








 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

AEP  Annual Energy Production  
HP High Pressure 
HPCS High Pressure Cold Spray 
LP Low Pressure 
LPCS Low Pressure Cold Spray 
RPM Revolutions per minute   
SLIPS  Slippery Liquid-Infused Porous Surfaces 
WCA Water Contact Angle 
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1. INTRODUCTION 

1.1 Effects of ice accretion 

Ice accretion is an undesirable weather condition that affects logistics, industry, infra-

structure, outdoor facilities and structures such as airplanes, ships, power plants, tele-

communication equipment and residential areas leading to enormous financial loss and 

structural damage.  A few examples of the potentially damaging effect of icing is shown 

in Figure 1.  Icing can cause a massive impact on transportation and reduce efficiency 

of mechanical systems. Icing in cold climate regions, for example, can cause a loss of 

Annual Energy Production (AEP) as high as 23% on wind turbine operation [1]. 

 

    
  Figure 1. Ice and snow accumulation can turn efficient mechanical and electronic 

systems into dysfunctional, rock-like objects. Ice accretion on a) an airplane [2], b) a 

vessel [3], c) communication equipment [4], and d) wind turbine blade [5].   

 

 

 

a b 

c d 
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Ice accretion can also be a hazardous condition. For example, ice accretion on aircraft 

frames and unprotected surfaces, as shown in Figure 2a and 2c, affects aerodynamic 

performance which can ultimately lead to loss of control of the aircraft [6].  Ice also can 

restrict engine air inlet [6], as shown in Figure 2b, which can lead to engine failures.  

 

 
Figure 2. Ice accretion on (a) aircraft body, (b) aircraft engine and (c) aircraft sur-

faces. Images are provided by NASA [7].  

 

Ice can also form, for example, on train breaks as shown in Figure 3a which can jeop-

ardize breaking efficiency [8]  and ultimately lead to loss of control and accidents. Ice 

accretion on train tracks, as shown in Figure 3b, causes wheel slip, interrupts electrical 

supply on top on the conductor rail, and causes trip delays and cancellations [9].  

 

 
Figure 3. Ice formation on a) train breaks [8]  and b) train tracks [10]. 

1.2 Anti-icing and de-icing methods 

There exist two main methods for dealing with icing problems: anti-icing and de-icing 

methods.  Each method has its own advantages and disadvantages. The several meth-

ods can also be used together to prevent and remove snow and ice.    

1.2.1 De-icing systems 
De-icing is the removal of snow and ice off surfaces by mechanical, thermal or chemical 

means [8].  An example of de-icing methods includes the physical removal of snow and 

a b 
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ice from aircraft body, as shown in Figure 4.  Although de-icing methods are simple, 

reliable and more common than other methods, they involve complicated infrastructure 

and require substantial energy [11].  In addition, they cannot be sufficiently used to pre-

vent hazardous conditions.  Because of this, there is a demand for anti-icing systems.  

 

  
Figure 4. Photographs of current and historical de-icing methods for the removal of 

ice off aircraft wings [12].  

1.2.2 Anti-icing systems 
Anti-icing is preventing ice formation over protected areas; they are more efficient than 

de-icing methods because in theory they act to prevent snow from bonding rather than 

break down ice layers [13].  There exist two main types: passive and active. Many are 

still in development however, there are only a few on the market [14].  Active anti-icing 

systems require supplied energy like de-icing systems and are mostly used in the aero-

space industry [14].  Passive anti-icing methods do not require supplied energy.  Exam-

ples of researched passive systems include paints and coatings, as shown in Figure 5.  

 

 
Figure 5. A schematic of passive anti-icing coatings [7]. Note this study focuses on 

liquid filled surfaces type icephobic coatings.  
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1.3 Aim of study 

The aim of this study is to evaluate the feasibility of producing cold sprayed, porous, 

liquid-infusible structures and discuss their potential to be used as icephobic (i.e. passive 

anti-icing) coatings.  Process development parameters are determined based on com-

parison of randomized test experiments.  In addition, water contact angle of the produced 

coatings is measured.  The process of producing cold sprayed SLIPS is described in 

Figure 6; it involves cold spray-coating a surface or a substrate and infusing it with lubri-

cating liquid.  The SLIPS structure can be re-infused as need to maintain function.  

 
Figure 6. Cold sprayed SLIPS process: (1) cold spray coating a substrate, (2) infus-

ing the coated surface with oil, and (3) re-infusing as needed. 
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commonly link icephobicity with superhydrophobicity based on behavioral similarities be-

tween the surfaces [23],[22].  Nevertheless, many opposing research studies conclude 

that there is no direct relationship between the different phenomena [23].  

