produced with the D-gun technique, it is observed that this occurs more severely in the SSPS technique,
where the fatigue occurring under repeated loads is less effective. In the SSPS technique, micro-cracks
that occur due to fatigue perpendicular to the direction of etching caused surface spalling in the future.
In experiments carried out at rt under 5 N load, delamination type wear mechanism is seen in addition
to previous wear mechanisms in the D-gun technique. In the SSPS technique, wear due to fatigue and
spalling was detected.

At the SEM wear track photos obtained as a result of the experiments carried out at 250 °C at 2N
load (Figure 3), a more homogeneous oxide layer is observed on the surface of the samples treated
with D-gun. It is also understood that this oxide layer is damaged by fatigue micro cracks. In the SSPS
sample, it is seen that the oxide formation in the wear track region is not homogeneous. The reason
for this can be explained by the fact that the sample causes more roughness, as the abrasive ball is
starting to break the high roughness first. While some of these broken roughness’s are removed from
the system, some of them will remain between the abrasive and the substrate and will be crushed
and become more compact. This is understood from the SEM photograph (Figure 3b). When the
SEM microstructures images are examined (Figures 4 and 5), it is seen that there are spallings and
breakings in parallel with the track of wear. This explains that the sample is not damaged by fatigue;
it is dependent on the gaps underneath.

@ =~ ; (b) -
SEM HV: 20.0 kV WD: 6.04 mm | SEM HV: 20.0 kv WD: 6.01 mm

Figure 3. SEM micrographs after wear test at 250 °C under 2 N load: (a) D-gun coating technique;
(b) SSPS coating technique.

-

SEM HV: 20.0 kV WD: 5.59 mm MAIA3 TESCAN|

SEM MAG: 750 x Det: SE 100 pm

Figure 4. SEM micrograph of the worn surface of SSPS coating technique at 250 °C under 2 N load.
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SEM HV: 20.0 kv WD: 6.04 mm | mas TEsCaN
SEM MAG: 750 x Det: SE 100 ym

Figure 5. SEM micrograph of the worn surface of the D-gun coating technique at 250 °C under 2 N load.

When the SEM photos of the samples at 500 °C and 2 N load are examined, especially the technique
produced by D-gun has much less volume loss. That is to say, when Figure 6a is examined, it is
understood that the abrasive ball is in contact with a small portion of the surface. We can explain this
situation as follows; the increased temperature will cause some elements in the material to oxidize
much faster [3,9]. Depending on the nature of this oxidation, the oxide layer will either spalling quickly
or steadily stick to the surface [30,34].

(@) set sl (o)

Figure 6. SEM micrographs after wear test of samples at 500 °C under 2 N load: (a) D-gun coating
technique; (b) SSPS coating technique.

In this micrograph, it is understood that the oxide layer becomes compact under load and does
not spall. As a result, the wear resistance of the material increased. However, the sample produced by
the SSPS technique under 2 N loads conditions did not show a similar situation and it can be shown in
Figure 6b. When the SEM photo is examined, two different wear areas attract attention. The region
with a darker tone close to the center of the wear track and two adjacent regions with a lighter tone
constitute the worn areas.

In Figures 7 and 8, when the linear and point EDS analysis from different regions of the wear
surface are examined after the wear test under 500 °C and 2 N load is examined, it is understood that
this ratio is low in the other region where the dark region is rich in Ni, Co and Al. The peaks here are
thought to increase due to the compounds formed by the combination of elements and oxygen in the
coating powder. This is because, when the point analysis given in the other tab of the same figure is
analyzed, it can be seen that this decreases in the white region of 119 where spectrum 117 and 118 have
more oxygen. The presence of Wolfram element, which is not present in the substrate, is remarkable in
point analysis. With increasing temperature, it is understood that both the formation of darker oxide
layers on the abraded surface and material transfer from the abrasive ball to the opposite surface due
to the change in the plastic deformability of the abrasive wolfram ball, depending on the temperature.
However, after the experiments carried out at rt and 250 °C, no tracks of tungsten were found on the



Coatings 2020, 10, 1107

surface of the material in the EDS analysis results taken in the wear track region. The friction coefficient
and microstructural changes occurring on the wearing surfaces at temperature and pressure changes
and varying according to time are examined graphically. While there was a continuous increase in rt
under 2 N load depending on time, it was not observed that there was a multidirectional increase in
temperatures of 250 and 500 °C. It was observed that the highest coefficient of friction was at rt and
depending on the increase in temperature, the microstructures of the samples are deteriorated.

The friction coefficient values of the samples coated with the D-gun technique are given in
Figure 9a. While the lowest friction coefficient data were initially obtained at under rt and 2 N load,
this value reached the friction coefficient values at 250 and 500 °C after 50 s. The friction coefficient
value obtained in the wear process performed at 500 °C was lower than that at 250 °C. The reason for
this may be associated with the increase in the thickness and speed of formation of the oxide layer
formed on the surface with the increase in temperature [3,9].
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Figure 7. EDS linear analysis of wear tracks at 500 °C under 2 N load: (a) D-gun coating technique;
(b) SSPS coating technique.
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Figure 8. Surface micrographs with EDS point analysis of worn surfaces at 500 °C under 2 N load:
(a) D-gun coating technique; (b) SSPS coating technique.
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Figure 9. Coefficient of friction curves of the coatings at different temperatures under 2 and 5 N loads:
(a) D-gun coating technique; (b) SSPS coating technique.

A similar situation was observed after the experiments carried out under 5 N load in the friction
graphs. However, the friction coefficient values of these samples were at lower levels. The friction
coefficient values of the samples coated with the SSPS technique are given in Figure 9b. The lowest
friction coefficients were determined at 5 N load and 500 °C. This was followed by 250 °C and rt
temperatures. When the friction coefficients were examined under 2 N load, the lowest value was
observed in the sample at 500 °C. This was followed by 250 °C and rt values. However, when the
samples processed under 2 and 5 N loads are examined (Figure 9b), it is noteworthy that the fluctuations
in the friction coefficient graphs in 2 N are higher and the graphs are more stable in 5 N loads. It can be
attributed that these fluctuations under 2 N load occur as a result of spalling the oxide layer formed
faster than the surface.

4. Conclusions

In this study, metallic bond coatings with CoNiCrAlY content were produced on Inconel 718
superalloy substrate material by using D-gun and SSPS coating techniques. The coatings produced
were subjected to wear tests at three different temperatures: rt, 250 and 500 °C and different loads 2 and
5N to understand the wear mechanisms. The salient conclusions arising from this work are as follows:

1. CoNiCrAlY metallic powders were successfully deposited on the Inconel 718 superalloy substrates
using D-gun and SSPS coating techniques.

2. The high-temperature wear behavior of the coatings has changed depending on the processes
used in the coating production and the microstructural properties of the coatings after production.
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Depending on the increasing loading rates and temperature, wear losses were likewise increased.
However, this increase was not linear.

For D-gun and SSPS coatings, increasing load resulted in lower coefficient of friction values.
Increasing temperature resulted in lower COF values for SSPS coatings; however, those produced
with D-gun did not follow the same trend.

It has been understood that at 250 °C and rt surface fatigue wear by using D-gun technique is
comparatively more severe than SSPS technique.

It has been observed that tribological layers and superficial changes occur in the microstructures
of the coatings due to temperature and time by both thermal spray coating techniques.

When high-temperature wear behaviors of CoNiCrAlY coatings are examined, it is seen that
D-gun coatings show superior properties compared to SSPS coatings.

Due to the increased surface hardness and microstructural dense structure with high-temperature
effect, the wear resistance of the coatings increases.
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Abstract: Strontium zirconate (SrZrO3z) commercial powder was plasma sprayed using a high-feedrate
water-stabilized plasma system (WSP) torch. Coatings with a thickness of about 1 mm were produced.
Now, we are concentrating on a topic never addressed for pure SrZrOj3 coatings: how the coatings
interact with natural dust, known as calcium-magnesium-aluminum-silicate (CMAS). We selected
various regimes of thermal treatment where SrZrOj3 coatings were exposed to CMAS, and studied
chemical changes, phase changes and the microstructure evolution of the influenced coatings.
Microhardness of the exposed coatings was monitored as well. The results would help to understand,
how the excellent refractory material SrZrOj3 interacts with natural silicates. We kept in mind
that pure SrZrOj; is not optimal for a thermal barrier application because of high-temperature
phase transformations, but to study the CMAS-induced phenomena in more complex compositions,
for example LayZr,Oy-SrZrO;3, is difficult and interpretations have not been completed currently.
The value of the actual research is in the separation of the phenomena typical just for SrZrOs.
A potential for newly developed phases to serve as a sacrificial components of various barrier-coating
systems is discussed. Several physical aspects of the newly developed components are discussed
as well, namely the luminescence. Here the dust-based phases shifted down the temperature at
which luminescence can occur in pure SrZrO3 ceramics. The entire thickness of influenced layers was
relatively high, around 300 um. The amorphous component, predominant after short-term CMAS
exposure, was subsequently crystallized to various phases, namely SrSiO3; and monoclinic as well as
tetragonal zirconia.

Keywords: plasma spraying; SrZrOs;; TBC; CMAS; luminescence

1. Introduction

To improve their efficiency and design, turbine engines use ceramic-coated components.
These coatings, known as Thermal Barrier Coatings (TBC), are designed for use at high
temperatures [1-6]. TBCs serve as a protection for the base metal and super-alloy components
by preventing them from experiencing high-temperature degradation [2]. They also increase the
efficiency and lifetime of the components, besides providing creep resistance, thermal shock resistance,
strain tolerance, higher temperature stability with respect to the substrate material and protection
against hot corrosion [1-4]. Reducing the temperature of the metal is one objective of the top ceramic
TBC. A state-of-the-art TBC is yttria-stabilized zirconia (YSZ) composed of ZrO, with 6%-8% Y,03 [3-5].
The microscopic structure of TBC is always very inhomogeneous [6].

Atmospheric plasma spray (APS) is used for depositing ceramic TBC [6]. So called “splats” are
created by the plasma spray as flattened particles. Due to its quick solidification, the sprayed powder
produces a coating on a clean surface of a substrate. An incomplete bonding between splats caused by
the relaxation of residual stresses when the splat is being cooled, or by trapped gases, and also lack
of adhesion, are typical APS-TBC drawbacks [6,7]. The structure of the porous TBC, which contains
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cracks, pores, crack/coating interfaces, pore/coating interfaces and layer interfaces, affects its effective
thermal conductivity [1,2,6,7].

In the case of sprayed TBC, the microstructural defects consist of three types of pores: interlamellar
pores—that result from the build-up of micro-splats; microcracks—that result from the stress relief
after coating deposition; and globular pores—that are due to a lack of complete filling. These three
types of pores fall into different ranges of size distribution. It has been shown that the thermal
conductivity is strongly dependent on the pore morphology and porosity [8,9]. Optimum porosity
level in TBC is considered to be about 15% total porosity as a compromise between positive function of
porosity to minimize thermal conductivity and negative function of worsening the coating integrity
and mechanical properties. Some 20% to 25% of the total porosity is formed by cracks [9].

Among the investigated ceramic TBC candidates, SrZrO3 with perovskite structure has a high
melting point, low thermal conductivity as well as the possibility of extensive substitution of ions
at the A or/and B site, making it a promising TBC candidate material [7,10]. Application of pure
SrZrOj3 for the TBC seems to be limited because of its high-temperature phase transformations [10].
SrZrOj exhibits a pseudo-tetragonal structure at 750 °C and a tetragonal structure at temperatures
higher than 840 °C. The pseudo-tetragonal structure creates a lattice mismatch between Sr-O atoms,
so that coating delaminates easily [11]. Delamination at the boundary bond-coat/top-coat is the
most frequent case [2,5]. Elsewhere [12], the transformation sequence at heating is described as
follows: orthorhombic (Pnma)—730 °C—pseudo-tetragonal (Imma, c/a <1)—860 °C—tetragonal phase
(I4/mcm, cfa>1)—1170 °C—cubic (Pm3m).

When the gas turbine operates in a severe environment, such as the desert or the vicinity of a
volcanic eruption, siliceous mineral debris matters (dust, sand and ash) in air are ingested by the turbine
and deposited on the hot TBC surfaces as molten calcium-magnesium-alumino-silicate (CMAS) [13].
Immediately when CMAS melting takes place, it infiltrates into the TBC material via open porosities in
APS deposited TBC and undergoes a series of chemical reactions with the TBC-forming oxides [14].
Upon cooling, CMAS solidifies and develops a high stress level because the pores were blocked.
In conventional TBC, YSZ partially dissolves in the CMAS, causing disruptive phase transformation
(from tetragonal ZrO, to monoclinic ZrO;) accompanied with a significant volume increase (up to
5%) [15,16]. The size of CMAS particles could be from a nanometer range up to approximately half a
millimeter. Kakuda et al. [17] investigated the effect of amorphous CMAS infiltration on the thermal
properties and heat transport of plasma-sprayed (APS) coatings and observed a rise in both volumetric
heat capacity and thermal conductivity of the coating upon infiltration. Concerning the mechanical
attack of the dust on TBC, cavitation is mentioned [18], but the chemical attack is considered as
more serious.

A paper dealing with an interaction of CMAS and the La,Zr,O7-SrZrO3 composite TBC coating [19]
expressed a challenge that the interaction behavior of SrZrOj3 in contact with CMAS melt at high
temperatures requires further investigations in the future. This challenge to elaborate such experiments
is now accepted by a co-author of papers dealing with multifunctional SrZrOj3 coatings [20-22]—and
this is in a focus of the actual paper. Keeping in mind that pure SrZrOj is not optimal for a thermal
barrier application because of high-temperature phase transformations but to study it directly in a
composite with other refractories, for example La,Zr,O7-SrZrO3, is difficult [19], the decision was to
study it as a single-component coating material. This is the main novelty of the current paper.

2. Materials and Methods

2.1. Sample Preparation

Plasma spray grade strontium zirconate powder supplied by Cerac Incorporated
(Milwaukee, WI, USA) was used as the feedstock. The powder size was 74-150 um. Plasma spraying
was done by the water-stabilized plasma system (WSP) torch [23] at 150 kW power (500 A, 300 V).
The feeding distance (from the plasma exit nozzle to the point of the powder feeding in the plasma
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stream) was 80 mm and spray distance (from the plasma exit nozzle to the substrate) was 350 mm.
Compressed air was used as the feeding gas and the substrates were preheated to 460 °C. This high
temperature was selected with the purpose to minimize the cooling rate for impacting splats. Preheating
was done by plasma torch passes with the powder feeding switched off. After each pass of the torch,
manipulated by a robotic arm, the temperature rose to 350 °C and was pushed down to 170 °C by a
compressed air flux before the next pass started [20].

