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Abstract

Polymer coating by cold-spray presents interesting features such as the possibility to protect
metallic substrates or to add functionalities to a structure. However, it is characterized by a low
deposition efficiency and a weak interface between the substrate and the coating. In this study,
we performed fluoropolymer coatings by the cold-spray process. Analysis of the particle
deposition during cold-spray highlighted the importance of the particle size, substrate
temperature, and inlet gas temperature and pressure on the adhesion polymer/substrate. The
addition of hydrophobized fumed nano-ceramics (FNC) to the polymer feedstock enhances the
deposition efficiency and polymer adhesion on the substrate. The addition of fumed nano-
alumina (FNA) to the polymer feedstock tends to give better results than fumed nano-silica in
terms of deposition efficiency thanks to (i) the difference of surface charge leading to the
attractive force between the polymer and the FNA during the powder preparation stage, and
(i) a homogeneous repartition of the FNA on the polymer particle surface. In addition, the
hydrophobization of the FNC maintains and enhances the hydrophobicity and water repellency

properties of the fluoropolymer coating.


mailto:wesley.locksulen@rift.mech.tohoku.ac.jp

Keywords: Hydrophobic coating; Cold spray; Polymer powder, Nano-ceramic particles;

Fluoropolymer

1. Introduction

Fluoropolymers, like fluoroethylene propylene (FEP), polytetrafluoroethylene (PTFE) or
Teflon, are known for their low-friction surface, high corrosion and chemical resistance due to
their strong carbon-carbon backbone and carbon-fluorine group structure (Ref 1-3). The
fluorine on a fluoropolymer repels other molecules so well that it is difficult for any material
to adhere to its surface (Ref 4). FEP is a thermoplastic polymer exhibiting a semi-crystalline
microstructure, characterized by a degree of crystallinity lower than a PTFE (Ref 3). Due to a
melting temperature in the range 0f 275°C to 310°C (Ref 5) and highly inert, FEP can withstand
high operating temperature and any extreme chemical abusive environments. However, a pure
FEP coating with strong adhesion is challenging to manufacture due to its low surface energy
which results in a weak interfacial adhesion (Ref 6). Hence, surface treatment techniques are
required to obtain a substantial increase in interfacial adhesion, primarily using plasma or a
primer coat. The plasma treatment allows interfacial adhesion without chemical structure
modification on a fluoropolymer surface, whereas a primer coat allows chemical modification
to facilitate adhesion/bonding with other materials (Ref 7). In other words, the process to
adhere a fluoropolymer to other material or vice-versa is not an easy process-time consuming
and involving additional cost. Furthermore, the chemicals used for the primer are reactive and
not environmentally friendly and can be harmful, which is known to be the stumbling blocks
for this material. On the same note, adhesion of FEP by solid-state deposition spray process,
such as cold-spray, is an attractive alternative due to low cost, environmentally-friendly aspect,

and fast process.



In the cold-spray process, nano to micro-sized particles, known as feedstock powder, are
accelerated by the gas velocity in the range of supersonic speed before impacting the substrate
surface (Ref 8-14). Compared to thermal spray which requires molten or semi-molten droplets
to splat on the target surface and cool down to form layered deposits, deposits from the cold-
spray process or solid-state deposition are more dense and low in porosity (Ref 15,16). Since
the discovery of the cold-spray in the 1980s, studies have been carried out extensively using
metallic particles on metallic substrates (Ref 17-19). Recently, interests in the polymeric
materials deposition by cold-spray has increased significantly (Ref 20-30), mainly driven by
their light-weight, corrosion resistance and wear resistance properties. However, the deposition
efficiency of these materials remains low because of their viscoelastic behavior enhanced by
the material temperature.

The deposition of thermoplastic polyolefin, with a mean size of 150 to 250 um, on a
polyethylene sheet and aluminum sheet substrates, was studied by Xu et al. (Ref 20). They
have successfully demonstrated fully dense thermoplastic deposits on the polyethylene
substrate. Contrary to the polyethylene substrate, the formation of polyolefin deposits on the
aluminum substrate only occurred after a thin layer of melted thermoplastic had been formed.
Despite this, the low deposition efficiency in the range of 5% was observed in the spray results,
possibly caused by erosion on the deposited polymer during cold spraying when the cohesion
and adhesion at the interface were comparatively weak.

To enhance the adhesion between the powder and substrate and increase the deposition
efficiency, identification of the key parameters, related to cold-spray process, is primordial.
Thus, on high-density polyethylene (HDPE), Bush et al. (Ref 25) optimized the stand-off
distance, particles size, substrate temperature, and particle impact velocity to achieve higher
deposition efficiency. The combination of computational and experimental studies allow them

to design a new cold-spray system and to obtain deposition efficiency close to 10%.



Ravi et al. (Ref 23,24,27) have successfully demonstrated a 4 mm thickness of 60 um of mean
sized ultra-high molecular weight polyethylene (UHMWPE) through nano-ceramic addition in
the feedstock powder and a modified nozzle length. Fumed nano-alumina was considered to
work in the coating build-up by creating a network of finely dispersed particles that led to the
increase in thickness for the thermoplastic polymer. The hydroxyl group on the fumed nano-
alumina particle works as a bridge between the nano-particles and UHMWPE particles.
Compared to a metallic coating, polymer coating by cold-spray uses lower gas pressure and
temperature (Ref 31). To soften the particle and enhance its bonding capabilities with the
substrate, increasing the surface temperature of the particles are needed. This can be achieved
by increasing the resident time of the particles inside the nozzle, and therefore increasing the
length of the nozzle as proposed by Ravi et al. (Ref 23,24,27). Furthermore, by studying the
cold-spraying of various thermoplastic polymers on a series of polymer substrates, Khalkhali
et al. (Ref'22) found that cold-sprayed polymers samples exhibit material properties equivalent
to melt-casted samples in terms of ultimate tensile strength and Young’s modulus.
Polyurethane, polystyrene, polyamide-12, HDPE, and UHMWPE with a mean size of 20 to
50 pm were deposited on similar material in which highest deposition efficiency of 8.4% was
obtained for HDPE on low-density polyethylene. They also highlighted the importance of the
tilted angle of the substrate during cold-spray in which deposition efficiency decreased with
increasing tilted angle.

Studies on the deposition behaviour of reinforced or specifically structured polymers were
carried out by others. Gillet et al. (Ref 32) used copper particles on Poly-Ether-Ether-Ketone
(PEEK) layered carbon fibre reinforced plastic (CFRP) to enable deposition and avoid erosion
of the composite substrate. They discovered that a thin layer of pure PEEK on the composite
CFRP substrate was important to facilitate the deposition via particle penetration into the thin

layer. Meanwhile, Yang et al. (Ref 33) highlighted the effect of particles glass transition



temperature on their deposition behaviour during cold-spray. For polymers, the glass transition
temperature is of high importance since it corresponds to a change of mechanical behaviour
and mechanical properties of the amorphous chains (Ref 34,35). It marks the transition between
glassy to rubbery states; to elastic-viscoplastic behaviour to highly viscoelastic-viscoplastic
behaviour.

