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Abstract The integrity and properties of ceramic coatings
produced by atmospheric plasma spraying are highly con-
trolled by the splat morphology and splat interconnection.
In this study, the influence of selected parameters (spray
angle, surface velocity of the spray gun, and substrate
temperature) on splat morphology and coating
microstructure was investigated. A favorite set of spray gun
parameters, of which their effects on splat morphology and
coating microstructure have been verified by previous
experiments, were used to conduct the experiments for the
present work. It was found that depositing fully molten
particles on a hot substrate increases the fraction of disk-
like splats by about 60% at the expense of the fraction of
irregular splats. Preheating the substrate also increases the
pore count and level of coating porosity, while it does not
influence the density of segmentation cracks. In contrast,
the surface velocity of the spray gun does not affect the
splat morphology while a slow speed decreases the coating
porosity and plays a significant role in generating seg-
mentation cracks. Shifting the spray angle by 15° distorts
up to 20% of disk-like splats and slightly decreases the
porosity level. However, changing the spray angle does not
affect the generation of segmentation cracks.
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Introduction

Thermally sprayed coatings are widely used as functional
surfaces for engineering applications to protect them
against wear, corrosion, high temperature, oxidation, and
heat (Ref 1). For plasma-sprayed ceramic coatings, thermal
barrier coatings (TBCs) provide thermal insulation and
comply with strains due to the porosity in their top coat,
which includes a wide range of sizes and shapes of all
voids and cracks. This porosity is generated by the coating
formation process, which is usually atmospheric plasma
spraying (APS) (Ref 2). In addition, lifetime and strain
tolerance are improved by the presence of segmentation
cracks in the ceramic top coat. Improvement of the strain
tolerance by segmentation cracks can be explained by the
opening and closing of the crack spacing during tensile and
compressive loadings, respectively, which result in an
enhancement of the TBCs’ thermal shock resistance (Ref
3-7).

In the APS process, metal or ceramic particles injected
into the plasma jet are quickly melted and accelerated
towards a prepared substrate where they flatten and rapidly
solidify to form splats. Therefore, the formation of plasma-
sprayed coatings can be seen as a continuous and subse-
quent impingement and solidification of a large number of
varied melting-degree particles that consolidate and form a
layered deposit on the substrate surface (Ref 8). The
resulting layered deposit characterizes the microstructure
and consequently determines the ultimate properties of the
coating (Ref 9).

As the splat is the main unit for the build-up of the
deposit, coating integrity and properties are highly con-
trolled by splat morphology, splat adherence to the sub-
strate, and interconnection between splats. Semi-molten
and distorted types of splats form pores and lead to poor
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adhesion between the coating and the substrate and a low
coating consistency, while disk-like type splats reduce pore
formation and improve coating integrity (Ref 9). From the
viewpoint of splat morphology, the distribution of the splat
type, therefore, plays an important role in the quality and
properties of plasma-sprayed coatings (Ref 10).

However, splat morphology and contact quality between
the splats and the substrate surface as well as the contact
quality between contiguous splats (inter-splat), depend
mainly on in-flight particle characteristics and substrate/
impingement conditions (Ref 11-13).

Process parameters, such as the plasma arc current,
stand-off distance, and plasma gas mixture are the main
factors that have a strong and direct effect on the in-flight
particle characteristics (melting degree and particle tem-
perature and velocity), while they indirectly affect the
splat-type distribution. Hence, from the viewpoint of splat
formation, we call them “indirect splat-affecting
parameters”.

It has been reported that the quality of an APS ceramic
coating is directly connected to the melting state of the
particles as they impinge on the substrate and the resulting
splat type distribution. Spray distance and plasma arc
current are the most significant process parameters affect-
ing particle melting degree and the fraction value of each
splat type (Ref 14, 15). Short spray distance and high
plasma arc current at sufficient plasma gas mixture maxi-
mize the number of fully molten particles, increase the
fraction of disk-like splats, and minimize the number of
semi-molten particles. These conditions make the disk-like
splats eligible to build long, thick, and well-bonded layers
with vertical cracks penetrating the whole thickness of the
coating layers.

On the other hand, the substrate/impingement condi-
tions, such as substrate temperature, spray angle, and the
surface velocity of the spray gun (interchangeably used
with gun traverse speed), directly affect the process of splat
formation (Ref 16) and the generation of segmentation
cracks. Hence, they are here referred to as “direct splat-
affecting parameters”.