Reactivity of the SrZrO3 coating with calcium—magnesium—aluminum-silicate (CMAS) powder
was tested. The CMAS powder was Ultrafine Test Dust “Arizona desert sand” produced by Powder
Technology (Arden Hills, MN, USA). Its chemical composition provided by the producer is SiO,
(50%, semi-quantitative content), Na(AlSizOg) albite (32), CaMg(Si,Og) diopside (16), CaCOs3 (2).
The size of CMAS particles was in single micrometers. The dust powder with a concentration of
30 mg-cm‘2 [19] was mixed with ethanol and the resulting slurry was applied on the coating surface
by a brush. Then, this sample was dried in air at room temperature for 3 h and subsequently
annealed in air (laboratory furnace Clasic, Revnice, Czech Republic) using dwell times of 1, 4, 8 and
10 h, respectively, at 1250 °C. Heating ramp was 8 °C-min~! and cooling ramp 6 °C-min~!. At this
temperature (and during this time) the CMAS melt interacts with the coating, i.e., it both infiltrates into
the coating and reacts with it. To better understand the phase constituents of the reaction products,
the CMAS powder was mixed with the SrZrOj3 feedstock powder with a weight ratio of 1:1 [19] by
mechanical blending, followed by heat treatment with 10 h dwell time under the same conditions as
the TBC specimens.

2.2. Characterization

2.2.1. Phase Composition

Samples of the feedstock powder and sprayed coatings were analyzed by the X-ray diffraction
technique. Diffraction patterns were collected with the PANalytical X"Pert PRO diffractometer (Malvern
PANalytical, Almelo, The Netherlands) equipped with a conventional X-ray tube (Cu-K« radiation,
40kV,30 mA) and a linear position sensitive detector PIXcel with an anti-scatter shield. A programmable
divergence slit set to a fixed value of 0.5°, Soller slit of 0.04 rad and mask of 15 mm were used in the
primary beam. A programmable anti-scatter slit set to fixed value of 0.5°, Soller slit of 0.04 rad and Ni
beta-filter were used in the diffracted beam. Data were collected in the range of 10°-120° 20 with the
step of 0.013° and 300 s/step producing a scan of about 2 h 48 min.

Qualitative analysis was performed with the HighScorePlus software package (Malvern
PANalytical, Almelo, The Netherlands, version 4.9.0) and the PDF-4+ database. Diffrac-Plus Topas
software package (Bruker AXS, Karlsruhe, Germany, version 4.2) was used for estimating the Degree
of Crystallinity (DoC). Structural models of all identified phases were taken from the PDF-4+ database.

2.2.2. Microstructure

Scanning electron microscopy (SEM) observation was done using the Phenom-Pro microscope
(Thermo Fisher Sci., Eindhoven, The Netherlands) equipped by the CeBg thermionic cathode and
working in backscattered electron (BSE) mode. The images were collected at 10 kV electron beam
tension. Energy Dispersive X-ray (EDX) analysis, which is a part of the SEM, was used to determine the
elemental composition of a sample. Each element emits characteristic X-rays as an interaction between
the sample and a focused electron beam. Consequently, the EDX spectrum is evaluated, and based on
a unique set of peaks for each element, the composition of the sample is determined. The X-ray signal
used for EDX-measurements comes from an area that is at least 1 pm in diameter and around 1.5 pm
depth. The element EDX maps were collected at 15 kV electron beam tension.

Polished cross sections of the coatings were prepared for microscopic observation and for
microhardness measurement. Light micrographs as a base for image analysis of porosity were taken
at 250x magnification via CCD camera EOS 500D (Canon, Tokyo, Japan) attached on the microscope
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Neophot 32 (Zeiss, Oberkochen, Germany) and processed with the software Lucia (4.62, Laboratory
Imaging, Praha, Czech Republic). For a more complex description of pores, additional criteria besides
the porosity percentage (area fraction of voids, i.e., pores and cracks, in the TBC material) were
introduced. “Number of Voids per unit area” (N.V.) of the cross section in combination with the
porosity percentage could distinguish between porosity composed from a large number of fine voids
or from a low number of coarse voids. “Equivalent Diameter” (E.D.) of voids represents their size
distribution. Circularity could have values between 1 (i.e., a circle representing a globular pore) and
0 (i.e., a line representing a flat pore or a crack). All parameters were calculated for 3 images of
each sample.

Selection of samples for microstructure study was done carefully to represent central parts of the
planar TBC coating far enough from the edges. Polished cross-sections were prepared from as-deposited
samples. Cutting was done using a diamond blade, subsequently the sections were mounted in a resin,
and polishing was carried out using the Tegramin-25 automatic system (Struers, Denmark).

2.2.3. Microhardness

Vickers microhardness was measured on polished TBC sections by optical microscope Neophot 2
(Zeiss, Oberkochen, Germany) equipped with a Hanemann head and Vickers indenter using 1 N load.
The mean value of microhardness was calculated as an average from 20 indentations.

3. Results and Discussion

3.1. Microstructure and Porosity

After 1 h a CMAS residuum clearly covers the coating, Figure 1a. Some fine globular particles,
however, developed deeper in the coating. The rod-shaped particles and globular particles have
developed after 4 h in the interaction layer (Figure 1b), which looks, however, dense and not porous as
in the literature [19]. Since the porosity in the coating was discontinuous and irregular, the infiltration
was, expectably, inhomogeneous. After 4 h, Figure 1b, the fine globular particles are developed within
the entire thickness of the residual CMAS and are visible also on the surface. After 8 h, Figure 1c,
they disappear again. The cracks’ character on the surface after 4 h and also 8 h correspond to the glassy
character of the residual CMAS. After 10 h, Figure 1d, a significant whisker-like crystallization appears,
whereas the matrix between the elongated faceted particles looks again glassy. Moreover, some fine
globular particles appear again, and porosity is now opened to the surface (like in as-sprayed SrZrO3).

Figure 1. Cont.
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(d)

Figure 1. (a) SEM-BSE micrograph of polished cross section sample “1 h”; (b) SEM-BSE micrographs
of polished sample “4 h”: cross section (left) and surface; (¢) SEM-BSE micrographs of polished
sample “8 h”: cross section (left) and surface; (d) SEM-BSE micrographs of polished—sample “10 h”:
cross section (left) and surface.
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The thickness of the influenced layer increased from 222 pum after 1 h CMAS attack to 333 pum after
8 h. Cai et al. [19] reported only 11 um after 1 h and 102 um after 12 h for LayZr,O7-S5rZrO3 composite
coating, although the annealing schedule was very similar to our case.

Berker et al. [14] reported 30 um influenced depth after 3 h at 1300 °C for Yb-doped SrZrO;
coating. In these comparisons the initial growth of the influenced layer in our SrZrOj3 coatings looks
rather large. This was, first of all, because of the high porosity of the as-sprayed coating and due to
this fact by easy proliferation of CMAS into the deeper layers of the coating. In contrast, after CMAS
attack the coating surface became rather smooth and dense. Sometimes the published experiments
were done with a lower concentration of CMAS per unit area of the coating, e.g., 10 mg-cm™2 [24].
In such a case, any CMAS residuum is formed on the top of the coating and—just in the beginning—the
whole amount of CMAS is consumed for the interaction. Which approach is more realistic, from the
application standpoint, is doubtful.

Evolution of porosity parameters, Table 1, indicates a general trend to the coarsening of porosity
(pores coagulation) becoming more globular. Porosity area fraction increased and number of voids per
mm? decreased (i.e., fewer but larger pores), equivalent diameter increased and circularity as well.
However, these general trends are affected with certain oscillations—i.e., highest porosity and largest
pores after 4 h. Porosity of the SrZrO3 as-sprayed coating was rather high, 23.8%, and after 1 h at
1250 °C it shifted upwards, 26.6%. After 4 h dwell time was it even higher, 32.1%. After 8 h dwell time
approached again approximately the as-sprayed level, 25.1%. After 10 h was it even higher, 27.7%.
Such oscillations could also be viewed as a sacrificial layer development and “ingestion”. Repeatedly,
a contiguous layer is formed on the surface, sealing the open porosity, but the total porosity is not
influenced. The character of CMAS is too aggressive to serve as a simple liquid sintering aid for the
base coating. Furthermore, in case of TBC application of SrZrOz, CMAS not only decreases the strain
tolerance [2] of the coating but also left the surface opened for the possible next CMAS attack even
after 10 h. Observation of microstructures indicates a “transitive” character of the sample after 4 h.
Some CMAS remains always on the SrZrOj3 coating surface after CMAS attack at 1250 °C, resulting in
the difficulty to identify all the reaction products (hidden below) by XRD.

Coagulation of pores manifested itself by the increase of E.D. (as-sprayed-8.94 pm; 1 h-9.36 pm;
10 h-9.53 um) and decrease of no. of pores per square millimeter (as-sprayed-5771; 1 h—4341; 10 h—4957).
Circularity of pores correspondingly increased, indicating round shape of pores, physically favored
after long-term annealing (as-sprayed-0.511; 1 h-0.695; 10 h-0.760), Table 1.

Table 1. Image analysis results.

Sample Porosity (%) N.V.permm? E.D.(um) Circularity Thick. (um)
SrZrOj3 coating 23.8 5771 8.94 0.511 0
1h 26.6 4341 9.36 0.695 222
4h 321 5410 9.75 0.674 148
8h 25.1 5137 8.63 0.607 333
10h 27.7 4957 9.53 0.760 263

Figure 1 shows that some globular particles disperse in the CMAS melt after 4 h, whereas earlier
they were present only in the depth of about 50 um. Moreover, distinct columnar-like areas with
different grey levels developed in the CMAS melt, see in larger details in Figure 2a. Figure 2b shows
that, based on the EDX measurement, darker columns are Al-rich, lighter columns are Sr-rich and the
fine globular particles as well as rod-shaped fine particles (both white) are Zr-rich. At the beginning
(1 h) a Si-rich amorphous superficial layer based on molten CMAS is formed, Figure 1a, with traces
of monoclinic ZrO,, crystalline SrSiO3; and two forms of SiO;, i.e. cristobalite and quartz, Table 2.
After 4 h, Al-rich (probably spinel MgAl,Oy) columns are combined with the earlier developed features,
but an amorphous content is still predominant. Interestingly, the Al-rich columns are free of the fine
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cracks present in the neighboring Sr-rich columns, Figure 2a. After 8 h the globular Zr-rich particles
“sunk” deeper down to the “glassy matrix”, Figure 1c. The content of amorphous material decreased
as the reaction time increased from 1 to 10 h, see below XRD-based results. The Al-rich and Si-rich
columns and globular Zr-rich particles are interpenetrated by residual CMAS melt, Figure 1d. SrZrO3
seems to decompose to SrO and ZrO,. Sr is depleted in the interaction zone, dissolving into the glass
while ZrO, precipitated. After 10 h the surface looks recrystallized, Figure 1d. It contains white
globular Zr-rich particles, but the main feature is whisker-like crystals that correspond roughly to
SrSiO;3 phase, Figure 3. The resting “matrix” is most probably amorphous, since according to EDX it
contains besides Si, Sr and Zr also between 1% and 2% of each: Al, Mg, Na and Ca.

o | ;

Y

(b)

Figure 2. (a) SEM-BSE micrograph, sample 4 h; (b) Element map, sample 4 h. Scale bar 30 um. Area of
Figure 2 indicated on Figure 1b by red color.

Si Sr Zr

Figure 3. Element maps corresponding to Figure 1d-surface. Scale bar 100 pm.
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Table 2. XRD phases—semi-quantitative content (%).

CMAS Powder SrZrO3 Powder Sintered Mixed Powders
SiO, (50) SrZrO3 orthorhombic ZrO, monoclinic
Na(AlSizOg) albite (32) * impurities under 0.5% ZrO, tetragonal **
CaMg(Si,Og) diopside (16) NayCay(SigO18) combeite
CaCOj3 (2)
SrZrOs coating Coating+CMAS after 1 h Coating+CMAS after4 h
SrZrO; orthorhombic (87) ZrO;, monoclinic (2) ZrO, monoclinic (12)
ZrO; tetragonal (13) SrSiO;3 (1) SrSiO;3 (20)
SiO, cristobalite (2) ZrO, tetragonal ** (4)
Si0; quartz (3), AMORPH. 92 AMORPH. 64
Coating+CMAS after 8 h Coating+CMAS after 10 h
ZrO, monoclinic (28) ZrO, monoclinic (21)
SrSiO3 (16) SrSiO; (42)
ZrO, tetragonal ** (2) ZrO; tetragonal ** (1)
AMORPH. 54 AMORPH. 36

* Producer information. ** Most probably Ca, Na, Al or Si -stabilized (on Zr atom position).

3.2. Phase Composition

X-ray diffraction (XRD) results are summarized in Table 2. ZrO, in both—monoclinic “baddeleyite”
P2;/c and tetragonal P4;/nmc—forms has been found in the irradiated volume. After 1 h, Figure 4,
the surface is practically totally amorphous with only few percent of crystalline phases—SrSiO3,
SiO; and ZrO; monoclinic. This material is CMAS-based glass. Because of its composition,
CMAS behaves as a glass, i.e., the heating/cooling sequence in the furnace is although too fast
for its crystallization. After 4 h annealing, Figure 5, Sr5iO3 (20%), ZrO, monoclinic (12%) and ZrO,
tetragonal (4%) were detected. ZrO, monoclinic started to be the main component after 8 h (content
28%), Figure 6. SrSiO3; content dropped (16%) and ZrO, tetragonal did as well (2%). After 10 h,
Figure 7, SrS5i0O3 was again the most important constituent (42%), whereas ZrO, monoclinic content
dropped (21%) and tetragonal did as well. Always, the rest of the material was amorphous, with
the content progressively decreasing with the annealing time (the intensity of peaks increased with
time), but being until 8 h higher than 50 percent. XRD results deal only with surface of the samples.
Amorphization of the originally crystalline coating is, however, the main aspect of the interaction
with CMAS.

37-1484 (*) - Baddeleyite, syn - ZrO,
87-0474 (C) - Strontium Silicate - Sr(SiO;)
39-1425 (*) - Cristobalite, syn - SiO,
46-1045 (*) - Quartz, syn - Si0,

Intensity / a.u.
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20/° (Cu,)

Figure 4. XRD patterns of the sample “1 h”.
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Intensity / a.u.

37-1484 (*) - Baddeleyite, syn - ZrO,
87-0474 (C) - Strontium Silicate - Sr(SiO;)
79-1767 (A) - Zirconium Oxide - ZrO,

Ll ‘u. 1 TR AT TP don 1

1
40 50 60 70 80 90 100 110
20/° (Cuy,)

Figure 5. XRD patterns of the sample “4 h”.

Intensity / a.u.

37-1484 (*) - Baddeleyite, syn - ZrO,
87-0474 (C) - Strontium Silicate - Sr(SiO;)
79-1767 (A) - Zirconium Oxide - ZrO,
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Figure 6. XRD patterns of the sample “8 h”.
37-1484 (*) - Baddeleyite, syn - ZrO,
87-0474 (C) - Strontium Silicate - Sr(SiO;)
79-1767 (A) - Zirconium Oxide - ZrO,
— w
ol |I‘ | || Ll In l“h [T AT R BTN 1 1 1 I
20 30 40 50 60 70 80 90 100 110
20/ (Cuy,)

Figure 7. XRD patterns of the sample “10 h”.
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Based on reported [25] thermal analysis results, the temperature of the orthorhombic-to-tetragonal
phase change has a value of 848 °C for SrZrOs. A local minimum of weight gain [25] was recorded by
us for the same temperature. Concerning the main phase changes the predominant phenomenon is an
inverse run of the reaction described in literature [26] on samples left at 1073 °C for one hour.

