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Abstract 
The migration of a grain triple junction was studied on ice pure samples with bubbles at  
-2°C for almost 3 h. This work studies the interaction between Grain Boundary (GB) and 
bubbles. The evolution of the triple junction was recorded from successive photographs 
obtained from a LEICA® optical microscope. Simultaneously, numerical simulations of 
grain triple junction with mobile bubbles were carried out using Monte Carlo method 
with the following conditions: The bubbles in the bulk were kept immobile and those in 
the GB were allowed to move. In addition, mobile bubbles were forced to stay inside the 
GB. The simulations show that bubbles slow down the movement of the GB and of the 
triple junction. What’s more, the simulated triple junction obtained fits very well the 
experimental triple junction geometry, and the GB diffusivity values obtained coincide 
with those measured experimentally at the same temperature and reported by other 
authors. Finally, the drag effect of the mobile bubbles on the GB migration was verified. 
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Introduction     
 
     It is already known that polar ice has 
soluble impurities, solid impurities, bub-
bles and other types of contaminants (Du-
rand et al. 2006, Krachler et al. 2005). 
These bubbles contain the air that existed 
on Earth thousands of years ago (Severing-
haus et al. 1998). Paleoclimatologists use 
the bubbles to study changes in the com-

position of the air in past times and relate 
them to current atmospheric changes (Guil-
let et al. 2021, Patterson and Saltzman 
2021, Seltzer et al. 2021, Severinghaus 
and Brook 1999). 
     Ice bubbles originated when atmos-
pheric air was trapped by snow deposited 
on the polar ice cap. They were trans-
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ported to the depths of polar ice due to the 
accumulation of snow on the surface and 
their size was slowly reduced (Gow 1969). 
In the first 100 meters of depth, the ice is 
called firn and has a lot of air in channels 
of different sizes and shapes. Due to the 
pressure of the ice mass, from the depth of 
100 meters on, the air is transformed into 
bubbles. This phenomenon is called close-
off (Gow 1969).  
     Polar ice is formed by ice crystals (or 
grains) that increase in size over time and 
depth (Alley et al. 1986a, b). The grain 
size depends on the number of impuri- 
ties, the temperature and the number, size     
and shape of the bubbles formed inside the   
ice mass (Arena et al. 1997, Azuma et al. 
2012, Nasello et al. 1992a).  
     Some studies (Arnaud et al. 1998, 2000; 
Roessiger et al. 2014) have been con-
ducted in order to determine how bubbles 
move in the ice and how they affect grain 
growth in polar layers. 
     Recently, Roessiger et al. (2014) stud-
ied, by numerical simulation, the effect of 
bubbles on the growth of grain in ice. They 
found that bubbles reduce grain growth 
(CG). Arena et al. (1997) and Nasello et 
al. (1992a) studied laboratory ice samples 
with and without bubbles. They found that 
bubbles change the extrinsic mobility of 
grain boundaries (GB). The bubbles at   
the grain boundaries as well as those out-   

side the grain boundaries are involved in 
slowing down GB movement. As the GB 
moves, the bubbles outside the GB (inside 
the grain) can be incorporated into the GB. 
Therefore, these bubbles should affect the 
movement of the GB. 
     The size and distribution of ice crystals 
as well as the size and distribution of bub-
bles were obtained from plastic replicas 
(Arena et al. 1997, Azuma et al. 2012, 
Nasello et al. 1992a). This method of the 
plastic replicas consists of polishing the 
surface of the ice and, after a few minutes, 
depositing a layer of plastic (solution of 
5% in weight of Fomvar in 1-2 dichloro-
ethane) on it. The plastic, once dry, pro-
duces a copy of the grain boundaries and 
the bubbles on the polished surface. The 
evolution of the average grain size and the 
bubbles’ sizes for a regular interval of time 
can be studied by this method. Therefore, 
it can be inferred that following the evo-
lution of the same bubble or crystal is im-
possible since the surface must be polished 
again for each observation destroying the 
previous information. 
     Experimental data on how air bubble 
interacts with the GB and affects its migra-
tion in ice are rather scarse (Arena et al. 
1997, Azuma et al. 2012, Nasello et al. 
1992a). In this paper, a study on the migra-
tion of a triple grain boundary in  pure ice 
samples at -2°C with bubbles is presented.  

