Aerospace Engineering Conference Papers,
Presentations and Posters

Aerospace Engineering

6-8-2020

Characterization of Ice Adhesion: Approaches and Modes of
Loading
Bishoy Dawood
Iowa State University, bdawood@iastate.edu

Denizhafn Yavas
Iowa State University

Christopher J. Giuffre
Iowa State University, cgiuffre@iastate.edu

Ashraf Bastawros
Iowa State University, bastaw@iastate.edu

Follow this and additional works at: https://lib.dr.iastate.edu/aere_conf
Part of the Aeronautical Vehicles Commons, and the Structures and Materials Commons

The complete bibliographic information for this item can be found at https://lib.dr.iastate.edu/
aere_conf/51. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Conference Proceeding is brought to you for free and open access by the Aerospace Engineering at Iowa State
University Digital Repository. It has been accepted for inclusion in Aerospace Engineering Conference Papers,
Presentations and Posters by an authorized administrator of Iowa State University Digital Repository. For more
information, please contact digirep@iastate.edu.

Characterization of Ice Adhesion: Approaches and Modes of Loading
Abstract
Airborne structures are vulnerable to atmospheric icing in cold weather operation conditions. Most of the
ice adhesion-related works have focused on mechanical ice removal strategies because of practical
considerations, while limited literature is available for a fundamental understanding of the ice adhesion
process. Here, we present fracture mechanics-based approaches to characterize interfacial fracture
parameters for the tensile and shear behavior of a typical ice/aluminum interface. An experimental
framework employing single cantilever beam, direct shear, and push-out shear tests were developed to
achieve near mode-I and near mode-II fracture conditions at the interface. Both analytical (beam bending
and shear-lag analysis), and numerical (finite element analysis incorporating cohesive zone method)
models were used to extract mode-I and II interfacial fracture parameters. The combined experimental
and numerical results, as well as surveying published results for the direct shear and push-out shear tests,
showed that mode-II interfacial strength and toughness could be significantly affected by the test method
due to geometrically induced interfacial residual stress. As a result, the apparent toughness of the zeroangle push-out test could reach an order of magnitude higher than those derived from direct shear tests.
Moreover, it was found that the interfacial ice adhesion is fracture mode insensitive and roughness
insensitive for tensile and shear modes, for the observed modes of failures in this study
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Characterization of Ice Adhesion:
Approaches and Modes of Loading
Bishoy Dawood1, Denizhafn Yavas2 and Ashraf F. Bastawros3
Department of Aerospace Engineering, Iowa State University, Ames. IA, 50011, USA
Airborne structures are vulnerable to atmospheric icing in cold weather operation
conditions. Most of the ice adhesion-related works have focused on mechanical ice removal
strategies because of practical considerations, while limited literature is available for a
fundamental understanding of the ice adhesion process. Here, we present fracture mechanicsbased approaches to characterize interfacial fracture parameters for the tensile and shear
behavior of a typical ice/aluminum interface. An experimental framework employing single
cantilever beam, direct shear, and push-out shear tests were developed to achieve near modeI and near mode-II fracture conditions at the interface. Both analytical (beam bending and
shear-lag analysis), and numerical (finite element analysis incorporating cohesive zone
method) models were used to extract mode-I and II interfacial fracture parameters. The
combined experimental and numerical results, as well as surveying published results for the
direct shear and push-out shear tests, showed that mode-II interfacial strength and toughness
could be significantly affected by the test method due to geometrically induced interfacial
residual stress. As a result, the apparent toughness of the zero-angle push-out test could reach
an order of magnitude higher than those derived from direct shear tests. Moreover, it was
found that the interfacial ice adhesion is fracture mode insensitive and roughness insensitive
for tensile and shear modes, for the observed modes of failures in this study.
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Crack length
Initial crack length
Ice length along loading
Ice width
Cohesive zone method
Young’s modulus
Energy release rate
Ice height or thickness
Initial stiffness for the traction-separation law
Applied load
Root mean square surface roughness
Single cantilever beam
Displacement
Interfacial fracture toughness in mode I
Interfacial fracture toughness in mode II
Interfacial shear strength
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II. Introduction
Ice accretion is a natural hazard that impacts the performance of different engineering structures, including land
[1], sea [2], and airborne transportation systems [3, 4], and energy infrastructure for power transmission lines [5] and
wind turbine energy harnessing systems [6]. The performance, as well as the safety of these structures, can be
significantly degraded due to the ice accretion on its control surfaces [7, 8]. Icing on aircrafts results in increased drag
with possible interference with lift forces and potential catastrophic events. While anti-icing surfaces and de-icing
mechanisms play a crucial role on the performance of these systems, understanding of the ice removal mechanism is
crucial to design and optimize the force and energy requirements for different ice protection systems to ensure
shedding of accreted ice. The ice adhesion strength at the ice-solid interface is one of the critical parameters to gage
the surface icephobic ability. The ice adhesion strength has been studied over the past 70 years through different types
of mechanical testing configurations, including push-out, direct shear, cylindrical twist of normal interface, and
centrifuge configuration [8-16]. The differences in experimental measurement techniques can be grouped into two
major categories based on the application of the peel-off force; (a) centrifuge and vibration tests [17-18] to shear off
the interface via centripetal forces or vibrational amplitude, and (b) direct mechanical tests such as 0° cone test (similar
to the push-out configuration), and direct shear configuration [11, 19-20]. In addition, water contact angle
measurements have been widely used to estimate ice adhesion and have shown a good correlation between water
wettability and adhesion strength [21]. With diverse testing configurations and experimental testing environment, a
wide range of ice adhesion shear strength on typical metallic surfaces was reported with more than an order of
magnitude of variance of 70-2,500 kPa [15], as summarized on Fig. 1, for a typical ice-aluminum interface. One of
the key differences can be attributed to the difference between the push-out test and those of direct shear, and
centrifuge tests. For example, the shear strength of a typical ice/aluminum interface was measured to be 100-300 kPa
by the direct shear testing configuration [22], whereas shear strength was found significantly higher of about 10003000 kPa, using 0˚cone test for a similar interface under similar test temperature and conditions [11, 22-23]. These
tests are considered a strength-based measurement where the bonding strength of ice/substrate was characterized by
measuring the interfacial shear strength, and very little work has utilized the fracture mechanics approach to accurately
understand the mechanics of ice shedding [24, 25]. Such limit load interpretation of the ice-solid interface ignores the
role of micro-structural and interfacial defects, as well as the geometrical constraints arising from different testing
methodologies.