SrSiO3 + ZI‘OZ = SI‘ZI‘03 + SIOZ (l)
In our case the process proceeds as:
SI‘ZI‘O3 + 5102 = SI‘SIO3 + ZI‘OZ (2)

ZrO, tetragonal (a “frozen” high-temperature phase) from the TBC coating transformed to ZrO,
monoclinic under 1170 °C due to slow cooling in the furnace.

We suggest that the content (13 percent) of tetragonal ZrO, from the as-sprayed coating was
converted at the presence of CMAS to monoclinic ZrO,, whereas the new tetragonal ZrO, was
transformed from SrZrOj by its decomposition via chemical reaction (Equation (2)). When SrZrO; will
be decomposed to 50 molar percent of SrO and 50 molar percent of ZrO,, the 50 molar percent of SrO
could react with SiO, completely to SrSiO3 [27].

To identify the reaction products between the CMAS and the SrZrOj coating, a mixture of the
CMAS powder as the solvent and the SrZrO; feedstock powder as the solute (weight ratio: 1:1) was
homogeneously mechanically blended and then heat-treated at 1250 °C for 10 h. Besides monoclinic
and tetragonal ZrO,, a NayCay(SigO15) combeite phase appeared. SrZrO; in the LayZr,O7-S5rZrO3
composite coating [19] reacted much less intensively with CMAS compared to La,Zr,O;. Absence of
CMAGS-induced through-thickness cracks in our samples could be ascertained mainly to the identical
thermal expansion of SrZrOj3 [19] and SrSiO3 [28], 10.9 X 106 K1,

Concerning the “oscillations” in the character of the influenced layer(s) we conclude that the
amorphous materials formed preferably on the surface from CMAS crystallizes preferably “from the
bottom”, i.e., in interaction with the coating. The crystallization opens new pores (via dimensional
shrinkage). New proportions of CMAS melt fits into these new pores and sinks deeper into the coating.
This repeated process stops after 10 h where finally not enough residual CMAS on the surface exists.

From this standpoint SrZrOj is not advantageous TBC material since the crystallization front
seems to move slowly. Better CMAS blocking layers or sacrificial layers would form when the
crystallization is as fast as possible. In this view LayZr,Oy7 in the system La;Zr,O7-SrZrOs [19] served
as a “crystallization promoter” and SrZrOj itself is well CMAS-resistant under ultra-short exposure
but started to be CMAS-nonresistant after at least 1 h.

The most stable and most desired phase in the TBC structure among the newly developed phases
is tetragonal ZrO,. It stems from SrZrOj3 by its decomposition. However, amorphous material is
always present in high amounts, and evidently monoclinic baddeleyite crystallizes preferably from the
amorphous phase. Disadvantageous is also the fact that admixtures are preferably incorporated in
the lattice of tetragonal ZrO,. Among them so called silica-substituted zirconia is rather stable [29].
However, in case of reacting with CMAS, rather Ca, Al or Na atoms would occupy the place of Si, since
Si elements form in large quantities the SrS5iO3 phase.

3.3. Mechanical Properties

We could summarize microhardness data from Table 3: The SrZrO; coating was very similar to
the as-sprayed samples with values between 5.6 and 6.1 GPa.

22



Coatings 2020, 10, 738

Table 3. Microhardness.

Microhardness (GPa) Microhardness (GPa)

Sample —Whole Coating —Influenced Layer
SrZrOj; coating 56+2.6 -
1h 61+16 65+21
4h 60+17 59+12
8h 56+18 56+16
10h 68+19 55+09
Sint. mix. powders 55%* -

* Different character of sample, non-comparable statistics.

Effect of sintering was negligible in the base material since the annealing temperature was
markedly below the sintering temperature of SrZrO3. The influenced superficial layers, visibly changed
by interaction with CMAS, were similarly hard but the duration of annealing led to progressively
decreased microhardness (GPa): (1 h—6.5; 4 h-5.9; 8 h-5.6; 10 h-5.5). The mixture of powders sintered
in a crucible exhibited a very similar value to the coatings: 5.5 GPa. It contained globular (ZrO;-rich)
particles and glassy matrix (CMAS-rich) that was in fact a “liquid-phase sintering” agent. In this
arrangement, i.e., individual particles of SrZrOj3 in contact with the CMAS melt, the interaction
process is faster. Among the components the particles were harder, 6.0 GPa than the matrix, 5.0 GPa.
SrZrOs bulk ceramic microhardness was reported to increase after 100 h at 1450 °C to 5.5 GPa compared
to 4.5 GPa for the as-sintered sample [30].

Combining microhardness with thickness and porosity evaluations we see: after 4 h the influenced
layer is thinner and weaker than after 1 h. After 8 h the influenced layer is even less hard but thick and
less porous—with the lowest porosity and smallest pore size. The influenced layer is again thinner and
maintained its hardness but the coating itself is harder due to pore sealing.

3.4. Optical Properties

The scattering coefficient of SrZrOjs is reported to be higher than that of YSZ, which is beneficial
for the TBC application because most of the incident radiation will be reflected back to the hot gas
stream instead of being absorbed by the coating or penetrating the coating leading to the increase of
temperature on the base superalloy [31].

In plasma-sprayed TBCs, the scattering is mainly due to the refractive index mismatch between
the ceramic coating material and the interior of TBC pores and cracks. This was proved by the decrease
of scattering/reflectance (or increase of transmittance) through infiltrating TBC with epoxy or CMAS,
whose refractive index is close to the coating material [32]. The decrease of the scattering coefficient
with the increase of the wavelength is due to the decrease of the relative size of the scattering centers
(internal pores and cracks) compared with the wavelength [33].

The brown-green color of the CMAS “glaze” is subsequently, with increasing annealing time,
turned towards the yellow color typical for SrZrO; powder and as-sprayed coatings. That is because
the residual CMAS is consumed for the reaction, as described above. The yellow reflection as a response
on a deep-violet illumination is called luminescence. The sintered mixed powder sample was more
luminescent than the coating surfaces, Figure 8. The longer the dwell time, the lower CMAS amount
directly at the surface and the highest the luminescence of the “coating itself”. The highest luminescence
is seen for the sintered mixture of powders. Here, CMAS transformed into a “brown-green glaze”,
surrounding fine yellow particles of the initial SrZrO3, serving partly as a “liquid-phase sintering”
agent, and by this way decreasing the sintering temperature. The appearance, Figure 9, is more or less
like a two-component composite with “intact” particles embedded in a fully remelted matrix. In fact,
the particles are not intact—Sr from SrZrOj is transferred to the matrix and the fine white globular
particles should be ZrO, (based on XRD and EDX).
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Figure 8. From the left: Coatings after CMAS interaction for 1, 4, 8 and 10 h and the cross-sectioned
bottom of a crucible with sintered mixture of powders, respectively. Samples illuminated by the 312

nm lamp (i.e., 3.97 V).

Combeite, a component detected by XRD in the sintered mixed powders and having composition
NagCa3(SigOs3), was reported to exhibit luminescence centered at about 615 nm [34]. SrZrO3 plasma
sprayed coating was luminescent only after annealing in air at 1350 °C for 2 h [22]. SrZrOs is good
radiation energy absorber for energies above 3.8 eV [35]. Presence of SrSiOj; (in coatings) and combeite
(in mixed powders) shifted the necessary annealing temperature for obtaining luminescent behavior
down to 1250 °C. SrSiO3 with band gap energy 4.60 eV (higher than SrZrO; with value this between
3.37 and 4.53 eV [35]) is itself less efficient luminescence material than SrZrO3 but could be formed
with a much lower thermal load.

Figure 9. SEM-BSE of the sintered mixture of powders, polished cross section.

Similarly to the coatings, Figure 2, the sintered mixture of powders, Figure 9, contained globular
Zr-rich particles with sizes under 10 um. They originated evidently from SrZrOj3, since the big “ball”
in the left-bottom quadrant of Figure 9 is a particle of the spray feedstock powder (with diameter about
80 um). The dark grey and pale grey “matrix” is evidently CMAS-based and similarly to coatings could
be divided into a crack-free Si-rich darker component and cracked Sr-rich lighter component. Let us
see that the Sr-rich component much more frequently surrounds the spray feedstock big “balls” that is
coincident with the assumption of the Sr-depletion. Here, contrary to the coatings, Al concentration
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in such a matrix was always low, under 3 atomic percent. MgAl,O4 spinel seems to be absent in the
sintered mixture of powders.

In general, to tailor the spraying of a TBC to the “optimum porosity” of about 15% (or having it
even higher as in the present case) and in the same way make the TBC well resistant to the penetration of
molten CMAS, is a problem. A way is to close the superficial porosity as much as possible. Thin barrier
layer formed by e.g., laser remelting [36,37] of few superficial micrometers of as-produced TBC
would be helpful. However, this additional step makes the production of TBCs even more expensive.
Our strontium zirconate, initially even more porous, is on the beginning of interactions with CMAS
rather resistant, due to the glassy character of CMAS, but after disappearing the residual CMAS from
the surface is the coating surface again porous. However, the dangerous through-thickness cracks
were not induced by CMAS within the microstructure of the coating.

Luminescence could be, in principle, used in the diagnostics of the TBC at room temperature. Let us
imagine the SrZrOj3-covered functional parts of a turbine. The turbine was in service subjected to CMAS
attack. After cooling down at the maintenance interruption of the service, change (i.e., the increase)
in luminescence would clearly signalize the reaction of the TBC with CMAS. Such a check would be
fast and inexpensive. If the turbine was in service, but evidently not subjected to CMAS attack, the
luminescence would help at diagnostics of the maximum service temperature—since pure SrZrOj3
started to be luminescent after heat exposure at 1350 °C [22]. Of course, in case of more complex TBCs,
like LapZr,O7-SrZrO3, these aspects would be less clear, and this is one interesting avenue for future
research to explore.

4. Conclusions

Strontium zirconate SrZrOz was sprayed by a high feed-rate water-stabilized plasma torch,
WSP, with a spray rate over 10 kg per hour to form a thick film. The as-sprayed coatings exhibited
a lamellar microstructure and a relatively high porosity of over 23%. This thick film, considered
as a thermal barrier coating (TBC), was now studied in interaction with natural silicate dust, so
called CMAS, at 1250 °C. The crystalline as-sprayed coating was amorphized, whereas the resting
crystalline proportion transformed to different phases than SrZrOs;, namely monoclinic ZrO, and
SrSiO3. The proportion of these predominant phases varied with time of annealing (i.e., CMAS attack),
whereas the general trend to crystallization of the amorphous content with longer dwell time was
shown by XRD. The whole thickness of the influenced layer was as large as up to 333 um. This is a
typical thickness of the whole TBC coating in many industrial applications. SEM and EDX observation
of the cross sections showed, also, an Al-rich component. The cracks’ formation selectively in the
Sr-rich component and absence in the Al-rich component were observed as one of the results of CMAS
attack, whereas the most dangerous through-thickness cracks were absent. A sintered mixture of
powders (CMAS plus SrZrO; spray feedstock) demonstrated the appearance of the most “exotic”
phase-NasCay(SigO1g) combeite. This component is luminescent, as was shown in our work, whereas
contribution of SrS5iO3 to the luminescence of the sintered mixture is also highly probable. Due to
SrSiO3 presence, the coatings after interaction with CMAS are also partly luminescent. We suggest
using the luminescence as a fast and cheap diagnostic technique of CMAS presence/absence in the
structure of a potential SrZrOz-based TBC.
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Abstract: In this work, the effects of bond coat species on the thermal barrier coating (TBC)
microstructure are investigated under thermal cyclic conditions. The TBC samples are prepared by
electron beam-physical vapor deposition with two species of bond coats prepared by either air-plasma
spray (APS) or high-velocity oxygen fuel (HVOF) methods. The TBC samples are evaluated in a
variety of thermal cyclic conditions, including flame thermal fatigue (FTF), cyclic furnace thermal
fatigue (CFTF), and thermal shock (TS) tests. In FTF test, the interface microstructures of TBC samples
show a sound condition without any delamination or cracking. In CFTF and TS tests, the TBCs
with the HVOF bond coat demonstrate better thermal durability than that by APS. In parallel with
the experiments, a finite element (FE) model is developed. Using a transient thermal analysis, the
high-temperature creep-fatigue behavior of the TBC samples is simulated similar to the conditions
used in CFTF test. The FE simulation predicts a lower equivalent stress at the interface between the top
coat and bond coat in bond coat prepared using HVOF compared with APS, suggesting a longer cyclic
life of the coating with the HVOF bond coat, which is consistent with the experimental observation.

Keywords: thermal barrier coating; bond coat species; electron beam-physical vapor deposition;
cyclic thermal exposure; thermal durability

1. Introduction

Thermal barrier coatings (TBCs) are insulating overlayers deposited on superalloy substrates,
which are usually employed in high-temperature components of gas turbines. TBCs reduce the surface
temperature of the metallic component substrate, improving the thermal durability and increasing
the fuel efficiency in gas turbines [1-6]. The TBC is usually comprised of four different layers: (1) a
ceramic top coat, (2) a metallic bond coat, (3) a Ni- and/or Co-based superalloy substrate, and (4) a thin
thermally grown oxide (TGO) layer. The TGO layer acts as a protective layer to retard the thermal
and oxidation diffusion. However, the TGO layer may increase the internal stress in TBC systems,
which causes potential cracking at the interface between the bond and top coats, eventually leading
to spallation or delamination of the top coat [7-10]. The bond coat in a TBC system is to ensure the
structural integrity and to protect the superalloy substrate from oxidation. Moreover, the metallic
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bond coat can reduce the coefficient of thermal expansion (CTE) mismatch between the superalloy
substrate and the ceramic top coat, and enhance adhesion with the top coat [11-15]. The bond coat can
be deposited by a variety of thermal spraying processes, such as vacuum plasma spray, high-velocity
oxygen fuel (HVOF), and air-plasma spray (APS). Although MCrAlY (M = Ni and/or Co) feedstock
has been used for a bond coat for several decades, the failure of the TBC system is often resulted from
the thermomechanical mismatch between the bond and top coats. The durability and stability of TBC
systems can be improved by reducing the CTE mismatch between the top and bond coats, decreasing
the excessive TGO layers, and eliminating the resultant residual stresses. For example, TGO layer
growth may be modified through powder oxidation which forms a duplex oxide scale with an outer
layer and an inner Al,O3 layer composed of NiAl,Oy4, Cr;O3, and other spinel structures [16].

In the present study, a new combined experimental and modeling study of the effect of bond coat
species on the microstructure evolution of electron beam-physical vapor deposition processed (EB-PVD)
yttria stabilized zirconia (YSZ) TBCs is conducted. Three types of thermal exposure tests, i.e., flame
thermal fatigue (FTF), cyclic furnace thermal fatigue (CFTF), and thermal shock (TS), are employed in
order to understand the TBCs’ thermomechanical properties in thermal cyclic environments. A finite
element (FE) model is developed to simulate the distribution of stresses in different bond coats and
thermal exposure environments. The relationship between coating failure behavior and the bond coat
is investigated, based on the microstructure evaluation in the thermal cyclic tests.