Many researchers have reported qualitatively on the
strong influence of the substrate temperature on the mor-
phology of splats (Ref 17-20) and the generation of seg-
mentation cracks (Ref 5, 6, 21-25). An irregular,
fragmented splat type is the dominant type if fully molten
particles have been deposited on a cold substrate, i.e., a
substrate at room temperature. At a certain substrate tem-
perature, known as the “transition temperature”, the
dominating splat shape changes from fragmented to disk-
like (Ref 26). This is related to the existence of absorbates
and condensates on the substrate surface at lower temper-
atures, which induce the splashing of splats during droplet
flattening (Ref 1, 27). This splashing behavior of droplets
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during spreading can be further induced by the particle
impact conditions, such as the impact angle (Ref 28, 29).

Leger et al. (Ref 30) reported that the cooling rate for
zirconia particles deposited on a hot substrate (573 K) is
much higher than that when the particles are deposited on a
cold substrate (348 K). They showed that a higher degree
of splat flattening on a hot substrate leads to decreasing the
splat thickness and increasing the contact area of the splats
with the underneath material, and, as a result, this leads to a
higher cooling rate (600 K/ps on a hot substrate and only
140 K/ps on a cold substrate). However, particles deposited
on a hot substrate preserve their liquidity state during
spreading to form disk-like splats despite the higher cool-
ing rate.

Bianchi et al. (Ref 18) have shown that depositing zir-
conia particles on a cold substrate generates fragmented
and distorted splats and that a transition substrate temper-
ature of about 300 °C changes the splat morphology to the
disk-like shape. Fukomoto et al. (Ref 19) investigated
various metallic splat morphologies deposited on substrates
at different temperatures and reported that there is a dis-
tinct transition in splat morphology related to the substrate
temperature. Syed et al. (Ref 31), Jiang et al. (Ref 32), and
Sampath et al. (Ref 33) showed that both the particle
energy and substrate temperature significantly affect splat
morphology. They reported that increasing the substrate
temperature results in a change of the splat morphology
from splashed splats with fragments to disk-like-shaped
splats, which indicates the complete suppression of
splashing during spreading. Dhimanet et al. (Ref 34)
introduced a solidification factor concerning significant
parameters, such as the substrate temperature, that influ-
ence the change in the shape of the splats from fragmented
to disk-like. Sakakibara et al. (Ref 35) investigated the
effect of the substrate temperature on the morphology of
the splats by spraying yttria-stabilized zirconia (YSZ) on a
polished stainless-steel substrate. They reported that the
temperature range, in which the transition to a disk-like
shape takes place, is 150-200° C. Friis et al. (Ref 23)
investigated the effect of the process parameters on the
microstructure of APS YSZ coatings and found that the
substrate temperature and the spray angle control the
generation of segmentation cracks and delamination,
respectively.

Karger et al. and Guo et al. (Ref 5, 6) produced seg-
mented plasma-sprayed TBC coatings with different den-
sities of segmentation cracks and reported that segmented
coatings achieved a better performance in thermal cycling
than non-segmented coatings.

Montavon et al. (Ref 36) showed that the spray angle
has no significant effect on the flattening of the splats.
Instead, it affects the splat geometry and leads to a dis-
torted splat morphology. The present study is part of a
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project that aims to engineer the microstructure of the
ceramic top coating of the segmented TBC based on the
investigation of the splat-type distribution. The project plan
categorizes the process parameters into two groups based
on their effect on splat morphology: the parameters of
the first group are the indirect splat-affecting parameters,
the spray plasma arc current, standoff distance, and flow of
plasma gas mixture, while the parameters of the second
group are the direct splat-affecting parameters, the sub-
strate temperature, spray angle, and gun traverse speed.
The effects of the indirect splat-affecting parameters on the
formation of different splat types, the relative fractions of
splat types, and the coating porosity and microstructure
have been investigated in a previous study, and a suit-
able set of parameters has been selected (Ref 37). The
selected parameters generate a favorable splat-type distri-
bution (about 90% are fully molten splats and 10% are
semi-molten splats) with a sufficient level of porosity and
produced a microstructure that is eligible for the formation
of a segmented TBC top coating. In the current study, the
influence of the direct splat-affecting parameters (the sec-
ond group of parameters) on the distribution of the splat
morphology, the coating porosity, and the generation of the
segmentation cracks has been quantitatively investigated.
Eight experiments according to a two-level full factorial 2°
plan were conducted to reveal the influence of the three
parameters, while the selected indirect splat-affecting
parameters were kept constant. Further research aspects are
required to distinguish the conditions and the most favor-
able splat distribution to produce an optimized TBC top
coating. The results of the previous and current studies will
be used in an optimization process (in an upcoming work)
to further enhance the characteristics of TBC top coatings.