 

 
Figure 8. Superhydrophobic surfaces rely on increased surface roughness of a hy-

drophobic surface (to create highly hydrophobic air pockets) [24]. 

2.2 Testing methods for icephobic surfaces   

An existing method for testing icephobic behavior of surfaces involves measuring ice 

adhesion strength of ice formed in an icing wind tunnel, such as one show in Figure 9, 

for different surfaces.  In theory, it is possible to design experiments based on the most 

representative atmospheric parameters.  Nevertheless, there are technical limitations 

and a lack of a standardized testing method available for ice wind tunnel testing.  Differ-

ent studies use different ice adhesion methods, ice thicknesses, test conditions and var-

iables [7] which makes comparing different test results impossible.  Data obtained from 

one test are useful in conducting comparative analysis only under exact conditions.  

 

 
Figure 9. Icing wind tunnel currently under development at Tampere University (for-

merly Tampere University of Technology) [25].  
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The use of different testing methods in icephobics studies oftentimes leads to large var-

iation of data and ice adhesion test results.  Specifically, literature does not agree on a 

small range of values for ice adhesion strengths for the same individual substrates and 

surfaces. Literature has reported that, for example, uncoated aluminum has ice adhesion 

strength values between 55 and 1360 kPa in different studies [26],[27].  Similarly, there 

exists large scatters in ice adhesion strength data for individual solid surfaces in different 

studies [28],[29]. This leads to a lack of understanding of icephobic surface properties.   

2.3 Properties of icephobic surfaces 

Due to the large variation in data, the connection between surface properties and ice 

adhesion strength is not well established [30].  As icing test data present large scatters 

[27], there exist discrepancies between studies on the effect of surface properties on ice 

adhesion strength.  For example, the effect of roughness, a key property in surface en-

gineering, on icephobicity is unknown because the interaction of ice with surface rough-

ness is not understood [27].  Most roughness models show large scatters when plotted 

against ice adhesion, as shown in Figure 10, and do not provide an understanding of the 

affecting mechanism of ice adhesion [27].  Based on different studies on the effect of 

properties, it has been reported that roughness improves icephobic behavior [22], re-

duces icephobic behavior [31], has a major effect on icephobic behavior [32], and has a 

secondary effect on icephobic behavior [33].  The data obtained from these studies can 

be biased, for example, by geometric differences in ice formation [27].  Nevertheless, 

understanding the effect of surface properties is key to designing icephobic surfaces.  

 

 
Figure 10.  The adhesion of different material and measured roughness (red dotted 

line). Graph obtained from Icephobic Behaviour and Thermal Stability of Flame-

Sprayed Polyethylene Coating: The Effect of Process Parameters [34]. 
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6. RESULTS AND ANAYSIS 

The cold spraying parameters of successfully coated samples are shown in Table 2.  In 

total, seven high pressure (HP) coated samples and one low pressure (LP) sample are 

selected for testing and analysis.  

 

Table 2. Spraying parameters for successfully cold sprayed samples.  
Selected Samples 2 

(LP) 
21 

(HP) 
22 

(HP) 
23 

(HP) 
24 

(HP) 
30 

(HP) 
33 (HP) 34 (HP) 

 
Polymer 

 
PP 

 
PP 

 
PP 

 
PP 

 
PP 

 
HDPE 

 
PP-PPA 

(2:1) 

PP-PPA-
LDPE 
(2:1:1) 

Gas Pressure (bar) 4,2 15 15 15 15 10 15 15 
Gas Temp. (oC) 224 150 150 150 150 150 150 150 
Powder feeding (RPM) 3,5 4 4 4 4 4 4 4 
Substrate Temp. (oC) 120 135 135 135 135 135 135 135 
Spraying Speed 
(m/min) 

NA 10 10 10 10 5 10 10 

Spray distance (mm) 15 40 50 60 60 40 40 40 
Spray angle (o) 90 90 90 90 30 90 90 90 
Number of passes 1 3 3 3 3 3 3 3 

 

Sample 21, 22, 23 and 24 obtained sufficiently durable coat structure for sample 

preperation. Consequently, structure by microscope and oil stability testing was possible. 

Other sample coatings could not undergo sample preperation due to fragile coat 

structures. Additionally, measurement of roughness by profilometer could not be 

conducted for all oil-infused samples due to transparent oil affecting measurements. 

