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ABSTRACT

To lower the ice adhesion strength is the most efficient technique for passive ice removal for several applications. In this paper, the effect
of different types of ice on the ice adhesion strength was investigated. The ice types precipitation ice, in-cloud ice and bulk water ice on the
same aluminum substrate and under similar environmental conditions were investigated. The ice adhesion strength was measured with a
centrifugal adhesion test and varied from 0.78 ± 0.10 MPa for precipitation ice, 0.53 ± 0.12 MPa for in-cloud ice to 0.28 ± 0.08 MPa for bulk
water ice. The results indicate that the ice adhesion strength inversely correlates with the density of ice. The results inspire a new strategy in
icephobic surface development, specifically tailored to the relevant ice type.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5086242

I. INTRODUCTION
Ice removal is necessary to avoid both dangerous situations1–5
and the unwanted icing of infrastructure6–10 and aircrafts.11,12 The
most promising strategy for creating anti-icing surfaces1,9,13–15 are
the lowering of ice adhesion strength.16–18 With a low ice adhesion
strength, the ice formed on a surface might be shed off merely due to
natural vibrations, its own weight or naturally occurring wind.18,19
Such a reduction requires a thorough understanding of the mechanisms of ice-solid adhesion. However, the fundamental physics of
ice adhesion are not yet well understood.4
When measuring ice adhesion strength, there are several available methods.10,20–22 As of today, there is no testing standard, and
each research group often develops its own testing techniques.20,23,24
Ice adhesion strength data measured at different laboratories can
therefore not be easily compared.20,25,26 The choice of an efficient
testing method depends on both the ice sample, and the type of
surface to be tested. Different surfaces have different adhesion mechanisms to ice, which closely link with the ice removal process.27
The size, chemical and mechanical properties, and the realistic icing
conditions prevailing in the targeted application of the anti-icing
surface are also important to determine the most efficient testing
method.
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The adhesion strength of ice Ih, which is the relevant ice phase
for anti-icing applications, depends on many factors. These factors
include the surface chemistry, the surface roughness profile, the
elastic modulus, the temperature, and the ice micro-structure.5,27
The type of accreted ice is an important factor in the measurement of ice adhesion strength.25 When water freezes in various
atmospheric conditions, different types of ice are generated.4,5,10,14,20
These different types of ice vary in micro-structures and densities,28 and behave in different manners when adhering to any given
surface.22,25 Among the applications of anti-icing, there is a need
to remove several different types of ice depending on icing conditions. For example, the ice that is accreted on aircrafts during
flight, on roads, and on power transmission lines are different,
with different accretion mechanisms. As a result, it is a limitation
of most laboratory work that only one type of ice is tested for
anti-icing surfaces in each laboratory with the same measurement
techniques.
The present investigation aims to understand the difference in
adhesion strength between different types of ice. Precipitation ice
from a simulation of atmospheric precipitation, impact ice from incloud icing and bulk water ice were generated on the same substrate
at the same air temperature and removed by the same ice adhesion strength test method. The results indicate that the ice type has

9, 055304-1

AIP Advances

ARTICLE

scitation.org/journal/adv

TABLE I. Definition of ice types and ice generation methods.

Ice #

Name

Type of ice

Generation method

Ice 1
Ice 2
Ice 3

Precipitation ice
In-cloud ice
Bulk water ice

Hard rime ice
Impact ice
Clear ice

Super-cooled precipitation in a cold room
Super-cooled micro-droplets in a wind tunnel
Frozen water in silicon molds in a cold room

