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Introduction 

 Adhesion of contaminants has been identified as a ubiq-

uitous issue for aeronautic exterior surfaces.1-4  In-flight ic-

ing is particularly hazardous for all aircraft and can be ex-

perienced throughout the year under the appropriate envi-

ronmental conditions.  On larger vehicles, the accretion of 

ice could result in loss of lift, engine failure, and potentially 

loss of vehicle and life were it not for active de-icing or anti-

icing equipment.  Smaller vehicles though cannot support 

the mass and mechanical complexity of active ice mitigating 

systems and thus must rely upon passive approaches or 

avoid icing conditions altogether.  One approach that may 

be applicable to all aircraft is the use of coatings.5-7  Dura-

bility remains an issue and has prevented realization of coat-

ings for leading edge contamination mitigation.  In this 

work, epoxy coatings were generated as a passive approach 

for ice adhesion mitigation and methods to improve durabil-

ity were evaluated.   

        Highly cross-linked epoxy systems can be extremely 

rigid, which could have deleterious consequences regarding 

application as a leading edge coating.  Incorporation of flex-

ible species, such as poly(ethylene glycol) may improve 

coating toughness.8  Additionally, core-shell rubber (CSR) 

particles have been utilized to improve fracture toughness 

of epoxies.9  Both of these more established additives are 

investigated in this work.  An emerging additive that is also 

evaluated here is holey graphene. This nanomaterial pos-

sesses many of the advantageous properties of graphene 

(excellent mechanical properties, thermal and electrical 

conductivity, large surface area, etc.) while also exhibiting 

behaviors associated with flexible, porous materials (i.e., 

compressibility, increased permeation, etc.).  Holey gra-

phene, HG, was synthesized by the oxidation of defect-rich 

sites on graphene sheets through controlled thermal expo-

sure.10  It is envisioned that the porous nature of HG would 

allow resin penetration through the graphitic plane, result-

ing in better interfacial interaction and therefore better 

translation of the nanomaterial’s properties to the surround-

ing matrix. 

Experimental 

 Epoxy coatings were generated on prepared aluminum 

(Al) substrates of Al 3003 for Taber abrasion, Al 2024 for 

impact testing, and Al 6061 for ice adhesion testing.  Sur-

faces were prepared by abrasion using a solution of Pace® 

B-82 (Chemetall®) diluted in water by a factor of 7 until a 

water break-free surface was observed.  A solution of AC-

131 (3M™), which had been mixed and agitated for at least 

30 min, was applied to the surface. 

 Modified epoxy resins were prepared from the base 

resin (BR) combination of the diglycidyl ether of bisphenol 

A (DGEBPA, DER™ 331, Dow® Chemical) and 1,3-bis(4-

aminophenoxy)benzene hardener at a hardener/epoxy (h/e) 

ratio of 0.8.  Typically, 10 g of each formulation was pre-

pared by adding each component into a plastic sample bottle 

and heating the mixture in an oil bath at 90°C for approxi-

mately 15 min with stirring following by cooling to room 

temperature for approximately 10 min.  The resultant solu-

tion was coated onto prepared substrates by dispersion from 

a plastic syringe.   

 A glycidyl ether-terminated poly(ethylene glycol) 

(PEG, Aldrich, number average molecular weight  ~ 500 

g/mol) was incorporated at values ranging from 0-50 wt% 

while maintaining the same h/e ratio.  These coatings are 

designated as BR-PEG#, where # indicates the PEG loading 

level.  CSR particles dispersed in a DGEBPA resin (Kaneka 

Kane Ace MX-125) were also incorporated and the amount 

of DER™ 331 was adjusted to maintain the same h/e ratio.  

Designations of formulations with CSR particles (ranging 

from 0-10 wt%) are indicated with CSR#, where # indicates 

particle loading level.   HG, dispersed in a minimal amount 

of N,N’-dimethylformamide (10 mg/mL; ~ 15 mL total) and 

sonicated for at least 1 h, was included in formulations at 

loading levels ranging from 0-1 wt%.  No changes in reac-

tive species quantities were made as HG was considered to 

be an inert additive.  Formulations including HG are indi-

cated with HG#, where # indicates the HG loading level.   

