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Problem definition

Icing of airplanes, helicopters, ships and power lines, and icy roads are costly and
dangerous problems. The development of coatings with very low adhesion to ice would solve
these problems once and for all. However, ice strongly adheres to a wide variety of solids, even
to hydrophobic material. A good solution requires a fundamental understanding of the physical

mechanisms of bonding between ice and other solids. Ice adhesion is a complex problem, and the

trial and error approaches used so far, that is, testing candidate materials to see if they exhibit
low adhesion, are unlikely to lead to a solution. A good solution requires a fundamental
understanding of the physical mechanisms of bonding between ice and other solids.

This research project offered a new approach to solving the ice adhesion problem.
Specifically, new experimental methods developed in Materials Science and Surface Physics,
particularly the ability to examine ice/solid interfaces using molecular-scale microscopy, have
been used. We applied several methods recently developed in scanning force microscopy and
electrical spectroscopy of ice/solid interfaces to acquire information about the strength of
molecular bonding between ice and various solids, thickness and viscosity of an interfacial
liquid-like layer, and the spatial distribution of electric charges in the ice/solid interface.

We found that there are three major contributors to ice adhesion:

1) electrostatic interactions between the electrical charge at the ice surface and the charge
induced on a solid substrate;

2) hydrogen bonding between water molecules and substrate atoms; and

3) Liftshitz-van der Waals (LVW) dispersion forces.

To eliminate or significantly reduce ice adhesion, all three types of interactions must be
attacked.

The primary result of the study is a basic understanding of the nature of the strong and
universal adhesion of ice to most solid materials. This understanding is based on the new
knowledge of both the structure and physical properties of the ice-solid interface. The results
have already permited purposeful development of a new type of active de-icing.



SUMMARY OF THE MOST IMPORTANT
RESULTS
1. Effect of Electric Fields on Ice Adhesion

To determine the contribution of electrostatic
interactions to ice adhesion, we measured the
dependence of the work of adhesion or shear
strength on three types of ice/metal interfaces.

1.1 Electrostatic Pressure: Doped Ice/Hg

The interface between ice and liquid mercury
is convenient for measuring the work of adhesion
W, because in this case we are dealing with a
solid/liquid interface and can apply the precise
and powerful contact-angle technique to
determine W, :

W, = 'YHg/An'(l + cosB) (H

where Yy, /a;, is the free energy of the Hg/air
interface.

The electrostatic interactions between ice and
a liquid metal may be very similar to those
between ice and the same solid metal Liquid
mercury is also convenient in adhesion
experiments because its surface can be easily
cleaned and refreshed.

In the very first experiments, we indeed found
that the application of a small DC bias caused
dramatic changes in the adhesion of ice to
mercury; see Figure 1. More precise
measurements of the contact angle 6 and the work
of adhesion W, were performed using a
manometer made of ice with a thin channel filled
with liquid mercury. When a potential difference
was applied between the ice and mercury, the
latter substance moved up or down depending on
the change in W .

Figure 2 shows the effect of a DC bias on
adhesion of ice doped with a small concentration
of KOH. We studied this new effect on single-
crystal ice and on polycrystalline ices, both pure
and doped with NaCl, KOH, or HF, The
temperature range was from -5°C to —20°C. We
found that, depending on the bias polarity and
magnitude, the work of adhesion can either be
decreased by as much as 37-42% or increased by
up to 70%. Electrostatic interactions of the electric

charges in the interfacial double layer constitute
the most plausible major mechanism of this
phenomenon. The effect was not observed on very
pure ice or under AC voltage, in which case high-
density electric double layers did not form on the
ice/metal interface.

6 Initial adhesion

B eE

enhanced adhesion

Figure 1. Schematic diagrams of the behavior of a
mercury drop on the surface of ice grown from
water doped with NaCl. T = -10°C.

Notice, that drastic changes in W, were
observed even when the voltage was below the
threshold of ice electrolysis (+2V) and the electric
Current was very small. Hence, it was the effect of
contact potential, not the effect of current.

Due to oxidation-reduction reactions, there is
always some potential difference V¢, between a
metal electrode and an electrolyte or such ionic
conductor as ice [9]. Thus, the standard potential
Vo of mercury is +0.7958 V at 25°C. The real
potential difference between a mercury electrode
and a particular electrolyte depends on the
electrolyte’s pH, varying from about +0.9 V in
very acidic solutions to about +0.2 V in very
alkaline solutions.
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Figure 2. Graph showing the change in the work
of adhesion AW and the current I (through a
manometer type sample) versus DC bias V. Ice
was grown from water doped with 0.2% KOH;
T =-10°C. W(0) = 293 +25 mJ/m’.

