Downloaded viaTOMAS BATA UNIV IN ZLIN on January 29, 2025 at 14:20:16 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED MATERIALS

XINTERFACES

www.acsami.org

Research Article

Effects of Environmental Temperature and Trapped Air Bubbles on
the Mechanical Properties of Ice Cubes

Keke Shao, Mengjie Song,* Biaohua Cai, Long Zhang, Libor Pekaf, and Xuan Zhang*

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 63482-63494

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Ice is a widespread material in natural and industrial
fields. Trapped air bubbles form in ice cubes due to the differences in
the solubility of air in ice and water, which directly affects the
mechanical strength of the ice cubes. To investigate the effects of
environmental temperature and trapped air bubbles on the
mechanical properties of ice cubes, a series of experiments are
designed and carried out. A mathematical model that predicts the
mechanical strength of ice cubes with an accuracy over 80% is
developed and validated. The results show that even a volume
content of trapped air bubbles in an ice cube as low as 1.98% can
greatly impact the mechanical properties. This model reveals the
mechanisms and principles governing the influences of environmental
temperature and bubble volume content on the mechanical strength
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of ice cubes. As the environmental temperature decreases from 0 to —20 °C, the compressive strength of clear ice cubes increases
from 1.71 to 2.10 MPa, while that of bubble ice cubes increases from 1.58 to 1.95 MPa. This study has implications for utilizing
trapped air bubbles to regulate the mechanical properties of ice and for optimizing various mechanical deicing techniques.
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1. INTRODUCTION

Icing on various device surfaces is a common liquid—solid
phase change process that occurs in low temperature and high
humidity environments,” which causes numerous problems in
areas of power gen(=.1‘ation,3’4 aerospace,5 transportation,é’7 air-
conditioning,s’g and refrigeration,lo and thus reduces the
efficiency of equipment operation reduced and leading to
significant financial losses.'”'”. To avoid problems caused by
icing, both active and passive deicing techniques have been
employed in applications."”'* The active deicing methods
include heating, mechanical removal, and liquid spraying, while
the passive ones include functional surfaces and coatings, such
as superhydrophobic or slippery ones.'>'® Active deicing is
energy intensive, while passive deicing is less energy intensive
but also less efficient. To optimize various mechanical active
deicing techniques and reduce deicing energy consumption, it
is necessary to study the mechanical properties of ice and their
influencing factors.

Traditional research on the mechanical properties of ice has
focused on its tensile, compressive, bending, and shear
mechanical features of ice'’ carried out by experimental
methods,"®"” numerical simulations,” mathematical model-
ing”' and even by using artificial intelligence.””*’ Exper-
imental methods are the most common way to study the
mechanical properties of ice. Experimental results suggest that
ice is always damaged by longitudinal cracks along the loading
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direction,”™** thus the damage pattern of ice is mainly

dominated by tensile and compressive damage. The bending
feature of ice such as ice fracture toughness is commonly
measured by the three-point bend test.”® Under passively
restrained triaxial compressive loading with high strain rates,
ice damage cracks form and develop along the 45° direction of
the load. This reveals that the ice damage also exhibits shear
damage modes at certain specific stress states.”””® The
mechanical properties are also affected by the strain rate and
environmental temperature. When the strain rate increases
from 107 to 1073 s7', the mechanical properties of the ice
change from hard to brittle.””*"

In addition to the research methods of ice mechanical
properties being investigated, the parameters affecting the
mechanical properties of ice have been studied extensively.
Icing occurs when the water temperature drops below the
freezing point,”** and is influenced by other conditions such
as temperature, surface wettability, solute, fillers, and environ-
mental pressure.””** Specially, due to the significantly lower
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solubility of air in ice than that in water, dissolved air is
squeezed out of the ice during icing and accumulates near the
freezing front.”>*® Once the air concentration reaches a critical
saturation, air bubbles nucleate and are trapped in ice.””** The
bubble size and distribution depend on the icin% rate, amount
of dissolved air, and environmental pressure.””*" The uniaxial
compressive strength of ice is inversely proportional to the
porosity."** The dynamic strength of bubble ice decreases
nonlinearly with increasing porosity. Both the porosity and the
distribution of bubbles in ice affect the dynamic strength at low
strain rate levels, but the distribution rarely affects the dynamic
strength at high strain rate levels.”*~* The slope of the load—
displacement curve increases with increasing fiber content until
the maximum compression force is reached, and then the force
decreases rapidly, indicating a rapid decrease in the strength of
the ice.***” Besides, it has been found that the ice grain size
and specimen volumes affect the mechanical properties.***’

Previous works have conducted a lot of research on the
effect of strain rate,”® environmental temperature,‘?’0 porosity,42
and grain size*® on the mechanical properties of ice. The effect
of a single influencing factor on the mechanical properties of
ice has been studied extensively, but the effect of coupled
factors has rarely been taken seriously. Few of them
comprehensively discussed the couplin§ effect of these factors
on the mechanical properties of ice.”’ However, real ice is
often encountered with complex conditions and the combined
effects of multiple factors. In addition, the relationship between
the ice formation process and the mechanical properties has
been rarely investigated, especially the effect of trapped air
bubbles in the ice. Since air is always dissolved in water, the
appearance of trapped bubbles in ice is inevitable.”” Trapped
air bubbles are defects, which lead to stress concentration and
thus affect the mechanical strength of ice.*” Moreover,
environmental temperature could change the morphology of
bubbles as well as the mechanical properties of ice.”