Recent works regarding polymeric particle cold-spray are driven by the time and cost reduction
it offers, which is an advantage for additive manufacturing (Ref 22,36) and functional coating
fabrication (Ref 28,37). For polymers exhibiting non-adhesive properties, like fluoropolymers,
additive manufacturing seems particularly suitable. It allows obtaining a coating with a strong
substrate/polymer interphase without the need to use additional chemicals or multi-step
processes. The work of Gibas et al. (Ref 38) highlights the feasibility of fabricating a super-
hydrophobic coating by combining cold-spray process, using fluorinated silica spheres as
feedstock, and sol-gel technique. Also, the work of Ravi et al. (Ref 37) introduced a laser
surface texturing treatment on the substrate to promote mechanical interlocking, has
substantially increased the deposition efficiency to 15% although such process requires
additional time and cost. The resultant coating showed super-hydrophobic properties and
excellent water-repellency; however, no adhesion data was reported. These studies indicate
that cold-spray technique can be seen as an alternative to fabricate functionalized polymer
coating on polymer or metal substrates but with material modifications.

Hence, this research work aims to investigate the development and characterization of
fluoropolymer cold-spray. The deposition behaviour is characterized through the deposition
efficiency and measured as a function of various experimental conditions, such as pass number
and traverse speed. The role of crystallinity and particle size is also discussed. The influence
of the addition of octylsilane treated fumed nano-ceramic into the fluoropolymer feedstock on

the deposition efficiency was studied. Lastly, the coating microstructure was analyzed by



scanning electron microscopy, and its hydrophobic properties were characterized by sessile

droplet contact angle measurements.

2. Materials and Methods

2.1 Feedstock powder, fumed nano-ceramic particles and substrate

Two grades of fluoroethylene propylene (FEP) powders were used in this study. They come
from DuPont K.K. (referenced as 532G-8100 FEP (Ref 39)) and The Chemours Company
(referenced as Teflon FEP 140 (Ref 40)). The particles were sieved separately before cold-
sprayed using Retsch AS200. Three mean sizes are investigated in this study: 10, 30, and
100 pm The mechanical and physical properties of the material is provided in Table 1.

Table 1 Mechanical and physical properties of the semi-crystalline fluoroethylene propylene

used in this study.

Parameter Unit Value
Density at 20°C (Ref 40) g/em’ 2.12-2.17
Melting point (Ref 40) K 576 - 586
Heat of fusion (DSC) (Ref 40) Jg 9.8
Crystallinity (Ref 41) % 40-70
Glass transition temperature (Ref 41) K 353.2

The fumed nano-ceramic (FNC), like fumed nano-silica (FNS) and fumed nano-alumina
(FNA), whether hydrophilic or hydrophobic, is a common additive in powder coating to
enhance and optimize the manufacturing, quality and performance of the coating. In a low-
pressure cold-spray (LPCS) process, the addition of FNC may also help to enhance the
flowability of the particles. This effect is caused by the surface charge of the FNC. These FNC
have different tendencies towards either negative or positive charges Strong negative or
positive surface charge may cause the FNC to aggregate and/or agglomerate, in which an
increase in its particle size from agglomeration may be observed. The FNC used in this study

is hydrophobized type: silica R805 (Ref 42) and alumina Alu C 805 (Ref 43), obtained from
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Nippon Aerosil Co. Ltd., Japan (hereinafter referred to as FNS and FNA, respectively).
According to the manufacturer, the former is a product of flame hydrolysis of silicon
tetrachloride (SiCls) in an oxyhydrogen gas flame and then hydrophobized using octylsilane.
Similarly, the latter is a product of flame hydrolysis of aluminum chloride on an oxyhydrogen
gas flame which was hydrophobized (Ref 42). These products are commercially available in
both untreated (hydrophilic) and treated (hydrophobic) type. For hydrophilic type, no
additional treatment is needed as the by-products are already hydrophilic. Aerosil products like
hydrophilic fumed nano-silica, the pervasive silanol group on the surface renders its
hydrophilicity and the concentration of silanol increases with increasing the specific surface
area (Ref 42). The manufacturer specification is described in Table 2. For the mixed feedstock

powder preparation, a 5 wt.% of each FNC (approximately 2.5 g) was mixed with 50g FEP

particles in a 100 ml EtOH solvent (99.6% Sigma Aldrich) in a 250 ml beaker. Hereinafter, the
FNS and FNA mixtures are referred to as F5S and FSA, respectively. The weight percentage
of the fumed nano-ceramics was determined based on the work of Ravi et al. (Ref 27). A
homogenizer and a stirrer were used for 3 hours at room temperature and air-cooled to dry.
Specific care was taken during the powder processing stage since inadequate drying will result
in coating inhomogeneity. A commercially available pure aluminum substrate, A1100, was cut
into a square coupon of 30 x 30 x 5 mm and cleaned using an ultrasonic bath. The mean
roughness, R,, and the maximum height of the profile, R:, of the as-received A1100 substrate
15 0.45 £ 0.15 pm and 2.45 + 0.29 pm, respectively.

Table 2 Material properties of hydrophobic fumed nano-ceramics (Ref 42,43).

Parameter Unit Value

Grade R805 Alu C805
(FNS) (FNA)

Primary size nm 20-50 7-20

Specific surface area BET m?'g 150 £ 25 90+ 15

Surface treatment (hydrophobization) Octylsilane



Density at 20°C g/em® 2.2 3.2
Melting point K 1973.15 2323.15

Surface charge Negative Positive

2.2 Cold-spray conditions

A commercially available low-pressure cold spray system, Dymet 423 (Obninsk Center for
Powder Spraying, Russia) was employed in this study. The cold-spray system was connected
to a screw-type compressor unit and a dryer for air compression (up to 1.2 MPa). Besides
ambient air, the system also utilizes nitrogen gas (up to 1.0 MPa). The operating temperature
can be controlled from room temperature (RT) to 873 K. Although the maximum gas flow rate
is 600 L/min at room temperature, it decreases with increasing gas temperature. A standard
vibrational type feeder was utilized to control the feeding rate at a consistent value of 0.1 g/s.
By design, the particles were fed into the divergence part of the De Laval nozzle due to the
difference in pressure between feeder end and particle inlet at the nozzle. The nozzle dimension
of the convergence-divergence part is shown in Fig. 1. The convergence part including the
throat is 19 mm long with a gas inlet diameter of 8.8 mm where compressed and heated gas
flows through into the throat with an inlet diameter of 2.6 mm which gradually increase to
3.24 mm. The divergence part is 120 mm in length, with an increasing diameter from 4.0 mm
near the particle inlet and 4.8 mm at the end. The particles flow into the nozzle via the particle
inlet at the beginning of the divergence part with a diameter of 1.0 mm.

The influence of the gas temperature, traverse speed and pass number on the coating quality is
investigated. Details of the cold-spray parameters used in this study are presented in Table 3.
To prevent direct heat accumulation on the substrate surface by the nozzle before the cold-
spray, the nozzle was positioned outside the substrate. Thus, a small amount of powder is not
sprayed directly on the substrate. Therefore, when determining the deposition efficiency, we

did not consider in our calculation the weight of particles sprayed outside of the substrate.
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Fig. 1 Schematic representation of nozzle used in this study.

Table 3 Spray conditions.

