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Abstract

Plasma-sprayed yttria-stabilized zirconia (YSZ) coating has been considered to be a good protective coating material for high-temperature
applications on account of its superior properties and life cycle costs. However, thermal barrier coatings (TBCs) have engineering reliability
problems in tailoring the microstructure and mechanical properties towards achieving both prime reliance and manufacturing reproducibility.
In this work, empirical relationships were developed to estimate TBCs performance characteristics (porosity and microhardness) by incorporating
independently controllable atmospheric plasma spray operational parameters (input power, standoff distance and powder feed rate) using the
response surface methodology (RSM). A central composite rotatable design with three factors and five levels was chosen to minimize the number
of experimental conditions. Within the scope of the design space, the input power and the standoff distance appeared to be the most significant
two parameters affecting the coating quality characteristics among the three investigated process parameters. Further, correlating the spray
parameters with coating properties enables the identification of characteristics regime to achieve desired quality of YSZ coatings.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) protect the hot-section
stationary and rotating components of gas turbines [1,2].
Generally, TBC systems are deposited by atmospheric plasma
spray (APS) and electron beam physical vapor deposition (EB-
PVD) processes. APS is the more commercial method, because
of less expensive and lower thermal conductivity than EB-PVD,
even though there are many defects such as pores, microcracks
and unmelted particles, showing a lower strain tolerance than
EB-PVD [3–5]. Plasma-sprayed yttria partially stabilized
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zirconia (YSZ) coatings are among the most widely used
protective coating materials in aerospace and power generation
gas turbines [6]. APS is a versatile thermal spray process;
however, melting of feedstock particles, flattening and solidifi-
cation of plasma-sprayed particles impinging on a substrate
surface are very complex phenomena involving rapid changes in
the dynamic and thermal state of the molten particles that
depend on many factors [7]. It is difficult to setup the process
control due to the involvement of many process parameters in
APS as the evolution of the complex microstructure of plasma-
sprayed coatings is related to a number of processing variables.
The establishment of a rigorous relationship between spray
parameters and structure of a coating is the key point which will
lead to production of a desirable coating. The thermo-
mechanical properties of plasma-sprayed thermal barrier coat-
ings are very strongly dependent on the microstructure, and this
may be controlled by manipulating the parameters controlling
the plasma spray process [8].
ghts reserved.
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Fig. 1. Flow chart for scheme of investigation.
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Coating properties like porosity, Young's modulus, phase
composition, and coating residual stresses determine to a large
extent the performance of TBC during service [9]. The
porosity is usually used as a parameter of the structure of
plasma-sprayed coating [10]. The pores and cracks interfere
with the direct flow of heat (thermal barrier) resulting in
lowered thermal conductivity. Furthermore, the porosity,
cracks and myriad array of interfaces also offer mechanical
compliance to this system enabling their thermo-mechanical
compatibility during cyclic thermal exposure between room
temperature and over 1000 1C operating temperature [11,12].

As for all materials, the hardness of a coating is a measure of
the resistance to plastic deformation. It is widely recognized
that the hardness increases with the increasing coating density,
i.e. decreasing number of pores and microcracks [13].
Although the porosity of the present TBCs is low, the
flexibility is expected to be high owing to the deliberate
formation of a dense network of microcracks.

Conventional methods for studying the effect of some
parameters on a process are performed by varying one
parameter at a time, maintaining all the other parameters
constant, and fixing the best value achieved for each para-
meter. The disadvantage of this univariate procedure is that the
best conditions could not be attained because the interaction
effects between the parameters are discarded. Moreover,
conventional methods are time-consuming and require a large
number of experiments to determine the optimum conditions of a
process. These drawbacks of conventional methods can be
eliminated by studying the effect of operational parameters such
as input power, standoff distance and powder feed rate using
design of experiments, which allow the measurement of the main
effects of each parameter and the interaction effects between
parameters [14,15]. It has been proved by several researchers
[16–19] that efficient use of statistical design of experimental
techniques allows the development of an empirical methodology to
incorporate a scientific approach in the plasma spraying procedure.
Researchers across the globe tried to model thermal spraying