Fig. 1 Summary of reported ice adhesion strength for an ice/aluminum interface using different experimental
loading configuration. A full order of magnitude difference can be observed between 0o cone angle shear test
and other testing configuration.
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The observed discrepancy of shear strength between the test methods has not been fully understood yet. Moreover,
the dependency on the mode of interface loading is also critical, as tensile and shear strengths of the interface were
reported to be different [12]. Moreover, the utilization of elastomeric icephobic surfaces has exposed the role of
interfacial cavitation to reduce the shear strength of ice adhesion [27-29]. Cavitation is a primarily tension driven
phenomenon [30]; thus, it is important to quantify the difference if any, between shear and tensile adhesion of the icesolid interface. This paper embraces a fracture mechanics approach to delineate the difference between direct-shear
and push-out tests. It also highlights the response of near mode-I or a tensile fracture of the interface utilizing a
specially designed single cantilever beam [31, 32] with those derived under mode-II shear fracture. Summary of testing
configurations, finite element calibration of cohesive parameters for each of the failure modes, and summary of the
critical results are given.

III. Experimental Framework
A generalized testing frame is designed and built inside an environmental chamber, as highlighted in Fig. 2. The
loading cross-head is a pneumatically controlled cylinder driven by dry nitrogen gas through a three-way valve. The
force and displacement were recorded using a load cell (FUTEK-100Ib) and linear variable differential transducer
(Lucas Schaevitz), respectively. These sensors were calibrated at the same testing temperature range of the testing
protocol. A set of needle valves were employed to set the flow rate and thereby control the loading rate between 2.57.5 N/s. Different sample holders can be attached to the testing frame, as highlighted in Fig. 2(b) for a single cantilever
beam (SCB) to test the ice-substrate interface at near mode-I tensile fracture, Fig. 2(c) for a direct shear testing
configuration to test the ice-substrate interface at near mode-II loading, and Fig. 2(d) for push-out shear testing
configuration with also a near mode-II fracture loading.
Al 6061-T6 substrates were utilized in all tests. The substrate surface was ground using silicon carbide grinding
papers with different grit sizes (80-2000 grits), providing more than an order of magnitude change in the root mean
square surface roughness, RMS=0.05-4.3µm (over a 1.1x1.1mm window). The surface roughness was measured by a
non-contact surface profilometer (Zygo Newview 6200). A two-step surface cleaning was applied to each surface with
acetone and methanol and then was air-dried. Each surface was tested only once after preparation and then reground
for subsequent testing to reduce the interference of native oxide formation on the surface. De-ionized water was
utilized to cast all ice specimens. The ice samples were formed and kept inside an environmentally controlled chamber
for 24 hours before testing. All reported samples here in this work were tested at -17.5o C. The samples' geometries
and the testing boundary condition for each loading configurations are shown in Fig. 2(b-d).

Fig. 2 (a) Developed universal testing setup. (b) Single cantilever beam testing configuration. (c) Direct sheartesting configuration. (d) Push-out testing configuration.
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A. Single Cantilever Beam (SCB) Configuration
A modified SCB sample is adapted here for ease of loading, derived from the standard double cantilever beam
[33], typically used to examine the interfacial adhesion of laminates. A thin ice layer is formed between two aluminum
beams. One of the beams (2" wide and 7.5" long) is fixed to the frame, while the other deformable beam (1" wide and
8" long) is subjected to the loading until failure (Fig 2(b)). In this configuration, a predefined crack of a = 55 mm
