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Abstract The present work investigates the effect of dif-

ferent process parameters on the production of low-density

polyethylene (LDPE) coatings by flame spray technology.

Previously, flame spraying of polymers has been success-

fully performed to obtain durable icephobic coatings,

providing an interesting solution for applications facing

icing problems, e.g. in marine, aviation, energy, and

transportation industry. However, the fine tailoring of the

process parameters represents a necessary strategy for

optimising the coating production due to the unique ther-

mal properties of each polymer. For this purpose, we vary

the heat input of the process during flame spraying of the

coating, by changing the transverse speed and the spraying

distance. The results show that the variation in the process

parameters strongly influenced the quality of the polymer

coating, including its areal roughness, thickness, chemical

composition, thermal stability, and degree of crystallinity.

Furthermore, we demonstrate that these properties signifi-

cantly affect the icephobic behaviour of the surface within

the spray window of the chosen parameters. In conclusion,

the relationship between the thermal degradation of the

polymer and the icephobicity of the surface was defined.

This highlights the importance of process parameter opti-

misation in order to achieve the desired icephobic perfor-

mance of the LPDE coatings.

Keywords flame spraying � ice adhesion strength �
icephobic surface � polymer coating � thermal degradation

Introduction

The accumulation of ice and snow on outdoor structures

represents a serious problem in Nordic regions as well as in

several countries in both hemispheres (Ref 1). In fact, the

atmospheric ice strongly adheres to bare surfaces and its

accumulation contributes to compromising the effective-

ness and efficiency of different applications, for example,

power lines and electrical conductors during winter storms

(Ref 2). Moreover, ice accretion on aircraft surfaces pro-

duces severe changes in their aerodynamic properties (Ref

3). Since the accumulation of ice represents an adverse

impact on both safety and structure performances (Ref

4, 5), different strategies are developed to prevent ice

adhesion on outdoor surfaces. Several active and passive

methods have been adopted to avoid ice accumulation and

reduce safety issues. On one hand, active methods include

processes involving the mechanical removal of ice by

scraping and vibrating the structure, the use of de-icing

chemical fluids, and thermal heating above the freezing

point (Ref 6). Unfortunately, these active methods produce

environmental pollution, energy consumption, and inef-

fective manual operations. On the other hand, passive

methods represent a smart strategy, which aims to develop

efficient and durable anti-ice solutions. These methods

consist of using icephobic material to coat the ice-exposed

surfaces, preventing ice accumulation and consequent

safety issues. Theoretically, the surface is considered as

icephobic when it effectively reduces the adhesion strength

of ice and prevents ice accumulation (Ref 7). In particular,

the adhesion forces should be low in order to practically
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shed the ice off from the surface (Ref 8). However, only a

few coatings have been achieved this, withstanding their

durability (Ref 9).

The research and development of icephobic surfaces

have been achieved a considerable interest in the speciality

of coating design, during the last two decades (Ref 10, 11).

Different coating technologies have been used for the

production of icephobic surfaces, mainly chemical syn-

thesis (Ref 12), sol–gel methods (Ref 13), and other lab-

oratory-scale coating and painting processes. However,

these methods generally require extended processing time,

a large waste of chemicals, and controlled environmental

conditions. Therefore, thermal spray technology represents

a valid alternative to the chemical synthesis for the pro-

duction of smart coatings (Ref 14). This technique aims to

improve the performance of a component by adding a

functionalised coating to the surface (Ref 15). Anti-corro-

sion (Ref 16-19), low friction and wear resistance (Ref 20-

23), chemical and weathering resistance (Ref 24, 25), and

antifouling (Ref 26, 27) represent some of the applications

of the thermally sprayed coatings. In particular, flame

spraying represents one of the thermal spray techniques

used for the production of polymer coatings. In this pro-

cess, the material in the form of powder is fed into a spray

gun. The powder is injected into a combustion flame,

which is used to melt the thermoplastic polymers during

spraying. The melted particles hit the substrate, spread, and

coalesce within each other to form a coating (Ref 28). The

main advantage of flame spraying is that the melting and

the consolidation of the polymer happen almost simulta-

neously during a single-step spraying process. Conse-

quently, additional post-treatments are not necessary after

the material deposition for the coating consolidation, such

as post-curing at room temperature, ultraviolet radiation, or

oven treatment, which are needed in some other surface

technologies (Ref 9, 12). However, the temperature of the

flame in thermal spraying is much higher than the melting

temperature of polymers (Ref 29). Although specific

equipment is available for flame spraying of polymers, a

certain degree of material degradation always takes place

during the flame processes (Ref 29). Therefore, fine tai-

loring of the process parameters is necessary to avoid the

thermal degradation of the material, consisting of polymer

chain scission, oxidation, surface embrittlement (Ref 30),

and decrease in mechanical properties (Ref 29).

Our previous studies (Ref 31, 32) have demonstrated the

icephobic property of thermally sprayed polymer coatings.

For instance, polyethylene coatings showed potential ice-

phobicity with ice adhesion value of 54 kPa for the pol-

ished surface (69 kPa for the as-sprayed surface). In

addition, good coating durability was achieved for high-

velocity impact test and particle erosion tests (Ref 31).

