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1. Introduction

Yttria-stabilized zirconia (YSZ) thermal bar-
rier coatings (TBCs) have been used in gas
turbines for decades to increase efficiency
and improve the component lifetime.[1–3]

The most popular manufacturing processes
are electron beam physical vapor deposition
(EB-PVD) to deposit columnar structured
coatings for aerospace turbines and atmo-
spheric plasma spraying (APS) to produce
lamellar structured coatings for industrial
gas turbines.[4,5] The columnar structured
coatings offer the benefit of a good strain
tolerance which is important for load
flexibility.[6] A negative aspect, however, is
the reduced thermal insulation due to the
dense coating’s microstructure.[7] The
advantage of the APS coatings is their good
insulation properties, but they are less
strain tolerant.[8] A high insulation effect
allows operating a gas turbine at high tem-
peratures, making it more efficient. In the
future, more load-flexible industrial gas tur-
bines are needed to compensate for the fluc-

tuations in power generation of renewable energies as well as the
load fluctuations existing in the power grids.[9] Fast load changes
generate large stresses between the component and the ceramic
protective coating due to thermal mismatch, which can lead to
coating failure.[10] Therefore, future coatings for industrial gas
turbines need to have higher load tolerance while maintaining
their good insulation properties to remain efficient.

The approach in this study is to increase the strain tolerance
and durability of the APS coatings by targeted process control.
This comprises the optimization of the porosity and mechanical
properties of the coatings. Higher porosity not only improves
thermal insulation performance, but also reduces the stresses
occurring during operation and thus the growth of micro-
cracks.[11] It allows a sliding motion between the flattened
particles (splats) forming the coating, which increases the elastic-
ity (lower Young’s modulus) of the coating.[12–14] However,
increasing porosity negatively affects the process efficiency and
thus the coating deposition rates, which are both of great impor-
tance in keeping manufacturing times and costs low.[11]

Increasing porosity also lowers the coating’s hardness, worsening
its resistance to erosion wear.[15,16] This can be explained by the
increased degree of irregular porosity and in some cases partially
molten particles, which affect the coating’s cohesion causing a
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Plasma-sprayed yttria-stabilized zirconia coatings have been used in gas turbines
for decades. They are applied for thermal insulation to increase operating
temperature and hence efficiency and component’s lifetime. To keep
manufacturing costs low, especially deposition efficiency is important. However,
increasing it is also related to a reduction in porosity, affecting the insulating
properties of the layer. To find an optimal combination of efficiency and tech-
nological performance, a systematic study of the most affecting parameters of the
atmospheric plasma spraying process is conducted, using response surface
methodology. In detail, the influence of current, spraying distance, and hydrogen
gas flow is investigated with respect to the deposition efficiency, porosity,
microstructure, and mechanical properties of the coatings. Characterization is
carried out by scanning electron microscopy, microindentation tests, and three-
point bending tests. The models generated based on these measured properties
allow predictions of the system responses for any parameter variation in the
investigated design space. In addition, a numerical model is developed for tar-
geted optimization of the coating properties. This can be used to produce
optimized coatings for load-flexible gas turbines with high deposition efficiency,
high porosity, and at the same time advantageous mechanical properties.
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tendency to crack propagation.[17,18] Due to these dependencies,
an optimal combination of process parameters is required to
achieve the goal of an optimized coating for load-flexible gas
turbines with high deposition efficiency (DE), high porosity,
and advantageous mechanical properties at the same time.

The APS process used is influenced by wide number of param-
eters, so the most influential parameters on the coating result have
to be identified.[19] In the literature, some parameters are often
designated to have a great effect on the results. These are the cur-
rent [A], the process gas flows [standard liter per minute= nlpm],
the spraying distance [mm], the powder feed rate [gmin�1], the
carrier gas flow [nlpm], and the particle size distribution and
morphology.[20–22] To make a suitable trade-off between the pro-
cess variables, a design of experiment was carried out in this study.
With this, many factors as well as their interaction with each other
can be investigated and the experimental effort can be reduced.
Which type of experimental design is suitable for the specific case
depends on several factors. It must be clarified if linear, nonlinear,
or quadratic correlations are prevailing. In addition, the number of
investigated variables is essential.

Especially, the response surface methodology (RSM), intro-
duced by Box and Wilson in 1951, is an economical and simple
method that minimizes the experimental effort.[23] For this rea-
son, it is used to investigate and optimize processes in various
fields of production, research, and engineering.[24] RSM is a
collection of statistical techniques that can be used to achieve dif-
ferent objectives. These include 1) setting up a series of experi-
ments (design) for the determination of the system response,
2) fitting a hypothetical model to experimentally received data,
and 3) determining ideal combinations of the model’s input
variables, to optimize the system response.[25] The independent
input (control) variables are considered to span a parameter
space for the target value data points to which a mathematical
model is fitted. By using a second-order quadratic model, the
interactions between the different varied parameters are taken
into account. If the RSM is used to optimize the system response
by varying the input parameters, the following steps are followed:
1) screening studies to define the area of interest according to the
study goal and to identify the independent input variables that
have the greatest impact on the system; 2) choosing an experi-
mental design suitable for the study and performing the appro-
priate experiments; 3) statistical treatment of the generated
experimental data by fitting a polynomial function; 4) evaluating
the fit of the model; 5) if necessary, optimizing the calculated
model; 6) determining the ideal combination of input variables
to achieve the optimal system response.[26] The most commonly
used types of experimental matrix in RSM are the central com-
posite design (CCD) and the Box–Behnken design (BBD). Details
of these can be found in the literature.[23,27] The CCD has five
levels for each factor and is an extension of the two-level factorial
experimental design. The BBD, on the other hand, has only three
levels for each factor and is specifically designed to fit a quadratic
model. As the BBD does not examine extreme combinations of
all parameters, the prediction is not accurate in the corners of the
design space. However, this is compensated by high prediction
accuracy in the center of the parameter space, which makes the
BBD particularly suitable if the optimal parameter combination
for the coating properties is assumed to be located there.

