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Summary
Thermal barrier coatings (TBC) are proven to protect the hot section of components operated
under elevated temperature. Suspension Plasma Spray (SPS) is an emerging manufacturing
process that is used to produce TBCsI, It has the ability to deposit a thinner TBC that has finer
microstructure than coatings deposited using traditional Atmospheric Plasma Spray (APS). The
coating spray parameters have a significant role in developing the coating properties and thereby the coatings failure. In this thesis work, the parameters such as the spray distance, the feed
rate, and the surface velocity were varied to deposit six sets of TBC samples. The as-sprayed
samples were analysed and next tested at different temperatures (1000°C, 1050°C and 1100°C)
making thermal cyclic fatigue test (TCF) and thermal shock test also known as Burner Rig Test
(BRT). These investigations aimed at trying to find an explanation for the effect of each varied
process parameter on the deposited TBC. However the cases at 1100°C were not reliable
enough to conclude.
It was found that most porous coating was produced in Run 1. The porosity decreased gradually from Run 1 to the last run (Run 6) by changing the spray parameters. The failure in all
cases was mainly due to the Thermally Grown Oxide (TGO) which causes cracking near the
topcoat-bond coat interface. According to many cross sectional and top surface morphology
SEM images taken during this work, the sintering of TBCs during thermal cycling also played a
significant role in the top coat failure.
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1 Introduction

The evolution in the area of power generation, especially in gas turbine, has a big influence on the
development of new process and materials to increase efficiency and work performance. Because of
the demand for higher operating temperature, parts of the engines located in the hottest section (i.e.
both rotating and non-rotating parts that experience the highest temperatures) need better thermal
protection. Without any need to increase the metallic components operating temperature, the thermal barrier coating (TBC) allows to increase the operating temperature of the engine [1].
The most popular TBCs techniques are the atmospheric plasma spraying (APS), the electron beam
physical vapor deposition (EB-PVD), the suspension plasma spraying (SPS), and the solution precursor plasma spraying (SPPS). In this study, the SPS was selected because of it produces TBC with
low thermal conductivity and relatively long life time, as well as because of the low cost and the flexibility of this process. The TBC produced with EB-PVD are characterized by a strain tolerant columnar structure, which clearly lead to longer lifetime. However, due to their high cost of production, larger components which are handled, and to the higher TBCs thermal conductivity compared
to TBCs manufactured with APS, are several limitations to the use of EB-PVD TBCs.

The SPS and SPPS are the latest deposition coating methods. They use a liquid-based feedstock to
partially overcome injection difficulties by using fine particles powder [2].
Recently, an important goal of several recent studies was to increase the coating thickness of top
coat made of YSZ. But while the increase in top coat thickness leads to higher thermal insulation, it
has the unavoidable drawbacks of low thermal shock resistance and peel off [3].

Figure 1: schematic of jet engine showing the main basic components involved [courtesy GKN
Aerospace]
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1.1 Aim and approach
The present work aims to analyse the failure that takes place in suspension plasma sprayed coating
operated in work environment with very high temperature such as in jet engines and in industrial gas
turbines. For this, the samples to be investigated in this work were divided into two groups, one for
conducting thermal shock tests and the other one for thermal cycle fatigue tests. All the samples
belonging to the thermal shock group were examined in the SEM lab before being mounted, and
cut. The reason for this preliminary observation is to obtain some documented reference in order to
be able to establish the changes that take place in the top coat and even the bond coat because of
the high thermal test. After that all samples from the two groups were mounted, cut and then examined again with SEM lab to observe the coating’s side section.
1.2 Industrial Context
As underlined in the introduction, increasing the thermal efficiency for the gas turbines is the most
intention for the industry nowadays. The goal is to generate more power and consume less fuel for
the same engine. The thermal barrier coating becomes extensively used in both industrial gas turbines and the aeronautic turbines. While it is considered to be an established technology, the utilisation and development of TBC’s still faces many obstacles. The major problems are due limitations
of both the upper operating temperature and the lifetime.
There is thus a need to develop a new generation of TBC with increased life time compared to the
TBC’s currently produced. In the case of the industrial gas turbines, the desired service life is about
40 000 hours.
The TBC’s manufactured with SPS have a performance which is almost similar to EB-PVD TBC’s,
making SPS an interesting manufacturing technique for TBC’s. The number of industrial facilities
capable of producing EB-PVD coatings is still low compared to the number of industrial facilities
producing coatings with SPS. More components would be coated with this technology if there was a
better availability and cost reduction [4].

