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Effects of Surface Chemistry on Splat
Formation During Plasma Spraying
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Ni-Cr single splats were plasma-sprayed at room temperature onto aluminum and stainless steel sub-
strates, which were modified by thermal and hydrothermal treatments to control the oxide surface
chemistry. The proportions of the different splat types were found to vary as a function of substrate
pretreatment, especially when the pretreatment involved heating. It was observed that surface roughness
did not correlate with changes in splat morphology. Substrate surfaces were characterized by X-ray
photoelectron spectroscopy using in situ heating in vacuum to determine the effect of thermal pre-
treatment on substrate surface chemistry. It was found that the surface layers were composed primarily
of oxyhydroxides. When the substrates were heated to 350 °C, water vapor was released from the
dehydration of oxyhydroxide. Preheating the substrate can remove the water prior to spraying: pre-
heated substrates had improved the physical contact between the splat and substrate, which enhanced the
formation of disk splats and increased the number of splats.

Keywords plasma spray, preheating substrate, roughness
effect, surface chemistry

1. Introduction

The nature of the interface between splat and substrate
in thermal spray coating is important in determining the
mechanical, thermal, and electrical properties of the
coatings. Bonding formation and splat morphology are
profoundly influenced by the substrate temperature and
the substrate surface oxide layer (Ref 1-11). Fukumoto
(Ref 1-5) and others (Ref 8, 10, 11) have shown that splat
morphology changes from an unfavorable splash splat
shape to a favorable disk splat shape when the substrate is
heated over a narrow range of temperatures. The under-
lying cause of the change in splat morphology is not
clearly understood. It has been attributed to desorption of
gases (Ref 7, 8, 11, 12), oxidation of the surface (Ref 3, 9),
and changes in surface roughness (Ref 1, 3). Jiang (Ref 11)
showed that the contact area between splat and substrate
is increased and the adhesion is improved on substrates
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where the adsorbed gas has been removed or reduced.
However, heating can also result in changes in the thick-
ness and roughness of the surface layer, which may also
affect the splat formation process. Fukumoto et al. (Ref 1)
suggested that the thickness of the oxide layer and
increased surface roughness on the nanoscale level result
in a better wetting ability at the interface of substrate and
splat when substrates were heated or preheated, conse-
quently promoting disk splat formation. In the same study,
no changes in chemical composition could be detected,
supporting the greater importance of surface roughness
rather than surface chemistry on splat morphology. Later
studies (Ref 3, 4), however, suggested that the nanoscale
roughness was not a dominant factor, since gold-coated
preheated substrates, having increased surface roughness
on the nanoscale, did not result in disk splat morphology.
There were also no significant changes in splat morphol-
ogy of Mo particles on nonheated and heated glass sub-
strates (Ref 10). McDonald et al. (Ref 12) have recently
shown that the average roughness on a nanometer scale
had lesser influence on the splat morphology than
attached adsorbates. Thus, surface roughness does not
appear to be a critical character in splat morphology.

All metals are covered with oxide layers of variable
composition and thickness, depending strongly on the
local environment, pretreatments, and a variety of other
parameters. The surface layers on aluminum and stainless
steel formed under ambient conditions are mixtures of
oxides and oxyhydroxides (Ref 13-18). Heat treatment
causes changes in the relative amounts of these spe-
cies and consequent release of gases from the surface
(Ref 19-23) and can also induce segregation of elements to
the surface due to differences in free energy of formation
oxides (Ref 24, 25). Such changes can only be detected
by high resolution surface spectroscopic analysis. A
recent study of single splats of HVAF-sprayed PEEK on
aluminum substrate has shown that surface chemistry can
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affect the polymer splat formation process (Ref 26).
Hence, the aim of this work was to understand the role of
both surface chemistry and surface roughness on splat
formation and splat morphology. The methodology was to
control the surface chemistry and roughness of aluminum
and stainless steel substrates by subjecting them to par-
ticular surface treatments, to characterize the resultant
surface chemistries using high resolution X-ray photo-
electron spectroscopy, and to look at the correlation of
surface chemistry and surface morphology with the
resultant NiCr splat morphologies.