 PEG, CSR, and HG were added to the BR prior to heat-

ing.  Coated substrates were held in a forced air chamber 

overnight to remove any volatile species and subjected to 

the recommended cure cycle for DER 331 (2 h at 100 °C 

followed by 4 h at 177 °C).   

 Advancing and receding water contact angles (A and 

R, respectively) were determined on a First Ten Angstroms 

FTA1000B according to ASTM D7334.  A minimum of 3 

water droplets were utilized for each surface and interfacial 

tension measurements were conducted prior to testing to 

verify the purity of the solvent and image resolution.   Taber 

abrasion testing was conducted according to ASTM D4060 
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using a Qualitest GT-7012-T and H-18 Taber wheels.  Tests 

were conducted using a custom sample support that enabled 

generation of approximately 3.73 cm diameter samples cen-

tered on the abrasion wheel wear path.  Up to 1200 cycles 

were performed on each surface at 60 rpm.  Coating thick-

ness-dependent wear index (WIT) was calculated according 

to equation 1, where W0 and W1200 are the sample initial 

weight and weight after 1200 abrasion cycles, C is the num-

ber of cycles, and T is the coating thickness (thickness val-

ues ranged from 250 to 1500 m as determined using a 

Checkline 3000FX coating thickness guage).  Impact testing 

was performed according to ASTM D2794 using an Elcom-

eter 1615 impact tester with a 1 kg drop weight and a 15.9 

mm radius impact surface.  Testing was conducted from a 

drop height of 40 cm on both coated and uncoated surfaces.   

𝑊𝐼𝑇 =
(𝑊0 −𝑊1200)1000

𝐶 ∗ 𝑇
 (1) 

 Ice adhesion strength (IAS) was determined on a cus-

tom-built laboratory scale ice adhesion testing device 

(AERTS Jr.) as has been described previously.11  Impact ice 

was accreted at -16 °C with a calculated liquid water content 

(LWC) between 0.4-0.5 g/m3 and droplet mean volumetric 

diameter of 20 m.   These conditions fall within the FAR 

Part 25/29 Appendix C icing envelope.12   Both the epoxy-

coated sample disk and a control disc (highly roughened 

such that ice would detach from the test surface first) were 

weighed and mounted onto an Al rotor that was subse-

quently mounted in the refrigerated centrifuge in AERTS Jr.  

The rotor was spun up to 5500 rpm (93 m/s) and thermally 

equilibrated at -16 °C for at least 20 min.  Supercooled mi-

crodroplets were introduced through a NASA MOD 2 noz-

zle located above the plane of rotation.  Ice release from the 

sample was detected by an accelerometer attached to a bal-

listic wall surrounding the centrifuge.  The difference in ac-

creted ice mass was equated to the shed ice mass from the 

sample surface which was utilized to calculate IAS accord-

ing to equation 2 where mice, v, and r are the mass of shed 

ice, linear velocity at the sample surface, and the rotor ra-

dius, respectively. 

𝐼𝐴𝑆 =
𝑚𝑖𝑐𝑒𝑣

2

𝑟
 (2) 

Results and Discussion 

 Consideration of a coating formulation for application 

to a wing leading edge must involve a series of material 

properties including the intended functionality (contami-

nant adhesion prevention) as well as other service life re-

quirements such as durability, mechanical properties, etc.  

The BR considered in this work was identified as exhibiting 

initial promise for reducing IAS (internal results).  How-

ever, initial testing of this formulation for other required 

properties indicated that further formulation modifications 

would be necessary to realize this coating for application as 

a leading edge material.  Figure 1 indicates the result of im-

pact testing of an Al alloy coupon coated with the BR for-

mulation.  As seen, severe coating integrity failure was ob-

served.  However, inclusion of PEG dramatically improved 

the outcome of impact testing.   