Testing for the samples listed in Table 2 is conducted as shown in Table 3: 

 

Table 3. Testing conducted for samples 

Test Tested Samples 

Structure by microscope 21, 22, 23, and 24 (non-infused) 

Hydrophobicity by WCA 2 (oil infused), 21, 22, 23 & 24 (oil infused 

and non-infused), 30, 33 & 34 (oil infused) 

Roughness by profilometer 2 (non-infused), 21, 22, 23 & 24 (oil infused 

and non-infused), 30, 33 & 34 (oil infused) 

Oil stability by centrifuge 21, 22, 23 and 24 (oil infused) 
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Figure 26 shows an image of the coatings produced on samples 21, 22, 23 and 24. 

Although the coatings seem similar, they inhibit different structures and surface 

properties that are produced by the different spraying parameters.   

  

 
Figure 26.  Produced samples 21, 21, 23, 24 (left to right). 

6.1 Coating structure  

Table 4 lists information obtained from images taken by the microscope.  Figures 27 

through 34 shows 5x and 10x images for the samples listed in Table 4.  
 

Table 4. Data obtained from structure.  
Speci-

men 

Average Coat 

thickness (µm)  

Thickness 

STDV (µm) 

Average Pore 

size (µm) 

Pore size STDV  

(µm) 

21 657.5 25,4 39.9 10,6 

22 648.2 19,5 40.7 14,5 

23 594.4 13,3 68.4 9,91 

24 475.0 21,2 46.7 19,8 

 
As shown in Table 4, the different samples obtained different thicknesses and pore 

sizes. As shown the differences between the samples are small.  
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Figure 27. Sample 21 microscope image (cross section) 

 

Figure 28 describes the microscopic image for sample 21 at 10x lens from a cross sec-

tional view. The red arrows show the different components of the prepared sample: the 

coating structure, the micropores in the structure, the steel substrate and resin.  

 

 
Figure 28. Sample 21 (10x, cross section) 

Coating structure (partially melted 

polymer powder) 
 

Micro Pores; capabale of 

oil-infusion 
 

Steel substrate 
 

Resin 
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Figure 29. Sample 22 microscope image (cross section) 

 

As shown in the microscopic images, the structure is highly porous due to the partial 

melting of the particle. This porous structure is desired for designing SLIPS.  

 

 
Figure 30. Sample 22 (10x, cross section) 
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Figures 31 and 32 are microscopic images for sample 23, which had the largest pore 

size. Although pore size is desired in SLIPS and that the cold spraying process helps 

with obtaining these pores, it is possible that oil stability is affected by pore size.   

 

 
Figure 31. Sample 23 microscope image (cross section) 

 

 
Figure 32. Sample 23 (10x, cross section) 
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Figure 33. Sample 24 microscope image (cross section) 

 

 
Figure 34. Sample 24 (10x, cross section) 
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Figure 36 compares the measured WCA for oil-infused and non-infused samples 21, 21, 

23, 24. Comparison between the real wetting behavior of the non-infused (two interfacial 

tensions) sample and oil-infused (three interfacial tensions) samples is beyond the scope 

of this thesis because it is not relevant for evaluation of the icephobic behavior.   

 

 
Figure 36. WCA comparision for oil-infused vs non-infused samples 

6.3 Surface roughness and topography 

Table 6 shows roughness measurements by profilometer. These measurements could 

not be conducted for all oiled samples due to transparent oil.  

 

Table 6. Roughness measurements.  
 

Sample 
Ra, Ave rough-

ness (µm) 
Sa, mean peak to 

valley height (µm) 
Rz, average 

height (µm) 
Sz, maximum 

height (µm) 
2 28 30 191 294 

21 18 18 120 197 
21oil 23 25 171 270 

22 20 21 136 236 
22oil 31 31 229 348 

23 21 21 152 285 
23oil 27 29 218 306 

24 21 22 135 219 
24oil 30 29 220 307 
30oil 16 24 108 192 
33oil 17 21 118 227 
34oil 25 27 193 227 

0 20 40 60 80 100 120 140 160

21, non-infused
22, non-infused
23, non-infused
24, non-infused

21, oil-infused
22, oil-infused
23, oil-infused
24, oil-infused

CA(m) [°]

S
am

pl
e

Oil-infused vs non -infused WCA
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Figure 37 compares roughness measurements for oil-infused and non-infused samples 

that have similar structures and spraying parameters.  

 

 
Figure 37. Roughness conmparison of oil-infused vs non-infused samples 

 

As shown in Figure 37, oil-infused surfaces behave differently than non-infused surfaces. 

