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Introduction: Many icy bodies in our solar system        

have or have had ice shells which overlay an ocean          
[1-4]. Most of the ice shells are covered by extensional          
features and fractures [5-7]. There are many processes        
that contribute to the extensional stresses affecting the        
evolution and surface features of icy moons. In        
particular, for this study, we consider the stresses        
associated with the expansion of water upon freezing.        
For a freezing sphere of water, the volume change         
upon freezing pressurizes the interior liquid and can        
lead to fractures [8, 9].  

Methods: Experiments with freezing water spheres      
are performed with non-degassed and degassed pure       
deionized water. The degassed water is prepared by        
boiling the water under reflux for one hour with         
vigorous stirring and then chilling the water in an ice          
bath under vacuum for four hours with ultrasound        
pulsing for the last thirty minutes. Water is injected in          
a spherical acrylic mold (7cm or 10cm diameter) (Fig.         
2A), which is placed within a freezing chamber that         
uses vaporized nitrogen to control ambient      
temperatures from -15 oC to -70 oC (Fig. 1). When the           
ice shell freezes to a thickness of 5mm, as determined          
through our calibration experiments, the acrylic mold       
is removed to ensure the mold has limited influence         
over subsequent fracture formation (Fig. 2B). The       
sphere continues freezing and fracturing until a critical        
fracture leads to the failure of the sphere (Fig. 2C-D). 

  

 
Fig. 1. Freezing chamber setup. 
 

 

 

 

Throughout the experiment, three webcams record      
video and audio data, four thermocouples monitor       
chamber temperature, and a Kulite pressure transducer       
records the pressure evolution of the liquid within the         
sphere. Measurements of ice shell thickness are taken        
upon the conclusion of the experiment. (Fig. 2D) 

 
Fig. 2 Snapshots from left webcam at different        
experiment stages: A. after mold filling, B. after mold         
removal, C. during further freezing, D. final fracture. 

Model: Solving the mass and energy conservation       
equations, it is possible to model the evolution of ice          
shell thickness and the pressure in liquid (Eq. 1-2). 

 

 
(Eq. 1) 

 

 
(Eq. 2) 

 

Here, T is the temperature, t is the time,  is the 
thermal diffusivity, r is a radial coordinate, L is the 
latent heat of solidification, cw is the specific heat of 
water,  f  is the melt fraction, βw is the bulk modulus, p 
is the pressure in the water between fracture events, R 
is the radius of the liquid, ρi is the density of the ice, 
and ρw is the density of the water. These equations can 
be compared to experimental results and provide a 
basis for our scaling analysis. 
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Results: Experiments with degassed and     
non-degassed water were conducted for 7cm and 10cm        
spheres at freezing temperatures in the range -20oC to         
-60oC in 10oC intervals. Additional degassed      
experiments were conducted at 5oC intervals.  

Dissolved Gas Results. Several observations from      
experiments with degassed and non-degassed water:  
1. Degassed water spheres require more time to reach         
final fracture than non-degassed ones, corresponding      
with a thicker ice shell for degassed water spheres         
since freezing rates are similar at a given temperature. 
2. Maximum pressure is higher for degassed than        
non-degassed water spheres. In general, for both       
degassed and non-degassed water, maximum pressure      
is higher at warmer freezing temperatures. 
3. The interfracture time is shorter for degassed than         
non-degassed water spheres. More fractures are formed       
over an experiment for degassed water (Fig. 3). 
4. For degassed water spheres, a dramatic change in         
interfracture time is observed before final fracture. 
5. The estimated ice fracture toughness is similar for         
degassed and non-degassed spheres. 

 
Fig. 3. Final crack coverage comparison for degassed        
and non-degassed water spheres frozen at -30oC. 

Sphere Size Results. When normalized by sphere       
radius, the final ice shell thickness and time freezing         
until final fracture are temperature independent for       
experiments with 7cm and 10cm spheres (Fig. 4). 

 
Fig. 4. Final ice shell thicknesses normalized by sphere         
radius. 

Discussion: The difference in behavior for      
degassed and non-degassed water spheres can be       
explained by the effects of gas on the compressibility         
of the water. Since the shell fracture toughness is         
consistent between both water types, the sudden       
change in interfracture time for degassed water spheres        
can be explained by the sequestration of gas into the          
liquid during the freezing process. The sharp transition        
suggests the existence of a threshold rather than a         
continuous, gradual process. We propose that the       
observed behavioral changes in the degassed pressure       
time series are explained by the saturation of the water          
with gases (N2 in this case) upon freezing and the          
resulting abrupt change in compressibility of the liquid        
phase. This hypothesis has been tested by calculating        
when the abrupt interfracture regime change occurs       
based on a saturation threshold and by comparing this         
prediction to experimental results (Fig. 5). 

 
Fig. 5. Comparison of predicted and actual regime        
change time for a given freezing temperature. Error        
bars are propagated uncertainty in thickness      
measurements. 

Further work is required to fully assess scaling of         
results and investigate the effect of curvature,       
particularly for understanding the final fracture.  
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