In this study, an ice-making experimental setup is
constructed to prepare clear ice cubes with no bubbles and
bubble ice cubes with a uniform distribution of trapped air
bubbles. A experimental setup for mechanical test is also built
to measure the tensile, compressive, bending, and shear
properties of clear and bubble ice cubes. The coupling effects
of environmental temperature and bubble content on the
stiffness, strength, and modulus of ice are discussed with a
mathematical model developed. This study has implications for
regulating the mechanics properties of ice and optimizing
various mechanical deicing techniques relying on trapped air

bubbles.

2. EXPERIMENTAL SECTION

2.1. Experimental Setup. To prepare clear and bubble ice cubes,
an experimental setup for icing is designed and constructed. As shown
in Figure 1(a), the experimental setup consists of four systems, i.e., an
icing system, a control system, a data acquisition system, and an
auxiliary system. The icing system includes an icing chamber, a
propeller, a heat exchanger, and a constant temperature bath. The
icing chamber is a stainless steel shell that measures 16 cm in length,
16 cm in width, and 20 cm in height. To prevent heat loss during the
icing process, insulating cotton is applied to the outside of the
chamber. The propeller is submerged in the water to prevent trapped
bubbles from forming in ice. The heat exchanger and the icing
chamber are tightly connected and the joints are coated with
thermally conductive silicone grease. The low-temperature glycol
solvent in the thermostatic water bath removes heat from the icing
chamber through the heat exchanger.
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Figure 1. Schematic diagram of the experimental apparatus. (a)
Schematic diagram of the experimental setup for ice-making. (b)
Layout of thermocouples on the heat exchanger. (c) Schematic
diagram of the experimental setup for ice mechanical strength
measurement.

The control system consists of a digital thermostat, a power supply,
and a heating rod. The digital thermostat indirectly controls the
power of the heating rods by controlling the output power of the
power supply to keep the icing temperature constant. The data
acquisition system consists of an acquisition unit and thermocouples.
The data acquisition unit is used to record the changes in values of the
nine T-type thermocouples on the heat exchanger. The layout of the
thermocouples is shown in Figure 1(b). Since the icing temperature
affects the size and distribution characteristics of the bubbles in ice,
the consistency of the icing temperature needs to be maintained
during the preparation of ice samples. To monitor the surface
temperature of the heat exchanger in real time, nine thermocouples
are uniformly arranged.

The experiments on the mechanical properties of ice cubes are
carried out using a homemade setup for measuring the mechanical
properties of ice cubes, the schematic diagram of which is shown in
Figure 1(c). The setup consists of three parts, ie., a driving unit, a
measuring unit, and a refrigeration unit. The driving unit consists of a
servo motor and a reducer. The measuring unit consists mainly of a
pressure sensor and a thermocouple. The refrigeration unit is a
modified chiller. In addition, there is no standard for measuring the
mechanical properties of ice, especially the size of the ice samples.
Therefore, some scholars have studied the effect of the sample size on
the mechanical strength of ice. This study mainly focuses on
investigating the effect of trapped bubbles in ice cubes on different
mechanical properties at different environmental temperatures.
Therefore, it is sufficient to ensure that the dimensions of ice
samples are the same under the same cases. To prevent the ice from
melting during the measurement, the experiment needs to be
performed in a low-temperature environment.”>** Both the control
system and the data acquisition system are connected to a computer.
Auxiliary systems include brackets and slide tables. The detailed
parameters of these devices are listed in Table 1.°°

2.2. Method and Materials. The specimens used in this study
are prepared by the ice test device described in Section 2.1, where ice
with different bubble volume contents can be prepared by controlling
the rotational speed of the propeller.®® The icing temperature is
controlled more accurately due to the incorporation of an icing
temperature control device in the icing apparatus of this experiment.
The icing rates of clear and bubble ice tubes are shown in Figure 2. It
can be seen that the time taken to prepare ice of the same height is
19,200 s and 22,200 s for clear and bubble ice cubes. During the first
4,000 s, stirring causes the water temperature to rise near the front
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Table 1. Details of the Main Device and Tools Used in This
Study