length is created by coating one of the beams with a hydrophobic coating to prevent ice formation. Droplets of deionized water are applied between the two beams, before being assembled to form the contained interfacial ice layer
of 65-80 µm thickness (for more details on this configuration see Ref. [31-32]). The near mode-I interfacial fracture
energy is calculated from the measured P curve, using the modified beam theory [34],
 I  G aa 
c

3P
.
2B a

(1)

P is the applied load,  is the vertical beam displacement, B is the ice width, and a is the instantaneous crack
length, as indicated in Fig. 2(b). In a typical interface fracture with large scale bridging [33], the instantaneous crack
length a should be independently measured. However, for the current ice/aluminum interface, with limited process
zone ahead of the interfacial crack tip, a can be calculated from the beam elastic deflection, 
13
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E Al is the beam young’s modulus, and I is the beam section moment of area. It should be noted that before the
start of crack propagation, the beam stiffness P  is almost constant, which is being utilized to identify the initiation
of crack propagation. This approximation was verified by finite element analysis of the testing configuration [31-32].
B. Direct Shear Configuration
The direct shear samples were produced by forming an ice block on an aluminum substrate within a soft enclosure.
After freezing, the mold is removed, and the ice dimensions were measured prior to testing. Ice blocks were loaded
under shear till failure, as depicted in Fig. 2(c). The range of tested surface roughness was RMS=0.04-4.1 µm.
Different ice block lengths of b= 5-57 mm were examined in this study. From the applied load and the ice contact
area, the interfacial ice adhesion strength  c is calculated through

c 

P P
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The near mode-II fracture energy  II is calculated using J-integral [35],
 II

J Z

( P / B) 2
.
2 Eice h

(4)

Where P is the load, A  b B is the area to be sheared of uncracked ligament and B is the ice width, Eice is
Young’s modulus of ice, h is the ice layer thickness. Noteworthy is that the mode-II toughness of the direct shear test
is independent of the crack length. This equation was originally derived for a thin film on a rigid substrate system;
however, the ice layer thickness is considered to be thick in the current test configuration. Therefore, a scaling factor
Z was included in the calculation and estimated numerically to be Z  1.32 from a set of finite element simulations
for the range of test geometries. The Young’s modulus of ice, Eice is estimated from the specimen stiffness (the initial
slope of the loading curve before crack propagation) and was found to be approximately 5 GPa for the different
loading configuration examined and for the static ice under laboratory conditions. It should be noted that different
values have been estimated for the ice modulus and were found to depend on the ice formation conditions (static vs.
impact), the environmental temperature, and the aging process. All these parameters would change the underlying
microstructure, grain size, and defect content within the ice. The average reported values were in the range 2-9 GPa
[24, 35-37].
C. Zero Degree Cone Angle Push-out Test
The push-out sample was made by forming the ice around an aluminum rod, centered on a lubricated substrate, and
contained within a plastic retainer cylinder to form the ice cylinder, as depicted on Fig. 2 (d). The aluminum rod was
ground by 600 grit size sandpaper providing RMS surface roughness about 0.4 µm (see Ref. [22] for more details
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about sample preparation). The test is conducted by progressively pushing the aluminum rod until it is completely
pushed- out of the ice sheet (full failure). From the applied load and the ice contact area, the average interfacial ice
adhesion strength  c is calculated by assuming a uniform shear distribution at the interface through
c 