The roughness of the oil-infused is greater than the non-infused samples, which is coun-

terintuitive. It is possible that the reliability of roughness measurement is in question due 

to oil transparent samples affecting the measurements, which are obtained using a cam-

era.  Either way, oil infusion is an important step in designing SLIPS as shown by the 

results.  Also, the oil behavior at freezing temperature could be very significant.   

6.3.1 Surface topography 
Figures 38 through Figure 45 show the topography for samples as listed in Table 3.  

Surfaces topography allows for a visual analysis for the behavior of oil on the surfaces. 

It is shown that the surface topography of the surfaces is very similar, with the exception 

of the height of surface aspirities.  From this point, the effect of the spraying parameters 

on surface and structural properties (and thus surface behavior) is very small for surfaces 

sprayed with the same method but different parameters.  Thus, the spraying parameters 

are negligible for optimizing SLIPS surface behavior which are important for this study 

(i.e. icephobicity and icephobic behavior of the surfaces). Optimizing spraying 

parameters can be the final step for studying icephobic behavior of different surfaces. 

Even for samples sprayed with different cold spray guns (low pressure and high 

pressure), the surface aspirities seem to be similar. Sample 2 shown below is produced 

0
50

100
150
200
250
300
350
400

va
lu

e 
(µ

m
)

Non-infused vs oil -infused roughness

Ra Sa Rz Sz
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with low pressure spray gun, while sample 21 is produced with a high pressure spray 

gun. Overall, the surface aspirities look similar but have different heights (i.e. 

roughnesses).  Nevertheless, the samples will have slightly different surface properties. 

  

 

 
Figure 38. Sample 2, surface topography 

 

 

 

 
Figure 39. Sample 21, surface topography 
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Figure 40. Sample 22, surface topography 

 

 

 

 

 
Figure 41. Sample 23, surface topography 
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Figure 42. Sample 24, surface topography 

 

 

 

 

 

 
Figure 43. Sample 30, surface topography 
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Figure 44. Sample 33, surface topography 

 

 

 

 

 
Figure 45. Sample 34, surface topography 
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8. CONCLUSION 

This study showed that the production of cold sprayed SLIPS is feasible. The 

cold spraying process helps in producing porous coating structures due to the 

partial melting of the sprayed powder particles, which aids with the production of 

SLIPS.  Currently, cold sprayed SLIPS coatings may be used in icephobics stud-

ies based on debated connection with wettability or by using current testing meth-

ods such as ice wind tunnels however, drawn conclusions about icephobic be-

havior of the produced surfaces and structures should be carefully analyzed with 

thorough understanding about ice formation and consideration to other studies. 



37 

 

REFERENCES 

[1] Yirtici O, Tuncer IH, Ozgen S. Ice accretion prediction on wind turbines and conse-

quent power losses. J Phys : Conf Ser. 2016;753:022022. 

https://doi.org/10.1088%2F1742-6596%2F753%2F2%2F022022. Accessed Feb 7, 

2020. doi: 10.1088/1742-6596/753/2/022022. 

[2] Why ice and airplanes don't mix. https://www.bjtonline.com/business-jet-news/why-

ice-and-airplanes-dont-mix. Updated 2014. Accessed Mar 3, 2020. 

[3] Figure 2: Ice accretion on a vessel (kubat & timco, 2005). https://www.re-

searchgate.net/figure/Ice-accretion-on-a-Vessel-Kubat-Timco-2005_fig2_311250687. 

Accessed Mar 3, 2020. 

[4] Ice covered communication equipment by jose azel. https://fineartamerica.com/fea-

tured/ice-covered-communication-equipment-jose-azel.html. Accessed Mar 10, 2020. 

[5] Detecting ice on wind-turbine blades. https://www.windpowerengineering.com/de-

tecting-ice-on-wind-turbine-blades/. Accessed Mar 10, 2020. 

[6] SKYbrary. In-flight icing - SKYbrary aviation safety. https://www.skybrary.aero/in-

dex.php/In-Flight_Icing. Updated 20192020. 

[7] Xiao Huang, Nick Tepylo, Valérie Pommier-Budinger, Marc Budinger, Elmar Bonac-

curso, Philippe Villedieu, Lokman Bennani. A survey of icephobic coatings and their po-

tential use in 

a hybrid coating/active ice protection system for 

aerospace applications. . 2019. 



38 

 

[8] De-icing. . 2020. https://en.wikipedia.org/w/index.php?title=De-icing&ol-

did=937510303. Accessed Mar 3, 2020. 