Moreover, lubricant-infused porous coating (slippery liquid

impregnated porous surface, SLIPS) showed extremely low

ice adhesion (21 kPa for Thermally Sprayed SLIPS) and

enhanced water repellency (Ref 32). However, further

research is needed to optimise the manufacturing process

of thermally sprayed icephobic coatings. Therefore,

investigations are necessary on the effect of flame spraying

parameters on the icephobicity of the surface. In particular,

the process parameters strongly influence the performance

of the coating (Ref 33). In addition, we have noticed that

the chemical and thermal characterisations of the polymer

coatings are essential in order to optimise the spray process

for the selected purposes and coating requirements.

Therefore, this study aims the optimisation of the process

parameters to obtain an icephobic coating with preserved

mechanical and structural properties. The influence of the

process parameters on the coating properties was investi-

gated by varying transverse speed and spraying distance of

the spray gun for the polyethylene material. These

parameters affect the heat input on the material during the

process and thus the coating properties and its possible

thermal degradation. In addition, the relationship between

the icephobicity and the degradation of the coating is

investigated, referring to the chemical and thermal char-

acteristics of the flame-sprayed polymer coatings.

Materials and Methods

Material and Coating Fabrication

The material used in this work was a low-density poly-

ethylene (LDPE) powder (Plascoat Europe BV, Zuidland,

The Netherlands). The morphology of the polymer powder

was analysed by a scanning electron microscope (SEM,

Philips XL30, The Netherlands). The size distribution of

the powder was below 300 lm for 95% of the particles, as

given by the powder supplier. In addition, the particle size

distribution was investigated by laser diffraction analysis

using the dry powder method (LS 13 320 Laser Diffraction

Particle Size Analyser, Beckman Coulter, Inc., United

States). The coatings were prepared by using an oxygen-

acetylene flame spray gun (CastoDyn DS 8000, Castolin

Eutectic, Switzerland) with gas pressure for oxygen and

acetylene of 4.2 bar and 0.7 bar, respectively. A powder

feeder (Sulzer Metco 4MP, Oerlikon Metco, Switzerland)

was used with compressed air as the carrier gas for feeding

the powder in the gun. A powder feed rate of 26 g/min was

defined for coating production. The coatings were auto-

matically sprayed by a single-arm robot (ABB IRB

4400/60, ABB Robotics, Sweden), controlling the trans-

verse speed and the spraying distance of the spray gun

during the coating production. These two parameters were

varied for the production of the polyethylene coatings,
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keeping as constant all the others. In particular, the heat

input of the combustion flame on the sprayed surface

changed based on the combination of the chosen process

parameters. In fact, the closer the spraying distance and the

slower the transverse speed, the higher the heat transferred

to the polymeric material. Consequently, a systematic

study was designed to investigate the effect of the heat

input of the process on the coating performances. The

values of transverse speed and spraying distance and the

number of specimens analysed in this work are summarised

in Fig. 1. These values were chosen based on the param-

eters suggested by the spray gun manufacturer for spraying

polymers. In particular, it was recommended to use a

minimum spraying distance of 250 mm during the process

production. However, we decided to spray only one sample

by using 200-mm distance to investigate the effect of the

heat input for an extreme condition of the chosen process

window (sample A0). The coatings were sprayed on grit-

blasted (alumina grits, 54 Mesh) stainless steel substrate

(UNS S31603) with dimensions of 200 mm 9 50 mm 9

1.5 mm. Each coating was sprayed following fixed pro-

duction steps, such as pre-heating of the substrate, spray-

ing, and post-heating by flame. In particular, prior to the

spraying, the substrates were pre-heated with the flame, to

ensure good coating adhesion. After pre-heating, three

layers of powder were sprayed with 5-mm step on the

whole substrate to obtain a thick coating. A thermal

imaging camera (Ti300 Infrared Camera IR Fusion Tech-

nology, Fluke Corporation, United States) was used to

monitor the temperature of the metal substrate before

spraying. The thermal camera was calibrated by experi-

mentally measuring the emissivity of the substrate mate-

rial. Then, the spraying of the coating started when the

substrate reached the melting transition temperature of the

polymer powder (around 120 �C). This monitoring avoided

the over-melting of the substrate, which might cause the

vaporisation of the polymer powder hitting the substrate.

Moreover, this prevents the formation of defects in the

polymer coating, such as voids, contaminants, and degra-

dation (Ref 34). However, the monitored temperature was

representative of the substrate until the spraying of the

coating started. This is due to the different emissivities

between the stainless steel substrate and polymer coating.

Microstructural and Surface Characterisation

The microstructure of the coating was analysed by a scanning

electron microscope (SEM, Jeol, IT-500, Japan), investigat-

ing the presence of defects within the coating structure, such

as voids and contaminations. In addition, energy dispersive

x-ray spectroscopy (SEM/EDS) was used to obtain a semi-

quantitative elemental composition (oxygen and carbon mass

percentage, in the case of our material) in very specific

locations of the cross section for coatings sprayed with dif-

ferent process parameters. For this test, the cross sections of

the sample were coated by both carbon and gold sputtering to

enhance the surface conductivity. The analysis was carried

out by using an acceleration voltage of 10 kV in high vacuum

by using a back-scattered electrons detector. This permitted

the analysis of the coating chemical composition for different

process parameters. Moreover, an optical microscope (Leica

DM2500 M, Germany) was used to measure the thickness of

the coating as an average of nine measurements in different

points along the width of the specimen. The areal roughness

(Sa) was measured with an optical profilometer (Alicona

Infinite Focus G5, Alicona Imaging GmbH, Austria) by using

209 objective magnification in the areas of 2 9 2 mm2,

according to ISO 4288 procedure. The texture of the surface

was analysed by using 59 objective magnification in areas of

approximately 30 9 30 mm2.