The aim of this study is to combine the APS process param-
eters, which partly influence each other negatively, in a way to
achieve the best possible coating properties. Both the economic
aspects of coating manufacturing and the technological coating
properties are taken into account. The focus of this work is on
pure YSZ powders. The use of YSZ powders with polymeric addi-
tives is not considered, as they are more expensive than pure YSZ
powders and also require post-thermal heat treatment.

2. Experimental Section

2.1. Developing of the Experimental Design Matrix

The screening pretests of step (1) have shown three particularly
influential input parameters for the creation of the design space.
It was decided to vary the current between 400 and 500 A, the
spraying distance between 160 and 220mm, and the secondary
process gas flow of hydrogen between 5 and 8 nlpm. The primary
process gas flow of argon was kept constant at 52 nlpm to analyze
the effects of the hydrogen content. At a hydrogen flow rate of
8 nlpm, the argon flow rate led to parameters outside the gun’s
process window. However, this was done to analyze better the
effect of the hydrogen content in the process gas. Within this
parameter range, with every combination of the input variables,
a coating thickness sufficient for the analysis, as well as desirable
deposition efficiencies and porosities could be produced.

In step (2), the BBD was selected as a suitable experimental
design matrix for the study as the pretests allowed to suggest
the optimal parameter combination for the desired coating prop-
erties to be located in the middle of the experimental space. The
resulting design matrix is shown in Table 1. This design enables
the estimation of linear, two-way interactive (two-factor
interaction= 2FI), and quadratic effects of the variables on the sys-
tem responses. A total of seven system responses was analyzed in
this study. Besides the DE, the porosity, hardness, and Young’s

Table 1. Experimental matrix according to the Box–Behnken design.

Run Factor 1 (C),
current [A]

Factor 2 (SD), spraying
distance [mm]

Factor 3 (H),
hydrogen [nlpm]

1 400 190 5

2 450 190 6.5

3 450 220 5

4 450 190 6.5

5 500 160 6.5

6 400 220 6.5

7 450 190 6.5

8 450 160 8

9 500 220 6.5

10 450 220 8

11 400 160 6.5

12 500 190 5

13 400 190 8

14 500 190 8

15 450 160 5
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modulus of the coatings were investigated in the as-sprayed state
and after a heat treatment. The thermal heat treatment was used to
investigate changes in the coating properties during operation. The
analysis procedures are described in more detail in Section 2.3.

2.2. Developing Empirical Relationships

In RSM, the relationship between the response variable and the
input variables is described by a polynomial equation. The form
of the equation depends on the number of input variables and the
degree of the polynomial. In total, the system response can be
described by the polynomial function as a (curved) plane, called
the response surface. In a BBD, the responses of the investigated
factors are described in a second-order quadratic model. The
mathematical developed model is intended to predict the system
responses to parameter variations based on the experimentally
measured values. Therefore, the investigated factors are described
by functions of the varied plasma spray parameters. The describ-
ing functions in this study depend on the current (x1= (C)), the
spray distance (x2= (SD)), and the hydrogen flux (x3= (H)), so the
system responses are expressed as functions f(xj)= f((C), (SD),
(H)). To describe the effect of a parameter variation and the inter-
action between the plasma spray parameters, the response surface
has to be described with a polynomial. Therefore, Yi is used to
describe the response surface in the following, where i is the num-
ber of the investigated system responses. These are coded as
i=DE (deposition efficiency), Pa (porosity as-sprayed), HV5a
(Vickers hardness 5N as-sprayed), Ea (Young’s modulus as-
sprayed), Pht (porosity heat-treated), HV5ht (Vickers hardness
5N heat-treated), and Eht (Young’s modulus heat-treated). The
respective response surface Yi can be described as

Yi ¼ Inti þ ci1ðCÞ þ ci2ðSDÞ þ ci3ðHÞ þ ci12ðCÞðSDÞ
þ ci13ðCÞðHÞ þ ci23ðSDÞðHÞ þ ci11ðCÞ2 þ ci22ðSDÞ2
þ ci33ðHÞ2

(1)

where Inti (Intercept) describes the overall average response of all
runs. The coefficients ci1, ci2, ci3, …, ci33 represent the expected
change in response per unit of the factor value when all other fac-
tors are held constant. These coefficients were calculated using
Design-Expert 13 statistical design of experiments software. The
coefficients can be calculated either in a so-called coded or actual
equation. The coded equation allows considering the relative influ-
ence of the factors by setting the input factors to þ1 or �1) with
respect to their maximum or minimum, respectively, and thus
normalizing them. The actual equation, on the other hand, can
be used with the original units of the parameter. This allows pre-
dicting the response at certain levels of each parameter combina-
tion. As the factors of the actual equation are not standardized,
these factors should not be used to assess their significance.