[9] Duffell A. Does ice or snow affect railroads? . . 2018. 

[10] Lockney D. Anti-icing formulas prevent train delays . 

https://spinoff.nasa.gov/Spinoff2012/t_1.html. Updated 20122020. 

[11] Brassard J, Laforte C, Guérin F, Blackburn C. Icephobicity: Definition and meas-

urement regarding atmospheric icing. In: ; 2017. Accessed Feb 10, 2020. 

[12] History of aircraft deicing . . . https://www.copybook.com/companies/kilfrost/history-

of-kilfrost-gallery/history-of-aircraft-deicing-01. 

[13] NA. What is anti-icing? | cargill. https://www.cargill.com/what-is-anti-icing. Updated 

20202020. 

[14] Parent O, Ilinca A. Anti-icing and de-icing techniques for wind turbines: Critical re-

view. Cold Regions Science and Technology. 2011;65(1):88-96. http://www.sciencedi-

rect.com/science/article/pii/S0165232X10000108. Accessed Apr 24, 2020. doi: 

10.1016/j.coldregions.2010.01.005. 

[15] Phobia | meaning of phobia by lexico. https://www.lexico.com/definition/phobia. Ac-

cessed Feb 7, 2020. 

[16] Marmur A. Super-hydrophobicity fundamentals: Implications to biofouling preven-

tion. Biofouling. 2006;22(2):107-115. https://doi.org/10.1080/08927010600562328. Ac-

cessed May 20, 2020. doi: 10.1080/08927010600562328. 

[17] Appendix C: Contact angle goniometry. In: Surface design: Applications in biosci-

ence and nanotechnology. John Wiley & Sons, Ltd; 2009:471-473. https://onlineli-

brary.wiley.com/doi/abs/10.1002/9783527628599.app3. Accessed Apr 6, 2020. 



39 

 

[18] Korhonen JT, Huhtamäki T, Ikkala O, Ras RHA. Reliable measurement of the re-

ceding contact angle. Langmuir. 2013;29(12):3858-3863. 

https://doi.org/10.1021/la400009m. Accessed May 20, 2020. doi: 10.1021/la400009m. 

[19] Taheri-Kafrani A, Shirzadfar H, Tavassoli-Kafrani E. Chapter 5 - dendrimers and 

dendrimers-grafted superparamagnetic iron oxide nanoparticles: Synthesis, characteri-

zation, functionalization, and biological applications in drug delivery systems. In: 

Grumezescu AM, ed. Nano- and microscale drug delivery systems. Elsevier; 2017:75-

94. http://www.sciencedirect.com/science/article/pii/B9780323527279000054. Ac-

cessed Feb 20, 2020. 

[20] Stenroos C. Properties of icephobic surfaces in different icing conditions. . 2015. 

https://www.openaire.eu/search/publication?artic-

leId=od______1073::31c5c167801d8d1632826c25a34e5841. 

[21] Wu X, Silberschmidt VV, Hu Z, Chen Z. Surface & coatings technology. Surface & 

coatings technology. 1986;358:207-214. http://www.sciencedirect.com/science/arti-

cle/pii/S0257897218312490. 

[22] NEWBLOOM GM, THOMPSON WA, FRONING MJ, GHABCHI A. Thermal spray 

for durable and large-area hydrophobic and superhydrophobiciicephobic 

coatings. . 2016. 

[23] Hejazi V, Sobolev K, Nosonovsky M. From superhydrophobicity to icephobicity: 

Forces and interaction analysis. Scientific reports. 2013;3(1):2194. 

https://www.ncbi.nlm.nih.gov/pubmed/23846773. doi: 10.1038/srep02194. 

[24] Ta VD, Dunn A, Wasley TJ, et al. Laser textured superhydrophobic surfaces and 

their applications for homogeneous spot deposition. Applied Surface Science. 



40 

 

2016;365:153-159. http://dx.doi.org/10.1016/j.apsusc.2016.01.019. doi: 10.1016/j.ap-

susc.2016.01.019. 

[25] HENNA NIEMELÄ-ANTTONEN. Wettability and anti-icing properties of slippery 

liquid infused porous surfaces. Tampere University of Technology; 2015. 

[26] Huang X, Tepylo N, Pommier-Budinger V, et al. A survey of icephobic coatings 

and their potential use in a hybrid coating/active ice protection system for aerospace 

applications. Progress in Aerospace Sciences. 2019;105:74-97. 

http://dx.doi.org/10.1016/j.paerosci.2019.01.002. doi: 10.1016/j.paerosci.2019.01.002. 