 

 

Figure 1. Impact testing of (A) BR, (B) BR-PEG15, (C) 

BR-PEG35, and (D) BR-PEG50 according to ASTM D2794.  

The deformation width was approximately 16 mm. 

  

 

Figure 2. (A) Advancing and receding water contact angle 

values measured on PEG-containing epoxy coatings. (B) 

IAS values measured at -16 °C on PEG-containing epoxy 

coatings.  (C) Thickness-dependent wear index values de-

termined on PEG-containing epoxy coatings.  

 Based on the results of Figure 1, a series of modified 

BR formulations was prepared with varying amounts of 

PEG.  These coatings were characterized with the results 

summarized in Figure 2.  As could be anticipated, increasing 

PEG content resulted in a decrease in water contact angle 



 

 

values due to PEG’s hydrophilic nature (Figure 2A).  Inter-

estingly, increasing the PEG content resulted in a decrease 

in ice adhesion strength (Figure 2B).  This can be related to 

molecular flexibility imparted by the PEG as well as known 

properties of PEG to act as a freezing point depressant for 

ice formation.13  The exponential decay fit-line through the 

IAS data (Figure 2B) suggested that increasing PEG content 

should decrease IAS.  Further, Taber abrasion results indi-

cated that an increase in PEG content (50 wt%) resulted in 

a decrease in wear performance (Figure 2C).  This can be 

related to the aliphatic nature of the PEG additive compared 

to the aromatic nature of the BR.  Based on these results, the 

amount of PEG that should be included to improve impact 

test performance (fracture toughness) without adversely im-

pacting wear performance was determined to be approxi-

mately 35 wt%.   This formulation was utilized for the stud-

ies involving CSR and HG additives. 

 To ascertain the influence the additives had on coating 

performance, each additive was evaluated individually.  A 

series of CSR-containing formulations was prepared and 

characterized according to the same procedures as those uti-

lized on the PEG-containing formulations described previ-

ously.  As can be seen in Figure 3, the CSR inclusion did 

not improve wear performance compared to the BR-PEG35 

formulation, although IAS did improve in several cases.  

Conversely, inclusion of HG (at loading levels ≤ 0.25 wt%) 

resulted in both an improvement in IAS and wear perfor-

mance at low loading levels.  The gray box in Figure 3 is the 

region where formulations that exhibited an improvement in 

both properties, relative to BR-PEG35, would be located.  

At HG loading levels > 0.25 wt%, surface roughness in-

creased (data not shown) and consequential embrittlement 

led to a reduction in wear performance.  Impact testing per-

formed on several formulations found that inclusion of CSR 

resulted in retention of the fracture toughness of the BR-

PEG35 formulation (Figures 1C and 4A).  Conversely, in-

clusion of HG, even at loadings as low as 0.1 wt%, resulted 

in a reduction in fracture toughness (Figures 1C and 4B).  

 
Figure 3. Comparison of IAS at -16°C and wear index for 

epoxy formulations containing varying amounts of PEG, 

CSR, and HG additives.  The open circle is the value meas-

ured for an Alclad Al 2024 T3 surface.  Coatings with im-

proved performance, relative to the BR-PEG35 coating, 

would be located within the shaded regions.  

 

Figure 4. Impact testing of (A) BR-PEG35-CSR10 and (B) 

BR-PEG35-HG0.5 conducting according to ASTM D2794.  

The deformation width was approximately 16 mm. 

   Summary 
 Through a series of tests involving IAS, Taber abrasion, 

and impact testing it was observed that there was an additive 

loading dependency. Improvement in one property was of-

ten at the expense of another using the BR-PEG35 resin. In-

clusion of HG improved the wear performance and IAS but 

reduced the fracture toughness.  Incorporation of CSR re-

tained fracture toughness but diminished wear performance 

and IAS slightly.  Combinations of these additives will be 

explored to determine if the best attributes of each can be 

incorporated into a promising formulation. 
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