The electric double-layer on the interface
associated with this contact potential V. consists
of an atomically thin, positive charge of density
+A on the mercury (or stainless steel) and an ionic
space-charge —A in the subsurface lzyer of the
electrolyte. The energy of the interfacial electric
field is given by:

w A Ve c(v)-v2

YHg 2 2 (2)
where C(V) is an “apparent” interfacial
capacitance that itself depends on V.. The
electrostatic portion of the work of adhesion is
then given by:

,_Cv)-v2

' 2 3)
When an external bias V is applied to the
interface, W, is given by:
) (Ve + V)2
o2 @)
which predicts a minimum W, at V = -V. Such a
minimum is seen in Figure 2. Substituting the

experimentally found C(V) and V. predicts a
magnitude of the minimum W, of:

»

=)~ (1) - @

This is close to the value of 125+25 mJ/m’that
was found experimentally.

Ryzhkin and Petrenko [3] performed a much
more detailed and sophisticated calculation of the
electrostatic energy of an ice/metal interface.

. They used a realistic spatial distribution of the

electric field near the interface, which had been
calculated earlier [4]. They have shown that,
depending on the conditions at the interface,
electrostatic forces can contribute up to 500 mJ/m’
to the work of adhesion.

1.2 Electrolysis of Ice: Doped Ice

When liquid mercury was replaced as
electrode material with stainless steel, the effect of
electric current on ice adhesion dominated and
masked the effect of electrostatic pressure [6-8].
Shear strength measurements were first performed
on concentric, stainless steel, tubular electrodes.
The shear apparatus that was used in these
experiments is shown in Figure 3. The space
between the inner and outer tubes was filled with
a 0.5% solution of NaCl in water and the
apparatus was then placed in a cold room with a
temperature of -10°C. Doping was used to
increase the ice electric conductivity. To reduce
internal stress in the ice, all the samples were kept
inside the cold room for 3 hours before they were
tested. The maximum shear strength of the
ice/steel interfaces was measured when the
samples were loaded with a constant strain rate of
100 wm/min. A DC bias in the range 0-21 V was
applied and maintained between the stainless steel
tubes 1 minute prior to loading. A negative
potential was always applied to the inner tube to
prevent its electrocorrosion. It was found that the
application of a small DC bias could indeed
significantly reduce the interfacial strength, as
seen in Figure 4. The interfacial current density in
these experiments usually did not exceed
3 mA/cm’.

To determine whether the application of DC
power causes a change in ice temperature, a thin
thermocouple was placed in the ice between the
steel tubes in several tests. Within the precision of
those tests (+0.05°C), we did not find any
temperature change when the voltage was <15 V.
When a bias of 21 V was applied to the interface,
we observed a 0.5°C temperature rise. This cannot
account for the almost 10-fold drop in the



interface strength because, in the control
experiments, heating the apparatus by 1°C (to
-9°C) caused only a 10% change in the shear
strength of the interface. Moreover, application of
20 V of 60Hz AC voltage, that generated the same
heat, didn’t produce any measurable change in the
interfacial strength. Direct optical examination of
the interfaces under direct current showed
intensive generation of gas bubbles (Hz and Oy)
released during ice electrolysis. The bubbles
reduce the contact area between the ice and
electrodes and initiate interfacial cracking, thus
weakening the interfaces.

1.3 Electrolysis of Ice: Pure Ice

Because pure ice has very low electric

conductivity, we reduced the inter-electrode
spacing to 50 um to provide sufficient density of
the current (1 to 10 mA/cm?). For making circuits
of that scale we used photolithography. The
interdigitated electrodes were made of 5-um-thick
copper foil electroplated with gold. Copper-clad
laminate on 125-um kapton film was used for this
purpose. We first formed copper grids using
photolithography, followed by chemical etching.
The electrodes were then electroplated with gold
to enhance their resistance to electrocorrosion; see
Figure 5. Figure 6 shows a schematic of the
electric circuit used to apply DC voltage to the
grids covered with ice and/or water. We used pure
distilled water with conductivity of 2 to 5 uS in
these experiments.
Prior to freezing the water, a small DC bias of 4 to
5V was applied to the electrodes to form a double
layer of electric charges on the electrodes. After
the water was frozen, the double layers provided
good charge exchange between the ice and metal
electrodes (so-called “ohmic electrodes™) [10].
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Figure 3. Shear apparatus. Shear strain occurs on
the interface between the inner stainless steel tube
andice. T = -10°C,
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Figure 4. The relative shear strength of the
ice/steel interface, o/G, versus the voltage
applied between the inner and outer steel tubes. T
= —10°C, strain rate = 100 um/s. The water was
doped with 0.5% NaCl.



