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Abstract
A physics-based analytical model to predict the adhesion shear strength of impact
ice on varying surface morphologies was developed and validated experimentally.
The model focuses on the surface morphology effects on ice adhesion strength. As
super-cooled water droplets, having a typical median volume diameter ranging from
10 to 80 μm, impact and freeze on the leading edges of aircraft, it is hypothesized
that the small drops expand and clamp to surface discontinuities, contributing to the
ice adhesion strength of the material. The derivation of a Newtonian mechanics
model to calculate the forces required for the removal of ice that has expanded and
clamped inside macro surface structures is presented. The model requires
knowledge of the macro-scale (10-6 m) surface geometry. Newtonian mechanics
accounted for the expansion and clamping of freezing ice including temperature
dependent ice properties. The model is dependent on Young’s modulus, the thermal
coefficient of expansion of ice, and the coefficient of static friction between ice and
the adhering substrate. All of these properties are dependent on the variation of
temperature.
The research validated the developed model experimentally. Firstly, the
individual parameters as functions of temperature were obtained from literature
review and experimental measurements. Previous research revealed the correlation
with temperature of the Young’s modulus and the thermal coefficient of expansion
for ice. The relationship for the thermal coefficient of expansion found is valid for
temperatures ranging between -193.15 and 6.85 °C (-315.67 and 44.33 °F). The
iii

Young’s modulus temperature relationship was obtained from tests presented in the
literature that used sea ice. Secondly, the static coefficient of friction is dependent
on the surface interaction between the accreted ice and the surface material.
Through bench top testing, it was determined that the coefficient of friction of ice is
also dependent on temperature. The coefficient of friction was experimentally
acquired for a mercaptan and amine blended epoxy (Great Planes 30 Minute Pro
Two-Part) applied to an aluminum substrate. The coefficient of friction varied from
0.046 with a standard deviation of 0.015 at -5.8 °C (21.6 °F) to 0.190 with a standard
deviation of 0.019 at -15.7 °C (3.7 °F), a change of 420%, and is dependent on
loading conditions and the test environment.
The final phase of the research was the experimental validation of the ice
adhesion model through adhesion strength testing on the Adverse Environment
Rotor Test Stand (AERTS). To conduct validation testing, controlled surfaces were
created. The surfaces were coated with the same mercaptan and amine epoxy blend
to create a surface that approached a Ra of zero. The actual surface roughness
measured was a Ra of 0.01 μm (3.94 x 10-7 in.). This pristine coating provided a
baseline against other surface of the same coating that had controlled surface
roughness. The epoxy surfaces were ablated using a laser at differing intensities to
create surfaces with varying roughness depths. The laser etched the coatings at
0.35, 0.6, and 1.2 W, each with a respective surface roughness of 1.13, 1.95, and 5.11
Ra (4.45 x 10-5, 7.68 x 10-5, and 2.01 x 10-4 in.). All of these coatings were tested
within the Federal Aviation Regulation Part 25 and Part 29 Appendix C icing
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envelope to recreate realistic environmental icing conditions. The pristine surface
was had an adhesion strength of 4.11 psi (28.3 kPa) with a standard deviation of
0.75 psi (5.17 kPa) at -8 °C (17.6 °F) and 7.99 psi (55.1 kPa) with a standard
deviation of 0.94 psi (6.48 kPa) at -16 °C (3.2 °F). While, for example, the coating
with the most severe ablation (Ra of 5.11 μm) was had an adhesion strength of 22.7
psi (156.8 kPa) with a standard deviation of 2.70 psi (18.62 kPa) at -8 °C and 42.4
psi (292.5 kPa) with a standard deviation of 3.45 psi (23.79 kPa) at -16 °C. These
measured values were then compared to the model predictions. The maximum
discrepancy between prediction and experimental results was 9% for the 25
experimental tests conducted using the 1.2 W ablation surface.
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Chapter 1: Introduction
1.1 Background and Motivation
1.1.1 Natural Occurrence of Icing
Aircraft icing is a concern for all aviators; at current operational envelopes aircraft
encounter various types of weather, including icing. Icing is caused as aircraft travel
through adverse environments, namely through an icing cloud. As the aircraft
travels through this environment super-cooled water droplets impact and freeze
onto the lifting surface. As ice accretes to the surface it causes an aerodynamic
penalty in performance that leads to a loss of lift and control, which can ultimately
lead to the aircraft failure and crash (1).

Icing occurs in the operational envelope for both fixed wing aircraft and rotorcraft.
The operational envelope for aircraft varies depending on type of aircraft as well as
operational speed. The maximum altitude reached for a traditional helicopter is
typically 3 km (10,000 ft.) while an F/W Turboprop can reach an operating altitude
of 9.1 km (30,000 ft.), as shown in Figure 1 (2). The maximum operational altitude
of the aforementioned rotorcraft is roughly 20 and 60 percent, respectively, of the
operational envelope of the F-20. The F-20 can reach an altitude of 16 km (52,500
ft.), as shown in Figure 2 (3).

1

Figure 1: Operational envelope of rotorcraft (2)

Figure 2: Operational envelope of F-20 (3)

2

Icing occurs within icing clouds in the operational envelope. Clouds can occur as
high as 13.75 km (45,000 ft.), which is well within the operational envelope of both
rotorcraft and fixed wing aircraft (4). Different types of clouds occur at different
altitudes. Certain cloud types such as Cirrus and Cirrocumulus contain only ice
particles. The ice particles do not accrete to the cold lifting surfaces of the aircraft.
Super-cooled water droplets are droplets of water varying in size and cooled below
0 °C (32 °F), but not yet frozen. Super-cooled water droplets exist within clouds
where the ambient temperature is cooler than 0 °C. The ambient temperature of the
atmosphere is dependent on altitude as well as humidity and cloud type (5). Clouds
that contain super-cooled water droplets occur within the operational envelope of
rotorcraft and low altitude aircraft, as shown in Figure 3. The most severe icing
conditions occur within the Low Cloud (sea-level to 2,000 m) and Middle Cloud
(2,000 to 6,000 m) regions, where super-cooled water droplets are found within the
clouds (6). Rotorcraft and low altitude fixed wing aircraft are susceptible to icing
conditions in lower altitudes where super-cooled water droplets are more likely to
form.

3

Figure 3: Cloud altitude classification (6)

If the ambient temperature is lower than the freezing point of a super-cooled water
droplet than a phase change occurs and the super-cooled water droplet becomes an
ice droplet. The work of Lutgens indicates that phase changes for the water droplets
occur naturally as the altitude is increased (7).

Temperature is a function of

altitude, thus as altitude increases the temperature decreases, see Figure 4. The
change in temperature of 6.4 °C per 1,000 m (3.5 °F per 1000 ft.) of altitude
determines whether droplets will be in liquid or solid form.

4

Figure 4: Temperature as a function of altitude (7)

1.1.2 Aircraft Icing Research History
In the early days of powered flight, icing was not a concern. Due to the lack of
technical instrumentation, pilots flew by Visual Flight Rules (VFR) and avoided
flying through clouds, thereby avoiding most icing conditions.

With the

development of flight instrumentation in the 1920s by Jimmy Doolittle (8), the
aviation industry increased the operational envelop to include Instrument Flight
5

Rule (IFR) (1). With an increased risk of aircraft icing due to the increased
operational envelope, the National Advisory Council for Aeronautics (NACA) began
testing the first icing wind tunnel at Langley in 1928. The wind tunnel used two
nozzles up stream to inject water particles into the airflow and create an artificial
cloud. Due to the limitation of commercial nozzles at the time, the water particles in
the airflow were not representative of true icing conditions. The first icing wind
tunnel had a small test section of only six inches in diameter. In 1942 NACA began
construction on the Icing Research Tunnel (IRT) at then Aircraft Engine Research
Laboratory, now NASA Glenn, in Cleveland, Ohio. The IRT is a 6 ft. x 9 ft. (1.8 m x 2.7
m) diameter test section and a modified version of the 7 ft. x 10 ft. (2.1 m x 3.05 m)
wind tunnel at NACA Ames in California; this was a precautionary measure in the
event the Germans attacked NACA Ames during WWII. The first icing experiments
were conducted on a propeller in August of 1942, and marked the beginning of icing
research and development (1).

With the advent of the IRT, general aviation now desired to certify their current fleet
of aircraft to fly in known icing conditions. This prompted private funding to
develop and construct multiple icing research facilities: the Boeing Aerodynamic
Icing Tunnel (BAIT) (9); Goodrich Icing Tunnel (10); and the Icing Wind Tunnel at
CIRA in Italy (11). Other facilities were also designed and built especially for the fullscale testing of helicopters in icing conditions: the NRC Spray Rig (currently closed)
(12); Helicopter Icing Spray System (HISS) (13); and the McKinley Climatic
Laboratory (14). For smaller scale testing the Pennsylvania State University
6

constructed the Adverse Environment Rotor Test Stand (AERTS), which features a
hover icing test stand for small-scale testing up to 3.05 m (10 ft.) diameter rotor
blades (16)(17).
1.1.3 Necessity for Ice Protection Systems (IPS)
Since the construction of the IRT and the other private icing research facilities, much
has been learned in regards to ice protection systems. Despite the advent of new
technology, training, and procedures developed in the 73 years since the first test at
the IRT, accidents relating to icing conditions continue to persist. Between 1978 and
2002 the National Transportation Safety Board (NTSB) generated 334,190 event
synopsis and reports associated with incidents to aircraft either during or before
flight. Of those events, 9,299 relevant events occurred during known icing and
snowy conditions. Of the 9,299-recorded events, 944 accidents and events occurred
where severe damage to the aircraft was reported (18). In addition, between the
years of 1985 and 1999, a total of 255 icing accidents and incidents occurred with
U.S. Army aircraft (19).

A high number of civilian aircraft are affected by icing incidents every year (18), and
generally do not receive much publicity. Incidents can occur on daily basis, and
usually receive attention if the incident is an accident. Icing accidents can occur on
any type of aircraft, even on larger aircraft that are equipped with ice protection
systems. Within the last 25 years, four major icing accidents occurred with larger
aircraft where a total of 174 individuals were killed due to the crashes (20). In 1994,
an ATR-72-212 commuter aircraft crashed in Roselawn, Indiana killing 68. While
7

more recently in 2009, a DHC-8-402 twin-engine plane crashed at the Clarence
Center in New York where 49 individuals were killed. These incidents highlight the
deficiencies in the understanding of icing conditions, and ultimately generated
significant research interest in freezing drizzle and rain, collectively known as super
large droplet (SLD) conditions.
1.1.4 Ice Accretion Facilities and Physics
As accidents and incidents that are related to icing still occur it is important to
continue conducting research on icing events and to develop an understanding of
the physics behind ice accretion. To decrease the chance of icing incidents, research
and development of novel ice protection systems is generally performed in icing
wind tunnels. To recreate environmental icing conditions, icing facilities must be
able to recreate natural icing phenomena using super-cooled water droplets, or
water that is below the freezing point, but not yet frozen. In nature super-cooled
droplets occur because there is no seed material to build upon in the cloud layer, but
this condition is difficult to achieve in laboratories. To create these conditions in
laboratories, the impurities of the water are removed through a reverse osmosis
process. The purified water and air are then pumped through a series of nozzles to
aerosolize the water to create an artificial icing cloud. The density of the cloud is
controlled through the number of active nozzles as well as the difference between
the air and water pressure which control the amount of water and size of the water
droplets (11).

8

The ice accretion shape is dependent on the temperature of the impacting water
droplets as well as the size of the water droplets. The temperature affects whether
the droplets will freeze immediately on impact or if the droplet splashes before
freezing. The water droplets in the icing cloud vary in size, this variation is the
Median Volumetric Diameter (MVD) and is used to characterize the average size of
the droplets.

The density of the cloud is referred to as the Liquid Water

Concentration (LWC) and is measured in grams per cubic meter. A higher LWC
leads to a quicker ice accretion rate. The LWC, MVD, as well as the ambient
temperature are used by the Federal Aviation Administration (FAA) to define and
parameterize the icing envelope. The FAA separately defines the icing envelope for
aircraft and rotorcraft as continuous and intermittent in the Federal Aviation
Regulations Part 25 and 29 Appendix C. The continuous icing envelope relates to a
less severe icing condition; see Figure 5 (17). Conversely, the intermittent icing
envelope corresponds with more severe icing conditions, higher LWCs, also shown
in Figure 5. To effectively conduct icing research both icing envelopes must be
represented to determine the effectiveness of an IPS. The icing envelopes from Part
25 and Part 29 represent realistic environmental icing conditions. These conditions
are duplicated within research facilities to accurately represent ice accretion and
physics.
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Figure 5: FAR Part 25/29 Appendix C icing envelope (17)

Within the icing envelopes, different types of ice accrete on aircraft wings. The
different types of ice are glaze, mixed, and rime. Depending on the temperature,
LWC, and MVD each type of ice forms within the envelope. When the super-cooled
water droplets freeze immediately upon impact with the leading edge, rime ice is
formed. The ice freezes instantly due to lower temperatures and air becomes
entrapped within in the droplet, giving rime ice a white appearance. Rime ice
normally accretes to the leading edge in a streamline shape and effectively becomes
an extension of the airfoil as the water freezes immediately (21). On the opposite
end of the spectrum (i.e. higher temperature, impact velocity, MVD, and/or LWC)
glaze ice can form. Glaze ice is traditionally formed as the ambient temperature
approaches the freezing point. With a warmer ambient temperature the water
10

droplets impact on the surface, splash, and run back. The glaze ice accretion process
is shown in Figure 6 (22). In the image, it can be observed that water-run back
creates a thin liquid film that eventually freezes. Due to this thin film and run back,
the ice has a clear appearance and horned shape. Under certain conditions, such as
angle of attack and airfoil shape, two ice horns will grow away from the stagnation
point. The aerodynamic penalty of these horns is significant, resulting in possible
loss of control (21). The mixed ice type exists between the two icing regimes. It is
an intermediary condition of icing with a clear main shape, similar to the glaze
regime with feathers aft of the main shape similar to the rime ice regime. All three
types of ice shapes are displayed in Figure 7 (22).

Figure 6: Glaze ice process (22)
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Figure 7: Main accreted ice shapes (a) Glaze, (b) Mixed, (c) Rime (22)

Each icing condition and ice shape regime is dependent on the temperature, LWC,
and MVD. As the three parameters vary, no finite transition point between the icing
regimes exists. A general guide is depicted in Figure 8 (22) to better compare each
of the three parameters with the relating icing condition. When determining the
icing regimes for rotorcraft, it is important to note that the location along the blade
span affects the icing regime. The velocity and kinetic heating increase with blade
span, thus rime ice usually forms on the colder and lower velocity inboard section.
As the ice accretes traveling outboard, the rime ice transitions to glaze ice, where
the kinetic heating and high centrifugal forces prevent ice accretion towards the tip
of the blade where ice accretion does not occur (see Figure 9).
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Figure 8: Guide for differing icing regimes (22)

Figure 9: Ice regime versus rotor blade span (17)

1.2 Ice Protection Systems
Due to the dangers of icing events, numerous ice protection systems have been
created to prevent and mitigate icing. Certain protection systems are designed for
specific types of aircraft, while some systems can be applied across multiple types of
aircraft (23). It is near impossible to create a system that will prevent ice from
13

occurring at all. IPSs can be divided into two categories: Active and Passive De-Icing
Systems; active systems rely on an active force to de-ice the leading edge, while
passive systems are applied to the aircraft with a hope that the system will reduce
icing. The following sections describe current and past systems for ice protection of
aircraft.

1.2.1 Fluid Anti-Icing System
In the 1960’s, Bell Helicopter developed a fluid anti-icing system for the UH-1 Huey
main and tail rotors. Fluid was pumped through a porous leading edge that allowed
the fluid to flow down the blade span.

This allowed for a continuous and

preventable ice accretion system. The fluid IPS system also worked as a de-icing
system. In the de-icing mode, ice accreted to a thickness of 0.3 in. (0.762) before the
fluid was pumped out, at which time the ice shed. The fluid was comprised of a
mixture of alcohol and glycerin in an 11-gallon (41.6 L) tank. The fluid was pumped
to the main and tail rotor blades with a 43-gal/hr. (162.8 L/hr.) pump at a rate of 15
psi (103.4 kPa) (23). A pneumatic slip ring was installed to transfer the fluid from
the fixed frame of the aircraft to the rotating blades; a diagram of the system is
shown in Figure 10. The system was successfully tested at an ambient temperature
of -20 °C (-4 °F) with an LWC of 0.8 g/m3 (1.55 x10-6 slugs/ft3) at the Ottawa Spray
Rig (23).
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Figure 10: Bell Helicopter fluid anti-icing system diagram (23)

The fluid anti-icing IPS was a low power system, which provided an effective way to
eliminate water runback with an anti-icing and de-icing system. Unfortunately the
system was heavy and required a large storage area within the rotorcraft.
Additionally, the system was only able to protect against ice accretion for 84
minutes, before the compliment of the fluid was exhausted (23).

1.2.2 Electrothermal
The most common type of IPS is electrothermal, and currently the only system
installed in rotorcraft (23). Electrothermal systems are installed on many fixed
wing aircraft. Electrothermal systems use the Joule heating effect to convert electric
energy into thermal energy, effectively melting the ice interface to promote
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shedding (23). The heating element is bonded to the back of the surface of the
leading edge skin. When a voltage is applied to the heater element, the heat is then
conducted through the element into the skin, and ultimately the ice interface.
Initially, foil and wires were laid in a grid pattern to evenly distribute the heat; a
schematic is shown in Figure 11 (24). The current method replaces the metallic
heaters by carbon fiber composites. Electrothermal IPS typically is used in de-icing
mode due to power limitations and to reduce water run back.

Figure 11: Electrothermal IPS schematic (24)

Water runback from Electrothermal IPSs occurs when the system is in anti-icing
mode where water runs back over the wing and freezes on unprotected areas of the
blade. IPSs also require hefty power requirements, and the weight of the system is a
major penalty to aircraft. If the heaters do not cycle properly, water from the
melted ice can run and freeze on unprotected areas (23). The run back will slowly
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build a wall and severely degrade aerodynamic performance as mentioned in the
previous section. The heaters require 25 W/in2 (3.88 W/cm2) (23), and to minimize
the power requirements, the heaters are separated into span-wise and chord-wise
elements, and each element is cycled (24). To meet the demand of the extrarequired power, a large auxiliary power unit must be added to the aircraft.

