DURABLE ICEPHOBIC COATING FOR
ALUMINUM SUBSTRATE

by
Sathish Kumar Ranganathan

A Dissertation
Submitted to the Faculty of Purdue University

In Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

0€ C'Ql

A= %
g

¥

@’)f

School of Materials Engineering

N
o8

West Lafayette, Indiana
December 2019



THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF DISSERTATION APPROVAL

Dr. Jeffrey Youngblood, Advisor
School of Materials Engineering

Dr. John Howarter, Co-advisor
School of Materials Engineering

Dr. Kevin Trumble, Committee Chair
School of Materials Engineering

Dr. Srinivas Siripurapu, Committee Member

Prysmian Group

Approved by:
Dr. David Bahr

Head of the Departmental Graduate Program



ACKNOWLEDGEMENTS

I would like to extend my deepest gratitude to my advisors, Prof. Jeffrey Youngblood and
Prof. John Howarter for their novel ideas, constructive comments, insightful suggestions, and
especially for the support provided me to balance Ph.D. work and industrial job, which have helped
me to continue my research at difficult times. | am very thankful to committee chair Prof. Kevin
Trumble and committee member Dr. Srinivas Siripurapu, for their valuable guidance and the great

support for the past five years.

This research work would not be successful and possible without the help of General Cable
(Prysmian group) colleagues and leadership team. Their support and motivation helped me to

achieve the project goal and as well as thanks for their support in the lab, whenever | needed.

Finally, I would like to thank my parents, brothers, family members and friends for their
support and blessings throughout my career and in the past five-years of Ph.D. duration. Special
thanks to my wife Kayal for her selfless sacrifice to support my ambitions and bringing-up my
sons all alone. | also would like to thank to my sons for allowing me to pursue my interest and

sincere apologize for not being with them at their early childhood and fun-filled times.

This work has been supported by General Cable Corporation (Pysmian Group)



TABLE OF CONTENTS

LIST OF TABLES. ... oottt bttt st e b ettt e e srb e e nbe e s nbeeteas 5
LIST OF FIGURES ...ttt snneeneas 6
AB ST RA CT ettt ettt h et bt e R e e e bt e R e e b e e Re e bt e ere e nreenreeanreens 8
1. INTRODUCGTION. .. .ottt ettt s ie e e b e nbeesreesnneen 11
1.1 Background and MOLIVALION ...........ccueiuiiieriiiiiiisisieieie et 11
1.2 RESEAICN ODJECTIVES ...ttt 15
1.3 OVEIVIEW OF THIS WOTK ..ottt 15
2. MATERIAL SELECTION AND TEST METHODS. ........ccoi e 18
2.1 INEFOTUCTION ..ottt 18
2.2 Materials SEIECTION .......c.oiiiiiiiii s 18
2.2.1  Fluoro-Ethylene-Alkyl-Vinyl-Ether (FEVE) binder selection ............cccccocevvninnne 18
2.2.2  Silicone coating material SEIECION .........ccoooiiiiiiiiie e 19

2.3 ANAIYEICAI METNOUS. ... 20
2.3.1  Surface roughness MEASUIEMENT..........c.civerueiieieeiesieseerieseeseeeeseesreeeesreesreaneens 21
2.3.2  Water contact and sliding angle measurement...........cccccvevvvieieeieseeseesie e 21
2.3.3  Mechanical propertieS MeasUrEMENT........c.cccvveiuieieeiieeiee e see e sae e 22
2.3.4  Ice adhesion strength MeasUreMENT ...........ccuoiiieiirerenere e 22
2.3.5  lce accumulation test Method. .........cooiiiiiiiiieiee e 23

3. FEVE COATINGS ICEPHOBIC AND THERMAL DURABILITY VALIDATION. ........ 25
3.1 INEFOTUCTION ..ottt 25
3.2 Material and METhOUS ..........oiiiiie s 25
3.2.1  Coating MALErTalS .......eciiieieie et 25
3.2.2  Coating mixing and test panel preparation ............ccccccveveeiiievie e esec e 26

3.3 RESUIL AN TISCUSSION ...ttt bbbt 28
3.3.1  Surface topography @nalySIS .........cccoiiiiiiiiiieieiere e 28
3.3.2  3.Surface WEttiNg PrOPEITIES ......ccveiviitirieriisieeieeie ettt bbb ere s 29

B J0C TG T 001 o] 0T ] o] (o o] £0] o 1=1 o £ <SSO RUOPPSR 34

3.4 Summary and path FOrWard ... 38



4. UNDERSTANDING OF SILICONE COATING ICE ADHESION PERFORMANCE..... 40
A1 INEFOCUCTION ...ttt 40
4.1.1  Role of water wettability to ice adhesion strength............cccccccevivevvvievieece e, 41
4.1.2  Role of material MOdUIUS............ccoiiiiiiiiii s 41

4.2 Material and METhOUS ..........cviiiiiee s 42
421 CoatiNg MALEIIAIS .....ccviiiiiiiieiee e 42
4.2.2  Preparation of the coatings and test PaNelS.........cccceveriiiniiiniiiecee e 43
4.2.3  Analytical MEtNOAS ........cveiiiieiie e 44

4.3 ReSUIt aNd JISCUSSION .....cuviiiiieiiiteieisie ettt 46

4.3.1  Role of coating modulus and surface energy in determining ice adhesion strength47

4.3.2  Influence of roughness on ice adhesion Strength ...........ccccevveeiiieiiee v 48
4.3.3  Effect of surface wetting properties on ice adhesion strength ..............cccccoconvnene. 54

4.4 Summary and Path FOMWAIT ..........cceiiiiiiii s 59
5. ICE ACCUMULTION TEST METHOD AND PERFORMANCE OF SILICONE
(010 72N I 1 N[ SRRSO 61
T8 A |11 (T (104 A o o PRSP 61
5.2 Ice accumulation results diSCUSSION .........ccoiiiiriiininiecere s 61
5.2.1  Hydrophilic coating ice accumulation performance...........ccccovevevvsieeiveresiesieanens 62
5.2.2  Hydrophobic coating ice accumulation performance ...........ccccoceeevvvevvevevieseenns 63
5.2.3  Superhydrophobic coating ice accumulation performance............c.cccoovevviiieieenns 64
5.2.4  Low modulus coatings ice accumulation COMpPariSoN ...........ccceevvveveeiieeseesiveennn. 65
5.2.5  High modulus coatings ice accumulation COMPAariSON..........ccoceververeereereeseeseneens 67
5.2.6 Role of superhydrophobic test panel placement angle against water spray

(01T 2= (o] RSSO P TP PR 67

5.3  Summary and path FOrward .............ccceiiiiiiic i 70
6. CONCLUSIONS AND FUTURE WORK ......cooiiiiiiiiieiet e 72
6.1  Silicone coatings icephobiC PErfOrMaNCE..........cccuiiiiiieieieie s 72
6.2  FEVE binder icephobiC performance............ccocooiiiiiiieiiiescceseseee s 72
6.3 Opportunities for FUtUre reSEarch ... 73
6.3.1  The role of low ice adhesion strength to product application..............cccccccvveveennine 73

6.3.2  The role of product shape inice build-Up .........cccooveiieiiiiie e 73



6.3.3  Superhydrophobic coatings icephobic performance............ccocoovviieieneicnennnens
REFERENGCES ... .ottt bbbtttk
RV I 1 SO O OO TOOU PP PO TP PP PPTPRPRTTI



LIST OF TABLES

Table 3.1. Sample description and surface roughness of Ra and Rz properties. The change in

roughness is calculated and reported as % Change ..........ccocveiiiiiiciie i 29
Table 4.1. Properties of Silicone MaterialS..........cooviiieiiiiiiiiie e 46
Table 4.2. Silicone coated test panel surface roughness...........cccevveie i 49

Table 4.3. Contact angle values of hydrophilic, hydrophobic, and superhydrophobic smooth and
o100 TR = T PSSP 55



LIST OF FIGURES

Figure 2.1. Chemical Structure of Fluoro-Ethylene-Alkyl-Vinyl-Ether (FEVE), ........cccccvvenee. 19
Figure 2.2. Schematic representation of ice adhesion strength test Set-up ........ccccceeevereierennnn 23
Figure 2.3. Schematic representation of automated ice accumulation measurement set-up ........ 24
Figure 3.1. Schematic representation of coated test panel preparation Steps..........ccccevvvvivverinenne. 27

Figure 3.2. SEM images of the unaged (top images) and heat aged (bottom images) coated test
panels for 200°C for 60 days; (1a & 1b) smooth fluoro coating, (2a & 2b) silicone epoxy coating,
(3a & 3b) silica-filled flour coating and (4a & 4b) fluorosilane aerosol coating. ............ccoccve.ne. 29

Figure 3.3. Water contact angle test data of coated test panels. (a) advancing contact angle and
(b) receding contact angle. smooth fluoro coating,  silicone epoxy coating, silica-filled
fluoro coating and x fluorosilane aeroSol COAtING...........cevveieiiereeie e 31

Figure 3.4. Water contact angle test data of coated test panels. (a) contact angle hysteresis and (b)
water sliding angle. smooth fluoro coating, silicone epoxy coating, silica-filled fluoro coating

and X fluorosilane aeroSOl COALING .........cuiviiriiiiiiieier e 33
Figure 3.5 Ice accumulation test images of the unaged and heat aged test panels. (la
& 1b) smooth fluoro coating, (2a & 2b) silicone epoxy coating, (3a & 3b) silica-filled fluoro
coating and (4a & 4b) fluoro silane aerosol COatiNg. ........cccvevviieiiiiniierese e 35
Figure 3.6. Ice adhesion force of the coatings tested at frequent intervals during heat ageing study
AL 200 OC.. ettt h R Rttt bR b e R e Rttt e b e b nbe st nnenre s 36
Figure 3.7. (a) Calculated work of adhesion of unaged coated panels, (b) Calculated work of
adhesion of unaged and aged coated PANElS ..........cooiiiiiiii e 37
Figure 4.1. Hlustration of smooth surface test panels...........cccooveveiieiicic i 44
Figure 4.2. Hlustration of rough surface test panels preparation Steps .........cccccccevvvevveveiieeseenens 44
Figure 4.3. Combination influence of coating modulus and surface energy to ice adhesion strength
....................................................................................................................................................... 47
Figure 4.4. Optical images of sand paper and silicone samples .........ccccccevvveveiieiicie e 49

Figure 4.5. Ice adhesion strength of low to high modulus (S3, S5, S7, and S9 respectively) silicone
coatings with smooth and rough surfaces; Elastic modulus (E) values are mentioned inside the
0] 221 o1 USSP PR PT PPN 52

Figure 4.6. Ice adhesion test stress — strain curve and images of the ice after the test................. 53

Figure 4.7. (a) Ice adhesion strength of smooth hydrophilic, hydrophobic and superhydrophobic
surfaces, (b). Ice adhesion strength of rough hydrophilic, hydrophobic and superhydrophobic
10 1 (0SSR 57



Figure 4.8. (a). Baier’s adhesion plot for smooth surfaces, (b). Baier’s adhesion plot for rough
SUITACES ..ttt 58

Figure 4.9. Schematic representation of material design space to ice achieve low ice adhesion . 60

Figure 5.1. Ice accumulation weight increase of hydrophilic coatings...........ccccoveviviviiiieinenns 62
Figure 5.2. Ice accumulation weight increase data of hydrophobic coatings ...........ccccccevvnenee 64
Figure 5.3. Ice accumulation weight increase data of superhydrophobic coatings ............c.cc...... 65
Figure 5.4. Ice accumulation weight increase data of low modulus (23 psi) coatings ................. 66
Figure 5.5. Ice accumulation weight increase data of high modulus (288 psi) coatings.............. 66