The experimentally generated data must be processed in math-
ematical statistical terms following step (3) in order to develop a
polynomial function that represents the system response as
accurate as possible andwith a high level of confidence. Themodels
are generated using the mean values of the measured data. The
associated standard deviations can be found in Table S2 and S3,
Supporting Information. The empirical relationships were exam-
ined in this study by the Design-Expert software using analysis

of variance (ANOVA). This is a statistical technique to compare
the average values of the system responses of two or more input
variables and to determine their significance. If there aremany non-
significant model terms, reducing by eliminating these factors can
improve the model. The quality of the model can be determined by
different R2 values. R2 is the coefficient of determination showing
the fit of the observed data to the regression line calculated by the
model. This is calculated by the sum of squares. Adjusted R2 is a
modification of R2 that takes the number of independent variables
into account. It can be used to determine if additional variables con-
tribute to the modeling or if the model is optimized. Predicted R2

gives a value of the model’s ability to forecast new data. This is done
by training the model with a subset of existing data and then testing
it with the remaining subset of data. To improve the model, an “all
hierarchical search” was performed in this study, where the opti-
mization criterion was to maximize the adjusted R2. Therefore,
results that are due to chance have to be removed from the data.
To do this, model terms with a probability of p> 0.1 were removed
to exclude nonsignificant terms. Further details on the analysis of
variance and tools used in this method, such as the fit summary,
the lack of fit test, and others, can be found in the literature.[28] The
optimization of the polynomial functions is discussed in detail for
each system response investigated in Section 3.

2.3. Materials and Spraying Process

Steel substrates were used with a size of 25� 30mm2 and a
thickness of 2mm. Before applying the ceramic coatings, the
substrates were grit blasted with an F36 Al2O3 abrasive to
roughen the surface and thus improve the adhesion. The sub-
strates were subsequently cleaned with compressed air and in
an ultrasonic bath with ethanol before the ceramic coating
was applied timely by APS. The ceramic spray powder used is
from Oerlikon Metco with type designation Metco 233C. This
agglomerated and sintered powder has a porous structure, which
is beneficial for producing porous TBCs. The powder consists of
zirconia stabilized with 7–8 wt% yttria which is considered the
optimum stabilizer content for TBC applications.[1] The YSZ
was deposited in the t’-phase, which has a high toughness
and is stable up to about 1200 °C.[29] However, at higher temper-
atures, a detrimental phase transformation of the metastable
tetragonal t’-phase into the tetragonal and upon cooling in the
monoclinic phase occurs. This is associated with a volume expan-
sion of about 5%, generating stresses in the coating leading to
failure.[30] Details of the composition of all materials used can
be found in Table S1, Supporting Information.

The coatings were applied at Oerlikon Metco in Wohlen,
Switzerland on the company’s MultiCoat system and at
Forschungszentrum Juelich GmbH using an identical system.
The two facilities were used because of time reasons. Tests have
shown that the same parameters on the identical facilities also
produce comparable coating results. Therefore, the use of the
different facilities does not influence the result and the results
are considered as being produced in one facility. The plasma
torch Oerlikon SinplexPro in the 180° version was used. The
powder was fed with two 2mm injectors mounted on the top
and bottom of the long injection holder. During the study, the
number of passes was adjusted to achieve the desired coating
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thickness of about 500 μm with each parameter. The other
parameters were kept constant at a feed rate of 100 gmin�1, a
meander distance of 4 mm, and a robot speed of 1000mm s�1.

The heat treatments performed to investigate changes in the
coating properties during operation were carried out with free-
standing coatings. These were detached electrochemically from
the substrate following a procedure described by Vaßen et al.[31]

The sintering process was carried out in a furnace under air
atmosphere for 100 h at 1200 °C.

2.4. Investigated System Responses

2.4.1. DE

The DE was calculated based on the weight of the deposited coat-
ing and describes the percentage of the total powder sprayed that is
actually deposited as coating. In addition to the coating weight, the
powder feed rate, step width between themeander paths, substrate
surface, robot speed, and the number of passes are relevant for the
calculation of the DE. This is calculated as given in Equation (2).

DE ¼ Coatingweight ½g�
Feed rate½g�

60½s�
⋅
Meander distance ½mm�
Substrate surface ½mm2�

⋅
Robot speed½mm

s �
Number of passes

⋅ 100 ½%�
(2)

2.4.2. Porosity

Metallographic cross sections were produced to investigate the
microstructure and porosity by digital image analysis. They were
analyzed using the table top scanning electron microscope
TM3000 (Hitachi). Backscattered electron (BSE) images were
taken with an accelerating voltage of 15 kV. To determine the
porosity values, ten images were taken of each sample at a mag-
nification of 1000 and constant brightness and contrast. The
images were taken at randomly distributed locations on the sam-
ple. Nonrepresentative areas of the coating damaged during
preparation were excluded. The ten representative images were
analyzed using the software ImageJ/Fiji. The same Fourier trans-
formation was applied to each image to sharpen it. Afterward, the
threshold was set manually to capture all relevant pore areas.
Applying this threshold, the grayscale images were converted
into binary images on which the porosity values are determined.
The mean value of the ten images is then taken as the porosity
value for the parameter combination used.