Figure 5. Copper-grid electrodes electroplated
with gold on 125-um kapton film. The electrodes
appear dark in transmitting light
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Figure 6. Electric circuit used in this study.

D&uPower o

| oA
pply o ° mmeter

A graph of current density versus voltage
dependence of the grid/ice system, shown in
Figure 7, demonstrates a rapid rise in current
density when the voltage exceeds the ice-
electrolysis threshold, 2 V. We noticed that it
takes a higher voltage, 25V, to produce gas
bubbles, as seen in Figure 8.

The electric current passing through the
ice/metal interface generates electrolytic gases, H
and O [11], thus doing irreversible damage to the
interface. The initial stage of this gas generation
can be seen in Figure 8. Under high-voltage
currents the interface can ultimately be destroyed,
with subsequent decay of the current to zero.

gas generation
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Figure 7. Current-voltage characteristics of a
gold grid covered with pure ice. T = —10°C.

Figure 8. Initial stage of bubble generation on a
gold grid in ice as seen 10 s after 6 volts was
applied. T = -10°C. The small circular bubbles
were generated on the interface by ice
electrolysis. The large gas bubbles of odd shapes
were formed in the ice bulk during freezing.

The effect of electric currents on the strength
of ice/grid interfaces was studied using the
shearing apparatus shown in Figure 9. Ice/grid
interfaces were tested in the temperature range
from -5°C to -25°C. Pure distilled water was
placed between the shearing metal plates, as
shown in Figure 9. Then a DC bias of 5 V was
applied to the grid and the water was frozen.
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kapton film

grid electrodes
Figure 9. Mechanical apparatus for shear-
strength tests.

The voltage was then increased to provide passage
of the total charge Q (up to 5 C/cmz) during 1
minute. After that the interface was loaded to the
breaking point and the maximum shear force was
recorded. A strong effect of the DC bias on ice
adhesion strength was found in these tests, as
illustrated in Figure 10.
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Figure 10. Dependence of shear strength of the
ice/grid interface on voltage applied after the ice
was formed. Pre-applied voltage was 5 V. T =
-8°C.

In most of the 5 C/cm® tests, the ice/grid
interfaces were completely destroyed by the
current. Notice that the residual interfacial
strength was well below those known for the best
solid anti-icing coatings.

Our results demonstrated the importance of
pre-applied voltage that forms electric double
layers on ice/metal interfaces. Without these
layers the current was small and the de-icing
effect was almost absent.

2. Scanning Force Microscopy
(Nickolayev and Petrenko, 1995; Petrenko,
1997)

Scanning force microscopy is specifi-cally
suitable for the study of ice adhesion, since
various modes of SFM combine near
atomic-scale spatial resolution with the ability to
test a wide variety of physical parameters, such
as density of surface charge, QLL viscosity,
micro-hardness, liquid film thickness, adhesion
strength, etc. (see, for example, Binning, 1992;
Sarid, 1991; Burnham and Colton, 1991: Hoh et
al., 1992; and Weisenhorn et al., 1992).
Nevertheless, in applying SFM to ice a
researcher faces some challenging experimental
problems. The first is the effect of a hot
cantilever tip on the ice surface being
investigated. Due to the electrical power
dissipated on a piezolever or the heat of a laser
beam, the tip temperature under typical
experimental conditions can exceed the ambient
temperature by 10°C (Eastman and Zhu, 1995).
This forces the researcher to decrease the DC
bias applied across the piezolever or decrease the
laser beam intensity, at the cost of a reduced
signal-to-noise ratio.

The second experimental difficulty is the
strong and time-dependent adhesion of ice to
tips, which often ultimately results in tip capture
and breakage. In the pioneering SFM
experiments on ice, these problems were
successfully overcome and encouraging
preliminary experimental results were obtained
(Nickolayev and Petrenko, 1995; Slaughterbeck
et al., 1996; Petrenko, 1997). Brief descriptions
of the technique and the principal results are
given below.