Figure 5.6. Ice accumulation weight increment of different sample placement angle (180° , 45°,
60° and 90°) against water SPray Qir€CtION..........ccoivieiiiieseeeeie e eneas 68

Figure 5.7. Time taken to accumulate 0.05 Ibs. weight on superhydrophobic surfaces with sample
placement angle (180°, 45°, 60° and 90°) against water spray direCtion............ccccccevvvererieernanens 70

Figure 5.8. Time taken to accumulate 0.05 Ibs. weight on all the test panels with sample placement
angle of 60° against water Spray dir€CtioN ...........cccvieeiieeie i 70



ABSTRACT

Author: Sathish Kumar, Ranganathan

Institution: Purdue University

Degree Received: December 2019

Title: Durable Icephobic Coating for Aluminum Substrate

Professor(s): Jeffrey Youngblood and John Howarter

Development of durable icephobic coating and reduction of ice accumulation on the

product surfaces has proven to be a challenging task in the past decade. Considering the
challenges posted during ice storms and existing limitations to the state of the art, development
of durable icephobic coating which can provide low ice adhesion strength and less ice weight
increase is a critical milestone for industries and research communities. To obtain  durable
icephobic coating, high temperature and weather resistance Fluoro-Ethylene-Alkyl-Vinyl-Ether
(FEVE) binder was selected to design a smooth and superhydrophobic coatings. These coatings
were benchmarked against commercially available silicone epoxy and superhydrophobic coatings
and validated its surface roughness, surface wettability and icephobic performance such as ice
adhesion strength and ice accumulation. To evaluate coatings thermal durability, targeting power
transmission line application, these coatings were exposed to extreme thermal ageing conditions
(200 °C for 60 days) and retention of icephobic performance were measured. Though,
commercial coatings have provided better icephobicity at unaged condition, after high
temperature heat ageing these coatings icephobic performance were deteriorated significantly.

However, FEVE based coating had retained its surface characteristics and icephobic properties

after aggressive thermal ageing.

Addition to developing icephobic coating, creating experimental understating of

icephobic performance such as, the correlation between ice adhesion strength and coating material



properties also would give a great scientific knowledge and guidance to the product designers.
Hence, establishing big-picture icephobic understanding can provide valuable insights to material
design choices for an application, when usage of specific material or manufacturing method is
not possible. For example, certain applications retaining superhydrophobic surface for longer
duration would be challenging or using low modulus material is not feasible or applying highly

smooth surface with zero roughness is not at manufacturing.

To map-out this design space for icephobic coating application, silicone-based coating
material were selected, since silicone coating material has the flexibility to tune its properties
and readily available in different modulus range as well. Silicone coatings were chosen from
low modulus to higher modulus (8 psi to 28 psi) and its surface wetting properties were
engineered as hydrophilic and superhydrophobic range from hydrophobic range. Also surface
roughness were created using sand paper which selected with standard grit sizes such as
3000 GS, 300 GS and 30 GS. These silicone coated test panels with different mechanical
properties, surface roughness and contact angles were evaluated and measured changes in ice
adhesion strength. To validate ice weight increase by ice accumulation, automated ice
accumulation test set-up was customized and used for icephobic performance validation. The
experiment results suggest that at the lower coating modulus, roughness does not significantly
affect the ice adhesion strength as compare to higher modulus coatings. Superhydrophobic
coating has low ice adhesion strength across the coating modulus and roughness ranges.
Additionally, superhydrophobic coatings had less ice accumulation as compare to smooth
silicone coatings. Roughness plays a critical role in high modulus hydrophobic coatings,

whereas smooth silicone surface performed relatively better as compare to rough surfaces.



10

From the experimental learnings, we have created big-picture icephobic material design space,
wherein product designers can choose either hydrophobic or superhydrophobic coatings to obtain
similar low ice adhesion performance, provided coatings technical attributes such as modulus and
roughness are met the set requirements. From our modest literature search, we can confirm that
similar material design recommendation was not made to obtain icephobic performance. Hence,

we hope that researchers and industries will highly benefit from this work.
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1. INTRODUCTION

1.1 Background and motivation

In the past decade, ice-phobic coating research has attracted academic and industrial
research interest [1-8]. The primary reason for this increased attention was to increase human
safety and durability of the products during ice storms. Ice accumulation can create hazardous
conditions on structures, roads, bridges, towers, buildings, and energy application products [9-13].
Multiple research studies have reported that hydrophobic and superhydrophobic surfaces could
enhance ice-phobic performance [14-19]. Additionally, these surfaces have potential to improve
dust resistance, corrosion resistance and marine fouling resistance [20-25]. These coatings are
manufactured with various coating process techniques such as metal surface etching, plasma
deposition, chemical deposition, vapor deposition and single step immersion coating [26-35]. To
obtain a commercially successful coating product, an icephobic coating surface should have long
term durability and easy manufacturability with commoditized methods are critically important.

Extensive studies were performed in this regard have proved that for producing surfaces
with low ice adhesion strength and reduced ice accumulation, the coated surface should have the
following characteristics: low surface energy, high contact angle, reduced surface roughness, and
low elastic modulus [36-53]. To validate these parameters to icephobicity numerous studies have
been conducted by researchers.

Meuler et al. [54] demonstrated the relationship between ice adhesion strength and contact
angle hysteresis (CAH) to validate the role of hysteresis to icephobicity. Oberli et al. [55] reported
a correlation between ice adhesion strength and surface free energy; they both have analyzed the
role of the contact angle in ice adhesion and reported that superhydrophobic surfaces can provide

low ice adhesion. At the same time, other approaches such as, altering surface lubrication and
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interfacial slippage have also been considered. Aizenberg [8] developed a novel liquid-infused
porous material that can produce significant slipperiness and provide extremely low ice adhesion
and anti-ice performance. Golovin [39] measured ice adhesion values of a silicone coating
material (SylGard 184) by altering its interfacial slippage and hardness properties. He had varied
the curing conditions by changing the curing temperature and time from 150°C/24 h to 80°C/2 h
and lowered the ice adhesion strength from 245 KPa to 36 KPa. The changing curing conditions
helped to increase the interfacial slippage and reduce the modulus of the coating. Similarly, Zhang
et al. [51] prepared a low-modulus silicone material and achieved lower ice adhesion strength. In
another work, Beemer et al. [47] also observed that polydimethylsiloxane (PDMS) coatings with
low shear modulus has resulted in reduced ice adhesion strength. However, altering the shear
modulus in the further lower ranges from 1 psi to 22 psi, did not change the ice adhesion strength
significantly. He also tested the durability of the PDMS coating by subjecting coatings to 1000
abrasion cycles using 400 grit sandpaper. These abrasion cycles increased the coating RMS
roughness from 0.05 um to 3.52 um. However, only a small increase in ice adhesion strength (< 2
KPa) was observed, while the roughness was increased significantly. This finding is contrast with
other studies which has reported that increased surface roughness led to significant increases in ice
adhesion strength. In another work, Zou [49] evaluated a silicone-doped hydrocarbon and
substrates coated with a fluorinated-carbon polymer by altering the RMS roughness from 0.3 to
2.49 microns by sandblasting. He observed that ice adhesion strength increased to more than 100
KPa with the increase in roughness. Similarly, Markus Susoff [46] reported that increases in
roughness led to ice adhesion strength higher than 50 KPa, it can be inferred that there are three
key parameters that influence ice adhesion strength. They are the surface tension and wettability

of the coating, roughness of the coating surfaces, and mechanical properties of the materials. These


https://aizenberglab.seas.harvard.edu/publications/liquid-infused-nanostructured-surfaces-extreme-anti-ice-and-anti-frost-performance
https://aizenberglab.seas.harvard.edu/publications/liquid-infused-nanostructured-surfaces-extreme-anti-ice-and-anti-frost-performance
https://aizenberglab.seas.harvard.edu/publications/liquid-infused-nanostructured-surfaces-extreme-anti-ice-and-anti-frost-performance
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inferences are in line with theoretical relationships established by researchers. Gao et al. [56]
analyzed ice adhesion strength using practical work of adhesion (Wp) describing the relationship
using surface tension and receding contact angle with following equation (1): Wp = yLv (1+ cos
Brec), where yLv is the surface tension at the liquid—vapor interface and Orec is the water receding
contact angle of the coatings. To understand role of surface roughness to the ice adhesion strength,
Zou et al. [57] explained the relationship between surface roughness and ice adhesion strength.
The ice adhesion stress (1) can be calculated by measuring the force (F) required for removing ice
from the ice contact area (A) on the test substrate, using the following equation (2): t =F/A. The
third parameter influencing ice adhesion strength is the coating modulus. The role of the coating
modulus and its relationship with ice adhesion was elaborated by Kendall [58] and Griffith [59].

The force required to remove ice from the substrate is calculated by using the following
) . Wap ) . .
equation (3): Tice = / < here, Tice IS shear stress, Wa is the work of adhesion between substrate

and ice, p is shear modulus and t is thickness of the coatings material. Other researchers, Baier
[60] and Vladkova [61] have elaborated mechanism of adhesion force by analyzing the combined
role of surface energy and elastic modulus, rather than considering each of them separately, and

considered following relationship (4): (yc.E)*?, whereas, yc is critical surface energy and E is

elastic modulus of the coating.

Above mentioned studied suggest that to obtain low ice adhesion and reduced
accumulation surface, coating should have higher contact angle, less roughness and low elastic
modulus. Having said that to have a commercially successful icephobic product, the developed
coating should have to meet product application and durability requirements. Hence validating

coating durability performance is highly critical for commercial applications. Durability of ice-
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phobic coating performance studied using various environmental factors such as ultraviolet (UV)
radiation, mechanical abrasion, thermal cycling, humidity variations and other ageing conditions
[60-64]. Vedder et al. [39] studied retention of ice-phobic properties by exposing the coated
samples to a combination of UV radiation, salt spray, mechanical abrasion and thermal ageing test
conditions up to 7 days. Similarly, Chao Tao et al. [40] reported that fluorinated POSS hybrid
coatings exhibited durable low ice adhesion properties even after 15 de-icing cycles. However,
these studies have demonstrated only short-term durability of coatings. However, there is a
significant importance to understanding durability of ice-phobic coatings during longer service
conditions to simulate exterior product performance for the lifetime of the product. Future work
in this area should focus on understanding the combined role of coating formulation, ice-phobic
performance and ice-phobic performance retention over extreme conditions and time-scales. The
ideal ice-phobic coating should be environmentally friendly, able to be integrated into industrial
scale manufacturing processes and be able to maintain high performance during the lifetime of the
product. Hence, we have selected water-based fluoroethylene vinyl ether (FEVE) dispersion
coating which has the proven track record long-term exterior durability performance [65-68].
FEVE based coating formulation were benchmarked against commercially available coatings to

validate its icephobic durability at extreme thermal conditions.

Additionally, as part of this research work, the icephobic research learnings need to be
scientifically established for broader applications, hence we considered silicone materials, which
is relatively easy to engineer its properties and commercially available with various elastic
modulus levels. These material silicone material is selected to establish ice adhesion correlation

with roughness, modulus and contact angle.
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Research Objectives

The objective of this research work is to create an understanding of icephobicity for

industrial application and as well to develop a durable icephobic coating which can be applied to

power transmission products and other applications.

1.3

1)

2)

3)

Develop a water based or low VOC coating formulation with improved icephobic
properties such as low ice adhesion and ice accumulation. Also study the thermal
durability of the developed coating, which is critical for power transmission products
which are operated at relatively high temperatures like 100°C to 200°C.