Parameter Unit Value
Gas nature Air
Gas temperature, 74 K 373-773
Gas pressure, Pggs MPa 0.5
Standoff distance, SD mm 10
Traverse speed, 7S mm/s 5,10, 50
Number of passes 1,2,4,16

2.3 Powder and coating characterization

The morphology and microstructure characterizations of the particles and coating are
performed using a field emission scanning electron microscopy (SEM), Hitachi FE-SEM SU-
70. The elemental composition of randomly selected F5S and F5A are analyzed using the
energy dispersive x-ray (EDX) line scan to evaluate the distribution behaviour of the fumed
nano-ceramics particles over the FEP particles. Characteristic X-rays were detected for discrete
positions along the line under identical beam conditions (5kV, 43pnA) and magnification (3000
times). All samples are analyzed at low voltage to avoid FEP particles to charge up during the
process.

The deposition behaviour of FEP particles on the Al substrate at different temperatures was
studied using the field emission-SEM and focused ion beam (FIB), Hitachi FB2200. The region

of interest of the deposited particle was removed using the FIB and analyzed using the SEM.



X-ray diffraction (XRD) of particles was measured using Shimadzu MAXima X XRD-7000.
Ni-filtered copper line radiation (Cu-Ka) at accelerating voltage of 40 kV and current of 30 mA
was used. The measurement was conducted at room temperature, 20 angle range of 10-30° with
0.02 step size.

The measurement of zeta potential of as-received FEP particles and octylsilane treated FNS
and FNA particles was performed using an electroacoustic sensor and a titration system
(Dispersion Technology, DT-300) at room temperature (298 K). Measurement of the fumed
nano-ceramics was conducted in a mixture of HCl and EtOH (1:1) using 0.01M KCI as a
calibration solution. The measurement was conducted for pH ranging from 3 to 13. The
advantage of the electroacoustic method is the ability to perform accurate measurements
without the need to dilute the samples (Ref 44,45). Dilution of samples such as a hydrophobic
fumed nano-particle may be difficult and challenging using the conventional method.

The melting and crystallization behaviour of the as-received FEP particles were evaluated
using a differential scanning calorimetry (DSC), Rigaku DSC8231, in a nitrogen gas

atmosphere (flow rate of 100L/min). Two heating-cooling runs from 293 K to 560 K were
performed with a heating rate of 10K/min. Each sample was weighted 5.0+0.3mg and o-

alumina powder was used as a reference. Using DSC, we also measured the degree of
crystallinity, as well as the characteristic temperatures and heat of fusion of the FEP particles.
The degree of crystallinity of as-received FEP particles is determined using (Eq 1 as the ratio

of the observed heat of fusion Hf to the theoretical heat of fusion for 100% crystalline

polytetrafluoroethylene (PTFE) or Teflon H°*% = 82 ] /g (Ref 46-48):

(o]

He
%Xcry = W x 100 (Eq 1)
f



The roughness profile of the substrate before and after cold-spray was analyzed using contact-
type surface profiler (Kosaka Laboratory Surfcorder SE-300). The diamond stylus tip radius
was 2 um and vertical measuring range was 800 pm. Five measurements along a 25 mm length
on the surface were taken to determine the arithmetical mean surface roughness, R, and the

average maximum peak to valley, R..

2.4 Particle velocity

The velocity of the in-flight particles, v,, at the nozzle exit was measured using an OSEIR
SprayWatch system. Combining a fast shutter CCD camera and of a high powered pulse-laser
diode (HiWatch), the system captures the particle velocity at the nozzle exit and before the
impact on the substrate (Ref 49). Measurements are performed using the 30 um sized as-
received FEP particles from room temperature to 773 K and 0.5 MPa of inlet gas temperature

and inlet gas pressure, respectively.

2.5 Substrate temperature measurement
The substrate temperature measurement was performed using a high resolution and multi-
purpose infrared thermal image camera, Nippon Avionics Co., Ltd. The measurement of the

substrate surface was measured in the range of 313 to 773K, with a sensitivity of £0.03 K and
accuracy of £ 1.0 K. The emissivity of the A1100 substrate, £4; (=0.15) (Ref 50), is much lower

than other metallic substrates. The temperature of the substrate, Ts,», was measured without

feeding the particle. The camera was positioned at a 45° angle to the nozzle and the substrate

surface.

2.6 Deposition efficiency measurement



Deposition efficiency for five samples is measured as the ratio between the deposited weight
of particles versus the sprayed weight of particles:

Deposited weight Eq2
DE (%) = —2 I % 100% (Eq2)
Sprayed weight

For each investigated spray condition, the mean values and the standard deviation are
calculated. As mentioned before, the weight of particles sprayed outside the substrate was

excluded when determining the deposition efficiency.

2.7 Contact angle measurement

The characterization of the wettability of FEP coating on different substrates surfaces was
performed on a dynamic contact angle measurement, Kyowa Interface Science SA-301.
Droplet size of 10 um was used in each test. To investigate the discrepancy of the wettability
experiments and the homogeneity of the coating surface, the experiment was repeated 10 times
on different areas of the coating surface. To ensure precise control of the tilt angle, the sample
stage was managed remotely. The stage was tilted up at a rate of 0.1°/step, to a 90-degree angle
before another round of test was performed. The roll-off angle (6,,) is defined as the stage
inclination angle at the onset of droplet sliding/rolling from its static position. The advancing
and receding angles (6,, 6,) are defined as the angle measured at between the solid-liquid
interface (the leading-edge) and liquid-vapour interface (the preceding edge) at the onset of
sliding/rolling off (Ref 51). The wettability properties of a fluoropolymer surface are
extensively studied and reviewed (Ref 52-54). The hysteresis angle, 6, is defined as the
difference between the advancing and receding angle, which stated in (Eq 3;

Op =06, — 0, (Eq 3)

3. Results and Discussion



3.1 As-received FEP and fumed nano-ceramic mixed FEP particles characterization

The characterization of the feedstock particles was performed using SEM to qualitatively
analyze the morphological differences as the effect of the FNC addition. A homogenous
network of FNC distribution on the FEP particles is favourable in increasing the efficiency of
coating build-up during cold-spray (Ref 23).

Topography of the three feedstock powders, pure FEP, F5S and F5A, are shown in Fig. 2. Pure
FEP powder in Fig. 2(a), exhibits an irregular shape and some in dish-shaped; some much
smaller particles are also seen in between the larger ones. No evident agglomerated FEP
particles on top of each other are seen. The particles have a combination of the smooth and
coarse surface. For the FEP particles with FNC addition, distribution behaviour of the FNS and
FNA nano-particles are presented in Fig. 2(b) and (c), respectively. In Fig. 2(b), flocculant of
agglomerated FNS on the FEP particles are evident (marked by arrows). The flocculants are
formed from the agglomeration of FNS when suspended in EtOH. Such flocculation generally
associated with the attraction force between the silanol group on the surface of the FNS particle.
The resultant mixture of F5S indicated that the FNS is sparsely distributed on FEP, thus more
exposed FEP surface can be seen. On the contrary, FEP mixed with FNA in Fig. 2(c), indicated
different distribution behaviour of these FNC after the mixing process. As indicated in Table
2, the primary size and specific surface area of the FNA is smaller than the FNS. Although the
specific surface area is influenced by porosity, it also is influenced by size, shape, and
roughness if the particle has low or no porosity. The ratio of the specific surface area to primary
particle size in FNS being comparatively lower than FNA, FNS shows that it is porous by
nature. As illustrated in Fig. 2(b), FNS is susceptible to aggregation resulting from the
environment pH, in which the mixture to obtain F5S is done. Combination of the size of the
aggregates and the surface charge contributes to the homogenous distribution of the FNA on

the FEP surface compared to the FNC as previously stated by Lock Sulen et al. (Ref 30).
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Fig. 2 SEM images of (a) as-received pure FEP particles, (b) F5S, and (¢) FSA. Flocculants
(marked by arrows) evident in F5S in contrast to finely dispersed FNA (marked by arrows) in

F5A.