[27] Andrew Hardesty Work Jr. The measurement of the adhesion of glaze ice.  . Uni-

versity of Louisville. 

[28] Work A, Lian Y. A critical review of the measurement of ice adhesion to solid sub-

strates. Progress in Aerospace Sciences. 2018;98:1-26. 

http://dx.doi.org/10.1016/j.paerosci.2018.03.001. doi: 10.1016/j.paerosci.2018.03.001. 

[29] Irajizad P, Nazifi S, Ghasemi H. Icephobic surfaces: Definition and figures of merit. 

Advances in Colloid and Interface Science. 2019;269:203-218. http://www.sciencedi-

rect.com/science/article/pii/S0001868618303312. Accessed May 8, 2020. doi: 

10.1016/j.cis.2019.04.005. 

[30] CAMPICIANO G. Adesione del ghiaccio sulla superficie dei materiali esaminati e 

fattori che la influenzano. https://morethesis.unimore.it/theses/available/etd-03102018-

124405/. Updated 2018. Accessed May 7, 2020. 

[31] Koivuluoto H, Koivuluoto H, Stenroos C, et al. Anti-icing behavior of thermally 

sprayed polymer coatings. J Therm Spray Tech. 2017;26(1):150-160. doi: 

10.1007/s11666-016-0501-x. 









44 

 

[57] Birds skeleton : Twootz.com. https://twootz.com/article/Bird-Skeleton. Accessed 

Apr 6, 2020. 

[58] Wang H, Yang Y, Guo L. Nature-inspired electrochemical energy-storage materials 

and devices. Advanced Energy Materials. 2017;7(5):1601709. https://onlineli-

brary.wiley.com/doi/abs/10.1002/aenm.201601709. Accessed Apr 6, 2020. doi: 

10.1002/aenm.201601709. 

[59] Di Marzo Serugendo G, Anthony K, Rana O, Zambonelli F. Engineering self-organ-

ising systems. nature-inspired approaches to software engineering. . 2020. Accessed 

Apr 6, 2020. doi: 10.1007/b95863. 

[60] Huang C, Guo Z. Fabrications and applications of slippery liquid-infused porous 

surfaces inspired from nature: A review. J Bionic Eng. 2019;16(5):769-793. doi: 

10.1007/s42235-019-0096-2. 

[61] Slips. Harvard School of Engineering and Applied Sciences: Wyss Institute; 2013. 

[62] American museum of natural history | new york city. https://www.amnh.org. Acces-

sed Mar 13, 2020. 

[63] ¿Conocéis el efecto loto? . 2015. https://www.atriainnovation.com/en/what-lotus-

effect-is/. Accessed Mar 13, 2020. 

[64] Rui Luo. Butterfly wings .  

[65] Ensikat HJ, Ditsche-Kuru P, Neinhuis C, Barthlott W. Superhydrophobicity in per-

fection: The outstanding properties of the lotus leaf. Beilstein J Nanotechnol. 

2011;2:152-161. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3148040/. Accessed 

Feb 26, 2020. doi: 10.3762/bjnano.2.19. 







47 

 

https://doi.org/10.1179/1743294414Y.0000000277. Accessed Mar 16, 2020. doi: 

10.1179/1743294414Y.0000000277. 

[81] Xu Y, Hutchings IM. Cold spray deposition of thermoplastic powder. Surface & 

Coatings Technology. 2006;201(6):3044-3050. http://dx.doi.org/10.1016/j.surf-

coat.2006.06.016. doi: 10.1016/j.surfcoat.2006.06.016. 

[82] Bush T, Khalkhali Z, Champagne V, Schmidt D, Rothstein J. Optimization of cold 

spray deposition of high-density polyethylene powders. J Therm Spray Tech. 

2017;26(7):1548-1564. doi: 10.1007/s11666-017-0627-5. 

[83] Ravi K, Ichikawa Y, Deplancke T, Ogawa K, Lame O, Cavaille J. Development of 

ultra-high molecular weight polyethylene (UHMWPE) coating by cold spray technique. 

J Therm Spray Tech. 2015;24(6):1015-1025. https://hal.archives-ouvertes.fr/hal-

01804751. doi: 10.1007/s11666-015-0276-5. 

[84] Ravi K, Sulen WL, Bernard C, Ichikawa Y, Ogawa K. Fabrication of micro-/nano-

structured super-hydrophobic fluorinated polymer coatings by cold-spray. Surface & 

Coatings Technology. 2019;373:17-24. http://dx.doi.org/10.1016/j.surf-

coat.2019.05.078. doi: 10.1016/j.surfcoat.2019.05.078. 