1.2.3 Microwave IPS
The U.S. Army Research and Technology Laboratories at Fort Eustis in Virginia
tested Microwave IPSs in the mid 1970’s and again in Germany in 2001 (25) (26).
Both tests conducted used 2.45 GHz and 22 GHz microwaves to try and melt ice off
the leading edge of the aircraft. During the tests the pure ice absorbs negligible
amounts of 2.45 GHz radiation and anti-icing was not possible due to power
concerns, thus a system with higher frequencies was desired to heat the ice (26).
When the test was conducted at 22 GHz the performance was improved due to a
higher concentration of energy (25). Figure 12 displays the patent for a typical
Microwave IPS from 1997 (27).
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Figure 12: Microwave IPS design patent (1) aircraft wing, (2) microwave generator,
(3) thermal propagation cube, (4) transfer vanes, (5) microwave reflecting unit, (6)
leading edge area, (7) aircraft skin (27)

The cross-sectional view (Figure 12) of the leading edge of an aircraft wing (1)
having inner and outer surfaces, which shows the microwave generator (2) and its
proximity to the thermal propagation cube (3) in relation to the wing leading edge
area (6). The microwave generator is mounted concentrically within one end of the
thermal propagation tube. The tube abuts and is parallel to the leading edge of the
wing. The radial configuration of the thermal transfer vanes (4) connects the core of
the thermal propagation tube with the skin (7) of the wing structure, and may be
made of aluminum or another metal allow to allow for thermal heating across the
skin. A thermal shielding and microwave-reflecting unit (5) is used to prevent the
loss of the heat and spurious microwave energy from escaping the leading edge
area. The Microwave IPS was not further developed due to concerns with the
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detectability of the vehicle by microwave radiation from outside sources or enemy
combatants (26).
1.2.4 Pneumatic
1.2.4.1 Rotorcraft
Prototype IPS pneumatic systems designed for rotorcraft blades had power and
weight limitations. For the pneumatic system, bleed air from the turbine engine is
used to inflate the boots in two seconds. As the boots inflate, a transverse shear
stress is introduced at the ice interface due to the large displacement, and the
accreted ice is delaminated.

The prototype for a UH-1 can de-ice blades at

temperatures that reach -20 °C (-4 °F) with a maximum LWC of 0.8 g/m3 (1.55 x 10-6
slugs/ft3) and a minimum ice thickness of 0.3 inches (0.762 cm) (23). The prototype
(Figure 13) was installed along the leading edge of the main rotor blade, in a chordwise and span-wise orientation. The pneumatic IPSs have not been employed due to
the need of heavy pneumatic slip rings for the UH-1 system, as well as the need to
protect against rain and sand erosion.
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Figure 13: UH-1 pneumatic boot IPS prototype (23)

A pneumatic IPS is also currently under development at the AERTS Facility at Penn
State (28). A novel approach to de-ice rotorcraft is used by using centrifugal
pumping, considerably reducing the power requirements of the system.

The

centrifugal pumping uses the change in pressure of a rotating column of air inside
the rotor blades. Two hollow tubes are installed in the blade span-wise to take
advantage of the change of pressure in the column along the blades. When the blade
is rotated at its operational RPM one of tubes is sealed at the root and open at the
tip. In this condition, the air is forced out the tip creating a negative pressure at the
root of the blade. Conversely, if the other tube is sealed at the tip and open at the
root, then the air is forced to the tip and with no exit and a high-pressure region is
created, see Figure 14. The high-pressure and low-pressure regions generate a
pressure differential that can be used to inflate and deflate an erosion protective
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metallic cap to delaminate and shed ice naturally. The pressure differentials were
confirmed through full scale testing at the KAMAN Whirl Tower with a pressure
differential of 7.5 psi (51.7 kPa) (29). A prototype of the proposed centrifugal
pumping pneumatic IPS is displayed in Figure 15 (30).

Figure 14: Pneumatic pressure versus span (29)

Figure 15: Part description of pneumatic IPS prototype (30)

21

1.2.4.2 Fixed Wing
Pneumatic IPSs are currently installed and utilized to help de-ice for small and midsize fixed wing aircraft. Pneumatic boots are installed along the leading edge of
wings and the stabilizer as well as certain propellers. A diagram of a pneumatic IPS
on a Cessna 340 is shown in Figure 16, and demonstrates the multi-use functionality
of the IPS.

Figure 16: Pneumatic IPS for Cessna 340 (32)

Similar to the rotorcraft pneumatic system, bleed air from the engine is diverted
through a variable nozzle and diverter valve. The diverted bleed air is used to fill a
series of tubes along the span-wise direction. The tubes make up the pneumatic
boot. The bleed air system can also be integrated with an engine starting system. A
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patent submitted in 2001 discusses the advantages of pneumatic IPS for fixed wing
aircraft (33). The engine starting system comprises of an air turbine starter
subsystem with a compressor and a turbine coupled to each other and the engine.
The airflow subsystem directs the bleed air through the turbine and into the boots.
For the pneumatic system, bleed air from the turbine engine is used to inflate the
boots in 0.5 to 6 seconds.

As the boots inflate, a transverse shear stress is

introduced at the ice interface due to the large displacement, and the accreted ice is
delaminated. Typical systems require a minimum ice thickness of 0.25 inches (0.635
cm) thick to de-ice the wing.

A new system under development at BF Goodrich (34), the Advanced Pneumatic
Impulse Ice Protection System (PIIP), has reduced inflation time by 10,000 times to
50 μs. The PIIP successfully demonstrated the ability to de-ice with a minimum ice
thickness of 0.03 inches with droplets with an equivalent particle diameter of 0.25
inches and retain the ability to de-ice thickness over 1 inch (2.54 cm). The PIIP is
diagramed in Figure 17, and de-ices the leading edge through the introduction of
bending and shearing stresses. Table 1 provides a comparison between the PIIP and
typical pneumatic systems.
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Figure 17: PIIP diagram (a) deflated pneumatic deicer and (b) inflated pneumatic
deicer (34)

Table 1: Comparison of PIIP and pneumatic deicers (34)
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Pneumatic boots introduce shear stresses along the interface and assist in the
delamination of accreted ice. In smaller aircraft the boot can only be inflated once. If
the ice does not delaminate then the increased surface area of the airfoil creates an
aerodynamic penalty as well as increases the ease of the ice to accrete (33).
Pneumatic boots need to be regularly serviced to remain effective in de-icing. The
boots are generally made of rubber or synthetic surfaces, which over time dry out.
If the surface dries out then the boot will not inflate fully or cracks can form in the
boots so that it will not inflate at all, thus rendering the boot ineffective. To prevent
such negative effects, a Boot Prep and Boot Guard needs to be applied regularly that
helps keep moisture in the boot. The PIIP system uses a three horsepower system
to inflate the boot quickly and by changing the material to metal or plastic the
system life is elongated. However the PIIP weighs 21 pounds (9.53 kg) and takes up
one cubic foot (34). Pneumatic systems for fixed-wing aircraft can effectively de-ice
during most icing conditions, but some systems only have one use and introduce
large weight penalty and aerodynamic penalties.

1.2.5 Electrovibratory
Bell Helicopter, along with the U.S. Army performed a study on electrovibratory
systems. Electrovibratory systems induce vibrations through a shaker; the idea was
to mount a shaker at the root of a blade to induce vibrations to overcome the
adhesion strength of ice along the leading edge. The shaker was mounted and
operated at near the natural frequency of the blade; a diagram depicting the system
is seen in Figure 18. Two 1.25 lb. (0.57 kg) eccentric weights were driven by a 0.5
25

HP engine to create vibrations near the natural frequency. The system was tested
and determined to de-ice blades from -5 to -15 °C (23 to 5 °F) when activated for 2
seconds with a maximum force of 35 g’s. In order to sufficiently de-ice the blades the
vibratory system weighed 67 lbs. (30.4 kg) and required 1.3 kW of power (23). The
system was never further developed due to the weight and power concerns along
with rotor blade fatigue related to blade vibration.

Figure 18: Blade shaker locations diagram (23)
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1.2.6 Ultrasonic
In an Ultrasonic IPS, the actuation of piezoelectric materials (PZT) bonded to the
leading edge vibrate and create shear stresses to de-bond ice. When PZTs are in the
Ultrasonic IPS the zirconium titanate, or PZT-4, is used due to the block force
capability and high stiffness when compared to other PZT materials. When an
electric potential is applied across the PZT a strain is created, and deformation
occurs.

When the deformation occurs the transverse shear stress along the

interface lead to the ice to delaminate. In order for delamination to occur, the PZT is
driven near its natural frequency at the ultrasonic range (22). Previous research in
the AERTS Laboratory, demonstrated de-icing is possible over an extensive icing
envelope. In order to deice effectively, PZT is bonded to a leading cap, and attached
to the leading edge of the rotor blade, depicted in Figure 19. The system requires
185W, or 6.65 W/in2 (1.03 W/cm2) (35), but the PZT is susceptible to de-bonding.
De-bonding occurs as the PZT is fractured from blade motion and thus becomes
ineffective at de-icing the blade (36).
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Figure 19: Leading edge cap with ultrasonic deicing actuators configuration (36)

1.2.7 Low Adhesion Ice Strength Coatings
The only truly passive and anti-icing mitigation technique could be the application
of a coating that prevents ice accretion or reduces ice adhesion strength to a
substrate to assist the naturally shedding of ice. A passive low ice adhesion strength
coating is desirable because the coating can be applied to any aircraft without any
negative aerodynamic or weight penalty effects. If an aircraft cannot afford active
IPSs or if an active system fails, a low adhesion coating has natural built in ice
accretion protection capabilities. Low adhesion coatings, minimize the amount of ice
buildup before the accreting ice naturally sheds.
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Historically, the most effective coatings to promote low adhesions strength were
labeled as “ice phobic” coatings. Ice phobic coatings are sought to prevent the
accretion of ice as super-cooled water droplets impact a lifting surface. The quest to
develop and design ice phobic coatings is ongoing and first began in the IRT in the
1920s by coating an airfoil with light and heavy lubricating oils, grease, Vaseline,
paraffin, and simonize wax to retard the formation of ice. None of the coatings
proved to be an ice phobic material for application on aircraft. No material able to
withstand erosion environments of aircraft vehicles has been found to date.
Hundreds of materials, claiming to be ice phobic, have been investigated at the IRT,
including many obscure coatings such as: corn syrup, honey, glycerin soap,
commercial paint, and goose grease (1).

One such study of a specific coating that claims to be ice phobic was developed and
published by NuSil, a silicon manufacturer (37). The NuSil coating R-2180 has
significantly lower ice adhesion strength when compared to existing commercial
coatings (see figure 20). NuSil R-2180 has ice adhesion strength of 14 times lower
than Stainless Steel and 27 times lower than Titanium, two typical helicopter
leading edge materials. In the report and comparison study, no specific
characteristics of the materials tested were reported, and the results do not account
for lifetime service of the coatings.
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Figure 20: Commercial ice adhesion strength comparison to NuSil R-2180 (37)

Research conducted at the Pennsylvania State University, in collaboration with the
U.S. Army Aviation Applied Technology Directorate and Boeing Rotorcraft, tested a
wide range of potential passive ice mitigation materials for the corresponding ice
adhesion strength under the Rotor Durability Army Technology Objective. Testing
and comparison of the ice phobic coatings revealed the effectiveness of the coatings
to reduce the adhesion strength but their performance degraded over time.
Degradation increased the adhesion strength of the coatings by more than a factor
of five, shown in Figure 21 (38). The adhesion strength of the coatings increased as
the coating eroded, in other words, the coatings surface roughness increased. The
roughness value of a surface is a key parameter for adhesion strength, and in order
to properly characterize the strength the roughness and surface characterization
must be recorded.
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Figure 21: Adhesion strength comparison for uneroded and eroded coatings (38)

Low adhesion strength coatings can be used on all types of aircraft to help mitigate
ice accretion. The potential application of ice protective coatings is low cost and has
low detrimental effects for the aircraft. An ice protective coating can be applied to
any size aircraft without any additional negative effects; it can also be used in
addition to any active IPS. This combination allows for a higher efficiency in antiicing and deicing procedures. To effectively design and determine the feasibility of
ice protective coatings, specific parameters dictating the coating capabilities need to
be identified and characterized. Understanding the physics involved in the ice
adhesion accretion process is critical to understand ice adhesion strength and to
design ice protective coatings.
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1.3 Adhesion Modeling
Due to the ease of the installation of a passive coating for ice mitigation, many
coatings have been investigated. In an attempt to guide the design of ice protective
coatings, research has also been focused on the ability to model the accretion of ice
to coatings and to predict the adhesion strength of the ice accretion.

Current ice accretion models that predict the adhesion strength of ice to differing
substrates only account for micro-scale (nm) interactions, such as the calculation of
van der Waals Forces or the effects of Hydrogen Bonding. Hydrogen Bonding is the
electrostatic attraction between polar molecules. This type of bonding occurs when
a hydrogen atom binds to an electronegative atom, such as oxygen, and experiences
attractions from other nearby electronegative atoms (39). The hydrogen-bond
attractions can occur as either intermolecular or intramolecular. In ice accretion, the
water molecules interact as intermolecular bonds; see Figure 22 (40).

The

hydrogen bond exhibits an interaction energy ranging from 6 to 30 kJ/mole, which
is stronger than the van der Waals interaction, but weaker than covalent or ionic
bonds.
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Figure 22: Intermolecular hydrogen bonding of water molecules (40)

In the research conducted by V. Petrenko and S. Peng it was proposed that the
adhesion shear strength of ice was dependent on the degree of hydrogen bonding
between the water molecules (41). Petrenko demonstrated a relationship that as the
degree of hydrogen bonding increased, the adhesion strength also increased linearly
(Figure 23). With zero degree hydrogen bonding between the molecules the shear
strength was measured and predicted to be roughly 0.38 MPa (55.11 psi) with a
standard deviation of 0.08 MPa (11.60 psi). When the water molecule was entirely
composed (100%) of hydrogen bonding, there was a 400% increase in adhesion
strength. The effect of the hydrogen bonding was measured using large sessile
droplets (200 μm, 7.87 x 10-3 in.) in a freezer, as shown in Figure 23. The difference
between freezer ice and impact ice was not addressed in the research. The research
performed under the Rotor Durability Army Technology Objective (38) and
performed by Soltis (42) indicates that as surfaces degrade due to erosion, the
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adhesion strength increases. A degradation of a surface or erosion is often
synonymous with a change in surface roughness. The roughness of the surface is
increased as the surface degrades by erosion; this indicates that surface morphology
effects on adhesion strength should be considered when modeling ice adhesion (42).
The results presented by Petrenko did not account for surface roughness
measurements.

Figure 23: Effect of the degree of hydrogen bonding on adhesion strength (41)

With the ongoing effort to develop an “ice-phobic” coating, or low adhesion coatings,
a simultaneous effort is continuing to accurately predict adhesion strength. A report
assembled at MIT by Meuler discussed the results of numerous studies on the
relationship of water wettability and its effects on ice adhesion (43). Comparisons
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of numerous materials typically relate ice adhesion strength as a function of the
“water contact angle”; are compiled in Table 2. Figure 24 provides a diagram for the
definition of advancing and receding contact angles as defined by Bhusan, et al. (44).
There is no common trend in the results; the data varies substantially with adhesion
strength. The polybutyl methacrylate (PBMA) material has an adhesion strength of
55.7 psi (384 kPa) with a standard deviation of 7.54 psi (52 kPa), an advancing
contact angle of 92.8°, and a receding contact angle of 74.6°. Another coating, a
fluoroelastormer known as Tecnoflon, has an adhesion strength of 56.4 psi (389
kPa) with a standard deviation of 9.14 psi (63 kPa), an advancing contact angle of
118.3°, and a receding contact angle of 73.7°. These two coatings have a 21.5%
difference in advancing angles, but only a 2.3% difference in adhesion strength.
Coatings with similar angles (97/3 Tecnoflon/fluorodecyl POSS and 70/30
Tecnoflon/fluordecyl POSS) varied in adhesion strength by almost 200%. Although
claims have been made that a higher water contact angle will result in lower
adhesion strength (45), no such correlation exists.

35

Table 2: Measured water contact angles and average shear strengths of ice adhesion
for 22 tested surfaces (43)
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Figure 24: Diagram of advancing and receding angles of water droplets (44)

Initial tests in the studies of Kulinich and Farzaneh indicate initial correlation
between contact angle and adhesion strength (46), which indicates a linear
relationship, shown in Figure 25. However, there are not enough data points to
effectively draw conclusions about adhesion strength and contact angles. Figure 25
is the measured results from the experiments of Kulinich and Farzaneh relating the
shear stress of ice to water contact angles and angle hysteresis. Figure 25 (b) does
not show enough data points to draw specific conclusions. No samples were tested
with a contact angle hysteresis between 15 and 60°, thus insufficient data does not
justify the linear trend between the two data sets. The lack of a linear relationship is
shown in Figure 25 (a). As seen in the Figure, two materials were tested with similar
contact angles (±2°) but their corresponding adhesion strengths were different by a
factor of 5.3.
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Figure 25: Adhesion strength of ice versus (a) contact angle and (b) contact angle
hysteresis (46)
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An in-depth approach to modeling ice adhesion strength with wetting hysteresis
and contact angles is covered in the work presented by MIT researchers (43). As an
alternative to simply measuring differing materials and their respective contact
angles, formulas were derived to help predict the adhesion strength. The group from
MIT hypothesized that a single contact angle does not adequately characterize the
wettability of the surface. A more complete definition of wettability must be
considered. Wettability must include shear and tensile phenomena. As drop sliding
is a shearing process, the minimum angle of tilt at which a sessile droplet will
spontaneously slide can be predicted, Equation 1.
𝒎𝒈
𝐬𝐢𝐧 𝜶 = 𝜸𝑳𝑽 (𝐜𝐨𝐬 𝜽𝒓𝒆𝒄 − 𝐜𝐨𝐬 𝜽𝒂𝒅𝒗 )
𝒘

(1)

Where the parameters are defined as the following:
α – Angle of tilt
m – Mass of droplet
g – Acceleration of gravity on earth, 9.81 m/s2 (32.2 ft/s2)
w – Width of the droplet, perpendicular to sliding direction
ϒLV – Liquid-vapor surface tension of the liquid
Θrec – Receding contact angle
Θadv – Advancing contacting angle

The liquid-vapor surface tension of the liquid, or water droplet on the surface is the
adhering property of the droplet. The dependency in Equation 1 on both the
advancing and receding contact angles indicates that the adhesion strength is
dependent on the wettability of a material (43). As presented and shown by the MIT
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researchers, in Figure 26, the adhesion strength for ice is more likely to be
dependent on both the advancing and receding contact angles rather than a single
angle value. The linear trend presented in Figure 26 for the differing materials is
misleading because only 16 of the 22 tested materials present such relationship.
Multiple coatings with similar angles vary in adhesion strength by a factor of 2.5.
The lack of a trend from the values in Figure 26 necessitated further research. The
next step was to try and determine and compare how the contact angle affected
each sample. This comparison is recorded in Figure 27, where each material was
tested at the same temperature of -10 °C (14 °F). The difference between Figure 27
(a) and (b) is the method of measuring the contact angle. When comparing the
advancing contact angle to the equilibrium contact angle, the corresponding
adhesion strengths should be similar. Instead (a) has a cluster of materials near
120° with varying strengths from 21.8 to 65.3 psi (150 to 450 kPa), while (b) has a
wider variation of adhesion strengths and contact angles. The lack of consistent data
to demonstrate a linear trend and the pockets of clustered data suggest that contact
angle may be viable for single droplets of water on varying materials. The
relationship was more pronounced in Figure 26 when both angles were used in
tandem. The group suggested that there might be a relationship between the surface
characteristics and adhesion strength.