The difference in the elemental distribution between F5S and F5A is qualitatively analyzed
using energy dispersive X-ray (EDX) line scan. The intensity for each elemental x-ray
characteristic, plotted along the scanning line, shows a variation of the element dispersion.
Results and SEM image of the selected particles (inset) are presented in Fig. 3. High intensity
of the fluorine (F) and carbon (C) is measured on both F5S and F5A surfaces due to the
chemical composition of the FEP particles. In addition to these two elements, the presence of
FNA represented by aluminum (Al) and oxygen (O) in F5A; and FNS by Silica (Si) and oxygen
(O) in F5S are also detected (Fig. 3(a) and (b), respectively). The intensity of Al and O on FSA
particle is high and consistent along with the scanning line. However, the intensity of Si and O
is seen higher at the beginning, indicated by a peak where flocculants of FNS on the F5S can
be seen. The value decreased and remained low compared to C and F for most of the scanning
line. This trend suggests that the FEP particle is not entirely covered by the FNS compared to
FNA even though similar weight percentage of each FNC was added to the FEP. From a
quantitative viewpoint, it is difficult to precisely evaluate the distribution of the FNC on the
FEP particle due to the tendency to charge up. This may lead to poor image quality and

inconsistent results.
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Therefore, based on these results, the distribution of FNA nano-particles on the FEP particle

was found to be more homogenous by creating a finely dispersed network compared to FNS.

(b) FSA
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Fig. 3 EDX line scan results of (a) F5S; and (b) F5A. Scanning direction (as indicated by arrow)

was performed along the scanning line (yellow line).

To better understand the difference in the FNC distribution on the FEP surface, we investigate
the particle surface charge in terms of zeta-potential. The zeta potential ({) or electrokinetic
potential is the electric potential in the interfacial double layer at a slipping plane which is
relative to a point in the bulk fluid away from the interface (Ref 55). The morphology and zeta
potential of the fumed nano-silica has extensively been studied by V.M. Gun’ko et al. (Ref 56)
or Chereches and Minea (Ref 57). The relationship of the zeta-potential in the function of the
mixture pH is crucial to determine the isoelectric point (/EP) of the FNC, which generally
associated with the instability of particle behaviour in suspension.

Results of the measured zeta-potential and the isoelectric point of FEP, FNS, and FNA are
shown in Fig. 4. The comparison between measured FNS and FNA in details is shown in the
inset. The results indicate that the /EP for FEP, FNS and FNA are 6.2, 3.6 and 8.2, respectively.
These IEP values for FNS and FNA are approximately closer to those of general values for

commonly available silica and alumina particles (Ref 42). In contrast to the high zeta potential
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for FEP particle (-50 < (rep < +50), low zeta potential (-7 < {gns or FNaA < +5) 1s measured for
the hydrophobized FNS and FNA. Low zeta potential in the hydrophobized nano-particles is
associated with the untreated hydroxyl/silanol group on the FNC surface. It is assumed that the
differences in distribution behaviour between FNS and FNA that was observed previously are
related to the surface charge or zeta potential during the mixing process. EtOH used in the
mixing process is an organic solvent and technically has a pH value of 7.3 (Ref 58). At this
point, a repulsive force between the FNS and FEP particle is strong due to the same negative
zeta potential. As a result, FNS particle agglomerated and attraction force to the FEP surface
is weak. On the contrary, an attraction force between FNA and FEP particle due to the opposite
zeta potential charge is observed. Despite the attractive force between these two particles, it
should be only efficient until the accumulation of FNA particles reaches an optimal thickness.
A repulsive force may prohibit succeeding layers to be distributed on the FNA covered FEP

particle, resulting in an agglomeration of the FNA particles as well.
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Fig. 4 Relationship between zeta potential in function of the solution pH for the FEP, and
hydrophobized FNS and FNA (also shown in the inset). For each particle, the isoelectric point

(IEP) is identified.



Besides the modification of the feedstock particles, it is also important to measure the degree
of crystallinity, %Xc, of the host particle. Deformation of semi-crystalline fluoropolymer

particles in a solid-state deposition impact is unknown mainly due to the strain rate involved
and the viscoelastic behaviour of the material. Correlation between the degree of crystallinity
and deposition behaviour of a fluoropolymer particle in LPCS provides insight about
microstructure changes during cold spray. Using XRD and DSC analyses, the degree of
crystallinity of three particle sizes of as-received FEP particle is determined. XRD results are
presented in Fig. 5. The XRD diffractogram is characterized by a sharp peak, with the highest
intensity, and a broad peak (Fig. 5(a)). The peak with the highest intensity (20 = 18°) is
generally associated with the crystalline phase, in which the incident X-ray is diffracted by the
plane (100) of the pseudohexagonal lattice structure in an FEP (Ref 41). On the contrary, the
broad peak that superimposed the previous peak, which reach its maximum at 26 = 16.5°, is
associated with the amorphous structure of the FEP particles. According to Herman and
Weidinger (Ref 59,60) and after deconvolution of the two peaks, the degree of crystallinity is

determined from the integration of the area under the peak linked to the crystalline phase 4.,
and the one linked to the amorphous phases A4;,:

Acry %
Acry + 217 Agm)

YoXcry = C 100 (Eq 4)

The deconvolution was performed using a Gaussian function on the XRD diffractogram and
results are presented in Fig. 5(b). With a degree of crystallinity of 25.1 + 0.5%, the 30 um FEP
particles show the highest degree of crystallinity among the three particle size studied. Thus,

the FEP used in this study is highly amorphous.
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Fig. 5 X-ray diffractogram of (a) as-received FEP particles of different mean sizes 10, 30 and
100 pm. (b) Deconvolution of the X-ray diffractogram and identification of the degree of

crystallinity for the three mean-size of FEP particle studied.

For the three particle sizes studied, the DSC results are presented in Fig. 6. From these results,

the glass transition temperature of each particle (represented by 70 for 10 pm, T30 for 30 um

and Tg100 for 100 pm) is determined from the deviation in the heat flux of the first heating. The

glass transition temperatures obtained for 10 um and 30 pm are in the range of 442.4+16.7 K
445.2+10.2 K. Higher glass transition temperature was observed in 100 um particle at
455.1+£20.5 K. All values are comparatively higher than the literature values in Table 1. Under

identical heating conditions (10 K/min), the melting temperature of all the particles(represented
by Tmio for 10 um, 75,30 for 30 um and 75,100 for 100 pm) was in the range of 521 to 529 K

which is within range in comparison to the data found in the literature (Table 1).