P
P

.
A Db

(5)

For the push-out shear test configuration, a shear-lag model was used to analytically estimate the near mode-II
interfacial toughness from the experimental measurements. The analysis employs force balance in the vertical axis
between the axial stress in the rod and the shear stress at the interface [38, 39]. Based on the shear-lag model, the
interface stiffness is given as,

 E Al D 2
P
b

tanh   .

4
   ave


K interface  
Where

 P  ave

(6)

is the average of the measured interface stiffness, obtained after subtraction of the machine

compliance and the bulk ice compliance (calibrated from FEM with perfect adhesion interface) from the
experimentally measured force-displacement data in push-out test. E Al is Young’s modulus of the aluminum rod, D
is the rod diameter, b is the ice adhesion length (cylinder height), and  is a characteristic length scale;

  Eice D / 4ks depending on the initial slope of the traction-separation curve k s (which will be also used in the
FEA of the push-out test). Eq. (6) is then solved iteratively for k s . From the experimentally measured  c and k s , the
mode-II fracture toughness can be derived by integrating the curve as,

 II 

 c2
2k s

.

(7)

Fig. 3 Finite element models for (a) SCB(plain strain) , (b) direct shear (plane strain) and (d) push-out shear
(axisymmetric) testing geometries.
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IV. Finite Element Simulation
In numerical analysis, finite element (FE) simulations incorporating cohesive surface approach were performed
using Abaqus/CAE 2016. The SCB and direct shear samples were modeled using 4-node bilinear plane strain elements
(CPE4R), while the push-out test sample was modeled using 4-node bilinear axisymmetric quadrilateral elements
(CAX4R). The utilized FE geometric models with the employed mesh and boundary conditions are shown in Fig. 3.
The geometry and boundary conditions used in the numerical simulations were selected to match the experimental
counterparts. Both ice and aluminum beams were modeled as isotropic elastic materials with mechanical properties
Eice  5 GPa ,  ice  0.3 and E Al  70 GPa ,  Al  0.33 for ice and aluminum, respectively. The adhesion between
the ice and aluminum substrates was simulated using a cohesive surface with a bilinear traction-separation law, and
the crack surfaces were taken to be frictionless. The global mesh size was selected to be 0.5 mm, while the mesh is
refined along the cohesive zone, as shown in Fig. 3. The refined mesh size of 0.05 mm was used along the cohesive
zone. The refined mesh size was chosen to be sufficiently smaller than the cohesive zone length [40]. A convergence
study was also performed to verify the mesh-independency of the model.
Figure 4 shows the opening and shear stress fields in the vicinity of the crack tip. The phase angle of fracture
mode-mixity was assessed by linear elastic fracture mechanics-based finite element analysis for the examined test
geometries. The phase angle was calculated by evaluating the ratio of the shear stress and opening stress values at a
distance in front of a stationary crack tip with tied boundary, using the definition   tan
o

1



12

 11  . The

o

corresponding phase angles were obtained to be   31 for SCB specimen,   85 for direct shear specimen and
o

  82 for the SCB for push-out shear fracture tests, respectively. The mode-I and mode-II cohesive tractionseparation curves contain three independent fracture parameters: the initial slope of the curves ( kn , k s ) the critical
cohesive stresses ( ˆ , ˆ ) and cohesive fracture energy (  I ,  II ). k n was selected to be kn

 100 MPa  m [46-47],

which is large enough to eliminate numerical divergence in SCB simulations. k s was obtained to be

k s  0.35 MPa  m by iterative solution of Eq. (6) using the experimental data from the push-out shear tests. The
remaining two fracture parameters ( ˆ , ˆ ) and (  I ,  II ) were determined by matching the experimentally measured
force-displacement curves [22]. A parametric study was carried out to extract the cohesive fracture parameters, listed
in Table 1. First, the experimentally derived mode-I and mode-II toughness values were used as the initial values of (
 I ,  II ). Then, ( ˆ , ˆ ) were varied in a particular range to match the maximum force of the load-displacement curves
of the experimentally measured values for each testing configuration. Each mode was calibrated separately without
enforcing a mixed mode constitutive relation for fracture energy.