Materials and Processes
Sample Preparation and Deposition Process

For each spray parameter set, three round samples of steel
substrates (DIN C45) with a diameter of 40 mm and a
thickness of 5 mm were grit-blasted on one side, cleaned,
and prepared for coating deposition (APS). The fine par-
ticle size of the YSZ powder (7YSZ, +5 — 22 pm, fused
and crushed; Oerlikon Metco 6051; Pfiaffikon, Switzerland)
was air plasma-sprayed on the roughened side of the pre-
pared substrates.

The experiments were conducted according to a 2* full
factorial design of experiment (DoE), in which only the
three direct splat-affecting parameters (substrate tempera-
ture, spray angle, and gun traverse speed) were varied,
while all the other process parameters were kept unchan-
ged. The parameter sets that have been used to deposit the

coatings and to collect splats for this study are given in
Table 1.

Additionally, round steel substrates (40 mm diameter
and 5 mm thickness) were prepared to collect individual
splats for each parameter set using a locally designed
experimental setup, the beam shutter (Institute of Materials
Engineering, Technische Universitit Dortmund) (Ref 38).
The steel substrates were mirror-polished to 1.0-pm
roughness to enable impinging droplets to be free-spread-
ing and flattening. The spray gun and beam shutter were
programmed so that, when the moving spray gun was
exactly in front of the beam shutter, the slit-mask (sliding
part) in the beam shutter falls freely. The free fall of the
slit-mask allows a time of about 9 ms for the spray droplets
to pass through a 3-mm gap to the prepared mirror-polished
substrate that is fixed behind the slit-mask. A SinplexPro
90 APS gun (Oerlikon Metco) with a 9-mm inner diameter
nozzle and a single powder feeder was used for the
experiments.

Substrate Temperature

For process parameter sets 5-8, in which the preset sub-
strate temperature is about 200 °C, the grit blasted and
mirror-polished substrates were preheated by a flame torch
from the backside of the substrate. A high-temperature
infrared thermometer (Voltcraft IR-1000L, — 50 to + 1000
°C; Conrad Electronic SE, Hirschau, Germany), which was
recently calibrated, was employed to monitor the temper-
ature of the substrate surface. The final temperature was
reached at about 8 min of heating, and the actual spraying,
as well as splat collection, commenced immediately
afterward. In each case, only one spray pass over the
mirror-polished substrate was performed to produce iso-
lated single splats. Table 1 lists the substrate temperatures
at the start and the end of each experiment.

Splat Investigation

For each parameter set, individual splats were collected
and investigated to obtain information about the different
splat morphologies, particle melting state, and the spread-
ing behavior for each splat type. The splats were observed
by a field-emission scanning electron microscope (FESEM;
JSM-7001F; Joel, Freising, Germany). For each splat
sample, three different locations (each of area 0.8 x 0.6
mm?) in the middle of the sample were chosen where the
total number of the splats was recorded and the relative
splat-type fractions were evaluated.
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Table 1 DoE (APS) spray

parameters (— low level, + high Experiment no.

Spray angle, °

Gun traverse speed, Substrate temperature, °C

level, RT room temperature) m/s Start End
Spray parameter set: direct splat-affecting parameters
1(———) Normal, 0 1.0 RT 250 £ 15
2 (—4-) Normal, 0 3.0 RT 200 £ 10
3(+——) Shifted, 15 1.0 RT 250 + 15
4 (++-) Shifted, 15 3.0 RT 200 £ 10
5(——+) Normal, 0 1.0 200 £ 10 400 £ 20
6 (+—+) Shifted, 15 1.0 200 £ 10 400 £ 20
7 (—++) Normal, 0 3.0 200 £ 10 300 £ 20
8 (+++) Shifted, 15 3.0 200 £ 10 300 £ 20
Arc current, A Standoff distance, mm Argon flow (NLPM) H, flow (NLPM) Passes
Spray parameter set: constant spray parameters
520 115 50 8 10