The 22 materials tested were only

characterized by their respective advancing and receding contact angles, and did not
include measurements for overall roughness.
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Figure 26: Average shear strengths of ice adhesion measured at -10°C plotted against
a measured of water contact angle hysteresis which scales with liquid drop roll-off
angle. The solid line is the linear best fit to the data acquired from the 16 surfaces
with θadv>105° (43)
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Figure 27: Average shear strengths of ice adhesion at -10°C plotted against two
different measured water contact angles; (a) the advancing water contact angle θadv
and (b) the equilibrium contact angle θe (43)

42

To understand the adhesion strength further, the research group from MIT recorded
the values for surface roughness of the test materials. With findings of surface
roughness, the materials were reordered by substrate roughness and respective
receding contact angles, as seen in Figure 28. Some anomalies occur in the findings,
but a linear relationship of 0.92 was found (43). When surface roughness increases
then adhesion strength of ice will as well. This relationship demonstrates that
although wettability and hysteresis can be considered to affect the adhesion
strength of ice, differences in surface roughness supersede.

Figure 28: Average shear strengths of ice adhesion. The line represents the best fit of
the data with a predicted average shear strength- τice= (340 ± 40 kPa) (1+cos θrec),
R2=0.92 (43)

43

Another method used to define, measure, and predict adhesion strength is through
hydrostatic pressure. Hydrostatic pressure is defined as “the pressure exerted by a
fluid at equilibrium at a given point within the fluid, due to the force of gravity.
Hydrostatic pressure increases in proportion to depth measured from the surface
because of the increasing weight of the fluid exerting downward force from above
(47).” Fish and Zarethsky (48) in a report from the Cold Regions Research and
Engineering Laboratory, show that ice strength, or adhesion strength, is a nonlinear
function of the confining pressure. The report presents adhesion strength carried
out over a large range of constant strain rates and confining pressures. Under the
strain rates the ice shear strength reaches a maximum confining pressure and
consequently reaches a maximum attributable to melting of ice then the shear
strength decreases with a pressure increase. Ice shear strength is believed to be a
nonlinear function of the axial constant strain rate. In addition, various ice types
revealed a relationship between temperature, salinity, and structure.

Ice was tested at different strain rates through triaxial tests. In Figure 29 and Figure
30, the test results are presented with a constant axial strain rate of 5.4 x 10-3 s-1
varying temperatures. The main difference between the two tests is that results in
Figure 29 are from freshwater freezer ice while the results in Figure 30 are that of
sea ice. The different types of ice have similar adhesion strengths with similar
hydrostatic pressures. The major difference in the sea ice is at the warmer
temperature of -1 °C (30.2 °F) the adhesion strength levels off and then decreases.
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This decrease in adhesion strength may be related to the salinity of the water and
the decrease in freezing temperature.

Figure 29: Strength test data of ice under triaxial compression (48)
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Figure 30: Predicted and test magnitudes of ice strength under triaxial compression
at various temperatures (48)

As hydrostatic pressure is increased, then according to the non-linear models the
shear strength should decrease and approach zero (Figure 31). The model is based
on a parabolic relationship, with varying strain rates. The linear relationship from
Figures 29 and 30 are valid for certain hydrostatic pressures, but as the pressure
increases by an order of magnitude the shear strength levels off and then decreases.
The model predicts a drastic decrease in adhesion strength, but there are no data
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points to validate the model predictions. Creating high hydrostatic pressures as high
as 21,755 psi (150 MPa) through coating manipulation is not a suitable method for
ice adhesion reduction. Thus, it is difficult to validate the model and unrealistic to
achieve such low predicted strengths.

Figure 31: Strength of ice in range of high hydrostatic pressures (48)

Through the aforementioned conducted research it is obvious that the adhesion
strength of ice is dependent on many factors. The models and prediction methods
only account for factors such as wettability, contact angle, and hydrostatic pressure.
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The scale on which wettability and contact angle affect water droplets is the Nanoscale, roughly 10,000 to 20,000 times smaller than the size of the water droplets
found in environmental icing conditions (6). The surface energies that contribute to
larger or smaller contact angles only account for freezer ice, which is not
representative of natural occurring icing conditions for aircraft. If hydrostatic
pressure is assumed to be the driving factor for ice adhesion strength
measurements and predictions, then the limiting factor is the use of freezer ice
under conditions of creep. The important key parameter from the report discussed
is the effect of the friction angle on the ice adhesion strength (46). Each model
discussed exhibits limitations, and it is apparent that for a model to predict adhesion
strength of ice accurately, it must incorporate the macro-scale (μm) effects.

The

model must also include the expansion of water as it undergoes a phase change
from liquid to solid-ice as it impacts the surface topography.

1.4 Surface Topography
Results from the Rotor Durability Army Technology Objective indicate that
degradation of ice phobic coatings increased the adhesion strength of the coatings
by more than a factor of five (38). The erosion indicates that a change in the surface
topography affects the adhesion strength. The change in the substrate topography
affects surface roughness and as a surface degrades the surface roughness increases.
The roughness value of a surface is a key parameter for adhesion strength. To
characterize adhesion strength, the roughness and surface characterization of the
substrate must be recorded.
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A comparison of the adhesion strength of ice for the same materials that were
eroded and un-eroded surfaces of presented an increase of over five times for the
eroded surface (38). The eroded surface is related to the surface roughness of the
material. Surface roughness is considered part of the macro-scale (μm) structure of
the surface where variations in the surface topography are on the same scale as the
size of the impacting water droplets. To understand the connection between surface
roughness and adhesion strength a study in the AERTS facility conducted adhesion
strength tests on varying materials by varying differing the roughness of the
surfaces (42). The surface roughness was varied from a Ra of 0.61 to 2.67 μm (2.4 x
10-5 to 1.05 x 10-4 in.) and tested within the FAR icing conditions.

Ra is the

component of surface texture, where Ra is the most common measurement form of
surface roughness. Ra is the arithmetic average of the absolute values based on the
vertical deviations on the roughness profile from the mean line, as shown in
Equation 2 (49).

𝟏

𝑹𝒂 = ∑𝒏𝒊=𝟏|𝒚𝒊 |
𝒏

Ra - Arithmetic average
n - Number of samples
i - Data point
y - Vertical distance to mean line
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(2)

With an increase in the surface roughness of 4.4 times, the adhesion strength
increased by a factor of more than 2.5 times for the same material, as seen in Figure
32 (42).

Figure 32: Adhesion strength dependency on surface roughness (42)

Historically, coatings for passive de-icing systems disregarded concerns that
increased surface roughness attributed to increased adhesion strength. It was
believed that rough microstructures of hydrophobic and super-hydrophobic
surfaces could prevent icing all together. This belief is inspired by the self-cleaning
properties of lotus leaves and other natural occurring hydrophobic and superhydrophobic surfaces. Thus many coatings were developed to try and recreate the
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repellency characteristics (50). Lotus leaves have natural surfaces with contact
angles greater than 150°. It is believed that the repellency characteristics could
reduce the adhesion strength of ice. To create super-hydrophobic coatings the
surface roughness is increased through microstructures.

The microstructures

induce the Cassie Wetting modes rather than the Wenzel model; see Figure (33)
(50).

Figure 33: Wenzel State and Cassie State microstructures (50)

The research presented by Cao et al. hypothesizes that if super-hydrophobic
surfaces are created, they can reduce ice adhesion strength if the particle size of the
droplets is a specific size (51). A series of coatings were created using polymer
composites. The polymer composites were prepared by mixing 2.5 g of modified
silica particles of varying diameters (20 nm, 50 nm, 100 nm, 1 m, 10 m, and 20
m) with 5 g of polymer binder, 75 g of toluene, and 15 g of acetone. The mixture
was then applied to aluminum plates using a spray gun at a constant pressure of 30
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psi and cured at room temperature for 12 hours. Once the coatings were created
they were tested for icing probability. To test the icing probability super cooled
water at -20 °C (-4 °F) was poured on to the surfaces at a height of 5 cm. (1.97 in.)
The surface was inspected as the water was poured to see if icing occurred on
impact. The test procedure is diagramed in Figure 34.

Figure 34: Ice probability inspection for coated and un-coated surfaces (51)

This procedure was repeated 20 times for each sample and coating variation. The
variation in particle size of the polymer created a different surface roughness for
each sample. As the test was conducted it was concluded that the occurrence of ice
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was a function of particle size (Figure 35). Ice does not form on the samples
prepared with 20 and 50 nm (7.87 x 10-7 to 1.97 x 10-6 in.) particles (smooth
surfaces), but the probability of icing increases as the particle diameter increased to
larger than 50 nm. The failure of icing can be related to the surface roughness, the
coatings with particle sizes less than 50 nm are essentially approaching a Ra of zero.

Figure 35: Icing probability as a function of particle size (51)

In this research it is hypothesized that when the roughness is approaching zero, the
water droplet diameter is sufficiently larger than the structures on the surface and
is unable to penetrate into the surface. As the droplets freeze, they are unable to
clamp into surrounding structures and the adhesion strength remains low, or in the
case of the study by Cao, ice does not form (51). When considering the effects of
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high impact velocity icing, the surface must have a roughness of close to zero or the
water droplets explode on impact and expand into the surrounding surfaces. This
occurrence is particularly relevant in the work presented by Farhadi et al. (52).
Multiple super-hydrophobic coatings were tested and evaluated for ice adhesion
strength relating to surface roughness. It was determined that as the water
expanded into solid surface through freezing the interfacial stresses increased (see
Figure 36).

Figure 36: Schematic presentation of a water droplet sitting atop a superhydrophobic surface. Arrows indicate surface asperities, which are likely to be
indented into ice when the droplet solidifies (52)

Similarly the work conducted by Zou et al. (53) discovered that as surface roughness
increased the hydrophobicity also changed. To increase the surface roughness, Zou
sand blasted Aluminum 2024 and measured the change in contact angles. An
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example of two coatings before and after the sandblasting is shown in Figure 37.
More importantly in addition to recording the changes in hydrophobicity, the
increased surface roughness from sandblasting increased the adhesion strength.

Figure 37: SEM micrographs (45° oblique angle views) of (a) as-received 2024
aluminum surface, (b) silicon-doped hydrocarbon coated as-received 2024 aluminum
surface, (c) sandblasted 2024 aluminum surface, and (d) silicon-doped hydrocarbon
coated sandblasted 2024 aluminum surface (53)

The adhesion strength between the coated samples and the sandblasted samples of
the same coating material are shown in Figure 38. The most drastic increase in
adhesion strength was the aluminum. The increase in adhesion strength after
sandblasting was 41.7% from 50.8 to 87 psi (0.35 mPa to 0.6 mPa). The samples of
silinated-hydrocarbon, fluorinated-carbon, and a combination of silinated55

hydrocarbon and fluorinated-carbon increased adhesion strength by 36.8, 21.6, and
13.6% respectively (seen in Figure 38) (53).

Figure 38: Ice adhesion shear strength vs. root-mean-square roughness (53)

The relationship between adhesion strength and surface roughness is connected to
the surface topography of the substrate. Super-hydrophobic coatings are designed
with microstructures to increase repellency of water droplets (50). The
microstructures also increase the surface roughness. To effectively predict and
calculate adhesion strength of ice the surface topography must be considered and
characterized. An example of coating characterization through optical profilometry
is given in Figure 39; the complete characterization process is presented in the work
of Kulinich (54). The adhesion strength of ice is dependent on both the micro and
macro scales, whereas current models only incorporate the micro-scale physics of
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the adhesion. The dependency of ice adhesion due to macro features must be
considered, due to the size of the impacting water droplets and expansion rate as
the pure water freezes.

Figure 39: Surface profile of differing samples (54)
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1.5 Objectives
The objective of this research is to derive a physics-based macro-scale prediction
model for the adhesion strength of ice. The material properties of ice and the
substrate necessary to implement such a model will be adopted from prior research
or experimentally acquired if the parameters are not available. Finally the
predictions obtained for specific coatings and surface roughness will be compared
to experimental results in an attempt to validate the proposed modeling tool.

To achieve these objectives, the approaches of the present work are:
1. Develop a physics-based model using Newtonian mechanics to calculate
the necessary force and corresponding shear stress needed to overcome
the mechanical clamping of ice to varying surface morphologies in the µm
range.
2. Determine any material properties of ice needed to capture the macroscale ice adhesion physics and measure any necessary parameters not
available in the literature, such as the coefficient of friction of ice to a
desired testing surface material.
3. Use existing epoxy deposition techniques to create coatings with
controlled surface topographies.
4. Obtain the digitized topography of differing coatings using standard
measurement techniques (optical profilometery and scanning electron
microscopy).
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5. Conduct experimental testing of controlled surfaces to validate the
proposed model. Tests will occur at various icing conditions with varying
temperature within the FAR Part 25/29 Appendix C icing envelope.

1.6 Thesis Overview
The thesis is organized in the following remaining chapters:
1.6.1 Chapter 2: Ice Accretion Adhesion Shear Strength Prediction Model
The development of the Newtonian mechanics model is presented. The steps used to
derive the equations for ice shedding strength are described in detail.

The

formulation of inputs will be analyzed as functions of key ice material properties
and surface morphology parameters for various icing conditions. It will be explained
how key input parameters to the model are functions of icing conditions and could
also be dependent on material properties of the ice and surface. The discovery of the
dependencies is discussed.
1.6.2 Chapter 3: Experimental Acquisition of Ice Friction Parameters
Through the derivation of the predictive model, a relationship between adhesion
shear strength of ice and the coefficient of static friction was discovered. The
coefficient of static friction of ice on differing materials is not available for many
surfaces, especially taking into account its variation with temperature. The work
presented in this chapter discusses the availability of the static coefficient of friction
in the literature and explains the need for experimental acquisition of such value for
surfaces of interest.

Due to the lack of available data, a series of tests were
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developed and conducted to determine the static coefficient of friction of ice on the
Great Planes Pro Two Part Epoxy (mercaptan and amine blend).
1.6.3 Chapter 4: Experimental Validation of Predictive Ice Adhesion Strength
Model
The Adverse Environment Rotor Test Stand Laboratory and the testing method for
adhesion strength of impact ice are described in Chapter 4. The testing facility is
discussed as well as the method to calculate and evaluate ice adhesion strength. A
method to evaluate the adhesion strength of freezer ice is also developed and
described in detail. To validate the Newtonian Model a controlled surface with
varying roughness shapes was created and tested. The ice shear strength data
acquisition for the controlled surface topographies is described. The predicted ice
adhesion strength to the controlled surfaces is then compared to the experimental
results.
1.6.4 Chapter 5: Conclusions and Recommendations
The final chapter summarizes the conclusions of the present work. The development
of the model for predicting ice adhesion strength due to surface morphology
variations as well as experimental validation of the model is reviewed.
Recommendations are included for future work to improve the model, and the
necessity for a standard for adhesion testing across the aerospace industry is
described.
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1.6.5 Appendix
The appendix explains and presents the work of the author in cooperation with the
NASA Langley and Glenn Research Centers. The effect of surface functionality and
chain length on the adhesion strength of ice was investigated under simulated icing
conditions. The change in surface morphology of the coating as it degraded had a
greater effect on the adhesion strength then any change in chemical functionality.
The conclusions discussed were important in determining what type of coating
would be used to validate the model along with the material properties of the key
parameters.
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2 Ice Accretion Adhesion Shear Strength Prediction Model
2.1 Objectives
To correctly model aircraft performance due to ice accretion, the shedding of the ice
must be considered. When considering ice shedding it is critical to have knowledge
of the ice adhesion strength. The ice adhesion strength to surfaces of the vehicle
must be calculated. Most of the research conducted has focused on the development
of coatings with low adhesion strength to reduce the accretion of ice and promote
the natural shedding of accreting ice. Fundamental knowledge of the ice adhesion
process is critical for improvements in the design of office protective coatings. The
primary goal of this work is to create a model to predict the ice adhesion shear
strength. The model will be physics-based to gain insight of the ice adhesion
process. The model will predict the adhesion strength of ice to differing materials.
With an accurate model, materials can be compared and evaluated without needing
experimental data. This will be beneficial during the coating design process of
passive de-icing systems.

This chapter will present the development of a Newtonian mechanics model for ice
adhesion strength. A new method is derived taking into account macro-scale surface
morphology characteristics. The steps used to derive the equations to predict the
shear force needed to promote ice shedding are described in detail. The formulation
of inputs to the model will be analyzed as functions of key material properties that
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vary with icing conditions. The discovery of the dependencies between ice shear
adhesion strength and these key material properties of ice are discussed.

2.2 Adhesion Strength Models
Current predictive ice accretion and ice strength models account for many varying
parameters to calculate ice adhesion strength. As previously discussed in Chapter 1,
many methods of prediction rely on water contact angles, wetting hysteresis, and
surface energies to predict adhesion strength. Many models have a degree of
accuracy, but fail to model the adhesion strength of ice at the macro-level. The
micro-level (molecular level) interactions of ice and the surface substrate are
important, but do not give a complete evaluation of the adhesion strength. A model
using Newtonian mechanics introduces the macro-level dependencies of ice
adhesion strength, such as surface topography, and can be used in combination with
micro-level models.

2.3 Newtonian Mechanics Adhesion Strength Modeling
When modeling the macro-scale surface morphology effects on ice adhesion shear
strength some assumptions need to be made. As water droplets freeze, the droplets
expand and freeze into the surface topography creating a “clamping” mechanism.
This clamping mechanism must be overcome for the ice to shed. The clamping
mechanism is dependent on the changes in the surface morphology. A model was
derived assuming simplified surface morphology.

A surface is assumed to be

perfectly smooth, Ra≈0, except for valleys corresponding to surface roughness
elements into which water droplets can impact, freeze, and expand. Two methods of
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shedding were assumed for derivation. The first method of shedding assumes the
shear force is perpendicular to the valleys creating the surface morphology. The
second method for shedding is when the shear force is parallel to the valley
orientation. A schematic of both shear force applications for shedding are shown in
Figure 40.

Figure 40: Simplified ice shedding diagrams (a) perpendicular shedding and (b)
parallel shedding
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The model derivation required two separate approaches to calculate the adhesion
shear strength of ice. Assuming that a surface is perfectly smooth, except for known
valleys, then the shedding direction of the ice must be considered. In the first case,
the shear force is perpendicular to the ice expansion, and only half of the area is
considered. It is hypothesized that the shear compresses the ice into one valley wall
while simultaneously losing contact with opposite valley wall.
2.3.1 Perpendicular Adhesion Strength
To determine the force required to shed the ice under a load (centrifugal loading, for
example) a free body diagram, see Figure 41, was created. The forces acting on the
ice during expansion and shedding process are illustrated in the free body diagram
shown for the perpendicular loading case. A diagram was also created for the
parallel case, and will be discussed further following the shedding shear force
prediction for the perpendicular loading case.
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Figure 41: Perpendicular-loading case for ice shedding: forces diagram

The parameters involved in the free-body-diagram for the perpendicular loading
case are defined as the following:
θ – Slope of surface topography, defined as negative with respect to horizontal plane
S – Shear force required to shed ice
Ff – Force of friction between ice shearing and coating
Nt – Instantaneous normal force, from redefined moment of ice block
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The perpendicular case is sufficiently complex as the interaction between the ice
and surface is not wholly understood. To create the free body diagram for the
perpendicular loading method assumptions were made to simplify the ice and
surface interactions. The Young’s modulus of ice is assumed to be greater than the
Young’s modulus of the epoxy coating. The average Young’s modulus for ice of 1.04 x
107 kPa (1.51 x 106 psi) is greater than the Young’s modulus for the epoxy substrate
of 3.5 x 106 kPa (5.08 x 105 psi) or roughly three times smaller. The difference in the
Young’s modulus of the two interaction materials supports an assumption that
plastic deformation will occur as the ice expands in the surface discontinuities. As
the surface deforms the resultant interaction force from the perpendicular shear
force is assumed to be negated. Additionally, as the ice mass shears along the
surface, the block of ice creates a moment. The position of the moment is not known
so the moment is redefined and assumed to be a perpendicular force that must
entirely overcome the clamping mechanism in order for the ice to shear. Assuming
the plastic deformation of the epoxy surface cancels the shear force perpendicular to
the surface and the moment from the ice block is redefined as a force perpendicular
to the surface face that must overcome the clamping mechanism a model is derived.
The model predicts the necessary force to shear the ice and is presented below.