a clear effect on adhesion strength. This difference of ice adhesion
strength is attributed to the density. The findings from this study
inspire a new strategy in icephobic surface design and development.
For instance, a future surface might be tailored to repel a certain type
of ice, depending on the application.
II. EXPERIMENTAL METHODS
The experimental work was performed at the Anti-icing Materials International Laboratory (AMIL) in Chicoutimi, Canada,
which is the only laboratory in the world approved by ISO
9001:2015, PRI AC3001 and PRI AC3002 to qualify de-icing and
anti-icing products for aircraft applications.29 The experiments conducted here consist of more than 120 measurements of ice adhesion
strength with a centrifugal adhesion test (CAT) and three types of
ice at the same temperature. The generation of ice will be detailed
first, before the CAT procedure is explained.
A. Generation of ice samples
The three types of ice generated in this study were precipitation
ice from simulated atmospheric precipitation, impact ice from incloud icing and bulk water ice. These are denoted as ice type 1, 2
and 3, respectively, as defined in Table I. All ice was generated with
demineralized water of resistivity 18 Ω. The air temperature T air was
kept constant at −10○ C similar to other studies,17,23,30–32 while the
sample surface temperature was recorded during icing for ice type 1
and 2. Other environmental conditions, such as humidity, were kept
constant. An overview of both environmental and icing conditions
are found in the supplementary material.
All tests were conducted on bare aluminum 6061-T6 bars polished with Walter BLENDEX Drum fine 0724 M4. The bars had
length 340 mm, width 31.8 mm and thickness 6.3 mm, and icing
occurred over an area of 1100 mm2 independent of the ice type. The
accreted ice had a thickness of 7.5 ± 0.8 mm and a mass of 7 ± 2 g,
depending on the type of ice. Before icing, the bars were stored in
a cold room so the icing would start with a surface temperature of
−10○ C.

The experimental protocols for Ice 1 and Ice 2 were standardized at AMIL,30,33 while the protocol for generating Ice 3 was developed for this study. Ice 1 was created from a freezing drizzle and is
denoted as precipitation ice. This ice was generated in a cold room
with an air temperature of −10.0 ± 0.2○ C and a relative humidity
of 80% ± 2% as described elsewhere.33 Six beams were iced simultaneously with water with a median volume drop diameter (MVD) of
324 µm and at an initial temperature of 4○ C. As the water hit the
beams, however, it had become super-cooled due to the low ambient temperature. Water impact speed was the free fall value of the
droplets in the vertical airflow from an overhead nozzle, which was
calculated to be 5.6 ms−1 . The bars were subjected to the precipitation for 33 minutes, and kept in the cold room for 1 hour between
the icing and the centrifuge test to allow the ice to thermally stabilize.
The surface temperature of the aluminum during icing was measured to be −6.8 ± 0.1○ C. A typical sample of Ice 1 is shown in Fig. 1a.
Ice 1 is similar to ice studied in several other publications,17,33,34 and
is typically found in nature after instances of super-cooled rain.
Ice 2, impact ice created from in-cloud icing, was generated by
spraying supercooled micro-droplets of water in a closed-loop icing
wind tunnel at air temperature −10○ C with a wind speed of 15 ms−1 ,
liquid water content (LWC) of 2.5 gm−3 and MVD of 27 ± 3 µm.
The choice of these parameters was elaborated elsewhere,33 as part
of the standardized procedures at AMIL. The aluminum bars were
placed upright in the wind tunnel, with seven to nine bars in each
test. Everything except the icing area was shielded by a screen during
icing. The icing time was 8 minutes and 15 seconds for all ice generated in the wind tunnel. The surface temperature of the aluminum
during icing was measured to be −9.1 ± 0.3○ C. The bars were kept in
the cold room for 1 hour of waiting time between the icing and the
centrifuge test. The resulting ice can be seen in Fig. 1b. Ice 2 is similar
to other ice generated in a wind tunnel.20,30,35–37 Such ice is typically
found after super-cooled rain coupled with high wind speeds, such
as on ships and large structures after storms.
Ice 3, or bulk water ice, was assumed similar to clear ice such
as found in ice cubes, and was generated by freezing water with
a starting temperature of 4○ C in silicon molds. The silicon molds