Microstructure Analysis 1

100 ([ Disk-like v Disfo_rt_ed ] -_fe_mi-m_o_lten

To characterize the microstructure and quantitatively

evaluate the porosity level, the pore information, the den-

sity of segmentation cracks, and the thickness of the pro- T 80

duced coatings, polished cross-sectional metallographic E’

samples, were prepared. A 2D series of FESEM SEM g 60 -

images with different magnification factors for each cross- B

section were taken for detailed investigations. For the =

porosity and pore information measurements, ten 2D-im- g 407

ages with a size of 1280 x 960 pixels along the polished ;—‘%

cross-section were randomly captured, but central to the 20 4

coating’s thickness, for each produced coating. The SEM

images were magnified at factors x500 and x800. Image .

brightness and contrast settings were kept constant to avoid
any influence on the measurement evaluation (working
distance: 8-9 mm, accelerating voltage: 20 kV). Compo
mode, in which the contrast between the pores and coat-
ing’s matrix is improved, was employed to facilitate the
image analysis software and accurately detect porosity
zones. Image analysis was performed using the Jimage
J1.53e software tool (provided by the National Institutes of
Health, Bethesda, MD, USA) (Ref 39). Image filtering was
applied to remove noise followed by image segmentation
using thresholding. The threshold process produces binary
images in which the zero-threshold level (black) is
assigned to the pores and the one-threshold level (white)
assigned to the YSZ solid state.
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Fig. 1 Influence of direct splat-affecting parameters on the fractions
of splat morphology

Results and Discussion

Influence of Direct Splat-Affecting Parameters
on the Splat-Type Distribution

A splat-type classification has been made, in which three
basic types (disk-like, distorted, and semi-molten) were
identified, and relative fractions of each splat-type for all
cases were evaluated and are presented in Fig. 1. As
expected, the ratio of fully molten to semi-molten splats for
all the coatings was constant because the same spray gun
parameters (standoff distance, current, plasma gas mixture)
were used. However, as a result of varying the direct splat-
affecting parameters as per the full factorial 2° design of
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experiment method, the ratio of disk-like to distorted splats
(within the fraction of fully molten splats) was consider-
ably changed.

From Fig. 1, it can be seen that the largest fractions of
the disk-like splat type, and at the same time, the smallest
fractions of the distorted splat type, occur when the sub-
strate was preheated before the deposition was started
(onset substrate temperature of 200 °C). This condition
corresponds to experiments 5-8. In all these cases, the
fraction of the disk-like type increases at the expense of the
fraction of the distorted type.

The other experiments sprayed on a cold substrate (cases
1-4 sprayed on substrates at room temperature) exhibit the
domination of the distorted splat type while the fraction of
the disk-like type represents less than 20% of the total
splats. As a result of spraying on a hot substrate, up to 60%
of distorted splats were transitioned to a disk-like type.
Additionally, the effect of shifting the spray angle can also
be seen; however, in the opposite direction. Up to 20% of
disk-like splats were distorted as a result of shifting the
spray angle by 15° from the normal position which is when
the spray axis is perpendicular to the substrate surface, i.e.,
0°. This can be seen when comparing splat-type fractions
from cases 1, 2, 5, and 7 with 3, 4, 6, and 8.

The statistic software (JMP Pro SAS v.14.2) has been
used to analyze in detail the effects of the varied parame-
ters and the effects of their interaction on the distribution of
splat-type. Table 2 shows the significance of the varied
parameters in descending order concerning the splat type.
According to the statistic software, only the substrate
temperature and the spray angle qualify as significant
factors since their Prob-Value is smaller than 0.05.

While the effect of substrate preheating on the formation
of the disk-like splat type is directly proportional, the effect
of the spray angle is inversely proportional. The effects of
the gun traverse speed and the parameter interactions listed
in Table 2 reveal a very low significance and can thus be
completely neglected.

The graph in Fig. 2 shows how the splat type fractions
are changing by varying the levels of the direct splat-af-
fecting parameters. The highest change is seen by varying
the substrate temperature factor followed by the change
caused by the spray angle factor while varying the surface
velocity of the spray gun has almost no effect.

While deposition on a hot substrate leads to the con-
version of considerable amounts of splashed and distorted
splats to disk-like type, particles deposited with the spray
angle shifted from the normal spray axis lead to distorting
the shape of the disk-like splats longitudinally, in which
they take an oval shape. The strong effect of substrate
preheating is clearly seen in the transition of a large frac-
tion of distorted splats to the disk-like type. Figure 3 shows
samples of single splats deposited in the same parameters
and conditions on cold and hot substrates.

