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H I G H L I G H T S

• A novel design strategy for tailoring
ASPS columnar microstructure is pro-
posed.

• Porosity is classified in 4 classes: (N10
μm), (10 μm–1 μm), (1 μm–100 nm) &
(b100 nm).

• About 40%(1 μm–100 nm), 34%(10 μm–

1 μm), 20%(N10 μm) & 7%(b100 nm)
pores were present.

• Fracture toughness was found to be the
most prominent life-determining factor.

• Pores (N10 μm) had the most severe ef-
fect on lifetime than other porosity
classes.
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This paper investigates the thermal shock behavior of thermal barrier coatings (TBCs) produced by axial suspen-
sion plasma spraying (ASPS). TBCs with different columnar microstructures were subjected to cyclic thermal
shock testing in a burner rig. Failure analysis of these TBCs revealed a clear relationship between lifetime and po-
rosity. However, tailoring themicrostructure of these TBCs for enhanced durability is challenging due to their in-
herently wide pore size distribution (ranging from few nanometers up to few tens of micrometers). This study
reveals that poreswith different length scales play varying roles in influencing TBC durability. Fracture toughness
shows a strong correlationwith the lifetime of various ASPS TBCs and is found to be the prominent life determin-
ing factor. Based on the results, an understanding-based design philosophy for tailoring of the columnar micro-
structure of ASPS TBCs for enhanced durability under cyclic thermal shock loading is proposed.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Thermal barrier coatings (TBCs) are frequently used to provide ther-
mal and oxidation protection to hot section components of gas turbine

engines at high temperatures [1]. The performance of TBCs is measured
by their ability to provide good thermal insulation and last long under
harsh operating conditions [2,3]. The need to suppress degradation of
TBCs due to various changes associated with sustained high tempera-
ture exposure, such as phase transformation, sintering, oxidation etc.,
has become more compelling as the operating temperature of gas tur-
bines is being constantly increased to improve efficiency [4–6]. High
temperature exposure under severe cyclic thermal shock conditions,
as experienced during frequent take-off and landing of aero-engines,
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can accelerate premature failure of TBCs due to excessive thermal gradi-
ents and accompanying microstructural changes [7,8].

Microstructures of TBCs in actual use on hot-section components of
aero turbine engines are of both lamellar [9] and columnar [10] type.
The former is produced by atmospheric plasma spraying (APS) [9] and
the latter by electron beam physical vapor deposition (EBPVD) [10].
APS sprayed lamellar TBCs are known to provide superior thermal insu-
lation due to their inherent porous microstructure [11] whereas the
EBPVD TBCs exhibit extended durability due to their strain tolerant co-
lumnar structure [3].

Suspension plasma spraying (SPS) is a relatively new technique
which has been shown to produce a columnar microstructure as well
as yield high porosity in the TBCs [12,13]. The suspension is typically
comprised of fine particles (100 nm–5 μm) usually suspended in
water or alcohol. Coatings built by the SPS process involve extremely
fine droplets arising from fragmentation of a suspension stream
resulting in small particles being exposed to the plasma plume in flight
after solvent evaporation and depositing them on the bond coat asper-
ities [13–15]. Column formation in SPS is reported to be related to the
suspension droplet/particle's trajectory in flight and its momentum
just prior to impact on the bond coat asperities, and the subsequent
shadowing effect [14,15] due to the asperities of the bond coat. Hence,
both the suspension properties (surface tension, viscosity, density
etc.) as well as the plasma spray parameters (power, enthalpy, gas
flow, spray distance etc.) have a crucial influence on the columnar mi-
crostructure, including the column density (number of columns per
unit length) and overall porosity [13]. Under similar suspension condi-
tions and plasma spray parameters, the column density has been
found to be influenced by bond coat roughness, with smoother bond
coats resulting in higher column density [16].

SPS sprayed TBCswith a porous columnarmicrostructure have been
found promising for providing superior functional performance com-
pared to conventional APS sprayed TBCs, yielding lower thermal con-
ductivity [17], higher thermal cyclic fatigue (TCF) [12] and higher
thermal shock lifetime [12]. High power axial suspension plasma
spraying (ASPS) is a recent variant of the SPS technology which has
been shown to enable a wide process window and is, thereby, capable
of producing various types of columnar microstructures as well as po-
rous, vertically cracked [18,19] and various function dependent coating
architectures such as powder-suspension hybrid, composite and lay-
ered [20,21]. Thesemicrostructures produced by ASPS have not only re-
sulted in a wide range of total porosity (from as low as 2–3% [20] to
beyond 40% [18]) but also a wide pore size distribution, ranging from
few nanometers to few tens of micrometers [18,19].

There is significant research interest in establishing a relationship
between the microstructure and TCF as well as thermal shock lifetime
in SPS/ASPS TBCs. Higher amount of porosity and presence of fine fea-
tures (pores, grains etc.) in the microstructure have been reported to
be mainly responsible for enhancing phonon scattering and, hence, re-
ducing thermal conductivity [22]. However, it has also been suggested
that these fine features may have a propensity to experience high tem-
perature changes, such as sintering, hence making these microstruc-
tures unstable [17,23]. In addition, it has also been shown that high
porosity, along with high column density, can improve TCF life due to
enhanced strain tolerance [16]. Zhao et al. and Curry et al. have shown
that such columnar microstructures can also provide higher thermal
shock life [16,24]. Although, these columnar coatings have shown to
provide high thermal shock lifetime [16,24], the reason why they do
so has not been clearly stated. Moreover, optimization of the columnar
microstructure for achieving the highest possible thermal shock life is
difficult because the influence of overall porosity, pore size distribution,
column density etc. on TBC durability is not yet very well understood.
Prima facie, the inhomogeneous and wide pore size distribution in
ASPS microstructures makes tailoring of microstructures appear partic-
ularly challenging. It is pertinent to point out that such understanding
has already evolved in case of conventional APS TBCs where porosity

and various microstructural features have been demonstrated to play
a significant role on their thermal shock behavior. For example, high po-
rosity and inhomogeneous distribution of pre-existingmicro cracks and
pores have been found to deteriorate thermal shock life whereas the
presence of segmented vertical cracks and nanostructured features
have been noted to enhance durability in similar conditions [25–27].
Tailoring APS microstructures by optimizing their porosity during pro-
cessing has also been attempted, with process parameters such as
input power, spray distance, powder feed rate etc. being found to be
critical [28]. These studies have helped in developing reliable APS TBCs
for high performance applications, motivating the need for a similar im-
proved understanding of SPS TBCs to encourage their adoption by the
industry.

The goal of this work was to study the influence of different ASPS
TBCs with distinct columnar microstructures on their functional attri-
butes as well as thermal shock life and, thereby, investigate the associ-
ated interdependencies. Four different TBCs with varying column
density, porosity and pore-size distributionwere produced and exposed
to identical cyclic thermal shock loading conditions. Porosity was cate-
gorized in four different classes based on the pore size and the respec-
tive role of each on coating durability was assessed. Thermo-
mechanical properties such as thermal conductivity, hardness, E-modu-
lus, fracture toughness etc. were also experimentally measured for all
coatings in order to comprehensively discuss their influence, if any, on
TBC longevity. The improved understanding of the rather complex
pore size distribution in ASPS TBCs, and their individual influence on
thermo-mechanical properties as well as longevity of the coatings,
emerging from this study has important design implications and can fa-
cilitate tailoring of highly durable ASPS sprayed columnar microstruc-
tures with optimum functional performance.