2. Experimental Procedure

2.1. Coating Materials and Sample Preparation

In this study, Ni-based superalloy (GTD-111, with the nominal composition of Ni-14Cr-9.5Co—
4 9Ti-3.8W-3Al-2.8Ta-1.5M0-0.1C-0.03Zr, in wt.%) is used as the substrate. The diameter and thickness
of the test specimen are 25.4 and 5 mm, respectively. The surface of the substrate is blasted using an
alumina powder, cleaned before coating processes, and then the coatings are deposited within 2 h.
AMDRY 962 (Nominal composition of Ni-22Cr-10Al-1.0Y in wt.% and particle size of 56-106 um;
Sulzer Metco Holding AG, Winterthur, Switzerland) and AMDRY 9951 (Nominal composition of
Co0-32Ni-21Cr-8A1-0.5Y in wt.% and particle size of 5-37 pum; Sulzer Metco Holding AG) are used as
the feedstock powders to fabricated the bond coats by APS and HVOF process, respectively. The top
coat is formed by the EB-PVD process on the bond coats using 204C-NS (particle size of 45-140 pm,
Oerlikon Metco AG, Pfiffikon, Switzerland). The thicknesses of the bond and top coats are designed
as 300 + 20 and 600 + 50 um, respectively. In the spray process of TBCs, the parameters recommended
by the Chrome-Alloying Co. Ltd (London, UK) are employed.

2.2. Characterizations

To obtain the cross-sectional microstructure and mechanical properties of the TBCs, the specimens
are cold-mounted with an epoxy resin and then polished using SiC papers and finally polished with 3
and 1 pm diamond pastes in sequence. The cross-sectional microstructures of TBC samples are observed
using a scanning electron microscope (SEM; Model JSM-5610, JEOL, Tokyo, Japan). The hardness
of the coatings is determined using a microindentor (HM-114, Mitutoyo Corp., Kanagawa, Japan)
with a Vickers tip for a load of 3 N [17]. More than 10 indentation points are measured for achieving
statistical results. The sizes of hardness impression are measured using the SEM and all experiments are
performed at a room temperature. The adhesive strength of the TBC samples is determined following
the American society for testing and materials (ASTM) standard (ASTM C-633-01) [18].

2.3. Cyclic Furnace Thermal Fatigue, Flame Thermal Fatigue, and Thermal Shock Tests

CFTF test are performed for all samples in a specially designed programmable furnace until
1429 cycles. The surface of the sample is about 1100 °C and the backside of the sample is air-cooled
to keep the temperature difference of 150 °C. The dwell time is 60 min. Then the samples are cooled

30



Coatings 2019, 9, 626

in a static air environment for 10 min. FTF tests are also performed for 1429 cycles using liquefied
petroleum gas as the heating source. The top surface of sample is heated with flame of about 1100 °C
for 5 min. Then the samples are cooled in a static air environment for 25 min. The criterion of failure in
FTF test is defined as over 25% spalling of top coat. The TBC samples are cycled to the failure criterion
for observing indication of failure. For TS tests, the TBC samples are heated in a muffle furnace till
1100 °C for 60 min, then the samples are directly quenched in water for 5 min. The water temperature
is kept at 20-35 °C during the test. For failure criteria, over 50% of the spalled region in top coat is
used [19-22]. In TS tests, more than five specimens are tested to achieve statistical results.

3. Model Details

3.1. Finite Element Model

Due to symmetry, a two-dimensional (2D) axisymmetric FE model of TBCs is developed to simulate
the coating behavior in CFTF test conditions, and correlate the predictions with the experimental
observations. The model consists of an YSZ coat (top), NiCrCoAlY bond coat (middle), and Inconel 718
substrate (bottom). Because the TGO layer is very thin, it is not included in the model. The dimensions
of the TBCs are consistent with those described in Section 2.1. The computation is conducted using FE
software ANSYS Workbench (ANSYS 19) with PLANE182 axisymmetric element type.

3.2. Properties of Materials Used in the FE Model

To evaluate the thermal cyclic effect on the TBCs, the fatigue-creep behavior of the bond coat is
focused on as a potential contributor leading to TBCs failure. The creep of the bond coat leads to TBC
system failure and spalling due to differential stresses in the coating layers during thermal cycling. This
means that life prediction of the TBC system must take into account of the fatigue-creep of the bond coat.

In this FE model, a secondary steady-state creep equation is incorporated to account for
high-temperature creep, using Norton power-law creep (¢ = Ac"). The temperature-dependent
creep constants “A” and “n” for YSZ, Inconel 718, and NiCoCrAlY bond coat made using HVOF and
APS [23,24] are noted in Table 1. The materials properties of YSZ [25], bond coat [25], and substrate
Inconel 718 [26] as listed in Table 2.

Table 1. Temperature-dependent creep constants used in the FE model [23,24].

Material Temperature (°C) A n

750 2.00 x 10722 45
850 2.00 x 10720 432
YSZ 950 3.00 x 10718 4.15
1050 3.77 x 10716 3.98

1150 480x 1074 3.8

750 1.25 x 10714 45

—11

NiCrCoAlY (HVOF) 850 1.40 x 10 38
950 230 x 10722 3.1
1050 9.50 x 1078 2.55

NiCrCoAlY (APS) 750 6.00 x 10720 7.9
10 4.85 x 10736 1.0

Inconel 718 1200 2.25x 1077 3.0
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Table 2. Temperature-dependent material properties used in the FE model [25,26].

Temperature, Young's Coefficient of Poisson’s Thermal Specific
Material T 0 i Modulus, Thermal Expansion, Ratio, v Conductivity, k Heat, C
E (GPa) « (1076/°0) . (W/(m-°C)) (J/(kg> Q)
25 53 72 0.25 15 500
YSZ 400 52 9.4 0.25 12 576
800 46 16 0.25 12 637
25 225 14 0.3 43 501
NiCoCrAlY 400 186 24 0.3 6.4 592
800 147 47 0.3 10.2 781
25 205 11.8 0.321 14.7 480
400 175.5 14.1 0.339 18.3 493.9
Inconel 718 500 168.5 14.4 0.344 19.6 514.8
650 142 15.1 0.361 22 556.2
750 130.5 16.2 0.381 232 594.35

3.3. Boundary Conditions

A transient thermomechanical analysis is conducted with the same cycle timings and boundary
conditions as CFTF test described in Section 2.3. In transient thermal analysis, a single cycle of total
4200 s, with 3600 s of constant heating at 1100 °C, is followed by 600 s of cooling at ambient thermal
conditions of 25 °C. The convection coefficient between samples and the environment is assumed as
25 W/(m?2-°C). Because the TBC samples are rested on a sample holder, the bottom surface is assumed
to be perfectly insulated.

4. Results and Discussion

4.1. The Microstructure Analysis

The cross-sectional microstructures of the TBC samples are shown in Figure 1, where
Figure 1(a-1,b-1) are the microstructures of the bond coats fabricated by APS and HVOF, respectively.
The top layers of all the samples are prepared by the same method using the EB-PVD method. The top
coat of all the coating systems show a columnar structure with small gaps between the columns.
The gaps develop from the interface between the top and bond coats to the coating surface. The fine
inter columnar pores are mostly aligned to the heat flow direction. These pores help reducing the
thermal conductivity of TBC systems. The interface of the TBC samples (Figure 1(a-2,b-2)) shows no
cracks and a relatively flat shape. A thin TGO layer about 1-2 um is found at the interface of each
samples without thermal tests. The heat treatment for deposition of the top coat is the main reason
for the formation of the thin TGO layer. The dense TGO layer can prevent oxygen diffusing into the
bond coat. The bond coat prepared by APS shows several intrinsic defects, such as unmelted particles,
oxides, and pores. The microstructures of bond coats that prepared by HVOF are denser and don’t
have oxide formation and interlayer cracks.

Figure 1. Cont.
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Figure 1. Cross-sectional microstructures of as-prepared TBCs: APS bond coat TBC system (the overall
(a-1) and the interface (a-2) microstructures), and HVOF bond coat TBC system (the overall (b-1) and
the interface (b-2) microstructures).

4.2. Service Life of TBC Systems

The cross-sectional microstructures of TBCs with different bond coats after FTF tests are shown
in Figure 2. During cyclic thermal exposure tests, the ceramic top coat appear starting sintering
phenomenon. The microstructures of the top coats are more compact and the porosity is reduced due
to the densification during the sintering process.

After FTF tests, the interface microstructures are very similar to each other, compared with the
as-prepared samples. There is no cracking or delamination in the interface microstructures of each
TBC system, as shown in Figure 2(a-2,b-2). The relatively short heating time (5 min) and continuous
high-temperature time of the interface (only 2 min) result in that the TGO layer is not fully developed
after 1429 cycles. The total heating time is only 119 h. The thickness of the TGO layer is in the range of
2-3 um without substantial increase.

2oLy A e—
20um

Figure 2. Cross-sectional microstructures of TBC system after FTF tests: APS bond coat TBC system
(the overall (a-1) and the interface (a-2) microstructures) and HVOF bond coat TBC system (the overall
(b-1) and the interface (b-2) microstructures).

Figure 3 shows the cross-sectional microstructures of each TBCs system after CFTF tests. The APS
and HVOF bond coats (Figure 3(a—1,b-1)) are delaminated at the interface between the TGO layer and
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the bond coat in the range of 100-380 and 210-390 cycles, respectively. The APS bond coat shows more
degree of oxidation in the interbond coat after CFTF test compared with APS bond coat without any
test. The oxidation of the bond coat leads to a change in the sign of stresses due to the smaller CTEs of
the TGO layer. It is assumed that small cracks will be created at the peak tips [27]. After CFTF test, the
HVOF bond coat shows a different oxidation behavior compared with APS bond coat. No internal
oxides are found, but element segregation occurs.

Figure 3. Cross-sectional microstructures of TBCs after CFTF tests: TBC with APS bond coat (the
overall (a-1) and the interface (a—2) microstructures) and TBC with HVOF bond coat (the overall (b-1)
and the interface (b-2) microstructures).

The service lives of the all the TBC systems are summarized in Figure 4. The safe zone of the TBC
systems with the HVOF bond coat is twice that with the APS bond coat, although they can reach the
same ultimate lifetime. After CFTF tests, the HVOF bond coat TBCs (Figure 3(b-2)) show a diffusion
zone near the interface, indicating that these elements are involved in the late reaction to form the TGO
consisting of mixed oxide clusters [28]. The increase of the thickness of the TGO layer leads to TBC
system failure. In addition, the TBCs with the APS bond coat show a different oxidation behavior.
The outer APS bond coat near the interface of the top and bond coats shows a diffusion zone similar
to the HVOF bond coat, while the inter-APS bond coat has more oxidation. The lifetime of the TBCs
indicates that the TBC systems with the HVOF bond coat show a better thermal durability than those
with the APS bond coat.

Figure 5 shows the cross-sectional microstructures of the TBCs after TS tests. It shows a typical
mode of delamination at the interface between the bond coat and the TGO layer. During the thermal
shock process, a large temperature difference is developed between the substrate and the top coat,
which causes thermal or residual stresses at the interface between the TGO layer and the bond coat.
When the TGO layer reaches a certain thickness in cyclic thermal fatigue, the TBC will be cracked
or delaminated at the interface between the TGO layer and the bond coat, owing to the relatively
low adhesive strength of the TGO layer and bond coat in the EB-PVD TBC system. In addition, the
mismatch in the CTEs between the ceramics layer, TGO layer, and the bond coat leads to delamination
and failure. In TS test, the lifetime of TBCs with the HVOF bond coat is obviously longer than those with
the APS bond coat. The TBCs with the HVOF bond coat are delaminated in the range of 345-372 cycles,
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whereas the TBCs with the APS bond coats are delaminated in the range of 44-80 cycles, showing an
aluminum depletion region in the HVOF bond coats similar to that after CFTF test. The results of
thermal durability for the TBCs with different bond coats are summarized in Table 3 as a function of
thermal exposure species.

B : Delamination zone
M : Transitional zone
0 : Safe zone

Bond coat :
HVOF

Bond coat :
APS

0 200 400

Number of Cycles

Figure 4. The service lives of TBCs with different bond coats after CFTF tests.

Figure 5. Surface micrographs and cross-sectional microstructures of TBCs after TS tests: TBC with
APS bond coat (the surface micrographs (a-1), cross-sectional (a-2) and magnified interface (a-3)
microstructures) and TBC with HVOF bond coat (the surface micrographs (a-1), cross-sectional (a—2)
and magnified interface (a-3) microstructures).
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Table 3. Thermal durability of TBCs with bond coat species in various thermal exposure tests.

Specimen Species TBC with APS Bond Coat TBC with HVOF Bond Coat
Cyclic furnace thermal fatigue (CFTF) 100-380 cycles 210-390 cycles
Flame thermal fatigue (FTF) 1429 cycles 1429 cycles
Thermal shock (TS) 44-80 cycles 345-372 cycles

4.3. Mechanical Properties

The hardness values of top coats before and after cyclic thermal exposure, which were measured
using a Vickers indentation method, are shown in Figure 6.

5

[ : As-prepared
: After FTF test

Hardness (GPa)

APS HVOF
Bond coat species

Figure 6. Hardness values of top coats before and after cyclic thermal exposure. Indentation for
hardness was conducted on the sectional planes with a load of 3 N. Open and filled marks indicate the
hardness values of top coats before and after FTF tests, respectively.

The indentation tests are conducted on the samples’ sectional planes. For the as-prepared samples,
the hardness values of top coats, APS and HVOF bond coats, are determined to be 3.1 + 0.3 (mean +
standard deviation) and 3.0 + 0.3 GPa, respectively. After FTF tests, the hardness values of top coats
are increased to 3.6 = 0.4 and 3.4 + 0.3, 3.3 + 0.3 GPa for the APS and HVOF bond coats, respectively.
The increase in the hardness values after FTF tests is due to the reduction of gaps between the adjacent
columns, which is consistent with the microstructure evolution (Figure 2a,b). The microstructure
evolution of the EB-PVD top coat is more advanced in CFTF and TS tests. The microstructure is densified
owing to resintering in CFTF and TS tests, resulting in the disappearance of space between the columns
and showing the delamination of the top coat at the interface between the TGO layer and the bond coat.

Adhesive strength is an important mechanical property for TBC systems, with a direct connection
to interface stability. Therefore, the adhesive strength values of samples are measured before and after
FTF test, which are shown in Figure 7. For the as-prepared samples with APS and HVOF bond coats,
the adhesive strength values are determined to be 66.8 + 5.4 and 76.9 + 1.2 MPa, respectively. After FTF
tests, the adhesive strength values of the samples with APS and HVOF bond coats are determined to
be 35.7 + 13.1 and 70.1 + 8.9 MPa, respectively. The adhesive strength values of the samples with APS
bond coats show a significant decrease, due to the TGO growth and internal APS bond coat oxidation
behavior during FTF tests. The TBCs with HVOF bond coats show no obvious change after FTF test by
virtue of the HVOF bond having a better oxidation resistance than APS bonds.
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Figure 7. Adhesive strength values of TBCs before and after FTF tests.

The surface photographs and cross-sectional microstructures of the as-prepared samples after
measuring the adhesive strength are shown in Figure 8. All of the as-prepared samples are completely
delaminated near the interface between the jig fixture and the epoxy adhesive, indicating that the
adhesive strength of the EB-PVD is sufficiently high.

20kV Dol | e— 20kV G000 —

20um 20um

Figure 8. Surface and cross-sectional microstructures after measuring adhesive strength for as-prepared
TBCs: TBC with APS bond coat (the entire (a-1) and magnified (a—2) microstructures) and TBC with
HVOF bond coat (the entire (b-1) and magnified (b-2) microstructures). Surface morphologies of each
sample are inserted in each figure.