2.4.3. Hardness

The hardness values were determined using the Struers Duramin
A300 hardness tester. The investigation was performed with a
Vickers indenter on the same polished cross sections used for
the porosity analysis. The mean value was again calculated from
ten measurements taken in the center of the coating in intervals
of 2mm (about 1.2mm on the heat-treated freestanding coatings).
The microindentation tests were performed with a test load of 5 N.
The Vickers hardness [HV] of the coatings was determined based
on the size of the indent. The high test force and resulting large

indentation helped to avoid a high variation in the measurement
results, as the global hardness of the coating was determined.

2.4.4. Young’s Modulus

Three-point bending tests were used to determine the time-
dependent elastic stress capacity and stress relaxation of free-
standing coatings at room temperature. Therefore, rectangular
samples with a length of 15mm and a width of 4 mm were
cut out of free-standing coatings using a diamond saw. The coat-
ings were detached electrochemically as described by Vaßen
et al.[31] The exact thickness of each sample, which was kept uni-
form by adjusting the number of passes to the coating parameters,
was determined using the CT 350T profilometer from Cyber
Technologies via a double-sided measurement with a chromatic
white light sensor. The elastic properties and viscoplastic deforma-
tion of the free-standing coatings were investigated in the TMA
dilatometry facility Setsys TMA-18 of the company Setaram Inc.
The experimental setup is shown schematically in Figure 1a.
The distance between the support points (L) is 12mm. Four loads
(F) (15, 30, 45, 60 g) were applied successively to each specimen
and held for 30 s each. Between the loadings, the duration for
stress relaxation was also increased (60, 120, 180, 240 s). At least
five bending samples were tested for each spray parameter, and an
average value was calculated from the measurement results.

The evaluation was done by fitting the Burger’s model to the
data as described in the literature.[14] The deformation ðδÞ of the
specimen was measured continuously. A schematic of such a
strain curve is shown in Figure 1b. During the application of
the load (t1 to t2), elastic deformation of the coating occurs.
After reaching the maximum load, the load is kept constant
(t2 to t3). During this time, viscous creep (vc) of the ceramic takes
place due to splat sliding, so the deformation increases further.
When the specimen is unloaded (t3 to t4), the elastic response
decreases again. In addition, there is a partial recovery of
creep after the removal of the load (after t4). Nevertheless, a resid-
ual displacement remains at the end (t5), called viscoplastic
deformation (vd). The calculation of the Young’s modulus was
made using the displacement during unloading δðt4 � t3Þ
to exclude the influence of creep during the loading period.
As different loads were applied during the measurement, the
force–displacement relationship was taken as the slope of
the force–displacement function assuming it as linear. The
Young’s modulus could then be calculated using Equation (3).
The geometric factor λ is described by the specimen’s width (b)
and height (h) and the distance (L) between the support pins.

E ¼ F
λ
⋅

1
δðt4 � t3Þ

, λ ¼ 4bh3

L3
(3)

3. Results and Discussion

3.1. Models to Predict System Responses

The Design-Expert software was used to create models to predict
system responses. First, the fit summary of the system responses
was considered. This proposes a model design based on the cal-
culated Whitcomb Score, which provides a good starting point
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for model fitting. The Whitcomb Score is a heuristic scoring sys-
tem calculated based on the sequential p-values of the model, the
lack of fit, and the predicted and adjusted R2. The model achiev-
ing the highest score serves as a starting point for the model fit-
ting. Afterward, the “all hierarchical search” was used for the
model. In this search, the adjusted R2 is maximized and nonsig-
nificant terms with p> 0.1 were removed. These steps were ini-
tially performed on all models. Further adjustments of the
models of the system responses are explained in more detail
in the following sections.

3.1.1. DE

The fit summary proposed a quadratic model to calculate and
predict the DE. Using the all hierarchical search, the model term
(SD)·(H) was removed, as it is not significant with a p-value> 0.1.
All other terms are significant with p< 0.05. In Table 2, the

ANOVA of the reduced quadratic model is shown. The F-value
of the model is statistically significant, meaning it is unlikely that
the observed differences between the individual parameters are
due to chance. The probability of an F-value this large, being due
to noise is less than 0.01%. This allows us to conclude the effects
observed in the model are true and are not due to random fluc-
tuations. The fitted model has a coefficient of determination (R2)
of 0.9911, which means the model fails to explain only 0.89% of
the total variation, but 99.11% of the experimental data is pre-
dicted by the model. Furthermore, the predicted R2 of 0.9141
agrees well with the adjusted R2 of 0.9792, as the difference is
less than 0.2, which is desirable.

YCoded
DE ¼ 48.47þ 13.11ðCÞ � 8.34ðSDÞ þ 5.78ðHÞ

þ 3.91ðCÞðSDÞ � 5.29ðCÞðHÞ � 6.74ðCÞ2
� 6.02ðSDÞ2 � 2.72ðHÞ2

(4)

Figure 1. a) Schematic setup of three-point bending test in TMA facility; b) typical progression of loading with time and the resulting viscoelastic/visco-
plastic response of the material to in-plane strain.

Table 2. ANOVA test results for DE with df: degrees of freedom; CV: coefficient of variation; F: Fisher ratio; and p: probability.