FIG. 1. Images of the different types of ice used in this
investigation. (a) Ice 1. (b) Ice 2. (c) Ice 3.
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were created from MoldMax30 by Smooth-On,38 and the conditions
in the cold room were the same as for Ice 1. The aluminum bars
were placed at the water interface of the silicon molds at the same
time as the water insertion, and the bars had an initial temperature of −10○ C. To investigate the effect of the initial temperature
difference between the inserted water and the aluminum bars, two
measurement series were performed, where both the water and the
bars had the initial temperature of 4○ C at start of freezing. Each silicon mold contained 10 ml of water, and had the same dimensions
as the iced area of the bars. The icing time varied from 2 hours
to 3 hours and 15 minutes. The bars were spun in the centrifuge
immediately after the mold was removed. Due to the inability to
distinguish between the samples with different initial water temperatures and icing time, it can be concluded that these parameters do
not impact the ice adhesion strength. Six bars were iced simultaneously for each measurement series. Typical samples of Ice 3 is found
in Fig. 1c. Ice cubes similar to Ice 3 have been studied in several other
investigations.13,15,18,19,23,31,32,39–41 This type of ice is often found
when the temperature has dropped rapidly in an available body of
water.
Before the centrifuge test, the mass and thickness of the
accreted ice were measured. Each sample was spun individually in
the centrifuge. The mass and dimensions of each aluminum bar
were known, which made it possible to find the exact mass and
thickness of the accreted ice. The total mass of the accreted ice
and aluminum bar was measured both immediately before and after
the centrifuge test, to calculate the mass of the detached ice. The
mass was measured in grams on a digital scale. The thickness of
the accreted ice was measured with a vernier caliper right before
spinning. Because the thickness of the ice samples varies from one
end to the other as seen in Fig. 1, especially for Ice 1 in Fig. 1a,
all the thickness measurements were conducted on the thickest
part of the ice samples. This protocol gives a higher experimental uncertainty for Ice 1 than Ice 2 and Ice 3. The uncertainties
of the mass and thickness measurements are further discussed in
Section IV A.
As the centrifuge was placed inside the cold room at −10○ C,
there was no thermal variation associated with the centrifuge test.
The specimen was kept in −10○ C for at least one hour prior to spinning, which was sufficient for the sample temperature to stabilize.
Consequently, it is reasonable to assume that there was no difference
in the temperature of the ice-solid interface between the different
samples. Moreover, the temperature of a control sample was monitored with a thermocouple during the waiting time before spinning
to ensure that all latent heat from the solidification of water had left
the ice samples.
All measurements of the mass and thickness of the ice samples were taken right before the centrifuge adhesion test. The short
amount of time between the measurements of the ice samples and
the ice adhesion test lessens the effect of sublimation, which might
otherwise have resulted in a substantial error in the measurements
of the ice samples compared to the measured ice adhesion strength.
B. Centrifugal adhesion test
The ice adhesion strength is measured with centrifugal force in
a CAT apparatus, which consists of a centrifuge, the placed sample
beam, and a cover as seen in Fig. 2.33 A counterweight was applied
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FIG. 2. The centrifuge adhesion test set-up with the centrifuge at position a, the
iced beam at position b and the cover with the piezoelectric cells at position c.

to the opposite end to balance the beam during spinning. The balanced and iced bars were spun in the centrifuge at an accelerating
speed of 300 rpms−1 between 0 and 30 seconds until the ice was
detached by the centrifugal force. At this strain rate, calculated to be
about ε̇ = 10−6 , polycrystalline ice displays brittle behavior.33 Piezoelectric cells situated around the centrifuge cover instantly detected
the detachment of the ice. The rotation speed at the time of the ice
detachment was recorded. The ice adhesion strength corresponds to
the centrifugal shear stress at the position of the ice sample at the
moment of detachment. The ice adhesion strength τ is thus given by
τ=

F mice ω2 r
=
,
A
A

(1)

where F is the centrifugal force, mice is the mass of the detached ice,
ω is the angular velocity at the time of detachment, r is the radius
of the beam at the center of mass for the accreted ice and A is the
surface area of the detached ice.
The test was discarded if a cohesive break occurs. Such a cohesive break is not frequent with the CAT apparatus, but can occur
under certain circumstances.33 All the samples included in this
study showed full adhesive failure, with no ice left on the bars after
removal.
The accuracy of the CAT apparatus in terms of correctly
determining the ice adhesion strength is among the most accurate
in the field.42 The piezoelectric cells ensure determination of the
exact detachment speed, which uniquely calculates the ice adhesion
strength. The error from the piezoelectric cells is negligible, and is
not separated out in the final error analysis but rather incorporated
in the standard deviation of the measurements.
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FIG. 3. Ice adhesion strength for the three ice types.