2. Experimental methods and characterization

2.1. Coating materials and deposition techniques

The substrate, bond coat and top coat materials used in this work
were Hastelloy®X, commercial CoNiCrAlY powder (AMDRY 9951,
Oerlikon Metco, Wohlen, Switzerland) and commercial suspension of
8 wt% yttria stabilized zirconia (8YSZ) (INNOVNANO, Coimbra, Portu-
gal), respectively. The suspension used had a particle size distribution
of d10 = 100 nm, d50 = 500 nm and d90 = 1 μm and a solid load of
25 wt% 8YSZ in ethanol. All the substrates were first grit blasted with
Alumina powder (220 grit) prior to bond coat deposition. A bond coat
of 200 μm ± 15 μm thickness was then deposited using a M3™ super-
sonic high velocity air fuel (HVAF) spray gun (Uniquecoat, Richmond,
USA)with spray parameters developed in previousworks [16,18,19]. Fi-
nally, the top YSZ layer of about 250–300 μm was deposited using an
Axial III high power plasma torch (NorthwestMettechCorp., Vancouver,
Canada) equipped with a Nanofeed 350 suspension feed system.

Four discrete sets of process parameters were used for YSZ layer de-
position on identically bond coated substrates. It is pertinent to indicate
that the authors' group has been working on TBCs deposited with the
above suspension and spraying technique for the past 4 years [18,19].
Hence, the specific intent of the present study was to use discrete pa-
rameter sets (provided in Table 1) modified from previous works
[18,19] to yield different columnar-type structures and determine
how the thermal shock life is influenced by the microstructural varia-
tions, especially in terms of different length scaled pores or pore size
distribution and total porosity. Table 1 also shows the thickness for all
coatings along with their respective deposition rate.

The specimens coated were of two different geometries: thin square
plates (25 mm × 25 mm × 1.6 mm) and thick coupons (ϕ 25 mm
× 6 mm). The thick coupons were subjected to cyclic thermal shock
test whereas the thin plates were used for determining the microstruc-
ture, thermal diffusivity and mechanical properties.
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2.2. Thermal shock testing

Thermal shock testing of all the sampleswas performed in a propane
gas combustion burner rig facility at GKN Aerospace (Trollhättan, Swe-
den) [29]. The samples were subjected to thermal cycling, with each
cycle involving 75 s of heating followed by 75 s of cooling. The test
started with initial preheating of the sample from behind the substrate
side using hot air guns to a temperature of about 700 °C. Samples were
then heated from the front ceramic top coated side to a maximum tem-
perature of about 1300 °C. Accordingly, the ceramic coating experiences
a temperature gradient, which may vary depending on the thermal
properties of each coating. After the 75 s heating period, the front face
of the sample (ceramic top coat) was cooled using compressed air for
75 s. The front face of the samples was found to attain a temperature
of around 300 °C by the end of the cooling period. The integrity of
each sample surface in terms of visible cracking, spallation etc. was au-
tomatically captured by a video camera and both the front and back sur-
face temperatures were monitored using pyrometers. The failure
criterion was 10% spallation of the coated surface as observed during
the video recording and the number of cycles to spallation was noted
as the thermal shock lifetime of the sample. Six samples were subjected
to thermal shock testing per coating in order to get a statistical
deviation.

2.3. Isothermal heat treatment

The thin square plate samples were first water jet cut into ϕ10 mm
small couponswhichwere then subjected to isothermal heat treatment.
Sampleswere placed in a furnace at room temperature, the furnacewas
then evacuated and flushed with a Argon-2.9 Vol% Hydrogen mixture
maintaining a flow rate of 200 L/h and heated to a temperature of
1100 °C in about 4 h. Four sets of samples were held at this temperature
for 1, 3, 10 and 200 h respectively. At the end of the test, the samples
were cooled down to room temperature in about 4 h.

2.4. Microstructure analysis

The microstructure of both metallographically prepared (polished)
and fractured surfaces were analyzed by scanning electron microscopy
(SEM) using HITACHI TM3000 (Tokyo, Japan), MIRA3 FEG (TESCAN,
Brno, Czech Republic) and EVO 50 (ZEISS, Oberkochen, Germany) mi-
croscopes. For examining fractured cross-section microstructures, the
top coat was first detached from the substrate by immersing the coated
specimens in aqua-regia (a mixture of concentrated HCl and HNO3 in
molar ratio 3:1). The detached ceramic top coats were then cleaned
with ethanol, dried and broken manually in several pieces. In addition,
the surface of each coated sample was also rapidly milled in such a
way that only about several micrometers of the top ceramic layer was
removed/broken to enable observation of the ‘fractured’ topography.
Prior to analysis of polished cross-sections, the samples were mounted
using vacuum impregnation in a low viscosity epoxy resin and then
cut using an Aluminum oxide cut-off wheel. The transverse sections
were again cold mounted using a fast curing epoxy resin. The double
mounted samples were then ground and mirror polished semi-auto-
matically using a Buehler PowerPro 5000 (Buehler, USA), polishing
machine.

2.5. Porosity analysis

Porosity measurement is a challenge in SPS sprayed coatings due
to the inherent wide pore size distribution (ranging in scale from
-μm to -nm sized pores) [18,19]. In order to measure the entire
range of porosity, two different techniques were used. Previous
work has shown that image analysis and mercury infiltration
porosimetry (MIP) can be suitable techniques for porosity measure-
ment in SPS coatings. It was shown that the Image analysis technique
can be unreliable while measuring the fine porosity (sub-micron
and, especially, nano-sized) and may, therefore, under predict the
porosity [18,19]. Other techniques as reported in literature for
measuring fine porosity are Brunauer–Emmett–Teller (BET) and
MIP, where BET is reported to be useful while measuring porosity
between 2 nm to 300 nm [30] whereas MIP is reported to be useful
for a wider range i.e. from few nm to few tens of μm [19]. Although
MIP has shown a pore size resolution of down to a few nm [18,19]
and capable for measuring wider pore size range, the larger pores
measured by MIP in the low pressure regime can be significantly
influenced by the surface roughness of the coating [18,19]. Hence, a
combination image analysis and MIP techniques, as described
below in detail, was used to analyze the total porosity. The porosity
was categorized in four different classes based on pore size (diameter):
Class-1 (N10 μm), Class-2 (10 μm–1 μm), Class-3 (1 μm-100 nm) and
Class-4 (b100nm). The classification of pores asmentioned abovewas se-
lected in order to differentiate the large (N10 μm), micron (1 μm–10 μm),
sub-micron (1 μm-100 nm) and nano (b100 nm) sized pores and study
their individual role on coatings performance. The Class-1 and Class-2
pores were analyzed by image analysis while Class-3 and Class-4 pores
were determined by MIP.

2.5.1. Image analysis

Class-1 and Class-2 porositywas analyzedusing the ImageJ software,
a public domain java based image processing program (Fiji (Fiji Is Just
ImageJ)) [31]. At a magnification of ×500, 30 micrographs were cap-
tured using SEM at various locations in the cross-section of the polished
specimen to determine the representative value of the porosity. Fig. 1
(a–e) depict the procedure used for classifying the Class-1 and Class-2
porosity. As can be seen from Fig.1, the SEM image at ×500 (a) was
first cropped appropriately to obtain (b), and the auto-brightness con-
trast adjustment used to automatically threshold and convert the
micrograph into a binary image (c). A count mask was then used to de-
lineate the desired size ranges, i.e., N10 μm for Class-1 (d) and 1 μm–10
μm for Class-2 (e) [32]. The porosity percentage for each class was then
calculated from the respective binary images as an area fraction of the
white region (the remaining pores after the relevant count mask was
applied) with respect to the total area. The procedure was automated
for all the images and the mean value of % porosity was determined
for each class. Fig. 1 (f–i) also illustrates a similar procedure that
could, in principle, also be adopted for counting Class-3 (h) and Class-
4 (i) pores using a high magnification (×7000) SEM micrograph (f)
and its corresponding binary image (g). However, these pores
(Class-3 and Class-4) were not counted using image analysis as it is
amply evident that such a procedure could under-predict the fine
porosity.