2.1 Experimental Technique

Scanning force microscopy experiments on
ice must provide very good temperature and
humidity control. Otherwise, surface evaporation
or sublimation may produce rapid changes in the
ice surface topography. A large temperature
gradient may also cause intensive mass transport
in the QLL, contributing to instability of SFM
images.




We used an AutoProbe SA microscope with a
100-um scanner (Park Scientific Instruments,
Sunnyvale, California). The microscope can
operate in both contact and non-contact modes.
Both high-voltage and low-voltage regimes of the
scanner were employed, depending on the needed
ranges of lateral and vertical scanning.

Lodadn oy o T

Figure 11. Experimental arrangement used in
scanning force microscopy of the surface of ice.

To decrease the power released on a
piezolever, the scanner electronics were modified;
namely, we decreased the DC bias applied to the
piezolever from 1.25 V to 0.116 V. This made the
electrical power scattered on the cantilever equal
to 6.7 pwatt. An estimate similar to one made by
Eastman and Zhu (1995) showed that in our
experiments the temperature at the tip of the
piezolever differed by less than 0.1°C from the
ambient temperature when measurements were
performed in air and by less than 0.01°C when the
piezolever was immersed in decane.

To compensate for the decrease in sensitivity,
we modified the scanner pre-amplifier, making its
gain factor equal to 1000 instead of 100. In
addition, we shielded all the cables which connect
the scanning head with the controlling electronics.
The modified preamplifier significantly improved
the signal-to-noise ratio.

We have used Si and Si3Ny (silicon nitride)
piezolevers with spring constants of 2.5 N/m and
20 N/m. The softer cantilevers were used in the
contact mode experiments, while the stiffer ones
were used in the non-contact tests. The radius of
the tip curvature, R, was measured using a Nb tip-
calibration artifact (General Microdevices Inc.,
Edmon-ton, AB, Canada). The value of R ranged
from 30 nm to 120 nm for different tips.

We calibrated the z-, x-, and y-detectors of the
scanner once a week at each particular
temperature used in the study. The possibility of
pressure melting of the ice surface under the
action of a tip has been discussed by Nickolayev
and Petrenko (1995) and by Petrenko (1997). It
should be noted here that at T <-1.5°C such
melting has never occurred in our SFM tests, due
to plastic relaxation of contact stress in ice (Barns
etal., 1971).

The scanner was enclosed in a sealed
environmental chamber in which temperature and
humidity were kept constant during the
experiments; see Figure 11. The temperature was
maintained in the range from 0°C to -20°C with
+0.05°C precision, and relative humidity was
maintained in the range from 25% to 97% with
+ 1% precision.

The environmental chamber had internal
dimensions of 25 cm X 25 cm X 25 cm. A tiny
“computer-chip” ventilator hung on four thin
rubber strips and stirred air inside the chamber.
The chamber was installed on a massive (60 kg)
concrete platform and the latter hung from eight
“tie-on,” 4-foot long rubber strips, to minimize
vibration from within the building generated by
refrigeration system motors in the Ice Research
Laboratory. The frame supporting the concrete
platform and the environmental chamber on it
were placed inside a large cold room in which we
maintained the same temperature as in the
chamber but with less precision (+ 0.5°C). Work
in the cold room permitted us to prepare, load, and
change ice samples without exposing them to
thermo-shock and without deposition of frost
micro-crystals onto the smooth ice surface. The
microscope controller and computer were kept
outside the cold room.

We used single crystals of pure ice grown
using the fast growth technique. The (0001) face
of the crystals was smoothed by a microtome
machine and gently polished with an optically
smooth quartz plane. The ice specimens had
dimensions of 10 mm X 10 mm X 1 mm, with the
basal plane as their wider face. The samples were
frozen at the bottom to a thick aluminum plate
whose temperature was well controlled. When
conductive Si cantilever tips were used, the
potential difference between the tips and the



electrically grounded ice samples was only
57 mV, with the “plus” on the cantilever tips.

In some experiments a drop of pure liquid
decane (for analysis) was placed on the top of an
ice sample, providing a 0.5- to 1.0-mm thick
liquid film. Decane was chosen for its insolubility
in water and its low freezing point, low vapor
pressure, and low viscosity. In these experiments
the piezolever and the ice surface were completely
covered with decane.

2.2 SFM Resuits

Prior experimental results obtained with the
SFM technique on the ice surface were described
in detail in our recent publications (Nickolayev
and Petrenko, 1995; Petrenko, 1997). Some of the
essential experimental facts which explain the
potential power of this technique in application to
ice are discussed below.