2
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2 Background
2.1 Thermal barrier coatings
Thermal barrier coatings (TBCs) are a proven and simple means to protect the hot section parts,
such as blades, combustor liners, vanes, tiles...etc. present in current gas turbine engines [5-7]. A
TBCs system mainly consists of: substrate, top coat, and the layer lying between them that is called
the bond coat. Because of the severe work conditions where the TBCs are operated, the TBCs functional properties rely basically on the top coats properties. Therefore, the TBCs should possess
phase stability, low thermal conductivity, good adhesion to the substrate, as well as a good erosion
resistance [8]. The main function of the bond coat is to protect the substrate from any corrosion and
oxidation, and to improve the adhesion of the top coat. The bond coat mainly consists of M-CrAlY
alloys, where M can stand for Cobalt, Nickel, Iron or alloys combining these atomic elements. For
the top coat, the Yttria stabilised Zirconia is normally used and because of its excellent ability to
fulfil the TBCs requirements in the best way. Pure Zirconia is subject to a phase change at temperatures around 1100°C, which results in volume change and that leads to failure. Subsequently, to
avoid this problem, Yttria is usually used to stabilize Zirconia; the resultant material is therefore
known as Yttria-stabilized Zirconia (YSZ) [9]. Figure 2 shows a typical TBC.

Figure 2: Thermal Barrier Coating system
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2.2 Atmospheric plasma spray
Because of its high deposition efficiency as well as its low cost, the Atmospheric Plasma Spray (APS)
process is widely used in manufacturing since the 80s, last century [10]. The size of the powder injected in the plasma jet ranges between 20-120 µm [11]. The powder is both heated and accelerated
by the plasma jet during its fly towards its goal (the substrate). It is deposited on the substrate to
build up the coating. The principle of APS is shown in figure 3.

Figure 3: Scheme of APS, picture adapted by Ref [8]
The plasma gas is generated from a gas flowing between concentric anode and cathode (as can be
seen in Fig. 3) or a more complex system made of a larger number of anodes and/or cathodes. The
electrodes are used to form an arc and ionise and dissociate the gas to create a powerful plasma. The
plasma is pushed throughout a nozzle that increases the energy density of the plasma jet and also
helps to constrict is. After that and because of their instability the plasma ions recombine to neutral
state releasing a huge thermal energy [12]. During this process the temperature generally reaches
more than 8000K [13], which is sufficient to melt any material. Both the carrier gas and the feed
stock are injected into the plume of the hot gas (that is downstream the nozzle in Figure 3). After a
short flight in the plume the powder particles are rapidly deposited on the substrate; as they are almost fully sintered, post-deposition heat treatment can be avoided. APS has many excellent properties which makes it a widely used thermal spray method, such as the absence of heat-affected zone
between the substrate and the coating, as well as the lack of component distortion. Powders size in
the range of sub-micrometre or nanometre is desired in TBC coatings, because such sizes proved
provide better coating properties, i.e. lower thermal diffusivity, and higher thermal expansion coefficient [11]. However, the nanometre-scale powder cannot be injected directly in a plasma plume because of its low weight and poor flowability [14]. Further, the powders which are less than 5 µm in
size try to agglomerate because of their electrostatic surface forces [15]; this may cause injectors
clogging. Therefore, it is desired to introduce a new process to handle this problem.
4
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A solution consists in transporting the powder in a liquid carrier; this powders-liquid mixture forms
a suspension. The method is thus called suspension plasma spraying (SPS).
2.3 Suspension plasma spray
SPS can be described as an emerging manufacturing process that uses as feed stock of nanometre or
micrometre size particles dispersed in a liquid. The liquid is usually ethanol, water or their mixture
[16]. So, in the SPS process, once the suspension passes through the plasma jet, the carrier liquid
atomizes and rapidly evaporates, the solid particles stick together, then melt and impact the substrate
to form the coating [17]. Because of its small droplets that range between 100 nm and several µm
[18], the SPS process allows to obtain thin coating layer ranging from 20 to 100 µm [19] that have a
finer microstructures compared coatings deposited with APS. For example, by controlling suited
operating parameters the high segmentation of crack densities can be produced to increase the coating’s lifetime [20].