Brand/Model
Canon/EOS 90D

No. Equipment Parameter

Resolution:
3840 pi X 2160 pi

1 Camera

2 Constant TENLIN/4006 Accuracy: 0.2 °C
temperature bath

3 Data acquisition unit  Agilent/34972A Frequency: +2 Hz

4 Digital thermostat Omron/ESCC Accuracy: +1 °C

S Pressure sensor HY/HYLF-010-2  Accuracy: +1 N

6  Thermocouple AiDIWEN/T Accuracy: +0.2 °C

7  Servo motor SDCQ/23015 Accuracy: +1 rpm
12 80

9 60
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Figure 2. Variation of icing rate and height with time for clear and
bubble ice cubes.

will prevent icing. After 4,000 s, the water temperature is lower, and
thus the icing rate is almost equal to the icing rate for preparing a
bubble ice cube. This is because the icing rate changes the size of the
ice crystals, which affects the mechanical strength of the ice cube.”®
Therefore, to avoid the influence of ice crystal size on the strengths,
the ice samples are all taken from the ice obtained by icing after 4,000
s.

To ensure the accuracy of the experimental results of the
mechanical strength test of ice cubes, the homogeneity of all ice
samples is to be ensured. The homogeneity of clear ice and bubble ice
cubes is characterized using light transmittance and bubble volume
content.>® The detailed procedures and main device are described in
Supporting Information Figures S1 and S2 and Table S1, and the
results are shown in Figure 3. Results showed that the light

Light transmittance of clear ice cube (%)

80 . T . . T . . : : 0
0 5 10 15 20 25 30 35 40 45 50
No.

Bubble volume content of bubble ice cube (%o)

Figure 3. Characterization of the uniformity of clear and bubble ice
cubes.

transmittance of each part of a piece of a clear ice cube with a
length of 15 c¢m, a width of 15 cm, and a height of 7 cm is stable at
about 86.44%, with a maximum error of less than 2%. The cause of
less than 100% light transmittance in a clear ice cube may be the
reflection of light on the grain boundary, resulting in a portion of the
light changing its path. Ice is distributed with grains of different sizes
and shapes, and grain boundaries exist between neighboring grains.
When light passes through the grains, the grain boundaries reflect and
refract part of the light.”” The bubble volume content of each part of
the same volume of the bubble ice cube is also around 1.98%, with a
maximum error of less than 0.1%.

Four typical mechanical properties of ice cubes, ie., tensile,
compressive, bending, and shear strengths are measured at different
environmental temperatures (T). Five temperatures are set which
range from —20 to 0 °C at 5 °C intervals. To facilitate observation of
the ice breakup process, the movement rate of the pressure sensor is
set to 0.05 mm/s and thus a load (P) is exerted on the ice cube.”®*’
The principle of measurement for each mechanical strength is
described in detail in previous literature.”” The specific dimensions
and expressions for calculating four typical mechanical properties of
an ice cube are calculated as listed in Table 2.5

3. RESULTS

To investigate the effects of environmental temperature and
trapped air bubbles on the mechanical properties of ice cubes,
tensile, compressive, bending, and shear mechanical properties
are chosen. The load—displacement curves of clear ice cubes at
—10 °C are shown in Figure 4. Meanwhile, to further
investigate the effects of environmental temperature and
trapped air bubbles on them, the strength, stiffness, and
modulus of ice cubes under different cases are analyzed. The
strength reflects the maximum external stress that the ice can
resist, and its value can be calculated from the maximum load
(Ppax)- The slope of the load—displacement curve is defined as
the stiffness (k) and characterizes the course of the ice cube
under different operating conditions. The modulus reflects the
degree of deformation of the ice cube under the loading force.
The strength and modulus for different mechanical properties
can be calculated using the equations listed in Table 2. In
addition, the difference between the environmental temper-
ature (T) and the freezing point (T%) is defined as the relative
environmental temperature, T — T

3.1. Effect of Environmental Temperature and
Trapped Bubbles on Strength. The strength best visualizes
the extent to which bubbles affect the mechanical properties of
an ice cube. The trend of tensile strength with relative
environmental temperature for clear and bubble ice cubes is
shown in Figure S. The tensile strength of both types of ice
increases with decreasing temperature. The tensile strength of
bubble ice is significantly lower than that of clear ice cubes at
the same temperature. For a clear ice cube, the tensile strength
of clear ice at —20 °C is about 1.3 times that at 0 °C. For a
bubble ice cube, the tensile strength at —20 °C is about 1.34
times that at 0 °C. It can be seen from Figure S, that the effect
of temperature on tensile strength is essentially linear. Based
on this, the relationship between tensile strength and relative
environmental temperature is fitted for both clear and bubble
ice cubes. The slope of the fitted straight line reflects the
sensitivity of the tensile strength of ice to the temperature. The
slope of the fitted straight line for a clear ice cube is slightly
larger than one of a bubble ice cube. This suggests that the
tensile strength of a bubble ice cube is not as sensitive to
changes in temperature as a clear ice cube is to changes in
temperature. The slopes of the two straight lines differed by
only 8.43%. This indicates that trapped bubbles weaken the
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Table 2. Ice Cube Dimensions and Expressions for Calculating Four Typical Mechanical Properties