Ice Accretion and Ice Adhesion

Ice adhesion test of the coatings was performed using the

icing facilities at Tampere University (Ref 35). Firstly, arti-

ficial ice was accreted from supercooled droplets in the icing

wind tunnel on a surface area of 30 9 30 mm2 of the speci-

men. In the present and previous studies (Ref 31, 32, 35), a

mixed-glaze type of ice was accreted onto the specimen

surface. The characteristic icing parameters are summarised

in Table 1. After the ice was formed, the ice adhesion was

measured using the centrifugal ice adhesion test (CAT) in

sub-zero ambient condition. In this method, the iced specimen

is rotated with increasing speed until the ice detaches from the

surface of the specimen. A sensor monitors the moment at

which the ice detaches from the surface, and therefore, the ice

adhesion can be evaluated. The test setup is described in detail

in the previous work (Ref 35).

Fig. 1 Process window of the chosen parameters for flame spraying

of LDPE coatings. Samples were identified with letters (from A to C

for increasing transverse speed) and with numbers (from 0 to 2 for

increasing spraying distance)

J Therm Spray Tech (2020) 29:241–254 243

123



The shear ice adhesion strength is evaluated as the ratio

between the centrifugal force, F(N), at the moment of ice

detachment and the iced area, A(m2), of the specimen.

Equation 1 evaluates the adhesion strength, siceðkPaÞ, as

follows:

sice ¼
F

A
¼ micerx2

A
ðEq 1Þ

where miceðkgÞ is the mass of the accreted ice on the surface

of the specimen, r(m) is the radial spinning length, and

xðrad/sÞ is the rotational speed. The ice adhesion of the

coating was evaluated as an average of four parallel samples

during the icing accretion event. A test reference surface

(TT) (Teflon tape, 3 M, United States) was tested to control

the value of the ice adhesion for every accretion event. The

reference material is essential to ensure the repeatability of

the results, due to the variability of the ice adhesion strength

for different icing conditions (Ref 36-38).

Wettability

The wettability of the surfaces was examined using a

droplet shape analyser (DSA100, Krüss, Germany) to

evaluate the static contact angle and the roll-off angle of

the water droplets on the coating surface. The experiments

were performed by pouring 6 ll water droplets of ultra-

high purity water (MilliQ, Millipore Corporation, United

States) onto the surfaces. The tendency of the water droplet

to roll off from the surface was investigated by tilting

experiment. In particular, the angle of inclination of the

sample was measured when the droplet rolled off from the

coating surface. The values were evaluated as an average

of five measurements in different areas of the same coating

surface at 21 �C and 60% relative humidity.

Chemical and Thermal Characterisations

Polymers are well-known heat-sensitive materials, and

consequently, their structure is strongly influenced by the

temperature reached by the material during flame spraying.

This is mainly related to the time that the material spends

in contact with the flame. In fact, the heat input of the

process increases as the transverse speed and the spraying

distance decreases (longer time process), producing possi-

ble oxidation and physical degradation of the sprayed

polymer (Ref 34). For this reason, a thermal-processing

window is recommended for each polymer to prevent

excessive thermal degradation and consequently to ensure

the quality of the coating. Therefore, chemical and thermal

analyses of both the feedstock material and the coating

were performed to analyse the possible thermal degrada-

tion produced by the process parameters, influencing the

performance of the coating.

Fourier-Transform Infrared Spectroscopy (FTIR)

The chemical characterisation of the polymer powder and

the variation in the chemical structure of the coatings were

investigated by using Fourier-transform infrared spec-

troscopy (FTIR) (Bruker Tensor 27 FT-IR spectrometer,

Bruker, Sweden). The FTIR spectra were measured at room

temperature using an attenuated total reflection (ATR)

spectrometer whereas the internal reflection element (IRE)

was a diamond crystal. The degree of polymer oxidation

was determined by monitoring the change in intensity of

non-volatile carbonyl oxidation products. The intensity of

the absorbance peak at 1713 cm-1 was taken as a measure

of the concentration of carbonyl compounds derived by the

polyethylene degradation (mainly carboxylic acids) (Ref

39, 40). All measurements were performed by using three

samples taken from every coating surface.

Thermogravimetric Analysis (TGA)

The variations in the thermal stability of the coating within

the spraying-process window were investigated by ther-

mogravimetric analysis (TGA) (Netzsch TGA209F Tarsus,

Netzsch, Germany). The specimen weight was approxi-

mately 10 mg and a dynamical heating was performed at

20 �C/min from 25 to 600 �C in nitrogen atmosphere.

Firstly, the degradation temperature of the polymer powder

was measured at the maximum deflection point of the TG

curve. Secondly, the thermal stability of the coatings and

their degradation degree were evaluated by comparing the

temperatures at which the 2% (T98%), the 5% (T95%), and

the 10% (T90%) of the mass of the coating were lost during

the thermal heating (Ref 41). In particular, the lower these

temperatures, the higher the degree of degradation of the

polymer coating during flame spraying.