processes using statistical regression techniques. Mawdsley
et al. [20] carried out statistically designed experiments and
multiple regression analysis to identify the effects of process
parameters on the three properties of plasma-sprayed alumina
coatings, namely permeability, hardness and thickness. The
parameters, viz., powder injection angle, powder injection
offset, plasma gun power, plasma gas flow, percent of
hydrogen in plasma gas flow and spray distance, had been
used in a 2-level fractional factorial design of experiments; and
the parameters, namely carrier gas flow, spray distance, power
and plasma gas flow, had been considered in a 3-level
D-optimal design of experiments. A uniform design method
was utilized by Li et al. [21] to analyze the dependence of
deposition efficiency, porosity, oxide content, microhardness
and fracture toughness on process parameters of plasma-
sprayed TiN coatings. Again, Li et al. [22] used a uniform
design of experiments for optimizing the plasma spray process
parameters of yttria-stabilized zirconia coatings. The third-
order regression equations obtained from their analysis were the
most appropriate ones to identify the influence of process
parameters. A D-optimal experimental design had been used by
Azarmi et al. [23] to characterize the effects of atmospheric
plasma spray process parameters on inflight particle temperature
and velocity, and on the oxide content and porosity in a nickel-
based super-alloy coating. Recently, A 24 factorial design of
experiments was utilized by Forghani and his associates [24] to
analyze the correlation between the process variables on impor-
tant properties of the coatings such as microhardness, thickness/
cycle, deposition efficiency and porosity.
Although extensive research has been performed to model

this process, the reported research work on relating the
operational plasma spray parameters and coating characteris-
tics is very scanty. Moreover, only very few investigations
have been carried out to estimate the porosity and the
microhardness of TBCs incorporating plasma spray para-
meters. Hence, in this investigation, an attempt was made to
develop empirical relationships to estimate the porosity and
microhardness of plasma-sprayed YSZ coatings using statis-
tical tools such as design of experiments, analysis of variance
and regression analysis.
2. Scheme of investigation

In order to achieve the desired objectives, this present
investigation was planned as depicted in the flow chart
(Fig. 1).



Table 1
Chemical composition (wt%) of substrate material (C263).

Co Cr Mn Mo Fe Ti Al Zr Si Ni

19.32 19.87 0.431 5.858 0.011 1.956 0.403 0.137 0.22 Bal

Fig. 2. SEM image of 8YSZ powder.
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2.1. Identifying the important process parameters

An initial step in the design of experiments is to select
independently controllable process parameters. It has been
widely recognized in the thermal spray community that there
are many hundreds of parameters, which can potentially
influence the properties of the coatings. For economic (time
requirements) and theoretical reasons (interdependence of
parameters), it is not possible to control all possible parameter
variations. From the literature [25–27] and the previous work
done [28,29] in our laboratory, the predominant factors which
are having more influence on coating characteristic in plasma
spraying process were identified. They are as follows:
(i)
 Input power (kW).

(ii)
 Primary gas flow rate (lpm).

(iii)
 Standoff distance (mm).

(iv)
 Powder feed rate (mm).

(v)
 Carrier gas flow rate (lpm).
These are the primary operational parameters contributing to
the melting and flattening of the powder particles, subse-
quently, influencing the coating characteristics of plasma-
sprayed YSZ coatings.

2.2. Finding the working limits of the parameters

A large number of spraying trials were conducted on grit-
blasted 2-mm-thick C263 nickel-based super alloy substrate
coupons to determine the feasible working range of the above
factors by varying one of the APS spray parameters and
keeping the rest of them at constant value. The chemical
composition of the polycrystalline super alloy, Superni C263
substrate material used in this investigation, was found by the
optical emission spectroscopy method and is presented in
Table 1. The feedstock was spray-dried and densified Zirco-
nia–Yttria 8% stabilized powder (Powder Alloy corporation,
USA, PAC 2008P) with a particle size of �106þ15 mm. The
SEM image (Model: JEOL 6410-LV) of the feedstock taken at
200� magnification with an image resolution of 1024� 768
pixels shows spherical morphology, some particles having
satellites as shown in Fig. 2. Plasma spray deposition was
carried out using an APS system 40 kW IGBT-based Plasma-
tron (Make: Ion Arc Technologies; India. Model: APSS-II).
The YSZ powder was directly sprayed on to the grit-blasted
substrate to a thickness of 300710 mm and a bond coat was
not used [5,22,28]. The cracks and delamination of the coating,
the thickness developed per pass, and avoiding markedly
seeing open pores by naked eye were inspected to identify
the working limits of the operational plasma spray parameters,
leading to the following observations and also seen in Fig. 3.
(1)
 If the input power was less than 20 kW, the poor melting of
powders and unmelted powder particles deposited on the
substrate surface were observed (Fig. 3a). For the input power
greater than 28 kW, over heating of the substrate, the formation
of quench cracks and splashing were noticed during spraying
(Fig. 3b). Under higher power levels, stresses can be generated
within the coating owing to the contraction of individual
sprayed splats during rapid cooling (106–108 K/s) and resoli-
dification on the colder substrate or on a layer of previously
solidified splats. This generated stresses are called as ‘quench-
ing stresses' [30,31]. These stresses were relieved by forming
cracks in the coating due to the higher heating rate of splats.
(2)
 In order to provide sufficient enthalpy to the injected powder
particles, keeping the plasma column length in an acceptable
range to increase the particles residential time in the jet, the
primary gas flow rate was kept in a constant level of 35 lpm.
Under this condition, there exists an optimum plume position
where the maximum energy transfer from plasma to particle
is accomplished for ceramics [32,33]. In this study, argon gas
was used as a plasma forming gas. This effect was clearly
described in the published literatures [28,34].
(3)
 If the standoff distance was less than 100 mm, there was an
over deposition of coating and also substrate deformation
with delamination was observed (Fig. 3c). Standoff dis-
tance greater than 130 mm resulted in resolidification of
particles and molten particles not reaching the target, this
resulted in poor deposition rate (Fig. 3d).
(4)
 Due to the limitation of the powder feeding system in the
present experimental setup, the minimum possible powder
feed rate was achieved as 18 gpm. If the powder feed rate
was increased beyond 38 gpm, resulting in clogging of
powder particles in the powder injection port.
(5)
 If the carrier gas flow rate was below 5 lpm, then the
powder port turned in to red hot condition, and if it was
increased beyond 7 lpm, then the powder particles fly away
from the plasma column and also arc blow out was
observed. Nitrogen was used as a secondary gas, and its
flow rate was kept constant at 3 lpm.
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Fig. 3. Microstructural observations during plasma-sprayed yttria-stabilized zirconia coating trials.