No. Item Sketch Ice cube size Strength  Modulus
1 Tensile — ;m R =50 mm, o = P PR
- _ H=30mm ¢ mHR ' mHAR
2 Compressive H=30mm, - Ao,
7 e O, =—"~ e =
" L «pr  W=30mm, HW AH/H
L =65mm
3 Bending P H=30mm, 3LP,, 'P,
K7 — 4 Oy = 2 E, = ‘?“
W =30 mm, 2WH AWH’AH
” L=150 mm
4 Shear P H =30 mm, P, 2A0,
W { o, = =
W =30 mm, tWH AH/H

20
o Tensile
O Compressive
164 & Bending
v Shear
Stiffness & = Lmwx
g 12+
_
g
g 84
—

Displacement, s (mm)

Figure 4. Load—displacement curves for ice cubes with different
mechanical properties.
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Figure 5. Tensile strengths of clear and bubble ice cubes at different
environmental temperatures.

tensile strength of ice without affecting its deformation process.
Furthermore, to verify the accuracy of this study, the
experimental results are compared with those in the literature.
Huang et al.’” obtained the tensile strength of the ice to be
somewhere in between that of the clear ice and the bubble ice
cubes, while Lou et al.’s experimental results are slightly lower
than the tensile strength of the bubble ice cubes.”’ The reason
for this phenomenon is that the effect of trapped bubbles is
neglected in their ice samples, resulting in a wide range of
distribution of the obtained ice tensile strength.

The compressive strength of clear and bubble ice cubes at
different relative environmental temperatures is shown in

63485

Figure 6. The compressive strengths of the two ice cubes
increase gradually with the decreasing temperature. As the

2.4

v
< e
s g
< a_
¥204--§-
5 o
: ¥
o y X
z L
2 |0y =-00195(T~T;)+1.600. O :
2 . N = N
§ 1.6 Exp. Fitting ? g
% Clear ice cube o ---- v
8 Bubble icecube 0
Jones et al. [62] &
Zhangetal. [63] v - e
1.2 T ; ; ' :
-20 -15 -10 5

Relative environmental temperature, 7-7;. (°C)

Figure 6. Compressive strengths of ice cubes at different environ-
mental temperatures.

temperature decreases from 0 °C to —20 °C, the strength of
the clear ice cube increases from 1.71 to 2.10 MPa, while one
of the bubble ice cubes increases from 1.58 to 1.95 MPa. At 0
°C, the compressive strength of a clear ice cube is 1.08 times
that of a bubble ice cube. At —20 °C, the compressive strength
of a clear ice cube is 1.07 times that of a bubble ice cube. This
indicates that the bubbles weaken the compressive strength of
the ice cube but do not affect the deformation process. The
difference in compressive strength between clear and bubble
ice cubes shows a decreasing trend with increasing temper-
ature. In addition, the experimental results of the present study
are compared with those in the literature. The results of Jones
and Zhang showed that the slope of the fitted straight line for
the variation of ice compressive strength is greater than the
slope of the fitted straight line obtained in this experiment.’>**
The distribution of ice compressive strength at the same
temperature has a wide range. The difference between the
maximum and minimum values of ice compressive strength
obtained by Zhang at —15 °C is 5.88%.

The bending strength of ice cubes at different relative
environment temperatures is shown in Figure 7. It can be seen
that the bending strength of both clear ice and bubble ice
increases gradually with the decreasing temperature. When the
temperature decreases from 0 °C to —20 °C, the strength of a
clear ice cube increases from 2.06 to 2.42 MPa, while that of a
bubble ice cube increases from 1.61 to 2.15 MPa. The bending
strength of a clear ice cube is 1.28 times that of a bubble ice
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Figure 7. Bending strengths of clear and bubble ice cubes at different
environmental temperatures.

cube at 0 °C, while the bending strength of a clear ice cube is
1.13 times that of a bubble ice cube at —20 °C. In addition, the
slopes of the two lines differ by 53.34%. This indicates that the
bubbles weaken the bending strength of the ice cube and also
change the deformation process. As the temperature decreases.
The difference in bending strength between clear and bubble
ice cubes tends to diminish. The results obtained by different
scholars for the bending strength of ice at different temper-
atures are also displayed in Figure 7.°%%° It can be seen that the
values of bending strength of bubble ice and clear ice cubes
obtained in this experiment are within the range of the values
obtained by other scholars. The reason for the wide range of
distribution of the values of ice bending strength at the same
condition in the literature may also be due to the different
bubble contents of the ice samples used in experiments.

The shear strength of clear and bubble ice cubes at different
relative environment temperatures is shown in Figure 8. The

strength of the ice cube and also change the deformation
process. As the temperature decreases, the difference in shear
strength between clear and bubble ice tends to decrease. This
suggests that the effect of bubbles on the shear strength at low
temperatures is less than the effect of the temperature. The
range of ice shear strength at different temperatures obtained
by Lou is large and all the values are smaller than the clear ice
cube shear strength obtained in this experiment.’® The range
of variation is consistent with the range of variation in this
study. This is because the ice used in their experiment is a
bubble ice cube.