First, the SFM proved to be very useful in
studying the QLL on the ice surface and on
ice/liquid and ice/solid interfaces. The SFM can
detect the presence of a QLL, measure its
thickness, and with the aid of theoretical
calculations can determine the viscosity of the
QLL.

When a QLL appears on the ice surface, it
smoothes and flattens the surface due to intensive
mass transport in the surface layer. For example, a
well created during intensive scanning of a small
area of ice surface (see Figure 5) remains on the
surface for about one hour at T = -20°C but
“heals” in a few seconds at —10°C, when the QLL
can be detected. Theoretical calculations showed
that the healing time Ty depends on the QLL
thickness d and viscosity v, as follows:

tq=2vya'd? (5)

where ¥ is the interfacial tension (of ice/ liquid or
ice/air interfaces) and d is the QLL thickness.
Thus, if any two parameters of v, v, and d are
known, measurements of ty will provide the third
one.

Figure 12. A well formed on the ice surface
during the scanning procedure. Ice surface under
decane, T = —-20.0°C, set point = 50 nN, scanning
frequency = I Hz, Si3Ng4 tip. The well depth is
0.22 pm, its width is 7.5 um, and the banks’
height = 0.23 um.

Second, so-called force curves (FC) can be
used to determine: 1) the QLL thickness on
ice/air, ice/metal, and ice/liquid interfaces; 2) the
density of surface or interfacial charges; and 3)
the work of ice adhesion to the tip material and
different coatings. In the FC mode a cantilever
tip moves up and down while the tip-sample
force and tip-sample distance are recorded. In
this method, the amount of force and the spatial
resolution are mainly limited by ambient acoustic
vibration. In our case they were respectively 1
nN, which is about the strength of one hydrogen
bond, and 0.3 nm. From a force curve a weaith of
information about the properties of the surface
can be extracted. For instance, one can determine
the type of tip-surface interaction, the adhesion
“pull-off” force, and the thickness of a liquid
film present on the surface (Burnham et al.,
1991; Hues et al., 1993; Weisenhorn et al.,
1992).

Figure 13 shows schematically the “anatomy”
of a force curve derived from an ice surface in air.
The sudden dip of the cantilever tip on approach
is due to a capillary force exerted on the tip by the
QLL. The thickness of the QLL determined by
this method on the (0001) face of very pure ice
was 3.45 + 0.4 nm at —10°C and coincided well



with the most reliable data obtained by glancing
angle x-ray scattering (Dosch et al., 1996).

Figure 13. Anatomy of a force curve.

The pull-off (adhesion) force shown
schematically in Figure 6 can be used to cal-culate
the ice/tip-material interfacial energy. This force
is simply proportional to the interfacial energy:

F=4nRyy ()

where Ygy is the ice/SizN4 interfacial energy in the
presence of water vapor (Israelashvily, 1991).
Substitution of the typical pull-off force observed
at T = -10°C, F= (100 = 15) nN, gives Ysy =
(80 + 12) m/m2.

We found that SFM of the ice surface in
decane has several advantages. First, a layer of
decane prevents ice evaporation, thus making the
ice surface much more stable. Second, the
capillary forces between the QLL and a cantilever
tip become very small and do not affect the
microscope operations. In fact, in our experiments
with cantilevers immersed in decane, the capillary
forces were so small that we could not distinguish
them from the electrical noise. Third, in decane
the adhesion force applied to Si3Ng tips was
absent or small. In the absence of the capillary and
pull-off forces a significant remote repulsion
between the tip and ice surface becomes apparent.
This repulsion appeared only after several
contacts between the tip and the surface and was
interpreted as an electrostatic repulsion between
two like charges sitting on the tip and on the ice
surface. Most probably the tip acquires the charge

from the ice surface. Assuming that both surface
charges have the same density, Ag, one can easily
calculate that density when the tip geometry is
known. In the temperature range from —0.5°C to
-20°C, As ~107°C/m’> and within the data
scattering As did not seem to depend on
temperature; see Figure 14.
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Figure 14. The surface charge density Aversus
temperature, calculated in approxi-mation of
elastic (a) and plastic (b) inter-action between a
tip and the ice surface.

The value of Ag = 1072C/m? is of the same
order of magnitude as that calculated by Kroes
(1992), and also is similar to that found as an
upper limit of the surface charge density
estimated using frictional electrifi-cation of ice
(Petrenko and Colbeck, 1995).