Source Sum of squares df Mean square F-value p-value prob> F Significant

Model 2663.43 8 332.93 83.58 <0.0001 Significant

(C)—Current 1374.45 1 1374.45 345.06 <0.0001

(SD)—Spray distance 556.44 1 556.44 139.70 <0.0001

(H)—Hydrogen flow 266.81 1 266.81 66.98 0.0002

(C) (SD) 61.07 1 61.07 15.33 0.0078

(C) (H) 111.83 1 111.83 28.08 0.0018

(C)2 167.96 1 167.96 42.17 0.0006

(SD)2 134.01 1 134.01 33.64 0.0012

(H)2 27.41 1 27.41 6.88 0.0394

Residual 23.90 6 3.98

Lack of fit 17.96 4 4.49 1.51 0.4353 Not significant

Pure error 5.94 2 2.97

Cor total 2687.32 14

SD= 2.00 R2= 0.9911

Mean= 40.20 Adj. R2= 0.9792

CV%= 4.96 Pred. R2= 0.9141

PRESS= 230.80 Adeq. precision= 28.1317
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YActual
DE ¼ �864.316þ 2.654ðCÞ þ 1.093ðSDÞ þ 51.317ðHÞ

þ 0.003ðCÞðSDÞ � 0.071ðCÞðHÞ � 0.003ðCÞ2
� 0.007ðSDÞ2 � 1.211ðHÞ2

(5)

The coded and actual equations presented in Section 2.4
(Equation (1)) can be used to predict effects by the calculated
model. For the DE, the coded Equation (4) can be used, inserting
values from �1 to 1 for the parameters in the design space. This
allows evaluating the variables’ relative influence on the system
response. The equation shows the current has the largest influ-
ence on DE. It is followed by the spraying distance and finally the
hydrogen content. The F-values of the ANOVA as well support
this conclusion. The influence of the 2FI and quadratic factors
can also be seen in Equation (4). It is known that a higher arc
current creates more power, increasing the specific enthalpy
and temperature of the plasma. With increasing temperature,
the plasma’s density decreases, increasing its velocity.[32]

Similarly, the plasma’s specific enthalpy, temperature, and veloc-
ity are increased by adding more hydrogen to the plasma.[33]

Furthermore, the specific heat capacity and the thermal conduc-
tivity of the plasma rise. This favors transferring the energy
stored in the plasma to the injected powder and consequently
its melting.[11] The higher ratio of molten particles leads to an
increase in efficiency. The lower DE at higher spraying distances
can be explained as the particles are only heated and accelerated
in the plasma on the first few centimeters toward the sample.
After that, they cool down again and are slowed down.[34] As a
result, some particles resolidify and bounce off the sample,
reducing efficiency. Also, the particle plume expands with higher
standoff distance causing some particles not to hit the substrate.
The actual Equation (5), on the other hand, shows how the result
is calculated when using the actual parameter values with units.
The response surface described by this Equation (5) is shown in
Figure 2a.

3.1.2. Porosity

A linear model was proposed for porosity analysis based on the
Whitcomb Score. From this model, no term was removed after
the all hierarchical search. Even though the spraying distance
with a p-value of 0.4002 had no significant influence on the

porosity for the investigated design space, it remains in the
model to always be able in future to analyze the effect of all input
parameters. The nonsignificant effect of the spraying distance on
the porosity becomes visible by looking at the model’s response
surfaces in Figure 2b. The isocontour lines on the base plane of
the cube for the porosity are almost parallel to the axis of spraying
distance. One possible cause is that small particles resolidify at a
high standoff distance and do not deposit in the coating. This
would also explain the drop in efficiency. To porosity, these small
particles did not contribute at a low distance as they were molten.
The large particles, on the other hand, maintain sufficient
temperature and kinetic energy even at higher distances.
Therefore they flatten to a similar degree, resulting in a compa-
rable porosity. Nevertheless, the linear model used to describe
the porosity response is significant and the lack of fit test is
not significant compared to the pure error. Thus, no significant
patterns in the residuals cannot be explained by chance. The
three R2 values also show that the model can be used to predict
the system’s behavior.

The F-values from the ANOVA (further ANOVA tables are in
the Appendix in Table S4–S9, Supporting Information) and the
coded Equation (6) show the most considerable influence on
porosity by changing the current.

As described in Section 3.1.1, the velocity and temperature of
the plasma increase with a higher current. This is transferable to
the particles. Due to the particle’s higher kinetic energy and tem-
perature, there is a wide spread of the droplets on impact.
Besides the improved efficiency, this also leads to a densified,
less porous coating.[35]

YCoded
Pas

¼ 20.03þ 5.39ðCÞ þ 0.60ðSDÞ � 2.48ðHÞ (6)

3.1.3. Hardness

In the hardness analysis, the fit summary yields the highest score
for the quadratic model. This was then reduced by the all hierar-
chical search and the model terms (C)·(SD), (C)2, and (SD)2 were
removed, as their influence on themodel is not significant. Based
on the regression Equation (7) as well as the F-values, it can be
concluded that the spraying distance has the smallest influence
on the hardness. But in contrast to the porosity model, the

Figure 2. Response surfaces of a) DE at 8 nlpm hydrogen flow and b) as-sprayed porosity at hydrogen flow of 5 nlpm.
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spraying distance has a significant influence. The strongest
impact on the hardness is again the current intensity used.
The effects leading to the lower porosity result in an increase
in hardness.[21] As the lack of fit test and the fit statistics show,
this model is also suitable for predicting the system behavior in
the investigated parameter space. The corresponding plotted
response surface can be found in Figure 3a.