Recalling Newton’s First Law of Motion, where the sum of forces acting on an object
is zero, a simple equation is formulated.
−𝑺 + 𝑵𝒕 𝐬𝐢𝐧 𝜽 + 𝑭𝒇 𝐜𝐨𝐬 𝜽 = 𝟎
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(3)

Equation 3 demonstrates that the shear force required to shed the ice acts entirely
in the x-direction. The shear force must overcome the x-components of the normal
force or “clamp force” as well the force of friction due to the sliding as the ice shears.
Thus the equation can be rewritten as:
𝑺 = 𝑭𝒇 𝐜𝐨𝐬 𝜽 + 𝑵𝒕 𝐬𝐢𝐧 𝜽

(4)

To solve for the shear force the force of friction and the normal force must be
known.

Recall:
𝑭𝒇 = 𝝁𝑵𝒕

(5)

By substituting Equation 5 into Equation 4, Equation 4 can be rewritten and
simplified as Equation 6.
𝑺 = 𝑵𝒕 (𝝁 𝐜𝐨𝐬 𝜽 + 𝐬𝐢𝐧 𝜽)

(6)

The normal force or clamp force is the force induced through the expanding of the
water droplet as it expands into the surface. This expansion is defined as the
Young’s modulus of ice. Young’s modulus is the measure of the stiffness of an elastic
material and is a quantity used to characterize materials. The Young’s modulus is
defined as a ratio of the stress and strain of the material, and is written in Equation
7.
𝑬=

𝝈
𝜺

(7)

E – Young’s modulus of ice
σ – Tensile stress, or force per unit area
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ε – Extensional strain, or ratio of deformation over initial length

With an understanding of Young’s modulus, Equation 7 is rewritten in Equation 8.
𝑵𝒕
𝑵𝒕 𝑳𝟎
𝑨𝟎
𝑬=
=
∆𝑳 𝑨𝟎 ∆𝑳
𝑳𝟎

(8)

Nt – Normal force redefined from moment on the ice block
A0 – Initial area of surface and ice contact
L0 – Initial length
ΔL – Change in length

The Thermal coefficient of expansion, α, represents the expansion rate of ice.

Where:
𝜶=

∆𝑳
𝑳𝟎
∆𝑻

(9)

ΔT – Change in ambient temperature

Equation 9 may now be substituted into Equation 8 and simplified.
𝑬=

𝑵𝒕
𝑨𝟎 𝜶∆𝑻

(10)

Recalling Equation 6, the shear force required to dislodge the clamped ice can be
calculated. Equation 10 is rearranged through basic algebra and substituted into
Equation 6 to solve for the shear force needed to shed the clamped ice.
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𝑺 = 𝑬𝑨𝟎 𝜶∆𝑻(𝝁 𝐜𝐨𝐬 𝜽 + 𝐬𝐢𝐧 𝜽)

(11)

Equation 11 solves for the shear force required to shed the ice. The values of
Young’s modulus, the thermal coefficient of expansion, and coefficient of static
friction all vary with temperature. Also theta, is the known slope between the
surface and ice interaction and the area is the interaction area of the ice and the
substrate. The shear force, S, is divided by the interacting surface area to solve for
the adhesion strength in psi or kPa.
2.3.2 Parallel Adhesion Strength
With the same assumptions that a surface is perfectly smooth and the only changes
in topography are valleys that run across the surface, an equation must be derived
to solve for the shear adhesion strength as ice sheds parallel to the shear force. A
free body diagram, Figure 42, illustrates the forces acting on the water as it impacts,
freezes, and sheds parallel to the shear force. The prediction model for loading
parallel to the ice shedding direction eliminates the plastic deformation and
moment assumptions from the perpendicular model.

These assumptions are

negated because the shear force is parallel to the ice shedding and is not continually
pushing into the wall of the surface.
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Figure 42: Parallel-loading case for ice shedding: forces diagram

Where the parameters are defined as the following:
Cg – Center of gravity of ice
N – Normal force or perpendicular force of the ice expansion (“Clamp Force”)
Ff – Force of friction between ice shearing and coating
S – Shear force required to shed ice

Similarly to the equation developed for the perpendicular shedding direction, the
parallel case uses Newton’s First Law as the basis for the shear force formulation.

−𝑺 + 𝑭𝒇 + 𝑭𝒇 = 𝟎
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(12)

Recall:
S – Shear force to shed ice
Ff – Force of friction between ice shearing and coating
Equation 12 can be simplified into two terms.
𝑺 = 𝟐𝑭𝒇

(13)

𝑺 = 𝟐𝝁𝑵

(14)

Once again, the shear force required to shed the ice is acting entirely in the xdirection.

The friction forces are the only forces that oppose the motion and

shedding of the ice. The normal force or clamping force only acts in the z and y
directions. Similarly to the perpendicular case, the normal force or clamp force is
the expansion of the water droplet into the topography as it undergoes the freezing
process. This expansion is defined through the relationship of the Young’s modulus
and the thermal coefficient of expansion in Equations 8 and 9 and simplified in
Equation 10. Equation 10 is substituted into Equation 14 to solve for the shear force.

𝑺 = 𝟐𝝁𝑬𝑨𝟎 𝜶∆𝑻

(15)

Just as in Equation 11, the Young’s modulus, thermal coefficient of expansion, and
coefficient of static friction are dependent on temperature. The area is the
interaction area of the ice and the test substrate. And to solve for the adhesion
strength, the shear force, S, is divided by interacting surface area.
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2.4 Constant Temperature Parameters
To evaluate the shear force required to shed the ice in either the perpendicular or
parallel loading direction, the parameters in both Equations 11 and 15 must be
determined.

The parameters are reliant on temperature, and change as the

temperature changes. The efforts to determine the values of the parameters needed
to solve for the ice adhesion strength to a given surface morphology are discussed in
the following sections.
2.4.1 Temperature Dependency
To solve for the shear force required to shed ice (Equations 11 and 15), the
parameters either need to be substituted from known values found in the literature
or determined experimentally when not available. Adhesion strength of ice is a
function of temperature (55).

This dependency on temperature is important

because it is the controlling factor in the equations derived for the calculation of ice
removal shear forces.

Efforts in research conducted by Raraty and Tabor (55) document the adhesion and
strength properties of ice. In their combined efforts ice adhesion was tested using
different methods as well as on numerous materials. Their research identified a
strong linear relationship between ice adhesion strength and temperature (55). In
Figure 43, the results of adhesion strength for ice that adhered to various geometric
shapes are shown (55). Even though the ice-accreted shapes are different, the
results are consistent with a linear relationship between temperature and adhesion
strength.
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Figure 43: Specific adhesion of ice on a monolayer of stearic acid adsorbed on
stainless: (a) adhesion on cylindrical specimen, (b) adhesion on annular specimen
and (c) from friction experiments
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Another important aspect of the research performed by Raraty (55) is that as the
temperature decreases, eventually the adhesion strength plateaus. The plateau can
also be attributed to the molecular interactions between the bulk ice and material
substrate (55). Examples of the plateau of ice adhesion strength are displayed in
Figures 44 and 45. The organic surfaces tested in Figure 44 may explain the plateau
through the molecular interactions. The stainless steel tested in Figure 45 specify
the initial beginnings of a plateau at -40 °C (-40 °F). This plateau affect is accounted
for in the derived predicted model, the model is valid for temperatures ranging from
0 to -22.5 °C (32 to -8.5 °F), where an inflection point is reached in the model.

Figure 44: Specific adhesion of ice to various organic surfaces: (a)
polytetrafluoroethylene, (b) solid stearic acid, (c) polystyrene and (d) Perspex (55)
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Figure 45: Specific adhesion of dilute solution of Teepol on clean stainless steel (55)

The results of the research conducted by Raraty are reproducible and similar tests
have been conducted in the AERTS facility. Under the direction of Joe Smith and
Chris Wohl, and in collaboration with the NASA Glenn and Langley Research
Centers, numerous hydrophobic coatings were tested for ice adhesion strength.
Aluminum 3003 was spray coated with differing combinations of molecular chains
that were believed to reduce adhesion strength. The coatings were developed to try
and reduce the adhesion strength of ice on aluminum. The coatings were tested at
varying temperatures in realistic icing conditions, and the adhesion strength was
measured. Further explanation on testing methods performed in the AERTS facility
can be found in Chapter 4 of this thesis. Additionally, a detailed explanation of the
research performed in conjunction with the NASA research centers can be found in
Appendix A of this thesis.
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From testing numerous coatings, the findings of Raraty are confirmed. The linear
relationship of temperature and adhesion strength of ice was demonstrated. The
adhesion strength increased as the temperature decreased to -16 °C (3.2 °F). The
tests were repeated for each specific coating, and the coatings were compared
against the control sample of Aluminum 3003. The linear relationship between
temperature and ice adhesion strength for the control Aluminum 3003 surface is
shown in Figure 46.

Figure 46: Adhesion strength as a function of temperature

The Young’s modulus of ice and the thermal coefficient of expansion for ice are the
material properties that have been previously measured by researchers and vary
with temperature. Equations 11 and 15 also contain the coefficient of static friction
between ice and the material substrate. This relationship has not been
experimentally investigated in detail in prior research efforts, and was
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experimentally measured as part of this research effort. The selection of Young’s
modulus and the thermal coefficient of expansion values to be used in the model are
discussed in the following sections.

2.4.2 Young’s Modulus
Young’s modulus is a material property and is dependent on the temperature of the
material.

Previous research efforts conducted by Northwood, compare previous

results, measure, and record the Young’s modulus of sea ice as a function of
temperature (56). The ice samples tested were cut from the Ottawa River, obtained
from local ice manufacturers, or retrieved from coastal ice shelves. In all test cases it
was assumed that the crystallization process was sufficiently rapid. As ice quickly
freezes it is comprised of many randomly oriented crystals, which are considered
isotropic. The samples were considered isotropic because as the samples were cut
out of ice-blocks in various directions there were no noticeable variations from
sample to sample. The samples were then tested through traditional static methods
as well as through the ultrasonic pulse echo technique. During testing it was
recorded that results were erratic if tests were conducted immediately after the
sample arrived at the test temperature. Therefore all measurements were made
several hours after the desired temperature was reached to allow for thermal
equilibrium throughout the samples.

The results varied with temperature and exhibited a linear relationship for values as
cool as -35 °C (-31 °F). The data is adapted and presented in Figure 47.
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Figure 47: Young's modulus of ice and its dependency on temperature (56)

Although the results are determined using sea ice samples, the predictive model
assumes these values are accurate. Sea ice differs from impact ice created using pure
water and thus the two types of ice exhibit different material properties. In the
course of this research these differences are assumed to be small. The differences
between the material properties of sea-ice and impact ice are assumed to be
insignificant. Thus the assumptions for values of the Young’s modulus of sea ice are
assumed to be the same as the Young’s modulus for impact ice.
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2.4.3 Thermal Coefficient of Expansion
The thermal coefficient of expansion for ice is also a known parameter that is
dependent on temperature. Thermal expansion is the tendency of matter to change
in volume in response to a change in temperature. The coefficient of thermal
expansion defines how the size of an object, such as ice, changes with a change in
temperature. The coefficient specifically measures the fractional change in size per
degree change in temperature at a constant pressure (57). A Cold Regions Research
and Engineering Laboratory (CRREL) Report from 1981, produced by Yen,
researches the thermal coefficient of expansion for snow, ice, and sea-ice (58). The
CRREL report is an accumulation of data from previous research efforts and a
validation for previous results. For the ice samples tested, the ice type (single or
polycrystalline) and the grain size did not appreciably affect the values of the
coefficient of linear expansion. The ice was considered as an isotropic material with
respect to thermal expansion in the temperature range of 0 to -30°C (32 to -22 °F).
This assumption is similar to the test conducted to determine the Young’s modulus
of ice.

The tests on ice samples were conducted in a variety of methods. Measurements
were recorded from direct inspection that depends on changes of the lattice and not
the texture of the ice. Another method of measurement was through X-ray, where a
larger sample could be measured at lower temperatures. Both methods were used
as the ice expanded on a unit-cell of ice. The recorded data appears in Figure 48. All
tests were conducted at atmospheric pressure.
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This is important because the

thermal coefficient of expansion is also dependent on pressure (57). In the case of
the derived model for adhesion strength, the pressure is assumed to be atmospheric
for the icing envelope of aircraft. The compiled data suggests that a linear
relationship exists for the thermal coefficient of expansion for ice.

As the

temperature decreases the coefficient of expansion decreases as well. Yen concludes
that the linear relationship is only valid for temperatures above -193.15°C (-315.7
°F or 80Κ), with a correlation coefficient of 0.9736 (58). Temperatures below this
value no longer correlate and should not be considered as valid. These values do not
concern the adhesion prediction model, because temperatures within the icing
envelope of aircraft never reach these extreme colds.

T (Κ)

Figure 48: Coefficient of linear expansion of ice at atmospheric pressure (58)
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The limitations of the research are similar to those of the Young’s modulus of ice.
Tests were conducted on various types of ice, from sea ice to pure water ice. The
differences in the types of ice are not indicated in the results. Therefore the linear
relationship and trend line of the relationship is assumed to be valid for this
exploratory work.

The low temperature values tested continue the linear

relationship, and the temperatures used for model validation do not reach below 22.5 °C (-8.5 °F), where the model exhibits an inflection point. This limitation is well
within the isotropic range of ice from 0 to -30 °C (32 to -22 °F) (58).
2.4.4 Static Coefficient of Friction
The static coefficient of friction value depends on the two interacting surfaces. The
methods used to determine these values will be discussed in Chapter 3 of this thesis.
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3 Experimental Acquisition of Ice Friction Parameters
3.1 Objectives
The adhesion shear strength of ice prediction model derived through the use of
Newtonian mechanics is dependent on the material properties of the accreted ice.
The material properties needed to determine the adhesion strength of the ice are
the Young’s modulus of ice, the thermal coefficient of expansion for ice, and the
coefficient of static friction of the ice against a given substrate. The characterization
of the Young’s modulus and thermal coefficient of expansion for ice were
determined from results presented in the literature and the values of these
parameters were described in Chapter 2. The method of experimental acquisition of
ice friction parameters is discussed and presented in this chapter.

Static friction is the friction between two or more solid objects that are not moving
relative to each other. Merriam Webster defines static friction as “stiction: the force
required to cause one body in contact with another to begin to move (59).” The
coefficient of friction, symbolized by the Greek letter – μ, is a dimensionless scalar.
The value for the coefficient of friction describes the ratio of the force of friction
between two bodies and the force pressing them together. The coefficient of friction
depends on the materials used, and thus is a material property of the two
interacting surfaces. The coefficient of static friction varies for different surfaces, but
it also varies with respect to environmental temperatures.
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The value of the coefficient is dependent on the material of interest and must be
measured experimentally. The coefficient of static friction is an empirical
measurement, tables exist with values for the coefficient between varying materials,
but no such table exists for ice and other materials at varying temperatures. In the
predictive adhesion strength model, the static coefficient of friction is a key
parameter in determining the shear strength of the ice. The coefficient of friction
accounts for micro-level chemical interactions between the ice and the substrate. As
no table exists for the static friction of ice, a technique to measure it at varying
temperatures had to be developed such that experimental data could be acquired.
Although some measured values for the static coefficient of friction of ice can be
found in references 60 through 63, a comprehensive guide for the materials used in
this research does not exist. Methods to determine the coefficient of static friction of
ice are discussed and the derivation of the coefficient is explained in this chapter.

3.2 Methods to Measure the Coefficient of Static Friction
As limited ice static coefficient of friction data exists for many coating materials that
are used in passive de-icing systems, a method to experimentally measure the static
coefficient of friction of mercaptan and amine epoxy blend was developed. Studies
conducted by Saeki and Liang (64) (65) indicate that the coefficient of static friction
for ice varies with ambient temperature. A linear relationship was discovered: as
temperature decreases, the value of the coefficient for static friction increases.

Saeki demonstrated the linear relationship through a series tests on differing
materials. This is important because the relationship does not seem to be dependent
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on the material. As seen in Figure 49, as temperature decreases the static coefficient
of friction increases linearly. Another important discovery is that as the surface
roughness increased, so did the coefficient of static friction. The static coefficient of
friction needed for the presented ice adhesion model requires the coefficient of
friction of a “smooth” surface, since the roughness effects on ice adhesion will be
taken into account given the hypothesized clamping force to the surface
irregularities. Liang also contributed to the conclusions that a relationship between
temperature and the static coefficient of friction exists. Liang tested a single material
numerous times and varied the temperature. In Figure 50 the results indicate that
as temperature decreases the static coefficient of friction increases. Another key
discovery in the research performed by Liang is that over repeated tests the
coefficient of friction remains constant at the given test temperature.

Figure 49: Static coefficient of friction relationship with temperature and surface
roughness (64)
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Figure 50: Coefficient of static friction as a function of temperature and testing cycles
(65)

The research performed by Saeki and Liang (64) (65) indicates that the static
coefficient of friction remains constant over numerous test cycles and increases as
surface roughness increases. These findings were assumed to be accurate for the
scope of this research. Additionally, as no database exists for the static coefficient of
friction for ice and the majority of aerospace materials, some material assumptions
were made. As Boeing Aircraft are not specifically coated with “icephobic” materials
and the leading edge of the aircraft is aluminum (23), it was assumed that the tested
values for the static coefficient of friction should be similar to Aluminum 3003.
Published results for the static coefficient of Aluminum 3003 vary between 0.04 and
0.18 as the ambient temperature changes from -5 and -20 °C (23 and -4 °F), see
Figure 51 (66). Because the predicted adhesion model assumes a smooth surface
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values for the static coefficient of friction should be similar to that of Aluminum
3003.

Figure 51: Recorded static coefficient of friction for aluminum (66)

The studies conducted from the aforementioned research indicate a direct
relationship between temperature and the ice static coefficient of friction. The
relationship will be further explored and experimentally measured in the following
section.