The degree of crystallinity of FEP particles, determined using (Eq 1) and measured for 10 and
100 pm particles, is comparatively lower than the 30 um particle. A similar trend is observed
in the degree of crystallinity measured using XRD and DSC is described in Fig. 6. The
discrepancies in the degree of crystallinity between 30 pum particle and the other particle sizes
may arise from differences in the polymerization process at the manufacturing stage. These
fluoropolymers are commercially available under different grade name as indicated in Table 1.
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Heat of fusion measured values are higher by two-fold compared to Table 1, specifically 10 pm
and 30 um FEP (Teflon FEP 140). To have a better insight into the material properties during
cold-spray, we consider here the value given by the first heating run instead of the second one
as it is usually done in DSC. Thus, some differences arise between the values observed in the
literature and the one found here as it is the case for the heat of fusion, which is generally
associated with the measured value of a melt-crystallized sample. The degree of crystallinity is
measured from the first heating peak considering the thermal history of the particle in a cold-

spray nozzle imparts by the gas temperature.
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Fig. 6 DSC results for FEP particles The glass transition temperature, 7y, is marked by an
endothermic deviation of the heat flow and the melting temperature, 7, is characterized by an

endothermic peak.

The surface morphology of the cold-sprayed substrate is reported in Fig. 7. During cold-
spraying, the mean roughness, R;, and the maximum height of the profile, R., increase
significantly compared to the as-received substrate. These values become constant with
increasing pass number. The differences in surface roughness for each particle size is correlated

to differences in the amount of plastic deformation imparted on the substrate surface by each
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particle. The plastic deformation is induced by the particle kinetic energy, which is higher in
smaller particle under similar spray condition. At higher pass number, the surface roughness
values become constant due to the peening effect of the particle. In other words, the substrate
surface becomes hardened at this point and no longer susceptible to impaction-induced

deformation by incoming particles.
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Fig. 7 Mean roughness, R, and the maximum height, R., of cold-sprayed A1100 substrate in

the function of pass numbers for (a-b)10 um, (c-d) 30 pm, and (e-f) 100 um.

3.2 Deposition behaviour of the as-received FEP and FNC mixed FEP

Deposition behaviour of the as-received FEP, F5S (5 wt.% FNS mixed FEP) and FSA (5wt.%
FNA mixed FEP) on the Al substrate are investigated by analyzing the deformation behaviour
of the particles after impact. Deposition efficiency and adhesion layer are also investigated. A
deformed 10 um FEP particle deposited on the Al substrate under two different gas
temperatures is shown in Fig. 8. Under an inlet gas temperature of 373 K, the deformation of
the particle (Fig. 8(a)) and the presence of splats in the vicinity of the particle suggest severe

plastic deformation of the FEP. At such inlet gas temperature, the particle temperature remains
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below the glass transition temperature of the polymer (7,=442.4+16.7 K, see Fig. 6). Thus,
before the impact, the FEP particle exhibit a glassy behaviour where the gas temperature is not
enough to initiate melting of the particle surface. Under this condition, the measured substrate
surface temperature and particle velocity was 300 K and 310m/s, respectively. Thus, it is
obvious that the plastic deformation-induced localized temperature rises which reduced the
total energy necessary for the plastic deformation of the particle to occur. Although the
localization of the temperature rise played a huge role in the plastic deformation, the subsequent
interfacial temperature necessary for a strong adhesion was not observed. A weak adhesion
was expected from the gap (marked by red arrows) observed at the interface as seen in Fig.
8(a). The particle may have adhered to the substrate surface by a partially melted interface, due
to adiabatic self-heating occurring during the plastic deformation of the particle. A similar
weak interface was observed on particle deposited at a higher gas temperature (573 K) as
shown in Fig. 8(b). No cohesive bond or mechanical interlocking effect was observed as well.
Adhesion of the particle, in particular, was mainly supported by the melted part of the outer
area that formed filament-like structures (arrow in Fig. 8(b)). These filament-like structures are
weak and did not cohesively bond with the substrate, thus, weak adhesion at the interface is
expected. The particles were sprayed at high traverse speed, which enables a small number of
particles to be deposited on the substrate surface. At this high traverse speed (50 mm/s), no
deformation of the substrate surface is evident. This shows that deformation of substrate
surface only occurs by continuous impact from the incoming particles at slower traverse speed
(5-10 mm/s).

On the other hand, Fig. 9 shows the deposition images of F5A particles on a melted FEP layer
top with finely dispersed FNA nanoparticles network on its surface. The micro/nano-structured
layer provide an anchorage effect for the deposition of particle upon impact. Regardless, the

FNA covered melted layer provide weak interlocking effect for the adhesion of the initial layers
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of F5A particle onto the surface. Hence, the adhesion strength is weak and the interlocking
effect becomes null, offset by the coating weight leading to delamination when subject to the
impinging gas and incoming particle impact. The nanocomposite layer was relatively similar
to the as-received FEP particle in Fig. 8, as no mechanical interlocking effect or intact bonding,
is observed. The nano-particle deposition was limited to the melted layer of the FEP (marked
by arrows), a melted layer similarly found in Fig. 8. These results show that the mechanics that

govern the adhesion in polymer-metal differ considerably than metal-metal which in agreement

to the discussion set forward by other studies (Ref 22,25,26,61).

LS

f

Fig. 8 Gap at the particle-substrate interface indicating a weak adhesion of the pure FEP particle
after impact at (a) 373 K; and (b) 573 K for a traverse speed of 50 mm/s Arrows in (a) indicate
gap at the particle-substrate interface; Arrows in (b) indicate filament-like structure holding the

deposited particle onto the substrate surface.

22



¥

Fig. 9 SEM images of the deposited 15 particles at gas temperature of 573 K, gas presure of
0.5 MPa and traverse speed of 50 mm/s for (a) Partially melted; and ( b) melted and deformed.
Bright area indicates Al substrate without melted layer and arrows indicate finely dispersed

FNA on melted FEP layer.

Fig. 10 is the SEM images of different sizes as-received FEP particles cold-sprayed at 50 mm/s
under 373 K. Melted layer of the deposited FEP particles were evident for (a) 10 pm; and (b)
30 um, respectively. Beside melted layers, severe deformation was also observed in both but
particularly comparable in the latter as the former was severely melted into a filament-like
structure (arrows) and hard to compare with its initial shape. This filament-like structure is
similar to the one observed in Fig. 8. Nonetheless, less to no evident deformation was observed
on the substrate surface suggests no anchorage effect between particle-substrate to promote
mechanically strong adhesion. On the contrary, only a small melted layer near the impacted
surface (arrows) is seen in Fig. 10 (c). The partially melted layer suggested by the spallation of
multiple melted pieces near the bottom part of the particle. However, no evident deformation

of 100 um particle is observed. Also, no filament-like structures are observed in both images.
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Comparatively small kinetic energy for bigger particle due to low particle velocity appears to
be insufficient to initiate plastic deformation on the entire particle.