YCoded
HV5as

¼ 299.64þ 107.49ðCÞ � 14.90ðSDÞ þ 41.62ðHÞ
þ 15.61ðCÞðHÞ � 9.38ðSDÞðHÞ � 23.49ðCÞ2

(7)

3.1.4. Young’s Modulus

The fit summary calculation proposed a linear and a quadratic
model for calculating the regression model to predict Young’s
modulus from the three-point bending tests. The reason for this
is, there are always two Whitcomb Scores calculated. One using
the predicted R2 and one using the adjusted R2. If different mod-
els score the highest on the two scores, they are both suggested.
However, the lack of fit of the linear model is significant com-
pared to the pure error. It can be concluded that there are signifi-
cant patterns in the residuals that cannot be explained by chance
and that the regression model is insufficient to describe the rela-
tionship between the variables. A poor fitting model can lead to
inaccurate predictions and incorrect conclusions. In such a case,
additional factors should be investigated or a higher order model
should be used. This is possible with the quadratic model. The all
hierarchical search removes the model terms (C)·(SD), (C)·(H),
(SD)·(H), and (H)2 from the quadratic model as they are insig-
nificant. The nonsignificant model term (SD) remains in the
model as otherwise, the model would not be hierarchical. One
or more terms of higher order would be included in the model
regarding (SD), but the supporting lower order term (SD) itself
would not be included. The ANOVA table calculated from this
shows the model is significant, the lack of fit is not significant,
and the difference between predicted and adjusted R2 is less than
0.2. Therefore, this model can also be used to predict the system
responses. The main influence on the system response is again
the current (Equation (8)). As explained for porosity, the particles
flatten less with lower current, having a lower temperature and

kinetic energy on impact. At the less flattened droplets, stresses
are focused, leading to crack propagation in multiple directions,
resulting in a reduced elastic modulus.[21,36]

YCoded
Eas

¼ 30.77þ 10.10ðCÞ � 0.73ðSDÞ þ 5.26ðHÞ
� 6.00ðCÞ2 � 6.11ðSDÞ2

(8)

Accordingly, step (4) of the procedure for an RSM is com-
pleted and the fit of all models is evaluated. As all models fit
for making predictions, step (5) can be skipped, as no optimiza-
tion is necessary. The corresponding plotted response surface
can be found in Figure 3b.

3.2. Correlations between System Responses in the
As-Sprayed State

In Section 3.1, the process parameters’ effect on the system
responses was considered. However, it already became visible
that there is a strong correlation between the system responses,
which will be investigated in more detail in this section. The lin-
ear correlations between the system responses can be found in
Table 3. The lowest correlation is between the DE and Vickers
hardness. This value is 0.812, which still indicates a strong
correlation. Understanding and controlling the relationships
between the system responses is of great importance to find sys-
tem responses that meet the required demands. This is especially
relevant for factors that influence each other in an unwanted
manner, such as decreasing porosity with increasing DE.

Figure 3. Response surfaces in the as-sprayed state of a) hardness at 220mm spraying distance and b) Young’s modulus at 220mm spraying distance.

Table 3. Linear correlations between system responses.

DEas Pas HV5as Eas Pht HV5ht Eht

DEas 1.000 �0.822 0.812 0.823 �0.784 0.761 0.757

Pas 1.000 �0.932 �0.903 0.877 �0.838 �0.738

HV5as 1.000 0.816 �0.817 0.784 0.702

Eas 1.000 �0.905 0.876 0.757

Pht 1.000 �0.925 �0.605

HV5ht 1.000 0.575

Eht 1.000
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In interpreting the system responses, porosity was related to
the mechanical properties of the coatings. The correlation
between porosity and Vickers hardness of�0.932 is the strongest
in the entire study. In addition, the correlation between porosity
and Young’s modulus is also strong at �0.903. These correla-
tions between the microstructural and mechanical properties
are also known from literature.[15,21] As shown in Figure 4,
the coating’s hardness decreases nearly linearly with increasing
porosity. This is because cracks propagate more easily at existing
microcracks and pores. Under load, stress peaks are generated at
these points, which lead to crack propagation. This effect is even
increased as stresses are not distributed equally in the inhomo-
geneous coating.[37] Furthermore, viscous creep occurs between
poorly bonded splats under load, which reduces the hardness
values.[14] Also, the large indentation volume leads to more pores
and cracks being hit, which reduces the coating hardness. The
slope of the regression line has the value �17.1862 HV5 with
a standard deviation (S) of �1.4181. Thus, the straight line
can be described by the regression Equation (9). The fitted
regression line can be used to estimate the mean value of the
coating’s hardness for a given value of coating porosity.

Hardnessas�sprayed½HV5� ¼ 626.96� 17.1862 ⋅ ðPorosity in vol%Þ
(9)

A comparable behavior is found in the analysis of the three-
point bending tests as the Young’s modulus also decreases with

higher porosity, as shown in Figure 5a. The numerous pores and
microcracks weaken the structure and reduce the material’s
effective cross-sectional area, reducing the stiffness.[21] Another
effect reducing the Young’s modulus is the sliding between
poorly bonded splats and along defects. This viscoplastic defor-
mation can also be seen in the force–displacement curves of
the bending tests in Figure 5b. Under constant load, the displace-
ment increases significantly more for the porous specimens due
to creeping. The viscosity can be calculated from the tangential
slope of the strain curve under constant load. This is dependent
on the strain rate during creep. Details of the calculation can be
found in Ahrens et al.[14] In this study, it was shown that a creep
duration of 15min was not sufficient to achieve a constant strain
rate at room temperature. Therefore, the evaluation of creep in
this study was carried out only graphically due to the large sample
volume. The estimation of the Young’s modulus by porosity can
be made using the equation given in formula (10).

