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Introduction:  The collisional process of dust ag-

gregates in protoplanetary disk is a key to understand-
ing the formation process of planetesimals. Recent 
experimental and numerical studies have indicated that 
the collisional sticking growth of silicate dust aggre-
gates in protoplanetary disk would cease at centimeter 
size because of ‘bouncing barrier’ [1]. On the other 
hand, icy dust aggregates stick easier than silicate dust 
aggregates because of its large surface energy [2], so 
icy dust aggregates might go over the bouncing barrier. 
However, ice aggregates could easily sinter in the pro-
toplanetary disk and the sintering of ice aggregates 
would make them more rigid to cause bouncing [3]. 
The relative velocity between centimeter-sized aggre-
gates in the protoplanetary disk is estimated to be 0.01-
5 m/s [1]. In this study, we conducted low-velocity 
collisions of isometric sintered porous ice spheres with 
the porosity from 44% to 80% and examined the effect 
of the porosity and the impact velocity on the colli-
sional sticking and the energy dissipation. 

Methods:  All experiments were conducted in a 
large cold room at the temperature of -10 ˚C at Insti-
tute of Low Temperature Science, Hokkaido Univer-
sity. The samples were sintered porous ice spheres 
with a diameter of 30 mm and a porosity (ϕ) of 44% to 
80% (mass of 7.52-2.54 g). The ice particles used to 
construct the samples were prepared by freezing small 
water droplets in liquid nitrogen and had an average 
diameter of 28 µm, and they were put into a spherical 
mold and compressed gently.  

By using a two-stage release system, two samples 
with same porosity collided during free fall with the 
relative velocity of 0.43-4.12 m/s at nearly head-on. 
After the collision, these samples were recovered on  
airbags to prevent them from the fragmentation. The 
collisional behavior was recorded by two high-speed 
video cameras perpendicularly to impact direction, and 
the impact and rebound velocity (Vi, Vr) and the impact 
parameter (the perpendicular distance between the path 
of a projectile and the center of the target) were meas-
ured in these videos, then the coefficient of restitution 
(ε=Vr/Vi) was calculated for each impact. After each 
experiment, the sample masses and the contact area of 
the samples were measured. 

Results:  All of the collisional outcomes were clas-
sified into bounce, no-bounce and sticking. The coeffi-
cient of restitution of porous ice was found to be al-
most independent on the impact parameter and the 

impact velocity, but strongly dependent on the poros-
ity; it became zero at the 70% porosity (Fig. 1). By 
comparing our data to the result of ice sphere [4], we 
obtained empirical equation as follows;  

 ε=0.9(1-ϕ)-11×log(1-ϕ) (1). 
 The contact area was found to increase with the 

increase of the impact velocity and the porosity. The 
relationship between the compaction volume estimated 
from simple geometry and the impact energy was fitted 
by a power law equation and found that its slope was 
between 0.81 and 1.31, indicating that they have a lin-
ear relationship. If we assume that the impact kinetic 
energy was distributed into the kinetic energy for the 
rebound and the deformation energy for the compac-
tion after the impact, the dynamic compressive 
strength was estimated to be 2-4 times larger than the 
static compressive strength.  
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Fig. 1. Porosity dependence of the coefficient of restitu-

tion. Solid curve denotes Eq. 1. Note that the collision veloc-
ity of referenced data are varied from 0.01 to 5 m/s.  
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