Table 1

Discrete sets of plasma spray parameters utilized to deposit different columnar YSZ layers with their corresponding thickness and deposition rate.

Coating # Spray distance (mm) Suspension feed (mL/min) Total gas flow (L/min) Power (kW) Enthalpy (kJ) Coating thickness (μm) Deposition rate (μm/pass)

1 100 45 200 110 9.9 268 ± 21 1.1 ± 0.1
2 100 45 300 108 7 273 ± 24 1.4 ± 0.1
3 75 70 250 119 11.1 248 ± 16 3.3 ± 0.2
4 75 100 300 142 12.4 305 ± 18 7.6 ± 0.4
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2.5.2. Mercury infiltration porosimetry (MIP)

A rectangular specimen (10 mm× 20mm) was water jet cut from a
thin coated square plate which was then kept in aqua-regia in order to
detach the ceramic top coat from the substrate. The free-standing ce-
ramic top coat was then used for MIP measurements. The porosity
wasmeasured using a PASCAL 440 system (POROTECGmbH,Germany),
which had a detection limit down to a pore diameter of 3.6 nm [33]. The
rawdatawas extracted and only Class-3 and Class-4 poreswere consid-
ered. A detailed description of the MIP technique used can be found
elsewhere [33,34].

Total porosity in each coating was then determined by summing up
the porosity in the 4 different pore-size ranges (Class-1 to Class-4)mea-
sured by the techniques mentioned above.

2.6. Column density measurement

Tomeasure the columndensity, a number of SEM imageswere taken
at amagnification of 200× over the entire cross-section of the coating. A
straight linewas drawn at half of the coating thickness and the length of
the resulting line wasmeasured in micrometers. All the column bound-
aries, intersecting the line and having a length greater than half of the
coating thickness were counted. The column density (columns/mm)
was then calculated, using eq. (1) [18]:

column density ¼ No:of column boundaries intersecting the line−1ð Þ
True length of the line

ð1Þ

2.7. Phase analysis

The phase constitution of coatings in the as-sprayed state and after
thermal shock testing was determined by X-ray diffraction (XRD)
using an X-ray Power D8 Discover diffractometer (Bruker AXS, Ger-
many) with Cu-Kα radiation in the 20 to 90° 2θ range. Refinement of
lattice parameters as well as quantification of the identified phases
and the mean crystallite size was done using TOPAS 4.2 software.

2.8. Thermal conductivity

The thermal conductivity of a TBC is derived from its thermal diffu-
sivity. The relation between coating's thermal conductivity (λ), thermal
diffusivity (α), specific heat capacity (Cp) and density (ρ) is shown in

Eq. (2), where all symbols are in SI units:

λ ¼ αCpρ ð2Þ

The coating density was derived from its bulk density (6.1 g/cm3 for
8YSZ) and the total porosity measured using the combination of
methods described above. The specific heat capacity was measured in
earlier work [9] by differential scanning calorimeter 404C (Netzsch
Gerätebau GmbH, Selb, Germany) [9] while for thermal diffusivity mea-
surements laser flash analysis (LFA) was employed using LFA 427
(Netzsch Gerätebau GmbH, Germany) equipment [19,35].

2.9. Mechanical properties

Hardness and E-modulus were experimentally determined using an
instrumented depth-sensing micro-indentation technique. A computer
controlled micro-indenter equipment (H100, Fischerscope, Helmut Fi-
scher GmbH, Germany), having an indenter displacement resolution in
the nanometer range and a load resolution of 0.4 mN during the entire
loading and unloading duration, was used. Instrumented hardness (HIT)
(convertible into Vickers' hardness scale HV) and instrumented E-modu-
lus (EIT) (obtained from the unloading slope) were determined using the
commercialWIN-HCU® software (Fischer GmbH) using Eqs. (3) and (4):

HIT MPað Þ ¼ P

Ai
¼ P

Constant � h
2

ð3Þ

EIT GPað Þ ¼ E

1−v2ð Þ ¼
P � π0:3

4 tan68 ° h dHIT=dPð ÞPmax

ð4Þ

where P is the indentation load in (N), Ai is the indented area, h is the in-
dentation depth, Constant is the ratio of the indented area to the square of
the indentationdepth (since the ratio is constant for a given indenter), E is
the E-modulus of the coating in (GPa), v is the Poisson's ratio for 8YSZ,
whichwas considered as 0.25 [1] and Pmax is themaximum loaduseddur-
ing indentation. A total of 25 indents were made on as-sprayed polished
cross-sections with a maximum load of 1 N (HV0.1) and the average
values of both hardness and E-modulus, were determined [1].

Fracture toughness measurements were made using the Vickers in-
dentation technique. Prior to toughness measurements, all the coatings
were first mirror polished and then indented at a maximum load of
9.807 N (HV1), which was identified as optimum for such coatings to
produce Palmqvist type cracks without significantly damaging the coat-
ing, for a dwell time of 13 s [36] using a Vickers indenter (Shimadzu
HMV-2 T Microhardness Tester). A total of 25 indents were made all

Fig. 1. Image analysis procedure, also showing the four defined classes of porosity: Class-1 (N10 μm), Class-2 (10 μm–1 μm), Class-3 (1 μm–100 nm) and Class-4 (b100 nm) in (d), (e), (h)
and (i) respectively.
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across the mirror polished cross-section. SEM images for all the indents
were captured in order to measure the crack length (l) and the indent
half-diagonal length (a). The following equation was used to calculate
the fracture toughness, as the cracking pattern was identified as
Palmqvist cracks (0.25 ≤ l/a ≤ 2.5) type in these coatings [37]:

K IC ¼ 0:018
E

HIT

� �2
5

HITa
1
2

a

l

� �

1
2 ð5Þ

Here KIC is the mode I indentation fracture toughness (MPa.m1/2), E
is the elastic modulus (MPa) determined from EIT, a is the indentation
half-diagonal length (m) and l is the crack length (m). Average values
of E, HIT, a and l were considered in order to calculate the mean KIC

and the values are reportedwith appropriate standard deviations calcu-
lated using the law of error propagation. All the indents were made at a
depth that was about half of the coating thickness and approximately in
the center of the columns. It is important to emphasize that all the in-
dents were made at approximately the center of the YSZ columns for
the sake of reliablemeasurements. Thus, the determined KIC values pro-
vide only the local toughness and can be considered to be the upper
bounds of effective toughness in coatings investigated.

3. Results

3.1. As-sprayed columnar microstructures

Four different columnar coatings were produced using discrete pro-
cess parameters provided in Table 1. The resultant SEM micrographs of
the polished cross-sections of these columnar microstructures are
shown in Fig. 2. It is amply evident that the microstructures in the
four samples, although columnar, are quite distinct in character. The na-
ture of the columns, the pore size as well as the extent of porosity

present within each column and at/near the inter-columnar region are
clearly seen to be different in each of the coatings. Attention can also
be drawn to the presence of inter-pass porosity bands (shown in Fig. 2
(d) by white dotted arrows) that were exclusively observed in Coating
#4 and not in any other coatings. A closer examination of the topogra-
phy of these coatings as well as their polished and fractured cross-sec-
tions at both low and high magnification, particularly within the
columns and close to the column gaps, was employed to evaluate the
differences. This was meticulously done in case of all the coatings.