2. Experimental Details

In this work, aluminum 5052 (Al) and stainless steel 304
(SS) substrates were mechanically polished to a mirror-like
surface finish. Four different pretreatments were used to
control the chemistry of the surface oxide: polished (P),
polished and thermally treated (PT), boiled (B), and boiled
and thermally treated (BT). The hydrothermally treated
samples (B, BT) were boiled in deionized water for 30 min.
The subsequent thermal treatment of boiled or polished
samples was carried out in air at 350 °C for 90 min. All
samples were stored in a dessicator to preserve the surface
chemistry until they were ready to be sprayed. The time
between removing from the dessicator and spraying ranged
from 10 to 60 min. One set of the substrate samples was
used to evaluate the effect of surface roughness on the splat
shape by atomic force microscope (AFM, NanoScope I11a)
using a scan size of 100 um. The other set of 8 samples was
sprayed with molten Ni80-Cr20 alloy particles (Sulzer
Metco 43VF-NS, Switzerland, —45+5 um) at room tem-
perature using a plasma spray technique. All substrates
were sprayed at the same time, to allow for direct com-
parison of the splat morphologies, since all samples would
have been exposed to the same particle size distributions
and splat temperature. Plasma spraying was carried out
with a Sulzer Metco 7MB gun operating at a current of
550 A and a voltage of 74 V. The spray distance was
80 mm. The powder was injected at a feeding rate of 1 g/
min. The plasma gas mixture was nitrogen and hydrogen, at
a flow rate of 47.6 SLPM and 5.4 SLPM, respectively.
Collected splats on (25 x 50 x 3 mm) substrates were
characterized qualitatively and quantitatively by Scanning
Electron Microscopy (SEM) and ImageJ imaging software
(National Institute of Health, Washington DC). The SEM
is a Philips FEGXL30.

To examine the effect of temperature on the substrate
surface chemistry, in particular the release of water or
adsorbates, the polished and hydrothermal-treated sam-
ples were analyzed with X-ray Photoelectron Spectros-
copy (XPS), using a Krastos Ultra Axis DLD. The
samples were heated in situ in the XPS to determine the
variation of surface composition with temperature. Wide
scans (0-1000 eV) and narrow scans of Al 2p, Fe 2p, O 1s
and C 1s at different temperatures were collected; the
measured binding energies were referenced to Cls at
285.0 eV. The narrow scans were fitted by CasaXPS
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software with a mixture of Gaussian (G) and Lorentzian
(L) for the peak shape. The fitting method was based on
the established literature for aluminum (Ref 19, 20, 22)
and stainless steel (Ref 21, 23).

3. Results and Discussion

3.1 Splat Characterization

Collected splats were examined using SEM to assess
the effect of substrate pretreatment on the morphology of
the splat. Backscattered images were used to distinguish
between splat and substrate. Approximately 40 backscat-
tered electron images at low magnification (100x to 200x )
and secondary electron images at high magnification were
acquired at random locations for every sample. From
these images, a minimum of five random areas with
around 300 splats were analyzed using Imagel to obtain
quantitative and qualitative information on splat mor-
phologies. The obtained information included feret
diameter, area, circularity, and perimeter of the individual
splats. The feret diameter is the longest distance between
any two points on the boundary of the splat. Typical
images of collected NiCr splats on aluminum and stainless
steel substrates are shown in Fig. 1. A splat classification

Fig. 1 Typical images of collected NiCr splats on (a) aluminum
and (b) stainless steel substrates
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Fig. 2 Two subcategories of disk splat: (a) round disk splat and (b) doughnut disk splat; and of splash splat, (c) round splash splat and