The effect of the spray angle parameter is considered to
be detrimental as the splats collected during shifted spray
angle increase the splashing rate of the splats, generating
fingers spreading in the direction of the spray axis. Figure 4
shows samples of single splats collected when the depo-
sition is made with normal and shifted spray angles on hot
substrates in the same parameters and conditions.

Depositing fully-molten particles with a spray angle of
less than 90° causes droplets to spread in the direction of
the spray axis at a higher rate than in the perpendicular

Table 2 Influence of the direct
splat-affecting parameters on

(a) disk-like, and (b) distorted
splat-types

Term Estimate SE ¢ ratio Prob>l1l
(a) Response: disk-like splats
Substrate temperature (0, 200) 29.375 0.625 47.00 0.0135
Spray angle (0, 15) — 8.125 0.625 - 13.00 0.0489
Gun traverse speed (1.0, 3.0) 1.875 0.625 3.00 0.2048
Spray angle x Gun traverse speed — 1.875 0.625 — 3.00 0.2048
Spray angle x Substrate temperature 0.625 0.625 1.00 0.5000
Gun traverse speed x Substrate 0.625 0.625 1.00 0.5000
temperature
(b) Response: distorted splats
Substrate temperature (0, 200) — 29.375 0.625 — 47.00 0.0135
Spray angle (0, 15) 8.125 0.625 13.00 0.0489
Gun traverse speed (1.0, 3.0) — 1.875 0.625 — 3.00 0.2048
Spray angle x Gun traverse speed 1.875 0.625 3.00 0.2048
Spray angle x Substrate temperature — 0.625 0.625 — 1.00 0.5000
Gun traverse speed x Substrate — 0.625 0.625 — 1.00 0.5000

temperature

Significant parameters are given in bold
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Fig. 2 Prediction profiler of direct splat-affecting parameters on (a, b, and c) disk-like, and (d, e, and f) distorted-splat type fractions

Distorted
splats

¥% Case # 7, hot substrate (-++)

Distorted
splats

Fig. 3 Single splats deposited on steel substrates at (a) room temperature, (b) 200 °C

direction. This condition leads to produce splats with
varying thicknesses. The observed effects of substrate
temperature and spray angle on the transitions of splat
morphology are in good agreement with the literature data
(Ref 18, 19, 31-36).

Effect of Direct Splat-Affecting Parameters
on Coating Porosity

Using the image analysis method, porosity measurements
(area%) were performed on SEM images taken for samples
from each case. The arithmetic mean of porosity mea-
surements for all the coatings as well as pore information
(pore count and size) were evaluated, and the results are
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presented in Fig. 5. Generally, the coatings are formed by
splat-type distributions that have the same fully molten to
semi-molten fractions ratio. Therefore, the porosities were
comparable, and their levels were in the range of 4.30-7.95
area%. However, the condition of whether the disk-like or
distorted splat type is the dominant fraction for each dis-
tribution implies the increase or decrease in the level of
porosity. The effect of substrate temperature on the level of
porosity is observable when the porosities of cases 1-4 are
compared to the porosities of cases 5-8. In the first cases,
the porosities were less than 5.3 area% when the onset
substrate temperature is the room temperature, while the
porosities of cases 5-8 were greater than 5.8 area% when
the onset substrate temperature is about 200 °C. Similarly,
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the surface velocity of the spray gun parameter has a  and 8. In these cases, the porosity level is increased due to
comparable effect on the porosity content in cases 2, 4, 7, setting the surface velocity of the spray gun to a high level.
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From Fig. 5, the analyses of pore information show that
the pore count is directly proportional to the substrate
temperature and the surface velocity of the spray gun and
inversely proportional to the spray angle. Coatings
obtained either at a high surface velocity of the spray gun
(cases 2 and 4) or hot substrates (cases 5 and 6) or both
conditions at the same time (cases 7 and 8) show a higher
number of the pore count and relatively smaller pore size.
Additionally, the pore count is considerably reduced if the
spray angle is shifted from normal, i.e., the angle between
the surface of the substrate and the spray gun axis is less
than 90° (cases 4, 6, and ).

In contrast, when both the substrate temperature and the
surface velocity of the spray gun are at a low level (i.e.,
cold substrate and slow surface velocity of the spray gun),
the coatings show a lower number of the pore count and
relatively large pore size (cases 1 and 3).

