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Abstract Suspension plasma spraying (SPS) and plasma
spray-physical vapor deposition (PS-PVD) are the only
thermal spray technologies shown to be capable of pro-
ducing TBCs with columnar microstructures similar to the
electron beam-physical vapor deposition (EB-PVD) pro-
cess but at higher deposition rates and relatively lower
costs. The objective of this study was to achieve funda-
mental understanding of the effect of different columnar
microstructures produced by these two thermal spray pro-
cesses on their insulation and lifetime performance and
propose an optimized columnar microstructure. Charac-
terization of TBCs in terms of microstructure, thermal
conductivity, thermal cyclic fatigue lifetime and burner rig
lifetime was performed. The results were compared with
TBCs produced by the standard thermal spray technique,
atmospheric plasma spraying (APS). Bondcoats deposited
by the emerging high-velocity air fuel (HVAF) spraying
were compared to the standard vacuum plasma-sprayed
(VPS) bondcoats to investigate the influence of the bond-
coat deposition process as well as topcoat—bondcoat
interface topography. The results showed that the dense
PS-PVD-processed TBC had the highest lifetime, although
at an expense of the highest thermal conductivity. The
reason for this behavior was attributed to the dense intra-
columnar structure, wide intercolumnar gaps and high
column density, thus improving the strain tolerance and
fracture toughness.
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Introduction

Thermal barrier coatings (TBCs) play a crucial role in
modern gas turbine engines used in aero-engines, power
generation and marine applications to protect the under-
lying metal substrate from high working temperatures by
facilitating a temperature gradient. Recent developments in
the turbines for power generation and aviation sector had
led to a point where operating conditions have exceeded
the upper limits of most of the conventional TBCs (Ref 1).
In order to meet the increasing demands in the gas turbine
technology, one focus of researchers is the developing of
new TBC architectures. TBCs are typically a bilayer
material system consisting of a ceramic topcoat (TC) layer
and a metallic bondcoat (BC) layer. The main purpose of
metallic BC is to improve the adhesion between the
underlying substrate and TC and to provide resistance to
oxidation (Ref 2-4). Ceramic TC is the main insulating
layer of the system. 6-8% Yttria-stabilized zirconia (YSZ)
is the state-of-the-art TC material used in TBCs. Due to the
porosity and also the good ionic conductivity, oxygen can
easily diffuse through the ceramic TC; as a result, a slow
growing aluminum oxide film known as the thermally
grown oxide (TGO) layer is formed at high operation
temperatures from an aluminum-enriched composition of
BC (Ref 5, 6). There are several ways to deposit TBCs. The
two most widely used methods to deposit ceramic TCs are
atmospheric plasma spray (APS) and electron beam-phys-
ical vapor deposition (EB-PVD). TCs deposited by APS
typically have a lamellar microstructure with the presence
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of micro-cracks and globular pores; on the other hand, the
TCs in EB-PVD-processed TBCs have a strain-tolerant
columnar microstructure. EB-PVD-processed columnar
microstructure TBCs exhibit high in-plane strain tolerance
because of which they are of high interest. APS-deposited
coatings show lower thermal conductivity than EB-PVD
coatings due to the presence of globular pores and inter-
lamellar (micro-)cracks present in the coatings (Ref 7). As
compared to APS, EB-PVD TBCs have been reported to
show a higher thermal cyclic lifetime due to the presence
of a strain-tolerant columnar microstructure (Ref 8).
However, APS process shows more operational robustness
and economic viability than EB-PVD (Ref 9).

Suspension plasma spray (SPS) is an emerging process
that comes with a possibility to deposit coatings with the
strain-tolerant columnar microstructure similar to EB-
PVD, but with lower thermal conductivity (Ref 10). Plasma
spray-physical vapor deposition (PS-PVD) is another
evolving technique that evaporates the feedstock to form a
coating with a columnar microstructure from the gas phase
similar to EB-PVD. SPS and partially also PS-PVD are of
commercial interest since these techniques are consider-
ably cheaper than EB-PVD in terms of both running cost
and equipment cost (Ref 11-13). SPS is a modification of
the APS process where the feedstock is in the form of
suspension instead of powder. The suspension is made of
fine-sized particles of ceramics suspended in a solvent
(typically water or ethanol). In conventional APS, it is not
possible to deposit powder particle with nanometric or sub-
micrometric size due to limitations such as agglomeration
of powder particles during storing and feeding into the
equipment, and also fine powder particles would not impart
enough momentum to penetrate the high-velocity plasma
stream (Ref 14, 15). Bernard et al. demonstrated that the
SPS TBCs showed lower thermal conductivity compared to
EB-PVD as well as APS TBCs (Ref 11). KaBiner et al.
reported that SPS TBCs could exhibit a wide range of
porosity levels (up to 40%) unlike APS, which greatly
reduces the thermal conductivity of SPS TBCs as com-
pared to APS TBCs (Ref 16). Also, Lima et al. tested and
compared erosion performance of SPS, EB-PVD and APS
coatings and concluded that under the used conditions SPS
outperformed EB-PVD and APS coatings (Ref 17).

