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Atmospheric plasma spraying is used extensively to make Thermal Barrier Coatings of 7-8% yttria-
stabilized zirconia powders. The main problem faced in the manufacture of yttria-stabilized zirconia
coatings by the atmospheric plasma spraying process is the selection of the optimum combination of
input variables for achieving the required qualities of coating. This problem can be solved by the
development of empirical relationships between the process parameters (input power, primary gas flow
rate, stand-off distance, powder feed rate, and carrier gas flow rate) and the coating quality character-
istics (deposition efficiency, tensile bond strength, lap shear bond strength, porosity, and hardness)
through effective and strategic planning and the execution of experiments by response surface meth-
odology. This article highlights the use of response surface methodology by designing a five-factor five-
level central composite rotatable design matrix with full replication for planning, conduction, execution,
and development of empirical relationships. Further, response surface methodology was used for the
selection of optimum process parameters to achieve desired quality of yttria-stabilized zirconia coating

deposits.

Keywords atmospheric plasma spraying, optimization,
response surface methodology, thermal barrier
coatings, yttria-stabilized zirconia

1. Introduction

Plasma-sprayed yttria-stabilized zirconia (YSZ) coat-
ings are being increasingly used as thermal barrier coat-
ings (TBCs) for gas turbines and diesel engines (Ref 1).
Effective TBCs should exhibit low thermal diffusivity,
strong adherence to the substrate, phase stability, and
thermal shock resistance during thermal cycling, and
provide oxidation and corrosion protection to both the
metallic bond coat and the substrate. Many studies have
contributed to a better understanding of the metallo-
graphic preparation, microstructure, thermal conductivity
and diffusivity, residual stresses, and failure mechanisms
of the YSZ coatings (Ref 2-6). The impacts of the plasma
spray process parameters on the coating characteristics
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and properties have generally been studied by means of
classical one-factor-at-a-time or empirical approaches.

Plasma spraying, however, involves many parameters
and complex interactions among them. The one-factor-
at-a-time approach requires prohibitively large numbers
of trials to systematically identify the effects of the process
parameters, and therefore the effects of the process
parameters on the microstructure and properties of the
YSZ coatings have not been fully understood yet. Statis-
tical designs of experiments have been shown to provide
efficient approaches to systematically investigate the pro-
cess parameters of thermal spray. The Taguchi method
was efficiently used by Kingswell et al. (Ref 7) to inves-
tigate the vacuum plasma spray deposition of alumina,
nickel-based alloys, and tungsten carbide/cobalt cermet
coatings. The small central composite design method was
employed by Wang and Coyle (Ref 8) to optimize solution
precursor plasma spray process parameters to deposit
NiYSZ coatings on SOFCs. Statistical design of experi-
ment by the response surface methodology (RSM) was
used to successfully optimize the microhardness of plas-
ma-sprayed WC-12%Co (Ref 9).

For satisfactory functioning of the sprayed TBC
material, it is essential to maintain adequate bond
strength between the coatings and the substrate. Tensile
bond strength, porosity, and microhardness are the basic
and key quality characteristics to understand the micro-
structure and properties of thermal spray coatings
(Ref 10). Deposition efficiency in atmospheric plasma
spray (APS) system is regarded as being closely related
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to the melting state of feedstock material (Ref 11). High
deposition efficiency is very important to lower the cost
and shorten the process time, especially for spraying
thick and large-scale coatings (Ref 12). Porous YSZ
coatings are useful to lower thermal conductivity (Ref
13). Dense YSZ coatings with high microhardness, in
some cases, are expected to improve the erosion and
corrosion resistance as well as the oxidation resistance of
the metallic bond coating (Ref 14). YSZ is perhaps the
most-studied thermal spray material, and thus there is a
lot of precedent for this study. Studies have been carried
out using advanced on-line particle-monitoring systems
to measure the temperature and velocity of in-flight
particles and to correlate them with the deposition effi-
ciency, porosity, and other microstructure features of
YSZ coatings (Ref 15-18).

However, optimization of plasma spray process
involving multiple factors and multiple responses has
hardly been reported in the literature. Hence, this article
deals with the application of RSM in developing empir-
ical relationships relating important input variables,
namely, the power (P), the primary gas flow rate (G), the
stand-off distance (S), the powder feed rate (F), and the
carrier gas flow rate (C), to the deposition efficiency,
the tensile bond strength, the lap shear bond strength,
the porosity, and the hardness of the APS-YSZ TBCs.
Further, this article illustrates how a number of over-
lapping response surfaces can be used to select the
operating conditions necessary to achieve the desired
specifications and for the optimization of the plasma
spraying process. It should be emphasized that the range
selected for parameters, the results, and the conclusions
refer specifically to the torch, the chemical composition,
and the morphology of the powder material used in this
study. However, the illustrated approach and the meth-
odology of the response surfaces are universal.

2. Scheme of Investigation

In order to achieve the desired objective, the present
investigation was planned in the following sequence:

1. To identify the important APS process parameters;

2. To find the upper and lower limits of the identified
parameters;

3. To choose the relevant experimental design matrix;
To conduct the experiments as per the design matrix;

5. To record the responses (measuring the tensile bond
strength, lap shear bond strength, hardness, porosity,
and deposition efficiency);

6. To formulate empirical relationships to predict the
aforementioned responses using RSM;

7. To perform numerical and graphical optimization;

To conduct confirmatory test using optimized process
parameters;

9. To conclude with results and discussions.
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2.1 Identifying the Important Process Parameters

From the literature (Ref 19-21) and the previous study
done in our laboratory, the predominant factors (APS
process parameters) that have a greater influence on the
coating properties were identified. They are (i) the power
(kW), (ii) the primary gas flow rate (Ipm), (iii) the stand-
off distance (mm), (iv) the powder feed rate (gpm), and
(v) the carrier gas flow rate (Ipm).