Establish a broader design space for icephobic surfaces, to understand the relationship
between roughness, modulus and water contact angle to ice adhesion strength, by
utilizing these learnings, product designers can have options to choose either
hydrophobic or superhydrophobic coating to achieve similar low ice adhesion results.
Validate ice accumulation performance of coatings with different modulus and
contact angles, also validate sample placement angle against water spray direction,

to understand the role of product design in ice accumulation.

Overview of This Work

In this research work, development of durable icephobic coating for aluminum substrate,

establish a scientific understanding to achieve a low ice adhesion strength and evaluating different

coatings ice accumulation weight increase was focused. Ice adhesion and ice accumulation test

method was developed to validate icephobic performance of the coatings. Silicone coating material

was selected to establish icephobic influencing parameters and FEVE based coating material was

selected to validate high temperature durability of icephobic performance.
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High speed lab mixer was used to mix coating ingredients, brush application was used to
prepare coated test panels. Aluminum thin sheet (30 mil thickness) was used as substrate. Scanning
electron microscope (SEM) were used for surface and morphological analysis. Contact profile-
meter was used to measure surface roughness, Instron tester coupled with cold chamber was used
to measure ice adhesion strength. Cold chamber with water spray and automated ice weight

measurement method was used to measure ice weight measurement.

Chapter 2 describes the materials and methods used for this research work to prepare a
coated test panels for water contact angle measurement, surface roughness and surface topography
analysis. Also, we reported here the in-house test method which was used to validate ice adhesion
strength and ice accumulation weight increase.

Chapter 3 covers FEVE binder coating formulation development and comparison with
commercially available smooth and superhydrophobic coatings. The surface properties such as
roughness, contact angles and icephobic properties such as ice adhesion and ice accumulation were
measured. Thermal durability of the coatings was evaluated at 200 °C by exposing coated test
panels for 60 days.

Chapter 4 elaborates the role of silicone coating material influencing factors to ice adhesion
strength. The elastic modulus, surface roughness and water contact angles were varied and
evaluated its influence on ice adhesion strength. Finally, we created icephobic material selection
design space for future research and product development.

Chapter 5 discuss the ice accumulation test data of silicone coatings by comparing: 1) low
and high modulus silicone coatings (smooth surface) and 2) hydrophilic, hydrophobic and
superhydrophobic coatings. 3) Additionally, superhydrophobic coated panels, test placement angle

was varied against water spray direction and ice weight increment was calculated
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Chapter 6 is the summary of research work and discuss about the experimental findings

and recommendation for future industrial and commercial use.
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2. MATERIAL SELECTION AND TEST METHODS

All lab-work in this chapter was performed by Sathish Kumar Ranganathan. All data analysis
was performed by Sathish Kumar Ranganathan with guidance by Prof. Jeffrey P. Youngblood
and John Howarter. All writing was performed by Sathish Kumar Ranganathan with guidance
and editing by Prof. Jeffrey P. Youngblood and John Howarter.

2.1 Introduction

Durability of icephobic coating performance were validated by researchers using various
environmental factors such as ultraviolet (UV) radiation, mechanical abrasion, thermal cycling,
humidity variations and other ageing conditions [60-64]. However, these validations are limited
with time scale and temperature. Considering power transmission application requirement, we
have chosen 200° C temperature condition for ageing test panel and validated its icephobic
performance, especially after 60 days of heat ageing. Additionally, FEVE binder-based coating
has proven track record of exterior product lifetime more than 30-40 years. Hence, we designed
FEVE based coating formulation and compared against commercially available aerosol

superhydrophobic coating and smooth silicone epoxy coatings.

2.2  Materials Selection
2.2.1 Fluoro-Ethylene-Alkyl-Vinyl-Ether (FEVE) binder selection

The ideal icephobic coating should be environmentally friendly, able to be integrated into
industrial scale manufacturing processes and be able to maintain high performance during the
lifetime of the product. FEVE as a binder in coating formulations with a suitable crosslinker,
provides long term UV stability, hydrolytic and thermal stability as demonstrated by previous

researchers. The chemical structure of FEVE binder is disclosed in figure 2.1 [67-71]
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Figure 2.1. Chemical Structure of Fluoro-Ethylene-Alkyl-Vinyl-Ether (FEVE),

(* Chemical structure or polymer branch is proprietary to the supplier)

Water-based fluoroethylene vinyl ether (FEVE) dispersion is a base for coating
formulations and its properties were engineered using appropriate coating additives and along with
silica filler to obtain a smooth and modified rough coating. Also, to evaluate a thermal durability
the developed coating formulation, coated test panels were further aged at high temperature and
compared its icephobic properties against commercially available coatings. The more details about

coating mixing, sample preparation and test data will be discussed in the following chapter.

2.2.2 Silicone coating material selection

To understand the role of coating material characteristics and its influences on the ice
adhesion strength, Poly-Dimethyl-Siloxane (PDMS) based silicone coating material were selected
[72-75]. The selected silicone coating was purchased from Smoothsil LLC and used to prepare
coated test panels at the lab. The cured silicone coating material surface is hydrophobic and to
develop a hydrophilic surface PDMS-glycol additive were mixed with silicone coating and to

prepare superhydrophobic surface commercially available fluorosilane aerosol coating
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(Waterbeader) was sprayed on the silicone cured test panel. The further details about material

mixing and procedure will be discussed in chapter 4.

2.3 Analytical methods

Quantifying the icephobic performance of the coatings is important to understand
commercial feasibility of developed coating compositions. The most common way to achieve
icephobic surfaces is by eliminating water from the surface as quickly as possible before the water
becomes static and nucleates ice crystals. By quickly removing the water, water-substrate contact
time is reduced, which helps to minimize the ice nucleation rate and can delay ice layer formation
and ice growth [28-30]. Once ice has accumulated on the coated substrate, the ice can be removed
by its own weight or by external forces such as wind or vibrations [76-79]. To achieve effective
ice removal, functional coatings should have reduced ice adhesion force, so that minimal ice
weight or minor external forces are sufficient to remove or eliminate the ice from the surface.
Considering all these technical requirements, the potential icephobic coating should have
hydrophobic properties with lower water sliding angle leading to less total ice accumulation and
reduced ice adhesion force. To validate these critical performance characteristics of the selected
coatings, surface roughness was measured, scanning electron microscope (SEM) imaging were
used to image surface roughness and morphology, water contact angle and water sliding angle
measurement test method were used to evaluate hydrophobicity, a custom designed ice chamber
outfitted on a mechanical load frame (Instron) was used to measure ice adhesion force and a custom

designed ice accumulation chamber for in-situ ice accumulation weight measurement
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2.3.1 Surface roughness measurement

The surface characteristics of the coated aluminum test panels were analyzed to understand
the influence of surface roughness on the ice-phobic performance. The Ra and Rz roughness values
were using Mahr PS1 digital contact profile meter on five different locations of the same test panel.
Ra roughness is calculated by averaging peaks and valleys of the roughness profile. Rzis
calculated by measuring the highest peak to the lowest valley within a sampling area by averaging
these distances. Rz averages only the five highest peaks and the five deepest valleys. Hence most
Rz values are larger than Ra roughness values [80]. Superhydrophobic coatings which exhibits
large Rz values would be beneficial to create nanoscale air pockets which facilitates Cassie Baxter
surfaces [81]. To further characterize coating surface morphology, SEM images were captured

using a Topcon-300 instrument at 30KV and 100X magnifications.

2.3.2 Water contact and sliding angle measurement

The surface wetting properties such as advancing, receding and water sliding angles were
measured at room temperature. The water contact angle measurements were carried out using a
10ul water drop. The advanced and receded contact were measured, by enlarging and shrinking
the water droplet, respectively, via a metal needle from a manually operated syringe. A Dino-lite
digital microscope analyzer was used to calculate the advancing and receding contact angles. The
water sliding angle of coated test panels were measured by carefully placing a 10ul water drop on
a test panel that was then slowly tilted to initiate water movement. The angle at which the water
has started rolling-off was measured as water sliding angle and captured through digital image
software. Five data points were captured at different locations of the same test panel and the

average value is reported. The surface wetting parameters and surface morphology
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characterization were measured before and after heat exposure to validate the durability of coating

and to understand influence of heat ageing of the ice-phobic performance results.

2.3.3 Mechanical properties measurement

The hardness of the silicone materials was measured using a hand-held shore A hardness
meter; the indenter was pressed against surface of the rubber and the displayed hardness value was
noted. The elastic moduli (E) of precut rubber samples (1 inch * 5 inch* 45 mil) were measured
using a Zwick 1455 universal testing machine at 0.2 inch per minute test speed. The average values

of three measurements were recorded as the elastic moduli of the various coating materials.

2.3.4 Ice adhesion strength measurement

The ice adhesion strength was measured by applying a pull shear stress to an ice cylinder
which was adhered on a coated test panel. The test set-up schematic is represented in the figure
2.2. Previously, to form the ice cylinder on coated test panel, water filled cylindrical container was
positioned on the coated test panel surface at -10 °C for 24 hours. The dimensions of the cylindrical
container dimensions are 3 inches in diameter and 2 inches in height. After ice was formed on
coated test panel, ice cylinder along with coated test panel were hooked with Zwick 1455 tensile
test instrument to measure adhesion force. The ice adhesion test was conducted inside a cold
chamber which was maintained -10 °C and at least five tests were done to calculate an average ice

adhesion strength.
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Cold chamber <---------
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Coated aluminum substrate <-

Figure 2.2. Schematic representation of ice adhesion strength test set-up

2.3.5 lce accumulation test method

The ice accumulation test was conducted inside a cold chamber, where the test temperature
was set as -10 °C and precooled water (at 4 °C) was sprayed through an array of water misting
nozzles. The test set-up schematic is represented in the figure 2.3. The water pipe pressure was
maintained at 40 psi, the distance between the test panel and water mist nozzle was maintained
about 50 inches. The ice accumulation test lasted for duration of 60 minutes of water spray and the
weight of the test panels were measured continuously during ice accretion process and reported as

ice weight increase.
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Figure 2.3. Schematic representation of automated ice accumulation measurement set-up
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3. FEVE COATINGS ICEPHOBIC AND THERMAL DURABILITY
VALIDATION

3.1 Introduction

We report here design of new coating formulations using FEVE with crosslinking agents
with functional additives to control surface properties. We compare the new coatings with
commercially available coatings such as silicone-epoxy coating and fluorosilane aerosol coating.
To understand thermal and long-term performance of these applications, coated test panels were
aged at 200 °C and up to 60 days. At frequent thermal ageing intervals, both static and rolling
water contact angle were measured. Other properties such as surface roughness, ice adhesion, ice
accumulation was measured before and after thermal ageing exposure. We hypothesize that use of
a binder such as FEVE with proven exterior and thermal performance characteristics will provide
high temperature stability of the resultant coating and that silica addition will positively impact on

ice-phobic performance.

3.2 Material and methods
3.2.1 Coating materials

To develop FEVE based coating formulations, commercially available coating fillers and
additives were obtained. Lumiflon FD1000 is a water based FEVE dispersion received from AGC
Chemicals Americas, Exton, PA. The datasheet provided by manufacturer indicates 40 weights
percent solid content with a hydroxyl value of 85 mg KOH/g-polymer. The cross-linker was
received from Covestro (formerly Bayer material science), located at Leverkusen, Germany. The
cross-linker trade name is Bayhydhur BL 5335, which is a water dispersible blocked aliphatic

polyisocyanate with a blocked NCO content of about 7.1 weight percent. The total non-volatile
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content of crosslinker is 34 to 36 weight percent. Nano silica material was received from Cabot,
Billerica, MA., under the trade name of CAB-O-SIL® TS-720. This silica has a surface treatment
of dimethyl siloxane with the B.E.T. surface area of 200 m?/g and specific gravity of 2.2 g/cm?.
The FEVE dispersion was mixed with cross-linker at a weight ratio of 90:10 to produce smooth
fluoropolymer coating. Silica-filled fluoro coating was produced by mixing FEVE dispersion,
cross-linker and treated silica with a weight ratio of 87.5:10:2.5. Other coating additives like
defoamers, leveling agents and dispersion aids were added at 0.25 weight percent in the both
coating formulations.