(d) irregular splash splat

scheme was developed based on two primary morpholo-
gies: splash and disk-type splats. In addition, these splat
types were divided into two subcategories: (a) round and
(b) doughnut disk splats, and (c) round and (d) irregular
splash splats as shown in Fig. 2. The proportion of each of
these splat types was quantified for all sprayed samples.
Collected disk splats had a reasonably round shape, a
flat surface, and some small fingers indicating the deposi-
tion of completely molten NiCr droplets. Round disk
splats are here defined as splats whose center pore diam-
eter was smaller than 4 pm. Doughnut disk splats are
defined as round disk splats with a center bubble-like hole
having a diameter larger than 4 um. Micropores of
approximately 1 um and curling up at the edges of splats
were also observed. It was also observed that there was no
splat formation on boiled aluminum substrates. Instead,
impact marks were observed on the surface as in Fig. 3.
The results of image analysis using Imagel tool are
shown in Fig. 4. Because there was no splat formation on
boiled aluminum substrates, no data were available for
these samples. It was found that the splat distribution and
splat morphology on aluminum and stainless steel had a
similar trend with pretreatment. For both substrate types,
the splat density, diameter, and percentage of splats as
disk splats increased markedly on preheated substrates
compared to non-preheated substrates. For example, as
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shown in Fig. 4, the splat density on the polished alumi-
num substrates increased by 40% as a result of preheating.
Disk splats were found on both non-preheated and pre-
heated aluminum substrates, but in very different pro-
portions (Fig. 4b). It was observed that there were no
round disk splats and only approximately 5% doughnut
disk splats (with the average diameter of 42.5 pm) formed
on Al_P surface. However, the disk splat proportion was
sharply increased for preheated substrate with 17% of
round disk splat and 26% of doughnut disk splat. In
addition, the average diameter of disk splats increased by
about 12% for preheated substrates compared to non-
preheated substrates.

A general linear trend showing increasing splat density
and disk splat proportion with preheating substrate was
also observed on stainless steel substrate. The image
analysis results show that for the stainless steel substrates,
the boiled substrate surface clearly had the least splats
adhering to it. The SS_P and SS_BT surfaces had a similar
number of splats whereas SS_PT surface had the most
splats. The increase of splat density on the preheated
stainless steel substrates was 14% (PT) and 4% (BT)
relative to their non-preheated counterparts. In addition,
the number of micropores noticeably decreased upon heat
treatment. More micropores were found on boiled stain-
less steel substrates than on polished surface; however, the
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Fig. 3 Impact marks by NiCr droplets on (a) Al_B, (b) enlargement of (a), (c¢) AL_BT, and (d) enlargement of (c)

number of micropores was similar after heat treatment.
Unexpectedly, micropores were mainly found in splats
deposited on stainless steel substrate compared to alumi-
num substrates.

On non-preheated stainless steel substrates, the SS_P
surface clearly had a smaller proportion of disk splats
(45%), with a similar diameter to those on Al_P, while
SS_B had higher proportion disk splats of (63%) with an
average diameter of 50.2 pm. More important, preheating
the substrates resulted in a significant decrease in the
amount of irregular splash splats and an increase in the
number of round disk splats. It was expected that some
doughnut disk splats converted to round disk splats on
preheated substrates. The average diameter of disk splats
on stainless steel also increased by 12 to 14% for pre-
heated substrates compared to non-preheated substrates.

It was also found that splat density and proportion of
disk-type splats were significantly higher on stainless steel
than on aluminum substrates, indicating that the adhesion
of NiCr splats on stainless steel was much better than on
aluminum. Unlike boiled aluminum substrates, there was
splat formation on boiled stainless steel. It was expected
that the wetting ability of impacting NiCr splats on boiled
sample would decrease compared to that on polished
sample. However, experiments showed the reverse trend
with disk splat fraction of 45% on polished sample and
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63% on the boiled one. When these substrates were pre-
heated, they had similar proportions of disk splats.

3.2 Surface Roughness

Surface roughness was evaluated by two parameters:
the average surface roughness (Ra) and skewness (Sk). Ra
gives the average distance between the surface and mean
centerline, but does not discriminate very well between
peaks and valleys. Skewness is used to measure the height
distribution. A negative skewness value indicates that the
sample has more valleys than peaks, and the reverse for a
positive skewness value (Ref 27).