The increase in the porosity level in the coatings
deposited on hot substrates and at a high surface velocity of
the spray gun can be attributed to the increase in the
fraction of disk-like splats (cases 7 and 8). When fully
molten particles are being deposited on a hot substrate,
they spread with a high flattening ratio, which allows the
formation of only very fine-sized pores. The number of
these fine pores is dependent on the surface velocity of the
spray gun; the higher the surface velocity of the spray gun,
the higher the number of fine pores generated (i.e., a higher
level of coating porosity). Additionally, if the particles are
deposited at a relatively high surface velocity of the spray
gun, then the density of the sprayed splats per unit area is
greatly reduced, which leads to the generation of more
submicron-sized pores. In contrast, coatings deposited on
cold substrates and at a low surface velocity of the spray
gun are formed mainly from distorted splats, which gen-
erate a low pore count with relatively large pores (cases 1
and 3). Coatings sprayed either on cold substrates at a high
surface velocity of the spray gun or on hot substrates at a
low surface velocity of the spray gun show moderate levels
of porosities (cases 2, 4, 5, and 6). Therefore, if the goal is
to produce a coating that has the highest level of porosity

with a large number of micropores (average pore size > 5
pm) then the highest fraction of disk-like splats is required.
According to the present study, case 7 meets this
requirement.

Table 3 lists the varied parameters and their interactions
according to the significance of effect in descending order.
The effect report reveals that the substrate temperature and
surface velocity of the spray gun parameters have consid-
erable and comparable positive effects on the porosity
formation, while the spray angle and the interaction of
spray angle/surface velocity of the spray gun parameters
have a lower and negative effect. However, none of these
parameters qualify as significant factors since their Prob-
Values are greater than 0.05.

The prediction profiler in Fig. 6 displays how the
porosity level changes with varying the direct splat-af-
fecting parameters. The level of porosity is increased
considerably by increasing the substrate temperature and
the surface velocity of the spray gun parameters (Fig. 6b
and c), while it is decreased by shifting the spray angle
from normal (Fig. 6a). The profiler can be used to tailoring
a coating with a specific porosity level by determining the
required values for the direct splat-affecting parameter.

Investigation of Segmentation Cracks and Coating
Thickness

SEM images were taken for the coating cross-sections at
different locations to evaluate the average number of seg-
mentation cracks as well as the coating thickness for each
case. The results are presented in Fig. 7. Only vertical
cracks that have a length of at least half the coating
thickness are considered as segmentation cracks. The graph
in Fig. 7 shows that the average number of segmentation
cracks is equal to or greater than 2.0 cracks/mm wherever
the surface velocity of the spray gun is set to the low level,
and independently of the other parameters (cases 1, 3, 5,
and 6). Additionally, a slight increase in the number of
segmentation cracks is observed when the deposition was
made on a hot substrate, as in cases 5 and 6. It is worth

Table 3 Effect significance of
direct splat-affecting parameters

on coating porosity

Term Estimate SE t ratio Prob>l1l
Effect report: response: coating porosity
Substrate temperature (0, 200) 0.63125 0.18125 3.48 0.1780
Gun traverse speed (1.0, 3.0) 0.60625 0.18125 3.34 0.1849
Spray angle (0, 15) — 0.40625 0.18125 — 224 0.2672
Spray angle x Gun traverse speed — 0.40625 0.18125 — 224 0.2672
Spray angle x Substrate 0.21875 0.18125 1.21 0.4405
temperature
Gun traverse speed x Substrate — 0.11875 0.18125 — 0.66 0.6308

temperature
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noting here that the slow surface velocity of the spray gun
makes the plasma jet traverse the substrate surface for a
longer time, which further increases the temperature of the
substrate. Therefore, the effect of substrate temperature
cannot be ignored and might be considered as a secondary
factor in the generation process of segmentation cracks.
Since it is not possible to decompose the effects of the
surface velocity of the spray gun and substrate temperature
as they occur at the same time, the experiments were
conducted depending on the onset substrate temperature
and not on the substrate temperature during the deposition.
Coatings deposited on hot substrates and high surface
velocity of the spray gun (cases 7 and 8) exhibit a very low
number of segmentation cracks, which indicates the crucial
effect of the surface velocity of the spray gun parameter.
The effect report and prediction profiler of direct splat-
affecting parameters are shown in Table 4 and Fig. 8§,

2(+)

3(+-) 4(++-) 5(-+) 6 (++) 7 (-++) 8 (+++)
Direct splat-affecting parameters

respectively. The list in Table 4 also indicates the sole
effect of the surface velocity of the spray gun, although it
does not rise to the level to be considered as a significant
factor, because its Prob-Value is greater than 0.05. All the
other parameters have almost no effect on the formation of
segmentation cracks. The prediction profiler in Fig. 8b
illustrates the inverse relationship between the surface
velocity of the spray gun parameter and the number of
generated segmentation cracks. The observable effect of
the surface velocity of the spray gun is linked to the large
number of fully molten particles per unit area that impinge
on the substrate surface during the deposition process due
to the slow surface velocity of the spray gun.