The influencing degree of trapped bubbles on the strengths
is defined as & = (63 — oc)/0c where oy and o are the
strengths of the bubble and clear ice tubes. The influencing
degrees of the tensile, compressive, bending, and shear
strengths under different relative environmental temperatures
are shown in Figure 9. Bubbles reduce the four mechanical
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Figure 9. Effect of trapped bubbles on the stiffness at different
environment temperatures.
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Figure 8. Shear strengths of clear and bubble ice cubes at different
environmental temperatures.

shear strength of both clear and bubble ice cubes increases
gradually with decreasing temperature. When the temperature
decreases from 0 °C to —20 °C, the shear strength of a clear
ice cube increases from 0.68 to 0.91 MPa, while the shear
strength of bubble ice increases from 0.36 to 0.68 MPa. At 0
°C, the shear strength of the clear ice cube is 1.88 times that of
the bubble ice cube. At —20 °C, the shear strength of the clear
ice cube is 1.34 times that of the bubble ice cube. As the
temperature decreases, the difference between them tends to
decrease. In addition, the slopes of the two lines differ by
37.07%. This indicates that the bubbles weaken the shear
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properties, and the extent to which bubbles affect the four
mechanical strengths decreases with decreasing temperature.
Trapped bubbles have the greatest effect on shear strength and
the least impact on tensile and compressive strengths. As the
temperature decreases from 0 °C to —20 °C, the weakening of
shear strength by bubbles decreases from 43.28% to 25.46%,
while the weakening of tensile and compressive strength by
bubbles changes from 27.89% to 23.18% and from 7.86% to
6.67%, respectively. Under compressive load, the bubble’s
spherical-shaped structure does a good job of spreading the
force around the ice. Under shear loading, the bubble becomes
the place where the stress is concentrated, causing the region
to rupture first.

To better explain this phenomenon, the deformation of
individual bubbles in a bubble ice cube at four different loads is
obtained using numerical simulations and the results are
presented in Figure 10. The detailed derivation process is
shown in Supporting Information eqs S1—S3 and Tables S2
and S3. Ice is a brittle material whose compressive strength is
greater than its tensile strength. Ice tends to undergo tensile
damage when subjected to external forces.”” Under tensile and
compressive loads, the ice cube will fracture in the direction of
the minor axis of the bubble. Under bending and shear loads,
the ice cube will fracture in the direction of the major axis of
the bubble. Due to the Gibbs—Thomson effect,’*® the
freezing point of a substance decreases where the radius of
curvature is large. Therefore, the freezing point of the ice cube
on both sides of the major axis of the bubble will be lower than
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Figure 10. Deformation of a bubble ice cube under (a) tensile, (b) compressive, (c) bending, and (d) shear loads obtained from simulations.
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Figure 11. Results of clear and bubble ice cubes from tensile experimental load—displacement of (a) clear and (b) bubble ice cubes. Photos of (c)
clear and (d) bubble ice cubes at different environmental temperatures.

the freezing point of the ice cube at other locations. The most
destructive places of bubble ice under bending and shear loads
are also located on both sides of the major axis of the bubble.
Therefore, bending and shear strengths are more susceptible to
temperatures.

3.2. Effect of Environmental Temperature and
Trapped Bubbles on Stiffness. As shown in Figures 11(a)
and 11(b), the maximum load of both types of ice cubes
increases with the decreasing relative environmental temper-
ature. The decrease in temperature increases the brittleness of
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the ice cube, thus increasing its resistance to stretching.70 The
load—displacement curves at —20 °C for both ice cubes are not
a sloping straight line but have ripples in the middle part. The
decrease in temperature increases the ice brittleness but also
decreases the toughness of the ice cube. The internal rupture
of the ice occurred under external forces, resulting in the ice no
longer deforming elastically. The photos of ice after tensile
damage are shown in Figures 11(c) and 11(d). The volume
after ice cube destruction at —20 °C is less than that after ice
destruction at 0 °C, especially bubble ice cube. This may be
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caused by bubbles increasing the brittleness of the ice cube.
The slope of the load—displacement curve also increases with
increasing relative environmental temperature. The stiffness of
a clear ice cube is k, = 1020.51 N/mm, 1301.11 N/mm, and
1519.74 N/mm at three temperatures, while the stiffness of a
bubble ice cube is k, = 701.11 N/mm, 1017.67 N/mm, and
1393.32 N/mm. Trapped air bubbles weaken the tensile
stiffness of the ice, and the degree of weakening decreases with
decreasing temperature.