The roughness results of aluminum substrate with dif-
ferent pretreatment types, evaluated by AFM on a scan
size of 100 um, are tabulated in Table 1. It was observed
that there were no significant differences in both Ra and
Sk for polished aluminum and polished and thermally
treated aluminum. In these cases, the small negative value
of Sk was obtained because peaks are more easily polished
than valleys (Ref 27).

In contrast, surface roughness changed slightly on the
hydrothermally treated samples. Boiling the aluminum
substrate in deionized water for 30 min induced a change
to a surface topography consisting of more valleys with
slightly higher value of Ra compared to that of polished
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Fig. 4 Effect of surface pretreatment on the (a) splat density
and number of micropores per disk-type splat with a standard
deviation of 90% confidence and (b) splat distribution

samples. Preheating the boiled aluminum produced a
smoother surface with a positive Sk value and an Ra value
similar to that of polished samples.

Although there was no significant difference in the
measured surface roughness between non-preheated and
preheated polished aluminum substrates, the splat density
and disk splat fraction greatly improved with preheat
treatment. In addition, there was no splat formation on
boiled aluminum substrates regardless of different surface
roughness values. These results suggest that the differ-
ences in splat morphology between preheated and non-
preheated substrates are not due to a surface roughness
effect.

3.3 XPS Results

The change in surface chemistry due to preheating of
aluminum and stainless steel was studied using XPS over a
range of temperatures from ambient to 350 °C. A typical
wide scan of polished aluminum sample at ambient tem-
perature is shown in Fig. 5. The sample contained minor
levels of impurities—Na, Ca, and F—due to contamina-
tion from tap water during washing and polishing.

The Al 2p envelopes were fitted by three different
photopeaks. They are metal peak (~73.2-73.3 eV), oxide
peak (~76.1-76.3 eV), and oxyhydroxide peak (~78.3-
78.6 eV) (Fig. 6a) (Ref 20, 28). The surface oxide thickness
(d, nm) was estimated from the Al 2p peak oxide/metal
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Table 1 Surface roughness results

Substrates Ra, nm Sk
Al_P 11.6 -0.14
Al-PT 14.7 -0.14
Al-B 39.8 —-0.41
Al-BT 15.1 0.22
x 10*
353 =
x ) =

Cls

<« Ca?2p

1000 800 600 400 200 0
Binding Energy (eV)

Fig. 5 Wide scan of Aluminum sample

peak ratio using literature value for escape depth for the Al
2p photopeak (Ref 19).

The calculated oxide thickness of polished aluminum
sample at room temperature and 350 °C was 5 and 6.4 nm,
respectively. In contrast, the absence of metal peak in the
Al 2p core level of boiled samples at ambient condition
and 350 °C (Fig. 6b) indicated that the films formed by
these processes were thicker than XPS analysis depth
(8 nm). It was estimated from Ion Beam Analysis (IBA)
that the oxide layer is approximately 220 nm thick.

The O 1s peak was resolved into three different pho-
topeaks representing the oxide (~532.6-532.9 eV), oxy-
hydroxide (~533.9-534.5 eV), and chemisorbed water
(~5354V) from lowest to highest binding energy,
respectively (Ref 20, 28). The narrow scans of O 1s of
polished and boiled aluminum samples at specified tem-
peratures are illustrated in Fig. 7(a) and (b), respectively.
It was observed that oxyhydroxide was present on all
aluminum surfaces. In the polished sample, the surface
sample consisted of a layer of chemisorbed water and
oxyhydroxide. The presence of these peaks was attributed
to the hydration reaction of the surface with moisture,
which occurs rapidly under ambient conditions (Ref 13-
16). However, the oxyhydroxide proportion was much
smaller than the oxide proportion. In contrast, their pro-
portion was equal in boiled sample, as expected, since the
form of oxyhydroxide here, AIOOH, should have these
two species in equal stoichiometries. In addition, the
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Fig. 6 Narrow scan of Al 2p (a) polished and (b) boiled/boiled and thermally treated sample

atomic ratio of O: Al in boiled sample was 2, which
confirmed the formation of a surface layer of pseudo-
boehmite, AIOOH (Ref 19, 20).