S. Karthikeyan et al. / Ceramics International 40 (2014) 3171–31833174
It is very hard to set up the process control due to the
involvement of many process parameters in APS. There is an

associated cost to optimize the plasma spray parameters for
new coating materials. Therefore, there is a need to reduce the
variables in manageable numbers. The molten powder particles
flattening and splat formation are sensitive to the processing
parameters, especially to the input power, standoff distance
and the powder feed rate. Primary gas flow rate was kept in a
constant level of 35 lpm to provide sufficient enthalpy to the
powder particles. To get an optimum penetration of the powder
particles in the plasma column, the carrier gas flow rate also
was standardized into 7 lpm. Hence, in this investigation, the
chosen spray parameters were viz power, standoff distance and
powder feed rate because these parameters are directly
measured and easier to control in real-time.

2.3. Developing the experimental design matrix

By considering all the above conditions, the feasible limits
of the parameters were chosen in such a way that plasma spray
deposition was carried out to deposit coatings without defects
on the substrate. Central composite rotatable design of second
order was found to be the most efficient tool in the response
surface methodology to establish the mathematical relation of
the response surface using the smallest possible number of
experiments without losing its accuracy [35]. Due to wide
range of factors, it was decided to use three factors, five levels
and central composite design matrix to develop a mathematical
model for the experimental conditions. Central composite
design is the most popular response surface method design,
which has three groups of design points such as factorial
points, axial or star points and center points. The factorial part
of the design consists of all possible combinations of the upper
(þ1) and the lower levels (�1) of the factors. The star points
have all the factors set to 0, the midpoint, except one factor,
which has the value þ /� Alpha (þ /� 1.682) for both
rotatability and orthogonality of blocks. Center points, as
implied by the name, are points with all levels set to coded
level 0� the midpoint of each factor range. The center points
(in this investigation, 15�20) are usually repeated 4�6 times
to get a good estimate of the experimental error (pure error).
To summarize, central composite designs require 5 levels of
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each factor: �Alpha, �1, 0, 1, and þAlpha. One of the
commendable attributes of the central composite design is that
its structure lends itself to sequential experimentation [36].
Table 2 presents the ranges of factors considered and Table 3
shows the 20 sets of coded conditions used to form the design
matrix. The first eight experimental conditions are derived
from factorial experimental design matrix (23¼8). All the
variables at the intermediate (0) level constitute the center
points while the combinations of each process variable at
either its lowest (�1.682) or its highest (þ1.682) with the
other six variables of the intermediate levels constitute the star
points. Thus, the 20 experimental conditions allowed the
estimation of the linear, quadratic and two-way interactive
effects of the variables on the porosity and microhardness of
plasma-sprayed YSZ coatings. The method of designing such a
matrix is dealt with elsewhere [37,38].

For the convenience of recording and processing of the
experimental data, upper and lower levels of the factors are
coded as þ1.682 and �1.682, respectively. The following
relationship can be effectively used to calculate any
Table 2
Important plasma spray parameters and their levels.

No Factors Notations Units Levels

�1.682 �1 0 1 1.682

1 Power P kW 20 21.62 24 26.38 28
2 Standoff

distance
D mm 100 106 115 124 130

3 Powder
feed rate

F g/min 18 22 28 34 38

Table 3
Design matrix and experimental results.