Figure 4: Injection mode a. radial injection b. axial injection
Basically there are two methods which provide the feedstock slurry: the axial injection and the radial
one, as shown in Figure 4. The radial injection (Figure 4a) is more common. Then the slurry is injected along the radius of the torch in the external jet downstream the plasma torch [21]. The most
important parameters such as the droplet velocity and size must be controlled strictly, since it is essential to produce droplets that can penetrate the plasma jet up to the plasma plume centre. With an
axial injection (Figure 4b), a co-axial injector is used to inject the feedstock directly into the part of
the plasma plume that is in the plasma torch. So, it cope the radial injection drawback; nevertheless
it is more complex since the feedstock should pass through the whole length of plasma torch. Further, the size of the co-axial injector can also become a limitation, as well as stand-off distance,
plasma gas flow rate and even the rate of suspension in the axial injection are critical factors [22, 23].
In order to obtain more homogenous particle distributions regarding their velocities and sizes, both
injection methods (the radial and the axial) are feed by a tank. Figure 5 shows both mixing modes
for the carrier liquid and the plasma gas. Figure 5a shows the internal-mixing. In that case the mixing
takes place in a cylindrical chamber, where the carrier liquid is accelerated and then at the end of the
chamber inside the torch nozzle it mixes with the plasma gas. This case can be considered as a high
mixing level. In external-mixing, the mixing of gas and liquid takes instead place downstream the
plasma torch, as shown in Figure 5b. More gas is needed in external-mixing compared to internalmixing [17].
5
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Figure 5: Injection nozzles, adapted from Ref [13] a. internal-mixing b. externalmixing
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3 Experimental Methods and Materials
The work done in this Master thesis was experimental, and all the experiments were performed at
PTC, University West. The samples were divided into two groups. For the thermal shock group, the
samples were exposed to three different temperatures 1000°C, 1050°C, and 1100°C. While the second group, called thermal cycle fatigue, (TCF) the cycles were done at 1100°C.
3.1 Materials
The standard ceramic top coat is 8wt.% Yttria Stabilized Zirconia (YSZ) which is used for thermal
barrier coating because of its great properties such as high low thermal conductivity, excellent phase
stability (up to 1200°C), high coefficient of thermal expansion (CTE), and high fracture toughness.
[24]
The coatings were deposited on the same material substrates and the samples had the same geometry. They were round buttons with 6 mm thickness and 25 mm diameter. Table 1 shows the details
for the feedstock materials and the spray gun. (8)
Table 1: Materials data
Top Coat

Bond Coat

Substrate

Coating Process

8YSZ

NiCoCrAlY

Hastelloy X

HVAF (Bond Coat)
SPS (Top Coat)

Liquid carrier/suspension

Pure alcohol (ethanol)

Table 2 gives the top coat spray parameters that were varied for both thermal cyclic fatigue and
thermal shock tests. All other parameters were kept the same.
Table 2: Topcoat spray parameters
Run