PS-PVD is a hybrid technique that was developed by
Oerlikon Metco AG (Switzerland). This technology is
based on low-pressure plasma spraying (LPPS), also
known as vacuum plasma spraying (VPS), which is carried
out at a pressure of 5-20 kPa (Ref 13). In the LPPS system,
when the pressure is further reduced to 50-200 Pa, the
process is then known as very low-pressure plasma
spraying (VLPPS) that is used to deposit uniform and thin
coatings with a large area of coverage. PS-PVD system was
developed by the addition of enhanced electric power input
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up to 180 kW to VLPPS, together with the low chamber
pressure enabling the plasma jet to be lengthened to more
than 2 m and its diameter in the range of 200-400 mm (Ref
18, 19). Using this PS-PVD setup, it is possible to evapo-
rate the powder feedstock material with specific process
parameters so that nano-sized condensates are deposited
(Ref 18). Since the plasma stream enables the feedstock to
be vaporized, it permits a non-line of sight deposition as
compared to conventional thermal spray techniques which
can be favorable to coat complex-shaped components (Ref
13). Vapor deposition of feedstock powder enables the
formation of a coating with a strain-tolerant columnar
microstructure. In order to obtain the desired columnar
microstructures, it is necessary to provide moderate powder
feeding rates, special selection of gases, powder with low
granularity, a large spraying distance and specific gun
traverses with the required gas flow characteristics (Ref
19). Goral et al. demonstrated that the coatings obtained by
PS-PVD have better erosion resistance than conventional
APS coatings but lower than EB-PVD-processed TBCs
(Ref 19). Similar results were obtained by von Niessen
et al. (Ref 20). Also, thermal cyclic fatigue tests were
performed by von Niessen et al. where it was found that
TBCs obtained by PS-PVD showed better lifetime than
EB-PVD-processed TBCs (Ref 20).The burner rig lifetime
of PS-PVD TBCs was found to be two times higher than
the conventionally sprayed APS TBCs (Ref 13).

Certainly, the specific results depend on the specific
columnar microstructure of both the SPS and PS-PVD
coatings. In general, SPS and PS-PVD offer high potential
for exhibiting better performance than state-of-the-art TBC
manufacturing processes like APS and partly EB-PVD.
SPS and PS-PVD processes are the only thermal spray
techniques that can yield a strain-tolerant columnar
microstructure similar to EB-PVD process. This has
motivated to identify and distinguish the properties of SPS
and PS-PVD TBCs such as microstructure, thermal con-
ductivity, thermal cyclic fatigue (TCF) lifetime and burner
rig. The objective of this study was to perform a structured
comparative analysis of SPS and PS-PVD TBCs with APS
TBCs as reference and achieve fundamental understanding
of the effect of different columnar microstructures on their
performance. In the end, design of an optimized columnar
microstructure has been proposed. The BCs in this study
were produced by the emerging high-velocity air fuel
(HVAF) spraying and the standard VPS for comparison. It
has been highlighted in the previous studies that BC sur-
face topography and deposition techniques can have a
significant influence on TBC lifetime (Ref 13, 21-23). The
effect of BC deposition process (HVAF and VPS) and
interface topography on TGO growth and failure mecha-
nisms has been discussed in each case.
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Experimental Methods
Sample Preparation

In this study, Inconel 738LC was used as the substrate
material. Button-shaped substrates with dimensions
25.4 mm diameter and 3 mm thickness were utilized for
the microstructure analysis and TCF testing. For thermal
conductivity measurements, plate-shaped substrates with
dimensions 50 mm x 30 mm x 1.54 mm were used. For
burner rig lifetime testing, specific button-shaped sub-
strates with dimensions 30 mm diameter and 3 mm thick-
ness were used. Nine different microstructures were
deposited in this study as listed in Table 1. A TC and BC
thickness of about 300 um and 200 um, respectively, was
targeted. The BCs were deposited by HVAF and VPS
process using NiCoCrAlYHfSi (AMDRY 386 Oerlikon
Metco, Switzerland) feedstock powder at University West,
Sweden, and Forschungszentrum Jiilich, Germany,
respectively. The HVAF BCs were sprayed using M3
supersonic HVAF spray gun (UniqueCoat, Richmond,
USA). The VPS BCs and APS TCs were sprayed using a
multicoat system (Oerlikon Metco, Wohlen, Switzerland)
and a F4-VB plasma torch at Forschungszentrum Jiilich.
The SPS TCs were sprayed using Mettech Axial III gun
with Nanofeed 350 suspension feeder (Northwest Mettech
Corp., Vancouver, Canada) at University West. The feed-
stock material for SPS TC was YSZ suspension in ethanol
with a 25% solid load and dsy = 500 nm (Treibacher
Industrie AG, Austria). The APS YSZ powder was a 7YSZ
Amperit powder (HC Starck Amperit 827.006, d,, = 54
um, dsg = 80 um and dog = 112 um), and for PS-PVD, the
feedstock powder was a 7YSZ produced by Oerlikon
Metco designated as M6700. The spray system for PS-PVD
TCs was the same multicoat system as used for VPS at
Forschungszentrum Jiilich, however, using the more pow-
erful 03CP torch (Oerlikon Metco). Before depositing the
TC, all BCs went under vacuum heat treatment at 1120 °C

Table 1 Samples analyzed in this study

Sl. no. BC TC Abbreviation
1. VPS APS standard V-A(s)

2. VPS APS porous V-A(p)

3. VPS SPS porous V-S(p)

4. HVAF APS standard H-A(s)

5. HVAF SPS porous H-S(p)

6. HVAF SPS dense H-S(d)

7. HVAF polished SPS porous H(pD-S(p)
8. HVAF polished PS-PVD porous H(pD)-P(p)
9. HVAF polished PS-PVD dense H(pD)-P(d)

and 845° for 2 h and 24 h, respectively, in sequence. Pol-
ishing of the bondcoat surface was performed on a semi-
automatic single wheel grinder Saphir 550 (ATM Qness
GmbH, Mammelzen, Germany) using SiC grinding paper
(mesh 1200) and a pressing force of 20 N at a wheel speed
of 150 rpm. The final arithmetic mean surface roughness
achieved was R, = 0.05-0.1 pm.