3.3 Tilting Friction Measurement of Ice Static Friction
The standard measurement technique for the static coefficient of friction between
two materials is the Pin-on-Disc method (67). Typically, a circular disc of one of the
desired test materials is rotated at an adjustable constant speed. The disc is rotated
with a rubber V-belt connected to a fractional horsepower electric motor. The
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circular disc is connected to the second material with a vertical rod. The vertical rod
also attaches to a counterbalanced radial bar. Inserted into the counterbalanced
radial bar is the pin, coated with the second desired test material. The radial arm is
restrained from being carried around by a chord connected to a spring balance. The
spring balance is adjusted until the connecting chord is perpendicular to the radial
arm. This connection creates a tangential force on the pin. The load on the pin can
be varied by stacking weights with center holes onto the pin. A fixed collar supports
the weights on the pin. A detailed schematic of the pin-on-disc method is shown in
Figure 52 (67)

Figure 52: Pin-on-Disc test apparatus (67)
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The Pin-on-Disc method provides accurate results for many materials, and is
accepted as the ASTM standard for measuring the coefficient of friction (67). This
method however is unsuitable for testing the static coefficient of friction for ice. For
the Pin-on-Disc method the desired test coating must have a known uniform surface
distribution at the interaction point. The limitation of the Pin-on-Disc method is
creating a controlled ice disc. The disc has a uniform surface over the entire disc to
ensure accurate results. A uniform ice surface is difficult to create because the
water freezes at different rates. Air trapped in the water creates surface impurities.
Without a modified controlled surface from a disc of ice the test cannot be used to
measure ice friction properties. Additionally, the Pin-on-Disc method is limited
because with an increased normal load the coefficient of static friction is susceptible
to heat effects which will drastically change the ice surface. During the course of this
research a modified Pin-on-Disc method was used to try and determine ice friction
properties, but provided unreliable results. Ultimately, the static coefficient of
friction for ice was measured using a tilting friction method. The tilting friction
method is dependent on a single parameter. The derivation and experimental
results are presented in the following section.
3.3.1 Static Coefficient Derivation for Tilting Friction Method
An approach of setting an ice block onto a test substrate and then tilting the surface
to initiate the motion of the ice was used to determine the static coefficient of
friction of ice. The free body diagram for the tilting friction method is shown in
Figure 53. A derivation for the coefficient of static friction from the tilting friction
method follows Figure 53.
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Figure 53: Tilting friction free body diagram

Where the parameters are defined as the following:
Ff – Force of friction
N – Normal force
Fg – Force of gravity

To solve for the coefficient of static friction, the forces in the y-direction must be
determined first. Applying Newton’s First Law and rotating the free body diagram
by θ simplifies the forces in the y-direction. By rotating the reference frame, N and
Ff, are perpendicular to one another and parallel to a coordinate axis. The updated
free body diagram is shown in Figure 54. By simplifying the free body diagram only
one term is dependent on θ.
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Figure 54: Tilting friction modified free body diagram

The forces acting in the y-direction are written in Equation 16.
𝑵 − 𝑭𝒈 𝐜𝐨𝐬 𝜽 = 𝟎

(16)

𝑵 = 𝑭𝒈 𝐜𝐨𝐬 𝜽

(17)

Simplified as:

Newton’s Second Law can be summarized and written simply as the following:
𝑭𝒈 = 𝒎𝒈

(18)

m – Mass of object
g – Acceleration of gravity on earth, 9.81 m/s2 (32.2 ft/s2)

By substituting Equation 18 into Equation 17, the result is simplified and is written
in Equation 19.
𝑵 = 𝒎𝒈 𝐜𝐨𝐬 𝜽

(19)

To solve for the forces acting in the x-direction, Newton’s First Law is assumed.
𝑭𝒈 𝐬𝐢𝐧 𝜽 − 𝑭𝒇 = 𝟎
Simplified as:
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(20)

𝑭𝒇 = 𝑭𝒈 𝐬𝐢𝐧 𝜽

(21)

Recall Equations 5 and 18 and substitute into Equation 21:
𝝁𝑵 = 𝒎𝒈 𝐬𝐢𝐧 𝜽

(22)

Solve for the coefficient of static friction and simplify.
𝝁=

𝒎𝒈 𝐬𝐢𝐧 𝜽
𝑵

(23)

The coefficient of static friction can be solved using the known values of m, g, θ, and
N. To solve directly for μ, substitute Equation 22 directly into Equation 23.
𝝁=

𝒎𝒈 𝐬𝐢𝐧 𝜽
𝒎𝒈 𝐜𝐨𝐬 𝜽

(24)

Equation 24 can be simplified by cancelling out like terms in the numerator and
denominator and rewritten as Equation 25.
𝝁=

𝐬𝐢𝐧 𝜽
𝐜𝐨𝐬 𝜽

(25)

The coefficient of static friction is dependent on the θ, at which the substrate is
lifted.

Equation 25 can be rewritten using the definition of tangent as a

trigonometric property.

𝝁 = 𝐭𝐚𝐧 𝜽

(26)

When the ice block is allowed to slide under its own weight, the coefficient of static
friction is dependent entirely on the angle at which it begins to slide.
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3.3.2 Tilting Friction Test Experimental Setup
A schematic of the Tilting Friction test setup to measure the angle at which an ice
block slides is provided in Figure 55.

Figure 55: Tilting friction test schematic (a) level test surface and (b) angled surface
when ice slides (Not to scale)

The static coefficient of friction is dependent on the single variable of theta. To
measure the static coefficient of friction, ice cubes were formed with a standard ice
cube tray and distilled water. The ice cubes are 2.5 cm x 2.5 cm x 2.3 cm (0.98 in. x
0.98 in. x 0.91 in.) and frozen with distilled water to remove impurities. Initial tests
of the tilting friction method were conducted in an industrial 6-m x 6-m x 6-m (20 ft.
x 20 ft. x 20 ft.) cold chamber at -10 °C (14 °F) to verify the test method. The test
substrate is immersed in liquid Nitrogen to eliminate any chance of humidity
freezing to the substrate. The digital level is attached to the surface to measure any
change in theta. The ice block is then placed on the test substrate using medical
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tweezers. The tweezers and digital level are kept at the ambient temperature of the
freezer to eliminate thermal stresses in the ice block. When the digital level and ice
block are in place, the substrate is incrementally rotated by hand until the ice block
slides. The final theta is measured by the naked eye and recorded. The values
recorded for theta were determined by the naked eye because it allowed for
repeated tests without resetting a test apparatus. This reduced thermal stresses
created from resetting a test apparatus and multiple tests were run to ensure a low
standard deviation.
3.3.3 Tilting Friction Experimental Results
The goal of the tilting friction test is to determine the static coefficient of friction for
ice and a test substrate. The tilting friction method is dependent on a single
parameter, theta. As the test substrate is rotated the friction force between the two
materials will resist the motion of the ice block. Once the angle is sufficiently large,
the force of friction will no longer be able to resist the movement of ice block and
the ice will slide down the inclined test surface. A table summarizing the results for
the initial tests is found in Table 3.
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Table 3: Static coefficient of friction for tilting friction method

Tilting Friction
Experimental Results of μ
Ambient Temperature of -10 °C
Liquid Nitrogen Cooled
Aluminum Plate
Test
1
2
3
4
Average

Angled
Measured
18.5
18.2
13.4
14.6
16.2

Calculated μ
0.335
0.329
0.238
0.260
0.291

The average value of the coefficient of static friction was measured as 0.291 with a
standard deviation of 0.049. The initial results are much larger than the expected
results, but confirm the findings of Liang (65) that the static of coefficient of friction
remains relatively constant at the same temperature after repeated testing. The
average coefficient of static friction from the tilting friction method is 320% larger
than the high end and 725% larger than the small end of the expected values (66).
The larger values are attributed to the extreme cold temperature of the liquid
nitrogen cooled test surface. As previously mentioned the coefficient of friction is
dependent on the ambient temperature, Refs. (64) – (67), and the extreme low
temperature of liquid nitrogen (-196 °C, -321 °F) contributes to the large coefficient.

The tilting friction test was repeated with a second round of testing. Because of the
dependence on temperature, the ambient temperature of the chamber was varied
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for the second set of tests and the test substrate was no longer immersed in liquid
nitrogen. Tests were conducted at four different ambient temperatures of -5.8, -8.5, 12.3, and -15.7 °C (21.6, 16.7, 9.9, and 3.7 °F), respectively. The temperatures are
representative of the icing cloud envelope conditions. At each temperature the
Tilting Friction test was conducted seven times to measure repeatability and the
standard deviation. The experimental results from the second set of tilting friction
tests are presented in Figure 56.

Figure 56: Tilting friction results with varying temperature

The linear relationship between the coefficient of friction and temperature in Figure
56 has a R2 value of 0.92 for the average values of μ at each temperature set. The
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standard deviation at each temperature set varied from a minimum of 0.013 and a
maximum of 0.025. The relationship for the static coefficient of friction of ice was
calculated using a best-fit trend-line and shown in Equation 27. Where μ is the static
coefficient of friction and T is the ambient temperature (°C). The coefficient of
friction varies from 0.046 with a standard deviation of 0.015 at -5.8 °C (21.6 °F) to
0.19 with a standard deviation of 0.02 at -15.7 °C (3.7 °F), a change of 420%.

𝝁 = −𝟎. 𝟏𝟑𝟗𝑻 − 𝟎. 𝟎𝟒𝟏𝟑

(27)

The tilting friction method was effective in determining realistic values for the
coefficient of static friction and the test material. The linear trend-line equation can
be substituted into the adhesion shear strength model as a function of temperature
to calculate and predict the adhesion strength for ice.
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4 Experimental Validation of Ice Adhesion Strength Model
4.1 Motivation and Objective
The ice adhesion shear strength prediction model is dependent on temperature.
The change in temperature affects the material properties of ice, which also
influence the shear strength of ice. The temperature dependent material properties
for ice are Young’s modulus, thermal coefficient of expansion, and the coefficient of
static friction. The material properties of ice were evaluated in previous research
presented in the literature or experimentally determined in the scope of this
research. To validate the adhesion shear strength model presented, experimental ice
adhesion shear strength data was acquired. The objective of this chapter is to
explore current methods used to test the adhesion strength of ice, as well as conduct
experiments to validate the model by comparing predictions to test results. The
adhesion strength experiments were conducted on a surface with controlled surface
morphology. The creation and characterization of the surface is discussed in this
chapter.

Once the coatings were characterized, adhesion strength tests were

performed with freezer and impact ice.

4.2 Current Ice Adhesion Strength Testing
Adhesion strength testing is used to quantify the performance of ice-protective
coatings. Since the beginning of icing research, many methods have been used to
record and evaluate the adhesion strength of ice. Due to the variations in testing
methods and the omission in the result reporting of surface characteristics, results
for similar materials vary in the literature. A summary of different testing methods
98

and their respective findings for adhesion strength testing is found in Table 4 (17).
The six different studies conducted adhesion strength tests on samples of Aluminum
with an ambient temperature of -11 °C (12.2 °F). Itagaki (70) reported that as water
droplets impacted and froze on a rotating rotor, the adhesion strength of the ice on
the Aluminum varied between 4 psi (27 kPa) and 23 psi (157 kPa). Reich (72)
performed an adhesion strength test using freezer ice and reported a value of 130
psi (896 kPa), which is 3250 times larger than the adhesion strength measured by
Itagaki.

Table 4: Shear adhesion strength for aluminum, T=-11°C (17)

Author
Date (Reference)
Longborough
1946 (68)

Aluminum Shear
Mechanical
Adhesion Strength Ice Type
Test Type
psi
kPa
Pull

Rotating
Stallabrass and Price
Instrumented
1962 (69)
Beam
Itagaki
Rotating
1983 (70)
Rotor
Scavuzzo and Chu
Shear
1987 (71)
Window
Reich
Pull
1994 (72)
Brouwers
Pull
2011 (38)
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81

558

Freezer

14

97

Impact

4-23

27-157

Impact

13-42

90-290

Impact

130

896

Freezer

76

526

Freezer

The testing procedures seem to have a large influence on ice adhesion strength data.
The tests conducted did not report any properties of the material, such as surface
roughness, which influences ice adhesion strength.
4.2.1 Zero Degree Cone Test
An ice adhesion test developed by the US Army Corps of Engineers at CRREL is
accepted as a standard to test the adhesion strength of ice on civil structures and
materials (73). The zero degree cone test is a modified cone configuration test
apparatus, typically used to evaluate the performance of adhesive joints. Anderson
first developed the original cone test in 1977 (74), as a method to evaluate the
effectiveness of the adhesion between two materials, such as paint and concrete. In
the test, an adhesive bond is used to bond concentric cones. The bonds are applied
onto cones with variable angles and an axial load is applied so that the cones are
pulled or pushed apart. By varying the cone angle the relative amount of shear and
tension applied to the adhesive joint is controlled. The original variable cone test
has been modified so that the cone and adhesive is tested only at the 0° data point,
see Figure 57. By loading the cone at 0°, the adhesive bonds are predominately
loaded in shear. For ice adhesion testing, the ice replaces the adhesive bond and is
frozen to the test material. The inner cylinder is completed coated in the test
material or made entirely of the material to be evaluated.
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(a)

(b)

Figure 57: (a) Zero degree cone test configuration and (b) instrumented sample pile
and mold in testing machine (73)

To reach an ambient testing temperature of -10 °C (14 °F) the test materials are
allowed to freeze for 36 hours. Once the desired temperature is reached, a constant
strain at a rate of 0.06 mm/min (2.4 x 10-3 in/min) is applied until the ice and
material bond fail. The measured load at the time of bond failure is used to calculate
the adhesion shear strength of the ice. The adhesion strength is calculated by taking
the maximum load before failure and dividing by the contact area between the ice
and the pile driver. The standard created at CRREL allows different materials to be
tested, evaluated, and compared to one another.
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4.2.2 Ice Adhesion Pusher Test
The zero degree cone test is expensive and difficult to perform. The samples have to
be produced in a specific manner, the instrumentation is bulky, and the freezing
process takes 36 hours. Because the zero degree cone test is not readily available for
testing, an alternative method was developed. An ice adhesion pusher test was
developed at Penn State Rotorcraft Center of Excellence. The test is similar to the
zero degree cone test because it is conducted on freezer ice, but it does not require
as much space, nor is it costly. The adhesion pusher test was developed by Bailey
(31) to measure adhesion strength of ice as it fails in adhesion under pure mode II
shear stress.

A detailed schematic of the experimental set-up is shown in Figure 58. Force is
applied to the carriage, shown in Figure 59, via a pneumatic piston that extends a
pusher rod attached to the carriage. The required force to shed the frozen ice block
is measured and recorded with a force transducer and transmitted to a LabVIEW
interface. The interfacial shear forces from the pneumatic pusher, applied by the
carriage face on the frozen ice block are shown in Figure 59.
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Figure 58: Test schematic of ice adhesion pusher test (31)

Figure 59: Interfacial shear stresses during ice adhesion pusher test (31)
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An experimental method was established for the ice adhesion pusher test to ensure
repeatability and reduce errors. Each sample tested was prepared by creating an
edge dam. The edge dam creates a barrier for the water, so that the water can
freeze to the surface without leaking over the entire surface. An edge dam was built
using removable foam tape and aligned with markings on the test specimen to
ensure repeatable ice patch geometry. The configuration set up of the edge dam for
the ice adhesion pusher test is shown in Figure 60.

Figure 60: Ice dam configuration (31)
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A 1in. x 1in. (2.54 x 10-2 m x 2.54 x 10-2 m) ice patch was created on the test plate
using the edge dam pictured above. The material chosen to create the edge dam
was 0.05 in. (1.23 x 10-3m) thick foam tape. The tape provided a waterproof seal
and easy removal once the water froze. To avoid cohesive failure, the ice patches
were formed with a thickness of 0.1 in. (2.54 x 10-3m). The test specimen was
secured in the freezer with two clamps, as shown in the side view in Figure 61. The
edge dam was filled with distilled water and the water was allowed time (15-20
minutes) to freeze. The edge dam was carefully removed once the water had frozen.
The removal of the edge dam was a critical step, as delamination of the ice could
occur if the edge dam tape was not removed properly.

Figure 61: Ice adhesion pusher test side view (31)
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Loading was applied to the ice by the face of a carriage that housed a force
transducer. Force was applied to the carriage via a pneumatic piston that extended
a pusher rod attached to the carriage. A model SSM-AJ-250 force transducer with a
max load capacity of 250 lbf (1112 N) was selected for this test. An air compressor
supplied variable pressure to the pneumatic piston. As the pressure increased in the
pneumatic piston, as seen from the front view in Figure 62, the force applied to the
ice patch increased until either adhesive or cohesive failure occurred. The test
concluded once the ice patch had failed. A detailed step-by-step test method is
outlined in Table 5.

Figure 62: Ice adhesion pusher test front view (31)
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Table 5: Ice adhesion pusher experimental procedure

Step

Description

1

Create edge dam
Place specimen in
freezer
Add water to
desired thickness
Remove edge dam
once water has
frozen
Perform test
Record/analyze
data

2
3
4
5
6

As the pressure increased over a period of time, the force exerted on the ice block
increased as well. Once the ice block shed, the pneumatic pressure and the force on
the block of ice dropped. The ice shed event and drop in force is shown Figure 65.
The ice shed event, or delamination, is highlighted with a red circle at the maximum
force of 26 lbf (115.7 N) and the drop to 0 lbf (0 N).

Figure 63: Ice pusher adhesion test ice block adhesive failure
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4.2.3 Centrifuge Adhesion Test
The Anti-icing Material International Laboratory (AMIL) uses a centrifuge to test ice
adhesion strength. The centrifuge adhesion test (CAT) was developed to test the
adhesion strength of ice without applying any external force to the ice (75). The
zero degree cone test and the adhesion pusher test require an external force to be
applied directly to the ice block to measure the adhesion strength of ice. CAT
eliminates the use of external force acting on the ice; CAT sheds ice naturally under
centrifugal loading.

Tests are conducted on a 3.2 mm x 340 mm x 0.6 mm (0.12 in. x 13.4 in. x 0.02 in.)
aluminum flat bar. Control aluminum bars are solid, while test materials are either
coated to the aluminum bar or embedded in a hollowed out section, as shown in
Figure 64. A counter weight is attached to the aluminum bar opposite the embedded
or coated test material. This counterweight is assumed to be the same mass as the
ice, to balance the beam in the centrifuge.
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Figure 64: CAT aluminum bar schematic (75)

Prior to icing, the aluminum bars are weighed and a thermocouple is attached to the
base of one beam. The test is conducted on seven beams, three beams remain bare
as reference beams, three beams are coated with the test material, and the final
beam is used to measure ice density. The seven beams used during testing are
shown in Figure 65. The beams are placed in a cold room at -8 °C (17.6 °F), and once
ambient temperature is reached they are exposed to a freezing drizzle with a MVD
of 320 μm (12.5 x 10-3 in.). The beams remain in the freezing drizzle until 1 cm (0.39
in.) of ice is accreted with a density of 0.87 g/cm3 (1.69 slug/ft3).
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Figure 65: CAT beams with accreted ice (75)

The iced beams from Figure 65 are tested one at a time in a centrifuge vat, similar to
the vat shown in Figure 66. The centrifuge vat is located inside a climatic chamber
and tested at -10 °C (14 °F). During testing the beams are rotated at increasing
speeds with a constant and controlled acceleration of 300 RPM/s with an equivalent
strain rate of 10-6 s-1. The rate is increased until the ice detaches naturally under
centrifugal loads. When the force reaches the maximum adhesion force the ice
detaches. Two piezoelectric cells are calibrated to measure vibrations on the side of
the centrifuge vat and record the time of detachment. The time of detachment is
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relayed and the velocity of the centrifuge at detachment is recorded. The force
required to shed the ice is calculated in Equation 28.