Finally, we succeeded in obtaining SFM
images of ice/metal interfaces; see Figure 8. In
these experiments pure water was frozen in
contact with a vertical indium wall. Then a sharp
microtome blade was used to cut the top of the
ice/metal interface. The blade moved parallel to
the interface to prevent production of burrs.
Images of such an interface acquired in contact,
taping, and non-contact modes revealed a



transition layer that we believe is a quasi-liquid

layer between ice and indium.

Similar images can also be acquired when the
interface is immersed in decane, thus preventing
ice evaporation. This technique provides an easy
and convenient method to study an interfacial
QLL from the side; for example, the layer
thickness and viscosity can be determined. Any
soft and cuttable material, such as a plastic, can be
used to prepare an interface which is smooth
enough for SFM.

0 0« a8 12pm

Figure 15. SFM image of an ice/In interface (a)
and its interpretation (b). The image was acquired
in air at _1%.UC_using contact mode.

3. Electrical Spectroscopy
(Khusnatdinov, Petrenko and Levey 1997)

We used a field effect transistor made of ice
to determine the surface charge charac-teristics of
ice/insulator and ice/metal inter-faces. When the

subsurface space charge consists mainly of one
type of charge carrier (majority charge carrier),
then the layer’s total charge ?» and its thickness L
can be determined by measurements of the contact
electric potential Vc, surface conductivity 6, and
surface capacitance Cin

Ve = (sL)/(eqe) ™
o, ~ ik ®
Cine = (€ge)/L ©)

where p is the charge carrier mobility. V. and Cint
of an ice/metal interface can be determined from
AC data on conductivity and capacitance of the
interface measured as functions of an externally
applied DC bias, Vp. When Vp= -V, the
capacitance of the interface passes a minimum. To
find V¢ and Cjpy of an ice/insulator interface, we
used and will use a field effect transistor (FET)
made of ice that was first invented by Petrenko
and Maeno in 1987 and further improved recently
by Khusnatdinov et al. (1997); see Figure 16.

a

A T

Ice

Figure 16. Schematics of an ice field effect
transistor. Inter-electrode spacing and the
electrode width were 50 um.

In this method the conductivity of ice/SiO;
and the capacitance of ice/SiO; and ice/gold

interfaces are measured in a wide frequency range
while a DC bias is applied across the ice/SiO;




interface. It was found that the surface

conductivity and surface charge depend
nonlinearly on the bias applied to the surface as
the bias changes within the limits of =1 V.
Application of the bias irreversibly changed the
conductivity and surface charge of the ice.
Depending on the preparation procedure,
annealing time, and bias history, the surface

charge can be negative or positive within the
limits of +1x 107 C/m? and can be easily
modified by an external DC bias.

4. Effect of self-assembling monolayers on
ice adhesion to metals

Strong adhesion of ice to almost all known
solids is a serious engineering problem that has
not been solved yet because physical mechanisms
of ice adhesion are not understood. In this
research we used an original method to study the
role of hydrogen bonding in ice adhesion and to
minimize the effect of this mechanism on ice
adhesion. For this purpose, we coated metals (Au
and Pt) with a mono-molecular layers of specific
organic molecules that had either strong
hydrophobic properties (CH3(CH2)11SH) or
strong hydrophilic properties (OH3(CH2)11SH),
see figure 17. To determine the contribution of
hydrogen bonding to ice adhesion SAMs of
varying hydrophobia/hydrophilia were made by
mixing the hydrophobic and hydrophilic
components. All the films were built of similar
molecules that differed only in their outermost
groups, OH- and CH3. Thus, when the films were
grown on the same substrate (almost atomically
smooth metal films) any difference in their
adhesion to ice were due to the difference in the
hydrogen bonding between the ice and SAM’s.
The films’ structure and quality were examined
with SPM and the degree of SAM’s
hydrophobia/hydrophilia was characterize with a
contact angle of water on the films. We have then

frozen water on the films and measured shear
strength of ice/SAM/metal interfaces. Possible
damage to the interfaces was examined with SPM
after the ice was melted. We found a strong
correlation between the degree of hydrogen
bonding and the ice adhesion strength, figure 18.
Though, the hydrogen bonding was found neither
single nor major mechanism contributing in ice
adhesion.

Figure 17. A schematic diagram showing the
structure of SAMs bound to the gold surface.

Shear Strength (MPa)

0 25 50 75
Degree of hydrogen bonding

Figure 18. Effect of degree of hydrogen bonding
on the ice/SAM shear strength.
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