The sample abbreviations in this study are based on BC
(BC property)-TC (TC property) format. In Table 1,
sample 1, i.e., V-A(s), is the standard reference sample
produced by thermal spraying for comparison with the
other TBCs. V-S(p) can be compared with V-A(s) to study
behavior of APS and SPS porous TCs with VPS BC in
various tests being carried out in the study. The behavior of
VPS and HVAF BC during high-temperature exposure can
be studied by comparing V-A(s) to H-A(s) and V-S(p) to
H-S(p) where the TCs are similar but the only difference is
the BC spray process. A comparison of SPS porous and
SPS dense TC can be made from H-S(p) and H-S(d) where
both the samples have the same HVAF-sprayed BC. Sim-
ilarly, PS-PVD TC with a porous and dense microstructure
can be studied in terms of microstructure and results
obtained from the high-temperature exposure.

Microstructure Characterization

For the microstructural characterization of the TBCs, as-
sprayed as well as failed samples were first cold mounted
with low-viscosity epoxy resin, sectioned along the cross
section and then mounted again with high-viscosity epoxy
resin followed by grinding and polishing. The grinding and
polishing were carried using semiautomatic Buehler
AutoMet 300 Pro (Buehler, IL, USA) grinder—polisher
system. The microstructure of polished samples was ana-
lyzed by scanning electron microscopy (SEM) using a
HITACHI TM3000 (Japan) microscope. For the charac-
terization of the burner rig samples, a SEM from Zeiss
(Ultra 55 FEG-SEM, Carl Zeiss Microscopy GmbH, Ger-
many) was used. The top-view SEM micrographs of as-
sprayed and failed samples were also taken using the SEM.
The BC and TC thickness was measured from the cross-
sectional SEM micrographs captured at 200x magnifica-
tion. Ten values were measured at different positions
throughout the coating, each for BC and TC thickness
calculations.

Porosity Analysis

The porosity in as-sprayed TBCs was measured by an
image analysis technique using free public domain soft-
ware, Image J (Ref 24), at two different scales due to the
inherent wide range of pore size distribution in SPS TBCs
(Ref 25). SEM micrographs were captured at 500x and
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5000x magnification for all of the TBCs. In the case of
columnar TBCs, low-magnification (500x) micrographs
capture the microstructural features (intercolumnar gaps,
micrometric pores, large cracks) that contribute to the
coarse porosity, whereas the higher-magnification (5000x)
micrographs capture the fine-scale porosity inside the col-
umns. Ten SEM micrographs of the cross section were
taken at 500x and 5000x magnifications for all the TBCs.
These micrographs were then extracted into the software
and converted from grayscale to binary images. The 500x
micrographs were then processed to contain only porous
features larger than 2 urnz area, and the 5000x micro-
graphs were processed to contain fine-scale porous features
smaller than 2 um? area. The porosity content obtained
from both the fine-scale and coarse porosity was added to
obtain total porosity.

BC Surface Topography

Two-dimensional surface topography of the BC was mea-
sured using a stylus-based surface profilometer, Surftest SJ-
301 (Mitutoyo Europe GmbH, Germany) following ISO
4288 standard. On each BC sample, ten measurements
were taken to obtain the average roughness (R,) values. 3D
images of the BC surface were captured using SEM at 500x
magnification. This method of 3D image capturing is only
used for visualization, and it is not reliable for quantitative
roughness measurements.

Column Density Measurement

The column density of SPS and PS-PVD TC samples was
measured by using SEM micrographs taken at 200x
magnification along the cross section of the coatings. Five
SEM micrographs per coating were used to measure the
column density. A straight line was drawn at the center of
all the TC, and then, the number of vertical cracks that
have a length greater than half of the coating thickness and
also intersecting the line were counted. Equation 1 was
used to calculate the column density (Ref 25).

(No. of column boundaries intersecting the line — 1)

Thermal Conductivity Measurement

Thermal conductivity was obtained from the thermal dif-
fusivity which was measured using a Netzsch Laser Flash
Apparatus LFA 427 system (Netzsch Gerdtebau GmbH,
Germany). Measurements were taken on coatings in the as-
sprayed state at room temperature. Samples used for LFA
measurement were prepared by water jet cutting 10-mm-
diameter samples from the square plate. The samples were
coated with a thin layer of graphite before the measurement
to enhance the absorption by preventing direct transmission
of infrared light pulse through the coating due to coating’s
transparency to the wavelength used in the laser flash
experiment. As the laser pulse is fired at the substrate, it
travels through the sample, leading to an increase in the
temperature which is measured by InSb infrared detector.
This signal is normalized and thus gives the thermal dif-
fusivity according to Eq. 2 (Ref 27).

0.138812
0=—

; (Eq 2)
(0.5)

where o is the thermal diffusivity, L is the thickness of the
sample and f s, is the time taken for the rear face tem-
perature to reach one-half of its maximum rise. Five such
measurements were taken for each sample.

A three-layer Cowan model (substrate + BC + TC) was
used to measure the thermal diffusivity of the TC. The
Cowan model considers the TC as an unknown layer in the
system and BC and substrate as known layers. Specific heat
capacity and thermal diffusivity used for Inconel 738LC
were 0.419 J/g K and 3.5292 mm?/s, respectively, for the
HVAF bond coat, the values were 0.476 J/g K and
2.997 mmzls, respectively, whereas for VPS bondcoat, the
values were 0.627 J/g K and 2.133 mm?/s, respectively.
These values were taken from earlier measurements taken
on bare substrate and substrates with only BC based on
separate investigations carried out by author’s group. The
calculation of thermal conductivity of the topcoat from its
thermal diffusivity requires properties such as specific heat
capacity and coating density. The specific heat capacity of

Column density =

True length of the line
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YSZ was previously measured as 0.45 J/g-K (Ref 28). The
density of YSZ topcoat was calculated using Eq 3.

pa = pb(1 - P) (Eq 3)

where P is the porosity content of the coating, pa is the
apparent density and pb is the bulk density of YSZ (6.1 g/
cm’) (Ref 29). Thermal conductivity & (W m~' K™!) was
then mathematically calculated by using Eq 4.