Expt. no. Coded value Original v

Power
(P)

Standoff
distance (D)

Powder
feed rate (F)

Power
(kW)

1 �1 �1 �1 21.62
2 1 �1 �1 26.38
3 �1 1 �1 21.62
4 1 1 �1 26.38
5 �1 �1 1 21.62
6 1 �1 1 26.38
7 �1 1 1 21.62
8 1 1 1 26.38
9 �1.682 0 0 20
10 1.682 0 0 28
11 0 �1.682 0 24
12 0 1.682 0 24
13 0 0 �1.682 24
14 0 0 1.682 24
15 0 0 0 24
16 0 0 0 24
17 0 0 0 24
18 0 0 0 24
19 0 0 0 24
20 0 0 0 24
intermediate levels in the coded form:

Xi ¼ 1:682½2X�ðXmaxþXminÞ�=½Xmax�Xmin� ð1Þ
where Xi is the required coded value of a variable X, X is any
value of the variable from Xmin to Xmax, Xmin is the lower level
of the variable, and Xmax is the highest level of the variable.

2.4. Conducting the experiments and recording the responses

2.4.1. Plasma spray deposition
In this present investigation, the plasma spraying was

carried out according to the design of experiments; at each
condition, three specimens were coated as prescribed by the
design matrix. The experiments were conducted in a random
order to prevent systematic errors infiltrating the system. To
evaluate the coating properties, substrates with the dimensions
of 25.4� 12.7 mm were used for metallographic examination
and microhardness measurement. The substrates were prepared
by grit blasting before the deposition of the coating. Grit
blasting was carried out using corundum grits of size of
5007320 mm and subsequently cleaned using acetone in an
ultrasonic bath and dried. After grit blasting, the average
surface roughness was measured using the surface roughness
tester (Make Mitutoyo, Japan; Model: Surftest 301). The
average roughness was found to be �5 mm.

2.4.2. Metallographic preparation
Metallographic cross sections of the coatings were prepared

for the porosity and microhardness measurements. The sam-
ples were first carefully cut to the specific dimensions
(10� 10� 2 mm3). They were then mounted with low visc-
osity epoxy resin under vacuum environment. The mounted
alue Response

Standoff
distance (mm)

Powder feed
rate (g/m)

Porosity
(vol%)

Microhardness
(HV)

106 22 18 647
106 22 6 995
124 22 24 600
124 22 9 987
106 34 18 802
106 34 12 930
124 34 28 537
124 34 20 701
115 28 23 621
115 28 6 1034
100 28 13 908
130 28 25 678
115 18 10 867
115 34 18 721
115 28 5 1088
115 28 6 1069
115 28 5 1092
115 28 6 1088
115 28 5 1089
115 28 5 1088
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samples were successively ground with 600, 800, 1000 and
1500 grit SiC papers and eventually polished using diamond
slurries of 10–8, 8–5, 5–2, 2–0.5, 0.5–0 mm during 5, 5, 7, 10
and 10 min, respectively. Because of pullouts in brittle
materials, it is difficult to establish and evaluate true porosity
in a metallographically prepared spray coating. As metallo-
graphic grinding and polishing, if not carried out correctly, can
introduce artifacts which are not part of the coating structure.
Ceramic coatings are brittle and particles break out of the
surface during grinding. If not polished thoroughly, these
breakouts leave an incorrect impression of a high porosity.
Similar procedures were followed by the other investigators
[21,39,40].
Por
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Fig. 4. Steps involved in coating porosity analysis and results of coating
porosity analysis for Expt. no. 4. (a) Optical image selected for analysis, Expt.
No. 4, (b) colour coded overlay image for pore identification and (c) results
summary of porosity analysis.
2.4.3. Porosity analysis
Porosity measurement was carried out using an image

analysis method [41] on the metallographic cross sections
according to the ASTM B276 standard [42] on the polished
cross-section of the coating, using an optical microscope
(Make: Meiji; Japan, Model: MIL-7100) equipped with an
image analyzing system (Metalvison version. 6). While carry-
ing out image analysis, proper magnification has to be selected
in order to reveal the features of images such as open pores and
network of cracks. In this investigation, 400 � magnifications
of optical micrographs with a image resolution of 1024� 768
pixels were chosen for porosity analysis. Initially, a 200 mm
square area was selected on the polished cross-section of the
coating, and the image was analyzed. The same procedure was
repeated at five random locations to find out the average
percentage volume of porosity. Previous studies [10,25,43]
show that depending on the purpose, comparisons are usually
based on micrographs taken at magnifications ranging from 50
to 500 times. It is evident from the porosity analysis that
images captured at 400� magnification revealed the intricate
features of plasma-sprayed coatings such as type A and type B
pores. Costil et al. [44] also discussed about the resolution of
images and predicted responses. They opined that image
resolution has uncertainties such as high resolution leads to
overvaluation in predicting values and hence the analyzed
results have to be considered indicative rather than exact.