Differential Scanning Calorimetry (DSC)

The thermal characterisation of the powder and the influ-

ence of the process parameters on the degree of crys-

tallinity of the coatings were evaluated by using a

Table 1 Parameters of the icing wind tunnel

Parameter

Room temperature - 10 �C
Relative humidity 83-86%

Water temperature 6-7 �C
Air pressure 3.5-4 bar

Airflow 60-70 l/min

Water pressure 3.5-4 bar

Water flow 0.15-0.2 l/min

244 J Therm Spray Tech (2020) 29:241–254

123



differential scanning calorimetry (DSC) (Netzsch DSC214

Polyma, Netzsch, Germany). Test specimens were weighed

approximately 10 mg. First dynamical heating was per-

formed at 20 �C/min from - 20 to 150 �C in nitrogen

atmosphere in order to evaluate the degree of crystallinity

of the produced coating. In addition to this, to evaluate the

maximum degree of crystallinity of the powder, a slow

cooling at 1 �C/min was performed after the first heating to

remove the effect of the thermal history due to the pro-

duction process of the powder. Then, the second dynamic

heating was carried out with parameters identical to the

first heating only for the powder. The degree of crys-

tallinity of the powder was compared to one of the coatings

to understand the effect of the process parameters on the

degree of crystallinity of the material after flame spraying.

The degree of crystallinity v was derived by the ratio of the

measured heat of fusion and the heat of fusion for finite

crystals for the considered polymer, as shown in Eq 2:

v ¼ DH
DH100%

ðEq 2Þ

where DH (J/g) represents the melting enthalpy of the

specimen (corresponding to the melting-peak area) and

DH100% (J/g) represents the measured enthalpy based upon

a perfect crystal heat of fusion of 293 J/g (Ref 42).

Results and Discussion

Thermal spray technology, and especially flame spraying,

represents a fast technique for the production of thermo-

plastic polymer coatings due to the advantage of the

melting-consolidation transition of the polymer in one-step

process. However, polymers are known to be heat-sensitive

materials, and therefore, a thorough study is necessary to

evaluate in detail the influence of the process parameters on

the coating properties, such as thermal properties,

mechanical performance, and durability. Moreover, the

spray process parameters can influence the areal roughness

of the coating, which has been considered as one of the

main factors affecting the icephobicity of the surface (Ref

43, 44). For this reason, a compromise should be reached

between the coating performances and the resulting surface

properties affecting icephobicity, when selecting the pro-

cess parameters.

Powder Properties

The morphological analysis of the powder showed the

presence of the different dimensions and shapes of the

polymer particles. The powder morphology is shown in

Fig. 2. In particular, the particle shape varied from small

grain to stretched and narrowed flakes due to the method

used for the powder production. The analysis of the powder

dimensions indicated that 90% of the total particles count

has a diameter smaller than 278 lm and that 10% of the

total particles count is smaller than 104 lm. Moreover, the

thermal characterisation of the powder was carried out to

define the processing temperature of the coating. The

LDPE powder showed a melting-peak temperature of

109 �C and a thermal degradation temperature of 427 �C
(measured at the 2% mass loss of the TG curve of the

LDPE powder, as it is indicated in Fig. 9). Table 2 sum-

maries the LDPE powder properties.

Microstructural and Surface Properties

of the Coatings

The microscopic analyses of the coatings revealed no

defects within the structure, such as voids, even for the

specimen that was visibly degraded using the spraying

distance of 200 mm and the transverse speed 500 mm/s

(sample A0), as shown in Fig. 3. The variation in coating

thicknesses can be clearly visible from the cross sections of

the coatings sprayed by using different parameters. In fact,

the process parameters affected the deposition efficiency of

the polymer powder, as we can see from the results of the

thickness measurements in Fig. 4. Considering the powder-

feeding rate and the spraying distance as constant, the

thickness of the coating decreased as the transverse speed

increased from 500 to 900 mm/s (A1, B1, C1 and A2, B2,

C2 in Fig. 4). This result is reasonable if we assume that

Fig. 2 SEM image of LDPE powder

Table 2 Properties of LDPE powder

Powder properties

Particle size distribution - 278 ? 104 lm

Peak melting, T 109 �C
Degradation, T 427 �C
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the amount of material deposited per unit length decreases

as the transverse speed increases during the spraying pro-

cess (powder-feeding rate and spraying distance as con-

stant). However, for heat-sensitive material, this fact is not

obvious, due to the strong dependence of the flow prop-

erties of the polymer from the process temperature and the

effect of the combustion flame on the polymer powder (Ref

33). In fact, for the specimens sprayed at 500 mm/s, we can

see that the coating thickness is influenced by the heat input

within the material produced by lower transverse speed

(see A0, A1, A2 in Fig. 4).

The standard deviations of the thickness measurements

increased as the transverse speed increased from 500 to

900 mm/s. This is due to the variability in the coating

texture, being rougher for samples produced with the

higher transverse speed. This result was confirmed by the

optical profilometer analyses of the coating surface. These

analyses showed a gradual increase in the areal roughness

with increasing transverse speed. The resulting areal

roughness was related to the chosen process parameters and

varied from 5 lm for the sample A0 to 18 lm for the

sample C2. Figure 5 summarises the surface texture images

and the areal roughness values for all of the specimens

analysed in this study.