A=pa-o-C, (Eq 4)

where C, (Jkg™' K™') is the specific heat capacity (Ref
22).

Thermal Cyclic Fatigue Lifetime

TCEF testing is an accelerated test performed to analyze the
performance of TBCs under cyclic heating and cooling.
Since the TCF test involves long exposure of the TBCs to
high temperatures, significant oxidation of the BC can be
observed, leading to the formation of the TGO layer. Due
to the heating and cooling cycles, stresses are developed in
the TBCs resulting from the difference in thermal expan-
sion coefficients of different layers in the TBC system. The
growth of the oxide layer and CTE mismatch of different
layers are the main driving factors for the failure of TBCs
in TCF testing. In this study, the TCF test was performed in
an automated furnace (ENTECH ECF 14/16, Angelholm,
Sweden). The samples were heated in a furnace at 1100 °C
for 1 h and then followed by rapid cooling to around
100 °C using compressed air for 10 min. These heating and
cooling steps make one complete cycle of the TCF test.
When the cooling step is completed, the samples return to
the furnace continuing to another cycle, and this continues
until the failure is observed. After each cycle, a camera
captures an image of the samples. The TBCs are consid-
ered to be failed when the spallation exceeds 20% of the
coated surface. Three samples from each set of coatings
were analyzed for the TCF lifetime.

Burner Rig Tests

Burner rig testing is used to mimic the complex thermo-
mechanical loading in gas turbine environment in which
temperature gradient conditions at elevated temperatures
are coupled to cyclic heating and cooling at substantial
transient rates. This allows to study both the temperature-
induced aging of each layer of the TBC systems at relevant
temperatures and the impact of gradient conditions on the
effective stress levels arising from CTE mismatches.
During heating phase, the TC surface of button-type
specimen was exposed to a CH4/O, flame, while the
backside of the substrate was cooled by pressured air. After
each 5 min of heating, the gas burner was removed and the

front surface is also cooled by pressured air, while the
backside cooling is continued. After 2 min of cooling, the
cycle was repeated until failure of the coating was testified
if at least 30% of the coated area was spalled. Tempera-
tures of the surface and of the substrate were monitored by
means of a LWIR pyrometer and a thermocouple at sub-
strate’s center position, respectively. Fluxes in the gas
burner and cooling nozzle were controlled to keep the
surface temperatures at 1400 °C and the substrate tem-
perature at the thermocouple position at 1050 °C during the
heating dwell times. Heating and cooling from maximum
temperature to temperatures below 50 °C and vice versa
were achieved within the order of one minute. At the
beginning of each cooling phase, an inversion state of the
temperature gradient across the TC was achieved with the
surface temperature well below the temperature at the TC/
BC interface. The interface temperature at the TC/BC
interface was calculated from logged readings of surface
and substrate temperature by means of the one-dimensional
heat flux approximation considering the thicknesses and
the thermal conductivities of the TCs, the bond coat and the
substrates. Two samples from each set of coatings were
analyzed.

Results and Discussion
Bondcoat Topography

It is essential to analyze the surface topography of the BC
to understand its effect on TCF lifetime and failure
mechanisms. Different spraying processes inherit different
surface topography and roughness to the BC (Ref 22).
Figure 1 shows the BC surface profile (3D image) captured
using SEM and the top view of the BC, produced by HVAF
and VPS. It can be seen that all three surfaces have unique
and distinct surface features. The dark gray regions in
Fig. 1(b) and (c) indicate the formation of alumina during
the vacuum heat treatment, while the black regions indicate
porosity. From Fig. 1(a) and (a-1), it can be noted that
HVAF unpolished BC shows the presence of unmolten
particles along with hemispherical hills uniformly spread
throughout the BC surface as indicated by arrow marks.
The reason behind this could be the low process tempera-
ture of HVAF, which leads to insufficient melting of larger
particles and thus results in poor deformation of particles
(Ref 30). The VPS BC surface is shown in Fig. 1(b) and (b-
1). From the 3D topography image, it can be seen that the
surface has small sharp hills as indicated by arrows that are
uniformly spread throughout the surface. The peaks and
valleys on the surface of VPS BC (Fig. 1b-1) might be
attributed to the splashing of completely molten particles in
combination with the lower kinetic energy of the molten
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Fig. 1 Top-view SEM micrographs of BC sprayed by (a) HVAF, (b) VPS along with (c) HVAF polished and 3D profile showing the surface

topography of BC, (a-1) HVAF, (b-1) VPS and (c-1) HVAF polished
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Fig. 2 Surface roughness of BC samples

particles in the VPS process (Ref 30). The PS-PVD TC
deposition requires a smooth or polished BC surface
because a rough BC surface could hinder the growth of
homogeneous columnar microstructure. Thus, polishing of
the HVAF BC was performed prior to deposition of PS-
PVD TCs. In case of HVAF-polished bondcoat shown in
Fig. 1(c) and (c-1), near flat surface with very low rough-
ness can be observed.

Figure 2 shows the surface roughness of the BC, and it
can be seen that the VPS- and HVAF-processed BCs have
similar average roughness (R,) values, whereas the pol-
ished HVAF BC has a value close to 0.1 um. It is to be
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noted that the R, value for HVAF and VPS BC is similar,
but still the surface topography is different.