Various polished and fractured SEMmicrographs at differentmagni-
fications as shown in Fig. 3 and Fig. 4 reveal the different regions of in-
terest in the TBCs studied, although they have been illustrated here for
Coating #1 and Coating #2, respectively. Fig. 3 shows high magnifica-
tion micrographs of the polished cross-section of the same coating
depicted in Fig. 2 (a), providing closer views of a region within column
(Fig. 3(a)) as well as of a region in the vicinity of an inter-columnar
spacing (Fig. 3 (b). The top view as well as the cross-section of the frac-
tured coating is shown in Fig. 4(a) and Fig. 4(b), respectively. Further
magnified micrographs of regions within the fractured column and
within the fractured inter-columnar spacing are also shown in Fig. 4
(c) and Fig. 4(d), respectively.

The extent to which all the features indicated in Figs. 3 and 4 are
present in a given coating is governed by their respective spray param-
eters. These also lead to expected differences in individual contributions
of different pore classes (Class-1 to Class-4) to the overall porosity con-
tent in the TBC specimens as quantified below.

3.2. Quantification of porosity and pore size distribution in as-sprayed

coatings

The four different classes of porosity, i.e. Class-1 (N10 μm), Class-2
(10 μm–1 μm), Class-3 (1 μm–100 nm) and Class-4 (b100 nm), were
quantified as described in Section 2.5 through a combination of image

Fig. 2. The polished cross—sections of all coatings showing columnar structures (a to d for Coating #1 to Coating #4, respectively) with distinct microstructures (note the white dotted
arrows in (d) which depict inter-pass porosity (IP) bands observed only in Coating #4).
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analysis andMIP. The results are summarized for as-sprayed coatings in
Fig. 5(a) and also utilized to determine the total porosity in each coating
after summing up the contribution of all four porosity classes. It can be
seen from Fig. 5(a) that Coating #1 has the highest total porosity (about
45%) followed by Coating #2 (about 33%), Coating #3 (about 26%) and
Coating #4 (about 16%). It is also educative to determine the average
contribution of each class of porosity of all four coatings to the total po-
rosity which is plotted in a pie-chart as shown in Fig. 5(b). It can be no-
ticed from Fig. 5(b) that the Class-3 pores were the most dominant in a
majority of the coatings (40%), followed by Class-2 (34%). Class-4 pores

were found to contribute the least among all classes (7%) to the total po-
rosity in case of all the coatings.

3.3. Change in porosity upon isothermal heat treatment

Two extreme coatings in terms of total porosity content in the as-
sprayed condition (Coating #1 and Coating #4) were also analyzed
after 200 h of isothermal heat treatment in an inert atmosphere and
the porosity results are summarized in Fig. 6. The porosity in Coating
#1 and Coating #4 after 200 h was found to have marginally changed

Fig. 3.Magnified polished cross-section micrograph within the column (a) and within the inter-columnar spacing (b) for Coating #1 showing various microstructural features marked
with different colored arrows and notations, namely columns (C in blue), inter-columnar spacing (IC in violet), spherical particles (S in orange), fine cracks (FC in yellow), nano pores
(NP in red), submicron pores (SP in green) and micron-sized pores (MP in white).

Fig. 4.Different fracturedmicrographs showing top view of a fractured column (a), a fractured cross-section (b), a magnified fracturedmicrograph within the column (c), and within the
inter-columnar spacing (d) of Coating #2 and also various features, namely columns (C in blue), inter-columnar spacing (IC in violet),well-molten splats (in black), spherical particles (S in
orange), nano pores (NP in red), submicron pores (SP in green) and micron pores (MP in white).
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from (45%± 4%) to (52%± 4%) and (16%± 2%) to (13%± 1%), respec-
tively. However, careful inspection of different classes of porosity re-
vealed that pores of different length scales responded differently
when subjected to heat treatment, as shown in Fig. 6. For instance, the
Class-1 porosity was found to increase while Class-4 porosity was
found to decrease in both coatings. Class-2 porosity showed amixed be-
havior, with increase in case of Coating #1 and decrease in case of Coat-
ing #4 being noted, whereas the amount of Class-3 pores present was
found to be virtually unaffected. The average contribution of each class
of porosity of both coatings to the total porosity after heat treatment
is also plotted in a pie-chart as shown in Fig. 6(e). It can be noted that
the contribution of Class-4 porosity, like in as-sprayed state, is still the
least among all classes, in fact negligible (only 2%), whereas other po-
rosity classes were found to contribute in a similar range of about 30–
35% each. It is also important to note from Fig. 5(b) and Fig. 6(e), a sig-
nificant change (15% increase) in an average Class-1 porosity content in
such columnar coatings after the heat treatment occurred.

3.4. Phase analysis by XRD

XRD analysis performed on both the as-sprayed as well as failed
(after thermal shock testing) samples showed that there was no phase
transformation in any of the four coatings. The lattice parameter ratio

(
ffiffiffi

2
p

ðc=aÞ) calculated for all coatings before and after failure was found
to be lower than 1.010, confirming that the non-transformable tetrago-
nal (t′) phase was retained even after failure [38]. This suggests that the
failure in these coatings was not attributable to phase transformation,

which can potentially contribute to failure in 8YSZ coatings at higher
temperatures [39]. Similar observations were also made for samples
after the isothermal heat treatment, with no phase change in coatings
being noticed.

3.5. Thermal shock lifetime

The performance of all four TBCs under thermal shock testing was
determined in terms of number of cycles to failure as defined in
Section 2.2 and is summarized in Table 2. It can be noted that the ther-
mal shock life of Coating #1was the lowest (about 100 cycles)while the
Coating #4 one the highest (about 500 cycles). In fact, the lifetime of
Coating#4was exceptionally higher compared to the rest. It is pertinent
to mention here that the lifetime in excess of 1000 cycles have been re-
ported in case of both the standard APS TBCs [12] as well as ASPS TBCs
[16] having a thickness similar to that of the coatings studied in this

Fig. 5. Total porosity content and absolute contribution of each class of porosity for the four different coatings (a) and % share of each pore class to the total porosity averaged over the four
coatings (b).

Fig. 6. Change in different classes of porosity for Coating #1 andCoating #4 after isothermal heat treatment for 200 h in an inert atmosphere (a-d) and % share of each pore class to the total
porosity averaged over the four coatings after heat treatment (e).

Table 2

Thermo-mechanical properties (thermal conductivity, Vickers hardness, indentation E-
modulus and mode I fracture toughness) of as-sprayed coatings and their thermal shock
lifetimes.

Coating
#

Thermal
conductivity
(W/m·K)

Vickers
Hardness
(HV0.1)

Indentation
E-modulus
(GPa)

Fracture
toughness
(MPa·m0.5)

Lifetime (No.
of cycles to
failure)

1 0.53 ± 0.01 454 ± 48 63 ± 8 1.39 ± 0.02 102 ± 17
2 0.73 ± 0.01 630 ± 96 72 ± 6 1.58 ± 0.03 138 ± 32
3 1.20 ± 0.02 782 ± 57 106 ± 5 1.72 ± 0.03 228 ± 54
4 1.39 ± 0.03 945 ± 87 94 ± 6 1.73 ± 0.03 529 ± 128
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work. This lends further credence to the importance of tailoring ASPS
microstructures for achieving optimum TBC durability as attempted
herein, since mere realization of a columnar microstructure clearly
does not guarantee high lifetime.