The spreading behavior of the dense droplets leads to a
lowering of the splat thickness and an increase in the
contact area of the splat with the underneath material, and,
as a result, to a higher cooling rate. These conditions make
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Table 4 Effect significance of
direct splat-affecting parameters

on the formation of
segmentation cracks

Term Estimate SE t ratio Prob>lil
Effect report: segmentation cracks
Gun traverse speed (1.0, 3.0) — 0.8875 0.1125 — 7.89 0.0803
Gun traverse speed x Substrate — 0.1375 0.1125 —1.22 0.4365
temperature
Spray angle x Gun traverse speed — 0.1125 0.1125 — 1.00 0.5000
Substrate temperature (0, 200) 0.0125 0.1125 0.11 0.9296
Spray angle x Substrate temperature — 0.0125 0.1125 — 0.11 0.9296
Spray angle (0, 15) — 0.0125 0.1125 — 0.11 0.9296

Significant parameter is given in bold
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Fig. 8 Prediction profiler of direct splat-affecting parameters on the formation of segmentation cracks

vertical cracks

vertical cracks
interlamellar cracks

Fig. 9 Cross-sectional SEM images showing different densities of segmentation cracks: (a) 0.5 cracks/mm for case 2, (b) 2.0 cracks/mm for case

1, and ©) 2.5 cracks/mm for case 5

a large number of fully molten splats eligible to form long,
thick, and well-bonded layers with vertical cracks pene-
trating almost the whole thickness of the coating. The
effect of the surface velocity of the spray gun and the
secondary effect of the substrate temperature on the gen-
eration of segmentation cracks is not in line with the lit-
erature data (Ref 6, 23), in which the strong effect of
substrate temperature on the generation of segmentation
cracks has been reported.

Figure 9 shows cross-sectional SEM images for coatings
sprayed with different surface velocities of the spray gun
on cold and hot substrates having different densities of

@ Springer

segmentation cracks (0.5-2.5 cracks/mm) as well as a wide
range of thicknesses (180—640 pum), even though the same
process parameters, including the number of spray passes,
were used. The coating shown in Fig. 9a (case 2) has been
deposited with a high surface velocity of the spray gun on a
cold substrate; therefore, its cross-section shows a very low
number of segmentation cracks, with an average of 0.5
cracks/mm, and low thickness (& 180 pum). The effect of
the surface velocity of the spray gun parameter on the
density of segmentation cracks and coating thickness is
observable in all coatings from cases 2, 4, 7, and 8. Most of
the observed vertical cracks have a length of half of the
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coating thickness or more. Therefore, they are accounted
for as segmentation cracks, and, as usual, they are
accompanied by very short horizontal cracks. The decrease
in these coating thicknesses is linked to the low number of
fully molten particles that impinge on the substrate surface
per unit area as the spray gun passes at a high speed.

In contrast, the coating shown in Fig. 9b (case 1), which
was deposited with a low surface velocity of the spray gun
on a cold substrate, possesses a relatively large number of
segmentation cracks with an average of 2.0 cracks/mm as
well as a high coating thickness (& 640 pm). In this case, a
large interlamellar crack is formed at almost the middle of
the coating thickness due to the large temperature drop
through the coating thickness, which is mainly increased
during the deposition (Ref 4). Therefore, it is recom-
mended to decrease the number of spray gun passes so that
the coating thickness remains below 500 pm (the range of
350-450 pum is suitable). Despite the presence of the
interlamellar crack, the segmentation cracks continue to
penetrate the whole thickness of the coating up to the
coating surface. The latter description is also correct for the
coating produced with the parameter set 3 (case 3). How-
ever, coatings produced with a low surface velocity of the
spray gun on hot substrates (cases 5 and 6) showed a
comparable density of segmentation cracks (2.5 cracks/
mm) and coating thickness (&~ 540 pum) to that observed in
the coatings deposited with a low surface velocity of the
spray gun on a cold substrate (cases 1 and 3). Figure 9c
displays a cross-section for the coating sprayed with the
parameter set 5 (case 5). This result emphasizes the sig-
nificant role of the surface velocity of the spray gun
parameter in the generation and density of segmentation
cracks as well as coating thickness.