The steps involved in image analysis are shown in Fig. 4
and results show the presence type A and type B pores usually
formed in plasma-sprayed coatings. Pore size and pores are
classified from 0 to 10 μm as type A and designated as A02,
A04, A06 and A08. Pores classification in the range from 10 to
25 μm as type B and designated as B02, B04, B06 and B08.
Type A pores may be formed as a result of interaction between
the material particles and the gaseous media. The type B pores
are caused by the splashing of particles on impact with
deposited material; or it may be due to voids resulting from
the poor deformation of partially melted particles. These pores
can have different sizes and exceedingly intricate shapes
[42,45]. Moreover, results show that coating consists of type
A and type B pores and distributed as A08 and B08 forms
which are evidence of the characteristics of plasma-sprayed
coating.
2.4.4. Microhardness measurements
Microhardness measurements were operated by indenting on

the metallographic cross sections under 300 g load for 15 s
using a Vickers microhardness tester (Make: Shimadzu, Japan;
Model: HMV-2T). For each coating sample, the measurement
series comprised 20 random indentations. Distance between
indentations was kept three times longer than the indentation
diagonal to prevent the effects of the stress field of nearby
indentations. Some of the indentation images on cross section
of the coatings are shown in Fig. 5.

2.5. Developing empirical relationships

For prediction, response surface methodology (RSM) is
practical, economical, and relatively easy for use [46]. Response
surface methodology (RSM) is a collection of mathematical tool
and statistical technique useful for analyzing problems in which
several independent variables influence dependent variables or
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Fig. 5. Microhardness indentation images for various spray parameters.
(a) Indentation image for spray expt. no. 2 shows no cracks at the indentation
tips, (b) indentation image for spray expt. no. 6 shows no cracks at the
indentation tips but forms at the sides and (c) indentation image for spray expt.
no. 12 shows severe cracking at the indentation tips.
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response and the goal is to optimize the response [47]. In
applying the RSM, the independent variable was viewed as a
surface to which a mathematical model is fitted. In order to
correlate the process parameters and the responses of APS coating
deposits, a second-order quadratic model [48] was developed to
predict the responses based on the experimentally measured
values. Porosity and microhardness are functions of the plasma
spraying parameters such as input power (P), standoff distance
(D) and powder feed rate (F), and it can be expressed as
responses¼ f (P, D, F).

The second-order polynomial (regression) equation is used
to represent the response surface Y is given by

Y ¼ β0þ∑βiXiþ∑βiiX
2
i þ∑βijXiXj ð2Þ
The selected model should include the effects of main and
interaction effects of all the factors. With the view of
considering this criterion, for the three factors, the selected
polynomial can be expressed as

Y ¼ b0þb1ðPÞþb2ðDÞþb3ðFÞþb12ðPDÞþb13ðPFÞ
þb23ðDFÞþb11ðP2Þþb22ðD2Þþb33ðF2Þ ð3Þ

where b0 is the average of the responses and b1, b2, b3,…,b33
are regression coefficients that depend on respective linear,
interaction, and squared terms of factors. In order to estimate
the regression coefficients, a number of experimental design
techniques are available. In this work, central composite
rotatable design was used which fits the second-order response.
All the coefficients were obtained applying central composite
rotatable design using the Design-Expert statistical software
package (Version 8.07.1). The significance of each coefficient
was determined by Student's t test and p values, which are
listed in Tables 4 and 5. In this case, P,D,F, PD, PF, DF, P2,
D2 and F2 are significant model terms, values of “Prob4F”
less than 0.05 indicates that model terms are significant. After
determining the significant coefficients (at 95% confidence
level), the final empirical relationship was constructed using
only these coefficients and the final mathematical model to
estimate porosity and microhardness is given below:

Porosity ¼ ð5:322629�4:9492Pþ3:601233Dþ2:253268F

�0:875PDþ1:875PFþ1:375DFþ3:310862996P2

þ4:901853D2þ2:95731F2Þ vol% ð4Þ

Micohardness ¼ ð1086:083932þ126:0598P�68:5233D

�36:9442Fþ9:375PD�55:375PF�54:875DF

�94:00275057P2�106:2003425D2

�105:847F2Þ HV ð5Þ

2.6. Checking adequacy of the developed model

Analysis of variance (ANOVA) technique was used to
check the adequacy of the developed empirical relationships.
In this investigation, the desired level of confidence was
considered to be 95%. The relationship may be considered to
be adequate provided that
(a)
 the calculated value of the F ratio of the model developed
should not exceed the standard tabulated value of F
ratio and
(b)
 the calculated value of the R ratio of the developed
relationship should exceed the standard tabulated value
of R ratio for a desired level of confidence.
It is found that the model is adequate. The value of
probability4F in Tables 4 and 5 for the empirical relation-
ships are less than 0.05, which indicates that the empirical
relationships are significant. Lack of fit was not significant for
all the developed empirical relationships as desired. Fisher's F
test with a very low probability value (P model4F¼ 0.0001)
demonstrates a very high significance. The goodness of fit of



Table 4
ANOVA test results for porosity.