3.6. Thermo-mechanical properties

As shown in Table 2, the thermal conductivity was found to be least
for Coating #1 (0.53 W/mK) and the highest for Coating #4
(1.39 W/mK). Low thermal conductivity is a crucial requirement for a
TBC to impart the necessary thermal insulation required by gas turbine
components during operation. The highest thermal conductivity mea-
sured in case of Coating #4 is still lower than the typically reported
values for EBPVD TBCs, which are about 1.5–1.9 W/mK [22,40]. Also,
the lowest thermal conductivity (observed in Coating #1) is lower
than the typically reported values for traditional APS TBCs which are
about 0.7–1.1 W/mK [9,41]. Similarly the mechanical properties such
as hardness, fracture toughness and modulus of elasticity of as-sprayed
coatings are also summarized in Table 2. It can be noticed that both
hardness and toughness were the least for Coating #1 and the highest
for Coating #4, suggesting a direct correlation with total porosity in
the coating. In case of E-modulus, no such correlation was apparent,
with Coating#1 showing the lowest value followed byCoating#2, Coat-
ing #4 and Coating #3 in that order.

4. Discussion

4.1. Influence of process parameters on coating microstructure

As explained in the introduction, the coating build-up in SPS and the
resultant microstructure are mainly governed by the suspension prop-
erties as well as the plasma spray parameters. Since the same suspen-
sion was used to deposit all four coatings, any variation in
microstructures can be attributed exclusively to differences in plasma
spray parameters.

The extent of suspension fragmentation in the plasma (viz. droplet
size) in combination with its velocity govern the droplet momentum
which, in turn, governs column formation (lower droplet momentum
favors columnar microstructures) and coating build-up [14,15,42].
Since all coatings revealed a columnar structure (see Fig. 2(a to d)),
the extent of suspension fragmentation was adequate to produce fine
droplets that exhibit low momentum necessary for column formation
[14,15]. However, the column density, as can be seen from Fig. 7, was
significantly different in the four coatings and this can be attributed to
the different spray conditions.

Lower suspension feed rate, higher total gas flow rate and higher
power can augment suspension fragmentation and, hence, reduce drop-
let size. Also, a longer spray distance implies that the droplets/particles

reaching the substrate may have a lower velocity compared to those
which travel a shorter spray distance (provided other parameters are
identical). Lower droplet momentum can be achieved by having either
finer droplets or slower droplet/particle velocity or both. This can ex-
plain the difference in column density shown in Fig. 7.

More columns in themicrostructure also result inmore inter-colum-
nar spacing. As can be seen from Fig. 1, the Class-1 porosity is largely at-
tributable to the region at/near the inter-columnar spacing in the
columnar microstructure. The dependence of Class-1 porosity on col-
umn density can also be seen from Fig. 7. However, it should also be ap-
preciated that, apart from column density, the width of the inter-
columnar spacing and the connected spread of pores in its immediate
vicinity also contribute to the Class-1 porosity (see Fig. 1(d)).

After solvent evaporation from the droplet, the YSZ particles are di-
rectly exposed to the plasma. The degree of melting of these particles
and formation of a well-molten splat upon their impact with the bond
coat depends on adequate dwell time in the plasma plume as well as
plasma energy being available. The dwell time can be governed by sev-
eral spray parameters such as spray distance, suspension feed rate and
total gasflow,while the plasma power and enthalpy are good indicators
of the available energy. Shrinkage of thesewell-molten splats during so-
lidification may introduce some fine inter-splat cracks/porosity in the
microstructure as can be seen in Fig. 3(a) and Fig. 4(c) and can contrib-
ute to Class-3 and/or Class-4 porosity. For example, the extremely high
power and enthalpy used to deposit Coating #4 were adequate to melt
the particles, despite the high suspension feed rate and short spray dis-
tance, to achieve proper splats. This led to the lowest total porosity in
Coating #4 compared to all other coatings.

If the YSZ particles are not fully molten in flight, they can result in
formation of μm-sized poresmarked in Fig. 3(a) and Fig. 4(c), contribut-
ing to either Class-2 or Class-3 porosity. Moreover, in a situation when
lower power and enthalpy is used in combination with a significantly
high spray distance, the molten YSZ particles may even re-solidify be-
fore reaching the substrate resulting in spherical particles instead of
splats as shown in Fig. 3(b), Fig. 4(c) and Fig. 4(d). They can result in
the formation of fine pores (submicron or nm-sized pores, depending
on their size which was found to be around 50 nm–300 nm as shown
in Fig. 4(d)) marked in Fig. 3(a) and Fig. 4(c), contributing to either
Class-3 or Class-4 porosity. All this is clearly evident in the microstruc-
tures of Coating #1 and Coating #2, which were sprayed at lower
power and enthalpy.

Apart from the different sized pores/cracks, it is also pertinent to dis-
cuss the presence of inter-pass (IP) porosity bands marked with white
dotted arrows in Fig. 2(d). As mentioned earlier, these were found
only in case of Coating #4, which may be due to the relatively higher
rate of material deposition per pass in Coating #4 than other coatings.
As can be seen from Table 1, the deposition rate for Coating #4 was
more than twice the Coating #3 and about seven times higher than
that of Coating #1. Few unmolten particles are inadvertently generated
along the periphery of the plasma jet, alongwith the fullymolten splats.
During the repeated passage of the plasma torch corresponding to the
number of passes, these undesired particles may get deposited above
and below the desired molten splats resulting in such porosity bands.
Such porosity bands can be distinctly visible especiallywhen highmate-
rial deposition rate per pass is used as in case of Coating #4. These po-
rosity bands were found to be contributing to either Class-2 and or
Class-3 porosity.

4.2. Influence of microstructure on thermal shock lifetime

The photographs of all the four failed coatings shown in Fig. 8(a-1 to
a-4) revealed that the coatings did not spall at the edges as in case of TCF
tests, where typical failure has been reported to initiate at the edges
[43,44]. All the coatings were seen to be chipped off from the center of
the ceramic top coat. Similar failuremodewas reported for ASPS depos-
ited TBCs by Zhou et al. [45] tested during thermal shock in a different

Fig. 7. Column density and Class-1 porosity for all four coatings and the relationship
between them.
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burner rig test facility. In addition, the SEMmicrographs of all the failed
coatings revealed the presence of horizontal cracks in the YSZ layer, sug-
gesting that the propagation of such cracks could have ultimately led to
delamination of the top coat. Moreover, these horizontal cracks are typ-
ically observed in the YSZ layer close to the bond coat. The SEM micro-
graphs of all the failed coatings also confirmed that the TGO thickness
was too small to be the predominant cause of failure. For example,mag-
nified micrographs of the bond coat-top coat interface for Coating #2
(Fig. 13(b-1)) clearly show the thickness of the TGO to be about 2–3
μm and similar observations were also made for all other coatings as
well. Although the TGO thickness at failure has been reported to be
above 5–6 μm in case of APS TBCs subjected to TCF tests [6], it is relevant
to mention that a similar TGO thickness of 2–3 μm has also been noted
in case of prior studies after thermal shock testing of ASPS TBCs [45].
Therefore, the failure in the present case can be mainly attributed to
crack initiation and propagation in the ceramic top coat and not the
TGO as reported in furnace TCF tests or other thermal shock gas burner
tests [43].

