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1. Introduction 
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Previous work has shown that the ice adhesion strength decreases as coating thickness increases 

and shear modulus decreases, while the ice interfacial toughness decreases as coating thickness 

decreases and shear modulus increases [20, 23]. Thus, the material design requirements for icephobic 

and LIT surfaces are exactly the opposite of each other. As a result, it is hard to develop surfaces for 

which �̂�𝑖𝑐𝑒 < 100 kPa and Γ < 1 J/m2 simultaneously. This in turn implies that all the different ice 

shedding coatings

�̂�𝑖𝑐𝑒 Γ 

�̂�𝑖𝑐𝑒 < 50 kPa and Γ < 0.4 J/m2, allowing snow and ice shedding across broad length scales.  
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Table 1. Estimated energy yield per module for uncoated (U1 and U2) and coated (MC2 and MC6) 

modules in this study over 77 days calculated using three different methods. The increase in energy 

is fairly consistent among the three methods employed for DC power loss estimation and shows a 

~79-85% increase in energy yield for a single MC2 column relative to the uncoated columns and a 

~29-34% increase for a single MC6 column.  

Analysis Method 
Estimated Energy Yield per Module (kWh) over 77 days 

U1 U2 MC2 MC6 

Image 34.8 36.6 60 43.7 

PVLIB 35.3 37.3 64 47.5 

2X 29.3 28.9 59.9 41.8 

Average 33.1 34.3 61.3 (+79-85%) 44.3 (+29-34%) 
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5. Experimental Section 

 

Coating fabrication and application: Sylgard™ 184 (Dow® Silicones) was fabricated in a 10:1 

base:crosslinker ratio, while Sylgard™ 527 (Dow® Silicones) was fabricated in a 1:1 base:crosslinker 

ratio, per manufacturer instructions.  To achieve different ratios of Sylgard™ 184 and Sylgard™ 527, 

the precursors were mixed accordingly and dissolved in hexane (50mg/ml). The mixture was 

vortexed until homogeneous, degassed to remove bubbles, and brushed onto the Al substrates for 

ice adhesion testing and glass susbtrates for optical transparency measurements. The samples were 

then cured at 150 °C for 1 hour. The samples may also be cured at room temperature. For cold 

temperature curing for outdoor application, DOWSIL™ 3-6559 (Dow Inc.) may be added (see 

below). All the coatings exhibited a similar ratio of advancing contact angle to receding contact 

angle of θadv / θrec = 113° / 101°. 
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To fabricate plasticized PVC coatings, polyvinyl chloride (Mw = 120,000, Scientific Polymer) 

was dissolved in tetrahydrofuran (THF) at a 100mg/ml ratio.  Once fully dissolved, medium-chain 

triglyceride oil (MCT, Jedwards International) was added to the solution at 60 wt%, to generate a 

plasticized coating.  The systems were homogenized using a vortexer at room temperature.  After 

homogenization, the solutions were brush coated onto aluminum substrates and left to dry for 24 

hours. This resulted in a coating with thickness ~50 μm (as measured using a Mitotoyo 

micrometer), depending on the initial concentration.  All the coatings exhibited a similar ratio of 

advancing contact angle to receding contact angle of θadv / θrec = 92° / 80°.  

a 50mg/ml solution of 20 wt% DOWSIL 3-6559 

Accelerator, 20 wt% Sylgard™ 184 and 60 wt% Sylgard™ 527 in hexane solvent (50mg/ml). 