A proprietary silicone-epoxy coating and solvent based two-layer fluorosilane aerosol
coating (commercial name: Neverwet) were purchased as comparative samples. Silicone-epoxy
coating part-a is comprised of silicone epoxy with a 53-weight percent solid content; part-b is
amino cross-linking agent with 46 weight percent solid content. To obtain a silicone epoxy coating
the part-a binder and part-b cross-linker were mixed at 80:20 weight ratio. The solvent based
fluorosilane aerosol coating was prepared by applying the silica modified epoxy-based primer as
base layer followed by fluorosilane top layer by spray deposition method to obtain a two-layer
fluorosilane aerosol coating. These coating materials were used to prepare coated aluminum test

panels for further test and validation.

3.2.2 Coating mixing and test panel preparation

A coating mixing and test panel preparation schematic is shown in figure 3.1. For this
research four different coating formulations were examined. Three coatings which were made with
a single layer deposition and will be referred as 1) smooth fluoro coating, 2) silicone epoxy coating
and 3) silica-filled fluoro coating were prepared in two steps. The fourth two-layer coating will be

referred as fluorosilane aerosol coating which was prepared by two steps spray method.
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To deposit a single layer coating formulation, the coating ingredients were mixed and
stirred vigorously at 1000 rpm for 15 minutes using a high-speed mixer to obtain a uniform
dispersion. The dispersion was applied using a foam brush to the prepared aluminum panels and
panels cured at 150 °C for five minutes. The two-layer fluorosilane aerosol coating and its epoxy

primer were supplied in separate pressurized metal containers.

Single layer coatings

1. FEVE+ 1. Smooth fluoro coating

Aliphatic Isocyanate

2. Silicone Epoxy + q ﬁ é m

Alphatic Diamine Brush application Cured at 150°C 2. silicone epoxy coating
for 5 minutes

3. FEVE + Isocyanate + Mixed at 1000 rpm
Treated Nanosilica for 15 minutes

3. Silicafilled fluoro coating

Two layers coating

Dried at 25°C Dried at 25°C
4, Aerosol coating | l I ! ! l I for 60 minutes | I ! | for 60 minutes
Silicamodified primer Fluorosilane top layer 4. Fluorosilane aerosol
layer (spray application) (spray application) coating

Figure 3.1. Schematic representation of coated test panel preparation steps.

To prepare aerosol coating, each material (primer and top layer) were separately sprayed
on the aluminum test panel and a 12-inch distance was maintained from container spray tip towards
the aluminum panel to achieve a uniform surface finish. Firstly, inner layer primer was applied
and dried at room temperature for one-hour. Later, the top layer was applied and allowed to dry at

room temperature.
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3.3 Result and discussion

The icephobic performance of coated test panels were characterized before and after heat
ageing exposure to understand its durability and retention of roughness, ice adhesion force and ice

accumulation properties. The test results and its technical details are discussed further.

3.3.1 Surface topography analysis

SEM images of the unaged and heat-aged (60 days at 200°C) coated test panels are shown
in figure 3.2. From the qualitative observation, the surface roughness of the smooth fluoro polymer
coating was not changed significantly after heat exposure, whereas silicone epoxy coating surface
developed a rippled surface texture. The increase rippled surface was possibly due to wrinkling of
the coating [82].

The silica-filled fluoropolymer coating surface had finer peaks and valleys after heat
ageing as compared to the unaged surface. The two-layer fluorosilane aerosol coating surface
morphology has qualitatively changed after heat ageing with increased gaps and reduced
roughness peaks. To quantify and understand further these surface morphology changes, surface
roughness measurement was made on coated test panels using a contact profilometer. The
measured roughness results are shown in table 2.1. All three single layer coatings were resulted in
increased Ra and Rz roughness after heat ageing exposure. Notably, the two-layer fluorosilane
aerosol had reduced roughness in both Ra and Rz after heat ageing. Similar observation was made

on SEM image of fluorosilane aerosol coating, which was exhibited large equiaxed features before
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heating and a qualitatively smoother surface after heat ageing. It is possible that the underlying

primer layer had degraded during the high temperature heat exposure [61 and 82].

. 7 P 7 'Q‘ _‘

Figure 3.2. SEM images of the unaged (top |mages) and heat aged (bottom |mages) coated test
panels for 200°C for 60 days; (1a & 1b) smooth fluoro coating, (2a & 2b) silicone epoxy coating,
(3a & 3b) silica-filled flour coating and (4a & 4b) fluorosilane aerosol coating.

Table 3.1. Sample description and surface roughness of Ra and Rz properties. The change in
roughness is calculated and reported as % change

. Roughness, Ra (um) Roughness, Rz (pum)
S.no Coatings , , , :
Before ageing  Afterageing %Change  Beforeageing After ageing % Change
1 Smooth fluoro coating 61104 79 0.5 29.5 6.7 +08 7512 119
2 Silicone epoxy coating 8.8 £0.7 102109 159 85106 106209 247
3 Silicafilled fluoro coating 111411 132412 18.9 514142  567+28 103
4 Fluorosilane aerosol coating 3.8 £0.2 18101 -52.6 55+16 92 38  -63.9

3.3.2 Surface wetting properties

The early step of the icing process is surface wetting, wherein a water drops contacts with
the substrate surface, which is followed by ice nucleation and freezing. To understand surface

wetting performance of coated surfaces, dynamic water contact angles and water sliding angles
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were measured during heat ageing using 10ul water drop size. The summary of water advancing,
and receding contact angles are reported in figure 3.3 a & b.

Initial water advancing contact angles of smooth fluoro coating and silicone epoxy coating
were similar within the hydrophobic range of about 100°, whereas silica-filled fluoro coating and
fluorosilane aerosol coating was closer to the superhydrophobic range of about 138° & 151°
respectively. This initial advancing contact angle data aligns with surface roughness measurement,
whereas the smooth fluoro polymer coating and silicone epoxy coating both resulted a smoother
surface than the silica-filled fluoro coating and fluorosilane aerosol coatings.

It is important to note that the smooth fluoro coating and silica-filled fluoro coating used
the same FEVE dispersion and crosslinker. The addition of silica filler in the later coating creates
the surface roughness and thus contributes to the increase in advanced contact angle. This
observation validates surface wetting concepts of the Wenzel and Cassie-Baxter models which
suggest that rougher surfaces bring higher contact angles for hydrophobic surfaces than smoother

coating surfaces [81].



31

160
@

150 :
- i —
o — %
g 140 i — 'i"" i _--_“----_--i_i”-u_
w . B 3 3 B 3 __"'—--_
= 130 :
c
<
£ 120
m
=
o 110
Q
Fw| &I e A
=
<

80

0 14 28 *2 °°
Days of Heat Exposure at 200°C

150
—~ 140 (o)
; Mo
2 130 R
3 B — B o ——x
2 120 R &———— =
=
7] 110
)
=
(<] 100
Qo
O e T
2
b 80
g .

70 e - . — - - - - - - - . xE

60

0 14 28 42 o

Days of Heat Exposure at 200°C

Figure 3.3. Water contact angle test data of coated test panels. (a) advancing contact angle and
(b) receding contact angle. ¢ smooth fluoro coating, « silicone epoxy coating, = silica-filled
fluoro coating and x fluorosilane aerosol coating



32

The water contact angle hysteresis (CAH) and sliding angles can provide additional
information about water wetting behavior and values are reported in figure 3.4 a & b. The contact
angle hysteresis of silicone epoxy coating was observed to be an outlier (CAH = 20°) as compared
to the other three coatings and the same CAH trend (ranges between 10° to 15°) observed after
heat aging as well. The water sliding angle of the smooth fluoro coating, silicone epoxy coating,
and silica-filled fluoro coating were similar at about 10°, whereas the fluorosilane aerosol coating
sliding angle was significantly low at 2°. This was primarily due to the higher advancing contact
angle and low CAH induced by the surface roughness. However, the water sliding angle of the
fluorosilane aerosol coating was increased multifold to 10° after heat exposure.

As the observed surface roughness of this coating had changed significantly after heat
ageing, this likely had the impact of increasing sliding angle. Interestingly, the sliding angle of
smooth fluoro coatings and silica-filled fluoro coatings were also the same as with fluorosilane
aerosol coating sliding angle at 10° after heat exposure, thus heat treatment had the effect of
equalizing these coatings. This result confirms that two-layer fluorosilane aerosol coating does not
have high thermal degradation resistance at high temperature, whereas FEVE dispersion coatings
retains surface properties. Like the fluorosilane aerosol coating, silicone epoxy coatings also were
not able to retain surface properties and hence the sliding angle of this coating increased
significantly (30°) after heat ageing to become the highest of all the coatings.

The unaged surface topography and surface wetting property results of unaged coatings
test data suggest that fluorosilane aerosol coating and silica-filled fluoro coating has high potential
to give good icephobicity performance due to higher advancing contact angle and low sliding
angles. However, after heat exposure FEVE dispersion coatings retain surface properties, hence

we could anticipate that these coatings would have durable ice-phobic performance after heat
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ageing. To validate this observation, icephobicity tests such as ice adhesion and ice accumulation

were conducted with all coated specimens before and after heat ageing.
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Figure 3.4. Water contact angle test data of coated test panels. (a) contact angle hysteresis and
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3.3.3 Icephobic properties

To understand the influence of surface topography and wetting properties on the
icephobicity performance, ice accumulation and ice adhesion tests were conducted. The ice
accumulation weight increase was measured by placing coated test panels vertically inside the cold
chamber. Before starting the test, coated panels were kept for one hour to obtain a uniform
temperature (-10 °C) of the freezer and test panel. The test panel weights were measured physically
before and after the ice accumulation test. The image of the test panels after the ice accumulation
test is shown in figure 3.5. The increase in ice weight percentage of both unaged and heat aged

(200 °C for 60 days) is reported at the bottom of each test panel image.

The ice accumulation weight increase on an unaged test panel of smooth fluoro coating,
silicone epoxy coating and fluorosilane aerosol coating showed less ice weight (<10 weight
%), whereas the silica-filled coating showed a slightly higher ice weight accumulation (>10 weight
%) than the earlier mentioned coatings. The superhydrophobic coating can delay ice nucleation
and ice formation due to its low contact area on the substrate and also can remove water from
substrate surface faster, due to its low sliding angle, hence it has resulted in less ice accumulation
[7-12]. And as compare to smooth fluoro coating and silica filled coating had high Ra and Rz

roughness which had contributed in increased ice accumulation [6,42 and 66]

After thermal exposure, ice weight increase of a silicone epoxy coating was increased
multifold from 5.2% to 28.2%. Silica-filled fluoro coating and fluorosilane aerosol coating ice
weight was doubled when compared to before and after heat ageing. Interestingly, the smooth

fluoro coating maintained a similar ice weight, when compared to the unaged test panel. FEVE
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binder has better thermal ageing resistance as compare to fluorosilane and silicone epoxy coatings,

hence, it helped to retain its surface properties [67-69].