Source Sum of squares Df Mean square F-value p-value prob4F

Model 1182.25 9 131.36 570.29 o 0.0001 Significant
P—power 344.49 1 344.49 1495.57 o 0.0001
D—standoff distance 169.98 1 169.98 737.97 o 0.0001
F—powder feed rate 81.95 1 81.95 355.78 o 0.0001
PD 2.00 1 2.00 8.68 0.0146
PF 18.00 1 18.00 78.15 o 0.0001
DF 8.00 1 8.00 34.73 0.0002
P2 161.99 1 161.99 703.27 o 0.0001
D2 352.21 1 352.21 1529.09 o 0.0001
F2 145.36 1 145.36 631.06
Residual 2.30 10 0.23
Lack of fit 0.97 5 0.19 0.73 0.6322 Not significant
Pure error 1.33 5 0.27 570.29
Cor total 1184.55 19 131.36 1495.57
Std. dev ¼0.48 R2 ¼ 0.9981 Df: degrees of freedom
Mean ¼13.15 Adjusted R2 ¼ 0.9963 CV: coefficient of variation
CV% ¼3.65 Predicted R2 ¼ 0.9922 F: Fisher ratio
PRESS ¼9.24 Adequate precision ¼ 66.218 p: probability

Table 5
ANOVA test results for microhardness.

Source Sum of squares Df Mean square F-value p-value prob 4F

Model 726,055 9 80,672.78 581.7321 o 0.0001 Significant
P—power 217,022.1 1 217,022.1 1564.948 o 0.0001
D—standoff distance 64,124.93 1 64,124.93 462.4054 o 0.0001
F—feed rate 18,639.9 1 18,639.9 134.4125 o 0.0001
PD 703.125 1 703.125 5.070241 0.0480
PF 24,531.13 1 24,531.13 176.8942 o 0.0001
DF 24,090.13 1 24,090.13 173.7141 o 0.0001
P2 127,345.6 1 127,345.6 918.2904 o 0.0001
D2 162,537.9 1 162,537.9 1172.062 o 0.0001
F2 161,457.5 1 161,457.5 1164.272 o 0.0001
Residual 1386.769 10 138.6769
Lack of fit 1041.435 5 208.287 3.015739 0.1255 Not significant
Pure error 345.3333 5 69.06667
Cor total 727,441.8 19
Std. dev 11.77611 R2 0.998094 Df: degrees of freedom
Mean 877.1 Adjusted R2 0.996378 CV: coefficient of variation
CV% 1.342619 Predicted R2 0.988475 F: Fisher ratio
PRESS 8383.554 Adequate precision 65.62437 p: probability
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the model was checked by the determination coefficient (R2).
The coefficient of determination (R2) was calculated to be
0.9981 for response. This implies that 99.81% of experimental
data confirms the compatibility with the data predicted by the
model, and the model does not explain only about 0.19% of
the total variations. The R2 value is always between 0 and 1,
and its value indicates aptness of the model. For a good
statistical model, R2 value should be close to 1.0. The adjusted
R2 value reconstructs the expression with the significant terms.
The value of the adjusted determination coefficient (adj
R2¼0.9963) also high to advocate for a high significance of
the model. The pred. R2 (0.9922) that implies that the model
could explain 95% of the variability in predicting new
observations. This is in reasonable agreement with the adj R2

of porosity analysis. The value of coefficient of variation is
also around 3.65 indicates that the deviations between experi-
mental and predicted values are low. Adeq. precision measures
the signal-to-noise ratio. A ratio greater than 4 is desirable. In
this investigation, the ratio 66.218 which indicates an adequate
signal. This model can be used to navigate the design space
and able to predict the responses for a given input in the coded
form. Similarly, the ANOVA analysis of microhardness is
presented in Table 5. From the table, it is understood that the
developed statistical model was found be adequate at 95%
confidence level. Coefficient of determination ‘R2' was used to
find how close the predicted and experimental values lie. The



Fig. 6. Experimental values vs. predicted values. (a) Correlation graph for
porosity and (b) correlation graph for microhardness.

Fig. 7. Perturbation plots shows the dependence of spray parameters on
coating characteristics. (a) Effect of plasma spray parameters on porosity and
(b) effect of plasma spray parameters on microhardness.
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value of ‘R2' for the above-developed model was calculated
and is presented in Table 5, which indicates that a high
correlation exists between estimated values and experimental
values. Further, correlation graphs were drawn relating experi-
mental values and predicted values as shown in Fig. 6 and it is
found that the developed empirical relationships can be
effectively used for prediction purpose.