Figure 66: Centrifuge vat test setup (75)

𝑭 = 𝒎𝒓𝝎𝟐
Where:
F – Centrifugal force, N
m – Mass of ice, kg
r – Radius of beam, m
ω – Speed of rotation, rad/s
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(28)

Using the force required to shed, the adhesion strength is determined by dividing
the force by the area of the ice. The calculated adhesion strength can be compared
and a standard of deviation is computed through repeated testing of the same
material with the remaining test beams.
4.2.4 Rotor Impact Ice Adhesion Test
The CAT method is effective because it reduces any exterior force from affecting
how the ice sheds. The CAT method tests the ice under natural shedding motions.
Although the ice is shed under natural centrifugal loads, there are some drawbacks
related to the test. To replicate realistic icing conditions experienced in the aircraft
operational envelope ice must be accreted as impact ice. The ice in CAT is accreted
from a freezing drizzle and the MVD is larger than the water molecules found in
icing conditions (16). Additionally, the ice is accreted on sample beams and then
moved to the centrifuge. When the beams are moved, mechanical shocks may be
introduced that affect the adhesion strength (38). The rotor impact ice adhesion test
developed and used at the AERTS laboratory at the Pennsylvania State University
eliminates mechanical and thermal shocks. The method also accretes ice on the test
sample under natural icing conditions (16).

The AERTS facility is formed with an industrial 6-m x 6-m x 6-m (20 ft. x 20 ft. x 20
ft.) cold chamber where temperatures range between 0 and -25 °C (32 to -22 °F).
The chamber floor is waterproofed with marine lumber covered by aluminum
plating. An octagonal ballistic wall surrounds the test stand. The ballistic wall is
formed by 15.2 cm (6 in.) thick weather resistant lumber reinforced with 0.635-cm
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(0.25 in.) thick steel and covered by aluminum plating for weather protection. A
photograph of the chamber, as seen from above, is provided in Figure 67 (16). The
chamber is cooled by convection, using cooling lines and a set of fans located inside
the chamber. Approximately 4 hours are required to cool the chamber from ambient
to the coolest test temperature of -25 °C (-13 °F).

Figure 67: Photograph of the 10 ft. diameter AERTS facility (16)

A total of 15 NASA standard icing nozzles are located in the chamber ceiling to
generate the icing cloud. The nozzles are similar to those used in the NASA IRT and
Goodrich Icing Tunnel. The nozzles are arranged in two circles located 20 in. (50.8
cm) and 42 in. (106.6 cm) from the center of the rotor shaft to distribute the cloud
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evenly in the chamber. A photograph of the icing cloud formation is shown Figure
68. The nozzles operate by aerosolizing water droplets with a precise combination
of water and air. The number of nozzles operating and the MVD of the water
droplets determine the LWC of the icing cloud. The air system is designed to provide
accurate and consistent air pressure to the icing nozzles.

Figure 68: Detailed view of icing cloud (16)

In the center of the chamber an 89.5-kilowatt (120 HP) motor rotates the lower hub
of a QH-50D DASH UAV vehicle. The configuration is capable of reaching 1500 RPM
with 4.5 ft. (1.37 m) radius blades, reproducing full-scale helicopter tip speeds. The
hub has a six-axis load cell to monitor the rotor during testing.
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The icing cloud can be turned on and off at desired settings (MVD, airline pressure).
Previously designed computer software controls (17) the water and air pressures to
desired settings using feedback control loops while maintaining the droplet size (± 2
μm). The remote control of the cloud allows icing to start once the rotor reaches the
operational RPM. Suction pumps are inside the chamber to stop the cloud instantly
once the system is shut off. A photograph of the control room for the AERTS facility
is shown in Figure 69. A six-axis load cell installed on the rotor stands measures lift,
side forces, and related moments. The load cell measures physical loads on the
system and monitors potential rotor imbalance due to ice shedding. Accelerometers
are placed in the bell housing and mast as redundant measurement devices to
monitor potential vibration due to rotor imbalance. A Hall-effect sensor measures
rotor RPM.

Figure 69: AERTS facility control room
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A specialized rotor to measure ice adhesion strength is available. The rotor
measures ice load prior shedding due to centrifugal forces acting on the ice. The
specialized rotor blades to measure ice adhesion strength were designed using the
research of Stallabrass (68) and Laforte (75). The adhesion strength is measured
without interacting with the accreted ice. Ice forms on the tip of a rotor blade and
sheds naturally under centrifugal loads. The ice adhesion strength is quantified as a
ratio of the measured shedding load and the ice adhesion area.

The test fixture is at the tip of the beams, and was designed similar to the test fixture
used by the National Research Laboratory in Ottawa (68). The tips of the blades
contain a beam that bends under centrifugal loading. A full Wheatstone-Bridge,
shown in Figure 70, senses the bending strain while filtering out axial loads and
temperature changes. As the test coupon, attached to the tip of the beam accretes
ice, the centrifugal force on the beam increases due to the additional ice load, and
the beam bends in the span wise direction. The strain gauge measures the additional
deflection of the beam given the ice accretion (17). A schematic of the rotor tip
beams and the assembled system is shown in Figure 71 and adapted from Reference
17.
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Figure 70: (a) Adhesion beam with exposed strain gauges, (b) Adhesion beam tip
assembly, (c) Adhesion beam with blade assembly, and (d) Adhesion beam with
exaggerated bending center line (22)
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Figure 71: Adhesion testing blade and coating configuration schematic (17)

As the beam bends outward along the span direction, the voltage read from the
strain gauges decreases. The voltage read from the strain gauge continually
decreases as the ice accretes on the tip of the blade. When the ice has accreted a
large enough mass, such that the centrifugal load surpasses the ice adhesion
strength of the test material, the ice de-bonds and sheds off. The shedding event is
recorded with a sharp increase in voltage from the strain gauge as the beam
retracts. An example of the beam retraction during the ice shedding is shown in
Figure 72 (22).
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Figure 72: Example of voltages recorded from strain gauges during impact ice
adhesion testing (22)

The sensors are calibrated, using the method established by Soltis (22), during each
test by inputting the mass of the tip (Mtip), the radius of the blade (R), the voltage
from the strain gauge at zero RPM (V0), and the voltage read from the strain gauge
at the operational RPM (VRPM). The ice load is extrapolated using the voltages from
the strain gauge at the instant when the ice shed. The calibration and ice load
calculation is depicted in Figure 73 and summarized in Equation 29 (22). Once the
ice sheds, the shedding area of the ice is recorded by using engineering graph paper,
as shown in Figure 74. The ice adhesion strength is determined as the ratio of the ice
load at the shedding event over the shed area (Equation 30).
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Figure 73: Ice load calibration (22)

Figure 74: Pre- and post- ice shed photos and area measuring technique (22)
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𝑪𝒂𝒍𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏 𝑺𝒍𝒐𝒑𝒆 =

𝑨𝒅𝒉𝒆𝒔𝒊𝒐𝒏 𝑺𝒕𝒓𝒆𝒏𝒈𝒕𝒉 =

𝝅
𝑴𝒕𝒊𝒑 𝑹(𝑹𝑷𝑴 ∗ 𝟑𝟎)𝟐
𝑽𝑹𝑷𝑴 − 𝑽𝟎

(𝑽𝒔𝒉𝒆𝒅 − 𝑽𝒇𝒊𝒏𝒂𝒍 ) ∗ 𝑺𝒍𝒐𝒑𝒆
𝒂𝒓𝒆𝒂

(29)

(30)

The benefit of the rotor impact ice adhesion test procedure is the elimination of
external interaction. External interactions on the accreted ice can introduce
stresses, which can influence the results of the ice adhesion strength. Previous
research done by Brouwers et al. (16) used the same bending beam concept;
however, heaters were used to prevent ice bridging, but polluted the data. The
heaters leaked heat onto the test specimen and artificially reduced the overall ice
adhesion strength. In the research conducted by Soltis (22) the heaters were
removed and the changes in adhesion strength were noted.

4.3 Controlled Coating Development
Both the ice adhesion pusher and the rotor impact ice adhesion test are currently in
use at the Pennsylvania State University. The tests employed allow for both freezer
and impact icing measurements to validate the ice adhesion strength prediction
model. Because the prediction model is dependent on the surface geometry, a
coating with a controlled surface geometry is desired to test and validate the model.
A surface controlled test sample needed to be created. To test the hypothesis that
surface roughness affects the adhesion strength of ice, a coating with a very low
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surface roughness (nm scale) was created. The controlled surface was then ablated
with a laser to create a controlled morphology. Changing the intensity of the laser
ablation can vary the surface topography. Frank Palmieri from the NASA Langley
Research Center suggested using a Great Planes 30 Minute two-part epoxy coating
on an Aluminum 3003 sample to create a smooth surface that could then be varied
by laser ablation to validate the model.

The following procedures were used at NASA Langley Research Center to generate
epoxy coated aluminum plates for laser ablation patterns. The surfaces were then
tested with the ice adhesion pusher and rotor impact ice adhesion tests. Using the
conditions described below, the resultant epoxy coated plates are assumed to have a
uniform epoxy thickness of approximately 30 μm (11.8 x 10-4 in.). Below, a list
describing the surface preparation procedure is shown.

I.

Aluminum 3003 surface preparation
a. Sand with 1200 grit sand paper
b. Rinse with isopropyl alcohol
c. Place on spin coater chuck

II.

Epoxy preparation
a. Use Great Planes 30 Minute Pro Epoxy, a 2-part epoxy
b. Place approximately 5 g of epoxy resin in a tared thinky mixer cup
c. Place approximately 5 g of hardener in the mixer cup
d. Place in the thinky mixer
i. Mix cycle time: 45 s
ii. Defoam cycle time: 90 s
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III.

Spin coating epoxy
a. Pour epoxy in the middle of the prepared aluminum surface
b. Run spin coater program
i. Ramp at 250 RPS for 10 s
ii. Spin at 2500 RPM for 50 s

IV.

Cure and evaluation
a. Place the spin coated sample in a 70 °C (158 °F) warming oven for at
least 1 h
b. Determine step height using the optical profilometer

A photo of the mercaptan and amine blended epoxy coated Aluminum test sample
without any laser ablation is shown in Figure 77. The epoxy clear coat surface
roughness was measured using an optical profilometer with a Ra of 0.01 μm (3.94 x
10-7 in.). Also depicted in Figure 75 are the surface profile and a view of the surface
topography. The surface profile seems to be a flat line; this profile, based on the
proposed model, suggests that the water droplets cannot penetrate into the surface,
and low ice adhesion strength (only due to molecular bonding) is anticipated. With a
surface roughness of close to zero, the epoxy-coated surface without a laser ablation
is referred to as a pristine coating.
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Figure 75: (a) Aluminum 3003 epoxy clear coat, (b) surface profile of epoxy coating,
and (c) surface topography, for epoxy coating

To validate the adhesion prediction model, a second set of coatings was created by
taking the surface of the pristine coating and then transforming it through a series
of laser ablations. A laser ablation was applied to pristine coatings with three
different power levels of 0.35, 0.6, and 1.2 W. Prediction models for ice shedding due
to forces applied perpendicularly or parallel to the etching was developed. Due to
the two different loading methods of shedding, laser ablations were applied
perpendicular on one set of coatings and parallel to the shedding direction on
another set of coatings. To ablate the surfaces, the coatings were placed inside a
hood and the laser was set up to run across the coating at 75 µm (2.95 x 10-3 in.)
spacing (from center of ablation). During the ablation process the pristine sample
124

became discolored. The discoloration of the coating was more yellow as the laser
intensity was increased and can be attributed to re-deposition of the ablated
coating. The coated samples were ablated in a 3.6 in. x 3.7 in. (9.13 cm x 9.4 cm)
rectangle, either perpendicularly or parallel to the shedding direction.

Once the sample coatings were ablated, the surfaces of the samples were
characterized by optical profilometry and through the use of Scanning Electron
Microscopy (SEM). The optical profilometery provided surface profile geometry for
each coating. Through the use of optical profilometry the surface roughness for
each coating was characterized in Ra in microns, as shown in Table 6.

Table 6: Surface roughness for sample coatings

Laser
Ablation
Level

µm

in.

0.35 W

1.13

4.45 x 10-5

0.6 W

1.95

1.2 W

5.11

7.68 x 10-5
2.01 x 10-4

Ra

To measure the surface roughness for the coatings, a Zygo Newview 6000 was used.
The surface roughness and surface profile were recorded across the center of each
sample and compared to four other measurements in the corners. Because the
epoxy coating is sufficiently thick, the surface topography could be measured
independently from the buried aluminum interface without having to mask the
surface. The measured surface roughness from the Zygo 6000 is a Ra of 10 nm (3.94
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x 10-7 in.). A sample orientation mark was placed on the coating surface to help
position where the measurements were taken. The schematic for measurements
from the Zygo 6000 is depicted in Figure 76.

Figure 76: Depiction of measurements for surface roughness measurements

It is also important to record the surface profile and surface topography because
these variations are believed to be responsible for a large portion of the ice adhesion
strength. The profiles of the three different ablation levels indicate that the higher
the intensity level of the laser the deeper the ablation. A comparison between the
surface profiles for each ablation level is shown in Figure 77. When the power
intensity level is increased from 0.35 W to 0.6 W there is an increase in depth of the
surface by an average of 1.5 μm (5.91 x 10-5 in.), or approximately a 23% increase in
depth.

When the intensity level is increased from 0.6 W to 1.2 W the depth
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increases by an average of 15 μm (5.91 x 10-4 in.), or an approximate 61.8% increase
in depth. Measurements provided by the Zygo 6000 also included the surface
topography for each coating, shown in Figure 78. The results for surface topography
are important because it details the direction of the ablation as well as the depth
and width of the ablations at each power level.

Figure 77: Surface profile for ablated samples (a) 0.35 W profile, (b) 0.6 W profile, (c)
1.2 W profile
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Figure 78: (a) Surface topography of 0.35 W ablation, (b) surface topography of 0.6 W
ablation, and (c) surface topography of 1.2 W ablation
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It is assumed that the surface roughnesses for the perpendicular coatings are the
same for their respective parallel counterparts at the varying laser intensities.
Measurements recorded from the Zygo 6000 prove that the surface roughness of the
parallel ablations were equal (± 5%) to those of the perpendicular ablations. An
intensity map, in Figure 79, shows the ablation direction for the 1.2 W samples as
perpendicular or parallel. Because the same coating and laser practices were used
in the coating development, the samples are equal in depth of ablation, width
between ablation, and width of ablation. The only difference is the 90° shift of
ablation direction.

Figure 79: Intensity map of 1.2 W surface ablations (a) parallel to shedding direction
and (b) perpendicular to shedding direction
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4.4 AERTS Facility Adhesion Results
The sample coatings were created using the mercaptan and amine blended epoxy
and laser ablation techniques had a controlled surface topography that was
assumed to be constant across the coating for each varying laser power level. After
the samples were characterized they were sent to the Pennsylvania State University
for ice adhesion strength testing in the AERTS facility.

The test set-up and

measurement techniques were previously discussed in section 4.2.4 of this chapter
and used during testing. The techniques used were repeated for each test to provide
a minimum of eight data points to ensure repeatable results. As the rotor test stand
is able to spin two blades simultaneously, a sample coating was attached to each
blade tip. Two test coupons of the same coating were used for each test, thus two
data points were recorded for every test. Each test was conducted with an LWC of 2
g/m3 (3.88 x 10-6 slug/ft3) to recreate conditions defined in the FAR Part 25/29
Appendix C icing envelopes (17). The tests were conducted at -8, -12, and -16 °C
(17.6, 10.4, 3.2 °F) to test the icing envelope of aircraft by varying the type of ice
from rime to glaze. An example of the formation and shedding of the glaze ice at -8
°C (17.6 °F) on a test coating is shown in Figure 80. The coating in Figure 80 has
been ablated with the laser at 1.2 W in the perpendicular shedding direction. The
samples were always tested at the colder temperature first. Throughout testing the
chamber was warmed to each subsequent temperature point. By conducting the
colder temperature tests first, if coating degradation occurred it could be recorded
as explained below.
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10.16 cm

Figure 80: (a) Glaze ice formation for 1.2 W perpendicular ablation coating and (b)
shedding event from centrifugal loading
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As stated previously in Chapter 2, adhesion strength is dependent on temperature,
and a quick method to determine if a coating is degrading is to compare the
adhesion strength of a coating as the ambient temperature is increased. If the
adhesion strength remains constant or increases as the temperature increases, then
degradation is likely to have occurred. An example of coating degradation is shown
in Figure 81. The tested material is a carbon molecule chain made up of 11 aliphatic
molecules. This coating was tested in cooperation with NASA Langley and Glenn
Research facilities, and more information is provided in Appendix A. The
degradation is evident because at each subsequent test, at the same temperature,
the ice adhesion strength increased rather than remaining constant. For the ablated
epoxy coatings tests were repeated at each temperature four times, and eight data
points were recorded to measure if any degradation occurred between each test and
to record a standard deviation. The testing matrix for the adhesion strength of ice is
shown in Table 7.
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Figure 81: Example of coating degradation

Table 7: Adhesion strength testing matrix
Surface
Temperature
Roughness
Material
(°C)
(R a µm )
-8
Stainless
100
-12
Steel 430
-16
-8
Aluminum
0.01
-12
Pristine
Epoxy
-16
-8
Epoxy 0.35
1.13
-12
W Ablation
-16
-8
Epoxy 0.6
1.95
-12
W Ablation
-16
-8
Epoxy 1.2
5.11
-12
W Ablation
-16

# of
Tests

RPM

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
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Air
Pressure
(psi)
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

MVD
(µm)

LWC
(g/m3)

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

The stainless steel 430 (SS 430) was tested to provide a comparison for the epoxy
coatings against an unfinished rough surface. SS 430 with a Ra of 100 µm (3.9 x 10-3
in.) was assumed not to degrade and provide a good comparison for the tested
coatings. In the first round of testing, the perpendicular-ablated coatings were
tested. During testing, the rougher surfaces were tested first and the pristine epoxy
coating was the last sample tested. By testing in reverse roughness order it provided
a built in checks and balances system. As the surface roughness is decreased the ice
adhesion strength should also decrease.
As the coatings were tested, each subsequent coating exhibited a decrease in
adhesion strength. In addition, no significant degradation of the mercaptan and
amine blended epoxy surface, whether ablated or pristine, was seen. The SS 430
sample had the highest adhesion strength as well as the largest standard deviation.
The adhesion strength of SS 430 was two times higher than the 1.2 W ablation
sample and 10 times higher than the adhesion strength of the pristine epoxy coated
aluminum. A summary of the results for the perpendicular ablations is found in
Table 8. The pristine epoxy coated sample exhibited the lowest adhesion strength of
ice, and confirms the hypothesis of low surface roughness equating to low adhesion
strength (42). This low adhesion strength is attributed to the fact that the water
droplets impact and are too large to fit into the impurities on the surface. With a Ra
of 0.01 μm (3.94 x 10-7 in.) the average size of impurities are 10 nanometers (3.94 x
10-7 in.) or 2000 times smaller than the average impacting water droplet with a
MVD of 20 μm (78.7 x 10-5 in.). As the impurities on the surface increase due to the
controlled surface topography from the laser ablations, the adhesion strength
134

increases. A comparison of the adhesion strength of each coating and its respective
relationship to temperature is portrayed in Figure 82. Two aspects of importance
are the relative grouping of the adhesion strengths for the coatings that have
ablations, and the large gap between the ablated coatings and the SS 430 as well as
the gap between the ablated coatings and the pristine coating.