 
 
Material and Methods 
 
     Experiments were conducted using a 
tricrystalline ice sample obtained accord-
ing to the method proposed by Nasello  
and Di Prinzio (2011). The surface of the 
tricrystalline sample was polished by a mi-
crotome (Fig. 1a) and immediately im-
mersed in a cell with silicone oil that was 
hermetically sealed, to avoid evaporation 
or gaseous diffusion, as shown in Fig. 1b. 
After polishing the ice surface, the surface 

scratches were less than 0.1 m. 
     The cell with the tricrystalline sample 
was placed into a box where the tempera-
ture was controlled as specified below). 
The box was placed on the plate of a 
LEICA® microscope and, with the use of 
a LAUDA® cooling system, the circula-
tion of Ethylene glycol kept the tempera-
ture in the cell constant at -2°C. 
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Fig. 1. a) Ice sample on the microtome plate. b) Transparent cell in the cold box. c) Ice sample in a 
transparent cell with silicon oil. d) Experimental set-up consists of a cooling system with hoses 
that reach the cold box located on the microscope plate. A personal computer records the digital 
images obtained by a video-camera laid at the top of the microscope while a datalogger measures 
the temperature inside and outside the cold box.  
 
 
     Fig. 2 shows a sequence of the triple 
junction reached at 0 h, 0.5 h, 1 h, 1.5 h 
and 2.5 h. The images were rotated, cropped 
and digitally processed with the ImageJ® 
software. These modifications did not af-
fect the position of the GBs or the bubbles. 
     From this sequence, it was seen that  
the bubbles in the bulk remained immobile 

while the bubbles in the GB moved. In 
general, the bubbles in the GB accompany 
the movement of the GB. It was not ob-
served that they leave the GB. From the 
photos, it was seen that the large bubbles 
at the bottom of the photos are traversed 
by the GB. 

  
Numerical Simulation with Monte Carlo (Mc) Method 
 
     The simulation of three-dimensional 
(3D) tricrystal growth with MC uses the 
same algorithms as those used in two-
dimensional (2D) (Anderson et al. 1984, 
Choudhury and Jayaganthan 2008, Srolo-
vitz et al. 1983, 1984) and 3D (Achával 
and Di Prinzio 2018, Choudhury and 
Jayaganthan 2008, Di Prinzio et al. 2013)  

polycrystalline samples. 
     Initially, a tricrystal is created within a 
matrix of Q = Nx × Ny × Nz where Nx, Ny 
and Nz represent the number of sites on the 
direction x, y and z, respectively. Each site 
i has a unique position (xi , yi , zi) and 
orientation (Si).  

a b 

c d 
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Fig. 2. Photo sequence of the triple junction after 0 h, 0.5 h, 1 h, 1.5 h and 2.5 h. - The grey arrow 
indicates small bubbles that migrate with the grain boundaries (GB) and do not leave it. The black 
arrow indicates large bubbles in the bulk; they remain stationary and do not accompany the GB in 
its movement.  
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     In the Monte Carlo simulation, the GB 
of the experimental tricrystals had to be 
represented numerically by mathematical 
curves. It was difficult to choose an initial 
configuration of the tricrystal that 
represents the original shape of the GB. 

Several mathematical curves were tested 
but ellipses best fitted the grain boundaries 
geometry of the tricrystralline sample. 
     In this model, crystals 1, 2 and 3 have 
orientation Si = 1, 2 and 3, respectively, 
and bubbles Si = 0 (see Fig. 3). 

 

 
 

 
Fig. 3. a) 3D tricrystal simulates the ice sample. The x-y-z coordinate system is shown. b) 2D view 
of the 3D simulated tricrystal. Two stages of migration are presented, the original position of the 
triple O junction and its displacement a(t). 
 
     The algorithm followed these steps for sites belonging to one of the crystals:  
 

a) The total energy of the tricrystal W is given by: 
      
       Eqn. 1 
 

with Si and Sj orientations of network sites i and j respectively, J energy of interaction 
between sites, V number of neighbors to site i, and  delta function of Kronecker. An i  
site is chosen at random, and it belongs to a grain i with orientation Si. Equation (1) 
calculates the energy around the i site: 

         
         Eqn. 2 

 

where the superscript in means initial stage. 
 
b) The orientation of site i (Si) is then replaced by an orientation (Sj) of site j  obtained 
randomly from its grain neighbors. 
 
c) The energy of           site i is recalculated where the superscript fi means final stage 
of energy.  
 
d) Then, the difference in energies is calculated: 

 
Eqn. 3 

 

If equation (3) is negative or zero, the change occurs permanently; and if it is positive,  
a probability P given by:  

 

              Eqn. 4 
 

where k is Boltzman's constant and T is the temperature of the tricrystal. 

a b 
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     To allow the system to produce changes by thermal activation, a random number M  
between 0 and 1 is chosen and compared with P. If P is larger than M, then the change 
of Si by Sj is made; otherwise, it is not.  
 
