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ABSTRACT

In a shock-wave heating model, a chondrule is formed due to frictional heating between its precursor and gas. If the tensile stress inside
the precursor derived from the gas dynamic pressure, is greater than the tensile strength of the precursor, the precursor is broken into
smaller pieces. The yield (onset of plastic deformation) and breaking (onset of fracturing) strengths of the precursor when sintering
is taken into account was calculated. The timescale of sintering is estimated. The model in Sirono & Greenberg (2000, Icarus 145,
230), in which a grain aggregate is assumed to comprise chains of spherical grains of uniform size was used. The critical packing
fraction above which an aggregate can survive a shock wave is obtained. If the degree of sintering is low, the breaking strength of
the aggregate decreases due to sintering. When sintering has suﬃciently occurred, the aggregate can avoid breaking up. Sintering can
proceed upstream of the shock wave before the passage of the shock wave.
Key words. meteors, meteoroids – interplanetary medium – solar system: general

1. Introduction
Chondrule formation is one of the most important unresolved
problems in planetary science. Many models have been proposed
such as lightning (Horanyi et al. 1995), outflow from the central
star (Shu et al. 1996), planetesimal collision (Yamamoto et al.
1991), and turbulence (Cuzzi et al. 1996). Among them, shockwave heating models have recently attracted considerable attention (Hood & Horanyi 1991, 1993; Ruzmaikina & Ip 1994; Iida
et al. 2001; Miura et al. 2002; Miura & Nakamoto 2005a). In this
model, a chondrule precursor is frictionally heated by gas after
the passage of a shock wave front. Several models describing
the source of the shock wave capable of producing chondrules
have been proposed; accretion shock at the surface of the solar nebula (Ruzmaikina & Ip 1994), infalling of clumps of gas
onto the nebula (Tanaka et al. 1998), bow shocks produced by
planetesimals on eccentric orbits (Weidenschilling et al. 1998),
spiral arms of the nebula (Boss 2002), and X-ray flares from
the young Sun (Nakamoto et al. 2005). Although the source of
the shock wave still remains uncertain, this model satisfies many
constraints such as heating timescale (Miura et al. 2002), cooling timescale (Miura & Nakamoto 2005a), duration of peak temperature (Iida et al. 2001), and size distribution of chondrules
(Miura & Nakamoto 2005a).
It is highly possible that the precursor of a chondrule is an aggregate of ∼1 µm sized grains, carried from an interstellar cloud
(Greenberg 1982; Li & Greenberg 1997). Thus, we can raise
a simple question: “Can a chondrule precursor survive the gas
dynamic pressure after a passage of the shock wave front?” The
range of the gas dynamic pressure relevant to chondrule formation is 1–1000 Pa (calculated from input parameters in Miura &
Nakamoto 2005a). If the tensile strength of a precursor (grain
aggregate) is weaker than the tensile stress produced by the gas
dynamic pressure, the precursor might break into smaller pieces.
A small precursor (less than ∼10 µm; Miura & Nakamoto 2005a)
evaporates rapidly due to gas drag heating and does not form

a chondrule. Further, the breakup of precursors aﬀects the observed size distributions of the chondrules (Hughes 1978a,b).
Blum & Schräpler (2004) experimentally measured the tensile strength of an aggregate composed of 0.76 µm radius
SiO2 grains to be ∼1000 Pa. The measurements suggested
that such an aggregate could probably survive a shock wave.
However, an aggregate formed in the solar nebula is probably
highly porous. The fractal dimension of experimentally formed
aggregates is 1.4 (Krause & Blum 2004), and that of numerically generated ones is 2 (cluster-cluster aggregation simulation; Weidenschilling & Cuzzi 1993). The mean packing fraction (volume fraction occupied by grains) of a fractal aggregate
with a radius of 1 mm is (1 mm/0.1 µm)Df −3 = 10−4 (fractal
dimension Df = 2 is adopted). This is compared to the packing fraction of the sample employed Blum & Schräpler (2004)
of 0.2 whose tensile strength was ∼1000 Pa. The tensile strength
of highly porous aggregates should be considerably less than that
of a highly packed aggregate. If the packing fraction of an aggregate is low, its basic structure is a chain of grains. In this study,
strengths required for splitting and bending chain, which determine the strength of an aggregate, are calculated.
It has been shown that the temperature of a precursor upstream of a shock wave front is high because of the radiation
emitted by the heated precursors downstream of the wave (Desch
& Connolly 2002; Ciesla & Hood 2002). Under high temperature conditions, sintering can significantly modify the strength of
an aggregate (Sirono 1999). Another aim of this study is to determine the eﬀect of sintering on the strength of the aggregate.
In the next section, the critical forces required for splitting and bending the chain are derived. The yield and breaking
strengths of the aggregate are calculated based on the critical
force of the chain. Further, the critical force of the chain after
sintering is calculated. The timescale for sintering, which occurs
at high temperatures is estimated in Sect. 3. Section 4 discusses
the assumptions employed in this study. Section 5 summarizes
of this study.
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2. Strength of a grain chain

due to tensile and shear deformations. Compaction does not result in the breakage of the chain. The ratio of the two critical
forces (Eqs. (3) and (4)) is