Young’smodulusas�sprayed ½GPa� ¼ 68.67� 2.2986

⋅ ðPorosity in vol%Þ
(10)

3.3. Influence of Heat Treatment on Coating Properties

Up to now, only the properties of the coatings in the as-sprayed
state have been analyzed. However, they change under the high
temperatures which the TBCs experience during operation in a
turbine. Therefore, the porosity, hardness, and Young’s modulus
were also investigated after heat treatment to simulate the sinter-
ing of the coating in service. The same procedure as for the
as-sprayed analyses was followed to generate the models for pre-
diction. The corresponding ANOVA and regression equations
from this section can also be found in the Appendix. After
the 100 h heat treatment at 1200 °C, a reduced quadratic model
was generated to predict both porosity and Vickers hardness.
The highest influence on the results has again the current.
This is also the case for the Young’s modulus of the heat-treated
coatings. However, this system response is described with a 2FI
model, with additional linear interactions between two parame-
ters at a time. As with the as-sprayed coatings, there is a strong
correlation between the properties of the heat-treated coatings
(Table 3). The strongest correlation after heat treatment remains
between porosity and hardness (�0.925). The dependence

Figure 4. Relationship between porosity and Vickers hardness in the
as-sprayed state.

Figure 5. a) Relationship between porosity and Young’s modulus in the as-sprayed state; b) force–displacement curves from three-point bending tests for
different porosity levels.
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between porosity before and after heat treatment is also
high (0.877).

The changes observed in the models can be explained by sin-
tering processes during heat treatment. These cause microcracks
and pores in the ceramic to close and the interlamellar bond is
strengthened. As a result, the porosity in the coatings decreases,
which reduces the insulating performance of the TBC and
increases the hardness and Young’s modulus of the densified
coatings.[38] The heat treatment increased the hardness in the
layers by about 75 HV5 on average. The rise in hardness is higher
in the previously denser and harder coatings, with an increase of
more than 125 HV5. For the more porous and softer coatings, the
raise in hardness is only about 25 HV5. A comparison of the
microstructures before and after sintering is shown in the follow-
ing Figure 6. The more considerable increase in the denser coat-
ings is explained by decreasing porosity and healed microcracks
(compare Figure 6a,b). At a higher porosity, only fine cracks and
small pores are closed. The areas with unmelted fractured
particles and large defects still remain after heat treatment
(compare Figure 6c,d). Thus, a lot of porosity is still covered
by the indentation, which is why the global hardness increases
only slightly after heat treatment.

The expected trend was observed for the bending samples, but
the correlation between porosity and Young’s modulus was
weaker with a value of �0.605. This can be seen in Figure 7a.
On average, the Young’s modulus increased by 29 GPa due to
the heat treatment and sintering. Notably, the range before heat
treatment was between approximately 8 and 39 GPa and after sin-
tering between 39 and 76 GPa. Many coatings almost doubled
their stiffness during sintering. This is consistent with the
results of Ahrens et al.[14] But the very porous layers in particular

received a significant increase in hardness from sintering, con-
trary to the hardness measurements. The previously softest sam-
ples, for example, have a hardness increase from about 8 to
42 GPa and about 11 to 39 GPa. Therefore, it can be assumed
that the sintering of fine cracks and pores will prevent a sliding
within the layer during deformation, significantly influencing the
Young’s modulus. This is also reflected in the decrease in visco-
plastic creep after heat treatment (Figure 7b,c). However, it
should be noted that the samples were sintered as free-standing
coatings. This leads to stronger sintering than for coatings
applied on a substrate.[39]

3.4. Optimization of Coatings Properties Using Generated
Models

In the previous section, the effects of the parameters on the sys-
tem responses were considered based on the generated models
and it was analyzed how the system responses relate to each
other. As these partially influence each other in an undesirable
way, a tradeoff must be found during parameter optimization to
achieve the best performance of the TBC. For instance, an
increase in porosity improves insulation performance and
decreases stiffness, which benefits the efficiency and durability
of the coating in service. However, it also lowers hardness and
DE in the manufacturing process, which is disadvantageous.
Higher hardness protects the coating from erosive wear, and
high DE is important from an economic point of view to enable
time-efficient and thus cost-effective production of the
components.

The final step (6) of the RSM to determine the optimum
coating parameters was also performed using Design-Expert

Figure 6. Comparison of the microstructure and porosity of two samples before and after sintering. Sample 1 has a reduction in porosity from a) 18.3% to
b) 12.5% and sample 2 from c) 25.7 to d) 22.4%.
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software. The numerical optimization module was used. This
uses the generated models to search in the factor space for
the best tradeoffs. A goal is given for each input variable and
each system response. Possible objectives include maximize,
minimize, target, and in range. In addition, a minimum and
maximum value achievable must be specified for the input var-
iables and system responses to define the range of search for the
optimum. The last step for numerical optimization is to assign a
relative “importance” to the objectives, which is used to deter-
mine their relative importance. It is possible to choose between
the values 1–5, where 5 describes a critical goal with the highest
priority, 1 a goal of low importance, and 3 is considered as a stan-
dard value of medium priority. The defined goals are combined
to a general desirability function. The software attempts to maxi-
mize this function. The starting points of the calculation are
the points of the experimental design and random starting
points. The target search leads to a (local) maximum over the
steepest slope.