     The mobile bubbles were ruled by the following steps:  
 

a) The mobile bubbles were represented with the orientation Si = 0 and their con-
centration remained fixed throughout the simulation (Achával and Di Prinzio 2018,      
Di Prinzio et al. 2013). The initial positions were in accordance with the initial photo of 
the ice tricrystal sample. Bubbles were represented by cubes of the same size, even 
though in the original sample they were not. 
 

b) A site w was chosen at random from the sample and verified to have Si = 0 (bubble 
site).  
 

c) In order to move the bubbles, the site chosen at random, w had to belong to the 
geometric center of the bubble. 
 

d) The bubbles within a grain (G) and in a sample border were not be moved, con-
trastingly to the bubbles in the GB.  
 

e) Not all bubbles within the GB were moved in an MC Step (MCS). When a bubble in 
the GB was chosen, a random number H was calculated. If that number was lower than 
probability P, given by equation (4) with ΔW = 1,6kT, then the chosen bubble was 
moved.  
 

f) A bubble had 26 neighbors that determined 26 possible directions of movement. The 
direction of movement of the bubble was chosen randomly from these directions. 
 

g) If the chosen direction moved the bubble out of the GB or towards the sample border, 
the direction was discarded and a new one chosen. 
 

h) The direction chosen for the bubble movement had to keep the bubble in the GB, cen-
tered on it (Fig. 4).  
 

 
 

Fig. 4. 2D projection of a mobile bubble centered on the grain boundary (GB, black) between an 
upper grain (gray) and a lower grain (white). Each cube is a boxel (pixel3). 
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Model Parameter Settings 
 
     The 3D grain growth numerical Simu-
lation with Monte Carlo method was used 
in a 200 × 100 × 7 pixel3 sample with 
mobile particles and uniform GB energy. 
It was imposed to all sites that they could 
not move in the z-direction. In this way, a 
2D simulation was obtained. This was 
done because the pictures obtained from 
the real samples were in 2D and showed a 
wide focal plane where bubbles could be 
seen in focus or out of focus. The J value 
used was kT (Hassold and Srolovitz 1995). 
Each bubble was demonstrated as a cubic 

object and its sides were of 3 pixels (the 
distance unit in the sample was called 
pixel). 
     A tricrystal with bubbles (WB) and a 
tricrystal without bubbles (NB) were simu-
lated in such a way that their configuration 
coincided with that of the original ice 
tricrystal (Fig. 5). In each step and for each 
tricrystal, the values of a(t) were recorded. 
Nevertheless, the amount of particles in the 
GB was recorded only for the simulation 
of the tricrystal WB. 

 

 
 

 
Fig. 5. a) Image of the real tricrystal. b) Left half of the simulated tricrystal with bubbles (WB) 
shown in Fig. 3b. The rectangle area represents the visible area of the real ice tricrystal shown in a). 
 
 
     Fig. 6 shows snapshots of the simulation  of  the tricrystal WB evolution at a given 
Monte Carlo Step (MCS). 
     In order to be able to compare the simulated values with the experimental values, 
MCS and pixel must be dimensioned as time and distances, respectively. This required 
previous simulation of the evolution of a circular bicrystal and to study its GB migration. 
The radius (R) of the circular bicrystal changes with time (t) according to the following 
theoretical equation: 
 

             Eqn. 5 
 

where R0 = 40 pixel is the initial radius, and M and γ are, respectively, mobility and GB 
energy (Sutton and Balluffi 1995).  

a   b 
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Fig. 6. Evolution of a 2D tricrystal WB at 0, 2000, 4000, 6000, 8000 and 12000 MCS. The 
rectangle area represents the visible area of the real ice tricrystal shown in Fig. 2. 
 