Spray distance
mm

Feed rate
ml/min

Surface
Velocity
m/min

Power
kW

No. of
Strokes

1
2
3
4
5
6

100
100
100
100
75
75

100
100
45
100
100
45

100
100
100
75
75
75

124
140
140
140
140
124

30
30
65
23
23
50
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3.2 Metallographic preparation of the sprayed samples
The following steps were performed for cleaning and polishing the sprayed samples in order to obtain the best possible conditions for observing the microstructure in the microscopy test view. Then
by using the STRUERS cutting machine the samples were cut at the speed of 2200 rpm, feed of
0.1mm and the length of 45mm. Water was supplied during the process to flush away the particles
and for cooling purpose. The next step is the mounting of the samples with epoxy resin and hardener with weight ratio 5:1 respectively, as well as applying the releasing agent to the mold to help releasing the mounted samples from the mold after they dried. In order to prevent bubble formation
the solution must be vacuumed. The best mount setting time is approximately 20 hours to reduce
the chance of breaking. The dried samples then should be grinded and refined thus to prevent the
polishing cloth to get damaged during the polishing process. The machine Buehler PowerPro 5000
(Buehler, USA) that has U10 Program (TBC program) was used for the polishing process. The polishing steps consist of:
1st step: Loading the samples in their holder (which allows up to 6 samples to be hold). For this step
a 125µm polishing disc which is made of silicon carbide was used. During the polishing process the
water was supplied for cooling, for reducing the friction and to move away the particles. This step
takes about 5 minutes.
2nd step: The same step was repeated but this time with a 45µm polishing disc, and just 3 minutes
operation.
3rd step: A 9 µm polishing disc which has a polishing cloth and liquid (pink color) 9 micron diamond was used in this process, which needs 5 minutes to be done.
4th step: A 3µm polishing disc and a three micron liquid metal polish were used for this step with
duration of 10 minutes.
5th step: In this step a 0.05µm polishing disc was used with the silicon dioxide as a liquid, also during
10 minutes. In that case the water was supplied underneath the polishing disc for cooling purpose
(since this disc is very sensitive during this relatively long polishing time process); in this last step the
water can as well be useful for cleaning purpose.
Finally, to make the samples ready for the microstructural analysis by the Scanning Electron Microscopes (SEM), they must be loaded in the sputter coater device to make the ceramic part of the surface electrically conductive and thus allow electron reflection. The CRESSINGTON 108 auto machine was used for this purpose. It can hold two samples for each run which takes only 20 seconds.
3.3 Microstructural analysis and coating examination
The failed samples were prepared at three different temperatures for the shock thermal group and
examined by high resolution Scanning Electron Microscopy (SEM) to analyse the top coat’s microstructure. Next these samples were mounted, cut, and polished to be prepared again for the SEM lab
to examine the coating section. In this analysis the SEM was made using a HITACHI TM300 with
different magnifications such as 100x, 200x, 400x up to 5000x. Around 15 to 20 pictures were captured for each sample.
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3.4 Thermal cyclic fatigue test
It is important to conduct Thermo-cyclic fatigue (TCF) testing to assess the lifetime of the TBCs.
There is a very clear indication of the TCF testing failure. This indication reflects in the bond coat
oxidation and subsequently the thermal oxide (TGO) layer growth. So, by subjecting the ceramic
layer to high temperature, it should demonstrate a resistance to the stress which generated from the
TGO growing as well as any thermal mismatch within cooling cycles. In this study the TCF testing is
conducted subjecting the samples to 1100°C during 1 hour in a furnace under normal atmospheric
conditions, next using compressed air to rapidly cool down to approximately 100°C in 10 minutes.
This set of operations was repeated until the failure took place. A visual record of the samples surface was done after each cycle. It allows estimating cycles to failure and observing the evolution of
the cracks. The TCF testing failure criterion is reached when more than 20% coating spallation from
the whole coating surface occurs. To prepare the failed TCF samples for the microscopic analysis to
evaluate their coating microstructure, the samples mounted in low viscosity epoxy-based resin [1].
3.5 Thermal shock test
This test was done at three different temperatures, i.e. the 18 samples distributed in sets of 6 samples. Each set was subjected to a given temperature of either 1000°C, 1050°C, or 1100°C.
The aim of the thermal shock testing is to investigate the coating capability to survive after rapidly
heating and cooling operations. Further, this test allows also checking the coating capability to cope
with the sintering, the stress related to thermal expansion mismatch, and even the thermal gradients.
Here the effects of the oxidation on the bond coat is of less importance than for TCF testing, since
the time to exposure to very elevated temperature is shorter and the temperature at the interface
between the bond coat and the ceramic is lower by approximately 100°C. The samples were 25 mmdiameter and 6mm-thick coated buttons. The button were mounted on a carrier plate making a single spot weld. This test was carried at GKN Aerospace in Trollhättan, Sweden using a burner rig.
Before running the test the samples were preheated to 600°C using hot air guns on the sample’s rear
face. The samples were then subjected to 75-cycles and their top surface was heated to 1200°C. The
bond coat reached around 1000°C, and the rear face temperature between 960 to 980°C. Propane
was used in the combustion burner. Video recording and pyrometer measurement were used to
monitor the samples at each revolution of the test fixture. When approximately 20% of the ceramic
surface of the test samples was spalled off the failure was deemed. Within nearest to 4 cycles of failure the results can consider as accurate [1].