From the standpoint of eventually developing an ability to tailor SPS
TBC coating microstructures to enhance thermal shock performance, it
is important to understand the role of various factors in governing TBC
lifetime, as is well-known today in case of APS TBCs. As a first step in in-
vestigating the life-determining attributes of ASPS TBCs exposed to
thermal shock, due to the relatively complex microstructure of SPS,
this involves correlating the total porosity in as-deposited coatings (as
well as the distribution of different previously defined pore classes) to
their longevity. The thermal shock lifetime of the four coatings investi-
gated was plotted against total porosity in Fig. 9. The total porosity
was seen to have a strong influence on the lifetime of ASPS TBCs and,
for the range of porosity studied in this work (15%–45%), the lifetime
progressively decreased with increase in total porosity. Similar to the
total porosity, the lifetime in this study has also showed a decreasing
trend with both the porosity at/near the inter-columnar spacing
(Class-1) as well as within the column Class-(2 + 3 + 4) as shown in
Fig. 9. This suggests that alongwith the total porosity, different porosity
classes can also play a significant role on lifetime which is discussed in
more details in later sections. It is, however, to be appreciated that the
influence of porosity on coating durability is indirect in nature and in ac-
tual fact a consequence of the effect that porosity has on the thermo-
physical properties of the TBCs. Hence, it is important to first identify
the various thermo-physical properties that significantly affect TBC

lifetime, so that themicrostructure can be tailored to appropriately ma-
nipulate those properties.

4.3. Influence of thermo-physical properties on thermal shock lifetime

It has been proposed in the past that the lifetime of ceramics sub-
jected to thermal shock can be analyzed by analyzing their thermal
shock resistance [46–48]. Kingery and Hasselman introduced various
thermo-physical properties of ceramics which should be considered
for evaluating their thermal shock resistance such as thermal conductiv-
ity, modulus of elasticity, coefficient of thermal expansion, fracture
strength, heat transfer coefficient, specimen size etc. [46,47]. Lu et al.
[48] derived a relationship between thermal shock resistance and the
above properties for various cases, including engineering ceramics
containing a dominant through thickness flaw with low biot number
(Bi b 1) and proposed that the thermal shock resistance (ΔT) in such a
case is proportional to the ratio between a product of fracture toughness
(KIC) and thermal conductivity (λ) and a product of modulus of elastic-
ity (E), thermal expansion coefficient (α), heat transfer coefficient (h)
and thickness (H). The original expression by Lu et al. is shown below
in Eq. (6) [48].

ΔT≌Constant � λ K IC

E α
ffiffiffiffiffiffiffiffi

π H
p

hH
ð6Þ

Fig. 8. Photographs of all coatings after failure (a-1 to a-4) and the corresponding SEM cross-section micrographs (b-1 to b-4) along the dotted lines for Coating #1 to Coating #4.

Fig. 9.Dependence of TBC lifetime on as-sprayed total porosity, Class-1 porosity and Class-
(2 + 3 + 4) porosity.
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It is educative to discuss the above equation in the context of the
thermal shock performance of the ASPS coatings which exhibit through
thickness “flaws” in the form of inter-columnar spaces and also possess
a low Biot number (Bi ≈ 0.94, assuming heat transfer coefficient to be
5000W/m2·K [49] for 8YSZ coating). The thermal expansion coefficient,
heat transfer coefficient and thickness can be deemed to be constant in
the present discussion, since the coating material was identical and the
thicknesses similar in all four TBC specimens studied herein. Therefore,
as per Eq. (6), it seems informative to study the relationship between
the thermal shock lifetime and the ratio of the product of conductivity

and toughness and E-modulus (λ KIC
E ). The dependence is illustrated in

Fig. 10, which clearly suggested that, there exists a good correlation be-

tween the ratio (λ KIC
E ) and the thermal shock lifetime. For this reason, it

is deemed educative to consider themanner in which these three prop-
erties, namely conductivity, E-modulus and toughness, can possibly im-
pact TBC durability.

4.3.1. Thermal conductivity

As reported in published literature, the TBCs experience a much
more severe thermal gradient across the ceramic top coat layer during
thermal shock testing compared to isothermal TCF testing [50]. A higher
thermal gradient across the ceramic top coat layer can affect the bond
coat temperature (which, in turn, can affect TGO formation) as well as
the thermal mismatch stresses in the ceramic top coat (especially near
the bond coat – top coat interface), thereby affecting the lifetime [51].
The thermal gradient is, of course, significantly dependent on the ther-
mal conductivity of the coating. A higher thermal conductivity of the ce-
ramic top coat lowers the temperature drop across it and leads to the
bond coat experiencing higher temperatures which, as reported by
Vassen et al., can result in lower lifetime due to corresponding acceler-
ated TGO growth and increase in thermal expansion mismatch stresses
[43]. Thus, unlike in bulk ceramics, it is inappropriate to consider the in-
fluence of thermal conductivity on the ‘thermal shock resistance’ of the
ceramic layer alone in case of the comparatively complex TBC systems,
wherein the role of thermal conductivity on changes to the underlying
bond coat is inseparable in governing TBC longevity. Moreover, low

thermal conductivity is a major functional requirement of the TBCs
and, hence, increasing the thermal conductivity to enhance its thermal
shock resistance as suggested by Eq. (6) is not an implementable option.

4.3.2. E-modulus and toughness

Both E-modulus and toughness in TBCs are altered with time during
high temperature exposure due to associated microstructural changes,
such as sintering of ceramic top coat [52]. Since all the coatingswere ex-
posed to high temperature during thermal shock testing for several
hours (the actual number of hours before failure for all the coatings in
this study were approximately between 2 and 13 h), the effect of an av-
erage E-modulus and toughness (determined in as-sprayed condition,
and after 1, 3 and 10 h of isothermal heat treatment) on TBC lifetime
has been plotted in Fig. 11. It can be seen from Fig. 11(a) that the TBC
lifetime increases with increase in E-modulus.

The toughness also has a significant influence on TBC lifetime as
shown in Fig. 11(b), with the thermal shock life increasing with the in-
crease in toughness. It should be borne in mind that E-modulus and
toughness are interrelated. As can be seen from Fig. 11(c), there exists
a good correlation between toughness and E-modulus, which has also
been observed in conventional APS TBCs [52]. Therefore, both Eq. 5
and Fig. 11(c), suggest that the coating toughness in some respect “in-
corporates” the E-modulus. Consequently, it is appropriate to consider
the toughness of the ceramic top coat to be the most dominant life-de-
termining factor. Such a direct relationship between toughness and TBC
durability has also been found in conventional APS TBCs [7,53–55] as
well as ASPS TBCs [45]. Thus, the influence of porosity on toughness in
ASPS columnar TBCs seems to merit particular consideration while ex-
ploring strategies to tailor TBC microstructures for achieving optimum
in-service durability.

4.4. Understanding the role of porosity and different pore classes on tough-

ness and hence lifetime

Under cyclic thermal shock conditions, the coating experiences a
temperature gradient primarily through the thickness and this can in-
troduce thermal stresses in the coating [8]. In addition, the thermal ex-
pansion mismatch between the bond coat and the top coat creates
tensile stresses, especially close to the top coat-bond coat interface
[8,56]. Accumulation of these stresses can lead to crack formation and
its subsequent propagation in the coating [57]. Once the crack is initi-
ated, it has a propensity to propagate through the coating under the cy-
clic thermal shock conditions experienced by the TBCs. Hence, a
thorough understanding of the role of total porosity and different pore
classes on crack initiation and propagation can be invaluable in tailoring
the ASPS columnar microstructure to improve durability.