[85] Gordon England. Cold spray coating process. https://www.gordoneng-

land.co.uk/coldspray.htm. Updated 2018. Accessed May, 2020. 

[86] Kúdela J, Ihracký P. Influence of diverse conditions during accelerated ageing of 

beech wood on its surface roughness. . 2014. Accessed May 4, 2020. 

[87] Semprebon C, McHale G, Kusumaatmaja H. Apparent contact angle and contact 

angle hysteresis on liquid infused surfaces. Soft Matter. 2017;13(1):101-110. 

https://pubs.rsc.org/en/content/articlelanding/2017/sm/c6sm00920d. Accessed May 12, 

2020. doi: 10.1039/C6SM00920D. 



48 

 

[88] Martin i Vilardell A. Functionalized coatings by cold spray for joint prosthesis. Uni-
versity of Barcelona; 2016. 



49 

 

APPENDIX A: PROCESS DEVELOPMENT  

Pre-trials conducted using thermoplastic polyolefin-based alloy (PLASCOAT PPA 571 

HES) and Low-density polyethylene powder (Plascoat LDPE) using the LPCS and HPCS 

guns did not produce any coating due to low powder melting temperature. With the 

LPCS, the original nozzle design was used. After pre-trials, the original nozzle design for 

the The DYMET model 403K was modified to a rectangular-shaped nozzle to enhance 

dispersion during this study. The modified gun nozzle is shown is Figure 48.  The first 

trials with successful dispersion/adhesion were conducted with Polypropylen, Coathy-

lene PB 0580, which has a higher melting temperature, using both HPCS and LPCS 

(modified nozzle).  

 
 

  
Figure 48. LPCS gun nozzle showing modified nozzle with rectangular shape 

 

The following points are noted from the process:  

 

1. Data obtained using the HPCS gun are successful. Structures achieved are po-

rous, infusible, and showed hydrophobic properties. Coatings produced with the 

HPCS gun are durable, have good adhesion and oil-lockability. 

2. Based on HPCS data, porosity increases with spraying distance and increases 

with smaller spraying angle (i.e. tilting spraying gun).  

3. Technical difficulties were encountered with the LPCS gun, include persistent 

nozzle clogging and inconsistent dispersion patterns. Some coatings were pro-

duced. However, coating produced with low pressure has poor adhesion and did 

not withstand sample preparation for further analysis. 
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4. The LPCS gun has too high operating temperature for the selected polymer pow-

ders but gas heating can be turned off (resulting in poor adhesion).  

5. Using a heating element to keep the substrate at a constant temperature causes 

undesirable polymer degradation. This is due to the high minimum temperature 

initially needed for adhesion. Additionally, this technique is not recommended for 

industry use (e.g. for spraying large fields). 

 

Tables 8 through 11 are produced with low pressure cold spray. Table 8 shows the 

spraying parameters for the first set. Sample 1 coating has surface asperities that can 

be observed with the naked eye while Sample 2 coating appears smoother and more 

consistent. No coating is produced for Samples 3, 4 and 5. It is thought that the low gas 

temperature did not allowing for powder softening and adhesion to the steel substrate. 

Figures 49 and 50 show Sample 1 and Sample 2, respectively.  

 
Table 8: Low pressure Set 1 

Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar)  

Powder  
Feeding 

Plate Temp. 
(oC) 

Spray 
Speed 

1 224 4.2 3.5 120 slow 
2 224 4.2 3.5 120 fast 
3 21 4.2 3.5 120 slow 
4 21 5.2 3.5 120 slow 
5 21 5.2 4 120 slow 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (DYMET model 403K). Substrates were 

sprayed with an operator. Plate is left to cool during spraying (i.e. pre-heated). 
 
 

 
Figure 49. Sample 1  
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Figure 50. Sample 2 

 

Additionally, Sample 1 and 2 do not appear porous. It is thought that the high operating 

temperature of the LPCS gun caused powdering melting and smoothening of the coating. 

The minimum operating condition for the LPCS are approximately 4.2 bar and 224 to 

226 oC. Operating below 4.2 bar will atomically turn off heating for the LPCS gun, result-

ing in lack of powder softening and, therefore, poor adhesion.  