The surface and cross-sectional microstructures after measuring the adhesive strength values for
the TBCs after FTF tests for 1429 cycles are shown in Figure 9.
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Figure 9. Surface and cross-sectional microstructures after measuring adhesive strength for TBCs after
1429 cycles in FTF tests: TBC with APSbond coat (the entire (a-1) and magnified (a-2) microstructures) and
TBC with HVOF bond coat (the entire (b-1) and magnified (b-2) microstructures). Surface morphologies
of each sample are inserted in each figure.

The fracture microstructure of the samples with APS bond coat is entirely different from the
samples with HVOF bond coat. Adhesive failure, such as cracking, fragmentation, and spallation, in
the samples with APS bond coat is initiated near the interface between the TGO layer and the bond coat
with a complete delamination. The samples with the HVOF bond coats are completely delaminated near
the interface between the jig fixture and the epoxy adhesive, indicating that the interface stability of the
sample with HVOF bond coat is better than that with APS bond coat. Therefore, the samples with the
HVOF bond coats will provide a superior TBC performance in cyclic thermal exposure environments.

4.4. Simulated Temperature Evolution

Under cyclic thermal conditions, the temperature response of TBCs increases in a transient manner
initially and reaches a steady-state temperature after approximately 700 s. The temperature falls rapidly
during the cooling phase. The temperature evolution is shown in Figure 10.
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Figure 10. Temperature evolution in the coating.
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The temperature distribution of TBCs is shown in Figure 11, during the transient heating and
cooling phases. Figure 11a,b shows the results of the two bond coats. Because the thermal conductivity
of TBCs is similar in both APS and HVOF, the temperature distribution is similar in both cases.
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Figure 11. Temperature distribution in the coatings (a) during the heating cycle, and (b) during the
cooling cycle.

4.5. Simulated Stress and Creep Strain Evolutions

Figure 12 shows a comparison of the equivalent von Mises stress of TBCs in both cases at the end
of the heating cycle, i.e., at 3600 s. In both cases, the maximum stresses are observed at the interface
between the bond coat and substrate. For the APS deposited bond coat (Figure 12a), the maximum
stress is about 83 MPa, and the stress difference within the bond coat is large. In comparison, the
maximum stress in the HVOF deposited bond coat (Figure 12b) is only about 40 MPa, so the stress
variation within the coat is less than the APS case.
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Figure 12. Cont.
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Figure 12. Temperature distribution in the coatings (a) during the heating cycle and (b) during the

cooling cycle.

A comparison of equivalent stress evolution in the YSZ layer in response to temperature in both
cases is plotted in Figure 13. The results are extracted from the extreme node at the interface of YSZ

and bond coat, indicated by “Max” in Figure 12.
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Figure 13. Comparison of equivalent stress of TBC with a bond coat made using APS and HVOF.

In the case of a bond coat made using the HVOF process, the equivalent stress increases with
a corresponding increasing temperature until 750 °C. The creep constants are defined to actuate at
750 °C, and thus a stress relaxation is observed once the temperature is beyond 750 °C. The relaxation
in the case of TBCs made using APS is not as steep—it relaxes gradually until the end of the heating
cycle. In addition, creep strain in the YSZ layer is plotted on the same location (Figure 14). It is evident
that in the case of bond coat prepared using HVOF, the induced creep strain is significantly lower than
with APS, suggesting that the HVOF bond coat has a better cyclic life.
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Figure 14. Comparison of creep strain of TBC with a bond coat made using APS and HVOF.

5. Conclusions

The effects of bond coat species on the thermal durability of EB-PVD TBC samples are investigated
through cyclic thermal exposure tests. The major conclusions are summarized below.

e  After FTF tests, the TBC samples show a sound condition without cracking or delamination,
independent of bond coat species. The interface microstructures show a thin TGO layer of 1-2 um
in thickness. The TGO layer is not fully developed in FTF tests, owing to the relatively short
thermal exposure time.

o After FTF tests for 1429 cycles, the hardness values of top coats are slightly increased. The adhesive
strength values are reduced, with a higher value for the TBCs with the HVOF bond coat than the
APS ones.

e  In CFTF tests, the TBCs with the APS and HVOF bond coats are delaminated in the range of
100-380 and 210-390 cycles, respectively.

e In TS tests, the TBCs with the bond coats prepared using the APS and HVOF processes are fully
delaminated after 44-80 and 345-372 cycles, respectively, suggesting that HVOF bond coat is more
effective in improving thermal durability than APS.

e  The FE model simulation predicts a lower equivalent stress at the interface of the top coat and
bond coat interface in TBCs prepared using the HVOF process compared with APS, suggesting

a longer cyclic life of the coating with the HVOF bond coat, which is consistent with the
experimental observations.
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Abstract: The plasma spray—physical vapor deposition (PS-PVD) process has received considerable
attention due to its non-line of sight deposition ability, high deposition rates, and cost efficiency.
Compared with electron beam—physical vapor deposition (EB-PVD), PS-PVD can also prepare
thermal barrier coatings (TBCs) with columnar microstructures. In this paper, yttria-stabilized
zirconia (YSZ) coatings were fabricated by PS-PVD. Results showed that the as-deposited coating
presented a typical columnar structure and was mainly composed of metastable tetragonal (t'-ZrO,)
phase. With thermal exposure, the initial t’ phase of YSZ evolved gradually into monoclinic (m-ZrO,)
phase. Significant increase in hardness (H) and the Young’s modulus (E) of the coating was attributed
to the sintering effect of the coating during the thermal exposure, dependent on exposure temperature
and time. However, the values of H and E decreased in the coatings thermally treated at 1300-1500 °C
for 24 h, which is mainly affected by the formation of m-ZrO, phase.

Keywords: plasma spray—physical vapor deposition; thermal stability; thermal barrier coatings

1. Introduction

In recent years, to improve the service temperature of the hot section of an aircraft engine, besides
cooling gas film, thermal barrier coatings (TBCs) consisting of an oxidation-resistant metallic bond coat
and a thermally insulating ceramic topcoat of yttria-stabilized zirconia (YSZ) have been applied due to
their low thermal conductivity and high thermal expansion coefficient [1-4]. At present, air plasma
spraying (APS) and electron beam~-physical vapor deposition (EB-PVD) are the two main technologies
that are used for TBC deposition [5]. However, both of the above technologies exhibit limitations. YSZ
coatings prepared by the APS process have a typical layered microstructure with a large number of
interfaces, micro-cracks and pores, which contribute to low thermal conductivity and poor thermal
shock resistance [6]. Different from the APS case, TBCs with super strain tolerance and improved
spallation lifetime with high thermal conductivity can be obtained through the EB-PVD process.
This is because of the columnar microstructure with an inter-columnar gap that is perpendicular to the
top-coat/bond-coat interface [7,8].

To meet the increasing temperature demands of engines, coatings with better thermal insulation
and high strain tolerance are preferred. Recently, many efforts have been devoted to investigating
plasma spray—physical vapor deposition (PS-PVD) TBCs with various microstructures, including
dense coatings, PVD-like columnar coatings, nano-sized solid clusters columnar coatings (quasi-PVD)
and mixed microstructure coatings [9-13]. As we know, PS-PVD combines the advantages of APS
(high deposition rate and cost efficiency) and EB-PVD (the ability to produce columnar structured
coatings). TBCs with the initially favorable columnar microstructure can be prepared by PS-PVD,
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which combines the high thermal insulating property of the APS coatings and the high strain tolerance
of the EB-PVD coatings [9-11]. Therefore, many existing results show that the PS-PVD process has the
promising potential to fabricate durable YSZ coatings.

It is noted that YSZ TBCs must be exposed to high temperature during harsh service and their
thermal stability is a key factor for evaluating the performance of the coatings. As a consequence,
the ceramic top-coat may be exposed to high temperatures for a long time, which has great influence
on the phase composition, microstructure and mechanical properties. It has been reported that
thermal insulation ability and strain tolerance of the as-sprayed TBCs dramatically decreased upon
annealing at high temperature because of the micro-cracks and pores healing during the sintering
process [14-16]. The initial metastable tetragonal (t'-ZrO,) phase is the main phase of the as-sprayed
TBCs, which is believed to be a direct consequence of both the slow diffusion rate of Y** ions and a
small driving force [17]. The t’-ZrO, phase could toughen the ceramic by re-orienting its c-axis in
crystal cells and absorbing fracture energy to increase the resistance to cracking [18]. The t’-ZrO, phase
is not the equilibrium phase, and transforms to equilibrium tetragonal (t-ZrO;) and cubic (c-ZrO5)
phase at high temperature. Upon further cooling, the newly precipitated t-ZrO, will transform to
monoclinic (m-ZrO,) phase. Moreover, the T/M phase transformation will cause cracking due to the
huge volume change (approximately 5%) caused by the large density difference between T and M
phases [19]. For these reasons, it is necessary to qualitatively analyze the phase and microstructural
stability at high temperature and their relation to mechanical properties. However, research on the
relationship between phase degradation and properties in PS-PVD YSZ TBCs at high temperature
is rarely reported. Therefore, in the current work, with the aim of studying the durability of the
PS-PVD coatings, the effect of exposure time and temperature on the high-temperature stability of
PS-PVD YSZ coatings will be evaluated. Thermal stability is investigated through the evolution
of phase composition, microstructure, and mechanical properties under various temperatures and
times. This basic research might provide some useful insight for beneficial adjustments and further
improvements to the performance of PS-PVD YSZ TBCs.

2. Materials and Methods

2.1. Preparation and Heat Treatment of PS—-PVD Coating

The as-deposited YSZ coatings with a thickness of about 310 um were fabricated on polished
graphite substrates (50 mm in length, 10 mm in width, and 10 mm in thickness) using a PS-PVD system
(Oerlikon Metco, Wohlen, Switzerland) using an O3CP-type plasma gun with a 60CD powder feeder.
An agglomerated ZrO,—(6-8 wt.%) Y,O3 powder (YSZ, Metco 6700) was used as feedstock; the particle
size range was 5-22 um. Prior to depositing the TBC, the polished graphite substrates were preheated
by plasma flame flow. The detailed spraying parameters are listed in Table 1.

The free-standing samples used for thermal aging treatment were stripped from graphite substrates
through the mismatch between the expansion coefficients of the substrate and coating. Free-standing
YSZ coatings were isothermally heat-treated in a high-temperature chamber furnace (HTK 20/17,
ThermConcept, Bremen, Germany) at 1200-1600 °C for 24 h and at 1550 °C for 20-100 h, respectively.
Free-standing YSZ coating samples were put in a furnace and heated at about 10 °C/min to the
target temperature, followed by holding for the selected time. Then, the samples were cooled
naturally in the furnace to room temperature. All of the free-standing coating samples were placed in
vacuum with epoxy, cut to supply the observation of the cross-sections, and finely polished by routine
metallographic methods.

46



Coatings 2019, 9, 464

Table 1. Spray parameters for YSZ coatings by PS-PVD.

Items Preheating Parameters Coating Parameters
Plasma gas flow rate (slpm) Ar: 50, He: 110 Ar: 35, He: 60
Power (kW) 64 130
Current (A) 1400 2600
Feed rate (g/min) - 5
Spray distance (mm) 800 900
Oxygen flow rate (splm) - 2
Carrier gas (slpm) Ar: 6 Ar: 8

2.2. Coating Characterization

X-ray diffraction (XRD) and Raman spectroscopy (RS) were used to characterize the phase
composition of the as-deposited and isothermally heated coating samples. XRD measurements were
performed on the X-ray diffractometer (D/Max 2550 V, Rigaku, Tokyo, Japan) operating in the reflection
mode with Cu-K« radiation (40 kV, 100 mA), using a step scan mode with the step of 0.02° (26) and 1 s
per step. A Raman microscope system (Invia, Renishaw, Glouchestershire, UK) was used to record
Raman spectra at the room temperature with a 532 nm laser excitation. Microstructures and grain size
of the heat-treated samples together with the as-deposited coating samples were characterized by a
scanning electron microscope (SEM, MIRA3 LM, TESCAN, Brno, Czech Republic) in backscattered
electron image mode. A rectangular intercept method on secondary electron images which recorded
the fracture surfaces of the coatings was used for measuring the grain size of the coatings. The average
grain size, D, was then given by:

p— [ )

mi(n + %)

where A is the rectangle area, n; and 1, are the grain numbers in the rectangle and on the rectangular
boundary, respectively [20]. The number and magnification of the as-sprayed coating micrographs
employed for grain size measurements were 10 and 100,000 times, those of the coatings which were
heat-treated in air were 10 and 10,000 times. Hardness (H) and Young’s Modulus (E) of all coatings
were measured on the cross-section before and after thermal treatment through a G-200 nanoindenter
(Agilent Technologies, Oak Ridge, TN, USA) equipped with a Berkovich indenter. Specific test schemes
are listed in the literature [21].

3. Results and Discussion

3.1. Microstructure

The microstructure of the as-deposited PS-PVD coatings with the fracture surface and polished
cross-section are shown in Figure 1. The PS-PVD coatings exhibited a distinctive microstructure
with relatively independent columns perpendicular to the coating surface. Additionally, a lot of
nanoparticles (2 um on average size) were observed, which were an accumulation of unmelted and
partially melted feedstock powder particles at long spray distance due to the plasma jet’s heating
capability [22]. The columnar structure can provide a high strain tolerance due to the gaps between
the columns, which is similar to the EB-PVD coatings [23].
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Figure 1. SEM micrographs of the as-sprayed PS-PVD TBCs: (a) fracture surface; (b) polished cross-section.

Figures 2 and 3 are the SEM diagrams of grain growth of PS-PVD columnar coatings, which were
heat-treated in air at 1200-1600 °C for 24 h and at 1550 °C for 20-100 h, respectively. An apparent
increasing trend in grain size can be observed with increasing heat-treatment temperature and time
from Figures 2 and 3. It can be seen that the grain size of as-deposited columnar coating is very
fine, and is about 100 nm. After 1500 °C/24 h or 1550 °C/20 h, the grains grew obviously, and a
clear crystal boundary was formed between the grains. Figure 2 shows that the grain growth rate
improves significantly with increasing heat-treatment temperature. The grain growth was fast at high
temperature, while it was slow at low temperature, indicating that the effect of temperature on grain
growth rate was very obvious. Figure 3 shows the grain growth was quick during the initial stage
and slower after 20 h. It can be deduced that the temperature dominated the grain growth of YSZ
columnar coatings, rather than heating duration.

-
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Figure 2. SEM micrographs of fracture surface of PS-PVD TBCs as a function of temperature:
(a) as-sprayed; (b) 1200 °C; (c) 1300 °C; (d) 1400 °C; (e) 1500 °C; (f) 1600 °C.

48



Coatings 2019, 9, 464

@
@Assprayed 00

(b) 20h [ oy 3 (c) 40h
LA .

BRI T O i : e 5

e

£ 3
b
¥ ¥ F
2P 1n s <
7 Yt RS T
3 i N
BB 5 Dt
Gt ¢ . 9
Ay =

(d) 60h Z (€)80h i () 100h

| R
J / k \ ~., . ¢ / /“ ; ve
ot ,-‘V\ S oy cufoii ¢ & p iit'r( 3 '.ié
B e ] . ';,‘ 2 o /Xf Jl ’ §

e .