Table 8: Summary of perpendicular adhesion strength results for impact icing
conditions
Material Coating Adhesion Strengths and Standard Deviation
Temperature (°C)
-8
-12
-16
Adhesion Strength
psi
kPa
ksi
kPa
psi
kPa
Average 46.57
321.06
71.12
490.36
86.62
597.23
Stainless Steel 430 (R a 100)
St Dev.
6.21
42.78
14.38
99.13
12.70
87.58
Average 22.74
156.80
31.79
219.15
42.42
292.49
1.2W Ablation (R a 5.11)
St Dev.
2.70
18.61
3.29
22.67
3.45
23.76
Average 15.65
107.93
29.96
206.55
35.49
244.72
0.6W Ablation (R a 1.95)
St Dev.
2.10
14.51
1.95
13.41
2.69
18.55
Average 13.03
89.84
23.14
159.51
28.95
199.58
0.35W Ablation (R a 1.13)
St Dev.
1.55
10.66
1.90
13.08
4.80
33.11
Average
4.11
28.33
6.79
46.80
7.99
55.05
Pristine (R a 0.01)
St Dev.
0.75
5.20
0.87
6.02
0.94
6.51
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Figure 82: Adhesion strength comparison as a function of temperature

Overall, all the test materials exhibit a linear relationship with temperature for the
range tested. As the temperature decreases the adhesion strength increases. The 1.2
W ablated-surface has the highest adhesion strength and is 75% higher than the
0.35 W ablated-surface at the warmer temperatures and 65% at the cooler
temperatures.
Once the perpendicular coatings were tested, a series of tests were conducted on the
0.35 and 1.2 W ablated epoxy samples with parallel ablations. The same test
procedures were followed. According to the parallel shedding model the adhesion
strength for a coating with parallel shedding tendencies should be lower than the
same coating with perpendicular shedding tendencies. As the coatings were tested,
it was found that the adhesion strength for each parallel ablation respective coating
was equal to its perpendicular counterpart. A comparison of the adhesion strength
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between the parallel and perpendicular 1.2 W ablated coating is shown in Figure 83.
The two coatings are effectively equal to one another as they fall within the standard
deviation of one another.

Figure 83: Perpendicular and parallel ablation comparison

Further research was required to determine why the perpendicular and parallel
coatings had the same adhesion strength. For the coatings with a parallel ablation,
the ablation valleys end before the edge of the coating. This creates an edge dam
that affects the ice adhesion strength. The ice can no longer slide out of valleys and
shed parallel; instead the ice hits a vertical wall. A diagram of the ablations and edge
dam is shown in Figure 84. Because the edge dam affects the adhesion strength, the
results from the AERTS impact adhesion strength tests for the parallel samples are
inconclusive and unusable.
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Figure 84: Parallel ablation edge dam
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4.5 Pusher Test Results
With the discovery that the parallel ablation valleys did not extend fully to the edge
of the coating, the prediction model for the parallel shedding could not be validated.
To validate the model it was decided to use freezer ice on the parallel coatings.
Because the ablations do not continue to the edge, the freezer adhesion pusher test
is ideal because the test section can be offset from the edge.

Following the test procedures defined in section 4.2.2, adhesion tests were
conducted on both the parallel and perpendicular ablated coatings. By testing the
adhesion strength of ice with freezer ice, the results can be used to compare and
validate the Newtonian mechanics adhesion prediction model.

Using a single

coating multiple test sections of 1 in. x 1 in. (2.54 x 10-2 m x 2.54 x 10-2 m) were
created. By creating multiple test sections on a coating, a single coating can be tested
parallel or perpendicular to the ablation, depending on the orientation of the
surface. By allowing water to freeze into the coating, the coating can be orientated to
test the adhesion strength, either perpendicularly or parallel to the shedding. An
example of a parallel adhesion test on a sample is shown from above and from the
front in Figure 85. The edge dam created with double-sided tape allows the ice to
freeze into the valley ablations. Once the water is completely frozen, the edge dam is
removed and the adhesion test is performed. The use of the dam offsets the block of
ice from the edge. By offsetting the test from the edge of the coating, it is assumed
that the ablations run from one edge of the ice block to the other.
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(b)

(a)

Figure 85: Parallel adhesion pusher test setup (a) as seen from above and (b) as seen
from the front

Tests were conducted to verify whether or not the parallel ablation resulted in
lower adhesion strengths. According to the adhesion strength prediction model a
coating that sheds parallel will have lower adhesion strength than a perpendicular
coating with the same ablation level. The initial verification test was conducted on a
0.35 W sample at -16 °C (3.2 °F). The results from tests of the 0.35 W coating
indicate an adhesion strength reduction of 14.4% between the parallel and
perpendicular coatings; see Figure 86. The maximum adhesion strength of the ice
block to shed parallel is 24.7 psi (170.3 kPa), while the maximum adhesion strength
to shed perpendicularly is 28.9 psi (199.1 kPa). The adhesion strength for
perpendicular direction of 28.9 psi is comparable to the results from impact-icing
test of the 0.35 W coating. The adhesion strength testing from impact icing was
recorded as 28.95 psi (199.6 kPa), a difference of 0.28%.
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Figure 86: Perpendicular versus parallel adhesion testing comparison

The initial tests on the 0.35 W samples prove that the ice adhesion freezer pusher
test can be used to compare the adhesion strength for both parallel and
perpendicular adhesion tests. To experimentally validate the adhesion strength
prediction model, the freezer tests focused on testing the 1.2 W ablated samples.
Tests were conducted in a chest freezer at varying temperatures. Tests were
conducted by varying the temperature from -11 to -22.5 °C (12.2 to -8.5 °F). The
results for the perpendicular and parallel adhesion strengths are shown in Figure
87.
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Figure 87: Freezer ice adhesion strength of 1.2 W epoxy coating

After multiple sets of tests were conducted on the 1.2 W ablation epoxy coating, the
coating began to degrade. Through repeated testing and the removal of the edge
dams, the edge of the epoxy degraded. As the tape was removed, it lifted up the
edge of the epoxy coating as well. The shearing of the tape caused the epoxy to debond and degrade. As the bond between the epoxy and aluminum degraded, shown
in Figure 88, the adhesion strength increased. The degradation became apparent as
the adhesion strength increased from 46.16 psi (318.26 kPa) to 122.49 psi (844.54
kPa) for similar temperatures. The adhesion strength results attributed to coating
degradation of the 1.2 W parallel ablation coating are depicted in Figure 89.
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Figure 88: Degradation of coating from repeated testing
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Figure 89: Adhesion strength results attributed to coating degradation

4.6 Model Prediction Validation
4.6.1 Perpendicular Prediction
Through the collected data from ice adhesion strength tests conducted in the AERTS
facility and from the ice adhesion pusher test, results can be compared against the
prediction model. To calculate the adhesion strength from the prediction model the
surface of the coatings must be further characterized. As derived in Chapter 2, θ
(angle formed by the morphology with respect to the horizontal plane) is one of the
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parameters to solve for the perpendicular adhesion strength of ice. The angle is
determined from the surface profile of the coating. To determine the surface profile,
SEM is used to visualize the cross-section of the coating, Figure 90. The ablations
from the laser can be seen clearly in the cross-section of the SEM image. The crosssection is interesting because the distances between each ablation are clear and
consistent for the entire coating. It is important to utilize SEM to characterize the
coating and the change in slope along the edge of the ablation.

Figure 90: Cross-section visualization of 1.2 W ablated coating
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To evaluate the change in slope of the ablation, further characterization of the
coating is required. A further magnified image of the 1.2 W ablated coating in Figure
91, allows for the ablation to be fully digitized. Using computer software, a scale
was set with a coordinate axis to digitize the shape of the ablation valley.
Additionally, in Figure 91, the digitization of the cross-section of the ablation valley
is drawn onto the image. The origin for the coordinate system is at the top left of the
ablation and the digitization of the valley includes positive x values and negative y
values. Using digitization software a text file was created with every digitized data
point of the ablation valley.

Figure 91: Digitization of ablation valley
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The text file created with the digitized data coordinates can now be used to calculate
the changing slope of the ablation valley. The coordinate text file is imported into
Matlab, and plotted as shown in Figure 92. The change of slope is calculated as a
ratio of the change in rise over run as per Equation 31.
𝒎=

(𝒚𝟐 − 𝒚𝟏 )
(𝒙𝟐 − 𝒙𝟏 )

Where:
m – Slope of ablation valley
y1, y2 – Y-coordinates of digitized ablation valley
x1, x2 – X-coordinates of digitized ablation valley

Figure 92: Imported digitized ablation cross-section
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(31)

The angle of the slope is calculated with arctangent.
𝜽 = 𝐭𝐚𝐧−𝟏 𝒎

(32)

With the known change of slope the model can predict the adhesion strength values
of ice as it sheds perpendicularly. Using the temperature relationship discussed in
Chapters 2 and 3 for the Young’s modulus, the thermal coefficient of expansion, and
the static coefficient of friction, the adhesion strength is calculated as per Equation
11. The predicted model for the 1.2 W perpendicularly ablated coating is shown in
Figure 93 as well as the data gathered during the impact icing adhesion testing. The
three impact ice adhesion data points have an average discrepancy of 14.3%. The
error for each data point from the predicted model is shown in Figure 93. The
inflection point of the model occurs at -22.5 °C (-8.5 °F), which is consistent with the
tests run in the AERTS chamber. The chamber tests were run at a minimum
temperature of -16 °C (3.2 °F) and the extrapolation of the model should only be
considered valid if it falls between the temperatures of 0 and -22.5 °C (32 and -8.5
°F).
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Figure 93: Model prediction and impact experimental for 1.2 W perpendicular
ablated coating

The average discrepancy of 14.3% is attributed to an incomplete model. The model
only accounts for the adhesion strength of the ablations. The remaining surface area
of the coating is assumed to be a pristine surface. The pristine portions of the
ablated coating still have adhesion strength and need to be accounted for. To
account for the adhesion strength of the pristine surface, the experimental results
from the impact icing experiments on the pristine coating were considered. The
pristine coating experimental results are considered to be an accurate value of the
adhesion strength of ice to the surface without macro-scale morphology variations.
The adhesion strength of the pristine coating is linearly dependent on temperature
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and did not degrade during consecutive testing. The linear relationship of the
pristine coating is shown in Figure 94, by the circular plotted data points. The
pristine surface results are fitted with a best-fit line equation.

Figure 94: Pristine experimental linear trend line

The best-fit equation of the linear trend line was determined by using the Excel
best-fit function, shown in Equation 33.
𝑺 = −𝟎. 𝟒𝟖𝟒𝟓𝑻 + 𝟎. 𝟒𝟖
Where:
S – Adhesion shear strength, psi
T – Ambient temperature, °C
150

(33)

The best-fit equation was then substituted into the prediction model and added to
each corresponding temperature point. The adjusted model is shown in Figure 95
as the dashed line.

The modified model now includes the linear equation

relationship between adhesion strength and temperature variations of the pristine
surface. When comparing the impact experimental data points to the modified
model, there is a new average discrepancy of 4.9%. The discrepancy for each data
point relative to the modified model is shown in Figure 95. The 4.9% discrepancy is
35% lower than the discrepancy from the original model without incorporating the
pristine surface evaluations.

Figure 95: Modified model of adhesion strength with pristine coating
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Continued testing results from the ice adhesion pusher test using freezer ice were
also used to experimentally validate the model. The experimental data points are
plotted (as triangles) and compared against the modified model in Figure 96. The
data points from the freezer ice testing of adhesion strengths match the linear
relationship of the modified prediction model. The maximum error in prediction is
7% for the corresponding experimental freezer data point. These results indicate
that freezer ice has similar ice adhesion strength as impact ice for the tested
temperature regime as long as the temperature of accretion is accurately measured.

Figure 96: Freezer ice and model comparison
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4.6.2 Parallel Prediction
Due to the incomplete parallel laser ablations on the samples, impact-icing results
were inconclusive and are not reported. For experimental validation of the parallel
prediction model, and since freezer ice and impact ice seem to have comparable ice
adhesion strength for comparable temperatures, the ice adhesion pusher test was
the only method used to record the adhesion strength. The parallel prediction model
is dependent on the same material properties as the perpendicular prediction
model. One main difference between the perpendicular and parallel models is the
contact surface area for the ablation valley, doubled for the parallel force condition.
Thus the parallel force must overcome the friction force, assumed to be equal, for
each side of the ablation valley. The parallel model is not dependent on the change
in angle of the surface. For the perpendicular model the ice sheds up the valley. The
ice must travel up and over the ablation valley rather than sliding along the ablation.
This change in shedding motion indicates that the parallel shedding mode has
reduced adhesion strength.

The results from the ice adhesion tests are compared against the parallel prediction
model. The experimental freezer adhesion results are plotted and compared to the
model in Figure 97 (a) with a maximum error of 51% for the warmest temperature.
Similarly to the perpendicular model, the pristine coating best-fit line equation was
added to the prediction model as a modified model. The modified prediction is
depicted in Figure 97 (b), due to the inflection point from the perpendicular model
at -22.5 °C (-8.5 °F), the values below this temperature are considered invalid. The
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results from the freezer tests were plotted and compared to the prediction model.
The exponential nature of the parallel ablation model for the tested temperature
range is verified through the freezer tests. The exponential behavior of the parallel
model approaches a vertical asymptote at the same temperature as the inflection
point of the perpendicular model at -22.5 °C (-8.5 °F). A maximum discrepancy of
9% for a corresponding data point is found between the model and experimental
results.

154

Figure 97: (a) Modified parallel adhesion prediction for 1.2 W ablated sample and (b)
plotted experimental results from ice adhesion pusher test
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5 Conclusions and Recommendations
5.1 Conclusions
5.1.1 Newtonian Mechanics Ice Adhesion Prediction Model
A Newtonian mechanics model to predict the adhesion shear strength of ice on
materials with varying surface morphology was developed and validated
experimentally. The model focused on the effects of surface morphology on ice
adhesion strength. The calculation of the forces required to remove the ice after it
expanded into a surface cavity was presented. The model focused on two differing
shedding directions with respect to surface discontinuities.

The surface was

assumed to be smooth (Ra≈0) except for known discontinuities in the surface with
micrometer-scale dimensions. Accreted ice to these irregularities could shed either
perpendicularly or parallel to them. Newtonian mechanics accounted for the
expansion of freezing ice in the irregularities, with the inclusion of temperature
dependent ice properties. The model is dependent on Young’s modulus, the thermal
coefficient of expansion of ice, as well as the coefficient of static friction between ice
and the coating. The model for the perpendicular shedding to the discontinuities
required coating characterization of the surface geometry as the slope of the surface
morphology changed. The model for parallel shedding is dependent on the friction
force from the sides of the surface and the accretion area, and is independent of the
irregularity shape.
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5.1.2 Determining Ice Material Properties
The prediction model for the adhesion strength of ice is dependent on material
properties. The Young’s modulus and thermal coefficient of expansion for ice have
previously been determined and it was found in the literature for sea ice. It was
assumed that the material properties of sea ice and impact ice would not vary
considerably for the purpose of this work. Each of the two aforementioned
properties is dependent on temperature. The other material property on which
adhesion strength of ice depends is the coefficient of static friction. Through a series
of tests the static coefficient of friction was evaluated. The static coefficient of
friction is also dependent on temperature. As the temperature decreases, the value
for the static coefficient of friction increases. The coefficient of friction varies from
0.046 with a standard deviation of 0.015 at -5.8 °C (21.6 °F) to 0.190 with a standard
deviation of 0.019 at -15.7 °C (3.7 °F), a change of 420%.
5.1.3 Experimental Adhesion Strength Testing
The surfaces with a controlled topography were tested at the AERTS facility as well
as with the ice adhesion pusher test. A Great Planes 30 Minute Pro Two Part
(mercaptan and amine blend) Epoxy was used to create a surface with a Ra
effectively of zero. The actual surface roughness measured was a Ra of 0.01 μm (3.94
x 10-7 in.). This pristine coating was a baseline against to compare the other surfaces
of the same coating with introduced controlled surface roughness. The epoxy
surfaces were ablated with a laser at intensities of 0.35, 0.6, and 1.2 W, each with a
respective surface roughness of 1.13, 1.95, and 5.11 Ra (4.45 x 10-5, 7.68 x 10-5, and
2.01 x 10-4 in.). The pristine surface was tested and determined to have an adhesion
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strength of 4.11 psi (28.3 kPa) with a standard deviation of 0.75 psi (5.17 kPa) at -8
°C (17.6 °F) and 7.99 psi (55.1 kPa) with a standard deviation of 0.94 psi (6.48 kPa)
at -16 °C (3.2 °F), while the coating with the most severe ablation (Ra of 5.11 μm,
2.01 x 10-4 in.) was determined to have an adhesion strength of 22.7 psi (156.8 kPa)
with a standard deviation of 2.70 psi (18.62 kPa) at -8 °C (17.6 °F) and 42.4 psi
(292.5 kPa) with a standard deviation of 3.45 psi (23.79 kPa) at -16 °C (3.2 °F).

Additional tests were conducted on the 1.2 W ablated samples with the ice adhesion
pusher test. The adhesion pusher test revealed that under known surface conditions
(such as the 1.2 W perpendicular sample) the adhesion strength of freezer and
impact ice is equal to one another. The freezer tests were conducted at varying
temperatures from -10 to -22.5 °C (14 to -8.5 °F) on both the parallel and
perpendicular sample of the 1.2 W ablated epoxy coating. The adhesion strength
measured using impact ice and freezer ice is similar at equal temperatures, due to
ice being able to fully clamp into the surface. The perpendicular coating at -12 °C
(10.4 °F) has an adhesion strength of 34.8 psi (240 kPa) from the impact test and an
adhesion strength of 31.8 psi (219.2 kPa) from the impact ice. The measured
difference between the two ice types was quantified to be less than 9% for all cases.
As the morphology of the coatings varied from the pristine to the 1.2 W ablation
there was a significant increase in ice clamping as the ablations widened and
deepened at each ablation level. The increase in ice clamping led to an increase in
adhesion strength, the pristine surface does not include any ice clamping because
the surface discontinuities are too small for the droplets to impact and expand. As
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the ablation increased to 1.2 W the adhesion strength increased by an average of
541%, indicating that the ice clamping mechanism is an important parameter in
determining the adhesion strength of ice.
5.1.4 Prediction Model Validation
The recorded adhesion values were compared to the model results. Initial findings
for the perpendicular shear loading of the ice indicate an over prediction of 14.3%
between the experimental results and the predicted model. The over prediction was
attributed to an incomplete evaluation of the forces. The Newtonian Mechanics
model only included the strength of the ablated valleys and ignored the pristine
surfaces between each ablation. The model was then modified to include the
adhesion strength of the pristine surface for those surfaces without surface
morphology variations. The modified model was compared to the experimental
results and the average discrepancy was reduced by 35% to a discrepancy of 4.9%.
The maximum error for the perpendicular ablated coatings between the adhesion
tests from the impact and freezer ice tests is 7%. The coatings ablated parallel to the
ice shedding direction were only tested for adhesion strength in the freezer. The
modified model for parallel coatings was compared to the experimental results with
a maximum error of 9%. The predicted model is considered valid within the
temperature parameters of 0 to -22.5 °C (32 to -8.5 °F), where the model exhibits an
inflection point. It is also considered valid with a standard deviation of less than
10%. The model is valid with coatings for known controlled surface topographies,
where the ice is allowed to shed either perpendicularly or parallel to the direction of
the forces. Tests validating the adhesion strength of the ice for impact and freezer
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ice indicate that the adhesion strength for the two types of ice is equal. This is
contrary to what has previously been reported in literature, results designate that if
the coating topography is controlled and ice is allowed to fully freeze into the
surface discontinuities then the adhesion strength for impact and freezer ice is
equal.