9
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3.6 Sources of error and error margins
As this thesis work is experimental it would be normal to determine the measurement errors. However, because there were no sufficient similarities between the sample’s failures, it was concluded
that the experiments were lacking repeatability and the error evaluation could not be performed.

10
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4 Results and discussion
4.1 Microstructure analysis
4.1.1 Microstructure of as-sprayed samples
The microstructure analysis of the as-sprayed 8YSZ TBC cross sectional SEM micrographs is shown
in Fig. 6 (for Run 1-6). It can be seen that the desired columnar microstructure was achieved with
column gaps.

Figure 6: cross sectional SEM micrograph for Run 1-6
In fig. 7 (for Run 1-6) the uniform porosity distribution in the 8YSZ ceramic coating can be seen in
the cross sectional SEM micrograph observed at the highest magnification. It is desirable to get high
porosity within coating because it helps to reduce the thermal conductivity. [10 page 1012-1014]

Figure 7: Uniform porosity distribution in 8YSZ ceramic coating observed at higher magnification
for Run 1 (a) and Run 6 (b)
11
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These results show that the density in Run 1 is less (higher porosity) than in Run 6. This is due to
the difference in process parameters such as the spray distance, the feed rate, and the surface velocity. These parameters were respectively set to 100 mm, 100 ml/min, and 100 m/min for Run 1, and
to 75 mm, 45 ml/min, and 75 m/min for Run 6.
The feed rate effect can clearly be seen in Fig. 8, obtained with a magnification 500x (Fig.8 a, b) and
1000x (Fig.8 c, d) for both Run 1 and Run 3. These runs were made using the same spray process
parameters except the feed rate which was 100 ml/min for Run 1 and 45 ml/min for Run 3. The
columnar structure is almost the same for both runs, but a higher density (less pores) is reached in
Run 3. So, the lower feed rate allows more coating particles to be melted, and thus can form a more
dense coating.

Figure 8: The feed rate effect; Run1 (a, c) and Run3 (b, d).
The effect of the surface velocity during spraying is shown in Fig. 9, for magnification 500x (Fig.9 a,
b) and 4000x (Fig.9 c, d). Run 1 and Run 4 are compared because they were made with the same
spray process parameters except the surface velocity which was 100 m/min for Run 1 and 75
m/min for Run 4. It can clearly be seen that the porosity is more in Run 1 than in Run 4, which is
more dense. So, with lower surface velocity, the coating particles have a longer flight time. They are
thus exposed longer to heat input from the spray gun, can then be better melted and thus can form a
more dense coating.

12
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Figure 9: Surface velocity effect; Run 1 (a, c) and Run 4 (b, d).
4.1.2 Thermo-cyclic fatigue analysis
Table 3 presents the results measured for the thermo-cyclic fatigue (TCF). In this case the TBCs
exposure time was 1h. Also, there was no thermal gradient through the underlying substrate and
across the TBC. The bond coat oxidation is the main source of failure in the TCF test.
The TCF test results at 1100°C are plotted in Fig.10. This figure shows that the Run 6 had the lowest life time (with an average number of 661 cycles to failure) while the highest life time was obtained with Run1 (with an average of 751 cycles to failure). Further, Run4 had a longer life time
(with an average of 715 cycles to failure) compared to Run3 (with an average of 691 cycles to failure). Again, we thus conclude that the fed rate reduction between Run1 and Run3 had more effect
on the TCF life time than the surface velocity reduction, as observed in the case of Run1 and Run4.
Decreasing both the surface velocity and the spray distance (see Run1 and Run6) was the most efficient combination of parameters change for improving the TCF life duration.
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Table 3: TCF tests
Run
Sample 1
1
760
2
754
3
656
4
721
5
695
6
633

Number of cycles to failure

800

Sample 2
742
736
726
709
646
688

Average
751
745
691
715
671
661

SD
9
9
35
6
24.5
27.5

TCF lifetime

700
600
500
400
300
200
100
0
Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Figure 10: TCF life time

For YSZ TBC the common failure mode is known to be spallation because of the thermally grown
oxide through the constrained volume combined with a low coefficient of thermal expansion (CTE)
compared to the bond coat. Fig11 (b) shows the vicinity of a failure in higher magnification SEM
micrograph. Fig. 11 shows the SEM micrograph for the TCF failed TBC. It shows (Fig. 11 a) that
the failure occurred within the Thermally Grown Oxide layer (TGO) and resulted in TBC debonding.