Figure 3.5 Ice accumulation test images of the unaged and heat aged test panels.
(1a & 1b) smooth fluoro coating, (2a & 2b) silicone epoxy coating, (3a & 3b) silica-filled fluoro
coating and (4a & 4b) fluoro silane aerosol coating.

After heat ageing aerosol superhydrophobic coating icephobic performance were affected
significantly, this outcome could be due the fact that smooth fluoro coating has reduced roughness
as compare superhydrophobic coating, which had an increased roughness due to thermal
degradation [27 and 63]. The test panels used in the ice accumulation test were placed vertically
and water was spayed parallel direction of sample placement from the top of the chamber and

hence roughness played dominating role in ice accumulation.
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It is important to select a coating material to meet specific application requirement to retain
its properties for product life. Unless, though product may be promising at initial days of

application, the durability and retention of icephobicity may be difficult to achieve.

The ice adhesion force of coated test panels were measured at frequent intervals during
heat exposure (200°C up to 60 days) and values are reported in figure 3.6. The unaged commercial
superhydrophobic aerosol coating showed the lowest ice adhesion force of 15 KPa. However, after
heat ageing for 60 days, the ice adhesion force increased to 55 KPa, which is similar ice adhesion
value of heat aged silica-filled fluoro coating. Though silicone epoxy coating showed low initial

ice adhesion, after heat exposure ice adhesion strength was increased to over 100 KPa.
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Figure 3.6. Ice adhesion force of the coatings tested at frequent intervals during heat ageing
study at 200 °C.

The silicone epoxy coating and fluorosilane aerosol coating both had a change in surface
roughness after heat exposure, with the implication of these change in surface roughness and

texture pattern observed in the ice adhesion force as well [47-49]. The smooth fluoro coating did
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not change much in surface roughness after heat exposure, and as expected, obtained the same

observed ice removal force as well, which has maintained lowest among all other samples.

These ice adhesion strength values are ploted against work of adhesion using equation (1),
the unaged coated panels data are reported in figure 3.7 (a) and aged coated panels values are
reported in figure 3.7 (b). Unaged coated panels ice adhesion strength is linear with calculated

work of adhesion, however aged samples data is not linear.
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Figure 3.7. (a) Calculated work of adhesion of unaged coated panels, (b) Calculated work of
adhesion of unaged and aged coated panels
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Aged test panels work of adhesion strength was calculated using receding contact angle as
same as unaged test panels. These results suggest that in addition to receding contact angle, other

coating parameter may be influences the ice adhesion strength, which need to be evaluated further.

3.4  Summary and path forward

Water-based single layer FEVE smooth fluoro coatings and silica-filled fluoro coatings
were prepared, tested and compared to commercially available silicone epoxy and a
superhydrophobic fluorosilane aerosol coating. Vertical ice accumulation test data suggests that
the smooth fluoro coating had less ice accumulation than the superhydrophobic fluorosilane
aerosol coating. This result is in direct contradiction with most of the previous research reports
[16,47 and 53], which report that higher contact angle provides better icephobicity and less ice
accumulation. However, in this vertical (90°) sample placement ice accumulation test, we did not
observe the same. Hence, ice accumulation test method need to be automated and further robust
to calculate rate of ice accumulation rather than only measuring ice weight initial and end of the
test. Hence automated ice accumulation test method was developed for validation. Also, in
addition to vertical sample placement, measuring ice accumulation with different same placement
angles like 180°, 45° and 60° could be valuable to understand influence of water wetting properties
to ice accumulation as the water sliding angle of the coatings was significantly lower (ranges
between 1° to 10°) than the ice accumulation test angle (90°). Hence, the benefits of lesser water
sliding angle and higher sliding angle may not have influenced these test results. Additionally, low
ice adhesion force benefit was not observed in these coatings, hence a separate test is needed to

quantify the practical application benefit of low ice adhesion force.
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Though before heat aging commercial coatings has shown better icephobic performance,
after high temperature heat ageing exposure to extend periods (60 days) the silicone epoxy coating
and the fluorosilane aerosol coating were not able to retain their surface morphology and ice-
phobic properties. However, the FEVE dispersion-based smooth fluoro coating and silica-filled
fluoro coating showed excellent retention in icephobic properties after high temperature ageing

exposure.

This research results, reconfirms the requirement of coating durability test for specific
application requirements. Smooth fluoro coating needs to be studied with other durability test
conditions like UV ageing, abrasion and water immersion to evaluate additional icephobic
performance durability. These additional durability data can add value to explore commercial

application feasibility of newly developed icephobic coatings.
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4, UNDERSTANDING OF SILCIONE COATING ICE ADHESION
PERFORMANCE

All lab-work in this chapter was performed by Sathish Kumar Ranganathan. All data analysis was
performed by Sathish Kumar Ranganathan with guidance by Prof. Jeffrey P. Youngblood and John
Howarter. All writing was performed by Sathish Kumar Ranganathan with guidance and editing
by Prof. Jeffrey P. Youngblood and John Howarter.

4.1 Introduction

Ice buildup on structures and products can be hazardous, leading to human safety issues
and economic challenges. Power transmission, aerospace, telecommunication, and transportation
industries are the most affected by severe ice storms and ice accumulation [4,10,77 and 83]. To
overcome these challenges resulted from ice accumulation on the product surfaces, several
material development approaches and mechanisms have been explored. [84]. Elimination of
accumulated ice from the surfaces achieved by reduction of ice adhesion force between ice and
product surfaces. This force is measured as ice adhesion strength (KPa) of icephobic coatings to
evaluate the ability of ice to fall away from the substrate or easy removal of ice from the substrates
through external forces like wind, vibration, rotation, and other types of shear forces that are
applied on the solid surface [76]. Extensive studies performed in this regard have proved that for
producing surfaces with low ice adhesion strength, the coating materials should have the following
characteristics: low surface energy, higher contact angle, reduced surface roughness, and less in
elastic modulus to obtain surfaces with these properties, multiple methods and experimental
approaches have been explored, primarily through altering material chemistry, surface lubrication
and various coating approaches. These materials were further evaluated its influencing factors such

as water wettability and material modulus to ice adhesion strength.
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4.1.1 Role of water wettability to ice adhesion strength

The water wettability performance was explained by researchers using parameters like
surface roughness, surface energy, water contact angle and hysteresis. Meuler et al. [54], have
studied the role of water contact angle to the ice adhesion strength and observed that
superhydrophobic surfaces can provide low ice adhesion strength. Like experimental observations,
theoretical relationship also reported by Gao et al. [56] to correlate ice adhesion strength to water

wetting properties.

4.1.2 Role of material modulus

Coating material modulus plays a critical role in anti-ice performance. Multiple research
studies have been explored to validate its effect on ice adhesion strength. Zhuwei He et al. [43]
analyzed the ice separation mechanism using low modulus silicone materials and explained macro
scale crack mechanism on low modulus elastomers with rigid solid ice interface. In this work
PDMS smooth surface, PDMS sponge and pillar shapes were used to demonstrate this mechanism.
The experiments results suggest that combination of macro-crack and nano-crack could lead to
super low ice adhesion strength [41-43]. Similarly, Beemer et al. [47] experimental results and
Viswanathan et al. [88] theoretical work elaborated ice separation from the soft elastomer through
“stick-slip dynamics and slow wave propagation”. These experimental and theoretical broadly

provides strategy to obtain an anti-ice surfaces using low modulus materials.

However, there is a practical limitation to utilize above mentioned materials and
mechanisms for industrial applications. For example, superhydrophobic coatings could help to
lower the ice adhesion strength; though having superhydrophobic surface is always preferred by
product developers to achieve icephobic surface, developing superhydrophobic surface specific

application and retaining its surface topography for product lifetime is highly difficult.
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Considering material durability, application requirements, exterior environmental challenges,
manufacturing requirements and cost, earlier mentioned recommendations and limitations need to
be overcome by creating broader material design space to have flexibility to use coatings to achieve
anti-ice surfaces. To identify and evaluate broader material design space, we considered silicone
coating material, since it comes with advantage easy engineering feasibility of its properties. The
silicone material selected with elastic moduli ranging from 8 psi to 280 psi selected to further tune
its surface wetting properties (hydrophilic, hydrophobic, and superhydrophobic) and surface

roughness values (3000 GS, 300 GS, and 30 GS) to measure ice adhesion performance.

4.2  Material and methods
4.2.1 Coating materials

To evaluate the ideal coating design space for achieving lower ice adhesion strength,
silicone coating materials with different moduli were purchased from Smooth-On, Inc., sold under
trade names Ecoflex, Dragon Skin, Equanex, and Smooth-sil. These silicone elastomers are
prepolymers without a solvent (Part A and Part B), they were mixed in a specific mixing ratio and
prepared as hydrophobic coatings. To prepare hydrophilic coating, silicone-glycol was added at
2.5 wt.% as the third component with the prepolymers. The silicone-glycol surfactant was
purchased from AB Specialty Silicones, sold under the trade name Andisil SP-19, with a solid
content of 98%. A superhydrophobic surface was as obtained by spraying a fluorosilane coating
on the hydrophobic silicone surface. This superhydrophobic fluorosilane coating was procured
from Water-Bead company, sold under the trade name Water-Bead and was supplied in

pressurized metal container.
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4.2.2 Preparation of the coatings and test panels

All the prepolymers were mixed in a 1:1 ratio except for Smooth-sil which was mixed in a
10:1 ratio. To prepare the coating material, Part B was added first and stirred for 5 minutes at 50
rpm using a lab coating mixer and then Par A of the same weight was added. Then the mixing was
continued for 3 minutes before it was used to coat aluminum panels. To evaluate the ice adhesion
strength and other properties, 5 "x5" aluminum test panels were used as substrates. The mixed
coating material was applied on the aluminum panel using a sponge brush, followed by
smoothening with a brass sheet to obtain a uniform coating surface. The coated panels were cured
at ambient condition for overnight. To measure modulus and hardness of the coatings, the mixed
silicone material was poured on the glass mold and cured for overnight. These cured rubber
samples were about 45 mil thickness and it was cut to specific dimension before using for

mechanical tests.

To prepare hydrophilic coatings, 2.5 wt.% of the silicone-glycol surfactant was added to
the silicone coating mixtures and applied on the aluminum panels. These panels were cured
overnight at ambient conditions for further testing. The superhydrophobic fluorosilane coating was
sprayed on the pre-cured silicone-coated aluminum test panels, the distance between the panels
and the container spray tip was maintained at approximately 10” to 12" to achieve a uniform
surface finish. To prepare rough surfaces, sandpapers with different grit sizes such as 30, 300, and
3000 were used. After preparing the silicone coated test panels, the sand papers were placed on
the coating surface to obtain sand paper roughness impression on the silicone surface. The silicone
coating and along with sandpaper were cured overnight. After silicone material is cured, the

sandpaper is removed, and test panels were used for further testing. Figures 4.1 and 4.2 shows the
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schematics of the preparation steps to create different roughness and as well different contact

angle.
(a) Hydrophilic coating (b) Hydrophobic coating (c) Superhydrophobic coating

Figure 4.1. lllustration of smooth surface test panels
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(a) Hydrophilic coating (b) Hydrophobic coating

(c) Hydrophilic coating (d) Hydrophobic coating (e) Superhydrophobic coating

Step-2

Figure 4.2. lllustration of rough surface test panels preparation steps

4.2.3 Analytical methods

Quantifying the ice adhesion strength of the coatings would help to understand easy
removal of ice from the surface, by its own weight or by external forces such as wind or vibrations
[76]. The ice adhesion of the silicone coatings test samples was prepared with range of elastic
moduli, varying surface wettability and roughness. The surface wetting properties such as the
advancing contact angle (ACA) and receding contact angle (RCA) were measured at room
temperature. The water contact angle measurements were carried out using a 10 ul water droplet.
The detailed measurement method was already discussed in previous chapter. The hardness of the

silicone materials was measured using a hand-held shore A hardness meter; the indenter was
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pressed on the rubber and the displayed hardness value was noted. The elastic moduli (E) of precut
rubber samples (1 inch * 5 inch * 45 mil) were measured using a Zwick 1455 universal testing
machine. The average values of three measurements were recorded as the elastic moduli of the

various coating materials.