It is known in case of conventional APS TBCs that an increase in po-
rosity is often accompanied by a decrease in toughness [52]. A similar
trend was also found in this study (shown in Fig. 12), where the tough-
ness is noted to decrease with increase in total porosity. A strong and
nearly inverse linear correlation between total porosity and toughness
is apparent in these coatings. In addition to the total porosity, similar
trend can be seen for both porosity at/near the inter-columnar spacing

Fig. 11. Dependence of thermal shock lifetime on average E-modulus (a) and average Toughness (b). The relationship between Toughness and E-modulus (c) is also shown.

Fig. 10. Relationship between lifetime and (λ KIC

E ) for all coatings.
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(Class-1) aswell aswithin the column (Class-(2+ 3+4)) (see Fig. 12).
This may now also explain the dependency of lifetime on total porosity
and on different pore classes as shown in Fig. 9.

The individual influence of various pore classes on lifetime can be
understood by examining the stress intensity factors resulting from
the respective pore classes. As stated in literature, higher stress intensity
factors can lower the lifetime as it can result in higher crack growth
rates [45]. The stress intensity factor (KI) is proportional to the square
root of the defect size [45]. Thus, larger defects in the ceramic layer
can lead to higher stress intensities (KI) and hence higher crack growth
rates. Table 3 shows approximate (KI) values for all the pore classes in
each of the as-sprayed coatings, calculated by using a simplified relation
in Eq. (7) as reported by Zhou et al. [45] for similar columnar ASPS TBCs:

K I ¼ Ү σ
ffiffiffi

c
p

≈ Ү∆Ɛ E
ffiffiffi

c
p

ð7Þ

Here, c is the equivalentmeanpore size (m), E is E-modulus (MPa), Ү
is the geometry factor (assumed here as 1.13 for spherical pores [45])
and ∆Ɛ is the strain (assumed here 0.0025 as suggested in [45] for co-
lumnar TBCs). As can be seen from Table 3, the stress intensity factors
due to Class-1 pores were significantly higher in all as-sprayed coatings
(about 3 times higher than Class-2 and about 6–10 times higher than
Class-3 pores)which clearly shows the severity of Class-1 porosity in af-
fecting the lifetime more than other pore classes. Moreover, as previ-
ously observed in Section 3.3, Class-1 type porosity changes with time
at high temperature (i.e. increased in this study). Such an increase in
the Class-1 porosity can also increase the mean Class-1 pore size and
the associated stress intensity factor (KI) as shown in Table 3. This sug-
gests that such coarsening of Class-1 pores can increase the probability
for crack initiation and propagation, thereby affecting the thermal shock
lifetime significantly.

The stress intensity factors due to Class-4 pores were found to be
negligible compared to all other pore classes. This is because of the sig-
nificantly lower pore size of the Class-4 pores (16 nm–25 nm). In addi-
tion, as observed in Section 3.3, the Class-4 porosity (averaged for all the
four coatings studied) decreased from about 7% to 2% (see Figs. 5(b) and
6(e)) with time of exposure to high temperature. Therefore, unlike
other pore classes, it can be said that the influence of Class-4 porosity
on thermal shock lifetime is not as significant as other pore classes.

Hence, the role of Class-4 porosity can be ignoredwhile tailoring themi-
crostructure for superior performance.

4.4.1. Crack initiation and propagation

Consistent with the above, all the coatings were found to exhibit
horizontal cracks that seemingly initiated at/near the inter-columnar
spaces that are the primary regions where Class-1 porosity is located.
This is illustrated for Coating #2 and Coating #4 in Figs. 13 and 14
respectively, which clearly establishes the inter-columnar spaces to be
the preferential crack initiation regions in ASPS TBCs. Similar observa-
tions were also made by Bumgardner et al. in case of dense vertically
cracked APS TBCs, where the horizontal cracks were found to initiate
at the vertical cracks present throughout the ceramic layer [58]. It is
also relevant to point out here that, in addition to the above, there
will always be a propensity for the crack once initiated to propagate
along a path of least resistance. This could involve the coarse porosity
in the vicinity of crack initiation (Class-1 porosity) as more clearly
shown in Fig. 13(a-2) and subsequently porosity within the column
(Class-(2+3+4)) as shown in Fig. 13 (a-1 & b-1). Fig. 13 shows an ex-
ample of propagation of one such crack that eventually bridges with
other cracks and leads to spallation/failure of the coating. Such crack
bridging can occur either due to intra-columnar crack bridging as
shown in Fig. 13(b-1),where two cracks fromneighboring inter-colum-
nar spaces can bridge within the column, or due to the inter-columnar
crack merging as shown in Fig. 13(a-1), where a through crack within
a column can possibly merge with a through crack in the next adjacent
column.Moreover, any presence of inter-pass (IP) porosity bands in the
coating can also provide an easy path for crack propagationwithin a col-
umn. Such a preferential crack propagation along the inter-pass (IP) po-
rosity bands is clearly visible in case of Coating #4 as shown in Fig. 14.

In order to further strengthen the above observations regarding the
preferential crack initiation regions in the columnar microstructures,
the hardness was measured within the columns to obtain a horizontal
hardness profile. Hardness profiles of all the TBCs, shown in Fig. 15, sug-
gest that the columns are marginally stronger at the center of the col-
umn (X-C) than away from the center and closer to the inter-
columnar spacing (XI-1 & XI-2) (see Fig. 15(a) and (b) respectively). It
should be noted that, a variation of about N50 HV0.1 in hardness, in a
column having a width of only about 50 μm–100 μm can be considered
significant. The non-uniform porosity distribution within a column can
be responsible for such a variation in hardness. This could also be the
possible reason that may explain preferential crack initiation at or
near the inter-columnar spacing, since it is mechanically a weaker
zone within the column.

Figs. 16 (a) and (b) show themicrographs of Coating #2 and Coating
#4, respectively, after failure. The crack profile, as marked by black ar-
rows in both the micrographs, clearly shows the crack was deviated at
each inter-columnar spacing. Based on this observation, and the above
discussion regarding crack initiation and propagation, it can be said
that crack initiation and propagation continues through the coating col-
umn by column ultimately delaminating the coating from the substrate.
Bumgardner et al. in a recently published systematic in-situ study on
dense vertically cracked (DVC) APS TBCs have indeed explained such a
coating delaminating mechanism. In their study, the ceramic layer was
found to delaminate due to bridging, shielding and deflection of these
horizontal cracks which initiate at the vertical cracks and the crack

Table 3

Approximate equivalent mean pore size of different pore classes and corresponding stress intensity factors (KI) in (MPa·m0.5) (*negligible values compared to other pore classes).

Coating # Class-1 (as-sprayed) Class-1 (after 200 h) Class-2 (as-sprayed) Class-3 (as-sprayed) Class-4 (as-sprayed)

Pore size (μm) KI Pore size (μm) KI Pore size (μm) KI pore size (nm) KI pore size (nm) KI

1 24 0.9 27 1.1 2 0.3 406 0.1 16 *
2 22 1.0 31 1.6 2 0.3 227 0.1 25 *
3 20 1.3 26 1.4 2 0.4 368 0.2 17 *
4 20 1.2 30 2.1 2 0.4 540 0.2 18 *

Fig. 12. Relationship between the as-sprayed coatings toughness and porosity within the
column (Class-(2+ 3+4)), porosity at/near the inter-columnar spacing (Class-1) as well
as Total porosity.
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initiation was found to be promoted due to the irregularities or internal
defects in the coating such as pre-existing pores, inter-splat boundaries
etc. [58].