For the numerical optimization, the target “in range” was
selected for the input variables current and spraying distance.
The search for the optimum parameters takes place in the entire
design space between 400 and 500 A and between 160 and
220mm. To always keep the process within the operating win-
dow of the torch, the upper limit of the third input variable, the
hydrogen flow, was lowered from 8 to 6.5 nlpm. For the system
responses, the upper and lower system limits are defined by the
maxima and minima occurring in the individual models.
The system responses being maximized in the optimization
are DE as well as porosity and hardness in the as-sprayed state

and after heat treatment. The modulus of elasticity in the as-
sprayed state and after heat treatment is minimized. The stan-
dard value of 3 was also used for the importance of most of
the targets. Only the importance of the two porosity goals was
set to the highest value of 5 because porosity has shown the high-
est influence on the mechanical properties and being the crucial
factor for the thermal insulation and thus the efficiency of the
coating in operation. The DE, on the other hand, was down-
graded to the lowest importance with a value of 1 because the
main focus is on the generation of a long-lasting coating in oper-
ation. In addition, the economic efficiency of the process is
ensured by the high feed rates used, which keep the processing

Figure 7. a) Relationship between porosity and Young’s modulus in the heat-treated state; b) force–displacement curves from three-point bending tests
of samples sprayed with the same parameter before and after heat-treatment with c) a zoom in.

Table 4. Constraints in search of the optimal coating parameters.

Name Goal Lower Limit Upper Limit Importance

(C) In range 400 500 3

(SD) In range 160 220 3

(H) In range 5 6.5 3

DE Maximize 10.51 54.17 1

Pa Maximize 13.31 27.29 5

HV5a Maximize 146.744 434.687 3

Ea Minimize 7852 38.612 3

Pht Maximize 12.52 26.09 5

HV5ht Maximize 174.548 559.436 3

Eht Minimize 34.438 76.042 3
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times low. These parameters set for the optimization are sum-
marized in Table 4.

From the 9 parameter combinations investigated in the new
defined design space as well as 100 randomly selected starting
points, the numerical search for local maxima of the desirability
function was started. Nine parameter combinations were found
to optimize the desired system responses in combination. Of
these parameter combinations, five different ones were sprayed
to validate the model. The predicted and actually achieved system
responses in the as-sprayed state can be found in Table 5. The
validated values of the as-sprayed system responses have a good
agreement with the predicted values as these are within the 95%
confidence interval. This indicates the model is well suited for
predicting the system responses in the defined parameter space.
These results with a uniform importance of all factors of value 3
deviate only slightly from these predictions. In this case, the pre-
dicted optimum value has an efficiency of 41.4%, a porosity of
23.0% percent, and a corresponding hardness of about 243
HV5. The production parameters are also comparable with
420 A current, a standoff distance of 160mm and a hydrogen
flow of 6.3 nlpm. The small deviation in the prediction with dif-
ferent importance of the factors is related to the high influence of
porosity on the mechanical properties. As a result, these com-
bined influence the model more than the DE. Thus, the model
can be used to specifically adjust the spray parameters according
to desired coating properties. However, it should be emphasized
that the calculated models are only valid for the torch and mate-
rial used in the study. Similar products, nevertheless, will show
comparable tendencies. The approach of the RSM, however, is
common and can be transferred to similar studies.

4. Conclusion

The APS parameters (current, spraying distance, and hydrogen
flow) were optimized to maximize the performance of TBCs.
Multiresponse optimization with RSM was performed to pro-
duce YSZ coatings with maximum porosity, hardness, and DE
combined with minimum Young’s modulus. The results were
used to create empirical relationships between input parameters
and coating properties. The main findings are as follows: 1) The
current intensity has the largest influence on DE and the coating
properties. 2) The spraying distance has no significant effect on
the porosity and the mechanical properties in the investigated

design space. 3) There is a strong correlation between porosity
and mechanical properties.

Based on these findings, mathematical functions were gener-
ated to predict each system response for an arbitrary combination
of parameters in the design space. In addition, equations were
developed to estimate the mechanical properties based on the
porosity values. Finally, a model has been created that predicts
parameter combinations for producing the optimal coating prop-
erties desired by its user.
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Table 5. Validation of the models by comparing predicted and actually achieved system responses in the as-sprayed state.

Sample Current Spray distance Hydrogen DE [%] Porosity [%] Hardness [HV5]

[A] [mm] [nlpm] Predicted Actual Predicted Actual Predicted Actual

Val-2 411 161 6.5 39.52 42.24 23.65 24.18� 1.78 230.21 221.01� 22.65

Val-3 411 161 6.2 37.43 40.70 24.15 24.49� 1.55 221.57 214.01� 13.14

Val-4 447 219 5 24.92 28.16 23.24 25.55� 2.22 223.69 194.18� 22.09

Val-5 430 160 5.3 37.97 39.94 23.57 23.64� 2.16 220.72 220.30� 14.33

Val-6 414 209 6.1 23.30 23.50 24.95 27.06� 2.28 204.63 201.41� 15.14

Val-7 411 161 6.2 37.43 39.68 24.15 24.40� 2.52 221.57 232.50� 27.33
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