III. RESULTS
A total of 126 measurements are included in this analysis. See
supplementary material for more information on the individual
tests. The number of measurements per ice type were 30 for Ice 1,
60 for Ice 2 and 36 for ice type 3.
The ice adhesion strength is displayed in Fig. 3 for all tests. This
figure shows a significant difference in ice adhesion strength for the
three ice types. It can also be seen that the ice adhesion strength
varies considerably within all three ice types, with large standard
deviations (see supplementary material). Such variations are to be
expected, as the ice will crystallize in a random manner for each
sample. The variation is larger for Ice 2, which was generated in a
wind tunnel, indicating that this ice generation method has a larger
inherent variance than other types of ice.
The mean ice adhesion strength for the three ice types is shown
in Table II together with the standard deviation. Table II also shows
the ice adhesion strength relative to Ice 1, and it can be seen that
the ice adhesion strength for Ice 3 is less than 40% of that for Ice 1.
Although the standard deviation is up to 30%, the trend of decrease
in ice adhesion strength from Ice 1 to Ice 3 is clear.

scitation.org/journal/adv

Under different icing conditions, the micro-structure and density of the accreted ice change. The importance of changing density
for accreted ice and ice properties has been investigated in several
publications.28,43–51 In this study, the density of the ice is approximated by the ratio of the mass to the thickness of the ice, as the area
of the aluminum bars exposed to icing is the same for all ice types
resulting in an approximately equal icing area. This approximation
of the density is denoted as apparent density.
Uncertainties in the apparent density are a combination of
the uncertainty in the mass of the detached ice and the maximum
thickness of the ice samples. However, neither the uncertainty from
the digital weight, the uncertainty from the vernier caliper, nor
the uncertainty from the varying thickness of the ice samples are
included in the error analysis of the apparent density. As the use
of the apparent density is an approximated parameter to discuss
the actual density of the ice, the added uncertainty of the apparent density calculations has been omitted for simplicity. When these
observations are repeated or expanded in a later study, these uncertainties must be accounted for in a systematic fashion to ensure
that the discussion includes the actual density of the different ice
types.
In Fig. 4, the mean ice adhesion strength for each ice type
is shown as a function of the mass divided by the thickness. In
this figure, the three ice types are clearly differentiated by their
apparent density. This observation is in accordance with other studies.28,44–46,48,51 It can be seen from Fig. 4 that a higher apparent
density indicates a lower ice adhesion strength.
Although the results from the large number of tests indicate a
relation between density and ice adhesion strength, the number of
tests are not sufficiently large to result in a predictive model. When
a best fit function is forced, it becomes overfitted and thus nonpredictive. However, there is a significant relationship between the
apparent density and the ice adhesion strength as shown by P-values
in supplementary material. To indicate the relation, a best-fit linear
model for the adhesion strength as function of density based on all
performed experiments became
τ = −0.0015x10−3 ρ′ + 1.7811,

(2)

IV. DISCUSSION
A. Effect of experimental parameters and ice density
The only relevant parameters differentiating ice adhesion
strengths between ice types is the ice formation process, i.e. the
corresponding ice types and their micro-structure.

TABLE II. Mean ice adhesion strength for the three types of ice, including the standard
deviation. The percentage of ice adhesion strength relative to Ice 1 are also shown,
with τ and τIce 1 as the ice adhesion strength of the ice type and Ice 1.

Ice
type

Mean ice adhesion
strength [MPa]

Standard
deviation [MPa (%)]

τ/τIce 1

Ice 1
Ice 2
Ice 3

0.780
0.529
0.284

±0.102 (13.1%)
±0.119 (22.5%)
±0.083 (28.2%)