2.2 Finding the Working Limits of the Parameters

A large number of spray trial runs were carried out on
grit blasted 3-mm-thick AISI 316 austenitic stainless steel
plates to determine the feasible working limits of APS
parameters. Plasma spray deposition was carried out using
an APS system 40 kW IGBT-based Plasmatron (Make:
Ion Arc Technologies; India. Model: APSS-11). The feed
stock was H.C. Stark, AMPERIT 827.054 powder (ZrO,,
7% Y,03) with particle size of 45+10 um. The YSZ
powder was directly sprayed on to the grit-blasted sub-
strate and bond coat was not used. Different combinations
of APS process parameters were used to carry out the trial
runs. Coating thickness for all the deposits was maintained
at 300 £ 15 um. To fix the limits of the considered factors,
a couple of criteria were adopted. The criteria were that
the coatings must have minimum tensile bond strength of
3 MPa and they must be deposited with a minimum
deposition efficiency of 30%. During the trials, the fol-
lowing observations were made.

(i) If the spray was carried out below 22 kW power
level, then poor adhesion and subsequent delamination of
the coating were observed. If the power level was
increased beyond 30 kW, then the surface evaporation
from particles leading to vapor entrapment in the deposit
and poor deposition efficiency were observed. (ii) If the
primary gas flow rate was below 25 Ipm, then anode ero-
sion was observed, and if it was above 45 Ipm, then arc
blow out was observed. (iii) If the stand-off distance was
less than 90 mm, then distortion of the substrate and
peeling off of the coating were observed, and if it was
increased beyond 130 mm, then re-solidification of the
molten particles resulting in poor coating adhesion and
poor deposition efficiency was observed. (iv) The mini-
mum possible powder feed rate was 15 gpm (limitation of
the powder feeding system). If the powder feed rate was
increased beyond 35 gpm, then a large fraction of the
powder particles remain in the nonmolten condition,
consequently, resulting in low spray deposition efficiency
and coating delamination. (v) If the carrier gas flow rate
was below 3 Ipm, then the powder could not penetrate the
plasma, and if it was increased beyond 11 lpm, then the
powder passed right across the plasma column resulting in
the erosion of anode (nozzle) edges. Nitrogen was used as
secondary gas, and its flow rate was kept constant at 4 Ipm.

2.3 Choosing the Experimental Design Matrix

After considering all of the aforementioned conditions,
the feasible limits of the parameters were chosen so that
reasonably good adherent coatings could be obtained.
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A central composite rotatable design of second order was
found to be the most efficient tool in RSM to establish the
empirical relationship of the response surfaces using the
smallest possible number of experiments without a loss of
accuracy (Ref 22). Owing to a wide range of factors, the
use of five-factors and five-level central composite
design matrix was chosen to optimize the experimental
conditions.

With a view to achieving the aforementioned aim,
statistically designed experiments based on a factorial
technique were used to reduce the cost and time and to
obtain the required information pertaining to the main
and interaction effects on the response parameters.
Table 1 presents the ranges of factors considered, and
Table 2 shows the 32 sets of coded conditions used to form
the design matrix. The first 16 experimental conditions

Table 1 Considered factors and their levels

are derived from a half-factorial experimental design
matrix (2°7'=16). All of the variables at the interme-
diate (0) level constitute the centre points while the
combinations of each process variable at either the
lowest (—2) or the highest (+2) value with the other
four variables of the intermediate levels constitute the
star points. Thus, the 32 experimental runs allowed for
the estimation of the linear, quadratic, and two-way
interactive effects of the variables on the APS-YSZ
coating deposits. The method of designing such a matrix
is dealt with elsewhere (Ref 23, 24). For the conve-
nience of recording and processing experimental data,
the upper and lower levels of the factors are coded here
as +2 and -2, respectively. The coded values of any
intermediate value can be calculated using the following
relationship:

Levels
Factors Notations Units Lowest (—2) Low (—1) Middle (0) High (+1) Highest (+2)
Power P kW 22 24 26 28 30
Primary gas flow rate G Ipm 25 30 35 40 45
Stand-off distance N mm 90 100 110 120 130
Powder feed rate F gpm 15 20 25 30 35
Carrier gas flow rate C Ipm 3 5 7 9 11
Table 2 Experimental design matrix
Spray Input Primary gas Stand-off Powder Carrier Deposition Adhesion Shear strength, Porosity, Hardness,
condition power flow rate distance feed rate gas flow rate efficiency, % strength, MPa MPa vol.% HV 0.3
1 -1 -1 -1 -1 1 44 9 5 20 710
2 1 -1 -1 -1 -1 59 17 8 8 954
3 -1 1 -1 -1 -1 49 7 5 11 792
4 1 1 -1 -1 1 67 21 11 4 1082
5 -1 -1 1 -1 -1 42 5 2 25 675
6 1 -1 1 -1 1 39 7 3 22 683
7 -1 1 1 -1 1 47 10 5 23 757
8 1 1 1 -1 -1 60 14 6 11 966
9 -1 -1 -1 1 -1 42 4 3 25 675
10 1 -1 -1 1 1 58 13 5 14 943
11 -1 1 -1 1 1 47 9 5 19 757
12 1 1 -1 1 -1 63 16 7 9 1024
13 -1 -1 1 1 1 32 4 2 25 512
14 1 -1 1 1 -1 40 5 3 24 652
15 -1 1 1 1 -1 41 6 2 25 663
16 1 1 1 1 1 45 8 7 17 733
17 -2 0 0 0 0 41 6 3 23 663
18 2 0 0 0 0 64 19 9 6 1036
19 0 -2 0 0 0 38 8 3 23 617
20 0 2 0 0 0 53 15 8 11 861
21 0 0 -2 0 0 66 16 7 7 1071
22 0 0 2 0 0 48 7 2 23 780
23 0 0 0 -2 0 58 18 8 12 943
24 0 0 0 2 0 48 13 5 21 780
25 0 0 0 0 -2 58 10 6 13 943
26 0 0 0 0 2 53 11 9 14 861
27 0 0 0 0 0 70 23 11 5 1129
28 0 0 0 0 0 72 22 12 4 1164
29 0 0 0 0 0 70 23 11 5 1129
30 0 0 0 0 0 71 22 12 4 1140
31 0 0 0 0 0 70 23 11 5 1129
32 0 0 0 0 0 72 22 12 4 1164
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X; = 22X — (Xmax + Xiin)]/ (Xmax — Xmin) (Eq 1)

where X; is the required coded value of a variable X, X is
any value of the variable from Xy, t0 Xinax, Xmin 1S the
lower level of the variable, and X,y is the highest level of
the variable.

2.4 Conducting the Experiments

In this investigation, 32 coating deposits were prepared
using different combinations of APS process parameters,
as prescribed by the experimental design matrix (Table 2).
The experiments were conducted in a random order to
prevent systematic errors from infiltrating the system.
To evaluate the coating properties, four geometries of
coated substrates were used: (i) 25.4 mm x 25.4 mm
(diameter x height) cylindrical specimens for tensile bond
strength test, (ii) 25.4 x 50.8 x 3 mm coupons for lap
shear bond strength test, (iii) 25.4 x 25.4 mm coupons for
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metallographic examination and hardness measurement,
and (iv) 50.8 x 50.8 x 3 mm coupons for deposition effi-
ciency 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 500+
320 pum and subsequently cleaned using acetone in an
ultrasonic bath and dried. After grit blasting, the average
surface roughness was measured using the surface rough-
ness tester. (Make: Mitutoyo, Japan; Model: Surftest 301)
The average roughness was found to be 5 um.

2.5 Recording the Responses

The tensile bond strength test was carried out as per
ASTM C 633 (Fig. 1) standard, and the lap shear bond
strength test was carried out as per EN 1465 (Fig. 2)
standard using a universal testing machine (Make: FIE-
Blue Star, India; Model: UNITEK-94100). From the

(d)

Fig. 1 Details of tensile bond strength test. (a) Dimensions of tensile bond strength test specimens (ASTM C 633). (b) Coated
specimens for tensile bond strength test. (c¢) Epoxy bonded specimens for tensile bond strength test. (d) Specimens after tensile bond

strength test
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Fig. 2 Details of lap shear bond strength test. (a) Dimensions of lap shear bond strength test specimens (EN 1465). (b) Coated
specimens for lap shear bond strength test. (c) Epoxy bonded specimens for lap shear bond strength test. (d) Specimens after lap shear

bond strength test

Fig. 1(d) and 2(d), it could be inferred that a few of the
bond test specimens present partial (combined adhesive
and cohesive) coating failures. The basic bond strength
may be evaluated by the degree of coverage of the
remaining particles which remain bonded even after the
testing of bonding strength (Ref 25). Hence, whenever a
bond test presented a partial failure like those shown in
Fig. 1(d) and 2(d), the true bond strength was evaluated
from that coating area remaining on the substrate after the
test, which was intact and did not detach or fail. For each
experimental condition, three coated specimens were
prepared and tested to minimize experimental errors.

A commercially available heat-curable epoxy was used
as an adhesive to test the coated specimens. The tensile
bond strength and lap shear bond strength values of the
epoxy were found to be 65 and 34 MPa, respectively.
The porosity was analyzed on the polished cross section of
the coating using optical microscope (Make: MEIJI, Japan;

594—Volume 20(3) March 2011

Model: MIL-7100) equipped with image analyzing system.
Standard metallographic procedures were adopted to
polish the cross section of the coatings. A 200-um 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. The Microhard-
ness measurement was made using Vickers microhardness
tester (Make: Shimadzu, Japan; Model: HMV-2T). 300 g
load and 15-s dwell time were used to evaluate the hard-
ness. Hardness values were measured at ten random
locations on the polished cross section of the coating. The
deposition efficiency was calculated from the coating mass
and the corresponding feedstock mass that was delivered
to the torch. The former was directly measured using a
weighing balance with a resolution of 0.01 g. The latter was
determined from the powder feed rate and the spraying
time (30 s) on the substrate.
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3. Predictive Model for Responses

In this study, a response surface model-building tech-
nique was utilized to predict tensile bond strength, lap
shear bond strength, microhardness, porosity, and depo-
sition efficiency in terms of various process parameters for
APS process. Details of the model-building technique are
discussed below.