There was a significant change in the surface chemistry
with heating, as evidenced by changes in the O 1s peak.
When the temperature was raised to 100 °C with holding
time of 30 min, the chemisorbed water was completely
driven off. As the temperature was raised further, the
oxyhydroxide gradually decreased in intensity and the
oxide increased, on both polished and boiled aluminum.
This is evidence that the oxyhydroxide is dehydrating,
releasing water vapor as a product, and converting to
oxide. This process, which also takes place in bulk alu-
minum oxides, begins at about 275 °C and is completed by
350 °C (Ref 16). For the thin surface oxyhydroxide/oxide
layers on polished substrates, the entire surface layer was
completely dehydrated in the 30-min treatment time.
However, this cannot be confirmed for the much thicker
layers on boiled substrates. Certainly the outermost
5-6 nm were dehydrated, but because the XPS can only
probe the top 8 nm of the surface, the degree of dehy-
dration of the underlying layers could not be established.
The pretreatment also caused the surface oxide to increase
slightly in thickness, from 5 to 6.4 nm. XPS was also car-
ried out on stainless steel substrate. The results, not shown
here, confirmed that, like the aluminum substrates, the
surface of the stainless steel was composed of a thin layer
of oxyhydroxide.

Some surface enrichment of minor elements, Mg in the
case of aluminum and Cr in the case of stainless steel, was
observed as a result of preheating (Table 2). However,
there was no Mg segregation on pretreated boiled alumi-
num samples.

In short, the considerable change in surface chemistry at
350 °C suggests that under spraying conditions, when the
hot droplet impacts the sample, the oxyhydroxide will
dehydrate, releasing water as a gas that can affect the splat
spreading process. In addition, the segregation of Mg and Cr
to the surface may also affect the wettability (Ref 29) of the
surfaces and thus also affect the splat formation process.
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4. Discussion

The surface layer of all non-preheated substrates con-
sists of a mixture of oxide, oxyhydroxide, and chemisorbed
water, in varying proportions. The existence of this layer is
due to the hydration reaction of the surface oxide with
atmospheric moisture. Preheating results in dehydration:
i.e., the release of water, first from the chemisorbed spe-
cies at about 100 °C and then again between 300 and
350 °C, due to the conversion of the oxyhydroxide to
oxide. A further change in the surface chemistry due to
preheating was the segregation of Mg (for aluminum
substrates) and Cr (for stainless steel substrates) at the
surface. At the same time, the thickness of the oxide layer
on polished substrates increases, but the roughness of this
layer does not change significantly. Thus, the significant
improvements of splat density, disk-type splat proportion,
and the average diameter of disk splat with preheating are
probably the result of the chemical changes at the sub-
strate surface (prior removal of oxyhydroxide), rather
than surface roughness. It is proposed that when the
molten droplet impacts the substrate at high temperature,
the dehydration of oxyhydroxide layer on the substrate
surface to oxide occurs, and releases water vapor, which
inhibits the adhesion of impinging splat. Preheating drives
off water vapor resulting in better contact between splat
and substrate, and hence enhancing disk splat and reduc-
ing splashing. For the relatively thin surface oxide/oxy-
hydroxide layers on the polished substrates, 5 nm, a
90-min pretreating time was sufficient to completely or
nearly completely dehydrate the surface layer. Thus,
preheating treatment was is an important parameter
contributing to the formation of splat and splat shape on
aluminum and stainless steel substrates because of the
chemical changes, dehydration, induced at the surface.

In addition, the observed segregation of magnesium on
the surface with heating is expected to affect the wetting
properties of aluminum substrate. It has been reported
that magnesium disrupts the oxide layer, reducing the
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Fig. 7 Narrow scan of Ols (a) polished and (b) boiled aluminum with heating temperatures and holding time of 30 min

alumina proportion and producing clean and wettable
surfaces (Ref 29). The greater the Mg proportion was on
the surface, the more disk splats were formed. On stainless
steel substrates, the existence of chromium on the surface
improved wettability of NiCr splat on substrate thanks to
its metal-like property. Thus, the difference of Cr pro-
portion between polished and boiled stainless steel may
explain the variations in disk splat fraction and also
explain the difference in splat formation between boiled
aluminum and boiled stainless steel substrates.