Coating Microstructure

The as-sprayed SEM micrographs of the cross section of all
the coatings produced in this study are shown in Fig. 3. As
expected, the TC produced by SPS, PS-PVD and APS
processes shows different microstructural features.
Broadly, it can be observed from Fig. 3(a), (b) and (d) that
APS process results in the formation of a coating with
lamellar microstructure, whereas the SPS and PS-PVD
spraying process led to the formation of a coating with
columnar microstructure. Figure 3(c), (e) and (g) shows
typical SPS porous columnar microstructures, and
Fig. 3(f) shows the SPS dense/vertically cracked
microstructure. While spraying SPS dense TC, the spray
distance and suspension feed rate was kept lower and the
energy (power) supplied was comparatively higher than for
SPS porous TC. Utilization of higher energy while spray-
ing leads to strong atomization and the complete melting of
the particles inside the plasma plume (Ref 31). Also, due to
the lower spraying distance, the molten particles end up
arriving at the substrate sooner at a very high velocity. This
leads to a planar deposition structure that induces tensile
stresses in the coatings. These tensile stresses are the main
driving force in the vertical crack growth in the TC (Ref
25). PS-PVD process results in the formation of a quasi-
columnar microstructure as depicted in Fig. 3(h) and (i).
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Fig. 3 As-sprayed SEM micrographs of the TBCs
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Fig. 4 Column density of the SPS- and PS-PVD-sprayed TCs

The columnar structure in PS-PVD consists of fine needle-
like structures which is quite distinct to the columnar
microstructure obtained by SPS. Both PS-PVD coatings
were sprayed at the same net plasma power, however, with
different plasma gas compositions, leading to different
porosities in the columns, intercolumnar gaps and deposi-
tion efficiencies (Ref 32). The roughness of the polished

X200 500 um

X200 500 um

X200 500 um

X200 500 um

el H(pD-P(d) -

BC seemed to be too low for the particles to adhere to the
surface in the SPS process, which resulted in the partial
spallation of the TC from the BC during the spraying
process. This indicates that too smooth surface may not be
appropriate for SPS coating deposition and light grit
blasting may be necessary to provide the required
anchoring. Thus, H(pl)-S(p) was excluded from the further
characterization of TBCs in this study.

The column density of the SPS and PS-PVD TBCs is
shown in Fig. 4. The difference in column density of the
SPS TBCs can be attributed to the difference in TC
deposition parameters. The higher column density of PS-
PVD TBCs can be attributed to their much narrower col-
umn width due to the different deposition process.

Porosity Analysis

The porosity of the coatings measured at two different
scales is summarized in Fig. 5. It can be seen that fine
porosity values for SPS porous TCs are higher than the rest
of the coatings. Figure 6 shows the nano-sized and sub-
micron pores that contribute to the fine porosity in SPS
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Fig. 5 Comparative distribution 28.0
of porosity content at two 26.0
different scales for all the TBCs 24.0
22.0
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Fig. 6 Cross-sectional SEM micrographs showing microstructural features of coatings that contribute to coarse and fine scale of porosity
(a) H-S(p), (b) high-magnification SEM micrograph of H-S(p), (c) H(p)-P(p)

porous TC of V-S(p) along with micron pores that con-
tribute to coarse porosity. It can be observed that the total
porosity content of H-S(p) and H(pl)-P(p) is same but when
we compare the contribution of coarse and fine-scale
porosity in the TBCs, significant variations can be observed
in fine-scale porosity content. H-S(d) has shown to be the
TBC with the least porosity content. The presence of uni-
form inter-pass porosity bands was observed in H-S(d). The
number of spraying passes directly corresponds to the inter-
pass porosity bands across the coating (Ref 26). This shows
the ability of the SPS process to produce submicron and
nanoscale porosities as well as the ability to produce a very
dense coating just by varying the spray process parameter.
A detailed description of the effect of process parameters
on the pore size distribution is discussed in previous
investigations carried out by author’s group (Ref 33).

In case of PS-PVD TBCs, the column gaps are the main
contributing factor to the overall porosity as shown in
Fig. 6. The difference between the fine-scale porosity in
H(pD)-P(p) and H(pl)-P(d) does not seem to be much. The
same is the case with APS TCs; the coarse porosity is
mainly due to oblate spheroids and cracks (Ref 34). It has
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Fig. 7 Thermal conductivity values of the TBCs

to be stated here that the measurement techniques influence
the results of porosity evaluation. This can be clearly seen
in the APS coatings. Although high magnification is used
and hence most of the fine features are probably detected,
features as micro-cracks are added to the large-sized
porosity regime. Mercury porosimetry results, for example,
of the standard coating V-A(s) clearly show that a lot of
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submicron pores/cracks are present in the coatings (more
than 50% of total porosity) (Ref 35).