3. Results and discussion

3.1. Perturbation plots

The developed empirical relationships can be used effec-
tively to predict the responses by substituting process para-
meter values in the coded form. Based on these empirical
relationships, the main and interaction effects of the process
parameters on the coating properties were computed and
plotted in the form of perturbation plots, as shown in Fig. 7.
The perturbation plot is an important diagrammatic representa-
tion, which provides silhouette views of the response surface
[49]. The perturbation plot can be used to compare the effects
of all factors at a specific point in the RSM design space. For
response surface designs, the perturbation plot shows how the
response changes as each factor moves from the selected
reference point, while all other factors remain constant at
the reference value. Normally, Design-Expert software sets the
reference point default at the middle of the design space (the
coded zero level of each factor). A steep slope or curve in
a factor shows that the response is sensitive in that factor.
A relatively flat line shows insensitivity to change in that
particular factor [50].
Further, using the F values, the predominant factors, which

have the major and minor effects on the responses could be
assessed. From the F-value assessment, it was found that the
predominant factors which have direct influence on the
responses as per hierarchy are power, standoff distance and
powder feed rate. This pronounced effect also has been
observed from Fig. 7 and shows good agreement with the
predicted model F values.



Fig. 8. Relationship graph for porosity and microhardness.
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3.2. Dependence of porosity and microhardness
on spray parameters

Fig. 7(a and b) shows the perturbation plots which are drawn
from the results calculated by the regression Eqs. (4) and (5).
From the experimental results, it is observed that within the
range of experimental design space, the higher the input
power, the lower is the porosity. It is well known that during
plasma spraying, an electric arc is initiated between the two
electrodes using a high frequency discharge and then sustained
using power. The arc ionizes the gas, creating high-pressure
gas plasma which contains higher heat content. The resulting
increase in gas temperature, which may exceed 30,000 1C, in
turn increases the volume of the gas. Increasing the power
level, increases the enthalpy in the plasma flame, is likely to
melt the particles, which in turn increases particle-melting ratio
subsequently enhances good compaction of the coating
obtained during coating buildup. Further, effective flattening
and solidification of the particles over the deposited layers will
lead to reduce the porosity and increasing microhardness
values [51].

When increasing standoff distance, the molten particles in
the plume loses its enthalpy largely, this leads to decelerate the
inflight particle velocity, particles striking on the substrate will
experience poor flattening over the previously deposited
layers, resulting in increased porosity and reduced microhard-
ness values. At smaller standoff distance, possibility of
splashing of molten particles and quench cracks end up with
increased level of porosity [52]. Standoff distance is of
substantial importance because adequate distance must be
provided for heating and accelerating the powder, but too
great a distance will allow the powder to cool and lose
velocity, because the gas stream which is rapidly expanding,
cooling, and slowing will end up with molten droplets that
land on substrate without enough kinetic energy to form splats.
These droplets can stay on the substrate by themselves [53]
and leads to increased coating roughness which resulted in
lower microhardness.

Powder is usually introduced into the plasma plume either
just outside the torch or in the diverging exit region of the
nozzle (anode). It is both heated and accelerated by the high-
temperature, high-velocity plasma gas stream. The variations
in powder feed rate on the coating characteristics are displayed
in Fig. 7. It is well known that the increasing the powder feed
rate in the plasma plume will reduce the enthalpy transfer to
the injected particles. This will affect the inflight particles
melting state and velocity. Moreover, particle temperature and
velocity strongly influence the splat formation during coating
buildup. It is important to use the thermal energy stored in the
plasma effectively, inflight processing should be performed
under high loading conditions [54]. When lower amount of
powder has been supplied to the flame that will end up with
vaporization and/or over melting of the particles resulting in
higher porosity and lowering microhardness. Higher feed rates
will lead to even lower plasma temperatures [55] resulting in
poor melting of the powder particles resulting in a decrease of
the splat flattening ratio and an increase in the porosity.
Considering individual process parameter, it is very clear that
the porosity of the coating is not much sensitive to the powder
feed rate. The same trend can be observed in the model ‘F '
values (355.78) and good agreement was found.
3.3. Relationship between porosity and microhardness
of YSZ coatings

The coating porosity and the coating microhardness
obtained from the experimental results are related as shown
in Fig. 8. The experimental data points are fitted by a straight
line. The straight line is governed by the following regression
equation:

Microhardness ðHVÞ ¼ 1191–24:27 ðporosity in vol%Þ ð6Þ
The slope of the estimated regression equation (�24.27) is
negative, implying that as porosity decreases, microhardness
increases. The coefficient of determination is R2¼94.5%.
It can be interpreted as the percentage of the total sum of
squares that can be explained by using the estimated regression
equation. The coefficient of determination R2 is a measure of
the goodness of fit of the estimated regression equation [56].
The fitted regression line (Eq. (6)) may be used for two
purposes:
(a)
 To estimate the mean value of coating microhardness for
the given value of coating porosity.
(b)
 Predicting an individual value of coating microhardness for
a given value of coating porosity level.
The confidence interval and prediction interval show the
precision of the regression results. Narrower intervals provide
a higher degree of precision (Fig. 8). Confidence interval (CI)
is an interval estimate of the mean value of y for a given value
of x. Prediction interval (PI) is an interval estimate of an
individual value of y for a given value of x. The estimated
regression equation provides a point estimate of the mean
value of microhardness for a given value of porosity. The
difference between CI and PI reflects the fact that it is possible



Fig. 9. Process maps to tailor coating characteristics. (a) Effect of input power,
(b) effect of standoff distance and (c ) effect of powder feed rate.
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to estimate the mean value of microhardness more precisely than
an individual value of microhardness. The greater width of the PI
is reflecting the added variability introduced by predicting a value
of the random variable as opposed to estimating a mean value.
From Fig. 8, it is also inferred that the closer the value to ‘X'
(15.21 vol%) the narrower will be the interval.

3.4. Developing process maps for coating design
and tailoring coating properties

Perturbation plots provide the sensitiveness of the spray
parameters and compare the results of values deduced from the
regression equations. This perturbation plots offer a relation-
ship for a given input power/standoff distance/powder feed rate
to the coating characteristics. These plots are very useful to
identify important parameter, track instabilities and examine
reliability of process. However, to utilize such plots from
a coating design and microstructural tailoring perspective, it
is important to combine coating properties with the spray
parameters. Selection of input variables for achieving the
required qualities of coating is the main problem faced in the
manufacture of yttria-stabilized zirconia coatings by the atmo-
spheric plasma spraying process. This problem can be solved
by the identification of relationships between the process
parameters (input power, standoff distance and powder feed
rate) and the coating quality characteristics.

On the basis of coating properties determined from the
regression equations, characteristic regimes of properties can
be identified and overlaid on the graph are displayed in Fig. 9.
Two different property contours superimposed on plot to
identify appropriate regime which can be used for tailoring
coating properties. Zone-I, zone-II and zone-III represent three
regimes of coating properties and their relationships to spray
conditions. Such a plot provides a chance to optimize coating
microstructure based on multifunctional design requirements.
The zones represented in the figures can be broadly described
as follows:
(a)
 Zone-I: low porosity and higher microhardness regime.

(b)
 Zone-II: low porosity and moderate microhardness regime.

(c)
 Zone-III: higher porosity and moderate microhardness

regime.
It is notable that the locations of zones I and II provide
lower porosity and higher microhardness when compared with
zone-III. Although it is noticed that the microhardness data in
Fig. 9b do not follow the well known trend of higher stiffness
with the increased kinetic energy of the particles. The results
obtained from the zone maps are consistent with the experi-
mental results shown earlier, in that coating no. 2 shows the
greatest stiffness and higher hardness while coating no.12
displays a higher porosity and lower hardness associated with a
low modulus [57]. The process map establishes the connection
between spray parameters and property relations to attain
mechanical compliance of TBC coatings and as such offers a
unique approach to tailoring coating properties. A high amount
of porosity would involve very quick oxygen ingress to the
bond coat and results in a failure by oxidation. However, too
low a porosity level, on the other hand, reduces the ability of
the coatings to accommodate stress. Therefore, a critical
amount of porosity in the ceramic overlays must be achieved
[58]. The selection of zone-III was based on the desired
characteristics for TBC applications, such as low thermal
conductivity and high compliance.
From these superimposed contour maps, a specific process

zone can be identified representing a desired combination of the
above three properties. Since the spray parameters and coating
characteristic properties are linked it is now feasible to access a
specific property regime via process control in a fully integrated
scheme represented by zone-I, zone-II and zone-III in the figure.

4. Conclusions
1.
 Empirical relationships were developed to predict (at 95%
confidence level) the porosity and microhardness of yttria-
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stabilized zirconia coatings incorporating predominant plasma
spray parameters such as input power, standoff distance and
powder feed rate.
2.
 Of the three plasma spray parameters studied in this
investigation, input power has the largest effect on the
coating characteristics followed by standoff distance and
powder feed rate.
3.
 A regression equation has been developed incorporating
coating porosity and microhardness of the coating. This
equation can be effectively used to predict microhardness of
YSZ coating, if coating porosity is known.
4.
 With the help of integrated spray parameters and coating
characteristics process maps, a specific process zone can be
identified representing a desired combination for the spe-
cific applications.
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