14
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Figure 11: TCF failed YSZ at 1100° C (a) Cross sectional SEM micrograph (b) Cross SEM micrograph adjacent to crack opening.
The reason of the observed defect might be the higher porosity content in top coat of Run 1 which
allows more strain tolerance, lower elastic modulus and even more surface free energy for the ceramic. Run 3 is more dense (less pores), which means lower strain tolerance. Further, the denser
coating leads to higher elastic modulus compared to the coatings with more pores and thus lower
density. It results in a loss of strain tolerance which leads to an earlier failure in TBC. The same explanation applies to Run 6 which had the lowest life time. Fig. 12 shows the TCF failure in Run 1, 3,
and 6 for the following magnification: 100x (a, b, and c), 300x (d, e, and f), and 4000x (g, h, and i).

15
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Figure 12: The microstructure and the TCF failure in Run 1, 3, and 6 for the magnification 100x (a,
b, c), 300x (d, e, f), and 4000x (g, h, i).
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4.1.3 Thermal shock analysis
Table 4 presents the results of the Burner Rig Test (BRT). The exposure time was relatively short,
and the tests were done imposing three different bond coat temperatures (1000°C, 1050°C, and
1100°C). The BRT test results are plotted in Fig.13.
The results obtained at 1000°C (see column “Sample 1” in table 4) show that all the runs (R1-6)
survived 3000 cycles. Comparing the results obtained at 1000°C for Run 1 before BRT (see as
sprayed TBC Fig.14 (a)) and after BRT (see Fig. 14 (b)) shows the sintering effect which takes place
on the TBC at these conditions. A similar comparison can be done for Run 6 at 1000°C in Fig. 14(c)
(as sprayed TBC) and in Fig. 14(d) (after BRT). It can be seen that the sample observed before BRT
(Fig. 14(c)) contains more pores than after BRT (Fig.14 (d)). This increase in density for a given set
of process parameters (i.e. a given Run) is due to the sintering.
Table 4: BRT tests
Run

Sample 1
1000°C
3000
3000
3000
3000
3000
3000

1
2
3
4
5
6

Number of cycles to failure

8000

Sample 2
1050°C
977
3724
2856
2782
753
7097

Sample 3
1100°C
434
948
1479
904
921
1646

BRT lifetime 1050C

6000
4000
2000
0
1

2

3

4

Figure 13: BRT lifetime 1050°C
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Figure 14: The microstructure with magnification 2000x for the as sprayed coat Run 1 and Run 6 (a,
c) and for Run 1 and Run 6 after BRT at 1000°C (b, d)
In fig. 15 (a, c) vertical cracks can be observed for Run 1 and 3. In fig. 15 (e) showing the results for
Run 5, horizontal cracks along the interpass porosity can also be observed. Fig. 15 (b, d, f) are the
photograph which show the survived TBC at 1000°C for Run1, 3, 5.
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Figure 15: Cross sectional SEM micrograph for Run 1, 3, and 5 (a, c, e) respectively for TBC at
1000°C, and (b, d, f) photograph for survived TBC for the same runs.
The results presented in table 4 and Fig. 13 show that while at 1050°C Run 6 had the highest thermal cyclic lifetime while Run 5 had the lowest one. It can be observed that both Run1 and Run 5
have the lowest values. The reason is not clearly understood as they were not produced with the
same spray process parameters. One of the most clear reason when we observe the SEM micrograph of Run 6 is the higher density of the top coat which results from combination of the lowest
feed rate and the lowest surface velocity (see Table 2 for the top coat spray parameters). With such
process parameters the coating particles have a longer flight time. They are thus exposed longer to
heat input from the spray gun, can then be better melted and thus can form a more dense coating.
The higher coating density helps preventing the cracks from propagating easily while coatings with
lower density due to the presence of pores facilitate crack propagation through the pores, and thus
coating failure. Further, as the exposure time to high temperature is less in the BRT case than in
TCF case, there is less TGO (which is the main reason for TBC failure in the TCF case) in samples
treated with BRT than with TCF. Therefore the BRT samples resist longer before failure (with more
than 7000 cycles to failure) than the TCF samples (with failure at an average of 751 cycles).
At the temperature of 1050°C, it was also observed that the powder feed rate used during spraying
has a clear effect. It explains the different in life time between Run 1 and Run 3, since these runs
have almost the same spray parameters except the feed rate. As mentioned above when discussing
the as sprayed microstructure) the lowering of the feed rate from 100 ml/min for Run 1 (which survived only to 977 cycles) to 45 ml/ min for Run 3 (which survived to 2856 cycles) can justify the
longer life time cycle to failure for Run 3. Therefore the dense coat of Run 3 participates in better
protecting against crack propagation and thus provides more resistance against the top coat fracture
(as shows in Fig. 16). A microstructure that looks like cauliflower can be seen in Fig 16 (b, e). It was
observed in the top surface morphology. Fig 16 (a, b, c) correspond to Run 1 and (d, e, f) to Run 3.
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Figure 16: BRT failed at 1050°C Run 1, 3 (a, d respectively) cross sectional SEM micrograph, (b, e)
top surface morphology, (c, f) photographs.
The effect of the same spray parameter (the feed rate) is shown in Fig.17, i.e. Fig. 17 (a, b, c) for Run
5 and (d) for Run 6, where Run 6 survived to 7097 cycles to failure, while Run 5 survived only to
753 cycles.