Fig. 11 shows the deposition of several FEP particles on a deformed Al substrate surface in 2-
pass and 4-pass numbers. Adhesion of these particles is enhanced not only by the initiation of
the melted layer but also substrate topological changes due to the plastic deformation from the
continuous impact of particles. The results in Fig. 11 suggests deposition of the first layer for

FEP particle below its glass transition temperature is possible, although their coating thickness

and adhesion strength for practical use remain a huge challenge.
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Fig. 10 SEM image of depositeas-received FEP particlesnAAl substrate at a traverse speed

of 50 mm/s and gas temperature of 373 K. Arrows indicate melted layer from the deposited

particle.

Fig. 11 Tilted SEM images of as-received FEP particle at (a) 2-pass and (b) 4-pass performed

at a gas temperature of 773 K and a traverse speed of 5 mm/s.

Continuous spraying of FEP particles on the Al substrate is seen to induced surface roughening
of the substrate, a similar effect found after a grit-blast process. Plastic deformation on the Al
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substrate is also observed on cold-sprayed samples as shown in Fig. 12. Peaks and valleys on
a roughened substrate surface are observed in samples cold-sprayed by the 30 um sized
particles. Loose deposition of FEP particle was also observed particularly between the peaks
and easily identified by its bright colour from the subsequent charge-up by the accumulation
of static electric charges (Ref 62). The changes on the peak surface are evident with increasing

pass number. Smooth peak surface is seen in (a) in comparison to a course peak surface in (b).
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Fig. 12 SEM images of the cold-sprayed Al substrate surface in (a) 2-pass; and b)
30 um of as-received FEP particles, performed at 5 mm/s and 773 K. Deposited layer of

particles are indicated by the bright colour from the material charge-up.

Fig. 13 shows the deposited coating layer of the F5A using the 30 um particle and obtained
after 2-pass, for a traverse speed of 5 mm/s, and gas temperature of 573 K. Fig. 13(a) indicate
F5A successfully formed a coating layer on the Al substrate. A coating thickness of less than
100 um was measured from the side-view image. It suggests that the FNA may have enhanced
the coating build-up that works as a binder between the FEP particle (Ref 24). This coating
layer is shown to be partially cohesive, leaving an evident gap between adjacent layer. Thus,
exposed Al substrate peaks (marked by arrows) can be seen in Fig. 13(b). However, the top
view image of the thickest part of the coating indicates cohesive deposition between FEP

particles. Despite showing better coating thickness, the adhesion at the interface remained weak
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and inconsistent. Subsequent gas flow from the impinging gas and particle could easily

delaminate the deposited coating.

Fig. 13 SEM images of the deposited F5A and cting at 5 mms and 573 K; (a) Side view

image; (b) Top view image. Arrows indicate exposed peaks of Al substrate.

Fig. 14 (a-c) show the deposition efficiency measured for 10 um as-received FEP particles for
different gas temperatures, traverse speeds and pass number. Deposition efficiency increases
with increasing traverse speed and gas temperature at low pass number. Since the adhesion of
particle on the substrate is mainly determined by the thin melted layer of FEP as discussed
previously, increasing pass number may affect the initially deposited FEP layers. It suggests
that the initiation of the thin melted layer is important for the initial deposition of the particles.
Continuous cold-spraying onto the substrate removed the loosely deposited layer or particle
from the roughened substrate surface as the adhesion at the interface is weak and unstable.
Increasing the substrate temperature or the gas temperature may result in a high deposited
weight to sprayed weight ratio but formed layer/coating may turn out to be thin and
inconsistent. Continuous shearing of the initially deposited particles/layers by the impinging
gas and particles is considered to contribute to this problem. Increasing the pass number from
2-pass to 4-pass, however, does not show a similar effect. The possible reason for this is the

adhesion between particle and substrate, which is the melted layer, could only withstand the
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weight of the particles/layers up to a certain limit before the deposited weight of the
accumulated particles/layers became too heavy and subsequently removed by the impinging
gas and particle. At this point, the accumulation of melted layers/particles occurred mainly
between the substrate peaks.

Besides, the continuous succession of impacts by the particles could severely deform the
surface of the Al substrate, to an extent where a slight erosion was observed. This trend was
only observed in Fig. 14(a) for 16-pass at 773 K. The erosion may have occurred at the edge
of the substrate where the severely deformed substrate edges were chipped off as a result of a
continuous succession impacts from the particles because A1100 is soft and ductile.

A comparison of the deposition efficiency as the function of pass number at 573 K and 773 K
for FEP, F5S and F5A, is described in Fig. 15(a) and (b). Here, the F5A showed the highest
deposition efficiency in both gas temperature and different pass number. These results were
obtained under identical traverse speed of 5 mm/s for all three feedstocks. At 573 K, the
measured deposition efficiency of F5A on the Al substrate exceeded more than three-fold
compared to the FEP and F5S. The value decreased with increasing pass number. On the other
hand, a similar trend was observed at a higher gas temperature of 773 K. Despite this, the
measured deposition efficiency is reduced for FEP, F5S and F5A.

These results suggest two possible reasons for the trend: (1) adhesion mechanisms for FEP,
F5S and F5A was governed mainly by the initially melted layer; and (2) FNA is important in
the coating build-up process. The first point has been explained in detail and discussed
throughout this paper. From the deposition behaviour of a single particle of an as-received FEP
particle on the Al substrate, the interface of the deformed particle was found to be entirely or
partially melted. Similarly, a deposited FSA particle, either severely or partially deformed upon
impact, adhered well to the melted layers covered in nano-particles (FNA). The scattered nano-

particles from the F5A particles may come as a product of multiple impacts occurred on the
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substrate and/or particle-to-particle interaction upon impact. In other words, a finely distributed
FNA network on the melted layer may enhance the adhesion of the FEP particle to a certain
extent from the anchoring effect at the particle/substrate interface, albeit reasonably weak. In
addition, the role of a chemical bond especially hydroxyl group was also considered.
Regardless, the possibility of a strong adhesion from the hydroxyl group in this case may not
be possible due to small traces of hydroxyl group on the surface treated FNA and on the
chemical structure of the FEP itself. The second point has been mentioned in the preceding
paragraphs and other studies (Ref 23,24,27,30,37). FNA enhanced coating build-up process
occurred rapidly and in a quick succession of particles which offsets the adhesion limit of the
melted layer and FNA. As a result, delamination occurs as the coating gets thicker/heavier.

In contrast to FNA, a coating thickness of less than 5.0 um was observed in cold-sprayed
samples using F5S. Distribution behaviour of FNC on the FEP particle may be the deciding
factor. In comparison to a finely distributed network of FNA, sparsely distributed agglomerated
FNS on the FEP particle surface showed a less significant effect on interfacial adhesion upon
impact. In the perspective of surface charge, similar surface charges between FNS and FEP
may results in repulsive force compared to oppositely charged surface between FNA and FEP.
The combination of surface charge and distribution behaviour may influence the adhesion
strength.

The overall DE for FEP particle is comparatively lower (0.11%) than FSA (0.16%), but FEP
(0.11%) showed higher DE than F5S (0.04%) under optimized spray condition. Although this
result suggests the addition of FNA to the FEP yields a better DE, more work needed to increase

the DE, coating thickness and adhesion for its practical use.