The surface characteristics of the coated aluminum test panels Ra and Rz roughness were
analyzed to understand the influence of surface roughness on the ice-phobic performance. Ra
roughness is calculated by averaging peaks and valleys of the roughness profile. Rz is calculated
by measuring the highest peak to the lowest valley within a sampling area by averaging these
distances. Rz averages only the five highest peaks and the five deepest valleys. Hence most Rz
values are larger than Ra roughness values. The surface roughness was measured using Mahr PS1
digital contact profile meter with “v’’ sharp profile tip. The surface contact probe diameter of 2 pm
and length 1mm were used to measure smooth and 3000 GS surface roughness, the probe diameter
of 5 um and length of 1mm were used to measure 300GS surface roughness and the probe diameter
of 5 um and length of 8mm were used to measure 30GS surface roughness. The surface roughness
measurable ranges are from 0.1 to 500 um. Roughness was measured at four different locations of

the same test panel and average value is reported.

The coating surface image was taken using A Dino-lite digital microscope and reported as
qualitative comparison between different roughness scale. The ice adhesion force was measured
by applying shear stress to the cylindrical ice block adhered to a coated test panel. To form the ice
block on the coated test panel, a water-filled cylindrical container was kept on the coated panel at
-10 °C for 24 hours. The container had an inner diameter and a height of 3". After cylindrical ice

block was formed on the coated test panel, it was fixed to a Zwick 1455 universal testing machine
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to perform the adhesion force test. The ice adhesion test was conducted inside a cold chamber

maintained at -10°C and at least five trials were performed to obtain the average ice adhesion force.

4.3

Result and discussion

The mixed silicone materials are hydrophobic by design as it is purchased. The silicone

material after mixing and curing it shows hydrophobic nature. Other properties like modulus and

hardness were measured and reported in table 4.1 below. The silicone coating material modulus

range was varied from extreme low of 7.8 psi to high of 282 psi. The same material shore A

hardness were ranged from 1 to 60. These materials appropriately selected for further surface

properties like contact angles and roughness modification and were further validated against ice

adhesion strength to understand influencing role of the same.

Table 4.1. Properties of silicone materials

Sample Coatings Modul-us, E | Hardness ACAC) | REA() | caH()

name (psi) (shore-A)
S1  |Eco-flex 00-10 78112 1001 |1042£18 (821+12| 221
S2  |Eco-flex 00-50 136136 | 50+04 |1048:12(82.0+18| 228
S3  |Dragon Skin 10 230141 | 10.0£0.5 | 105.1+3.7 |82.1£2.2 23
S4  |Dragon Skin (10+30) 54.1£50 | 22308 |1053+21 (82328 23
S5 |Dragon Skin 30 88.0£4.8 | 30.0£0.8 |1058+2.1 (824119 234
S6  |Equanex 40 1214465 | 40.1£11 | 1058119 |82.6£27| 232
S7  |Equanex 40 + smoothsil 950 | 189.1£9.2 | 455+2.0 | 106.1+1.7 |827+2.1| 234
S8  |Smoothsil 950 2647+19.2| 500+17 |106.2£3.2 |838+19| 224
S9  |Smoothsil 960 282.0£150| 602+18 | 1062121 |841+18| 221
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4.3.1 Role of coating modulus and surface energy in determining ice adhesion strength

The surface energy of the silicone coating was referred from previous studies [85-86] and
the average value of 23mN/m is considered here to plotting graph with combination of surface
energy and elastic modulus and against ice adhesion strength in the figure 4.3. As combined
product of modulus and surface energy increases, the ice adhesion strength also increases. The
lowest ice adhesion strength was observed between coating modulus 10 psi to 25 psi. The
combination of surface energy and modulus to ice adhesion strength plot follows similar trend of
adhesion theory explained by Baier [60] and the calculated linear plot R? value is 0.88. These
results provide valuable information of ice adhesion strength relation to modulus for smooth

hydrophobic material.
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Figure 4.3. Combination influence of coating modulus and surface energy to ice adhesion
strength
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4.3.2 Influence of roughness on ice adhesion strength

To evaluate the influence of coating roughness to ice adhesion strength, silicone coatings
(S3, S5, S6, and S7) with varying elastic modulus ranging from 23 psi to 282 psi were selected.
The coating surface roughness was modified by using sandpaper impression during coating curing
process as described earlier. The digital images of the sandpaper with different grain sizes (3000,
300 and 30 grain size) and coating surfaces with roughness are reported in figure 4.4. The image
shows different surface roughness of the coating with varying grit sizes, surface roughness
produced using 30 GS sand papers is high as compare with silicone surface prepared using 300
GS and 3000 GS. Surface roughness Ra and Rz was measured using contact profile meter. The
roughness data is reported in table 4.2. The high modulus coating (S9) seems to have relatively
less Ra roughness as compare to coatings S7 and S5. The primary reason is the S9 material with
high modulus and hardness has resistance to form sand paper impression on the surface. The Rz
roughness of 30 grit size sandpaper made coatings was above the instrument measurable higher

limit (500 um), hence the Rz roughness value is reported as >500 um



Figure 4.4. Optical images of sand paper and silicone samples

Table 4.2. Silicone coated test panel surface roughness

Coated samples

Ra, roughness, microns

Rz, roughness, microns

Smooth 3000GS 300GS  30GS

Smooth 3000GS 300GS  30GS

3
55
57
59

06101 29103 145+3.0 326132
07+01 31204 184+45 365143
08101 32104 195+4.1 388170
1.0£0.2 3.2+0.7 16.8£3.8 355455

3510519528 425+11 >500*
34103240134 771116 >500*
3.2£03 27.5£5.1 96.5+18 >500*
32404 26244 64012 >500*
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To understand the role of coatings surface topography to ice adhesion strength,
hydrophobic silicone coating smooth and rough surfaces using 3000 GS, 300 GS and 30 GS
sandpapers were prepared. The ice adhesion strength test results are plotted in figure 4.5. Smooth
surface ice adhesion strength was changed moderately (ranges from 15 psi to 60 psi) while
increasing the elastic modulus of silicone materials from 23 psi to 282 psi. Though the modulus
scale is increased ten folds, ice adhesion strength is not increased significantly. The possible ice
removal mechanism can be explained using previous research work [87-90], since silicone surface
is hydrophobic and during ice adhesion test, once ice crack initiated at the edge of the sample, it
can rapidly have detached from entire ice from the silicone surface. Though smooth surfaces
provide low ice adhesion strength, during exterior application usage, the product surfaces are being
exposed to external pollutants, which are prone to effect coating surface smoothness with the
damage created by exterior sand, dust and pollution over the course of time [1,47, 91 and 92].
Hence, considering those application scenarios, we introduced the roughness on the coating
surface from minor scale 3000 grit size to large scale roughness of 30 grit size and have studied

influence ice adhesion strength to roughness.

Surprisingly, ice adhesion strength of low modulus materials (23 psi and 88 psi) rough
surface did not change significantly, even with increasing Ra roughness from 3.2 um to 355 um.
This observation is contrast with Zou [57] and Markus Susoff [46] findings, wherein they have
reported that increase in surface roughness increases the ice adhesion strength by mechanical
interlocking due to the increased surface contact area between ice and coating at the interface.
However, low modulus material tolerance to roughness possibly explained by two different
mechanisms which was demonstrated by researchers. Z. He and others [49, 81 and 88] reported

that when shear force applied on soft elastomers using rigid ice, the macro crack is initiated at the
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interface, which can lead to significantly low ice adhesion strength. Similarly, Viswanathan [90]
elaborated “stick-slip dynamics and slow wave propagation”, whereas macro crack initiation and
propagation is overruling the mechanical interlocking which is expected at the ice and polymer

interface.

Above mentioned macro crack and slow wave propagation mechanisms for low modulus
or soft elastomers makes more compellable, as we compare ice adhesion strength of higher
modulus materials (189 and 282 psi). Since, the ice adhesion strength of higher modulus materials
rough surface was increased significantly as compare to smooth hydrophobic silicone coatings.
These increase in ice adhesion strength was observed even with minor introduction of Ra
roughness (3.2 um). As compare to smooth surface, the ice adhesion strength of rough surfaces
was increased from 49 KPa to 155 KPa for 189 psi material and 63 KPa to 168 KPa for 282 psi
material. If we compare ice adhesion strength of lowest modulus material (23 psi) to highest
modulus material (282 psi) rough surfaces, the ice adhesion strength increased from 20 KPa to 168
KPa, this result was almost linear trend with increase of material modulus to ice adhesion strength.
The same kind of linear increase were not observed for smooth surfaces. Interestingly, further
increase of Ra roughness from 3 pum to 350 pum did not aggravate much ice adhesion. The increase
ice adhesion strength with roughness was much explained by previous researchers by various
mechanisms and most common mechanism is mechanical interlocking of rigid coating surface and

the solid ice at the interface during ice formation [16 and 46] Hence, from our experimental results,
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it can be derived that up to a critical material modulus of about 100 psi, the surface roughness was

not significantly influencing ice adhesion strength.
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Figure 4.5. Ice adhesion strength of low to high modulus (S3, S5, S7, and S9 respectively)
silicone coatings with smooth and rough surfaces; Elastic modulus (E) values are mentioned
inside the graph
Additionally, the failure created at higher modulus rough surfaces is due to the micro crack

initiated at the ice [87-90]. To validate this, after the ice adhesion test, surface images of the ice

were taken and reported in figure 4.6.
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Figure 4.6. Ice adhesion test stress — strain curve and images of the ice after the test

The ice adhesion stress-strain curve suggests that rough surfaces yield at higher (higher
force?) as compare to smooth surfaces. The ice images of low modulus (S3) smooth and rough
material did not show any cracks at the surface, however the higher modulus material (S9) rough
surface ice images show cracks on the ice surface. This observation aligns with Z. He et. al. and
Viswanathan et. al [87-90] research work which reported that low modulus material surface ice
separation happens by stick-slip mechanism. However higher modulus material ice separation was

happened due the crack-initiated fracture on the ice, which explained by following equation [5]

T= /% explained by Nosonovsky et. al. [2], wherein E is ice modulus (9.7 GPa), “a” is crack

length which influences the fracture and G is surface energy of the crack which is calculated using

receding water contact angle, and same as work of adhesion calculated using equation (3).

These insights can help to create a much-needed anti-ice design space, wherein the coating

material critical modulus and roughness plays an influencing role. Having said that anti-ice
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material design space would not be complete and justifiable unless evaluating with water wetting

property. Hence, we further analyzed the role of water contact angles to the ice adhesion strength.