100%
68%
36%
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FIG. 4. Mean ice adhesion strength per ice type as a function of mass per ice
thickness, i.e. apparent density, with standard deviations included. The linear fitting is given by equation (2), and is calculated from all experimental data (see
supplementary material).
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where τ is the ice adhesion strength in MPa, and ρ′ is the ice density in kgm−3 . The ice density ρ′ is calculated as the ratio of apparent
density in gmm−1 to the icing area A = 1100 mm2 , which is constant for all ice types. The linear relation for ice adhesion strength in
equation (2) is given as a function of the ice density ρ′ instead of
apparent density to make the relation applicable for testing by other
research groups in SI-units.
The significance of the linear relation decreases when subsets
of the experimental data points are considered compared to the linear relation in equation (2) where all observations are included (see
supplementary material). Both quadratic and exponential models
show similar or less correlation than linear models, but as the exact
relation is unknown at this time the simplest linear relation is shown.
Further research is needed to establish the exact correlation between
ice adhesion strength and density of different ice types and more
variables, such as icing conditions. It is important to remember that
such an improved relation might not be linear.
The results in this study are preliminary, and only deal with
apparent density as compared to actual density. The authors plan to
conduct further studies, which will increase the insight into the relation between the ice density and ice adhesion strength for all three
types of accreted ice.
B. Properties of the ice
The three ice types included in this study are all composed of ice
Ih, as they are all obtained by freezing water at atmospheric pressure
in a temperature above −100○ C.4 Ice Ih crystallizes in a hexagonal
lattice, where the molecules are linked to each other with hydrogen
bonds.
The porosity of sea ice is a function of density, temperature and
salinity.52 For zero salinity, as in de-mineralized water, and at constant temperature, the porosity of ice will depend on density alone.
For the rest of this paper, the term porosity will therefore be inversely
equivalent to the ice density.
The density of the three types of ice are all dependent on the
fraction of air volume. From Fig. 4, it is seen that Ice 1 has the lowest
density, followed by Ice 2 and then Ice 3. The opacity of the ice is also
a measure of the density of the ice, as a higher fraction of air bubbles
in the ice results in a more opaque ice.53 From Fig. 1a, it is clear that
Ice 1 has a much higher degree of air bubbles present than the other
types of ice, and that Ice 3 in Fig. 1c is almost completely free of
air bubbles. The different transparencies of the ices substantiates the
different densities of the ice types as seen in Fig. 4.
The ice type with the highest theoretical density is often
denoted as glaze ice, due to the lack of air bubbles in the ice25,45
compared to other ice types such as for instance freezing drizzle,
hail, hoarfrost, rime, and others.54 The exact definition of glaze ice
varies,25,42,54 but it can be assumed that Ice 3 displays a structure similar to that of theoretical glaze ice due to the high transparency and
the lack of air bubbles.53 Micro-structures of the ice types might be
proposed based on the densities, and such proposed structures can
be found in the supplementary material.
The density of accreted ice depends on both temperature and
the droplet impact velocity, and has been found to increase with
the increase of impact velocity and droplet size.28 For low impact
velocity the droplets retain their spherical shapes and form an open
ice structure of low densities when freezing. At −10○ C, droplets
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start merging together, but are still individually discernible.28 For
higher impact velocity, the droplets start fusing together, mostly by
a spreading in liquid state over the underlying ice. Such a process
increases the density of the ice. At similar temperatures, the only difference in density will be due to the impact velocity. With respect to
the processes described, the micro-structure of Ice 1 and Ice 2 should
be similar to the proposed micro-structures.
It is worth mentioning that when the iced surface area is
assumed constant and equal to the surface area of the detached ice,
the density of the ice types fits well with the predictions of previous
studies on density of ice types,28 although slightly elevated compared
to what is expected (see supplementary material).
C. Comparison with analytical models
The ice adhesion results obtained in this investigation match
previous experiments.22,55 Several analytical models have tried to
explain the mechanisms of ice adhesion. One model explains ice
adhesion through electrostatic interactions,25 while another explains
ice adhesion through the existence of a liquid-like layer at the icesolid interface.34 These models are further described in supplementary material.
Both analytical models include different ice types in their equations, but when the parameters from this study are tested, the models
give predictions that are in direct contrast with the experimental
results. The electrostatic model gives a lower ice adhesion strength
for lower densities,25 which would mean that Ice 1 should have a
lower ice adhesion strength than Ice 3. For the model based on the