Thermal Conductivity

Figure 7 shows the thermal conductivity of the as-sprayed
TBCs measured at room temperature. From Fig. 7, it is
apparent that microstructural features of the TBCs strongly
effect the thermal conductivity. Among all the TBCs in the
study, H(pl)-P(p) showed the lowest thermal conductivity
[0.5 W/(mK)], whereas H(pl)-P(d) showed the highest
thermal conductivity [1.6 W/(mK)]. V-S(p) and
H-S(p) TBCs showed lower thermal conductivity than
H-S(d) due to its porous columnar microstructure com-
pared to the dense vertically cracked microstructure in
H-S(d). Also, between V-S(p) and H-S(p), V-S(p) has
lower thermal conductivity owing to its higher porosity
content topcoat formed due to the different roughness
profile of VPS bondcoat as observed in previous work (Ref
30). It was discussed in earlier studies that the thermal
conduction in zirconia is mainly by lattice vibrations
(phonons) or by radiation (photons) (Ref 38). The radiation
heat transfer is significant only at high temperatures
(> 1000 K) (Ref 39). Since all the measurements were
taken at room temperature, the prime mode of heat transfer
is by phonon conduction. As mentioned earlier, in APS
TBCs the lamellar microstructure has porosity content
mainly contributed from intra-splat globular pores and
cracks that exists between the flatten lamellae. These fea-
tures in APS TBCs interrupt the phonon conduction by
scattering the phonons. In SPS coatings, the wide range
(fine scale and coarse) of porosity content affects the
thermal conductivity as heat flux is not possible through the
pore volume (Ref 29). Thus, the lower thermal conduc-
tivity values of SPS porous and APS TBCs can be attrib-
uted to their microstructural features as discussed above. It
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Fig. 8 TCF lifetime of TBCs

is interesting to note that the porous APS coating does not
influence the thermal conductivity values radically. It
might be related to the higher amount of fine micro-cracks
in the standard coatings, which more effectively reduces
thermal conductivity than globular pores. H-S(d), i.e., SPS
dense coating, showed thermal conductivity of around 1.16
W/(mK), which can be attributed to its denser
microstructure, as lower-porosity content results in lower
phonon scattering interfaces and thus leads to increased
thermal conductivity. The high thermal conductivity of
H(pD)-P(d) [1.6 W/(mK)] can be attributed to its low
porosity level that is mainly contributed by coarse porosity
and almost negligible fine porosity, leading to a higher
thermal conductivity.

Thermal Cyclic Fatigue Lifetime

The TCF results are summarized in Fig. 8. As mentioned
earlier that the failure criteria in this study were 20%
spallation of TC. In case of H(pl)-P(d), the testing was
stopped after around 1800 cycles, as the substrate started to
deform due to severe oxidation before the TBC could fail.
It is noteworthy that, except for H(pl)-P(p) with polished
HVAF BC, all samples with HVAF BC showed better
lifetime than with VPS BC.

There could be various reasons for failure during TCF
test such as TGO growth rate, TC-BC interface topography
and TC microstructure (Ref 30). Figure 9 shows the cross-
sectional SEM micrographs of failed samples, comparing
HVAF and VPS BC along with their respective TGO layer.
From Fig. 9, it can be seen that the TGO layer is much
thicker and has more uneven growth in case of TBC with
VPS BC, V-A(s), when compared to the coating with
HVAF BC, H-A(s). In earlier studies, it has been clearly
demonstrated that a too clean processing of the BCs (as it
might be in VPS) might lead to an excess amount of free
reactive elements such as Y which is detrimental for the
performance (Ref 40). This is underlined by the much
higher oxygen content in the HVAF coatings (= 3600 ppm)
compared to the VPS coatings (typically 800 ppm). In
high-velocity APS BC, a similar effect could be demon-
strated (Ref 41). A slow growing, dense and more uniform
layer of TGO can be seen in the case of H-A(s) which
could potentially prevent the BC from further oxidation.
The dark gray phase in Fig. 9(a) and (b) shows the
remaining f-phase in HVAF and VPS BC as indicated. The
amount of B-phase that is remaining in the BC indicates the
alumina reserve present in the BC necessary for aluminum
oxide layer formation. The PB-phase content gradually
decreases as the oxidation of BC continues. At some point,
when the B-phase in the BC completely depletes, there is
no further formation of the protective alumina oxide layer
possible. Instead, rapid oxidation of other constituents such
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Fig. 9 SEM micrographs of
failed TCF samples showing the
BC and TGO layer of (a), (a-1)
V-A(s) and (b), (b-1) H-A(s)

sys6_0020

(b)

sys10_0018

as nickel and chromium in the BC begins appearing as a
light gray color in SEM, indicated by solid arrow mark in
Fig. 9(a-1) (Ref 42). The mixed oxides tend to grow rapidly
and generate additional stresses near the interface, resulting
in failure of TBCs. The dashed arrow marks in Fig. 9
indicate alumina oxide (TGO) layer appearing as dark gray
color in SEM. Thus, it can be said that the HVAF BC tends
to delay the formation of detrimental mixed oxides by
forming a thin and uniform slow growing alumina oxide
layer by avoiding over-doping effects in the bond coats

Figure 10 shows the SEM micrographs of cross section
of the failed TBC samples after TCF testing. Vertical
cracks can be seen in the TCs of V-A(p), V-S(p) and
H-S(p) in Fig. 10. Horizontal crack propagating through the
PS-PVD porous TC can be observed. It should be noted
that the TC in case of H(pl)-P(d) detached from the BC
during the sample preparation and not due to failure.

It is to be noted that the first few layers in the TC of
H(pl)-P(p) were the prime area where failure had occurred.
The reason for this failure mechanism is deemed to be the
initial relatively dense layer formed retarding the columnar
growth due to the spraying conditions, as discussed in more
detail in Sect. 3.6. The vertically cracked microstructure of
H-S(d) coating shows the presence of horizontal cracks that
seems to be propagating through the inter-pass porosity
bands present in the TC as shown in Fig. 11. From Fig. 8, it
can be observed that H-A(s) and H-S(d) showed the highest
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lifetime among the failed samples. It was demonstrated by
Dwivedi et al. that the fracture toughness of TBCs depends
upon porosity content, material composition and
microstructure (Ref 36). Zhou et al. also showed that for
SPS TBCs (Ref 37). In general, it is observed that as the
porosity increases, the hardness and fracture toughness
decrease. The high lifetime values might be correlated with
the high fracture toughness of both the coatings as higher
fracture toughness inhibits the tendency of crack propa-
gation through the TBCs. The porous APS TBC, V-A(p),
showed higher average lifetime than the standard reference
APS TBC, V-A(s). As the failure occurred at the TC-BC
interface, it is not surprising that the TGO growth plays a
major role in the failure of the investigated TBCs.