 

Table 9 shows spraying parameters for the second set with LPCS. Sample 6 and 8 pro-

duced coatings on parts of the substrate (the nozzle was clogged during spraying due to 

powder melting). Sample 7 produced coating that was removed during spraying due to 

poor adhesion. It is thought that Sample 9 did not produce coating due to melting of the 

powder inside the nozzle. The coatings are shown in Figure 51 and Figure 52.  

 
Table 9: Low pressure Set 2 

Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar) 

Powder  
Feeding 

Plate Temp. 
(oC) 

Spray 
Speed 

6 224 4,2 3,5 100 slow 
7 224 4,2 3,5 80 slow 
8 224 4,2 3,5 90 slow 
9 224 4,2 3,5 95 slow 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (DYMET model 403K). Substrates were sprayed 
with an operator. Plate is left to cool during spraying (i.e. pre-heated). Number of 

Passes = 1 
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are sprayed due to technical issues with the LPCS gun. Plate is left to cool during spray-

ing (i.e. pre-heated). Figures 53 and 54 show the coatings.  

 
Table 10: Low pressure Set 3 

Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar) 

Powder  
Feeding 

Plate Temp. 
(oC) 

Spray 
Speed 

10 226 5,2 3,5 120 slow 
11 225 4,4 3,5 120 slow 
12 225 4,4 4 120 slow 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (DYMET model 403K). Substrates were sprayed 
with an operator. Plate is left to cool during spraying (i.e. pre-heated). Number of 

Passes = 1 
 

 
Figure 53. Sample 10 

 
 

 
Figure 54. Sample 11 (bottom), Sample 12 (top) 
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The next spraying session shown in Table 11 is conducted to the same substrate. First, 

the coating 14 is produced to the middle of the substrate using Trial 14 parameters. Then, 

the right end of the substrate is heated to Plate Temperature and spraying is done with 

parameters for Trial 15. Finally, the left end of the substrate is heated, and spraying is 

done with Trial 13 parameters. Figure 55 shows the effect of powder feeding, and re-

heating the substrate resulting in smoothening of the coating.  
 

Table 11: Low pressure Set 4 
Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar) 

Powder  
Feeding 

Plate Temp. 
(oC) 

Spray 
Speed 

13 225 4,2 3 120 fast 
14 225 4,4 3,5 120 fast 
15 225 4,2 3,5 120 fast 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (DYMET model 403K). Substrates were sprayed 
with an operator. Plate is left to cool during spraying (i.e. pre-heated). Number of 

Passes = 3 
 
 

 
Figure 55. Samples 13 (left end), 14 (middle) and 15 (right end) 

 

Table 12 shows the parameters for the fourth set. Substrates were sprayed using a robot. 

The spray gun moves at 2 mm step increments (half nozzle width). A heating element is 

used to keep the temperature at a constant value. Trial 19 produced a thin coating with 

few surface asperities. Coating on Sample 18 lacks consistency. Trial 17 produced a 

very thin coating. Trial 16 did not produce any coating. Figure 56 and Figure 57 show 

Sample 17 and 18, respectively.  

 
Table 12: Low pressure Set 5 

Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar) 

Powder  
Feeding 

Plate Temp. 
(oC) 

Speed 
(mm/s) 

16 228 4,2 3,5 120 166 
17 228 4,2 3,5 120 100 
18 228 4,2 3,5 120 50 



55 

 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (DYMET model 403K). Substrates were sprayed 
using a robot (2 mm steps). Spraying distance = 15 mm. Heating element is used. 

Number of Passes = 1 
 

 
Figure 56. Sample 17 

 

 
Figure 57. Sample 18 

 

The next sets of results (Table 13 and 14) are produced with high pressure. Table 13 

shows data for the first spraying session using HPCS gun using a robot. Spray gun 

moves at 5 mm step increments. Note the unit for speed is m/min. In both trials, the 

polymer coating was being degraded due to the heating element (i.e. continuous plate 

heating). Figure 58 and Figure 59 show samples 19 and 20, respectively.  

 
Table 13: High pressure Set 1 

Sample 
(Trial) 

Gas Temp. 
(oC) 

Gas Pressure 
(bar) 

Powder  
Feeding 

Plate Temp. 
(oC) 

Speed 
(m/min) 

19 150 15 4 rpm 115 10 
20 150 15 4 rpm 135 10 

Powder (Polypropylen, Coathylene PB 0580, d50 < 50 microns, white), Plate (Steel, Grit-
blasted aluminum oxide F24), Spray gun (Plasma PCS-100). Substrates were sprayed us-

ing a robot (5 mm steps). Spraying distance = 40 mm. Heating element is used. 
Number of Passes = 3 

 