4.3.3 Effect of surface wetting properties on ice adhesion strength

The role of surface wetting properties to ice adhesion strength was analyzed using
hydrophilic, hydrophobic and superhydrophobic coatings. These coatings were prepared as smooth
and as well as rough surface. The rough surface was prepared using 300 grit size sand paper. The
measured water contact angles of coatings are reported in table 4.3. The hydrophilic coating
smooth and rough surfaces advance contact angle (ACA) were observed between 71° to 79° and
receding contact angle (RCA) were between 47° to 52°. The hydrophobic coating smooth and
rough surfaces ACA were measured between 105°to 114° and RCA were ranged between 82° to
91°. The superhydrophobic coating smooth and rough surfaces, ACA was between 152° to 158°
and RCA ranged between 138° to 147°. Superhydrophobic coatings contact angle hysteresis
(CAH) are among lowest as compare to hydrophobic and hydrophilic coatings. Comparatively
between smooth and rough surfaces, the slight increase in contact angle were observed due to
potential reduction is contact area or through air pockets [22]. The influence of water contact
angle to ice adhesion strength were further validated and reported as smooth and rough coating ice

adhesion strengths in figure 6a and 6b respectively.
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Table 4.3. Contact angle values of hydrophilic, hydrophobic, and superhydrophobic smooth and
rough surfaces

Coating type Hydrophilic Hydrophobic Superhydrophobic

Surface type Smooth surface Rough surface (30065) Smooth surface Rough surface (30065) Smooth surface Rough surface (30065)

Samplename ACA[")  RCA() CAH() ACA() RCA() CAH() ACA() RCA() CAH() ACA() RCA() CAH() ACA() RCA() CAH() ACA() RCA[) CAH[)
83 N2413 476418 BE 6421 417+04 U9 1050%37 821132 B 10p1#42 §73:32 188 152124 181#32 W 1951421 143£28 108

$ 14121 85421 B9 NI18 D106 B 1058:21 N4:19 B4 1079471 880120 199 1587431 13900:49 W7 1562418 1445432 117
§1 110 49232 49 T0:26 512412 B8 1061:17 B1:21 B 1214l 846l B7  182:21 M02:34 13 1571432 1452448 119
8 759125 496142 263 T83+14 SLIf21 12 102:21 826#18 16 146:32 0741 B9 1546418 1422:27 124 1585441 1462438 123

The ice adhesion strength of smooth surfaces results (figure 4.7 a) suggest that, hydrophilic
coating has higher ice adhesion strength than the hydrophobic and superhydrophobic coatings for
the test material modulus. Hydrophilic and hydrophobic coatings, ice adhesion strength was
increased as the coating modulus increases. Hydrophilic coating ice adhesion strength was 18 KPa
for 22 psi modulus coating, whereas for high modulus coating (280 psi), the ice adhesion strength
was tripled to 60 KPa. Similarly, hydrophobic coating ice adhesion strength was more than
doubled from 20 KPa to 50 KPa. However, ice adhesion strength superhydrophobic coating was
not increased significantly with the increase in modulus. Superhydrophobic coating ice adhesion
strength was lower than 30 KPa for all the modulus materials. Hydrophilic and hydrophobic
coatings ice adhesion strength values were increased with the rise of material modulus, which
follows similar to adhesion theory explained by Baier [60]. The calculated linear regression plot
R? value for hydrophilic and hydrophobic coatings are 0.98 and 0.96 respectively. However,
superhydrophobic coatings the rate of increase is nor rapid as like other coatings, its linear

regression plot R? value is 0.76.

Ice adhesion strength of rough (figure 4.7 b) hydrophilic and hydrophobic surfaces both
has resulted in moderate increase ice adhesion strength for lower modulus coatings (23 psi and 88

psi), however at higher modulus coatings (189 psi and 282 psi) the increase in ice adhesion strength
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were seen multifold. Hydrophilic coating ice adhesion strength increased from 20 KPa to 190 KPa
with increase in material modulus from 23 psi to 282 psi. Similarly, Hydrophobic coating ice
adhesion strength were increased from 18 KPa to 160 KPa with increase in material modulus from
23 psi to 282 psi. Interestingly, superhydrophobic coating has retained its low ice adhesion strength
performance across all the material modulus level. The maximum observed ice adhesion strength
was 32 KPa for 282 psi material modulus. It is important to note that superhydrophobic coating

had highest receding angle and lowest contact angle hysteresis (CAH).

These test results findings are similar to Meuler et al. [54] and Oberli et al. [55]
experimental findings, whereas they have reported that receding contact angle and contact angle
hysteresis plays a critical role in ice adhesion strength and both have recommended higher water
contact angle, superhydrophobic surface to obtain low ice adhesion surfaces. Additionally, Z. He
et al. [49] detailed the mechanism of nano-crack initiation of low surface energy and

superhydrophobic surfaces. These mechanisms validate our test results and observations.
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Figure 4.7. (a) Ice adhesion strength of smooth hydrophilic, hydrophobic and superhydrophobic
surfaces, (b). Ice adhesion strength of rough hydrophilic, hydrophobic and superhydrophobic
surfaces

Ice adhesion strength of smooth and rough surfaces were further evaluated with
Baier’s relationship [equation-4] and those plots are reported in figure 4.8 (a) and 4.8 (b). The
smooth coating surface which performs like Baier’s recommendation [60], which suggested

that the adhesion strength is linear with combination of material modulus and surface energy.
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Figure 4.8. (). Baier’s adhesion plot for smooth surfaces, (b). Baier’s adhesion plot for rough
surfaces

However, rough surfaces ice adhesion strength plot suggest that hydrophilic and
hydrophobic coating surfaces were not following linear relationship, especially between high
modulus and low modulus coatings. This change in ice adhesion strength is primarily due to
difference in modulus dependent crack initiation suggested by other researchers [87, 90].

Baier recommendation could have worked well, if material adhesion were not significantly
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affected modulus or cracks were not influenced the adhesion results. However,
superhydrophobic coating had showed a linear relationship with adhesion values across the
material modulus, since superhydropbic ice adhesion strength did not influenced by change
in modulus, due to its low surface energy and better icephobic performance achieved by nano-
crack mechanism [87] which helps to obtain low ice adhesion strength. As we discussed
earlier, the failure of ice break was not happened at the tensile strength yield, rather than
failure was posted by fracture before it yields. It might be helpful, if adhesion strength
relationship would be developed using combination of material modulus, surface energy and

fracture energy.

Having said that, these observations eludes that superhydrophobic coatings are
superior in anti-ice performance, it is not commercially feasible to obtain and use
superhydrophobic coatings for all the applications, also even more difficult retaining of
superhydrophobic surface for longer duration at exterior environment. Hence, for a specific
application, selection of superhydrophobic coatings need to consider carefully reviewing
other durability requirements. From figure 6b, it can be concluded that hydrophobic material
also can provide low ice adhesion below critical modulus range (~ 100 psi). Hence, based on
application requirements, material availability with reasonable cost and manufacturability,

coatings can be selected, when earlier observed modulus and roughness conditions are met.

4.4  Summary and path forward

An attempt to create an anti-ice material design space with a reasonable material selection
recommendation to product developers, considering industrial scale manufacturing and exterior

application durability requirements, following conclusions were made.
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1. Coating material modulus plays an influencing role to ice adhesion strength, along with
surface roughness and water contact angle.

2. Surface roughness influences the ice adhesion strength above critical modulus (~100 psi).

3. Superhydrophobic coatings observed to be low in ice adhesion strength at all the modulus
range

4. When hydrophobic coating is considered for anti-ice application, the coating material

modulus need be less that critical modulus of 100 psi.

Based on above test results and observations, low ice adhesion strength surface can be
obtained by using different influencing parameters such as contact angle, roughness and
mechanical properties. The applications which has the constraints in terms of the substrate
stiffness and roughness, such as power transmission lines superhydrophobic coatings could be
considered [18-23]. For the applications such as roofing with no restrictions in terms of the coating
modulus or roughness, either low-modulus coatings or superhydrophobic coatings can be chosen
[47,62, and 71] For the applications, which has no limitations on thickness, roughness or coating
properties, superhydrophobic surfaces with low elastic moduli materials could be considered to
obtain an extremely low ice adhesion surfaces. Figure 4.9. shows the schematic representation of

material design space to ice achieve low ice adhesion.
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Figure 4.9. Schematic representation of material design space to ice achieve low ice adhesion
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5. ICE ACCUMULTION TEST METHOD AND PERFORMANCE OF
SILICONE COATINGS

5.1 Introduction

Early stage of ice formation and ice accumulation on the product surface can be evaluated
by ice accumulation test method. Ice accumulation and ice weight build-up can increase the load
of the products and structures [11, 38 and 48]. After ice is accumulated up to certain weight, the
ice removal or ice weight reduction is resulted for some products. This ice removal or ice
elimination can happen at two locations: 1) at the interface of product surface and ice, when the
ice load is higher than the ice adhesion strength. 2) on the ice body itself, potentially due to ice
cracks, as a response of weak ice strength to hold further ice build-up or combination effect of ice

weight, cracks and due to the external forces, such as wind and vibration [3, 38 and 42]

To eliminate ice from the product surface and ice interface, low ice adhesion strength coating
is preferred and to reduce amount of ice accumulation on the product or delay of early stage icing
process, product surface with delayed or reduced ice nucleation and accretion is preferred [3, 42,
44 and 96]. To understand ice accumulation performance, coated test panels of low modulus (S3)
and high modulus (S9) silicone coatings were prepared. Also, silicone coatings with different water

contact angles such as hydrophilic, hydrophobic and superhydrophobic ranges were evaluated.

5.2  lce accumulation results discussion

Ice accumulation test was performed at -10 °C, using automated ice accumulation test set-up
(refer figure 2.3), the test panels were placed at the 60° angle against water spray direction. The

measured ice weight results are reported and discussed in following sessions.
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5.2.1 Hydrophilic coating ice accumulation performance

Low modulus (S3) and high modulus (S9) hydrophilic silicone coatings, ice accumulation
results were compared with smooth aluminum and sandblasted aluminum test panels. The ice
weight increase test results are reported in the figure 5.1. Uncoated aluminum sheet had
accumulated less ice as compare to sandblasted aluminum and hydrophilic silicone coated test
panels. At the early stage ice accumulation process (between 256 to 1021 seconds) low modulus

(S3) hydrophilic coating ice accretion rate slightly higher than sandblasted aluminum test panel.
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Figure 5.1. Ice accumulation weight increase of hydrophilic coatings

At the end of the test (after 3000 seconds) both samples have accumulated similar ice weight. The
high modulus (S9) hydrophilic coating ice accumulation was slightly higher than low modulus
(S3) coating and sandblasted aluminum surface. Important to note that advance contact angle of
hydrophilic coatings (S3: 71.2 £ 1.3 and S9: 75.9 £ 2.5) and sandblasted aluminum (78.1 £ 4.2)

were almost similar. Smooth aluminum advance contact angle (63.7 = 2.2) is lesser than
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hydrophilic coatings and sandblasted aluminum sheet. It was anticipated that low water contact
angle test surface could lead to higher ice accumulation [3, 42 and 96]. However, the test results
suggest that though smooth aluminum surface had a lowest water contact angle compare to other
surfaces (sandblasted aluminum and hydrophilic coatings), it had accumulated less ice weight. The
primary reason for this surprising result were that rough surfaces can have increased ice
accumulation as compare to smooth surfaces [4, 42, 98 and 99]. The smooth aluminum sheet had
lowest surface roughness (roughness, Ra: 0.8 um = 0.1 and roughness, Rz: 1.4 um + 0.2) as
compare to sandblasted aluminum (roughness, Ra: 19.4 um % 2.4 and roughness, Rz: 58.4 um +
4.7 um), low modulus hydrophilic silicone coating (roughness, Ra: 0.6 um % 0.1 and roughness,
Rz: 3.5 um = 0.5) and high modulus hydrophilic silicone coatings (roughness, Ra: 1.4 um £ 0.2

and roughness, Rz: 3.6 um £ 0.3)

