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Thermal spray of polymers has had limited investigation due to the narrow processing windows that are
inherent to polymer powders, especially their low temperatures of thermal degradation. The polymer
poly aryl ether ether ketone (PEEK) has a continuous use temperature of 260 °C, does not suffer
significant thermal degradation below 500 °C (Lu et al., Polymer, 37(14):2999-3009, 1996), and has high
resistance to alkaline and acidic attack. These properties led to PEEK being selected for investigation.
To minimize thermal degradation of the particles, the high velocity air fuel technique was used. To
investigate the effect of substrate pretreatment on single splat properties, single splats were collected on
aluminum 5052 substrates with six different pretreatments. The single splats collected were imaged by
scanning electron microscopy and image analysis was performed with ImageJ, an open source scientific
graphics package. On substrates held at 323 °C, it was found that substrate pretreatment had a significant
effect on the circularity and area of single splats, and also on the number of splats deposited on the
substrates. Increases in splat circularity, area, and the number of splats deposited on the surface were
linked to the decrease in chemisorbed water on the substrate surface and the decrease of surface
roughness. This proved that surface chemistry and roughness are crucial to forming single splats with

good properties, which will lead to coatings of good properties.

Keywords coating-substrate interaction, HVAF, influence of
process parameters, polymer, single splats

1. Introduction

Poly aryl ether ether ketone (PEEK) is a polymer that
can be used to form wear- and corrosion-resistant coat-
ings. It is also a food safe polymer that makes it ideal for
coatings in the food processing industry. PEEK is a highly
stable polymer and suffers no chemical attack by water
and steam. It also retains its mechanical strength and
toughness at elevated temperatures. PEEK is able to be
used in direct contact with food in the temperature range
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—196 to 300 °C (Ref 1). PEEK also shows high resistance
to a wide range of solvents, acids, and alkalis, meaning
that in the cleaning processes employed in food processing
plants PEEK will not suffer degradation during the high-
temperature alkali- or acid-cleaning regimes (Ref 2).
PEEK has a low coefficient of friction compared to most
metals and ceramics and good wear resistance compared
to other polymers (Ref 3); in combination with its chem-
ical resistance this makes PEEK suitable for use for
components in pumps and other high-pressure, wear-
sensitive situations. A summary of the physical properties
of PEEK is shown in Table 1.

In high velocity air fuel (HVAF) thermal spraying,
compressed air is used as the combustion agent. The
presence of nitrogen in the combustion gases results in
HVAF guns having a cooler, less-oxidizing flame than
high velocity oxygen fuel (HVOF) guns, which should
result in less thermal degradation of polymer particles
(Ref 4). Typically an HVOF system has a flame temper-
ature of approximately 2650 °C, while the Browning
HVAF system has a flame temperature of approximately
1870 °C (Ref 5). Particle velocities of the HVAF system
are also typically lower than those of HVOF systems,
which at a combustion chamber pressure of 0.4 MPa are
about 600 and 800 ms™", respectively (Ref 5).

The interaction of thermal spray particles with the
substrate upon impact has predominantly focused on
metallic and ceramic particles. Studies have shown that
room temperature substrates result in fingered splats,
while heating the substrate results in a higher proportion
of disc splats (Ref 6-9). Surface roughness has also been
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shown to have an effect, with rough surfaces resulting in
increased fingering of splats (Ref 6, 8). If the interactions
can be optimized to produce disc splats with intimate
contact between splat and substrate, coatings with
improved adhesion and porosity should result. This study
has approached the interaction of particles with the substrate
by controlling substrate conditions and observing the
resulting splats. Common splat forms for polymer splats
include disc, ‘fried egg,’ and splashed or fingered mor-
phologies (Ref 10, 11). Disc splats, of which ‘fried egg’
splats are a subgroup, tend to result in coatings with good
adhesion and cohesion with low coating porosity, while
conversely, coatings formed from splashed splats have
high porosity and poor adhesion and cohesion (Ref 10-13).
Polymer particles are usually sprayed in a semimolten
state where the center of the particle remains solid while
the outer layer melts due to the low thermal conductivity
of polymers (Ref 11). Substrate temperature is also critical
when spraying polymers, and whether it is above or below
the glass transition temperature (7,) and above or below
the melting temperature (7y,) will have an effect on the
splat and coating properties (Ref 10). Splats deposited on
a substrate above the T, can receive additional thermal
energy from the substrate allowing a high degree of con-
formity with the substrate, similar to that achieved with
fully molten particles. Substrates above the T, that cool
slowly after splat deposition tend to lead to semicrystalline
coatings, and the coating stresses associated with change
in specific volume of the polymer must be considered.
Finally, polymers that are deposited on substrates below
T,, or which are quenched, form amorphous coatings with
properties analogous to those of the amorphous polymer
(Ref 10, 11, 14-17).