3.1 Response Surface Methodology (RSM)

In practical applications of RSM, it is necessary to de-
velop a fitting model for the response surface; this is typ-
ically driven by some unknown physical mechanism. For
prediction, RSM is practical, economical, and relatively
easy for use (Ref 26). The RSM consists of an experi-
mental strategy that explores the space of the process-
independent variables, empirical statistical modeling to
develop an appropriate relationship between the yield and
the process variables, and optimization methods to
determine the levels or values of the process variables that
produce desirable response values (Ref 27). In the present
investigation, to correlate the process parameters and the
responses of APS coating deposits, a second-order qua-
dratic model was developed to predict the responses based
on the experimentally measured values. The responses are
a function of power (P), primary gas flow rate (G), stand-
off distance (S), powder feed rate (F), and carrier gas flow
rate (C), and it can be expressed as

Responses = f(P, G, S, F, C) (Eq 2)

The model chosen includes the effects of the main and
interaction effects of all factors. The model selected is
polynomial, and is expressed as follows:

Y =by+ Z bix; + Z biixiz + Z bijxix; (Eq 3)
For the five factors, the selected polynomial can be
expressed as
Y = by + b1(P) + b2(G) + b3(S) + bs(F) + bs(C)

+ b1y (P?) + b (G?) + b33 (S?) + bas (F?)

+ bss(C?) + b12(PG) + bi3(PS) + b14(PF)

+ bis(PC) + bp3(GS) + bas(GF) + bas(GC)

(

+ b34(SF) + b35(SC) + bas(FC) (Eq 4)

where b is the average of responses, and by, b,,..., by3 are
the coefficients that depend on their respective main and
interaction effects of the parameters. The values of the
coefficients were calculated using the following expres-
sions:

bo = 0.1591 (Z Y) ~0.0341 3" Y (X, Y) (Eq 5)

bi = 0.04167 > (X;Y) (Eq 6)
bi = 0.03125 ) "(X;Y) +0.00284 > > " (X;Y)
—0.03409 (Z Y) (Eq7)
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(Eq 8)

To estimate the regression coefficients, a number of
experimental design techniques are available. In this
study, a five-factor, five-level central composite rotatable
design was used. The regression coefficients were calcu-
lated with the help of Design Expert V 8.1 statistical
software. After determining the coefficients (at a 95%
confidence level), the final empirical relationships were
developed using these coefficients. The final statistical
model to estimate the responses are given below:

by = 0.0625 ) (X;Y)

Deposition efficiency (%)
= 70.78 + 5.54(P) + 3.875(G) — 4.96(S) — 2.46(F)
~1.13(C) + 0.94(PG) — 2.69(PS) + 0.063(PF)
—0.56(PC) + 1.06(GS) — 0.94(GF) + 0.19(GC)
— 1.31(SF) — 1.44(SC) + 0.56(FC) — 4.53P*

— 6.28G? —3.415% — 4.41F* —3.78C? (Eq 9)

Tensile Bond Strength (MPa)
=22.51 4+ 3.042(P) + 1.71(G) — 2.291(S) — 1.46(F)
+0.38(C) + 0.44(PG) — 1.81(PS) — 0.56(PF)
— 0.81(PC) + 0.44(GS) — 0.063(GF) 4 0.19(GC)
— 0.063(SF) — 0.56(SC) — 0.063(FC) — 2.51P*
—2.76G? —2.765* — 1.76F* — 3.01C? (Eq 10)

Lap Shear Bond Strength (MPa)
= 11.44 + 1.38(P) + 1.13(G) — 1.21(S) — 0.71(F)
+0.54(C) + 0.44(PG) — 0.31(PS) — 0.063(PF)
—0.19(PC) + 0.19(GS) — 0.063(GF) + 0.56(GC)
+ 0.44(SF) 4 0.063(SC) + 0.063(FC) — 1.32P*
—1.44G* — 1.695% — 1.19F* — 0.94C* (Eq 11)

Porosity (vol.% )
= 4.57 — 4.087(P) — 2.837(G) + 3.92(S) + 2.17(F)
+0.33(C) — 0.63(PG) + 1(PS) + 0.25(PF)
+0.25(PC) +0.25(GS) + 0.5(GF) +0.5(GC)
— 0.875(SF) — 0.125(SC) — 1.38(FC) + 2.43P*
+3.06G? +2.565% +2.93F> 4+ 2.18C? (Eq 12)

Hardness (HV 0.3)
= 1142.07 + 93.42(P) + 60.75(G) — 78.25(S)
— 41.08(F) — 16.17(C) + 11(PG) — 40.13(PS)
— 0.38(PF) — 5.38(PC) + 14(GS) — 11.25(GF)
—0.5(GC) — 23.88(SF) — 19.88(SC) + 5.38(FC)
— 72.82P% — 100.44G? — 53.825% — 69.82F? — 59.69C?
(Eq 13)
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3.2 Checking the Adequacy of the Model

