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Introduction:  Planetary surfaces including moons 

and asteroids are covered with fine grained particles 
(regolith) which are commonly understood to be ejecta 
deposit generated by asteroid impacts or thermal fa-
tigues of surface rocks. In the solar nebula, there might 
be planetesimals constructed by aggregates of dust 
grains because  dust grains could be condensed from 
nebula gas, and they aggregated each other to form plan-
etesimals. The particulate materials such as the regolith 
and dust grains have been universally existed so far in 
the solar system. 

Thermal properties of particulate materials are 
unique in vacuum, whose thermal conductivity is ex-
tremely low compared with rocks and other solid mate-
rials. Therefore particulates have often controlled the 
thermal evolution and thermal environment of planetary 
bodies. The planetesimals are considered to be highly 
porous bodies with a low thermal conductivity which 
allowed large temperature increase in their interiors by 
heating of radioactive isotope disintegrations. In this 
thermal process, dust particles could be sintered to each 
other. It caused drastic increase of their bulk thermal 
conductivity (and mechanical strength) and affected the 
subsequent internal temperature variation and the max-
imum temperature of experience in planetesimals. The 
thermal conductivity of the sintered powder as well as 
the unsintered powder are hence important to be re-
vealed by labratory experiments and numerical estima-
tions. 

Heat transfer in particulate media in vacuum occurs 
in two ways: solid conduction in particles and across in-
ter-particle contacts, and radiative conduction in pores 
between particles. Both conductivities are sensitive to 
many parameters, such as temperature, particle size and 
shape, material, porosity, compressional stress, etc. 
While some experimental and theoretical studies have 
been conducted for the particulate thermal conductivity 
[e.g. 1], we have investigated it based on systematic 
thermal conductivity measurements with various condi-
tion of parameters [2, 3], and made an integrated model 
that describes dependency of all major parameters 
above. As a part of this study we measured thermal con-
ductivity of sintered particulates in vacuum using glass 
beads, and investigated its relationship to the thermal 
conductivity model of unsintered particulates. 

In past studies, some thermal calculations of plane-
tesimals have been conducted, and one of the recent de-
tailed calculation was made by Henke et al. [4]. They 

used a simple function of porosity for the thermal con-
ductivity of planetesimal media in their calculations. 
However our measurement results indicated the thermal 
conductivity of sintered materials was sensitive to con-
tact-neck sizes, and it could not be described as a func-
tion of porosity especially in early stages of sintering. In 
this study we applied our measurements and modeling 
result to the thermal calculations of planetesimals, and 
investigated its effects in the temperature variation in 
planetesimal interiors. 

Experiments: The experiments were proceeded by 
the following steps: (1) made sintered glass beads sam-
ples of several diameters for several degrees of sintering, 
(2) measured thermal conductivity of the all samples, 
and (3) counted number of sintering neck marks and 
measured their areas after disjointing the samples to in-
dividual particles. 

For particulate samples to be sintered, soda-lime 
glass beads of three diameter ranges, 180–250 µm, 355–
500 µm, and 710–1000 µm, were prepared. The spheri-
cal shape of glass beads is suitable to investigate a de-
pendency of the sintering degree in the bulk thermal 
conductivity. These glass beads were put into a heat-re-
sistant container of alumina, and heated in an electric 
furnace. A nichrome wire with a thermocouple that 
works as a thermal conductivity sensor was installed in 
glass beads before heating. Configurations of the sam-
ples and their heating are shown in Table 1. In this study, 
degree of sintering was low (targeting ratio of sintering 
neck to particle diameter < 0.3) in which porosity did 
not change significantly. This means particles' position 
did not change after sintering.  

The thermal conductivity of the all sintered samples 
were measured by the line-heat source method using the 
nichrome wire and the thermocouple buried in the sam-
ples in the ambient temperature range from –25 to 60 ºC. 