Icephobicity and Wettability of the Coating Surface

A coating is considered icephobic when the adhesion of the

ice formed on its surface is low enough that this can be

easily removed by shear. However, different methods are

used to evaluate the icephobicity of the surface. In partic-

ular, this can be evaluated by measuring the ice adhesion

with different tests (Ref 45, 46), by studying the delay of

droplet freezing (Ref 47, 48), the frost formation (Ref

49, 50), and the attitude of a cold surface to repel impacting

water droplets (Ref 11, 51). In this work, the ice adhesion

was measured by using the centrifugal adhesion method

(Ref 35) to compare the icephobic characteristic of the

produced coatings. For this test method, we defined a

surface with low ice adhesion when the adhesion of ice is

below 50 kPa (Ref 52). Moreover, the surface shows

extremely low ice adhesion when the ice is shed off with a

force lower than 10 kPa (Ref 52). Figure 6 represents the

ice adhesion value (and standard deviation) and the areal

roughness of the as-sprayed coatings.

The results showed a strong influence of the process

parameters on the icephobicity of the coating surfaces.

Firstly, for the slowest transverse speed (from A0 to A2), ice

adhesions represented the highest values obtained in this

study. The ice adhesion decreased with decreasing areal

roughness according to the previous research (Ref

37, 53, 54). In particular, samples A resulted in the highest

ice adhesion here, despite they represented the smoothest

surfaces in comparison with the other coatings. This indi-

cates that other factors are affecting the icephobicity of the

surface in addition to areal roughness. Secondly, with the

medium transverse speed (B1 and B2), no clear relation was

found between the ice adhesion and the areal roughness.

Thirdly, the lowest ice adhesion is reached with the specimen

C1 (32 ± 3 kPa), showing an optimal combination of

parameters in the process window of this study.

Fig. 3 SEM images of the cross sections of LDPE coatings sprayed with different process parameters. In particular from left to right: A0 with

200 mm and 500 mm/s; B1 with 250 mm and 700 mm/s; C1 with 300 mm and 900 mm/s

Fig. 4 Thicknesses measurement from the cross-sectional images of

the coatings
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The wettability of the surface represents another

important property in the analysis of the icephobicity of the

coatings. In previous studies, the wettability of the surface

has shown to be beneficial for the icephobicity of surfaces

(Ref 46). The hydrophobicity (water contact angle greater

than 90�) or the superhydrophobicity (water contact angle

greater than 150�) of the surface would prevent water

droplets to strongly adhere to the surface before freezing

occurs (Ref 55). The increased water contact angle and the

decreased roll-off angle have shown a reduced ice adhesion

for superhydrophobic coating when ice is frozen onto the

surface (Ref 56). However, when the ice is accreted from

supercooled droplets, no clear connection has been found

between the ice adhesion and the wettability properties of

the surface (Ref 52). The wettability properties of the

polyethylene coatings analysed in this work are

Fig. 5 Surface texture and areal roughness (Sa) of the coatings measured by optical profilometre analysis. The surface textures correspond to

coating areas of approximately 30 9 30 mm2

Fig. 6 Ice adhesion (left axis) and areal roughness Sa (right axis) of

the coatings. Teflon tape (TT) represents the reference material for ice

adhesion used in this centrifugal test
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summarised in Table 3. The water contact angle for the

produced coatings varied from 89� to 94�, showing a

general hydrophobic character of the surface. Moreover, all

the surfaces showed a roll-off angle higher than 90�, with

the water droplets pinned onto the surface; hence, no roll

off was observed. No relation between the wettability and

icephobicity of the surface was found for all the coatings

on which impact ice was accreted. Consequently, we can

conclude that the process parameters did not strongly affect

the wettability of the produced surfaces, although their

icephobicity varied. Considering the trend of the ice

adhesion results in Fig. 6, one of the factors influencing the

icephobicity of the coating can be related to the different

heat inputs of the process on the polymer material. In the

case of heat-sensitive polymers, thermal degradation plays

an important role in the coating process due to the presence

of the combustion flame (Ref 33). In fact, thermal degra-

dation might cause crosslinking of the polymer chains,

chain scission, oxidation, and loss in the molecular weight

(Ref 34). Moreover, degradation produces the embrittle-

ment of the polymer surface that visually shows the pres-

ence of surface micro-cracks. These promote the formation

of mechanical interlocking between ice and the damaged

coating surface, increasing the ice adhesion strength (Ref

57). In addition, the chemical structure of the surface

influences on the icephobicity. The possible chemical

modification of the coating during the flame spray process

might play a role in the variation in the ice adhesion

strength with the process parameters. These factors

affecting icephobicity will be investigated by using

chemical and thermal analyses.

Chemical and Thermal Properties

In flame spraying, the combustion flame melts the polymer

powder and the coating is formed by the molten particles

hitting into the substrate surface (Ref 28). However, this

flame causes the degradation of the polymer powder,

especially for the smallest powder particles that do not

withstand the flame temperature (they produce ‘‘sparks’’ in

the flame). Moreover, the slowest transverse speed

increases the time of the process, increasing the coating

temperature (Ref 33). Consequently, degradation occurs by

the mechanism of chain scission (producing short polymer

chains and decreasing the molecular weight) and oxidation

(Ref 29, 30, 58). The oxidation of thermally sprayed

material is temperature and time-dependent process (Ref

28, 29, 59). The greater the time of exposition of the

polymeric material to the flame, the higher the effect of the

thermal oxidation in the deposited material. Two types of

oxidation processes can be distinguished during the ther-

mal spray process. Firstly, the oxidation process of the

polymer powder occurs during the spraying of the powder

passing the flame, known as in-flight oxidation. Secondly,

the oxidation of the polymer splats, already deposited on

the substrate, can happen during the coating formation.