In this study, PEEK splats were deposited on substrates
subjected to 6 different pretreatments to change the sur-
face chemistry and morphology of the substrates. In a
wider study a range of substrate temperatures during
spraying was investigated, but the discussion here is
restricted to splat formation on substrates held at a tem-
perature between T, and Ty, during spraying. Splats on
each substrate were characterized by the number of splats
deposited on a given area of substrate (splat area density),
the area of individual splats, and their circularity. Char-
acterization of splats was carried out by image analysis of
backscatter scanning electron microscopy images.

Table 1 Physical properties of PEEK 150PF as supplied
by Victrex

Glass transition temperature (7) 143 °C

Melting temperature (71,) 343 °C

Typical crystallinity 35%

Density
Amorphous 1260 kg m >
Crystalline 1320 kg m™>

Water absorption (equilb. at 23 °C) 0.5%

Coefficient of thermal expansion
Above T, 4.7 x 1073 °C!
Below T, 10.8 x 107 °C™"

2. Experimental Procedure

Single splats of PEEK were collected on 20 mm square
AAS052 substrates that had been pretreated by one of the
six pretreatments and were held at 323 °C (below the Ty,
and above the T, of PEEK). Substrates were mounted on
a heated copper block whose temperature was monitored
by two K-type thermocouples.

Six pretreatments were used to prepare the aluminum
substrates, polished (P), polished and thermally treated
(PT), etched (E), etched and thermally treated (ET),
boiled (B), and boiled and thermally treated (BT). Sub-
strates were received in the polished condition and
degreased with acetone. Etching involved a 10 min etch in
AcidBrite, a Henkel (Auckland, New Zealand) etchant
composed of 15% HF and 10% H,SO,. Boiling involved
immersion in boiling deionized water for 30 min to form a
layer of aluminum oxyhydroxide (AIOOH) on the sub-
strate surface. Thermal treatment was a 350 °C soak for
90 min to drive off organic adsorbates and adsorbed water
from the substrates. The etching process removed the
native oxide layer and replaced it with a thin hydrated
oxide layer, boiling built up a thick layer of aluminum
oxyhydroxide on top of the native oxide layer, and pol-
ishing removed the native oxide layer and allowed it to
reform under controlled laboratory conditions. Thermal
treatment of these substrates resulted in the dehydration
of the oxide layers to varying extent, but did not form
additional oxide. These pretreatments were selected for
their effect on the oxide layer composition and their effect
on surface roughness as discussed in the Results and
Discussion and summarized in Table 2 and Fig. 1. Pre-
treated substrates of different oxide layer composition and
similar roughness and, conversely, substrates of different
roughnesses but similar chemistry were produced by these
pretreatments, and thus the influence of surface roughness
on single splat morphology could be differentiated from
the influence of oxide layer composition.

Particles were sprayed with an HVAF Browning
Aerospray 150 (Browning Thermal Systems Inc., Enfield,
New Hampshire) with a 100 mm nozzle and 200 mm spray
distance. These operating parameters were selected based
on a simple optimization that considered three nozzles
(50, 100, and 200 mm) and three spray distances (100, 200,
and 300 mm). The 100 mm nozzle with a 200 mm spray
distance was found to result in the greatest deposition
efficiency. The Aerospray burns kerosene and compressed
air to generate a high velocity flame through a barrel
nozzle. The system generated a combustion chamber
pressure of 0.4 MPa, which corresponds to a flame velocity
of ~600 ms™'; particle velocity and temperature could not

Table 2 Surface roughness measurements
of the different surface pretreatments

B BT E ET P PT

R,, nm 34 18 253 254 12 12
Skewness ~ —0.41 0.22 0.53 -021 -0.14 -0.14
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Fig. 2 Cumulative size distribution of PEEK feedstock powder

be measured with this system. Powder was fed at a rate of
7 g/min from a vibrating screw type powder feeder with
nitrogen as the carrier gas. The feedstock had a nominal
median diameter of 50 pm and a range of 0 to 100 pm, and
a measured distribution as displayed in Fig. 2 . Single
splats were achieved with a 0.5 ms™' horizontal swipe
across the substrates. Splats analyzed were from the center
of the spray pattern.