liquid-like layer in the ice-solid interface,34 the calculations predict
that the ice adhesion strength of Ice 2 should be higher than the
ice adhesion strength of Ice 1. It is clear from Fig. 3 that neither
trend is observed. It can be concluded that the existing models do
not take different ice types sufficiently into account. To increase
the predictability of models, new models of ice adhesion strength
should be tested with several different types of ice to be as general as
possible.
D. Possible mechanisms
So far, there is no clear explanation as to why the different ice
types behave as observed in the experiments performed in this study.
In addition, the mechanisms governing the ice detachment during
ice adhesion tests are strongly coupled. The mechanical properties
of ice are directly related to their micro-structure. In this section,
some of the factors which might influence the ice detachment of
the three different ices are described and briefly discussed. These
factors should be included in further studies to predict the ice adhesion strength of different ice types and explain their detachment
mechanisms.
The micro-structure of ice is determined during the crystallization process. Icing can generally be divided into wet icing and dry
icing,5,56 which are separated by the amount of available water during freezing. For dry icing, such as Ice 1 and Ice 2, the density is lower
than for wet icing,5 such as Ice 3. In addition, the crystallization process is influenced by the heat balance of the icing,57 which varies for
different icing conditions.
The stiffness and elastic modulus of ice and the ice porosity
have a negative linear relationship for a given grain size,58,59 such
that a higher density results in a higher cohesive stiffness of the ice.
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It has been suggested that hydrogen bonds greatly influence the ice
adhesion strength,40 which is consistent with the stiffening of the ice
at higher densities due to a shortening hydrogen bond.60,61 A consequence of this stiffening is that Ice 3 is stiffer than the other ice
types, due to a higher density. The higher stiffness might be a factor
for the lower ice adhesion strength observed, similar to that found in
the adhesion of geckos.62
There are two relevant length scales in freshwater ice which
affects the fracture behavior, namely the grain size and the ice thickness.63,64 As such, the most important factor for the detachment
behavior is likely the grain size distribution. An increase of grain
size reduces the strength of the ice.5 There are larger stress concentrations in front of larger crystal grains, and grain sizes influence whether the failure of ice is brittle or ductile at a given strain
rate ε̇.65–67 Furthermore, the density of micro-cracks is proportional to the grain size,68 giving more faults in ices with larger grain
sizes.
Another important factor which influences the ice adhesion
strength is the temperature at the ice and surface interface. However, in this study, this factor can be excluded due to the same
air temperature for all tests and the inability to distinguish the
instances of Ice 3 where a different initial water temperature was
utilized.
Further research is required to explore the difference in ice
detachment mechanisms for the three ice types. As several of the
potential influencing factors depend on the grain sizes, it is important to understand the role of grain size on the ice adhesion. The
relevant detachment processes could also be investigated computationally, similarly to previous simulations of ice adhesion.69–71 Such
knowledge could lead to the improvement of anti-icing surfaces by
specializing the detachment process of ice.
V. CONCLUDING REMARKS
Ice and frost cause inconvenience for daily life, and can have
potentially catastrophic consequences. One of the promising antiicing strategies is the reduction of ice adhesion. Unlike previous studies focusing on the development of icephobic surfaces,
this investigation is an attempt on the impact of different types
of ice on the ice adhesion properties for the same substrate and
environmental conditions. The ice types included in the investigation were precipitation ice created in a cold room with water
droplets raining, in-cloud ice generated in a wind tunnel, and bulk
water ice frozen directly onto the bars with silicon molds. The ice
was frozen on identical aluminum 6061-T6 bars, and ice adhesion strength was measured with the centrifuge adhesion test. A
relation was found between the mass per thickness of the generated ice and the ice adhesion strength. From this relation, it is
seen that the ice adhesion strength decreases for an increasing density of the generated ice. Ice 3, which was the ice type with the
highest density, was found to have an ice adhesion strength of
less than 40% of that of Ice 1, which was hardest to remove. It
appears that ice stiffness or porosity plays an unexpected role in
ice adhesion strength and more studies are definitely needed to
depict the effect of icing process on the resulting adhesion mechanisms. If correct, these observations may inspire a new strategy in
icephobic surfaces, specifically tailored to the ice which is desired
removed.
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SUPPLEMENTARY MATERIAL
Supplementary material available, including full experimental results, information about statistical analysis, proposed microstructures for the ice types, and comparison of results with analytical
models.
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