4.4.2. Minimizing the crack initiation and propagation

In view of the foregoing discussion, reduction in Class-1 porosity
during processing can be considered as one of the desirable targets to
improve TBC lifetime by reducing the crack initiation sites and stress

intensity factors. This can be accomplished by ensuring the presence
of a dense anduniform regionwithin the columns immediately adjacent
to the inter-columnar spaces, as exemplified by the microstructure of
Coating #4 in Fig. 17. In the binary images of Class-1 porosity in Coating
#1 and Coating #4 shown in Fig. 17(b-1) and (b-4), respectively, it can
be clearly noticed that the region close to the inter-columnar spacing in
Coating#4 is significantly denser and uniformwith lower porosity com-
pared to Coating #1, where large clusters of pores are present at/near

Fig. 15. Horizontal hardness profile measured in all coatings (a) with indents made at the center of the column (X-C) and close to the inter-columnar spacing (X-I1 & X-I2) as shown for
Coating #3 (b).

Fig. 14.Magnifiedmicrographs of failed Coating #4 showing the preferential initiation of cracks in the regionwhere inter-pass porosity bandsmeet the inter-columnar spaces (marked by
red arrows) and their subsequent propagation along the inter-pass porosity bands (marked by black arrows).

Fig. 16. Crack propagation and coating delamination (marked with black arrows) in failed Coating #2 (a) and Coating #4 (b).
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the inter-columnar spacing. This may explain the higher toughness and
also the considerably higher lifetime of Coating #4 than Coating #1.

In addition, it is conceivable that eliminating/reducing the inter-pass
porosity bands in Coating #4 could have significantly decelerated crack
propagation in these coatings and further improved their lifetime. This
is because, as mentioned earlier, these inter-pass porosity bands (as
marked by red arrows in Fig. 17 (b-4)) act as preferential crack propaga-
tion sites during cycling thermal shock test. The failed micrograph of
Coating #4 shown in Fig. 14 clearly reveals this and further suggests
that the cracks initiate at the regions where the inter-porosity bands
meet the inter-columnar space.

Apart from mitigating crack initiation, suppressing crack propaga-
tion is also important for TBCdurability and can be achieved by ensuring
higher toughness in the columns. One approach to accomplish this is by
decreasing the porosity within a column (which mainly comprises
Class-(2 + 3 + 4) porosity). However, as reported earlier in Section
3.2 and Section 3.3, the percentage contribution of Class-4 porosity
with respect to the total porosity is much lower compare to the Class-
2 and Class-3 porosity, both in as-sprayed condition and following
high temperature exposure and could correspondingly have negligible
impact on coating durability. In addition, as mentioned in previous sec-
tion the resulting stress intensity factors due to Class-4 pores are negli-
gible. Thus, it may be pertinent to focus on suitably tailoring only the
Class-(2 + 3) porosity within a column in order to maximize TBC
durability.

As found in the previous section, the resultant stress intensity factor
due to Class-3 pores were significantly lower (2–3 times) than due to
Class-2 pores. This suggests that it can be desirable to completely
avoid the Class-2 porosity and retain an optimum amount of Class-3 po-
rosity in order to provide the necessary thermal insulation. Another ad-
vantage of retaining Class-3 pores over Class-2 pores is the increased
phonon scattering interfaces in case of Class-3 pores than Class-2
pores (for the same amount of Class-2 and Class-3 porosity) which
can reduce the thermal conductivity [59]. Definitely, more work is
needed to find the optimum number (anything between 10 and 15%)
for retaining the Class-3 porosity in such TBCs in order to provide a bal-
ance between toughness and conductivity.

4.5. Design strategy for tailoring ASPS columnar microstructure to achieve

superior performance

In viewof the above, suitable tailoring of porosity in ASPS TBCs could
be the pathway to achieve superior coating performance and perhaps

the focus of future efforts to optimize the ASPS process. From a design
perspective, it is important to tailor the ASPS columnar microstructure
in such a way that yields a combination of high thermal shock lifetime
and low thermal conductivity. Based on the foregoing discussions, a
flow chart summarizing all the important aspects that need to be con-
sidered for tailoring the ASPS columnarmicrostructure to achieve supe-
rior performance is given in Fig. 18.

Fig. 18 recommends the desired target levels for each class of poros-
ity that are most likely to yield the much sought after conductivity-life-
time combination. The sources of each class of porosity and the major
influencing process parameters that can be used as control factors to
manipulate levels of porosity in the four categories are also listed. The
figure recommends the presence of optimum Class-1 as well as Class-
3 porosity and negligible Class-2 as well as Class-4 porosity and, based
on the growing literature and knowledge relating to SPS TBCs, realizing
this in due course through process parameter control is conceivable. For
example, it can be noted that the presence of Class-1 porosity, which is
comprised of both the inter-columnar spaces as well as the coarse po-
rosity typically present in their vicinity (see Fig. 1(d)), is inevitable
due to the presence of column gaps in columnar SPS TBCs. Conse-
quently, it was also found in this work that Class-1 porosity increases
with column density. Since column density is identified as a life deter-
mining factor in case of SPS TBCs [16,24], it is desirable to have an opti-
mum column density to ensure the requisite strain tolerance but avoid
the other major sources of Class-1 porosity in the vicinity of the column
gap. This can be achieved by controlling the main influencing process
parameters, which are listed as control factors in Fig. 18. High plasma
power and enthalpy, low feed rate, high total gas flow rate and high
spray distance can decrease dropletmomentumby reducing the droplet
size and/or the velocity at impact and, hence, can increase the column
density [18,19,60] (see Section 4.1). In addition, the literature shows
that bond coat roughness, as well as suspension properties such as sur-
face tension, viscosity and particle size distribution, can also affect the
column density in case of SPS TBCs [13,16].

Like in case of Class-1 porosity discussed above, similar understand-
ing based design philosophy can be utilized in case of all other porosity
classes and their respective sources as listed in Fig. 18. The schematic of
a suggested tailored columnarmicrostructure based on theflow chart in
Fig. 18 is schematically illustrated in Fig. 19. The proposed microstruc-
ture appears to be intermediate between conventional columnar
EBPVD and dense vertically cracked APSmicrostructures, with presence
of thin and uniform inter-columnar spaces (Class-1) and submicron
intra-columnar pores (Class-3).

Fig. 17. Binary images of polished cross-sectionmicrographs of Coating #1 (a-1 and b-1) and Coating #4 (a-4 and b-4) showing the difference between the presence of Class-1 porosity in
two coatings.
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5. Conclusions

This studywas aimed at understanding of the role of porosity on the
durability of the rather complex columnar SPS TBCs to serve as the basis
for tailoring their columnar microstructures to achieve superior TBC
performance. Failure analysis of columnar TBCs subjected to thermal
shock test revealed a strong correlation between the total porosity
and lifetime, with the lifetime progressively decreasing with increase
in total porosity. The porosity was classified in different categories as
Class-1 (N10 μm), Class-2 (10 μm–1 μm), Class-3 (1 μm-100 nm), and
Class-4 (b100 nm) and their individual influence on thermal shock life-
time was also investigated and found to be related to their correspond-
ing stress intensity factors. In terms of coating properties, the fracture
toughness was found to be the most prominent life-determining factor
and observed to have a strong correlation,with the durability increasing
with toughness. An understanding-based design strategy to tailor the
columnar microstructure of SPS coatings to achieve superior perfor-
mance has been proposed and involves realization of a microstructure

with negligible Class-4 and Class-2 porosity, and optimum Class-1 po-
rosity and Class-3 porosity. The available control factors to accomplish
such a desired microstructure have also been identified.
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