In this investigation, analysis of variance (ANOVA) is
used to check the adequacy of the developed empirical
relationships (Ref 28). ANOVA test results of the
responses, namely, the tensile bond strength and porosity
are presented in Table 3 and 4, respectively. The adequacy
of the model was tested using the ANOVA technique. In
this study, the model F value and the associated proba-
bility values are checked to confirm the significance of the
empirical relationships. 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, stand-off distance, primary gas flow
rate, powder feed rate, and carrier gas flow rate. The
determination coefficient (R?) indicates the goodness of fit
for the model. In all the cases, the value of the determi-
nation coefficient (R*> > 0.99) indicates that less than 1%
of the total variations are not explained by the empirical
relationships. The value of the adjusted determination
coefficient is also high, which indicates the high signifi-
cance of the empirical relationships. The predicted R?
values also show good agreement with the adjusted R*
values. Adequate precision compares the range of the
predicted values at the design points with the average

prediction error. At the same time, a relatively low value
of the coefficient of variation indicates the improved
precision and the reliability of the conducted experiments.
The value of probability > F in Table 3 and 4 for the
empirical relationships are less than 0.05, which indicates
that the empirical relationships are significant. Lack of fit
was not significant for all the developed empirical rela-
tionships as desired (Ref 29). The normal probability plots
for the responses are shown in Fig. 3. From the figure, it
could be inferred that the residuals fall on the straight line,
which shows that the errors are distributed normally (Ref
30). Collectively, these results indicate the excellent
capability of the regression model. Further, each observed
value matches its experimental value well, as shown in
Fig. 4.

4. Results and Discussion

The developed empirical relationships can be used
effectively to predict the responses by substituting process
parameter values in coded form. Based on these empirical
relationships, the main and interaction effects of the pro-
cess parameters on the coating properties were computed
and plotted in form of perturbation plots, as shown in
Fig. 5. The perturbation plot is an important diagrammatic

Table 3 ANOVA for the response tensile bond strength

p value
Source Sum of squares df Mean square F value Prob > F
Model 1303.931 20 65.19654 257.2429 <0.0001 Significant
P, input power 222.0417 1 222.0417 876.0992 <0.0001
G, primary gas flow rate 70.04167 1 70.04167 276.3601 <0.0001
S, stand-off distance 126.0417 1 126.0417 497.3166 <0.0001
F, powder feed rate 51.04167 1 51.04167 201.3927 <0.0001
C, carrier gas flow rate 3.375 1 3.375 13.31658 0.0038
PG 3.0625 1 3.0625 12.08356 0.0052
PS 52.5625 1 52.5625 207.3933 <0.0001
PF 5.0625 1 5.0625 19.97486 0.0009
PC 10.5625 1 10.5625 41.67595 <0.0001
GS 3.0625 1 3.0625 12.08356 0.0052
GF 0.0625 1 0.0625 0.246603 0.6293
GC 0.5625 1 0.5625 2219429 0.1644
SF 0.0625 1 0.0625 0.246603 0.6293
N& 5.0625 1 5.0625 19.97486 0.0009
FC 0.0625 1 0.0625 0.246603 0.6293
P 185.0038 1 185.0038 729.9606 <0.0001
G? 223.6705 1 223.6705 882.5258 <0.0001
§? 223.6705 1 223.6705 882.5258 <0.0001
F 91.00379 1 91.00379 359.0693 <0.0001
c 266.0038 1 266.0038 1049.558 <0.0001
Residual 2.787879 11 0.253444
Lack of fit 1.287879 6 0.214646 0.715488 0.6558 Not significant
Pure error 1.5 5 0.3
Corrected total 1306.719 31
Std. Dev. 0.503432
Mean 12.90625
CV% 3.900682
R? 0.997867
Adjusted R* 0.993987
Predicted R* 0.971992
Adequate precision 45.50177

df: degrees of freedom; CV: coefficient of variation; F: Fisher ratio; p: probability
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Table 4 ANOVA for the response porosity

&
p value D
Source Sum of squares df Mean square F value Prob > F 5
Model 1930.845 20 96.54223 350.4483 <0.0001 Significant 2
P, input power 400.1667 1 400.1667 1452.605 <0.0001 o
G, primary gas flow rate 192.6667 1 192.6667 699.38 <0.0001 s
S, stand-off distance 368.1667 1 368.1667 1336.445 <0.0001 (1)
F, powder feed rate 112.6667 1 112.6667 408.98 <0.0001 Q
C, carrier gas flow rate 2.666667 1 2.666667 9.68 0.0099
PG 6.25 1 6.25 22.6875 0.0006
PS 16 1 16 58.08 <0.0001
PF 1 1 1 3.63 0.0832
PC 1 1 1 3.63 0.0832
GS 1 1 1 3.63 0.0832
GF 4 1 4 14.52 0.0029
GC 4 1 4 14.52 0.0029
SF 12.25 1 12.25 44.4675 <0.0001
Ne 0.25 1 0.25 0.9075 0.3612
FC 30.25 1 30.25 109.8075 <0.0001
P? 173.4697 1 173.4697 629.695 <0.0001
G? 274.0947 1 274.0947 994.9638 <0.0001
§? 191.7614 1 191.7614 696.0938 <0.0001
F 252.1364 1 252.1364 915.255 <0.0001
c 139.6364 1 139.6364 506.88 <0.0001
Residual 3.030303 11 0.275482
Lack of fit 1.530303 6 0.255051 0.850168 0.5824 Not significant
Pure error 1.5 5 0.3
Corrected total 1933.875 31
Std. Dev. 0.524864
Mean 14.4375
CV% 3.635421
R? 0.998433
Adjusted R* 0.995584
Predicted R* 0.978937
Adequate precision 50.56583

df: degrees of freedom: CV: coefficient of variation; F: Fisher ratio; p: probability

representation which provides silhouette views of the re-
sponse surface (Ref 31). The perturbation plot can be used
to compare the effects of all factors at a particular point in
the RSM design space. For response surface designs, the
perturbation plot shows how the response changes as each
factor moves from the chosen 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 rel-
atively flat line shows insensitivity to change in that
particular factor (Ref 32).