There was a complete absence of splats on boiled
aluminum substrates. The boiled aluminum substrate
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represented the extreme example of water release from
conversion of surface aluminum oxyhydroxide to oxide.
These surfaces consisted of relatively thick layers
(>200 nm) of an almost pure aluminum oxyhydroxide
(pseudoboehmite, AIOOH). It appears that the desorp-
tion of large amount of water vapor at high temperature
and thick layer of oxyhydroxide or oxide reduced the
wettability of the substrate and impeded the spreading and
adhesion of the splat. The reason for the lack of splat
formation on the pretreated boiled aluminum is still
unclear, but the greater similarity of the surface roughness
with the polished substrates suggests that the answer
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Table 2 Surface composition from various substrate
treatments at different temperatures

Substrates T, °C 0, % Al, % Mg, %
AlP 20 48.2 35.2 1.2
350 522 39.2 3.1
Al_B 20 60.8 30.8 0
350 53.2 38.1 0
Fe, % Cr, %
St_P 20 48.9 10.9 1.4
350 452 214 7.5
St_B 20 45.6 9.5 3.8
350 40.3 17.5 7.2

probably lies in the surface chemistry, not surface topog-
raphy. It may be that the oxyhydroxide was not com-
pletely dehydrated in the 90 min of pretreatment and
subsequent water release during splat impact prevented
splat formation or, alternatively, that the absence of Mg
had a negative impact on the wettability.

The splat density and disk-type splat proportion were
significantly higher on stainless steel substrates than on
aluminum substrates, indicating that the adhesion of NiCr
splats on stainless steel was much better than on alumi-
num. The average diameter of disk-type splat on stainless
steel substrates was a little larger than that on aluminum
substrates. It is speculated that the heat transfer between
splat and substrate contributed to the splat density and
final splat diameter. Because the thermal diffusivity of
stainless steel is much smaller than that of aluminum, the
solidification rate of NiCr splats on stainless steel is lower
than that on aluminum. It has been found that fast solid-
ification rate triggers the phenomena of freezing-induced
splashing (Ref 30), explaining the high percentage of
splash splat on aluminum substrates. In contrast, delaying
solidification made the molten droplet to spread more to a
round disk-type splat on stainless steel substrate before
solidification occurs. As a results, the splat density, disk-
type splat, and average diameter of splat were much larger
on stainless steel substrates than on aluminum substrates.

5. Conclusion

The influence of preheating on splat morphologies
suggests that surface chemistry, not surface roughness, is
the dominating factor in the splat formation and splat
shape. When the aluminum and stainless steel substrates
were heated, Mg/Cr segregation and the dehydration of
oxyhydroxide to oxide occurred. These changes correlated
with measurable changes in splat number and morphol-
ogy. The release of water due to the conversion of surface
oxyhydroxide to oxide, which occurs as the hot splat im-
pacts the surface, generates a gas layer that impedes the
adhesion of the splat to the substrate. Prior conversion of
the oxyhydroxide to oxide during thermal pretreatment,
and thus prior removal of water, prevented this gas
release, resulting in improved physical contact between
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the splat and substrate. In addition, the segregation of
magnesium and chromium enhanced wettability of the
substrate. As a result, the segregation of magnesium and
chromium and/or the increase of the physical contact of
splat and substrate enhanced the formation of disk splats,
decreased the number of pores evident in the splats, and
increased the number of splats and their diameter in
preheated substrate. In addition, the complete absence of
splats on boiled aluminum samples was due to the
desorption of water vapor at high temperature from the
thick layer of oxyhydroxide and the lack of segregation of
Mg on the surface. All these factors reduced the wetta-
bility of the substrate and impeded the spreading and
adhesion of the splat. However, the relative importance of
each factor is not clearly identified. Therefore, more work
is required to determine the separate effects of dehydra-
tion and segregation separately on the splat formation and
splat shape.
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