Table 5 shows that the effect of the surface velocity of
the spray gun and substrate temperature parameters on the
coating thickness qualify as significant since their P values
are less than 0.05. The graph in Fig. 10 reveals the rela-
tionship between coating thickness and direct splat-affect-
ing parameters where the thickness of the coating is

increased as the surface velocity of the spray gun and
substrate temperature are decreased.

The effect of the spray angle, as well as all parameter
interactions, have a very low effect on the coating thick-
ness and, therefore, they can be ignored. The increase in
coating thickness is attributed to the large number of fully
molten particles that impinge on the substrate surface per
unit area, due to the low surface velocity of the spray gun.
Moreover, if the deposition was on a cold substrate, fully
molten particles tend to form distorted-splat type where
higher levels of porosity are obtained and, as a conse-
quence, the coating thickness increased.

Summary and Conclusion

In the present work, the influences of direct splat-affecting
parameters (i.e., spray angle, surface velocity of the spray
gun, and substrate temperature) on the splat-type distribu-
tion, the coating porosity, the coating thickness, and the
generation of segmentation cracks were investigated. The
investigations were made on samples prepared from 8
experiments that are based on a 2* full factorial design
technique. According to the measurements and results
obtained, the following conclusions can be drawn:

1. Depositing fully molten particles on a hot substrate
increases the fraction of disk-like splats at the expense
of the fraction of distorted splats. Up to 60% of
distorted splats can be transitioned to disk-like type if
the deposition is made on a preheated substrate at
about 200 °C. In contrast, shifting the spray angle from
the normal position increases the fraction of distorted
splats at the expense of the fraction of the disk-like
type. Up to 20% of disk-like splats are distorted as a
result of shifting the spray angle by 15°. The surface
velocity of the spray gun has almost no effect on splat-
type distribution.

2. The effect of the substrate temperature and surface

velocity of the spray gun on the level of coating

Table 5 Effect significance of
direct splat-affecting parameters

on the coating thickness

Term Estimate SE t ratio Prob>l1l
Effect report: coating thickness
Gun traverse speed (1.0, 3.0) - 210.75 1.75 - 1204 0.0053
Substrate temperature (0, 200) - 27 1.75 — 1543 0.0412
Gun traverse speed x Substrate 20.25 1.75 11.57 0.0549
temperature
Spray angle x Gun traverse speed — 7.5 1.75 — 443 0.1414
Spray angle x Substrate —4 1.75 — 229 0.2625
temperature
Spray angle (0, 15) -3 1.75 - 1.71 0.3362

Significant parameters are given in bold
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Fig. 10 Prediction profiler of direct splat-affecting parameters on the coating thickness

porosity can be seen. The porosity level is increased
whenever the substrate temperature or surface velocity
of the spray gun or both are increased. Conversely,
shifting the spray angle leads to a slight decrease in the
level of coating porosity; hence, it is considered an
insignificant factor. Analysis of the pore information
reveals the same effect of the three parameters on the
pore count.

3. The surface velocity of the spray gun is the most
significant factor affecting the formation and density of
segmentation cracks as well as the coating thickness.
Depositing with a low surface velocity of the spray gun
led to generating segmentation cracks up to 3 cracks/
mm. In addition, the substrate temperature has a
pronounced effect on the coating thickness. Depositing
on cold substrates further increases the coating
thickness.

In summary, the indirect splat-affecting parameters
(plasma arc current, standoff distance, and flow of the
plasma gas mixture) were selected so that the ceramic
particles are deposited at a high melting degree. These
were fixed during the experiments for the present work
while varying the direct splat-affecting parameters (spray
angle, surface velocity of the spray gun, and substrate
temperature). Based on the results of this work, spray sets 5
and 6 have produced coatings that possess relatively the
highest density of segmentation cracks and accept-
able levels of porosities. Therefore, they were selected for
further investigations. The quality of the coatings (cases 5
and 6) can be further enhanced by varying the surface
velocity of the spray gun parameter since it plays the main
role in coating consistency as well as generating the seg-
mentation cracks. Additionally, an appropriate number of
spray passes should be considered to avoid increased
coating thickness. A high number of spray passes leads to
create large interlamellar cracks between the upper and
lower layers of the deposition.
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