28



0.15

015 015
9 (a) 10pum; 75: 5 mm/s *° (b) 10pm; 7S: 10 mm/s < () 10um; 7S: 50 mm/s
it B 2-pass = B 2-pass = B 2-pass
2 B 4-pass = ® 4-pass = B 4-pass B
~ 0.10 = [6-pass =0 0,104 = 1G-pass =n 0104 W 16-pass
g g g B
o B B
S 5 5
5 0os] T 0os g T 0os &
=]
8 [ g g § 8
% E .§ .§
£ 0.00+ £ - = £ 0.00 g - - £ 0.00 = o
& Erosion a a
240 320 400 480 560 640 720 800 880 960 240 320 400 480 560 640 720 800 880 960 240 320 400 480 560 640 720 800 880 960
Gas temperature, T}, (K) Gas temperature, 7, (K) Gas temperature, 7, (K)

gas

Fig. 14 Deposition efficiency of 10 um FEP for different pass number as a function of the gas

temperature, at traverse speed of (a) 5 mm/s; (b) 10 mm/s; and (¢) 50 mm/s.

0.20 0.10
:\5 (&) 30um; 7S: 5 mm/s, T 573K B FEP :\5 (b) 30um; 7S: 5 mm/s; T 773K H FEL;3
— - ® FSS| 7 0o0s- F5
LCE] 0.154 & F5A E = F5A
> 25 0.06-
Q Q =
2 S 0.04
= = =
S 0.05- 3 #
e Fonl g
@ 0.00 = R7
3 3 0.00- E
i i Erosion

'005 T T T T T T T T '002 T T T T T T T T

0 2 4 o6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

Pass number Pass number

Fig. 15 Deposition efficiency of FEP, F5S and F5A as a function of pass number for gas

temperature of (a) 573 K; and (b) 773 K.

3.3 Substrate temperature and particle velocity.

Substrate temperature and particle velocity play an important role in the coating up and
adhesion. Using a thermal camera and Hi-Watch system, the substrate temperature and the
particle velocity have been recorded and the results are described in Fig. 16. The measured Al
substrate temperature for all cold-spray conditions showed a much lower temperature range
than the gas temperature ( Fig. 16(a)). Thus, when the particle impacting the substrate during

cold-spray, temperature gradient at the interface of the powder and the substrate is expected
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due to different thermal history of the materials. Simultaneously, the particle velocity of a
30 um particle in this gas temperature range is described in Fig. 16(b). Other studies (Ref
22,25) suggested the minimum particle impact velocity in the range of 100 — 270 m/s for a
highly crystalline 48 um particle high-density polyethylene (HDPE) on a like-on-like
deposition at given particle initial temperature of 15°C to 25°C, and nozzle stand-off distance

of 10 - 20 mm. Similar results were also reported (Ref 21,26) for HDPE-to-Al deposition.

However, in this work, a slightly higher in-flight particle velocity in the subsonic region of
300 m/s was measured for the 30 um FEP particle even at RT gas temperature. The relationship
between particle velocity and inlet gas temperature is reported in Fig. 16(b). The in-flight
particle velocity increased gradually and reached a maximum limit below than 400 m/s. The
in-flight particle temperature was not measured as it was difficult to perform. However, an
ongoing study on the thermal gradient of a polymeric particle in cold-spray is being conducted
within our research group. These results indicate that increasing substrate temperature would
facilitate in the deposition of melted layer and subsequent coating build-up. It has previously
been found that the optimal spray condition was obtained with an inlet gas temperature and
pressure of 573 K to 773 K and 0.5 MPa, leading to a substrate temperature of 310 K to 332.3 K
and particle velocity of 332 m/s to 355 m/s. Similarly, higher particle velocity imparts plastic
deformation on particle upon impact, resulting in localized temperature rise necessary for

particle deposition on the Al substrate.
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Fig. 16 (a) Relationship between the substrate surface as a function of the inlet gas temperature
measured by a thermal image camera; and (b) relationship between the particle velocity as a
function of the inlet gas temperature. Both results are taken using 30 um FEP particles at

0.5 MPa gas pressure.

3.4 Characterization of the wetting behaviour

Dynamic angle measurement was performed using a 10 + 0.5 pL water droplet on the cold-
sprayed samples to evaluate the wettability behaviour of the coating. Wettability properties can
be interpreted in many standpoints, but we focused ours on the hydrophobicity and water
repellency of the coating. One to the main objectives of this work is to develop a robust
superhydrophobic and self-cleaning fluoropolymer coating using low-pressure cold spray
technique. Thus, a combination of hydrophobic and a relatively low roll-off angle surface is
required. A surface is presumed superhydrophobic when the static contact angle is more than
150° and roll-off angle is lower than 10° (Ref 63). On a cold-sprayed Al surface,
hydrophobization is achieved by depositing a hydrophobic polymer layer on the surface. In our
work, as mentioned in preceding sections, we attempted a solid-state deposition of the as-

received FEP and FNC mixed F5S/F5A particles using a low-pressure cold spray on an A1100
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substrate. A thin layer of coating was formed. For this purpose, only a selection of the best
cold-sprayed samples was evaluated.

For FEP coatings obtained in different cold-spray gas temperature, the results are reported in
Fig. 17(a) for data obtained using 10 um FEP particles cold-sprayed at 50 mm/s for 2-pass. The
coating thickness was less than 5 um for all samples. The results indicate that the highest roll-
off angle, more than 90°, was measured for the non-cold-sprayed Al substrate sample. For cold-
sprayed samples, the roll-off angle is seen to be decreased slightly with increasing temperature,
however, no distinguishable difference observed. Roll-off angle and hysteresis angle for these
samples were measured below 7° and 2°, respectively. This suggests that low roll-off angle can
be achieved with thin coating regardless of the cold-spray gas temperature

Fig. 17(b) describes the comparison in roll-off angle and hysteresis angle between the cold-
sprayed coatings and a commercially available thin Teflon film (thickness of 100 pm). The
measured coating thickness for F5S was less than 5 um, whereas, a thicker coating was
measured for FSA. The addition of FNC results in excellent water-repellency for the cold-
sprayed coating including low roll-off angle and hysteresis angle for both F5S and F5A
compared to the Teflon film. This indicates high wettability or hydrophilic properties for the
as-received Al substrate surface. On the other hand, a roll-off angle of 15° + 6.2° was measured
for the thin Teflon film. A comparatively low roll-off angle (less than 10°) was measured for
all as-received FEP cold-sprayed surface, including F5S and F5A samples. The lowest roll-off
angle value was measured in F5A coating (4.2 +2.5°) cold-sprayed at 573 K, 0.5 MPa, and for
a traverse speed of 5 mm/s. A higher value of roll-off angle (6.2 + 3.7°) was measured for the
surface cold-sprayed with F5S particles under similar spray condition with F5A. All cold-
sprayed samples exhibit low hysteresis angle of less than 2°. The results indicate that the
addition of FNC does not affect FEP hydrophobic properties after cold-sprayed. On the other

hand, the addition of FNA indicates a better roll-off angle for the resultant coating. The
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incorporation of these nano-sized particles onto the coating surface enhance the water
repellency of the coating from the topographical advantages which favour the entrainment of
air cushion underneath the droplet (Cassie-state). It indicates the importance of topography of
the surface with regards to its hydrophobicity.