However, different researchers underlined the fundamental

difficulty of separating the effect of these two stages of

oxidation (Ref 28). The substrate temperature increases

with increasing process time and decreased spraying dis-

tance (Ref 29, 60). For this reason, the chemical and

thermal characterisations were needed for the flame-

sprayed coatings to avoid the damage of mechanical

properties, such as toughness and strength, and embrittle-

ment of the coating surface (Ref 33).

The chemical analysis of the surfaces was carried out by

investigating the possible variation in the FTIR spectra

obtained for the different coatings in comparison with the

virgin powder. Figure 7 represents the FTIR spectra of the

powder (black curve) together with selected coating sam-

ples (AO, A1, A2, and C2). The FTIR spectrum of the

LDPE powder (black curve in Fig. 7) showed the presence

of the typical methylene peaks of the polyethylene poly-

mer. In addition, the powder probably incorporates a con-

ventional thermal stabiliser of an undisclosed composition

containing polar (-OH) and carbonyl products (peak at

1734 cm-1) (Ref 61). The main difference between the

powder and the coatings spectra relied on the development

of absorbance bands in the regions 1700-1750 cm-1 and

800-1300 cm-1, respectively. In addition, the presence of a

new absorbance peak at 1713 cm-1 was really evident for

some of the sprayed coatings (intensity of absorbance peak

at 1713 cm-1 of 0.04 for the virgin powder). Specifically,

the intensity of the absorbance peak at 1713 cm-1

increased from 0.15 for the sample A2 to 0.30 for the

sample A0, considering the coatings sprayed with the

transverse speed of 500 mm/s. This increase in peak

intensity indicated the greater modification of the chemical

structure of the polyethylene with decreasing spraying

distance during flame spraying. In particular, this new peak

was related to the primary oxidation product formed by the

thermal oxidation of polyethylene, mainly consisting of

carboxylic acids and carbonyl compounds (Ref 40). In this

research, oxygen is present both in the spraying

Table 3 The wettability properties of the polyethylene coatings

Sample Water contact angle, � Water roll-off angle, �

A0 93(± 1) [ 90

A1 90(± 1) [ 90

A2 94(± 1) [ 90

B1 93(± 1) [ 90

B2 93(± 3) [ 90

C1 89(± 2) [ 90

C2 92(± 3) [ 90
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environment and in the gas mixture used for the production

of LDPE coatings. The principal chemical reactions of the

oxidation mechanism of polyethylene can be described by

three main stages (Ref 62). Firstly, free carbon radicals are

produced from the polyethylene polymer chain via chain

scission. The reaction is thermally initiated by the energy

available from the combustion flame. Secondly, the oxygen

reacts with the free carbon radicals to form peroxyl radi-

cals, carbonyl compounds, and additional free carbon

radicals. Finally, the free radicals react between each other

to form carbonyl product, shorter polymer chain, and

oxygen molecules (Ref 40, 62). The enhanced presence of

the carbonyl products in the chemical structure confirmed

that the thermal degradation of polyethylene gradually

occurred at the coating surface as the heat input of the

process increased. However, the production of carbonyl

products gradually decreased as the combustion flame was

further away from the coating surface and the time of the

process was reduced. In particular, the specimen C2

(Fig. 7) revealed an FTIR spectrum similar to the polymer

powder spectrum (the absorbance intensity at 1713 cm-1

equal to 0.07) with no evidence of the peak at 1713 cm-1.

This verified that the process parameters strongly affect the

chemical composition of the coating and consequently its

icephobicity. Figure 8 shows the relationship between the

absorbance intensity of the peak at 1713 cm-1 for the

produced coatings and the ice adhesion. We can see that

the lower the intensity of the absorbance peak at

1713 cm-1, the higher the icephobic behaviour of the

coating. However, this trend was not verified for the

sample C2 sprayed with 900 mm/s and 300 mm, where the

degree of degradation was strongly decreased due to

reduced process heat input for this combination of

parameters (intensity equal to 0.07 for C2 and no evident

peak at 1713 cm-1 in Fig. 7).

To compare the effect of process parameters on polymer

degradation, the time the polymer is exposed to elevated

temperatures was approximately estimated. The time of

exposition of the in-flight particles to the flame can be

considered of the same order for every produced coating, as

the polymer particles passed through the same combustion

flame with the same velocity. Therefore, the main effect of

degradation would directly depend on the oxidation of the

polymer splats on the substrate during the coating deposi-

tion. This oxidation mainly depends on the combination of

process parameters chosen for the coating production, such

as the transverse speed and the spraying distance. The

transverse speed mostly influences the duration of the

process and the spraying distance mainly controls the

temperature reached by the substrate during the process.