Long exposure of the ceramic TC to high temperatures
could lead to excessive sintering of the coatings. In APS
TBCs, sintering promotes the closure of pores and cracks
and thus reduces the overall porosity of the coating, which
could lead to increased thermal conductivity (Ref 25) and
considerable stiffening and hence stress increase (Ref 43).
In the case of SPS TBCs, the sintering of the fine particles
leads to the densification of pores and shrinkage of col-
umns, which in turn leads to increased intercolumnar gaps
(Ref 44). This could result in an increase in their thermal
conductivity (Ref 42). Figure 11 shows the higher-magni-
fication SEM micrographs of the failed TBCs. Sintering
phenomenon is considered as an outcome of diffusion
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Fig. 10 Cross-sectional SEM micrographs of failed TBC samples from TCF test, (a) V-A(s), (b) V-A(p), (c) V-S(p), (d) H-A(s), (e) H-S(p),

(f) H-S(d), (g) H(pD)-P(p), (h) H(pl)-P(d), (i) magnified image of H-S(d)

process (Ref 45). It can be recognized from the shape of
pores, as the material around the pores redistributes and
results in a pore re-arrangement from facetted to more
spherical in shape. This phenomenon can be seen in the
investigated TBCs from the SEM cross section when
compared to as-sprayed condition. No such changes were
observed in case H-S(d), as the dense SPS TBCs are
already more resistant to sintering due to the dense
microstructure. Since there was no spallation of the coating
in case of H(pl)-P(d), the fracture view was not taken.

Burner Rig Tests

In Fig. 12, the results of the burner rig tests for the different
systems are shown. As explained in experimental section,
the temperature in the middle of the substrate as well as the
surface temperature is measured and the BC temperatures
are calculated using the thermal conductivity from the
measurements in Fig. 7. Indicated by gray shading is the
lifetime range of a reference system of type V-A (different
APS feedstock) derived from regression of six test results
and the corresponding error band width, which is regularly

used as laboratory standard in burner rig testing (Ref 46).
As TC degradation is strongly influenced by thermally
activated processes such as TGO growth and sintering, an
Arrhenius-type behavior on interface temperature is typi-
cally observed. The samples V-A(s) showed lifetimes of
1037 and 1127 cycles. The more porous coatings
V-A(p) had similar lifetimes of 915 and 1040 cycles. So,
the increased porosity levels that are known to affect the
mechanical properties such as Young’s modulus and frac-
ture toughness astonishingly do not lead to a significant
lifetime increase. A reason could be the interaction of
different failure mechanisms such as sintering, TGO
growth and phase transformation (Ref 35). In contrast, the
system H-A(s) revealed significantly longer lifetimes of
1661 and 1746 cycles. These results are similar as found in
the TCF tests. In Fig. 13, the microstructures of the dif-
ferent APS coatings at the BC-TC interface are shown.
Obviously, the TGO in the VPS TBCs is considerably
thicker than in the HVAF coatings although the time at
temperature was shorter for the VPS TBCs. The reasons are
already discussed in Sect. 3.6. It is therefore assumed that
in the burner rig tests also, the slower TGO growth led to
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Fig. 11 Higher-magnification SEM cross section of TCF-failed TBCs (a) V-A(s), (b) V-A(p), (c) V-S(p), (d) H-S(d), () H(p])-P(d) and
(f) H(pl)-P(p) and fracture view of TCF-failed TBCs (a-1) V-A(s), (b-1) V-A(p), (c-1) V-S(p), (d-1) H-S(d), (e-1) H(pl)-P(d) and (f-1) H(p)-P(p)
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Fig. 12 Cycles to failure as a function of the average temperature at
the TGO level calculated from surface/substrate temperatures logged
throughout the steady-state period of heating phases in burner rig
experiments

the increased lifetime of the HVAF systems. In Fig. 13, the
results of the SPS systems are also shown. The major
results are the considerably reduced lifetimes of the SPS
systems compared to the APS systems. As discussed by
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Zhou et al., it is assumed that the specific microstructure
related to the growth mechanism of the SPS columns leads
to an easier crack propagation at the interface (Ref 47). In
Fig. 13(d)-(f), the microstructures at the BC-TC interface
of the failed SPS samples are shown. Compared to the APS
coatings, the TGOs are rather thin which is correlated with
the reduced lifetime and the lower resistance to crack
propagation.

Although there is an explanation for the reduced lifetime
of the SPS samples in the burner rigs, it remains the
question why the TCF lifetimes of the SPS samples are
similar to the ones of the APS coatings. There are three
major differences between the burner rig and the furnace
tests. Firstly, the burner rig establishes a gradient
throughout the TBC system. The higher surface tempera-
ture may introduce significant sintering. However, as the
columns should open at elevated temperatures, the columns
probably will not sinter together. In contrast, it is even
found that the spacing between the columns increases. The
second difference is the fast cooling and heating. These
transient loadings can generate higher energy release rates
than the isothermal tests (Ref 35). It is assumed that this
high thermo-mechanical loading in combination with the
third difference, the short cycle lengths, leads to earlier
failure of the SPS coatings. This is also supported by the
observation that the lifetime of the V-S(p) system is only
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Fig. 13 SEM micrographs of the cycled samples: (a) V-A(s), (b) V-A(p), (c) H-A(s), (d) V-S(p), (e) H-S(p), (f) H-S(d), (g) H(p)-P(p), (h, 1)

H(pD)-P(d)

insignificantly lower than that of the H-S(p) while showing
significantly higher TGO thickness. This may indicate that
the influence of the TGO thickness on the crack driving
stresses in the burner rig experiment is less pronounced
than in the TCF, or the stress peaks within the TC during
the transients have major impact (Ref 47). Detailed finite
element calculations will be done to get further insight in
the failure mechanisms.