Figure 17: BRT failed Run 5 (a, b, c) and Run 6 (d, e, f), i.e. (a, d) cross sectional SEM micrograph,
(c, f) photograph. (b, e) top surface morphology at high magnification 5000x.
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The effect of the surface velocity for the test done at the temperature of 1050°C can be
seen comparing the Run 2 and Run 4. These samples were indeed sprayed using the same
process parameters except the surface velocity. Run 2 (with samples made with a surface
velocity of 100 m/min) was observed to have a longer life time than Run 4 (surface velocity of 75 m/min), i.e. Run 2 indeed survived to 3724 cycles to failure while Run 4 survived
to only 2782 cycles.

Figure 18: BRT failed Run 2 (a, b, c) and Run 4 (d, e, f), i.e. (a, d) cross sectional SEM micrograph,
(c, f) photograph. (c, f) top surface morphology at high magnification 5000x
At 1100°C the results shows that Run 6 (with 1646 cycles to failure) has the highest thermal cyclic
lifetime and Run 1 (just 434 cycles) the lowest one. The results in table 4 and Fig. 19 show also that
Run 6, and 3 (respectively) have the highest life time with 1646 cycle, and 1479 cycles to failure,
while Run 1, 4, 5, and 2 (respectively) have the lowest one with just 434, 904, 921 and 948 cycles.
The spray parameters show that Run 6, 5, and 4 have the same surface velocity (75 m/min), while
for Run 2, 4, and 1it is 100 m/min. The life time deviation between Run 1, and 2 is not understandable because the samples were sprayed with the same spray parameters except the power which was
124 kW for Run1 and 140 kW for Run 2. Fig. 19 shows also that Run 2, 4, and 5 have very close life
time at this temperature although they were sprayed with different process parameters. For example
the spray distance was 100 mm for Run 4 and 75 mm for Run 5. On the other hand, the Run 2 was
sprayed at a surface velocity 100 m/min while the surface velocity was 75 m/min for both Run 4, 5;
however, all these runs share the same feed rate with was 100 ml/min, and the same spray distance
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as Run 4. Further, the two highest lifetime cycles in this temperature were Run 6, and 3 while they
were also sprayed using different process parameters except the feed rate, which was 75 ml/min.

Number of cycles to failure

Therefore, based on all the above mentioned observations, the behaviour of the BRT lifetime at
1100°C is not easy to explain for any of the Runs 1-6.

Figure 19: BRT lifetime 1100°C
Figure 20 shows photograph and SEM micrograph of the failed coating treated at 1100°C (for both
Run 1, 6) observed with low magnification at 200x and high one at 4000x. Again here the type of
coating in Run 6 which is resulted from both lowest feed rate and surface velocity that caused the
dense coat participate in more resisting against the cracks propagation (which is the main reason for
the TBC failure in BRT case) when it compare to the pores coat such as in Run 1.
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Figure 20: BRT failed for Run 1, 6 respectively (a, d) the cross sectional SEM micrograph,
(b, e) the microstructure with magnification 4000x, (c, f) photograph.
Fig. 21 shows for both Run 1, 6, i.e. (a, d) the cross sectional SEM micrograph, (b, e) top surface
morphology at high magnification 5000x, and (c, f) also top surface morphology microstructure
where cauliflower look alike was observed at magnification 500x.