Fig. 4 FEM results for opening and shear stress fields near the crack tip for all examined configurations.
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V. Results
The general trend of the measured interfacial fracture energy is summarized on Fig. 5 for the near mode-I tensile
SCB and near Mode-II direct shear configurations (b=13 mm and B= 20 mm) as a function of surface RMS roughness.
All measurements are the average of at least 5-samples with one standard deviation marked on each data set. All
measurements were carried out at -17.5 oC. For the tested range of surface roughness, the interfacial fracture energy
for both configurations was found to have approximately the same average level of the interfacial fracture energy of
about 0.5  0.6 J m . It is also worth noting that the direct shear results revealed much smaller variability compared
to those form repeat tensile SCB tests. This might be attributed to a wide range of statistical entrapment of interfacial
defects between the two beams of the SCB configuration. However, there are two key observations that could be
highlighted here for the range of the examined roughness, which spans two orders of magnitudes. First, it is apparent
that the work of adhesion is insensitive to the applied mode of loading, of whether being tensile or shear fracture.
Second, the interfacial adhesion energy is almost independent of the surface roughness. Any subtle variation is almost
within the experimental variability for the whole experimental trend. This data is in a direct contrast with the observed
trends, summarized on Fig.1 wherein there is both large scatter and perceived weak dependence of ice-solid adhesion
strength with roughness. This contrast highlights the need of a well-controlled fracture mechanics based experiment,
to avert the influence of different geometrical artifacts. Moreover, a similar trend and levels for the interfacial work
of adhesion were also found in a shaft driven blister test [48], which has the same range of phase angle,
2

o

  30 to  34 similar to SCB configuration.
o

The observed trend of loading mode insensitivity and roughness insensitive effect on the interfacial work of
adhesion are corroborating with each other. Typically, rough interfaces would result in increased effective interfacial
fracture toughness due to asperity locking [26]. However, this typically occurs when an adhesive-failure dominates
the interfacial adhesion failure mechanism. In the current work, both the SCB configuration and the direct shear
configuration showed a consistent cohesive interface failure. Though, for the SCB, the interfacial crack was driven
away from the interface due to mode mixity, wondering between the interfaces of the two loading beams, but remains
within the ice-phase only [31]. A limited set of SCB samples with RMS  0.3  m exhibited a failure mode
2

transitioned to adhesive failure with reduced work of adhesion to the range ~ 0.2 J m . Thus it could be concluded
that when the same failure mode is prevailed, no loading mode dependency, or roughness dependency may be
anticipated. However, this observation/conclusion should be further examined with polymer-based interfaces that
might stimulate stress localization at the interface with inhomogeneous stress distribution at the submicron level [29].

Fig. 5 Summary for the experimental measurements for the interfacial fracture energy as a function of the
surface RMS roughness at -17oC. SCB samples are for a=55 mm crack, and direct shear samples have
b=13mm ligament and B=20mm width.
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A set of direct shear samples ranging with b=5-57 mm and push-out samples with b= 5-8 mm, were tested. The
examined set highlights the role of testing configuration, confinements as well as the sheared length, b on the
interfacial fracture parameters for both configurations. Figure 6 summarizes the critical adhesion force for either
nucleation, or full unstable ice shear-off, normalized by the ice width, B, with respect to the sheared length, b. The
measurements show a linear correlation between the normalized force P B and b, wherein the initial slope of the
best-fit line represents the interfacial adhesion strength,  c . The measurements shows that push-out test (

 c  2210 kPa ) is about eight-times larger than the direct shear results (  c  270 kPa ). This is in agreement with
reported data for the zero-degree cone test [11] in contrast to other loading configures, as shown in Fig. 1. Such effect
is a direct outcome from the residual stress generated during the freezing process, arising from the axisymmetric
constrains on the volumetric expansion within the plane of the ice. Such effect would be relaxed in the out of plane
direction for a planer configuration. The calibrated FEA prediction is also imposed on the experimental trend. It
should be also noted that for longer ice samples, the failure mode changes from shear strength dominated to cracknucleation and propagation dominated failure. The transition between the modes sets the critical ice length scale, bcr
wherein a stable crack propagation could be observed for larger samples [25].