The surface chemistry and roughness resulting from
each pretreatment were determined by X-ray photo-
electron spectroscopy (XPS) and atomic force microscopy
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(Digital Instruments NanoScope IIla, Santa Barbara,
CA), respectively. XPS (Kratos Ultra DLD, Manchester,
UK) revealed the elemental composition of the substrate
surface, the oxidation states of the aluminum oxide spe-
cies, and the relative proportions of oxide, hydroxide, and
adsorbed water. This technique is extremely surface-sen-
sitive, analyzing only the outermost 5 nm of the surface.

Splats were imaged using a FEI Quanta 200 FEG
environmental scanning electron microscope (Hillsboro,
OR), utilizing backscatter imaging to provide improved
definition between polymer splats and aluminum sub-
strates. Image analysis was performed with the open
source software Image] (Ref 18), which enabled splat
counting, measurement of splat area, and circularity. Five
images of each substrate (from the area in the center of
the spray pattern) were analyzed, with each image con-
taining at least 50 splats of area greater than 200 pm?.
Splats smaller than 200 um* were not counted as they
were determined to be the result of splashing, and not
primary splats. The area of a splat was computed by
summing the number of pixels in a splat and multiplying
by the area of a single pixel as defined by the scale. Cir-
cularity is calculated by the formula 4nA/(perimeter?),
where A is the area of the splat. A circularity of 1 equates
to a perfect circle, and the closer to zero the value, the
more elongated or fingered the splat.

3. Results and Discussion

The six pretreatments resulted in different surface
roughnesses as listed in Table 2. Surface roughness was
measured over a 50 um square area, the typical interaction
area of a PEEK splat in this study. Boiling resulted in a
slight increase in roughness over the polished surfaces,
while the etching resulted in a very rough surface. The
thermal treatment had little or no effect on the substrate
surface roughness.

The oxide layer present on the surface of aluminum is a
combination of various alumina phases, from aluminum
trihydroxide (Al(OH);3), to aluminum oxyhydroxide
(ALOOH) to transition aluminas and corundum (Al,O3)
(Ref 19, 20). This results in three resolvable oxygen
components in the XPS analysis, one due to an AI-OH
bond, one due to the Al=0O bond in AIOOH, and one due
to chemically adsorbed water (Ref 21). The six pretreat-
ments used result in different ratios of oxide, hydroxide,
and chemisorbed water on the aluminum substrate sur-
faces, as shown in Fig. 1. The surface of P and PT sub-
strates are dominated by oxide, with some hydroxide from
the reaction with atmospheric moisture, while E and ET
surfaces have a higher proportion of hydroxide to oxide.
These oxide layers are very thin, approximately 4 nm,
compared to 225 nm for the B and BT oxide layers. While
the boiled surface appears to have a similar surface
chemistry to that of E, it is in fact quite a thick oxyhy-
droxide. This is evidenced in the thermal treatments when
the very thin etched oxide rapidly loses its surface
hydroxide, whereas the thicker boiled sample changes
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very little, because the oxide is so thick. The increase in
chemisorbed water on the BT surface is due to a thin
surface layer of aluminum oxyhydroxide dehydrating with
the heat energy of thermal treatment. This then adsorbs
atmospheric moisture increasing the chemisorbed water
content of the surface relative to the B surface. Dehy-
dration starts to occur at temperatures above 300 °C
according to the reaction (Ref 20):

2A100H — y-ALO3 + H,O

The change in hydroxide concentration on the etched
surfaces with thermal treatment, the different surface
chemistries and morphologies of boiled and etched sur-
faces, the chemical differences between polished and
boiled surfaces, and the similar chemistries yet differing
morphologies of ET and PT surfaces will allow us to
interpret the shape and spreading of PEEK splats with
clearly defined knowledge of the properties of that surface
and comparison surfaces. Particularly, the similarity in
chemistry of the ET, P, and PT surfaces shown in Fig. 1
will be beneficial in separating the effects of surface
morphology from those of surface chemistry on the
properties of single PEEK splats.