 
 

     The radius of a circular bicrystal (Choudhury and Jayaganthan 2008) in a Monte 
Carlo simulation also satisfies the same lineal function: 
 

          Eqn. 6 
 

     From the simulation of circular bicrystal, the result was that the square of the sphere 
radius (R2) decreases lineally with MCS (Fig. 7). The slope of that linear relationship s 
(Eqn. 6) was evaluated: 
 

                 Eqn. 7 
 

     Furthermore, it is known that the square of the bicrystal radius decreases with time 
with a slope s equal to 2Mγ (Eqn. 5). Therefore, it must be met: 
 

 
              Eqn. 8
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     The diameter of the bubbles in the simulation was 3 pixels and the average diameter 
of the bubbles in the ice samples was 10 m. Therefore, the relationship between the two 
lengths is: 
 

               Eqn. 9  
 

     From Equations (8) and (9), one MCS is: 
 

            Eqn. 10 

 
 

     A value of  was chosen to fit the tricrystal WB coordinate a(t)        
with the one obtained from the measurement on the real pictures, and it turned out that 
MCS ≈ 2 10-4 h.  
 

 
 
Fig. 7. Evolution of R2 vs MCS for a circular bicristal with R0 = 40 pixels.   
 
 
     In Fig. 8, the coordinate a(t) is presented for experimental samples, WB and NB 
simulated samples. A very good correlation between WB simulated and experimental 
a(t) values indicates that the choice of the tricrystal configuration used in the simulation 
was correct and that the mechanism of interaction between the bubble and the GB was 
adequate. From figure 6, it follows that the final configuration of tricrystal WB at 12000 
MCS represents, approximately, the picture of the real tricrystal at 2.5h.  
     The tricrystal NB values of a(t) were also presented in Fig. 8. During the simulations 
it was verified that the a(t) value of the tricrystal NB is greater than that of the tricrystal 
WB. This result shows that, in pure ice, the bubbles slow down the GB and triple 
junctions migrations.  

     The value of Mγ chosen for the fitting was similar to  at -2°C in     
pure bicrystalline ice samples studied by Nasello et al. (1992b).  This result is very 
important because the pure ice sample used in this experiment was made with the same 
laboratory conditions as those of Nasello et al. (1992b) and Di Prinzio and Nasello 
(1997). 
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Fig. 8. Evolution of coordinate a(t) for the simulated tricrystal with bubbles (WB) and without 
bubbles (NB), and for the real ice tricrystal with bubbles. 

 
 
Conclusions 
 
     The type of study carried out in this 
work is very scarce in ice research and the 
technique used to study grain growth and 
GB migration in ice is really novel (Arena 
et al. 1997, Di Prinzio and Nasello 1997, 
Gow 1969, Nasello et al. 1992a, b; Nasello 
and Di Prinzio 2011). In this work, the 
migration of an ice triple junction with 
bubbles over 2.5 hours was observed. To 
reproduce the experimental observations, 
the bubbles were kept immobile in the 
bulk and allowed to move in the GB. The 
mechanisms of interaction of the GB with 
the bubbles were analyzed, and some of the 
characteristics of these interactions were 
incorporated into a computer model using 
the Monte Carlo Method. In addition, the 
mobile bubbles were forced to accompa-
ny the GB at all times. This was based on 
photographs taken by Gow (1969). In the 
present work, the numerical simulation de-
scribes very well the real behavior of the 
tricrystalline samples although the behav-
ior of the bubbles is not fully represented. 
The unique physical parameter of the mod-

el Mγ was similar to the at -2°C 
in ice samples reported in the literature. 
On the other hand, it was showed that bub-
bles slowed down the movement of the 
GB and of the triple junctions. This result 
could be very important in decreasing    
the grain size in polar ice between 0 m to 
100 m which is observed in the ice cores 
GISP2 (Gow et al. 1997), GRIP (Castel-
nau et al. 1996) and Vostok (Morland 2009) 
among others. Similar results were ob-
tained by Roessiger et al. (2014) in their 
numerical simulation, and by Arena et al. 
(1997) and Nasello et al. (1992a) in labo-
ratory ice samples with and without bub-
bles. In future works, the algorithm might 
be improved so that it describes other 
physical variables of natural ice, such as 
the different sizes of the mobile bubbles.  
It could also include physical effects ob-
served in polar ice such as grain defor-
mation due to pressure, grain rotation, and 
anisotropy of BG energy and mobility (Al-
ley et al. 1986a, b; Castelnau et al. 1996). 
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