5.2 Recommendations for Future Work
5.2.1 Rotor Impact Ice Material Properties
The prediction model for ice adhesion shear strength is dependent on ice material
properties. The required material properties for the prediction models are the
Young’s modulus, thermal coefficient of expansion, and the coefficient of static
friction between ice and the test material substrate. Each of the required material
properties is dependent on the ambient temperature. Previous research defined the
linear relationship on temperature for the Young’s modulus and thermal coefficient
of expansion for ice. As the coefficient of static friction is dependent on two
interacting surfaces, the coefficient varies for every material. Due to the wide
variety of materials used as passive de-icing and anti-icing materials, no coefficient
of static friction database exists. As no current database exists, the values for the
static coefficient of friction were experimentally determined throughout the course
of this research.

All the values for the material properties of ice were determined using freezer ice.
The properties recorded through the use of freezer, or static ice, were assumed to be
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accurate for the duration of this thesis. For future work, it is necessary to determine
whether the material properties of freezer ice are equal to the material properties of
impact ice. One large factor that may attribute to a difference in material properties’
is the rate of freezing (56). In freezer ice, the time required for water to completely
freeze varies. For impact icing, in many rime cases the water freezes immediately
upon impact, while in glaze conditions the water may impinge the surface and roll
back before freezing. In either case the freezing rate for impact ice occurs at a much
quicker rate.

For further verification of the prediction model, all the experimentally determined
material properties of ice need to be determined for impact ice. To properly
evaluate the material properties for rotor impact ice, new test methods need to be
established. To properly determine required material properties for impact ice the
following parameters should be considered:


Ambient temperature



LWC of icing cloud



Consistent time in icing cloud, ice thickness



MVD of impacting droplets



Method to detach ice from leading edge (if required for material property)

Determining the material properties of impact ice will verify any changes in the
values of the prediction model. To measure the coefficient of static friction, similar
tests methods as described in Chapter 3 may be followed. Additionally, the test
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method needs to be improved to reduce the standard deviation for the test results.
The standard deviation for the current results may seem high due to temperature
and human interactions, but the coefficient of determination for the mean of each
temperature set is 0.92 and was accepted within the confines of the presented work.
For future tests the impact ice must be removed from the leading edge and tested at
the corresponding temperature with the sliding friction test on the desired material.
To determine the Young’s modulus of impact ice, the ice needs to be removed from
the leading edge. It may be possible to experimentally determine Young’s modulus
through a cantilevered beam test, as shown in Figure 98 (76) and calculated in
Equation 34.

Figure 98: Determination of Young's modulus with the cantilever beam test (76)

𝑬=

𝑷𝑳𝟑
𝟑𝑰𝜹

Where:
P – Point load
I – Moment of inertia for the impact ice
б – Deflection of beam
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(34)

Finally, the coefficient for thermal expansion must be determined for impact ice.
The test method to determine the coefficient of thermal expansion needs to be
developed.
5.2.2 Finite Element Analysis of Two Dimensional Loading Cases
The current adhesion strength prediction model for ice assumes that the Young’s
modulus of ice is greater than the Young’s modulus of the substrate material. The
difference between the Young’s modulus of ice and the Great Planes epoxy is
assumed to counteract the perpendicular component of the shear force on the wall.
The hypothesis assumed that the substrate wall deforms due to the shear loading
and expansion of the ice. Additionally, the shear force is acting at the center of
gravity of the ice block, which is at an unknown distance above the interaction
plane. This shear force creates a moment that helps the ice to shed. The moment is
redefined as a force at an assumed distance away from the gravitational center of
the total ice block. This force is the force that shear must overcome in order for the
ice to shed, and is assumed to be equivalent to the “clamp force” in the
perpendicular direction. These assumptions for the model prove to be accurate
with a maximum discrepancy between the model and experimental results of 9%.

The continued work of validation of the model requires the use of Finite Element
Analysis (FEA). A representative surface of the substrate needs to be modeled using
available computer software to determine the interacting forces as the ice expands,
shears, and slides due to friction along the macro surface. Through the use of FEA,
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the moment experienced from the shear effect can be modeled as well as the plastic
deformation of the epoxy substrate from the shearing of the ice. Through the
modeling of the plastic deformation and the total ice block, the physical interaction
of the ice into the surrounding surfaces will be further understood, thus allowing for
a more realistic surface to be modeled.
5.2.3 Adhesion Prediction Validation with Metallic Substrates
The current ice adhesion prediction model is valid with the simplified assumptions
due to plastic deformation and an inferred moment as the ice expands. To further
validate the model for more substrates, a metallic macro surface structure needs to
be developed and tested. Aluminum is used as leading edge material for all Boeing
fixed wing aircraft (23) and provides a control material to validate the model.
Metallic substrates vary in material properties from epoxy coatings and as such the
same assumptions made for the model may not apply to an aluminum surface.

Further work and testing must be conducted on aluminum samples in the same
manner that validation was conducted for the epoxy coating. For metallic surface
validation, an aluminum sample with an effective Ra of zero can be obtained through
electro-polishing of the surface. After the controlled pristine sample is created,
samples ablated through varying laser intensities with known topographies can also
be created. The same ablation technique used for the epoxy coating can create a
maximum ablation depth of 10 μm (3.93 x 10-4 in) for aluminum samples. Through
experimental testing and surface characterization for metallic surfaces, the adhesion
prediction model of ice can be validated for more comprehensive coatings.
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5.2.4 Three Dimensional Model Expansion
The current model to predict the adhesion strength of ice predicts adhesion strength
for two different shedding methods. The controlled surface topography of the
coatings is ablated valleys in which the water droplets can impact, expand, and
eventually shed. The ablated valley approach was effective in predicting the
adhesion strength for the controlled surface topographies, but controlled coatings
do not occur naturally. Further development of the model is needed to predict the
adhesion strength for realistic coatings. An example of a realistic three-dimensional
surface is depicted Figure 99 (77). To correctly predict the adhesion strength of ice
for a naturally occurring coating or material, the model must calculate the expansion
of ice into all the surrounding structures. The model must also assume the shedding
direction and determine which forces act directly on the ice. Ultimately, a defining
parameter of the model will be the dependence on surface roughness. As enough
surface morphologies are studied and tested, a relationship between surface
morphology and roughness can be developed so the input parameters to determine
the adhesion strength of ice is the surface roughness of the material.
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Figure 99: Realistic 3D surface topography (77)

To expand the model for three dimensional surfaces additional testing is required.
Experimental validation of the model will focus extensively at warmer
temperatures, between 0 and -8 °C (32 and 17.6 °F). At warmer temperatures the
model may be inconclusive as the ice will not freeze fully.

In warmer icing

conditions a water film exists and the ice will not completely clamp to the
surrounding topography.

This approach needs to be further researched to

effectively expand the model.
5.2.5 Ice Adhesion Testing Standardization
No standard method exists to quantify the ice adhesion shear strength of coatings or
surfaces exposed to aircraft icing conditions, making the comparison of the ice
protection capabilities of different surfaces extremely challenging. The lack of
testing standards of aircraft ice adhesion shear strength has provided testing data
that varies significantly for similar materials. Issues relating to proper
characterization of the type of ice created, and the surface roughness of the material,
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coupled with potential unknown energy sources potentially pollute the ice accretion
data, currently makes comparing ice protection capabilities impossible. Ice
accretion characterization would require a detailed description of the parameters
controlling the icing cloud. To properly characterize the icing cloud, information
such as water droplet MVD, LWC, ambient temperature, and impact velocity are
required. Variations of these parameters change the type of ice accreted, including
the fundamental physics involved in the adhesion process, and thus affect the ice
adhesion shear strength. The ice adhesion strength is not only dependent on the
type of ice accreted, but also on the surface characteristics of the substrate. Finally,
any ice adhesion strength testing method must avoid (or account for) any unknown
energies that could affect the ice adhesion strength, such as thermal shocks or
mechanical stresses related to the handling of the testing surface.

An ice adhesion strength measurement standard must be instituted to consolidate
testing procedures and ice adhesion data for varying surfaces. The material needs
to be tested by applying methods where representative-icing conditions can be
recreated, quantified, and reported. Material properties and surface characteristics
of the substrate must be also quantified and provided. Finally, a testing procedure
that eliminates unwanted energies that can affect the ice adhesion strength must
also be identified.
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Appendix A-The Effect of Surface Chemical Functionality
on Ice Adhesion Strength
A.1 Overview
Current icing alleviation strategies involve pneumatic boots, heated surfaces, and the
use of de-icing fluid agents (i.e., ethylene- and propylene-based glycols). The latter
have potential environmental concerns. Passive solutions towards icing are
desirable since they would minimize the usage of de-icing agents.

Under a NASA Aeronautics Research Institute (NARI) Seedling activity, surfaces with
controlled chemical functionality and chain length were investigated to assess the
effect of both parameters on ice adhesion strength under a simulated icing
environment using the Adverse Environment Rotor Test Stand. Results from these
experiments suggested that terminal group chemical composition and chain length
affected ice adhesion shear strength.

A.2 Experimental
Alkyldimethylalkoxysilanes, terminated with various organic functionalities, were
prepared following known chemical procedures and characterized using
spectroscopic techniques (78). Approximately 2% (w/v) solutions were prepared
by adding the appropriate substituted dimethylalkoxysilane(s) to a mixture of
ethanol:water:methylene chloride. Several drops of glacial acetic acid were then
added to generate the corresponding silanol. The solutions were applied via spray
coating to aluminum 3003 12 in. x 12 in. (30.48 cm x 30.48 cm), and 0.016 in. (0.406
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mm) thick sheets that were wiped with ethanol and treated with a basic solution
followed by a water rinse. The coated samples were allowed to stand at room
temperature overnight and then placed in an air oven at approximately 110 °C (230
°F) for 15 min. Test specimens were cut from the coated sheets for evaluation on
AERTS 4 in. x 6 in. (10.16 cm x 15.24 cm) and contact angle goniometry (CAG). CAG
was performed on a First Ten Angstroms 1000B goniometer at room temperature
using an 8 mL (0.27 oz.) drop of water. The tilting axis method measured the
advancing and receding contact angles of the sessile droplet. The ice adhesion shear
strength was determined on AERTS with the rotor operating at 400 RPM at -8, -12,
and -16°C (17.6, 10.4, and 3.2 °F). The LWC was 1.9 g/m3 (3.69 x 10-6 slugs/ft3 with
a MVD of 20 μm (7.87 x 10-4 in.). Tests were conducted at each temperature in
triplicate to determine if the coatings degraded. As the rotor turned at the
operational RPM, ice accumulated and subsequently shed when the ice load became
too large to remain attached to the test coating. The sample was tested at all three
test temperatures starting at -16 °C (3.2 °F) and ending at -8 °C (17.6 °F).

A.3 Results and Discussion
This study focused on evaluating the effect of organic functionality and aliphatic
chain length on ice adhesion shear strength. To generate a monolayer surface,
substituted alkyl alkoxydimethylsilanes were prepared via known chemical
reactions with the exception of propyldimethylmethoxy silane, which was obtained
from commercial sources. Structures for each material and their corresponding
designation are shown in Figure 100. The functionalities investigated had the
following characteristics with respect to water: 1) non-polar interactions (aliphatic),
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2) hydrogen bonding through donor and acceptor interactions (hydroxyl; ethylene
glycol), and 3) hydrogen bonding with acceptor interactions only (methoxyethylene
glycol). It was believed that surfaces that utilized hydrogen bonding would degrade
the ice crystal structures at the interface and lead to the formation of a quasi-liquid
layer to reduce the ice adhesion strength of ice.

Figure 100: Substituted alkyldimethylakoxysilanes

Neat and mixed functionalized aluminum surfaces were generated through spray
deposition of the generated molecular surfaces using coupling agent technology
(79). In addition to functionality, the molecular chain length was varied to assess the
effect of molecular scale roughness on ice adhesion shear strength. These surfaces,
along with an uncoated control of Aluminum 3003, were tested in AERTS under
icing conditions described in the experimental section. In general, all coated
aluminum surfaces performed better than the control.
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A.3.1 Neat Surfaces
A.3.1.1 Aliphatic surfaces
Non-polar interactions were examined using three linear aliphatic chain lengths.
The adhesion strength for the Aluminum 3003 was higher than the measured
adhesion strength for the C3A and C7A, where C represents Carbon, the subsequent
number delineates the chain length, and an A represents an aliphatic structure. The
C7A surface performed better (Figure 101). Due to the short chain length of C3A,
water may potentially still interact with the aluminum substrate. When the chain
length was increased to C11A it resulted in greater adhesion strength of the ice as
well as coating degradation. The degradation is evident by increased adhesion
strength with increasing temperature. This degradation is attributed to strong ice
clamping which may arise due to phase transition of the surface functionalities (80).

Figure 101: Ice adhesion strength of aluminum control and aliphatic surfaces
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A.3.1.2 Hydroxyl and ethylene glycol surfaces
Surfaces with hydrogen bonds that exhibit both donor and acceptor effects with
water were tested for the adhesion shear strength of ice with hydroxyl and ethylene
glycol surfaces (Figure 102). Because adhesion strength is dependent on
temperature as the temperature increases during testing the adhesion strength
should decrease (42). Both the C10H and C11H surfaces follow the temperature and
adhesion strength relationship. When tested at -16 °C (3.2 °F) the surfaces behave
essentially the same. However, as the temperature increased, C11H exhibited
slightly lower adhesion strength than C10H, suggesting an odd-even chain length
effect with regards to the terminal hydroxyl group and ice (81). Some degradation
may have occurred with C10H since the adhesion strength of the ice remained
relatively constant over the test temperature regime. C7H with a shorter chain
length had greater adhesion strength at the colder temperature set when compared
to the other two-hydroxyl surfaces. In addition, the adhesion strength of C7H
increased as the temperature increased, thus implying surface degradation due to
strong ice clamping.
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Figure 102: Adhesion shear strength of control and hydroxyl and ethylene glycol
surfaces

Surfaces coated with ethylene glycol had lower adhesion strength than C7H, but
showed similar degradation behavior. Since ethylene glycol is a component of
antifreeze, it was assumed that the ethylene glycol surface would exhibit lower
adhesion strength of ice. While ethylene glycol works well as an aqueous solution,
this phenomenon does not translate well onto a dry aluminum substrate. In general
both the hydroxyl and ethylene glycol surfaces exhibited similar adhesion strength
and did not significantly differ between the testing temperatures. Comparing C7
and C11 A and H surfaces, it was determined that both functionality and chain
length influenced the adhesion strength with a shorter aliphatic chain length and a
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longer hydroxyl chain length, exhibiting lower adhesion strength (Figure 103).
However C11H did not show the same tendency of degradation as C11A.

Figure 103: Adhesion strength comparison between aliphatic and hydroxyl surfaces

A.3.1.3 Methoxyethylene glycol surface
Based on the results of the previous surfaces, it was of interest to determine the
effects of hydrogen bonding that would interact with water only as an acceptor. A
methoxy terminated analog of ethylene glycol and Carbon 5-methoxyethylene glycol
(C5MEG), was prepared and used to coat the aluminum surface. The ice adhesion
strength of compounds with comparable chain length, but with differing terminal
groups is shown in Figure 104. The adhesion strength of C5MEG exhibited a similar
trend as C7A which suggests that hydrogen bonds with donor effects from hydroxyl
and ethylene glycol surfaces with water lead to strong interactions with ice.
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Figure 104: Adhesion strength comparison

A.3.2 Mixed C7A/C7H Surfaces
A 50/50 mixed C7A and C7H surface was prepared to investigate the effect of
increasing hydrogen bonding on adhesion strength. As shown in Figure 105, at -8 °C
(17.6 °F) a linear increase was observed while increasing the content of hydroxyls.
At -12 °C (10.4 °F) this effect was less pronounced. These results are similar to those
reported by Petrenko using linear C11 thiols bearing a terminal methyl or hydroxyl
groups on a gold surface (41). However, at -16 °C (3.2 °F) all the surfaces exhibited a
similar adhesion strength regardless of the end group, suggesting that lower
temperatures adversely affect the molecular bonds.
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Figure 105: Adhesion strength comparison of control and mixed C7 surfaces

A.3.3 Mixed C3A/C7A Surfaces
Coated surfaces were prepared to investigate the effect of mixed chain length on the
ice adhesion strength. Aliphatic surfaces were selected so as to negate the effects of
hydrogen bonding. The 50/50 mixture of C3A/C7A coating displayed in Figure 106
has a higher adhesion strength at -8 and -16 °C (17.6 and 3.2 °F) than either pure
component. In addition, the adhesion strength of the 50/50 mixture approached the
adhesion strength of the uncoated aluminum 3003 control surface. These results
suggest an enhanced accessibility of water to the aluminum substrate.
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Figure 106: Adhesion strength comparison of control and mixed aliphatic surfaces

A.4 Conclusions
The effect of surface functionality and chain length on the adhesion strength of ice
was investigated under simulated icing conditions. Surfaces functionalized with
materials of comparable chain length exhibited higher adhesion where the coating
interacts with water through hydrogen bonding donor-acceptor effects. Chain length
and coating composition were observed to affect the adhesion strength of ice with
no discernible trend. All of the coatings tested during the course of the research with
NASA Glenn and Langley are assumed to have a similar surface roughness. The
coatings were spray coated onto an Aluminum 3003 surface. As the coatings are
developed on the molecular level (Angstroms) or 10,000 times smaller than a
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micron, the macro surface roughness is assumed to not be affected. In the testing it
was found that there is no discernible difference in adhesion strength due to coating
composition or chain length. The largest change in adhesion strength was found
when coatings degraded and the surface topography changed. The C11 Aliphatic
coating was the most susceptible to degradation and over three tests the coating
degraded from 9.52 psi (65.64 kPa) to 42.88 psi (295.65 kPa) a change of 450%.
The change in surface morphology of the coating as it degraded had a greater effect
on the adhesion strength then any change in chemical functionality.
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