To investigate the effect of trapped bubbles on the ice
compressive process, the load—displacement curves of clear
and bubble ice cubes at three different relative environmental
temperatures are analyzed. As shown in Figures 12(a) and
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Figure 12. Results of clear and bubble ice cubes from compressive
experimental load—displacement of (a) clear and (b) bubble ice
cubes. Photos of (c) clear and (d) bubble ice cubes at different
environmental temperatures.

12(b), the stiffness for both types of ice cubes increases with
decreasing temperature. This may be because the increase in
temperature improves the toughness of the ice cube. This can
be verified by the fact that the lower the temperature the
smaller the volume of the ice after it is destroyed as shown in
Figures 12(c) and 12(d). The stiffness of k. = 2548.09 N/mm,
3183.64 N/mm, and 3961.27 N/mm for clear ice cubes at the
three temperatures are almost equal to that of k. = 2301.09 N/
mm, 3016.67 N/mm, and 3833.27 N/mm for bubble ice cubes
under the same conditions. The difference in stiffness between
the two types of ice at different temperatures is not more than
10%. Therefore, it can be assumed that temperature has no
significant effect on the compressive stiffness of the ice cube.

To investigate the effect of trapped bubbles on the ice
bending process, the load—displacement curves of clear and
bubble ice cubes at three relative environmental temperatures
are analyzed. As shown in Figures 13(a) and 13(b), the
stiffness for both types of ice cubes increases with decreasing
temperature. This may be because the increase in temperature
increases the toughness of the ice cube. In addition, the
stiffness of k, = 166.766 N/mm, 251.64 N/mm, and 583.33
N/mm for clear ice cubes at the three temperatures is larger
than that of k, = 114.93 N/mm, 185.03 N/mm, and 279.06 N/
mm for bubble ice cubes under the same conditions. The
greater the stiffness, the stronger the ice cube’s ability to resist
load. The stiffness of a bubble ice cube under bending is less
than that of a clear ice cube, which may be due to the many
voids inside the bubble ice cube, which provide space for ice
deformation. As seen from the photographs taken after the ice
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Figure 13. Results of clear and bubble ice cubes from bending
experimental load—displacement of (a) clear and (b) bubble ice
cubes. Photos of (c) clear and (d) bubble ice cubes at different
environmental temperatures.

breakup in Figures 13(c) and 13(d), the bubbles have little
effect on the breakup pattern.

To investigate the effect of trapped bubbles on the ice shear
process, the load—displacement curves of clear and bubble ice
cubes at three relative environmental temperatures are
analyzed. As shown in Figures 14(a) and 14(b), the stiffness
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Figure 14. Results of clear and bubble ice cubes from shear
experimental load—displacement of (a) clear and (b) bubble ice
cubes. Photos of (c) clear and (d) bubble ice cubes at different
environmental temperatures.

for both types of ice cubes increases with decreasing
temperature. The stiffness of k, = 228.89 N/mm, 318.63 N/
mm, and 547.58 N/mm for clear ice cubes at the three
temperatures are greater than that of k; = 80.4 N/mm, 135.71
N/mm, and 201.71 N/mm for bubble ice cubes under the
same conditions. The stiffness of a clear ice cube under shear
force is greater than that of the bubble ice cube, which may be
because the bubbles inside the bubble ice cube become the
place of stress concentration, rupture occurs at the bubbles
under the stress and the cracks expand to other regions. This
weakens the ability of the bubble ice cube to resist stress. As
seen from the photographs taken after the ice breakup in
Figures 14(c) and 14(d), the uneven section of the bubble ice
cube also seems to indicate that the cracks have expanded in
the ice resulting in less stiffness.
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To compare the influence of trapped bubbles on ice
deformation under different environmental temperatures, the
stiffnesses of ice cubes are also extracted from all the above
load—displacement curves. The influencing degree of trapped
bubbles on the stiffness is defined as 7 = (kg — k¢)/kc where
kg and k(. are the stiffnesses of the bubble and clear ice tubes.
The influencing degrees of the tensile, compressive, bending,
and shear stiffnesses under different relative environmental
temperatures are shown in Figure 15. Bubbles have the greatest
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Figure 15. Effect of trapped bubbles on the stiffnesses at different
environment temperatures.

impact on the shear, tensile, and bending stiffness, while they
have the least impact on compressive stiffness. Compared to
the clear ice cube, the shear, tensile, and bending stiffness of
the bubble ice cube increases from 41.94% to 52.29%, 24.53%
to 31.48%, and 16.82% to 21.63%, respectively, while the
compressive stiffness increases slightly from 1.08% to 3.76%.
3.3. Effect of Environmental Temperature and
Trapped Bubbles on Modulus. The tensile modulus of
clear ice and bubble ice at different relative environmental
temperatures is shown in Figure 16. As the temperature
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Figure 16. Tensile moduli of ice cubes at different environmental
temperatures.

decreases, the tensile modulus of both types of ice increases
linearly. The tensile modulus of a bubble ice cube is smaller
than that of a clear ice cube at the same temperature. This is
because trapped bubbles can disrupt the connections between
ice crystals, leading to a decrease in the ice’s ability to resist
tensile deformation. The maximum tensile modulus of the
clear ice cube is 0.236 GPa, while the maximum tensile