For a chosen spraying distance, the lower the transverse

speed, the higher the degree of thermal oxidation experi-

enced by the coating (see absorbance value between A1,

B1, C1 and A2, B2, C2 in Fig. 8). Moreover, for a chosen

transverse speed, the lower the spraying distance, the

higher the temperature reached by the substrate, the higher

the degree of oxidation of LPDE coatings (see absorbance

value between A0, A1, A2 and B1, B2 in Fig. 8). Previ-

ously, FTIR analysis verified the increase in carbonyl and

carboxyl compounds (containing oxygen element) limited

at the coating surface for different spraying parameters. To

support this, the energy dispersive x-ray spectroscopy

(SEM/EDS) was used to evaluate the possible presence of

carbonyl compounds (containing oxygen) in the coating

structure. The mass percentage of oxygen was measured to

be 14 ± 1 and 8 ± 0.5% for samples A0 and C2,

Fig. 7 FTIR spectra of LDPE powder and flame-sprayed LDPE

coating sprayed with 500 mm/s (A0, A1, A2) and with 900 mm/s

(C2)

Fig. 8 Ice adhesion strength and absorbance intensity at 1713 cm-1

for the flame-sprayed LDPE coatings
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respectively. These values corresponded to the average of

three measurements analysed from the coating cross sec-

tion. In particular, sample A0 showed a higher amount of

oxygen in the coating structure, confirming the greater

level of degradation produced during the process.

The thermogravimetric analysis (TGA) was used as an

additional technique to investigate the thermal degradation

of the coating. TGA represents a thermal analysis that

reveals the temperature where the polymer can be pro-

cessed without breaking down it into a gas. The FTIR

results confirmed the formation of new carbonyl and car-

boxyl groups for the sprayed coating. This fact implied the

chain scission of polyethylene and consequently the for-

mation of short polymer chains (Ref 40, 62). These short

chains will evaporate at a lower temperature than the

longer polymer chain. Consequently, the higher the amount

of short polymer chains within the coating structure, the

lower the temperature measured for a certain percentage of

mass loss. Based on this, the thermal stability of the coating

was evaluated by comparing the temperatures at which the

2% (T98%), 5% (T95%), and 10% (T90%) of coating mass

were lost during TGA test. The TGA curves of the virgin

powder (black curve) and the sample A0 (red curve) are

represented in Fig. 9. In addition, the temperature at 98, 95,

and 90% of mass loss are indicated in the magnified part

(grey rectangular area) of the TGA curves. The results from

the thermogravimetric analysis are summarised in Table 4.

For all the test samples, no relevant mass loss was

measured below 150 �C, confirming the absence of mois-

ture within the material and ensuring that the evaluated

mass loss was referring only to the polymer chain degra-

dation. Firstly, the results showed a good initial thermal

stability of the powder that could withstand the temperature

of 427 �C by evaporating only 2% of its total mass. In fact,

the higher the value of T98%, the greater the thermal sta-

bility of the coating. Secondly, this good thermal stability

was generally reduced for all the produced coatings.

Therefore, the stability was decreased for the A specimens,

confirming the highest degree of degradation for the sam-

ple sprayed with the closer distance, A0. For medium

transverse speed (B1), the thermal stability of the coating

slightly improved in comparison with the coatings sprayed

with 500 mm/s. Moreover, even lower degradation was

revealed for the sample C2, showing the loss of mass of 2%

around 417 �C. This behaviour was reproduced for all the

coating, also if we consider the temperatures at 5% mass

loss (T95%) and 10% mass loss (T90%) in Table 4. These

results strongly confirmed the decrease in thermal stability

of the coating with the increased heat input on the polymer

during the process. In fact, with decreasing transverse

speed and spraying distance, the substrate can heat-up for a

longer period of time, producing thermal degradation of the

coating.

The effect of the thermal history produced by the flame

spray process on the degree of crystallinity of the coating

was investigated by differential scanning calorimetry

(DSC). The degree of crystallinity represents an important

feature for semi-crystalline thermoplastic polymers, such

as LDPE. In fact, this property is directly proportional to

the mechanical properties of the coating, such as tensile

strength and modulus (Ref 63), and to its barrier properties,

such as moisture, solvent absorption, and oxygen perme-

ation (Ref 64). For this reason, the degree of crystallinity of

the coatings should be as close as possible to the one of the

original powder, as an indication of reduced thermal

degradation. Figure 10 represents the endothermic melting

peaks of the LDPE polymer both for the powder (black

curve) and the coatings sprayed with 500 and 900 mm/s.

The curves in Fig. 10 showed the broadening of the

melting-peak transition and the decrease in the melting-

peak intensity, gradually passing from the virgin powder

(black curve) to the sample A0 (red curve). This effect was

clearly related to the degradation process (mainly polymer

chain scission) of the low-density polyethylene polymer, as

Fig. 9 TGA curve of the virgin powder (black curve) and sample A0

(red curve). The magnified part of the graph represents the evaluation

of the temperature corresponding to mass loss of 2, 5, and 10% (Color

figure online)

Table 4 Results of the thermogravimetric analysis

Sample T98%, �C T95%, �C T90%, �C

Powder 427 444 454

A0 350 404 435

A1 363 408 434

A2 370 415 434

B1 380 424 443

C2 417 438 451
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observed in the previous studies (Ref 65). No evident dif-

ferences were found between the curve of the powder and

sample C2, confirming the reduced thermal degradation.

The melting temperature (Tm), the melting enthalpy (DH),

and the degree of crystallinity (v) were evaluated for the

flame-sprayed coatings by analysing the first dynamical

heating. These values are summarised in Table 5. The

values of the powder referred to the second heating after a

slow cooling in the test. In fact, the melting transition of

the first heating of the powder is related to the thermal

history that the polymer undergoes during its production

process. Consequently, this is not representative of the

degree of crystallinity of the virgin material. For this rea-

son, a second heating after the slow cooling was performed

to obtain the maximum degree of crystallinity of the virgin

powder.