Overall, the above suggests that the resultant layer of cold-sprayed deposited FEP layer on the
Al substrate surface demonstrated excellent water repellency which is suitable for self-cleaning
properties. The combination of outstanding thermal and physical properties of the FEP and
excellent water-repellency and hydrophobicity of both FEP and FNC provides a useful material

candidate for a self-cleaning coating.
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Fig. 17 Droplet roll-off angle and hysteresis angle measured using a dynamic contact angle
measurement of (a) Al substrate cold-sprayed with FEP at different gas temperature; and (b) a
comparison between a thin Teflon film and the optimal DE samples of Al substrate cold-

sprayed with FEP, F5S, FSA.

4. Conclusion
Fluoropolymers, such as fluoroethylene propylene (FEP), are known to exhibit excellent water

repellency properties. However, because of their hyperelastic behaviour, they are difficult to
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manufacture. In this study, we successfully performed FEP hydrophobic coating on aluminum
substrate using cold-spray process.

Analysis of the deposition mechanisms of the FEP on the aluminum substrate was carried out
at a different gas temperature, traverse speed and particle size. By reducing the particle size
and increasing the temperature of the gas and the substrate surface, increase of the deposition
efficiency was observed. The melted layer formed by the deposited particle, as a result of the
localized heat upon impact, provide a critical surface for interfacial adhesion. However, this
melted layer in form of a splat or filament-like structure provides a weak adhesion force,
especially with the offset of a heavier thick coating leading to its delamination. To increase the
deposition efficiency and strengthen the interface polymer/substrate, 5% of hydrophobized
fumed nano-ceramics were added to the polymer feedstock. Differences in deposition
behaviour were observed between fumed nano-silica (FNS) and fumed nano-alumina (FNA)
driven by the difference in surface charges between the nano-particles and the FEP particles.
Thus, while attractive force allows a homogeneous repartition of FNA on the FEP particle,
negative force leads to the formation of FNS agglomerates on the FEP particles. The addition
of the hydrophobized fumed nano-ceramics enhanced the hydrophobic properties of FEP, such
as the coating shows higher water repellency properties than commercially available Teflon
film.

Despite this, the deposition efficiency and adhesion strength of the resultant coating remains a
challenge for practical use. Hence, further studies are being formulated to approach this
problem systematically and thoroughly. This work is intended to gauge the feasibility of
coating fluoropolymer by cold-spray. In other words, it is the initial step of a larger study.
Hence, further studies on improvement of interfacial adhesion strength (initial layer) are

currently being carried out.
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Fig. 1 Schematic representation of nozzle used in this study.

Fig. 2 SEM images of (a) as-received pure FEP particles, (b) F5S, and (c¢) FSA. Flocculants
(marked by arrows) evident in F5S in contrast to finely dispersed FNA (marked by arrows) in
F5A.

Fig. 3 EDX line scan results of (a) F5S; and (b) F5A. Scanning direction (as indicated by arrow)
was performed along the scanning line (yellow line).

Fig. 4 Relationship between zeta potential in function of the solution pH for the FEP, and
hydrophobized FNS and FNA (also shown in the inset). For each particle, the isoelectric point
(IEP) is identified.

Fig. 5 X-ray diffractogram of (a) as-received FEP particles of different mean sizes 10, 30 and
100 pm. (b) Deconvolution of the X-ray diffractogram and identification of the degree of
crystallinity for the three mean-size of FEP particle studied.

Fig. 6 DSC results for FEP particles The glass transition temperature, 7, is marked by an
endothermic deviation of the heat flow and the melting temperature, 7, is characterized by an
endothermic peak.

Fig. 7 Mean roughness, R, and the maximum height, R:, of cold-sprayed A1100 substrate in
the function of pass numbers for (a-b)10 um, (c-d) 30 um, and (e-f) 100 um.

Fig. 8 Gap at the particle-substrate interface indicating a weak adhesion of the pure FEP particle
after impact at (a) 373 K; and (b) 573 K for a traverse speed of 50 mm/s Arrows in (a) indicate
gap at the particle-substrate interface; Arrows in (b) indicate filament-like structure holding the

deposited particle onto the substrate surface.
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Fig. 9 SEM images of the deposited F5A particles at gas temperature of 573 K, gas pressure of
0.5 MPa and traverse speed of 50 mm/s for (a) Partially melted; and ( b) melted and deformed.
Bright area indicates Al substrate without melted layer and arrows indicate finely dispersed
FNA on melted FEP layer.

Fig. 10 SEM images of deposited as-received FEP particles on Al substrate at a traverse speed
of 50 mm/s and gas temperature of 373 K. Arrows indicate melted layer from the deposited
particle.

Fig. 11 Tilted SEM images of as-received FEP particle at (a) 2-pass and (b) 4-pass performed
at a gas temperature of 773 K and a traverse speed of 5 mm/s.

Fig. 12 SEM images of the cold-sprayed Al substrate surface in (a) 2-pass; and (b) 16-pass for
30 um of as-received FEP particles, performed at 5 mm/s and 773 K. Deposited layer of
particles are indicated by the bright colour from the material charge-up.

Fig. 13 SEM images of the deposited F5A and coating at 5 mms and 573 K; (a) Side view
image; (b) Top view image. Arrows indicate exposed peaks of Al substrate.

Fig. 14 Deposition efficiency of 10 um FEP for different pass number as a function of the gas
temperature, at traverse speed of (a) 5 mm/s; (b) 10 mm/s; and (c) 50 mm/s.

Fig. 15 Deposition efficiency of FEP, F5S and F5A as a function of pass number for gas
temperature of (a) 573 K; and (b) 773 K.

Fig. 16 (a) Relationship between the substrate surface as a function of the inlet gas temperature
measured by a thermal image camera; and (b) relationship between the particle velocity as a
function of the inlet gas temperature. Both results are taken using 30 um FEP particles at
0.5 MPa gas pressure.

Fig. 17 Droplet roll-off angle and hysteresis angle measured using a dynamic contact angle

measurement of (a) Al substrate cold-sprayed with FEP at different gas temperature; and (b) a
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comparison between a thin Teflon film and the optimal DE samples of Al substrate cold-

sprayed with FEP, F5S, F5A.

Table 1 Mechanical and physical properties of the semi-crystalline fluoroethylene

propylene used in this study.

Parameter Unit Value
Density at 20°C (Ref 40) g/em® 2.12-2.17
Melting point (Ref 40) K 576 - 586
Heat of fusion (DSC) (Ref 40) Jg 9.8
Crystallinity (Ref41) % 40-170
Glass transition temperature (Ref 41) K 353.2

Table 2 Material properties of hydrophobic fumed nano-ceramics (Ref 36,37).

Parameter Unit Value

Grade R805 Alu C805
(FNS) (FNA)

Primary size nm 20-50 7-20

Specific surface area BET m?/g 150 + 25 90 £ 15

Surface treatment (hydrophobization) Octylsilane

Density at 20°C g/cm’ 2.2 3.2

Melting point K 1973.15 2323.15

Surface charge Negative Positive

Table 3 Spray conditions.

Parameter Unit Value
Gas nature Air
Gas temperature, 7gus K 373-773
Gas pressure, Pgus MPa 0.5
Standoff distance, SD mm 10
Traverse speed, TS mm/s 5, 10, 50
Number of passes 1,2,4,16
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