Splats deposited on substrates held at 323 °C during
spraying were affected by surface pretreatment. Increasing
substrate temperature will not have a significant effect on
the surface chemistry of the substrates as the dehydration
reactions driven by thermal energy take a significant
length of time to reach equilibrium (Ref 20), and the splats
were deposited on substrates immediately after the
desired substrate temperature was reached. Characteristic
images of the PEEK splats on polished, boiled, and etched
substrates are shown in Fig. 3. As shown in Fig. 4, fewer
splats were deposited on an E surface than were deposited
on a B surface, which had fewer splats than a P surface.
This trend was repeated with the thermally treated sur-
faces with ET having fewer splats than BT, which had
fewer splats than a PT surface. However, there was no
difference between the thermally treated and nonther-
mally treated samples, with B and BT, E and ET, and P
and PT surfaces having similar numbers of splats. This
relationship appears to be governed by surface roughness
primarily, although it is likely to have a surface chemistry
aspect as well. The lower splat area density due to surface
roughness is likely due to a mechanism associated with
reduced contact area resulting in reduced bonding area
and therefore adherence of fewer splats. Results following
a similar trend are exhibited for average splat area, but
due to greater variability of these results, as displayed in
Fig. 5, they must be considered statistically the same. The
variability of splat area on each substrate was primarily
determined by the variability of the PEEK particles that
are impacting and adhering to the aluminum surfaces,
which show an even distribution over the size range of
0-100 pm, as shown in Fig. 2. The smaller diameter of
splats on E and ET surfaces (although not statistically
significant) is likely due to increased fingering and frag-
mentation of particles, which is consistent with the lower
circularity of splats on these substrates, as shown in Fig. 6.
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Fig. 3 Characteristic splat images on (a) polished, (b) boiled,
and (c) etched substrates

The trend of surface morphology influencing splat
morphology is continued to splat circularity, as displayed
in Fig. 6. For substrates held at 323 °C, surface roughness
appears to govern splat circularity, with E and ET surfaces
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having splats with the lowest circularity, and B, BT, P, and
PT surfaces having splats of similar circularity and similar
surface roughness. This is an expected result as rougher
surfaces will lead to more instability and variability of flow
within the splats upon impact and, as such, result in a
greater degree of fingering and less circular splats.

The majority of these results can be solely attributed to
the different roughnesses of the 6 substrates, especially for
the splat area and circularity results. Surface chemistry
differences between the substrates can be discounted as
ET and PT surfaces have essentially identical surface
chemistries, yet the differences in splat morphology and
surface roughness between these two pretreatments are
marked.

Splat area density however appears to be affected by
both surface chemistry and substrate morphology, and
while substrate roughness definitely plays a contributing
role to the splat area density, the difference in splat
adhesion between B and P substrates and between BT and
PT substrates cannot be solely ascribed to the small dif-
ference in roughness between these surfaces. It is thought
that this difference in splat area density can be ascribed to
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Circularity

B BT E ET P PT

Fig. 6 Average circularity of the splats deposited on each of the
6 pretreated substrates. Error bars represent the standard devi-
ation associated to the average value

the differing surface chemistries of the substrates in
question. The boiled substrates, with an AIOOH surface
layer, were significantly different from the 65% oxide,
35% hydroxide surfaces of P and PT substrates. It is
thought that heating of the substrate by impacting PEEK
particles releases water vapor due to desorption of
chemisorbed water and dehydration of the AIOOH, by
the reaction (Ref 20):

2A100H — v-Al,O3 + H,O

The release of water vapor from B and BT substrates
would therefore act as a vapor cushion between impacting
PEEK particles and the substrate, resulting in particles of
lower velocities not achieving sufficient contact area to
adhere to the substrate. This low adhesion of PEEK to
boiled surfaces has been seen in other, unpublished, areas
of this study, and in the work of Trompetter, who found
that NiCr particles exhibit poor deposition on boiled
aluminum substrates (Ref 22).

4. Conclusions

Surface morphology was the main factor found to
influence the splat area density, the area of single splats,
and the circularity of single splats of HVAF-sprayed
PEEK on substrates maintained at 323 °C. Substrate sur-
face chemistry was however found to have an influence on
the area density of deposited single splats, where surface
morphology alone cannot explain the significant differ-
ences between the 6 different pretreated substrates.
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