!
e

2pm

% £ -— e

Figure 3. SEM micrographs of fracture surface of PS-PVD TBCs as a function of time: (a) as-sprayed;
(b) 20 h; (c) 40 h; (d) 60 h; (e) 80 h; (f) 100 h.

-

For a more intuitive description of grain change, grain size measured by image analysis is plotted in
Figure 4. The average grain size increased up to 0.94 + 0.3 um after 1600 °C/24 h heat-treatment, which
was about 9.4 times larger than that of the as-deposited coatings. After 1550 °C/100 h heat-treatment,
the average grain size grew up to 1.41 + 0.16 um, which was about 14 times larger than that of the
as-deposited coatings. According to thermodynamic conditions, the larger the grain size, the smaller
the total grain boundary surface area and the lower the total surface energy. Because grain coarsening
can reduce surface energy and bring the material into a more stable state with low free energy, grain
growth was a spontaneous change. To realize this change, it is necessary for the atoms to have strong

diffusion ability to complete the grain boundary migration when the grains grew. The higher heating
temperature is enabling this ability.

1.6

Grain Size (um)
Grain Size (um)

.0 .0
As-sprayed 1200 1300 1400 1500 1600 As-sprayed 20 40 60
(a) Temperature ('C) (b) Time (h)

Figure 4. Grain size of the as-sprayed coating and heat-treated coatings: (a) samples after heat-treatment
for 24 h at different temperatures; (b) samples after heat-treatment at 1550 °C for different times.

The polished cross-sections of the PS-PVD coatings after heat treatment at various temperatures
for 24 h and at 1550 °C for different times were inspected via SEM to characterize the microstructure
evolution process. The micrographs of the PS-PVD coatings are shown in Figures 5 and 6. There
were significant differences between the as-deposited coatings and the heat-treated coatings. Large
gaps existed between the columnar features in the as-deposited coatings, and those gaps became
narrower after heat treatment. Particles at the edge of the columns were in contact with each other, and
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sintered together during the heat treatment. The nanoparticles between the columns promoted the
diffusion between adjacent columns. Compared with the as-deposited YSZ coating, the feather-like
structure disappeared, the columns became smooth, the grain size coarsened, and the fine grains of the
feather-like structure disappeared because of strong diffusion at high temperature. In addition, micro
pores were not observed in the as-deposited columns until these columns underwent high-temperature
annealing at 1200-1600 °C with an exposure time from 20 to 100 h. The formation mechanism of micro
pores may be the aggregation of vacancies in columns during high-temperature annealing [24]. Vacancy
aggregation led to the collapse of the lattice and the formation of pores, which led to the decrease of
vacancy concentration in the crystal. To maintain the equilibrium concentration of vacancies in the
crystal, new vacancies will be generated. Vacancy proliferation and vacancy aggregation promoted
each other. The formation of vacancy clusters made the atoms near the grain boundary diffuse.
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Figure 5. SEM micrographs of polished cross-sections of PS-PVD coatings as a function of temperature:
(a) as-sprayed; (b) 1200 °C; (c) 1300 °C; (d) 1400 °C; (e) 1500 °C; and (f) 1600 °C.

(a) As-sprayed %% ;

Figure 6. SEM micrographs of polished cross-sections of PS-PVD coatings as a function of time:
(a) as-sprayed; (b) 20 h; (c) 40 h; (d) 60 h; (e) 80 h; and (f) 100 h.
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3.2. Phase Transformation

To further understand the thermally induced morphological and composition evolution of the
PS-PVD YSZ coatings, Raman spectroscopy (RS) was used to detect the phase compositions. Five bands
at 147, 267, 322, 463 and 642 cm ™! correspond to the Raman-active modes of tetragonal phase, while the
peaks at 178, 189, 221, 308, 334, 346, 382, 476,503, 539, 559, 615 and 637 cm~! are the characteristic bands
of monoclinic phase [25,26]. Figures 7-9 show the XRD patterns and Raman spectra of the coatings.
The results indicate that the main phase of the as-deposited coatings was t-ZrO,, which indicates that
the coating was mainly formed by vapor mixture of zirconia and yttrium oxide. Figure 8 shows that
t-ZrO; of the as-sprayed coating is the non-transformable metastable phase (t'-ZrO;). A small quantity
of m-ZrO, also existed in the as-deposited YSZ coatings. As the feedstock powder is an agglomeration
of monoclinic zirconia and cubic yttria (not pre-alloyed yttria-stabilized zirconia), it is inferred that
there were some unmelted or unevaporated feedstock powder particles directly incorporated and
solidified in the coating [22]. The results show that t-ZrO; and m-ZrO, coexisted in the YSZ coatings
after high-temperature exposure. This indicates that temperature played the most important role in
the extent of the phase transformation. At 1550 °C, the phase transformation from t-ZrO; to m-ZrO,
occurred over a short period of time, indicating that the temperature was a stronger promoter of phase
transformation than time.
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Figure 7. XRD patterns of the as-sprayed coating and heat-treated coatings: (a) samples after
heat-treatment for 24 h at different temperatures; (b) samples after heat-treatment at 1550 °C for

different times.
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Figure 8. XRD patterns of the as-sprayed coating with 26 between 72° and 76°.
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Figure 9. Raman spectra of the as-sprayed coating and heat-treated coatings: (a) samples after
heat-treatment for 24 h at different temperatures; (b) samples after heat-treatment at 1550 °C for
different times.

3.3. Mechanical Properties

After high-temperature heat treatment, the microstructure, including grain size, cracks and pores,
of the YSZ coatings changed significantly, and the mechanical properties of the YSZ coatings also
changed accordingly. Hardness (H) and Young’s Modulus (E) are very important mechanical properties
for YSZ coatings under long-term service conditions at high temperature. Previous studies in TBCs have
reported that the Young’s modulus measured on the cross-section was 1.3 times higher than that on the
plan-section [27]. Because PS-PVD coatings have a typical columnar microstructure, the mechanical
properties measured on the surface and cross-section are not the same, so the nanoindentation method
under identical conditions was used to measure the variation of H and E on the polished cross-section
of the coating.

As shown in Figure 10a, the average H and E values of the coating before thermal exposure
were 6.7 + 1.6 GPa and 95.5 + 13.7 GPa, respectively. In the process of variable temperature and
constant time (24 h) heat treatment, H increased obviously up to 1300 °C, and then decreased with
further temperature enhancement. The highest H value of the coatings was 15.6 + 1.0 GPa, after heat
treatment in air at 1300 °C for 24h, which was increased by 133% compared to the as-deposited coating.
In addition, there was then a continuous decrease of H value until 1500 °C; after that, a constant
average H value can be observed with further increase of the heat treatment temperature. Concerning
E results, the E value of the YSZ coating increased significantly to a maximum of 203.8 + 22.7 GPa,
about 113% higher than that of the as-deposited coating, and then the E value gradually decreased to a
constant value. Figure 10b shows the measured H and E values as a function of exposure time for
PS-PVD coatings before and after heat treatment at 1550 °C. The H and E values increased first and
then remained stable. The H and E values of the coating after being heat-treated at 1550 °C for 60 h
reached maximum values of 11.1 + 1.7 GPa and 188.4 + 19.3 GPa, respectively, representing increases by
approximately 66% and 97%, respectively, compared to the as-deposited coating. Similar trends of the
H and E values of coatings have been reported previously; in particular, Zhao et al. found that in axial
suspension plasma spraying (ASPS) YSZ TBCs, the mechanical properties firstly increased significantly
with sintering, and then decreased with prolonged thermal aging time, which was caused by a t-ZrO,
— m-ZrO, phase transformation after thermal exposure at 1550 °C for 60 h [21]. Sintering can increase
the H and E values due to thermal exposure, which has been reported for APS, ASPS and EB-PVD
coatings [27-29]. For example, Zhao et al. showed that the H and E values of ASPS TBCs increased by
about 50% and 44% on the cross-section after 1300 °C/24 h exposure in air [21]. An early study on a
plasma-sprayed TBC also reported that the E value of the ceramic coating increased after exposure,
which was attributed to the healing of pores and grain growth and the improvement in bonding and
coherence across the splat boundary during exposure at high temperature as a result of the sintering
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effect [30]. In the present study, the microstructure evolution of PS-PVD TBCs after heat treatment
from 1200 to 1600 °C for 24 h and at 1550 °C for 20-100 h is similar to the above-mentioned studies.
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Figure 10. Hardness and Young’s modulus of the as-sprayed coating and the heat-treated coatings:
(a) samples after heat-treatment for 24 h at different temperatures; (b) samples after heat-treatment at
1550 °C for different times.

Figures 2, 3, 5 and 6 schematically show that grain growth and the closer contact between single
columns after thermal exposure lead to a stiffer structure, and thus should create a higher hardness
and Young’s modulus, resulting from the sintering effect of PS-PVD TBCs during thermal exposure.
The sintering effect during the first 20 or 24 h was much more important, especially at 1300 °C, than the
later stage of heat treatment, producing a sharp increase in the mechanical properties. The theoretical
equation between porosity and Young’s modulus (E) in porous material can be given as follows:

E=E exp[—(bp + cpz)] 2

where p, E and Ej are the porosity, and the Young’s modulus of porous material and dense material,
respectively. The terms b and ¢ are empirical values depending on pore morphology [31]. The above
formula illustrates that the Young’s modulus of porous material decreases with increasing porosity.
Therefore, the E value of the YSZ coating after heat treatment at 1300 °C/24 h reached the highest point
due to its having the lowest porosity. Previous literature has reported that the phase transformation
from t-ZrO, to m-ZrO, will cause cracking due to the huge volume change (approximately 5%) [19].
In combination with Figures 5, 7 and 9, lots of pores and cracks formed between the grain boundaries
with increasing exposure temperature for 24 h caused by the formation and accumulation of m-ZrO,
phase. Thus, it is reasonable to conclude that the initial increase in the measured hardness and Young's
modulus were attributable to a stiffer structure induced by sintering after thermal exposure, and
the mechanical properties decreased obviously due to the m-ZrO, phase formation accompanied by
volume expansion and micro cracks formation.

4. Conclusions

The microstructure, phase transformation and mechanical properties of PS-PVD YSZ TBCs have
been examined before and after exposure at 1200-1600 °C for 24 h and at 1550 °C for 20-100 h in air.
PS-PVD TBCs showed a typical columnar structure with porosity between the individual columns
before thermal exposure. Conclusions are summarized as follows:

e After thermal exposure, the columnar structure degraded and micro pores were generated in the
columns, resulting in a close contact of columns as a result of sintering effect.
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After high-temperature exposure for a long time, the initial t-ZrO, phase of PS-PVD YSZ TBCs
evolved gradually into m-ZrO, and cracks form between the grain boundaries with increasing
exposure temperature caused by the formation and accumulation of m-ZrO, phase.

The significant improvement of hardness and Young’s modulus of the coatings were attributed
to a stiffer structure caused by the sintering effect during the thermal exposure at 1200-1300 °C
for 24 h and 1550 °C for 20-100 h. For coatings exposed at different temperatures for 24 h, the
hardness and Young’s modulus decreased in the range of 1300-1500 °C, which is caused by the
generation of micro cracks accompanied with the formation of m-ZrO, phase.
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Abstract: In the present paper, the influence of self-mated friction materials on the tribological
properties of hydrogenated amorphous silicon films (a-Si:H films) is studied systemically at high
temperature. The results are obtained by comparing the tribological properties of a-Si:H films under
different friction pair materials and temperatures. The a-Si:H films exhibit super-low friction of 0.07
at a temperature of 600 °C, and ceramic materials are appropriate for anti-friction behaviors of a-Si:H
films at high temperature. The results of tribotests and observations of the fundamental friction
mechanism show that super-low friction of a-Si:H films and ceramic materials of the friction system
are involved in high temperature oxidation; this also applies to the tribochemical reactions of a-5i:H
films, steel and iron silicate in open air at elevated temperature in the friction process.

Keywords: hydrogenated amorphous silicon films; high temperature oxidation; super-low friction

1. Introduction

With the rapid development of military, aerospace and industrial robots, equipment have been
run under harsh operating conditions such as high temperature. It is well known that the tribological
problem is one of the scientific challenges of engineering applications in friction systems under high
temperature conditions [1]. Moreover, high temperature evokes tribological properties of machinery
parts that are complicated due to the tribological chemistry reaction at high temperature and friction
heating [2—4]. Diamond-like carbon (DLC) films have been the subject of intensive studies in recent
years and exhibit a number of attractive tribological properties such as super-low friction and DLC
films being considered excellent candidate materials for tribological applications below 300 °C [5-7].
In open air, DLC films are confined to the environmental temperature above 300 °C where oxidation
occurs. In a previous work, a superlubricity system relating to DLC films at high temperature was
proposed. Moreover, the lubricious composite oxides are generated from the interlayer of hydrogenated
amorphous silicon films (a-Si:H films) at the interface due to tribochemistry reactions in the friction
process [8]. Therefore, it was concluded that a-Si:H films are beneficial to produce lubricious oxides and
achieve high temperature super-low friction. It would be expected to resolve high friction problems of
high temperature tribology in industrial applications [9,10]. The a-Si:H films were deposited on a steel
substrate and the tribological properties of a-Si:H films were investigated under high temperature.
The a-Si:H films exhibit super-low friction under high temperature [11].

The tribological properties of materials depends on many factors such as temperature, applied
load, sliding velocity, and properties of matting materials. Due to the complexity of friction phenomena
in composite oxides, the friction mechanisms are not fully understood. Therefore, it is necessary to build
an anti-friction system and probe high temperature anti-friction behaviors of a-Si:H films and clarify
high temperature anti-friction and oxidation mechanisms of the a-Si:H film-related friction systems
to extend the wide tribological applications of a-Si:H films under high temperature. The aim of the

Coatings 2019, 9, 450; doi:10.3390/coatings9070450 57 www.mdpi.com/journal/coatings



Coatings 2019, 9, 450

present work is to investigate the influence of friction-matted materials for high temperature antifriction
behavior of a-Si:H films and select appropriate friction-pair materials for a-Si:H films in open air from
200 to 600 °C. High temperature super-low friction and the super-low friction mechanism of a-Si:H
films are expected to achieve and clarify the potential engineering applications at high temperature.

2. Experimental Details

2.1. Preparation of a-Si:H Films

The a-Si:H films were deposited on high speed tool steel (HSS) flats in a plasma-enhanced chemical
vapor deposition (PECVD) system, with a mix gas of Ar and SiHy. Ar gas is introduced into a chamber
to clean the ambient air for 5 min. Then, SiHy gas is used to deposit hydrogenated amorphous silicon
films for 2 h. After deposition of films, Ar gas is introduced into the chamber again to clear the reaction
gas of SiHy. The deposition pressure is about 80 Pa. The thickness of the a-Si:H films is 1 um. The
deposition details of hydrogenated amorphous silicon films are given in our previous paper [11].

2.2. Characterization of a-Si:H Films

Raman spectroscopy (HR800, Horbia Jobin Yvon, Villeneuve d’Ascq, France) with 633 nm and a
resolution of 1 cm™! was employed to estimate the microstructure of a-Si:H films. All Raman spectra
were measured at room temperature to avoid heating the sample. As expected, the measurement of
Fourier Transform Infrared Spectrometry (FTIR, Nicolet iS50, Thermo Fisher Scientific, Madison, WI,
USA) was also performed to analyze the microstructure of a-Si:H films.