4.1 Effect of Input Power on Coating Properties

The effects of input power (curve A) on responses are
displayed in the Fig. 5(a)-(e). From the figures, the fol-
lowing points can be inferred. Lower power levels gave
improper melting of the particles, which resulted in poor
quality coatings in terms of bond strength (Fig. 5b, c). As
the arc current increases, the total and the net available
energies in the plasma increase. This condition leads to a
better in-flight particle molten state and higher velocities.
The deposition yield reaches (Fig. 5a) a plateau for the
highest current levels because of the increase in plasma jet
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temperature, which in turn increases both the particle
melting ratio and the plasma jet viscosity for particles to
flatten better. Increasing the power level increases the
bond strength up to a certain extent. At an optimum
power level, the melting of the particles is better, and after
deposition, they form a stronger bonding with the sub-
strate surface on solidification. A higher enthalpy in the
plasma flame is likely to produce a larger fraction of
molten particles and, generally, a higher deposition effi-
ciency (Ref 33). Porosity decreases under high power
levels (Fig. 5d) because the particles are more likely to
melt at high plasma energy levels, thereby enhancing flow
and compaction of the coating during its build up. If the
velocity of the particles is increased and/or the viscosity is
decreased, then particle spreading tends to increase.

The presence of non-molten particles will also increase
the roughness of the coating and will lower the values of
hardness because of low particle cohesion (Fig. Se). This
also should increase the porosity of the coatings. An in-
crease in porosity will lower the coating stiffness, pro-
ducing a decrease in the values of hardness. Under very
high power levels, gas entrapment upon impact occurs
because of the high pressure in the gas layer just prior to
impact. During the rapid spreading and quenching of
splats, gas escape can be suppressed resulting in escalating
gas pressure in the splat center, which can create the thin
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cap of a gas bubble, leaving behind a residual hole causing
an increase in porosity level and the reduction of hardness
values (Ref 34). Very high power levels led to the decrease
in deposition efficiency because of the vaporization of
particles. Both the experimental and the predicted results
agree in describing these effects.

4.2 Effect of Primary Gas Flow Rate on Coating
Properties

The effects of primary gas flow rate (curve B) on
responses are illustrated in the Fig. 5(a)-(e). If the primary
gas flow rate is low, then it reduces the length of the
plasma column, which in turn reduces the residential time
of the particles in the plasma leading to poor melting and
associated detrimental effects on the coating properties.
Increasing argon flow will increase the particle velocity
because the velocity of the plasma gas flame is propor-
tional to the working gas mass flow rate. An increase in
the gas flow rate above the optimal value increases the
velocity but decreases the plasma jet temperature (Ref
35). Increasing the primary gas flow rate above a critical
(optimal) value leads to a decrease in the largest particle
melting state. Thus, only a few particles will succeed in
plasma gas flow rate which leads to a decrease in the
plasma/particle interaction duration ending up with a low
deposition efficiency, a low hardness, a low bond strength,
and high porosity.

The molecular ionization and the dissociation of the gas
in the plasma jet are also affected under very high primary
gas flow rates (Ref 36). Subsequently, conditions for
spraying particles at an exact temperature and velocity
may be obtained by carefully regulating both the power
and the gas flow rates. The coatings sprayed under optimal
primary gas flow (optimum velocity and enthalpy) condi-
tion shows high bond strength, hardness, and low porosity,
compared with the low and high flow rate cases. Both the
low and the high primary gas flow conditions lead to
shorter flight times which minimize the plasma particle
interactions.

4.3 Effect of Stand-Off Distance on Coating
Properties

The variation of responses with stand-off distances
(curve C) are displayed in the Fig. 5(a)-(e). It is seen that
the bond strength increases with stand-off and attains a
maximum, and then reduces. With smaller stand-off dis-
tance, the splashing of material with possible fragmenta-
tion and quenching cracks may result. This may promote
porosity thereby reducing the bond strength (Ref 37).
However, with higher-order stand-off distance, the
reduction in the bond strength different attributes.

With longer stand-off distances, the enthalpy of the
molten ceramic particles is largely lost, and the particles
are decelerated in a relatively longer flight path because of
the interaction with the surrounding air. Under such
conditions, the particles striking on the substrate will not
be adequately flattened to overlap the layers, resulting in
porosity, and reduced bond strength and hardness values.
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In the case of optimum stand-off, the surface presents a
fairly uniform texture, with striking material experiencing
flattening without any cracking and showing excellent
adhesion as observed in the bond strength tests. Optimum
particle temperatures provide more effective packing of
splats, and better cohesion between splats (Ref 38). The
decrease in percentage porosity and increase in hardness,
bond strength, and deposition efficiency is an indication of
the effective packing and cohesion between splats.

4.4 Effect of Powder Feed Rate on Coating
Properties

The effect of powder feed rate (curve D) on the
responses of the coatings are displayed in the Fig. 5(a)-(e).
Varying the powder feed rate affects the number of par-
ticles having to share the kinetic and thermal energies of
the flame, which in turn affects the particle velocity and
the temperature. Too low a powder feed rate will result in
vaporization (decreases deposition efficiency), and over
melting of the particles resulting in quench cracks
(decreases hardness) (Ref 39, 40), splashing (decreases
bond strength), and high porosity levels (decreases coating
density), whereas too high a feed rate will end up in poor
melting of the powder particles resulting in a decrease of
the splat flattening ratio and an increase in the porosity
(Ref 41).