5.2.2 Hydrophobic coating ice accumulation performance

Low modulus (S3) and high modulus (S9) hydrophobic silicone coatings ice accumulation
test was performed along with smooth aluminum and sandblasted aluminum surfaces. The ice
weight increase test results are reported in figure 5.2. The ice weight increase of smooth aluminum
and low modulus hydrophobic surface shows almost similar in ice weight increase, only with
minor difference observed at the end of the test. Though the smooth aluminum expected to
perform better in ice accumulation than the hydrophobic coating, due to its low roughness surface,
both hydrophobic and smooth aluminum had similar ice weight increase. The primary reason is
the water contact angle of hydrophobic coating (105.1 = 3.7) is much higher than smooth
aluminum (63.7 £ 2.2), that had contributed less ice accumulation [3, 43 and 67]. High modulus

silicone coating (S9) and sandblasted aluminum surface had accumulated more ice as compare to
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earlier mentioned test panels. These results observations are different from hydrophilic coated test

panels, wherein smooth aluminum had a lowest ice accumulation.
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Figure 5.2. Ice accumulation weight increase data of hydrophobic coatings

5.2.3 Superhydrophobic coating ice accumulation performance

Low modulus (S3) and high modulus (S9) superhydrophobic silicone coatings ice
accumulation test results were plotted against smooth aluminum and sandblasted aluminum
surface. The ice weight increase test results are reported in figure 5.3. The ice weight increase of
superhydrophobic coatings resulted in significantly less ice accumulation as compare to smooth
and sandblasted aluminum surfaces. The primary reason for the less ice weight increase was due
to significant difference in water contact angle between smooth aluminum sheet (63.7 £ 2.2), low
modulus superhydrophobic coating (155.1 + 2.1) and higher modulus superhydrophobic coating
(158.5 + 4.1), wherein superhydrophobic water contact angles helps to delay the ice nucleation

and ice accretion [11,15,36 and 98].



65

11
105 | e arophabi )
1 Superhydrophobic (53)
095 Sandblasted aluminum
09
0.85
0.8
0.75
0.7
065 ==

0.6
1 256 511 766 1021 1276 1531 1786 2041 2296 2551 2806 3061 3316 3571

lce weightincreament {lbs.}

Time (seconds)

Figure 5.3. Ice accumulation weight increase data of superhydrophobic coatings

5.2.4 Low modulus coatings ice accumulation comparison

The low modulus silicone coatings (S3) ice accumulation results are plotted in the figure
5.4 and compared with uncoated smooth and sandblasted aluminum surfaces. As discussed in the
previous session, superhydrophobic coating surface had accumulated less ice than other test
panels. Secondly, hydrophobic and smooth aluminum surface had accumulated relatively less ice
weight. The hydrophilic and sandblasted aluminum surfaces were accumulated more ice.
Hydrophilic coating had highest ice accumulation because of relatively low contact angle (71.2 £
1.3). Also, itis observed that hydrophilic silicone coatings ice accumulation was increased rapidly
at initial stage (511 to 1021 seconds) of the icing process, due to that hydrophilic coating has the
higher water and substrate contact area, which leads to faster ice nucleation and eventually in ice

accretion [16 and 99].
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Figure 5.4. Ice accumulation weight increase data of low modulus (23 psi) coatings
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Figure 5.5. Ice accumulation weight increase data of high modulus (288 psi) coatings
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5.2.5 High modulus coatings ice accumulation comparison

The high modulus silicone coatings (S9) ice accumulation results are plotted in the figure 5.5
and compared with uncoated smooth and sandblasted aluminum surface. As similar observation to
low modulus coatings, high modulus superhydrophobic coating had accumulated less ice and
hydrophilic silicone coating had a highest ice accumulation weight increase. Also, high modulus
hydrophilic coating accreted ice more rapidly at early stage (256 seconds to 1021 seconds) of
accumulation test itself. Other test panels such as high modulus hydrophobic, sandblasted and

smooth aluminum ice accumulation weight increase were between earlier mentioned test samples.

5.2.6 Role of superhydrophobic test panel placement angle against water spray direction

Evaluating icephobic performance and ice accumulation of uncoated and coated aluminum
test panels can provide valuable information about its influence parameters such as modulus, water
contact angle and surface roughness. However exterior applications, ice accumulation can also be
influenced by various other parameters such as product design, wind condition, water falling angle,
water temperature and humidity. Multiple research studies have studied the role of substrate
temperature, humidity and wind conditions [100 and 101]. However, very limited research work
has been done regard to product design and water falling direction to the substrate surface. To
understand the sample placement angle against the water spray direction, we have selected high

modulus (S9) superhydrophobic test panel, since it had a very less ice accumulation.

As like previous test, water was sprayed from the top of the chamber, however the test
panel placement angles were varied by tilting test panel to 0° or 180°, 45°, 60° and 90° for each

test. The ice accumulation test results are reported in figure 5.6.

The ice weight increase of test panels placed at the angles of 60° and 90° has resulted in

low ice accumulation weight increase as compare to test panels were tested at the angles of 0° or
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180° and 45°. Interestingly, test panel placed at 90° angle had accumulated lowest ice at the early
stage of accumulation process (until 3000 seconds), however, after that the increment in ice weight
was similar to test panel placed at angle at 60°. It was witnessed that the ice accumulation happened
at the both sides of the test panel for 90 ° (since water sprayed from the top) and had contributed

to the ice weight increase at the final stage of the ice accumulation test.
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180 Degree 45Degree =m0 Degree 90 Degree
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0.75 .‘i'
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Figure 5.6. Ice accumulation weight increment of different sample placement angle (180° , 45°,
60° and 90°) against water spray direction

The sample placed at the 180° angle had highest ice accumulation as compare to all other
test panels. Since, the water sliding angle of the superhydrophobic coating (7.2 = 1.8) is higher
than test panel placement angle (0° or 180°), the delay in water removal from the test panel surface
had contributed to the earlier ice nucleation and ice forming process as compare to other test panels
[16, 19, 98, 99 and100]. It also need to be noted that placement angle at 180° had a high surface

area which is directly exposed to the water to spray, without any slop.
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Interestingly, if we compare ice accumulation weight increase of smooth uncoated
aluminum panel placed at 60° angle (refer figure 5.7 and 5.8) to the superhydrophobic high
modulus silicone test panel placed at 180° angle, both had almost same ice weight increase. This
finding and insight is highly valuable for product designers, though the test surface is
superhydrophobic, if placement angle is not selected properly, the superhydrophobic benefit may
not be realized in the final application. Additionally, product shape itself can create a difference in

ice nucleation and accretion process [99 and100].

We further analyzed time taken to accumulate 0.05 Ibs. of ice weight, the superhydrophobic
coating ice weight with varying angle sample placement are reported in figure 5.7 and all the
coatings ice weight increment measured at 60-degree angle is reported in figure 5.8. These test
results suggest that sample placement is also highly critical to obtain less ice accumulation as
compared to creating less ice accumulation surface itself. For example, from figure 5.7, the sample
placed at 180-degree angle has accumulated 0.05 Ibs. of ice in 11 minutes whereas sample placed
at 60 or 90 degrees took more than 40 minutes. While comparing this data with hydrophobic or
sandblasted aluminum ice accumulation data reported in figure 5.8 is almost similar time taken to
accumulate 0.05 Ibs. ice. This observation and learning is highly critical for product designers and

developers, where product shape may influence ice accumulation.
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Figure 5.7. Time taken to accumulate 0.05 Ibs. weight on superhydrophobic surfaces with
sample placement angle (180°, 45°, 60° and 90°) against water spray direction
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Figure 5.8. Time taken to accumulate 0.05 Ibs. weight on all the test panels with sample
placement angle of 60° against water spray direction

5.3 Summary and path forward

Ice weight increase of hydrophilic, hydrophobic and superhydrophobic coatings were
evaluated. Hydrophilic coating resulted in higher ice weight increase and superhydrophobic
coating had a lowest ice accumulation. Interestingly, uncoated smooth aluminum was performed

better than hydrophilic coatings. Hydrophobic coating was resulted in moderate weight increase.
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Comparatively between low modulus and high modulus hydrophilic and hydrophobic coatings,
low modulus coating was accumulated less ice as compare to higher modulus coating, since soft
material surface can delay ice nucleation and accretion [76, 82 and 88]. However, superhydropbic

surface did not influenced by change in coating modulus.

The test panels placement angles against the water spray direction test result eludes to that
though coating surface can provide better results at controlled lab environment, however actual
application multiple factors need to be considered and tested before making conclusion towards

icephobicity.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Silicone coatings icephobic performance

Silicone coating material with different characteristics attributes such as roughness (3000
GS, 300 GS and 30 GS), water contact angle (hydrophilic, hydrophobic and superhydrophobic),
elastic modulus (23 psi, 88 psi, 189 psi and 288 psi) were evaluated against ice adhesion strength.
The anti-ice design space plot was also established. Experimental results suggest that development
of low ice adhesion strength coating is possible either with both hydrophobic and
superhydrophobic coatings provided certain conditions are met. For example, if hydrophobic
coating is preferred for an application scenario, the coating modulus need to be less than 100 psi.
If superhydrophobic coating is selected for an application, then durability of coating need to be
considered specific to the application. Moreover, we developed low ice adhesion mechanism

without additional of any oil infusion to the polymer.

Silicone coating ice accumulation weight increase was measured. Superhydrophobic
coating ice weight increase was less as compare to other coatings. However, appropriate design
consideration need to be done during product design, since superhydrophobic coating ice

accumulation can be affected by product shape and surface slop angles.

6.2 FEVE binder icephobic performance

FEVE based coating smooth and silica filled coating formulation were developed and it
was compared with smooth silicone epoxy coating and superhydrophobic aerosol coatings. FEVE
based smooth coating had retained its icephobic properties after high temperature ageing as
compare to other benchmark coatings. Interestingly, even though superhydrophobic coating

icephobic performance were better at initial unaged samples, after ageing FEVE coating retained
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its surface attributes and have performed better in icephobicity. However, FEVE based smooth
coating durability performance with UV, abrasion and water aging also need to be validated.
Additionally, ice accumulation performance with different angle placement need to be validated

in the future.

The learnings from silicone coating material evaluation and the design recommendation
can be further leveraged for FEVE coating formulation, since it has higher temperature resistance
and exterior weather resistance as compare to silicone coating. Low modulus FEVE based
superhydrophobic coating can be a ideal solution for “durable icephobic coating for aluminum

substrate”.

6.3  Opportunities for future research

Though ice adhesion and ice accumulation understanding were created. Still there are
many technical unknowns need to be explored to have complete success for an industrial

application. Some of them are following:

6.3.1 The role of low ice adhesion strength to product application

Researchers have demonstrated various mechanism to obtain low ice adhesion strength
materials, however most of the work has been done at lab scale level only. However, actual
application benefit of low ice adhesion coatings need to be validated for industrial application to

increase the rate of commercial success.

6.3.2 The role of product shape in ice build-up

Ice adhesion strength were measured using flat aluminum sheet. If the low ice adhesion

coating is applied on cylindrical or rectangular or “V” shaped product, would it provide the same
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ice adhesion strength? Establishing this understanding would help product designers to take

informed decision to consider icephobic coating for specific shape for application

6.3.3 Superhydrophobic coatings icephobic performance

Superhydrophobic coating ice accumulation was changed with sample placement
angle. If certain application restricts designer to use product surface mostly with an angle of
60° to water spray direction, the ice build-up would happen at the 180° angle surface and
continue to aggravate faster to other surfaces of the same product. So, need to validate more

application related icing process to provide more insights to product designers.
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