Similar to results in TCF testing, the performance of PS-
PVD TCs turned out to be very different. While H(pl)-
P(d) demonstrated outstanding cyclic life, the specimen of
system H(pl)-P(p) failed within less than 200 cycles. While
depositing the TCs of the H(pl)-P(p) system, the onset of
columnar growth was retarded. Initially, a relatively dense
layer was formed showing clear indications that BC ele-
ments diffused into it, as shown in Fig. 13(g). Although the
columns were porous as single coating passes could be
distinguished, the resulting low thermal conductivity did
not result in beneficial lifetimes. The burner rig test was
carried out at a surface temperature of 1270 °C, while the
calculated BC temperature was 1062 °C. A higher surface
temperature could not be properly adjusted because the TC

thickness was only 300 pm. After burner rig test, fatal
crack formation was observed in the columns above the
dense layer. There are also some cracks along the TGO;
however, apparently these did not lead to the failure of the
sample. In contrast, the onset of columnar growth in the
H(pl)-P(d) system was immediately at the BC interface, as
shown in Fig. 13(h). There was no indication of interdif-
fusion. The columns were denser than in the H(pl)-
P(p) system since single coating passes could not be dis-
tinguished. The parameters of the burner rig test were
1296 °C surface temperature and 1096 °C calculated BC
temperature. The TC thickness was 330 um. After burner
rig test, fatal crack formation was observed at the TGO
interface due to vast Al depletion of the BC, leading to
internal oxidation and pore formation, as the H(pl)-
P(p) was tested at increased BC temperature and H(pl)-
P(d) failed after a very long lifetime. As a result, the TGO
separated from the BC, partly the BC is even stripped from
the substrate. The ceramic TC did not spall off completely
as it was obviously very compliant, as shown in Fig. 13(i),
as reported for such kind of columnar coatings already in
(Ref 13).
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Fig. 14 A schematic showing the features of a typical columnar microstructure produced by (a) SPS, (b) PS-PVD and (c) EB-PVD. (d) An ideal
columnar microstructure exhibiting both low thermal conductivity and high cyclic lifetime

Design of Columnar Microstructure

The focus of this work has been to investigate the perfor-
mance of different columnar microstructures produced by
SPS and PS-PVD and design an ideal columnar
microstructure that shows a combination of relatively low
thermal conductivity and high cyclic lifetime. The results
in Sect. 3 show that while both processes can produce
columnar microstructures similar to EB-PVD, the
microstructural characteristics vary a lot. Figure 14 shows
the typical differences among the columnar microstructural
features in a coating deposited by SPS, PS-PVD and EB-
PVD in terms of column density, intracolumnar porosity
and intercolumnar gap. While SPS coatings typically show
high intracolumnar porosity, resulting in lower thermal
conductivity, the high column density and medium inter-
columnar gaps result in lower strain tolerance. PS-PVD
columnar structures typically show wide intercolumnar
gaps with high column density improving their strain tol-
erance, but show high thermal conductivity due to their
porosity levels and wide intercolumnar gaps. EB-PVD
coatings also have high column density but low intra-
columnar porosity, resulting in even better strain tolerance
and fracture toughness, but at the cost of higher thermal
conductivity.

An ideal columnar microstructure, shown in Fig. 14(d),
would thus have a combination of these features. The
desired features in this structure would be high column
density, medium intracolumnar porosity and narrow inter-
columnar gaps providing the ideal combination of low
thermal conductivity and high lifetime due to high strain
tolerance and fracture toughness. It should be noted that the
BC and TC-BC interface would need to be optimized
appropriately in order to achieve high lifetime.

Achieving this ideal microstructure could of course be
challenging and may not be technically feasible. Efforts
have been made in previous works on TBCs produced by
SPS by shot peening and grit blasting the BC surface
resulting in a columnar microstructure with higher column
density (~25 columns/mm as compared to ~ 12 columns/
mm in this study) resulting in dramatic improvements in
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TCF lifetime (Ref 48). Further tests need to be performed
in order to assess their full potential.

Conclusions

In this study, nine different sets of TBCs with TCs pro-
duced by SPS, PS-PVD and APS and BCs produced by
HVAF and APS were investigated. The TBCs were char-
acterized in terms of microstructural features, thermal
conductivity, TCF and burner rig lifetime. The SPS TCs
showed lower column density as compared to PS-PVD
TCs. While both processes produced coatings with similar
total porosity levels, the PS-PVD TCs showed much lower
amount of fine porosity due to their denser columns with
wider intercolumnar gaps. The dense PS-PVD TBC
showed the highest cyclic lifetime in both TCF and burner
rig testing due to its highly strain-tolerant microstructure,
though it also showed the highest thermal conductivity
among all samples. It was also observed that between the
HVAF and VPS BCs, HVAF BC showed a lower oxidation
rate and thus could improve the cyclic lifetime of TBCs.
Based on these results and previous findings, an ideal
columnar TC microstructure was proposed that could
exhibit both low thermal conductivity and high cyclic
lifetime. This microstructure would consist of high column
density, medium intracolumnar porosity and narrow inter-
columnar gaps as compared to typical columnar
microstructures produced by SPS, PS-PVD and EB-PVD.
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