63489

modulus of the bubble ice cube is 0.177 GPa. The reason could
be the different sizes and distribution of bubbles in the ice.
The compressive modulus of clear and bubble ice cubes at
different relative environmental temperatures is shown in
Figure 17. As the temperature decreases, the compressive
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Figure 17. Compressive moduli of ice cubes at different environ-
mental temperatures.

modulus of both types of ice cubes increases linearly. When the
temperature decreases from 0 °C to —20 °C, the compressive
modulus of a clear ice cube increases from 0.27 to 0.45 GPa,
while the compressive modulus of a bubble ice cube increases
from 0.17 to 0.26 GPa. This indicates that bubbles as defects in
ice will reduce the ice’s ability to resist compressive
deformation. In addition, it also can be found that the
influence of temperature changes on the compressive modulus
of bubble ice cubes is smaller than that of the compressive
modulus of clear ice cubes. This indicates that bubbles will
limit the influence of temperature on the compressive
modulus.

The bending modulus of clear and bubble ice cubes at
different relative environmental temperatures is all shown in
Figure 18. As the temperature decreases, the bending modulus
of both types of ice cubes increases linearly. When the
temperature decreases from 0 °C to —20 °C, the bending
modulus of the clear ice cube increases from 0.89 to 1.19 GPa,
while the compressive modulus of the bubble ice cube
increases from 0.76 to 1.11 GPa. This indicates that bubbles
as defects in ice will reduce the ice’s ability to resist bending
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Figure 18. Bending moduli of ice cubes at different environmental
temperatures.
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deformation. In addition, it can be found that the influence of
temperature changes on the bending modulus of a bubble ice
cube is smaller than that of the bending modulus of a clear ice
cube. This indicates that bubbles will limit the influence of the
temperature on the bending modulus of the ice cube.

The shear modulus of clear and bubble ice cubes at different
relative environmental temperatures is all shown in Figure 19.
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Figure 19. Shear moduli of ice cubes at different environmental
temperatures.

As the temperature decreases, the shear modulus of both types
of ice increases linearly. When the temperature decreases from
0 °C to —20 °C, the shear modulus of a clear ice cube increases
from 0.76 to 1.41 GPa, while the compressive modulus of
bubble ice increases from 0.67 to 1.26 GPa. This indicates that
bubbles as defects in ice will reduce the ice cube’s ability to
resist shear deformation. In addition, it can be found that the
influence of temperature changes on the shear modulus of a
bubble ice cube is smaller than that of the shear modulus of a
clear ice cube. This indicates that bubbles will limit the
influence of the temperature on the shear modulus of an ice
cube.

The influencing degree of trapped bubbles on the modulus is
defined as { = (Ey — E¢)/E where Eg and E( are the moduli
of the bubble and clear ice tubes. The influencing degrees of
the tensile, compressive, bending, and shear moduli under
different relative environmental temperatures are shown in
Figure 20. To explain the effect of temperatures on the
different moduli, the stress distribution of bubbles under four
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Figure 20. Effect of bubbles on the ice cube modulus at different
relative environmental temperatures.

mechanics is simulated using numerical methods. As shown in
Figure 10, the stresses on the bubbles in ice are mainly
concentrated on the minor axis of the bubbles at the tension
and compression process. This result is also consistent with the
experimental observation of 45° shear damage in bubble ice
cubes. In contrast, during bending and shearing, the stresses on
the bubbles in ice are mainly concentrated on the major axis of
the bubbles. This result is also consistent with the experimental
observation that the bubble ice cube has a flat fracture surface.
The Gibbs—Thomson effect suggests that where the radius of
curvature is large, the freezing point of an object will be
lower.”””" Thus, the freezing point at the ends of the major
axis of a bubble is lower than the freezing point at the ends of
the minor axis. The stresses are mainly concentrated on both
sides of the minor axis at the tension and compression process.
Therefore, the relative environmental temperature has little
effect on the tension and compression process. The stress of
the bubble is concentrated at the ends of the major axis of the
bubble at the bending and shearing process, and the freezing
point there is lower than that at other locations. Therefore, the
relative environmental temperature affects their rupture
process. As the temperature decreases, the positions on both
sides of the major axis of the bubbles will be more prone to
melting than other positions. This leads to a progressively
more significant effect of bubbles on the mechanical properties
of ice as the temperature decreases.