2.3. High Temperature Tribotests of a-Si:H Films

Tribotests of a-Si:H films were carried out by a high-temperature tribometer (Universal Tribometer,
Rtec Instruments, San Jose, CA, USA) to investigate the friction and wear behaviors of a-Si:H films and
influence of the friction-pair materials of a steel ball, ZrO, ball, Si3Nis ball and DLC films-coated steel
ball on the tribological properties of a-5i:H films at the temperatures of 200, 400 and 600 °C in ambient
air. The a-Si:H films-coated disc was slid against the ball at a speed of 0.05 m/s and applied load of 5 N.
The friction pairs were cleaned by the ultrasound device in acetone and then blown by dry air before
tests and measurements. The microstructure of the worn surface of ball and flat was investigated by
Raman spectroscopy within the wear scar zone. Surface morphology of the worn surface of the ball
and flat was observed by optical microscopy after tribotests.

3. Results and Discussion

3.1. Raman Spectra and FTIR of a-Si:H Films

Figure 1 shows Raman spectrum of a-Si:H films on a flat. The films exhibit a strong Raman
peak at 480 cm™!, showing amorphous silicon, and a weak peak at 220 cm™~!, showing hydrogenated
amorphous silicon. The band at 2000 cm™! is assigned to the stretching vibration of Si-H bond and the
peak at 630 cm™ is assigned to the bending vibration of Si-H bond in FTIR. It also indicates there is
hydrogen in amorphous silicon films. In the FTIR spectrum of a-Si:H films, the strong bands at 630,
2018 and 2178 cm ™! are the typical and characteristic peaks of a-Si:H films [12]. The band at 630 cm™!
belongs to the Si-H bond. It is also found that the absorption peaks of SiH and SiH; are observed
occurring to peaks at 2018 and 2178 cm™!. According to FTIR measurements, the obtained a-Si:H
films contain lots of hydrogen. There are asymmetric Si-O-Si stretching vibrations at 1040 cm™! and a
Si~O-Si bending mode at 890 cm™! in FTIR spectrum.

58



Coatings 2019, 9, 450

100
100} >

80+ a SN
@ . 95_?30 2018 2178 b
= = \
= -
£ %7 Z 90
£ 2 90
= g
E 40t 5
z 2 83
=

20+ 80|

1040
0 . . L 75 . L L . . . L
0 200 400 600 800 1000 500 1000 1500 2000 2500 3000 3500 4000 4500
Raman shift/em™! Wavenumber/cm™!

Figure 1. (a) Raman and (b) FTIR spectrum of a-Si:H films.
3.2. Tribological Properties of Steel Ballja-Si:H Films under Different Temperatures

Figure 2 shows CoF of steel ball/a-Si:H films under different testing temperatures. At 200 °C,
initial CoF is 0.4 and fluctuates subsequently to 0.47. At 400 °C, initial CoF is 0.26 and average CoF is
0.36. However, there is a big difference in the CoF curve between 400 and 600 °C. At 600 °C, initial CoF
is 0.35 and then drops down to around 0.1 and average CoF is 0.09. It is found that a-Si:H films exhibit
excellent high temperature anti-friction behavior at 600 °C.
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Figure 2. CoF of steel ball/a-Si:H films under different temperatures.

The topography of the worn surfaces was investigated by a non-contact profilometer (CX40M,
Sunny Instruments Co., Ltd., Ningbo, China). Figure 3 shows surface topography of the worn surface
of ball and flat at 600 °C. The wear scar width on flat is about 824.0 um and the wear track width of
ball is 1436.2 pm at 600 °C. There are lots of black materials on wear scar on disc and wear debris with
circle scar on ball. It seems that there are chemical reactions due to environmental high temperature
and friction heating and oxidation products on wear scar during sliding.

The a-Si:H films exhibit super-low friction at 600 °C. The structure and component of the worn
surface of the friction pair are indispensable to be measured at 600 °C. Figure 4 shows SEM (S-3000N,
Hitachi, Tokyo, Japan) image and Raman spectrum of steel ball/a-Si:H films friction pair at 600 °C.
Figure 4a shows SEM image of the worn surface of disc. There are some small and circle particles in
the wear scar on disc. Figure 4b shows Energy Dispersive X-ray Spectroscopy (EDS, S-3000N, Hitachi)
of the worn surface of disc. There are Si, O and Fe elements in the wear scar, which indicates that
there are tribological chemistry reactions and maybe SiO, and iron oxides after tribotests. Figure 4c
shows a typical peak of Fe30y. The band at 665.2 cm™! is the typical peak of Fe30, about A1g model.
The peak at 537.1 cm~! s the typical peak of Fe3Oy for the Tog(2) model and the peak at 291.0 em~1is
the typical peak of Fe3O4 about the E; model. The peak of 1320.2 cm™! is the characteristic peak of
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o-FeyO3. Figure 4d shows Raman spectrum of a-Si:H films. The peak at 660.3 cm™! is the main peak
of Fe30;. The band of 660.3 cm ™ is the typical peaks of a-Fe;O3, and there are bands at 223.7 cm™!
of a-Fey03, 290.2 cm™! of x-FeyO3, 409.7 em™! of «-Fep,O3 and 611.4 cm™! of a-Fe,O3 [13]. These
measurements show these oxides include x-Fe;O3 and FezO4 except for a-Si:H films on the worn
surface of ball and flat. The peak at 940 cm™! is actually the typical peak of Si-O-Si bond stretching.
According to Raman measurements and tribotest results, there are iron oxides of «-Fe,O3 and Fe3O4
on ball and the composite oxides of a-Fe,O3 and SiO; with few Fe3Oy4 on flat. Therefore, the friction
pair is iron oxides of x-Fe,O3 and Fe30, and self-generated composite oxides of a-Fe;O3 and SiO, on
the flat through high temperature oxidation reaction, which results in high temperature super-low
friction at the temperature of 600 °C.

(a) (b)
Figure 3. Images of wear scar of steel ball/a-Si:H films at 600 °C: (a) disc; (b) ball.
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Figure 4. SEM images and EDS of wear scar of disc and Raman spectrum of steel ball/a-Si:H films:
(a) SEM images and (b) EDS spectroscopy of wear scar disc at 600 °C. (c) Raman spectrum of wear scar
on ball. (d) Raman spectrum of wear scar on disc.
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3.3. Tribological Properties of DLC Films on Steel Ball/a-Si:H Films under Different Temperatures

Figure 5 shows CoF of DLC films on steel ball/a-Si:H films under different tribotest temperatures.
At 200 °C, initial CoF is 0.1 and fluctuates to 0.38 until the end of tribotest. At 400 °C, initial CoF is 0.49
and then fluctuates to the maximum value of 0.56 and finally CoF decreases to below 0.1 after 1000 s.
The average CoF is 0.08. At 600 °C, initial CoF is 0.36 and then goes down slowly to below 0.1 and
average CoF is about 0.07. The antifriction behaviors of DLC films/a-Si:H films are different these of
steel ball/a-Si:H films, especially in high temperature. At 400 °C, CoF of steel ball/a-Si:H films is low at
the initial stage and fluctuates on a stable stage, however, CoF of DLC films/ a-Si:H films is high at
the initial stage and then decreases slightly to low CoF after the maximum value. At 600 °C, CoF of
steel ball/a-Si:H films reaches the maximum value and decreases slightly to low CoF at a stable stage,
however, CoF of DLC films/a-Si:H films decreases to low CoF with the increase of sliding time.
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Figure 5. CoF of DLC films on steel ball/a-Si:H films under different temperatures.

Figure 6 shows the surface topography of the worn surface of ball and flat at 600 °C. The wear
track width of flat is about 795.4 um and the wear track width of ball is 1456.1 pm at 600 °C. There are
also lots of black materials on the wear scar on the flat, however, there is not only wear debris in the
wear scar but also few deep plough grooves in the circle wear scar on ball.

(a) (b)
Figure 6. Images of wear scar of DLC films on steel ball/a-Si:H films at 600 °C: (a) disc; (b) ball.

Figure 7 shows Raman spectra of DLC films/a-Si:H films at 600 °C. For ball, the most representative
bands of hematite (cx phase) are around 228.6 and 295.2 em™!. The 507.5 cm™! band is due to SiC lattice
vibrations that were recorded in the sample. The region of the Raman spectrum in which spectral
features associated with carbon inclusions could be expected. The spectrum contains one strongly
resolved band (1324.8 cm™!) band that is probably due to carbon present (graphitic phase) at this point
in the sample in the sp® configuration. The Si-O-Si modes of silicate chains appear at 668.6 cm™!. Tt
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can be seen that transverse (TO) at 1049.6 cm~! Si modes appear weak in the spectra. Figure 7b shows
Raman spectrum of the disc. There are bands of 227.9 cm™! of &-Fe,O3 with Ajg model, 287.4 cm™!
of a-Fe;O3 with Eg(3) model. The temperature produced by the friction heating will result in the
oxidation of the steel substrate. Hence Raman spectrum shows significantly intense modes at 287.4
and 405.2 cm™! which correspond to a-Fe;O3, but the Raman mode at 1308.2 cm™! is not affected
significantly. According to Raman measurements and tribotest results, there are mainly «-Fe,O3 with
few SiC and carbon on ball and the oxides of a-Fe;O3 and SiO; on flat. Therefore, the friction pair
exhibits better anti-friction behavior than those for DLC films/a-Si:H films at 600 °C because there are
carbon-related materials on the contact surface.
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Figure 7. Raman spectrum of wear scar of DLC films/silicon films under different temperatures: (a) ball;
(b) disc.

3.4. Tribological Properties of ZrO; Ball/a-Si:H Films under Different Temperatures

Figure 8 shows CoF of ZrO, ball/a-Si:H films under different tribotesting temperatures. At 200 °C,
initial CoF is 0.35 and decreases to around 0.2 at the stable stage. At 400 °C, initial CoF is 0.3 and
decreases to around 0.2. The average CoF is 0.2. At 600 °C, initial CoF is 0.22 and then goes down
slowly to 0.1 and average CoF is about 0.07. It is found that CoF of ZrO, ball/a-Si:H films is relatively
low at the initial stage and CoF is also low at the stage comparing other friction pairs, especially at
high temperature.
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Figure 8. CoF of ZrO; ball/a-Si:H films under different temperatures.
3.5. Tribological Properties of SizN4 Ball/a-Si:H Films under Different Temperatures

Figure 9 shows CoF of SizNy ball/a-Si:H films under different testing temperatures. At 200 °C,
initial CoF is 0.3 and decreases to around 0.33 at the stable stage. At 400 °C, initial CoF is 0.3 and
decreases to around 0.2. The average CoF is 0.21. At 600 °C, initial CoF is 0.24 and then decreases
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slowly to below 0.1 and average CoF is about 0.07. It is found that CoF of SizNy ball/a-Si:H films is
also relatively low at the initial stage and CoF is also low at the stage comparing other friction pairs,
especially in high temperature. It means that Si3Ny is suitable for using as frictional matted material
for a-Si:H films and the friction pair exhibits lower than that of ZrO, ball, which is important to get
super-low friction and high wear-resistance.
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Figure 9. CoF of Si3Niy4 ball/a-Si:H films under different temperatures.

Figure 10 shows surface topography of the worn surface on ball and flat under different
temperatures. The wear scar width of flat is about 775.7 um and the wear scar width of ball is
889.5 um at 600 °C. It is found that the width of SizNy ball/a-Si:H films is low. There are some black
materials on the wear scar on flat and there are wide plough grooves in wear scar of ball; it seems that
the ball surface looks smooth and few wear debris, which means that the iron oxides adhered hardly to
SizNy ball and reduce the friction and adhesion.

Figure 10. Images of wear scar of SizNy ball/a-Si:H films at 600 °C: (a) a-Si:H; (b) ball.

Figure 11 shows Raman spectrum of SizNy ball/a-Si:H films at 600 °C. Note the low frequency
mode at 182.0 cm™! because this is an external vibration model of SizNj. The shifts of the bands at
182,203, 861.8 and 926.7 cm™! have been observed. These bands are the characteristic bands of SizNy.
The bands in the low frequency range at 615.8 and 658.8 cm™! are associated with the overlapping of
the symmetrical stretching vibrations and the bending vibrations of Si-O-5i bonds of silicate chains.
Figure 11b shows the Raman spectrum of a flat. There are bands of 225.9 em™! of a-Fe, O3 with Aqg
model, 291.9 cm™! of «-Fe;O3 with E¢(3) model. Therefore, the Raman spectrum shows a significantly
intense mode at 409.9 cm™! which corresponds to «-Fe,O3. According to Raman measurements and
tribotest results, there is mainly SizNy or few a-Fe,O3 on ball and the composite oxide of «-Fe;O3 and
SiO; on the flat. The friction pair exhibits better anti-friction behaviors than those for SizNy ball/a-Si:-H
films at 600 °C.
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Figure 11. Raman spectrum of wear scar of Si3Ny/a-Si:H films under different temperatures: (a) ball;

(b) disc.
3.6. High Temperature Anti-Friction Mechanism of a-Si:H Films

Figure 12 shows the CoF of different friction pair materials and a-Si:H films under different
tribotest temperatures. At 200 °C, CoF is very high (around 0.5) during high temperature tribotests
for steel ball and DLC films on steel ball sliding against a-Si:H films. However, CoF is relatively low
(around 0.2) for Si3sNy and ZrO, balls sliding against a-Si:H films. The reason maybe that the difference
in hardness of the friction pair is low. When the temperature increases to 400 °C, DLC films started to
be graphitized, even oxidized and the steel was oxidized with oxygen and water vapor under high
contact pressure and high temperature conditions, especially for a-Si:H films on the ball contacting
with the flat all the time and resulting in high flash temperature during friction and wear tests. There
are mainly iron oxides at 400 °C, thus, CoF is low at the initial and stable stage. At 600 °C, there is
«-Fe;O3 on the contact surface, and CoF is low even in the stable stage. There are iron oxides on the
ball before the friction test and there are composite oxides of a-Fe;O3 and SiO, on flat, therefore, the
friction pair is x-Fe;Os/x-Fe;O3 and SiO,, which results in high temperature super-low friction [14].
There are self-generated composite oxides of x-Fe;O3 and SiO, on flat surfaces before the tribotest
due to a high temperature oxidation reaction at 600°C. For steel ball, DLC films on ball and SizNj ball,
CoF decreases with an increase in temperatures. For ZrO, ball, CoF is almost the same below 600 °C,
and then decreases to super-low friction at 600 °C. It is shown that Si3Niy is suitable for hydrogenated
amorphous silicon films according to tribotest results and Raman observations. This is because CoF is
higher for ZrO, ball (0.21) than for SizNy ball (0.09) at 400 °C and CoF is the same for ZrO, ball (0.07)
than for Si3Ny ball (0.07) at 600 °C. Moreover, CoF is higher for steel ball (0.36) than and almost same
for DLC ball (0.08) for SizNy ball (0.09) at 400 °C, and CoF is almost same for steel ball (0.09) and DLC
ball (0.07) as for Si3Ny ball (0.07) at 600 °C. Raman measurements show that oxygen reacts with the
steel surface and a-Si:H films during the tribological process and produces complex oxide films, which
are composed of a-Fe;O3 and SiO, on flat. However, not all tribological chemistry reaction products in
this tribological process can be employed to improve high temperature anti-friction behaviors. There
are different oxidation products due to tribological chemistry on the ball. There are o-Fe;O3 and Fe3Oy,
«-Fe; O3 and SiC, a-Fe,O3 and ZrO, and «-Fe,O5 and SizNy on ball for steel ball, DLC films, ZrO,
and SizNy ball respectively [15]. The friction pair exhibits high temperature super-low friction when
there are hard materials such as Si3N4 and soft material such as x-Fe;O3, which is important for the
achievement of super-low friction of the friction system.
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Figure 12. CoF of different friction pair materials and temperatures.
4. Conclusions