However, the greater the number of particles in the
flame is, the greater the deviation from the spraying axis
will be, due both to a change in the powder inlet condi-
tions and to an increase in the opportunities for particle
collisions that change the trajectories of the colliding
particles (Ref 42). A larger number of small and large
particles will also float on top of the flame or penetrate it
to reach the lower part. These particles not attaining suf-
ficient velocity and temperature, however, either reach the
coating or stick to it. Indeed, the in-flight processing of the
powders to produce plasma-sprayed coatings must be
performed under high loading conditions to allow for an
efficient use of the thermal energy stored in the plasma
(Ref 43). On exceeding a certain critical (optimal) loading,
the particles interact with each other, and the momentum
and temperature of the plasma jet will decrease with
increasing mass of powder. Since the trajectories of the
particles are very close to the axis of the jet, the plasma
gas is significantly cooled down in that region. Higher feed
rates will lead to even lower plasma temperatures
(Ref 44).

4.5 Effect of Carrier Gas on Coating Properties

The effects of carrier gas flow rate (curve E) on the
responses of the coatings are shown in the Fig. 5(a)-(e).
The carrier gas flow rate is the rate at which the particles
are injected into the plasma jet. Particles, in dc plasma
spraying, should be injected with a momentum similar to
that of the plasma jet (Ref 45). The flow rate must be
sufficient to propel the particles from the feed canisters to
the plasma. Optimally, the overwhelming part of the
particles should be injected into the core of the plasma
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stream so as to be carried along in the center of the jet to
the substrate. Too high a carrier gas flow rates could result
in particles’ flight crossing through the jet axis resulting in
a waste of powder. Influence of the nature of the carrier
gas on the properties of the plasma jet rate to ensure
sufficient particles penetration into the jet could lead to
high jet perturbations.

In this study, argon was used as carrier gas. The
injected carrier gas shifts the plasma jet into the opposite
direction. Displacement of the jet is proportional to the
carrier gas flow rate: the higher the carrier gas flow rate,
the stronger the changes of the jet properties. However,
even for very high flow rates, the position of the maxi-
mum carrier gas concentration is not congruent with the
jet central line (Ref 46). It means that the injected par-
ticles are not penetrating the jet totally but are partially
put aside. This could lead to improper particle heating
and melting, decreasing the deposition efficiency of the
spraying process due to wastage of powder. The deposi-
tion yield increases with an increase of the feedstock
carrier gas flow rate, mostly because the particle injection
velocity is increased—drifting the particles deeper into
the jet core (i.e., optimal carrier gas flow rate leads to
optimal radial position), thus improving their velocity
and temperature resulting in high bond strength, hard-
ness, and low porosity. However, when continuing to
increase the gas flow rate, higher injection velocities
are obtained until the particle ratio crossing the plasma
jet becomes significant. This, in turn, decreases the
deposition yield.

5. Process Optimization

To investigate the influencing tendency of the process
parameters on the responses, 3D graphs were plotted
under certain processing conditions. The 3D response
surface and 2D contour plots are the graphical represen-
tations of the regression equations used to determine the
optimum values of the variables within the ranges con-
sidered (Ref 31). Equation 10 (tensile bond strength) was
used to plot the Fig. 6(a)-(d) (surface plots) and 7(a)-(d)
(contour plots). Equation 12 (porosity) was used to plot
the Fig. 6(e)-(h) (surface plots) and 7(e)-(h) (contour
plots). It is clear from Fig. 6(a)-(d) that the tensile bond
strength increases, reaches an apex, and then decreases
with the increase in the levels of factors under consider-
ation. The apex of the response plot shows the maximum
tensile bond strength (the same trend was observed in the
case of lap shear bond strength, deposition efficiency, and
microhardness). From the Fig. 6(e)-(h), it is proposed that
the porosity decreases, reaches a trough, and increases
with the increase in the levels of considered process
parameters. The valley (trough) of the response plot
shows the minimum porosity. These response contours can
help in the prediction of the responses for any zone of the
experimental domain (Ref 47). The optimization module
in design-expert searches for a combination of factor
levels, which simultaneously satisfy the requirements
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placed (i.e., optimization criteria) on each of the responses
and process factors (i.e., multiple response optimization)
(Ref 48). Numerical and graphical optimization methods
were used in this study by choosing the desired goals for
each factor and response. The optimization process aims
to combine the goals into an overall desirability function.
The numerical optimization finds a point or more that
maximize this function. However, in the graphical opti-
mization with multiple responses, one has to define
regions where requirements simultaneously meet the
proposed criteria by superimposing or overlaying critical
response contours on a contour plot. Then, visual search
for the best compromise becomes possible.