Hexane will not 

dissolve HDPE or PP containers and they may be used for dissolution. Glass containers may also 
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be used. For brush coat application over a 150ft2 panel, 65 grams of Sylgard™ 184 part A, 107.5 

grams of Sylgard™ 527 part A and 71.5 grams of DOWSIL 3-6559 accelerator was weighed. ~7.2 litres 

of hexane was used to dissolve the above mixture in a glass, HDPE or PP container.  A paint mixer 

attached to a drill was used as the stirring apparatus to make sure the solution is homogeneously 

mixed.  The container was sealed during stirring to avoid evaporation of the solvent.  Once the 

mixture is fully dissolved, 6.5 grams of Sylgard™ 184 part B and 107.5 grams of Sylgard™ 527 part B 

was added to the above mixture and mixed thoroughly. Once the cure agents are mixed in, ~40 

minutes of working time is available before the coating cures at room temperature. If the coating is 

mixed/applied in a colder environment (4 °C), the working time is 1-2 hours. A flat or fan brush was 

used for brush coating. The solution is applied over the substrate panel in a single stroke. The the 

container is sealed after use to avoid solvent evaporation. The coating is cured overnight at room 

temperature. If the cure temperature is 4 °C, 2 days are used to cure.  

 

Optical transparency measurements: UV absorption data were collected on a Varian Cary 50 Bio 

spectrometer. The scanning range was 300-800 nm. Ice adhesion measurements: The measurements 

of τice and  were conducted in a similar fashion to techniques reported previously[23].  To observe 

a critical length during ice-adhesion testing, a Peltier-plate system was used.  The Peltier-plate 

system used in this work (Laird Technologies) measured 22 cm in length and 6 cm in width (Figure 

2.16). The sample to be tested was prepared to fit this geometry and adhered to the plate using 

double-sided tape (3M Company). To evaluate different lengths of interfacial area in a relatively 

short amount of time, and to maximize consistency between tests, the entire substrate was 

used for ice-adhesion testing.  For example, in (Figure 2.16) we show a typical test, where 11 

different pieces of ice are all frozen together.  Short- and long-length samples were placed 

within the geometry of the Peltier plate at random locations on the surface to confirm that the 

measurements did not affect one another. In all these experiments, we used lengths from 0.5 
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cm to 20 cm.  In total, a minimum of five measurements (N = 5) were taken for each length. The 

height and width of ice were fixed at h = 0.6 cm and w = 1 cm. The ice was frozen at -10 °C. The 

force required to dislodge the ice was recorded using a force gauge (Nextech DFS500) at a 

controlled velocity of 74 µm/s (Figure 2.16). 

Weather data, image acquisition and analysis: An identical weather station and camera was used at 

both locations to collect images as well as plan of array (POA) irradiance, temperature, relative 

humidity, wind speed and wind direction.  A CCFC Campbell Scientific field camera was used to 

record images at a 15-minute interval during daylight hours.  Images were analyzed using ImageJ 

software. Irradiance was measured with a Campbell Scientific CS320 pyranometer.  The CS320 is an 

ISO 9060 second class instrument with an internal heater to minimize liquid and frozen 

contamination. Temperature and relative humidity were measured with a Campbell Scientific 

HygroVUE10 sensor located in a solar radiation shield.  Wind speed and direction were measured 

with a RM Young 3002 cup style anemometer.  It has a velocity accuracy of ± 0.5 m/s and directional 

accuracy of ±5°.  All weather data was measured at 5 second intervals and averaged to one-minute 

intervals using a Campbell Scientific CR1000X data logger.  
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Statistical analysis: The interfacial shear strength, ̂ , is taken from the slope of the  against L fit 

in the linear (strength-controlled) regime.  For consistency, lengths were included in the linear fit 

that minimized the overall error in the measurement of ̂ .  

  For each length of ice, several measurements were taken. For each reported value of , 

the data point is the mean of at least 5 measurements, , and the error bar is one standard 

deviation, 
ice

 . The error in ̂ , equivalently the error in the slope, was found using 

 , (1) 

where ∆ is given by, 

 .  (2) 

Once the best fit for ̂  was found using the method described above,  was determined by 

averaging the recorded  values for all L > Lc.  The error in the intercept of the best-fit line for ̂ , 

, was found using, 

  (3) 

The critical interfacial length, Lc, was found from the intersection of the linear fit in the strength-

controlled regime (̂ ) and the mean value of  in the toughness-controlled regime. 

W
t
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