The degree of crystallinity for the LDPE powder after a

slow cooling was evaluated as 43%. This value was in the

typical range of crystallinity for LDPE polymer, evaluated

by DSC (Ref 66). Moreover, the degree of crystallinity of

the polymer gradually increased as the heat input of the

process decreased (increased spraying distance from A0 to

A2 in Table 5). This effect was reduced for samples C,

showing decreased thermal degradation (FTIR graph in

Fig. 7). In addition, as shown by the FTIR spectrum

(Fig. 7), the gradual degradation of the coating probably

generated radical reactions that caused the crosslinking of

the LDPE and, in some cases, reduced its crystallinity (Ref

67). In this study, a clear correlation was found between the

ice adhesion strength and the degree of crystallinity of the

coating, as shown in Fig. 11.

The degree of crystallinity was strongly influenced by

the heat input of the process for the samples A0, A1, and

A2, increasing from 29 to 40%. A slightly further increase

was revealed for samples B, and then, the degree of crys-

tallinity was independent of the chosen process parameters

for the coldest temperatures. We can generally conclude

that the thermal degradation of the polymer negatively

influenced its degree of crystallinity within the considered

process window. Moreover, the variation in the degree of

crystallinity due to thermal degradation strongly influenced

the mechanical properties of the polyethylene, such as its

tensile strength, ductility, stiffness, and toughness (Ref 62).

In addition, the barrier properties of the coating, such as

permeability to air and moisture, represent an important

aspect in relation to the ice adhesion of the coating. The

previous studies have shown that the permeability of

thermally aged PE film increases for both moisture and air,

showing a decrease in the barrier properties of the material

(Ref 68). In fact, the higher permeability of water within

the coating structure could be easily related to the tendency

of supercooled droplets to penetrate the surface. However,

these properties were not investigated in this study.

Therefore, it cannot be excluded that they could be con-

nected with the reduction in the icephobic behaviour of the

surface with increasing thermal degradation. We can con-

clude that the thermal degradation of the polymer is

Fig. 10 Melting transition of LDPE powder and flame-sprayed

coatings with 500 mm/s (A0, A1, and A2) and 900 mm/s (C2)

Table 5 Melting temperatures and degree of crystallinity of LDPE

powder and flame-sprayed coatings

Sample DH, J/g Tm, �C v, %

Powder 126.3 107.7 43

A0 86.8 105.2 29

A1 108.2 108.5 37

A2 119.4 110.0 40

B1 121.3 107.6 41

B2 123.0 108.7 42

C1 120.3 107.9 41

C2 123.8 109.8 42

Fig. 11 Relationship between the ice adhesion strength (left axis)

and the degree of crystallinity (right axis) of flame-sprayed LDPE

coatings
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correlated with the icephobicity of the surface, showing the

higher ice adhesion strength for the most degraded polymer

surfaces. However, further investigations are necessary to

evaluate which aspect of thermal degradation, such as

chain scission, oxidation, or surface embrittlement, directly

influences the surface icephobicity.

Conclusions

In this study, icephobic LDPE coatings were produced with

flame spraying by varying the heat input during coating

processing. This was done by changing the transverse

speed and the spraying distance of the spray gun. The

optimisation of the parameters for the icephobic applica-

tion was achieved through the process window designed for

the LDPE coatings. In particular, it was found that the

process parameters strongly affected the areal roughness of

the coatings and the heat input during the production pro-

cess. This increased the thermal degradation of the polymer

coating, compromising its thermal stability, degree of

crystallinity, and consequently its icephobic behaviour. For

this reason, the heat input should be monitored during

flame spraying of polymeric material to avoid the decrease

in the coating properties. Here, we found that the most

icephobic coating (ice adhesion strength 32 ± 3 kPa) was

produced by using 900-mm/s transverse speed and 250-mm

spraying distance. The areal roughness affected the ice

adhesion, but no clear relationship was established for

these samples. However, the thermal effect was shown to

represent the main factor influencing the icephobicity of

the coating. The heat input of the process influences both

on the areal roughness and the thermal degradation of the

coating. The higher the processing temperature of the

polymer, the smoother the surface produced and the greater

the material degradation. Connections were found between

the thermal properties of the LDPE coating and the ice-

phobic characteristic of the surface. In particular, an

increase in the coating degradation (intensity of the

absorbance peak at 1713 cm-1) was strongly correlated

with the decrease in the icephobicity for certain heat-input

limit. After that, coatings achieve a relatively stable be-

haviour within the property deviation. Similarly, the degree

of crystallinity increased as the degree of thermal degra-

dation decreased and a good relationship was found with

the decrease in ice adhesion until the limit. Moreover, this

study showed that thermal stability is necessary for higher

ice adhesion performance. This can be assumed to be one

of the dominant factors in flame spraying of polymers.

However, the coating degradation can be caused during

both spraying and post-heating steps for these samples.

Therefore, to understand better the effect of the process

steps on the coating quality, further investigations will

focus on their influence on the coating degradation and

consequently on the icephobicity of the surface.
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32. H. Niemelä-Anttonen, H. Koivuluoto, M. Kylmälahti, J. Laakso,
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