Figure 21: BRT failed for Run 1, 6 respectively, i.e. (a, d) cross sectional SEM micrograph, (b, e) top
surface morphology at high magnification 5000x, (c, f) top surface morphology microstructure at
magnification 500x.
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The effect of the spray parameters for Run 2, 4, and 5 is shown in Fig. 22. The reason for the observed differences in microstructures was explained above. Further, the sintering effect was clearly
observed, as can be seen in Run 5 with the high magnification 4000x.

Figure 22: BRT failed for Run 2, 4, 5 respectively (a, d, g) the cross sectional SEM micrograph, (b,
e, h) the microstructure with magnification 4000x, (c, f, i) photograph.
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Fig. 23 shows Run 2, 4, 5, i.e. (a, d, g) the cross sectional SEM micrograph, (b, e, h) top surface
morphology at high magnification 5000x, and (c, f, i) also top surface morphology microstructure
where cauliflower look alike was observed at magnification 500x.

Figure 23: BRT failed for Run 2, 4, 5 respectively, i.e. (a, d, g) cross sectional SEM micrograph, (b,
e, h) top surface morphology at high magnification 5000x, (c, f, i) top surface morphology microstructure at magnification 500x.
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5 Conclusion

The microstructure of TBC usually contains several types of defects such as cracks and pores. The
mechanical properties, and the coatings final thermal and coatings service life can be determined by
the size, density and the morphology of these defects.( because of the large number of samples, i.e.
some of them were even not included in this thesis work, and time limitation, therefore no any additional porosity measurement have done except the SEM micrograph).
The main failure which takes place in TCF testing is related to the swelling of TGO and the mismatch in thermal expansion coefficient (between the TBC layers). It causes crack propagation near
the interface between the top coat and the bond coat. Further, the thermal fatigue and the top coat
sintering also participate significantly in the failure. The cracking in BRT failure also takes place near
the interface between top coat and bond coat. This problem was also observed elsewhere [25]. Further, in BRT failure the cracks propagate easily in through the pores present in the coat. Therefore
the failure occurs faster in coatings with low density (so with a large number of pores) than in the
dense coatings. Similarly, fracture is easier to occur in the coatings with a larger number of pores,
although it has more strain tolerance. On the other hand, the pores participate in longer life in TCF.
Spraying at lowest feed rate and surface velocity allows more particles to get melt, which leads to
more dense coatings and thus in longer life time in BRT.
The dense coatings may deteriorate at once while the coatings containing pores are deteriorated in
more steps (top coat failure then the bond coat). This maybe due to the higher cohesion force in the
dense coatings due to low pore density, which does not allow debonding layer by layer.

5.1 Future Work and Research

There are experiments designed to ensure that the sprayed coatings have the desired properties.
Nevertheless, these experiments are time consuming and have a high cost especially for any new
coating design, which supposes to perform several trials when there is not yet enough information
about the relationship between the process parameters and the microstructure-property of the
sprayed coating.
Several analytical approaches have been suggested by researches for future work and to help substantially understanding the microstructure-property relationship. Some examples are:
a) Homogenizing of the volume averaging in periodic porous media.
The drawback for this concept is the difficulties to catch the real in-homogeneity in microstructure in the model.
b) Building a statistical model that uses typically different regression technique.
In this approach there is no gain for any physical understanding, which can be considered as
the major disadvantage.
c) Finite element models based on true microstructures.
The advantage of this technique is that it is a true microstructure-based technique, while the
major drawback in this approach is to be the time consuming [26].
Further, more coating properties could be tested such the coating thickness, roughness,

26

Degree Project for Master of Science with specialization in manufacturing Engineering
Failure analysis of suspension plasma sprayed thermal barrier coatings
thermal conductivity, and porosity, especially for high temperature when it is difficult to
predict the failure and correlate the failure reason with the spray process parameters.

5.2 Generalization of the result

All the results generated in this thesis can be generalized to SPS coatings since the analyses were
based on existing literature and experiments. Also, the experiments were carried out on a large number of samples which is also the reason that results were generalized.
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