Table 1: Samples and their sintering configuration. 
Sample 
ID 

Particle 
diameter 

Heating 
temp. 
(ºC) 

Heating 
duration 
(hours) 

Porosity 

215-L 180–250 640 3.7 0.41 
215-M 180–250 640 6.7 0.40 
215-H 180–250 640 14.0 0.39 
428-L 355–500 645 5.0 0.42 
428-M 355–500 645 9.9 0.41 
428-H 355–500 645 20.0 0.40 
855-L 710–1000 672 2.0 0.42 
855-M 710–1000 672 4.0 0.44 
855-H 710–1000 672 8.0 0.40 
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Then, we broke the samples to individual beads particles 
and observed surfaces of 50 particles for each sample by 
a stereomicroscope to identify neck marks of sintering. 
The size of each neck mark was determined as the neck 
ratio (neck mark diameter to particle diameter) by meas-
uring average diameter of neck marks. 

Experimental Results: The identified neck-marks 
had somewhat wide variety of area, and obvious over 
counts in number of neck marks per particle compared 
with theoretical expectations of the coordination num-
ber. Reason of the over counting was considered to be 
chipped features made in the particle separation process 

by sawing and rubbing. Results of the shape variation of 
the neck marks, observations of unsinterd particle sur-
faces, and a bulk sound velosity measurement supported 
this inference, and the chipped features were identified 
as smaller than the neck marks. Hence larger neck 
marks of 6.24 counts per particle (which is a theoreti-
cally expected value of the coordination number for a 
particle at porosity ~0.4) were selected as "true necks."  

Figure 1 shows a result of the thermal conductivity 
measurements at room temperature and their neck ratio 
measurements. We found the clear relationship between 
the thermal conductivity and the neck ratio. This result 
indicates that the bulk thermal conductivity of sintered 
particles can be scaled by the average neck ratio in the 
range of neck ratio x < 0.3, independently to the particle 
size. In the stage of higher sintering degree of x > 0.3, 
particles begin moving and the bulk porosity decreases, 
and the thermal conductivity may depend mainly on the 
bulk porosity. The above result and those in other ambi-
ent temperatures consisted to our thermal conductivity 
model of unsintered particulates that the bulk thermal 
conductivity is proportional to the contact diameter be-
tween particles. The sintered and unsintered models 
were smoothly connected to each other by the contact 
diameter, under considering other parameters precisely. 

Application: We conducted thermal calculations of 
planetesimals as an application of the thermal conduc-
tivity model including the sintered condition. The cal-
culation method followed conventional [e.g. 4], but the 
thermal conductivity model was changed. Sintering 
growth models in past studies were also considered to 
expect progress of sintering with temperature in the 
planetesimals. The main calculation configurations 
were as the followings, initial temperature and surface 
boundary temperature: 200 K, planetesimal radius: 
100–1000 m, formation age of planetesimal: 1–3 Myr 
after CAI formation, dust particle diameter: 1–1000 µm, 
initial porosity: 40%, and heat source: radioactive iso-
topes of 26Al, 60Fe, 40K, 232Th, 235U, and 238U. 

  In the calculations, internal temperature increased 
slowly with age, and the thermal conductivity suddenly 
increased at a temperature which the sintering pro-
gresses effectively. The high thermal conductivity of 
sintered state led effective cooling of the interior and the 
maximum temperature was widely decreased compared 
with the case of sintering was not considered (Figure 2). 
Finally we systematically investigated the peak temper-
ature in planetesimals in the range of parameters above 
as well as final sintering degree. 
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Figure 2: An example result of the planetesimal tem-
perature calculation with (solid) and without (dashed) 
considering the sintering effect. The four colors indicate 
depth in the planetesimal from 0.00R at the center to 
0.95R at the subsurface. The calculation conditions were 
planetesimal formation: 1 Myr after CAI, planetesimal 
radius: 100 m, and dust particle diameter: 1 µm. 

 

Figure 1: A measurement result of the thermal conduc-
tivity of sintered samples at room temperature, and their 
average neck ratio. The error bars of the thermal con-
ductivity indicate the maximum and minimum in multi-
ple measurements, and the error bars of the neck ratio 
indicates also maximum and minimum of identified 
neck marks. 
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