Both bubble ice and clear ice cube gradually increase their
mechanical strength and modulus as the relative environmental
temperature decreases. This is due to the low kinetic energy of
atoms or molecules at low temperatures, which results in a
relatively stable and highly ordered structure. This orderliness
makes the internal structure of ice stronger, thus enhancing the
strength of ice. In contrast, an increase in temperature leads to
an increase in the relaxation and thermal movement of the ice
crystal structure, which results in a weakening of the
gravitational force between ice molecules and a disruption of
the orderliness of the crystals. The high temperature also leads
to an increase in the plasticity of ice, which is prone to plastic
deformation. In addition, temperature also has a significant
effect on the toughness of ice. At high temperatures, the
plasticity of ice increases, and dislocation operation in the ice
crystal structure is more likely to occur, thus increasing the
toughness of ice. At low temperatures, dislocation movement
in the ice crystal structure is difficult, and ice resistance to
deformation increases, but ice fractures and breaks more

quickly.

4. DISCUSSION

All four mechanical strengths of clear and bubble ice cubes are
linearly related to the relative environmental temperature. To
measure the weakening effect of trapped bubbles on the
mechanical strength of an ice cube, the ratio of the strength of
a bubble ice cube to that of a clear one under the same
conditions is defined as Cr, which can be expressed as eq 1

Gt ETCEL AR S
C

where ar and by are fitting coeflicients and their values under
different stress states from the experiments are listed in Table
3.

In addition, trapped bubbles also affect the mechanical
strength of an ice cube. To measure the extent to which
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Table 3. Fitting Values of a; and by under Different Stress
States from Experiments

No. Item ar [
1 Tensile 0.0115 0.759
2 Compressive 0.00909 0.80S
3 Bending 0.00758 0.901
4 Shear 0.0128 0.787

trapped bubbles affect the mechanical strength of an ice cube, a
mathematical model relating the mechanical strength and the
bubble volume content (@) is developed. The detailed
derivation process is shown in Supporting Information Figures
S3—S8 and eqs S4—S25. At the same environmental
temperature, the ratio of the strength of a bubble ice cube to
that of a clear one is calculated by eq 2

Cy =g(p) = “3(02/3 + by ()

where ap is a fitting coefficient related to the shape and
distribution of the bubble by = 1, and ¢ is the bubble volume
content of the ice cube. Table 4 gives the concrete expressions

Table 4. Concrete Expressions of Cy from the Model and
Fitting Value of ag from Experiments

No. Item Expression of Cg ag
1 Tensile C,=1- %wz/s 35
2 Compressive C=1- 32(/::‘:27;’/’13/3(”2/3 25
3 Bending C=1- W(ﬂzu 22
4 Shear Cc=1 3232 3m)' 3 )5 50

< - 23

of Cy from the mathematical model and the fitting values of ag
from the experiments all under different stress states. Of note,
m, and my are the size and distribution coefficients of the
trapped air bubbles in the ice cube, and their values are
obtained from the fitting.

Both the relative environmental temperature and the bubble
volume content affect the mechanical strength of the ice cube.
Under their comprehensive influence, the ratio of the strength
of a bubble ice cube to that of a clear one can be described as
eq 3, which is obtained by combining eqs 1 and 2.

C = CiCy = f(T - T)g(e) )

Using the equation, Figure 21 presents the calculated and
experimental ratios for the four mechanical strengths of ice
cubes under various relative environmental temperatures and
bubble content. The calculated and experimental values of the
models for the effects of environmental temperature and
trapped air bubbles on the mechanical strength of ice show a
high degree of agreement, with the maximum deviation of the
four models from the experimental values being less than 20%.
The detailed comparative results are shown in the Supporting
Information Figure S9.

5. CONCLUSIONS

To investigate the effects of environmental temperature and
trapped air bubbles on the mechanical properties of ice cubes,
a series of experimental cases are designed and carried out. A
mathematical model that predicts the strength of an ice cube
with an accuracy over 80% is developed and validated. The
following conclusions are acquired:

(1) The relative environmental temperature decreases from
0 °C to —20 °C, the weakening of shear strength by
bubbles decreases from 43.28% to 25.46%, while the
weakening of tensile and compressive strength caused by
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Figure 21. Calculated and experimental ratios of the bubble ice cube strength to the clear one for (a) tensile, (b) compressive, (c) bending, and (d)

shear.
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bubbles changes from 27.89% to 23.18%, and from
7.86% to 6.67%, respectively.

(2) Compared to the shear, tensile, and bending stiffnesses
of the clear ice cube, those of bubble ice cube increase
from 41.94% to 52.29%, 24.53% to 31.48%, and 16.82%
to 21.63%, respectively, while the compressive stiffness
slightly increase from 1.08% to 3.76%.

(3) The effect of trapped air bubbles on the compressive
modulus hardly varies with relative environmental
temperature, while the tensile modulus is sensitive to
relative environmental temperature. When the relative
environmental temperature decreases from 0 °C to —20
°C, the effect of trapped air bubbles on the tensile
modulus decreases from 24.01% to 19.17%.

(4) The deviation of the calculated and experimental values
of the four mechanical strength prediction models is less
than 20%. As the trapped air bubble volume content
increases from 1% to 2%, the strength of the ice cube
decreases by 7.24%, 15.02%, 13.87%, and 27.81% at O
°C.
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