Fig. 6 Summary of the experimental and numerical results for the interfacial normalized decohesion force
(by the sample width) vs. the shear ice length for both the direct shear and push-out shear tests. The initial
slope of the curve is the interfacial shear strength of the ice-solid interface.
The utilized traction separation laws, based on fitting the experimental results, are summarized in Fig. 7. There
are several subtle details in these simulations and fitting to the experimental results, which are critical for
understanding the difference between the tensile and shear behavior of the ice/solid interface. First, the experimental
measurements showed that the tensile and shear mode loading have the same interfacial fracture energy. However,
each mode have very different traction-separation relation with different cohesive strength and critical cohesion
length. This difference arises from the difference of the interface stiffness under the normal and shear-loading mode,
as summarized in Table-1. This also implies that the bridging length scale in shear is much bigger (at least three times
as big) compared to tensile fracture. This relative scale might play a greater role in the design of icephobic surfaces
with stress concentration features that stimulate tensile cavitation [29]. It would set the critical size feature needed to
reduce interfacial adhesion. Second, the push-out test has an order of magnitude increase in the interfacial adhesion,
arising from constrained volumetric expansion, which induces compressive residual stresses. These compressive
stresses on the interface would greatly increase both the interface stiffness and the critical decohesion shear
displacement. Again, matching the observed experimental trends resulted in these characteristics of the cohesive
surfaces for each case.
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Fig. 7 The experimentally guided and numerically fitted bilinear traction-separation correlations for (a)
normal and shear cohesive relations, and (b) shear cohesive relationship for different shear configurations.
Figure 8 summarizes the fitting of the FEA prediction with the calibrated cohesive surfaces to the experimentally
measured different configurations. The FEA simulation well replicates the experimentally measured trends, especially
with the limited crack propagation observed in the SCB configuration and the unstable crack propagation for the short
sheared samples for direct shear test and push-out tests. The dimensions of both of these configurations were selected
to be in the strength dominated regime, wherein an unstable failure would be prevalent.

Fig. 8 Comparison between the experimental measured and FEA simulated force-displacement curves
obtained for the different configurations. (a) Single cantilever beam test. (b) Direct shear test. (c) Push-out test.
Table 1 Analytical and numerical interfacial fracture parameters for Direct shear and push-out tests
Experimentally Fitted
Numerical
ks

Tensile (Mode-I)
Direct shear- (Mode-II)
Push-out (Mode-II)

(MPa/m)
0.345

ˆ or ˆ
(MPa)
0.27
2.21

I

or II
2

(J/m )
0.56
0.48
7.05

9

ks

(MPa/m)
100
0.100
0.345

ˆ or ˆ
(MPa)
0.8
0.35
2.20

I

or II

(J/m2)
0.5
0.5
6.98

VI. Conclusions
A fracture mechanics based approach is utilized to understand the role of testing configuration geometry on the
adhesion of ice-solid interface. Three different geometric configurations were studied, including a near mode-I single
cantilever beam configuration, and a near mode-II and a direct shear and push-out configurations. The experimental
results showed that the effective work of adhesion is both insensitive to the mode of loading and the roughness of the
solid interface for the range of performed experimental measurements and for the observed cohesive interfacial failure.
The role of surface roughness induced asperity locking was completely absent for the observed cohesive interfacial
failure. Moreover, the experimental results showed almost an order of magnitude increase in both the work of adhesion
and the critical shear strength of the interface for the push-out test, compared to the direct shear test. Such significant
enhancement arises of the axisymmetric geometric constraints on the lateral expansion within the plan of the ice,
leading to increase compressive stresses on the interface. The FEA cohesive surface analysis has highlighted the
relative scale of the critical cohesive displacement at the interface under normal and shear loading, which could be
utilized in the design of icephobic surface.
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