The effect of the friction pair materials on the antifriction behaviors of a-5i:H films is investigated
under high temperature in open air and super-low friction mechanism of a-Si:H films-related friction
system under high temperature is also discussed in the present paper. Conclusions can be summarized
as follows.

e COF of the friction system decreases from 200 to 600 °C independent of the friction pair materials.
CoF of the friction system is as low as 0.07 at the stable stage at 600 °C in ambient air. The friction
system exhibits excellent high temperature anti-friction behavior.

e  The initial CoF is high for steel ball and DLC films on steel ball and low for ceramic ball due to
high thermal stability of ceramic materials in ambient air event at 600 °C. The ceramic materials
are suitable for tribological applications under high temperature due to the stable and initial low
CoF of the friction system.

e  Super-low friction of the friction system at the temperature of 600 °C is achieved independent of
the friction pair materials. Moreover, SizNy is appropriate for a-Si:H films at a wide temperature,
especially in high temperatures.

e  Super-low friction of the a-Si:H films-related friction system is attributed to high temperature
oxidation of a-Si:H films and the metal substrate and the tribochemical products including iron
oxides and adhered to surface of ball. The tribochemical reaction generated between the contact
surface and oxygen during sliding is beneficial to high temperature antifriction behaviors of
hydrogenated amorphous silicon films.
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Abstract: Crack-growth behavior in yttria-stabilized zirconia-based thermal barrier coatings (TBCs)
is investigated through a cyclic thermal fatigue (CTF) test to understand TBCs’ failure mechanisms.
Initial cracks were introduced on the coatings’ top surface and cross section using the micro-indentation
technique. The results show that crack length in the surface-cracked TBCs grew parabolically with
the number of cycles in the CTF test. Failure in the surface-cracked TBC was dependent on the initial
crack length formed with different loading levels, suggesting the existence of a threshold surface crack
length. For the cross section, the horizontal crack length increased in a similar manner as observed in
the surface. By contrast, in the vertical direction, the crack did not grow very much with CTF testing.
An analytical model is proposed to explain the experimentally-observed crack-growth behavior.

Keywords: thermal barrier coating; cyclic thermal fatigue; crack growth; initial crack length; failure

1. Introduction

Thermal barrier coatings (TBCs) are employed for the accommodation of the turbine-inlet
temperature increase as well as protection of the hot components from severe operating conditions in
gas turbine and jet engine systems [1-4]. A typical TBC system includes a thermal insulating ceramic
top coat, metallic bond coat, and thermally-grown oxide (TGO), which results from oxidation of
metallic elements diffused from the bond coat [5]. Yttria-stabilized zirconia (YSZ) with 7-8 wt.% yttria
is commonly used for top-coat material because of its excellent thermomechanical properties, such
as low thermal conductivity, relatively high coefficient of thermal expansion (CTE), and mechanical
properties of fracture toughness and hardness [6,7]. In some cases, however, a bare metal substrate or
metallic bond coat of rotational components is directly exposed to a flame when TBCs are delaminated
or spalled because of crack propagation and coalescence during operation. This exposure can cause
the fracture of rotational components as well as the other parts, which results in fatal problems. Some
researchers have shown that the delamination of TBCs occurs just above the interface between the top
coat and TGO layer [5,8-10]. Khan et al. [10] evaluated the thermal durability of an air-plasma-sprayed
(APS) TBC through a thermal cyclic exposure test, indicating that the 8YSZ-based TBC is delaminated
within the top coat around the interface between the top coat and the TGO layer. Accordingly,
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the investigation of crack propagation and its coalescence is essential for understanding the failure
mechanism of TBCs, predicting the lifetime performance of TBCs, and designing reliable TBCs.

During actual operation, the TBC system is placed in severe circumstances [11,12]: (i) thermal stress
from hot-gas exposure; (ii) mechanical stress caused by high-speed rotation; (iii) corrosive environment
with Calcia-Magnesia—Alumina-Silica; (iv) erosion caused by direct flame and/or particles from outside;
and (v) interaction through the diffusion between top and bond coats. Under these conditions, the
failure of TBCs, especially plasma-sprayed TBCs, is explained by a complex mechanism with one or
more combined phenomena [5,11,13-21]. (i) At the initial operation stage, the TGO layer is grown by
oxidation of the bond coat. Further oxidation of the bond coat can be avoided owing to the uniformly
grown TGO layer, which functions as a diffusion barrier. During thermal exposure, the TGO thickness
increases with the undulating interface. As heating and cooling procedures continue; however, the
TGO layer is cracked by interfacial stress resulting from CTE mismatch between the top and bond
coats. Cracks can play a role in the oxygen path, so the bond coat suffers from further oxidation. (ii) As
oxidation continues, Al is depleted and some other brittle oxides, such as chromia and spinel, can be
formed by oxidation of Co, Ni, and Cr components around the TGO layer with volume change, which
can cause crack nucleation and further oxidation, finally leading to TBC failure. On the other hand,
(iii) high thermal stress, especially compressive stress in a hot area, is imposed on the surface of the
coating during engine operation, and the surface area suffers deformation with stress relaxation. Then,
a surface crack is initiated because of the tensile stress during cooling, resulting in delamination along
the TBC to the bond coat interface.

Donohue et al. [22] suggested converting the energy release rate into toughness within dense
vertically-cracked TBCs, indicating the positive impact of the segmented microstructure on long-crack
toughness. The fracture toughness of plasma-sprayed TBC was investigated according to the aspects
of processing, microstructure, and thermal aging [23]. Recently, there are extensive experimental
work and analytical calculations on more complicated TBCs, such as multilayered structure [24-26],
solution precursor plasma spray coating [27], and suspension plasma spray coating [28,29]. Their crack
initiation and propagation under a thermal cyclic environment were investigated with analysis of
mechanical and thermal properties.

In this study, crack-growth behavior just above the TGO layer was observed to understand the
failure mechanism of TBCs. An initial crack was formed (i) on the TBC surface to simulate damage
due to extrinsic factors (e.g., erosion or foreign object debris (FOD)) and (ii) within the top coat just
above the interface between the top and bond coats in the cross section, which simulates the cracking
initiation site due to bond coat oxidation and TGO growth in a typical APS coating. The crack growth
behavior was investigated and described in detail through cyclic thermal fatigue (CTF) tests. An
analytical model was employed to predict the residual stress distribution and fatigue crack-growth
behavior. The results and analysis of this study can be helpful for further understanding of the TBC
failure mechanism, resulting in the development of reliable TBC systems.

2. Experimental Procedure

2.1. Sample Preparation

In this study, typical 8YSZ TBC systems were prepared using commercial feedstock powders. The
Ni-based superalloy (Nimonic 263, ThyssenKrupp VDM, Essen, Germany; nominal composition of
Ni-20Cr—20Co0-5.9M0-0.5A1-2.1Ti-0.4Mn-0.35i-0.06C, in wt.%) was used as a substrate in the shape
of a disk and dimensions of 25 mm in diameter and 5 mm in thickness. Sandblasting using Al,O3
powder (particle size ~ 420 um) was performed before the deposition of the bond coat. A bond coat
with a thickness of about 300 pm was formed on the substrate by the APS method, using AMDRY 9625
(Sulzer Metco Holding AG, Winterthur, Switzerland, the nominal composition of Ni-22Cr-10Al-1.0Y
in wt.% and particle size 45-75 um). After creating the bond coat, the top coat was deposited by the
APS method with a thickness of about 600 um, using METCO 204 C-NS (Sulzer Metco Holding AG,
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Switzerland, 8Y,03-Zr0,) and particle size of 45-125 um. The fabrication parameters employed for
the bond and top coats were recommended by the manufacturer; see Table 1.

Table 1. Parameters of air plasma spraying.

Current Primary  Secondary Powder Spray Gun Turn Table
Parameter Gun Type u(AT Gas, Ar Gas, H, Feed Rate  Distance Speed Speed
(L/min) (L/min) (g/min) (mm) (mm/s) (mm/s)
Top coat METCO-3MB 480 23.6 5.6 40 80 4 1300
Bond coat ~ METCO-3MB 420 28.3 5.6 30 80 4 1300

2.2. Crack Formation and Observation

To create the initial cracks on the surface, the selected TBC samples before crack formation were
polished using silicon carbide paper and fine polished with a 1 pm diamond paste. On the other hand,
the selected TBC samples for the cross-sectional cracks were sectioned and given a final polish with a
1 um diamond paste. The initial surface crack was generated in the center of the polished top coat
surface, while the cross-sectional crack was generated above the interface of top and bond coats within
100 pm. A micro-indenter (HM-114, Mitutoyo Corp., Kawasaki City, Japan) with a Vickers tip was
used for the formation of cracks through the indentation load with loading levels of 30 and 50 N for
the surface, but only 30 N of load was employed on the cross section because of the formation of large
imprints (>100 um).

CTF tests were performed for both the surface and cross-sectional-cracked TBCs to impose thermal
fatigue conditions and observe the growth behavior of the induced cracks. The TBC samples were
held in the furnace with a dwell time of 40 min at a temperature of 1121 °C and then naturally cooled
for 20 min in air. The CTF tests were performed up to 640 cycles and the criterion of delamination
was defined as about 25% spallation of the top coat. At least five specimens were tested for each crack
formation condition, and each specimen had only one imprint to avoid interrelation of stresses and/or
cracks between the imprints in different locations. The microstructure was observed by scanning
electron microscope (SEM, JEOL Model JSM-5610, Tokyo, Japan) to investigate the crack-growth
behavior. The samples after 10, 20, 40, 80, 160, and 320 cycles in the CTF tests were cleaned to observe
the microstructure around the induced cracks and to measure the crack length grown after the CTF
tests. The crack length was measured from the center of the indentation imprints. The surface crack
length was measured regardless of the direction, while vertical and horizontal cracks were measured
on the cross section.

3. Modeling of Residual Stress and Crack-Growth Behavior in TBC Samples

In cyclic thermal exposure environments, thermally-induced residual stress forms in the TBC
multilayers because of differential coefficients of thermal expansion in each layer [30,31]. In this work,
a linear elastic analytical model was employed to understand the residual stress distribution and
resultant cracking phenomena, as in [30-33]. In the model, the interface between the substrate and the
bond coat was defined as the origin line, where z = 0. The distance from layer i to the substrate was
defined as h; [32,34,35]. The thermal residual stress in the substrate and the 7y, coating layer, which is
related to the misfit strain ¢; and bending curvature K, can be expressed as [32,33]:

0s = Es[es + K(z+ )] (-ts < z < 0) 1)

0;=Eile;+K(z+8)] (1 <i <mn hiy <z <h) (2)

where Es and E; are Young’s moduli of the substrate and iy, coating layer, respectively. 6 is the distance
from the bending axis, where the bending strain is zero. ¢;, €5, 8, and K can be individually expressed
as [33]:
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where o is the CTE, k is the coating layers range from 1 to 1, and ¢; is the thickness of the iy, layer.
4. Results

4.1. Crack Initiation

The images around the indentation imprints formed by different loading levels on the surface of
the TBC are shown in Figure 1. Figure 1A,B is imprints generated by loading levels of 30 and 50 N,
respectively, and the white arrows indicate induced cracks. Crack formation initiated from the center
of the rhombus through the angular points and edges regardless of direction, and showed larger
rhombus-shaped imprints as well as longer crack length in the indentation load of 50 N, compared
to 30 N. The as-coated microstructure image and the induced cracks on the cross-sectional area are
shown in Figure 2. The typical APS-coated microstructure was observed with some defects like pores
and splat boundaries. The red-dotted line designates the interface between the top and bond coats,
suggesting the imprint was formed just above the interface. The high-resolution back-scattering
emission mode image of the white-dotted box from the normal SEM image of Figure 2B is shown in
Figure 2C. The horizontal crack that was parallel to the interface was evidently formed longer than
that in the vertical direction.

Figure 3 shows the initial crack lengths before the CTF test with the indented position, loading
level, and crack direction. The surface crack length with different loads of 30 and 50 N were 101 + 17
and 121 + 30 um, respectively. On the other hand, the cross-sectional crack lengths induced by 30 N
were noticeably different depending on the direction. The vertical crack length was 50 + 10 pm, while
the horizontal crack length was 153 + 7 um, which was larger than the 50 N loaded on the surface.

Induced ¢ Induée&l oY
Wi ceracke crack

50 pm 50 pm

Figure 1. Surface images of Thermal Barrier Coatings (TBCs) with cracks induced by indentation:
(A) 30 N and (B) 50 N.
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Figure 2. Cross-sectional images of TBCs with cracks induced by an indentation load of 30 N:
(A) as-prepared image; (B) image of crack generation; and (C) highly-magnified image of the boxed area.
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Figure 3. Crack lengths measured on the surface and cross-sectional images before cyclic thermal
fatigue (CTF) tests.
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4.2. Crack Propagation

Crack coalescence and increase of crack dimension due to the damage accumulation from thermal
stress were detected during CTF tests, as shown in Figures 4 and 5, respectively, which were observed
after 320 cycles. The crack length formed on the surface was increased through their linkage, and
microstructural degradation was observed, including defects such as pores and small cracks. At the
same time, the dimension of the surface crack was increased during the CTF tests about 20-100 um,
showing degraded surface microstructure.

Figure 4. Surface crack-growth behavior during CTF tests: (A) as-prepared crack and (B) crack grown
after 320 cycles.

Figure 5. Surface crack thickening during CTF tests: (A) as-prepared crack and (B) thickened crack
after 320 cycles.

The crack-growth behavior on the cross section during CTF tests is shown in Figure 6. The cracks
formed in the direction vertical to the interface did not grow compared with the horizontal crack, while
crack coalescence and thickening were observed in the horizontal crack with an undulating shape.
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Overall, the microstructure was degraded after the CTF tests, showing increased defects, such as pores
and small cracks.

Figure 6. Crack-growth behavior on the cross section during CTF tests: (A) vertical crack and
(B) horizontal crack. Each number indicates crack images: (1) before test and (2) after 320 cycles.

4.3. Crack Growth to Failure

The crack-growth behavior on the surface is shown in Figures 7 and 8 with cycle during CTF
tests. The crack lengths were measured through SEM images after 10, 20, 40, 80, 160, and 320 cycles.
The dotted and solid curves are empirical data fits for each crack length grown during CTF tests for
the initial cracks formed by 30 and 50 N, respectively. The vertical dotted and solid lines indicate the
average failure cycle number in the CTF tests, respectively, indicating that the nomi