In the case of dealing with many responses, it is rec-
ommended to perform numerical optimization first;
otherwise, one may find it impossible to uncover a feasible
region. The graphical optimization displays the area of
feasible response values in the factor space. Regions that
do not fit the optimization criteria are shaded (Ref 49).
In the numerical optimization part, a criterion was adop-
ted. The criterion is to maximize deposition efficiency,
tensile bond strength, lap shear bond strength, and hard-
ness, and to minimize porosity volume. In the case of
graphical optimization for each response, the limits—lower
and/or upper—have been chosen according to the numer-
ical optimization results. The same criterion, which is
proposed in the numerical optimization, was introduced in
the graphical optimization. Contour plots play a very
important role in the study of a response surface. The
contour plots are illustrated in the Fig. 7(a)-(d) (tensile
bond strength) and (e)-(h) (porosity). Each contour curve
represents an infinite number of combinations of values of
two test factors derived from the second-order quadratic
equation within the considered range. The maximum pre-
dicted value is identified by the surface confined in the
smallest ellipse or circle of the contour diagram. The cir-
cular contour plot indicates that the interactions between
the corresponding factors are negligible, while the elliptical
contour plot indicates that the interactions between the
corresponding factors are significant (Ref 31).

Furthermore, a contour plot is produced to display the
region of the optimal factor settings visually. For second-
order response surfaces, such a plot can be more complex
compared to the simple series of parallel lines that can
occur with first-order empirical relationships. Once the
stationary point is found, it is usually necessary to char-
acterize the response surface in the immediate vicinity of
the point. Characterization involves identifying whether
the stationary point found is a minimum response or
maximum response or a saddle point. To classify this, it is
most straightforward to examine it through a contour plot
(Ref 32).

By performing the numerical optimization, i.e., by
solving Eq 9-13, analyzing the profile of the response
surfaces and their corresponding contour plots (Fig. 7a-d,
e-h), the response values are obtained (Table 5).
The above mentioned response values could be achieved
using the following optimized parameter settings:
power—26.3 kW; stand-off distance—110.5 mm; primary
gas flow rate—36.15 lpm; powder feed rate—23.35 gpm;
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Table 5 Results of responses achieved using optimized
processing conditions

Numerical Graphical
Responses optimization optimization Validation
Deposition efficiency, % 71.0837 71.0825 72
Tensile bond strength, 22.9997 22.9990 21
MPa
Lap shear bond strength, 11.9612 11.9610 11
MPa
Porosity, vol.% 4.0001 4.0009 4
Hardness, HV 0.3 1148.94 1148.92 1153

and carrier gas flow rate—7.8 IJpm. The above values
(factor values and response values) were also verified
using the graphical optimization. The graphical optimiza-
tion result allows visual inspection to choose the optimum
coating condition. The shaded areas on the overlay plot
are the regions that do not meet the proposed criteria (Ref
49). The graphical optimization plot is displayed in Fig. 8.
To validate the model, three additional confirmation
experiments were conducted to compare the experimental
results with the prediction under the optimal conditions.
The mean experimental response results are tabulated in
the Table 5. The validated response values show good
agreement with the predicted values. The optical micro-
graph of the cross section of the coating produced under
optimized processing condition is shown in Fig. 9. From
Fig. 9 it could be inferred that, the microstructure of the
coatings is strongly dependent on processing conditions.
When an adequately molten particle hits the substrate, the
sudden deceleration causes a pressure build-up at the
particle-substrate interface; the high pressure inside the
particle forces the melted material to flow laterally or the
ductile solid material to deform. The liquid spreads out-
ward from the point of impact and forms a splat. The
arresting of spreading results from the conversion of the
particle kinetic energy into the work of viscous deforma-
tion and surface energy (Ref 50). The process of splat

Porosity 75
WER =263 kW
STAND-OFF DISTANCE = 110.5 mm
PRIMARY GAS FLOW RATE = 36.15 lpm

200
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Fig. 8 Overlay plot
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Fig. 9 Optical micrograph of the cross section of the coating
produced under optimised processing condition

formation depends on the velocity, size, molten state,
chemistry, and angle of impact of the droplets on the
surface. It is also subject to the surface topography of the
substrate, its temperature, and reactivity (Ref 51). This
process determines both microstructural and macroscopic
characteristics of the coating.

Optimum particle temperature corresponds to a
decrease in the dynamic viscosity of the material, which
together with optimum particle velocity, results in a higher
degree of flattening. In addition, a higher degree of flat-
tening corresponds to a decrease in splat thickness and a
larger area of splat surface being in contact with the
underlying material (Ref 52), which leads to a higher
deposition efficiency, bond strength, microhardness, and
low porosity. In the case of the coating produced under
optimum spray conditions, owing to adequate in-flight
temperature, most particles undergo melting, so that each
splat covers more easily the surface topography onto
which it flattens. The porosity of YSZ coatings sprayed
under the optimum condition is the lowest attainable
porosity level. Under non-optimal conditions, the volume
fraction of porosity and the average size of pores were
found to be high.

6. Conclusions

o The effects of atmospheric plasma spray parameters
(power, stand-off distance, primary gas flow rate,
powder feed rate, and carrier gas flow rate) on the
porosity, deposition efficiency, hardness, lap shear
bond strength, and tensile bond strength were inves-
tigated for YSZ coatings by adopting multiobjective
optimization with RSM.

® These results were used to create empirical relation-
ships to predict the optimum deposition conditions.
The input power has the largest effect on the resultant
coating properties. Process parameters such as
stand-off distance, primary gas flow rate, powder feed
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rate, and carrier gas flow rate each can be considered
as the next most important parameters influencing the
coating properties.

® The multi-response optimization with RSM success-
fully predicted the optimum deposition parameters
which simultaneously minimized the porosity and in-
creased the deposition efficiency, tensile bond
strength, lap shear bond strength, and hardness.
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