2.1. Before sintering

The basic unit of an aggregate is a chain of grains when the packing fraction of the aggregate is extremely low. Here, the model
in Sirono & Greenberg (2000) is adopted as the structure of the
grain chain. In this model, the grains are triangularly connected
with an end-to-end distance l and height l/2. A chain comprises
N grains of radius R. The number of grains N in the chain can
be expressed as
⎡
2  2 ⎤1/2
⎢⎢⎢ l
l ⎥⎥⎥⎥
⎢
N = ⎢⎣
−1 +
⎥ + 1.
2R
2R ⎦

(1)

Suppose that a grain aggregate passes through a shock wave
front, and it is exposed to a headwind. Then, the forces due to the
gas dynamic pressure are transmitted to the chains. If the force
is small, the chain responds elastically. However, if the force is
suﬃciently large, the chain deforms plastically. At low temperatures, a micron-sized grain can smoothly roll around an adjacent
grain without breaking (Heim et al. 1999). As a result, yielding
(the onset of plastic deformation) occurs, which is caused due to
the rolling of grains. The critical force for rolling Froll,nosint (the
minimum force applied at the center of a grain to start rolling) is
given by (Dominik & Tielens 1997)
Froll,nosint = 6πγξ,

(2)

where γ is the surface energy of the grains and ξ is the critical
rolling displacement of the grain, whose experimentally measured value is of the order of ten interatomic distances (Heim
et al. 1999).
Suppose we fix one end of the grain chain and apply a force
at the other end in the direction of the fixed end. In this case, the
critical force Ychain,nosint required for bending the triangular grain
chain is given by (Sirono & Greenberg 2000)
Ychain,nosint

2Froll,nosint R(N + 1)
,
=
(N − 3)(l/2 − R)

(3)

where Froll,nosint is given by Eq. (2). The yield strength of
an aggregate is determined by the yielding force of the
chain Ychain,nosint due to rolling when the packing fraction of the
aggregate is low (ψ < 0.3: Sirono & Greenberg 2000). For high
packing fraction aggregates, the chain deforms due to sliding because of the lack of free space (voids) required for the rolling.
In general, the direction of the force applied to the chain is
random because the direction of the chain with respect to the
external force is random. However, the variation of Ychain,nosint is
not significant (a factor of two for the triangular chain assumed
in this study).
The direction of the force can result in both stretching and
shortening of the chain. If a stretching force is applied, the chain
lengthens as a result of rolling of the grains. A further application
of the force in the stretching direction results in the splitting of
the chain. The critical force at which splitting occurs is (Johnson
1985, p. 127)
T chain,nosint =

3πγR
·
2

(4)

The breaking strength of the aggregate (onset of fracturing) is
determined from this splitting force. This breakage can occur

Ychain,nosint /T chain,nosint =

8ξ(N + 1)
 1,
(N − 3)(l/2 − R)

(5)

which clearly indicates that yielding due to rolling proceeds
prior to the tensile splitting of a chain. Further, Eq. (5) suggests
that the compressive yield strength of the grain aggregate is less
than its tensile strength. This is unusual because the compressive
yield strength of normal solid materials is greater than their tensile strength, however, it is in accordance with recent experimental results obtained by Langkowski and Blum (in preparation) for
low packing fraction aggregates (ψ < 0.15).
Each grain chain supports the stress applied to a sectional
area l2 in the aggregate. Then the breaking strength of the aggregate is given by
T chain,nosint 3πγR
=
·
(6)
l2
2l2
By using Eq. (3), the yield strength Yagg,nosint of the aggregate is
T agg,nosint =

Yagg,nosint =

Ychain,nosint
12πγξR(N + 1)
= 2
l2
l (l/2 − R)(N − 3)

(ψ < 0.3). (7)

When the packing fraction is high, the yield strength Yagg,nosint
of the aggregate is determined from the critical sliding force between grains and is given by (Sirono & Greenberg 2000)
⎡
2 ⎤1/2

⎥⎥⎥
Ga2c ⎢⎢⎢
l
⎢
⎥⎥
Yagg,nosint = 2 ⎢⎣1 +
(ψ > 0.3),
(8)
l − 2R ⎦
4l
where G is the shear modulus and ac is the contact radius of
adjacent grains.
In Sirono & Greenberg (2000), the triangular chains are periodically connected resulting in the formation of a cubic lattice.
The packing fraction ψ of the aggregate for this lattice is given by
ψ=

4πR3 (3N − 5)
·
3l3

(9)

T agg,nosint and Yagg,nosint can be expressed as a function of ψ by
using Eqs. (1) and (9) and shown in Fig. 1. We use R = 0.76 µm,
γ = 0.014 J m−2 , ξ = 3.2 × 10−9 m (Heim et al. 1999), and the
shear modulus of glass G = 22 GPa (Johnson 1985, p. 110). The
contact radius ac is obtained from ac = (9γR2 (1 − ν2 )/8E)1/3 =
5.4 × 10−9 m, where the Young’s modulus of glass E = 55 GPa
and the Poisson’s ratio ν = 0.25 (Johnson 1985, p. 110) is used.
Note that Yagg,nosint  T agg,nosint for ψ < 0.3, and that Yagg,nosint 
T agg,nosint for ψ > 0.3.
It should be noted that the yield and breaking strengths of
an aggregate depend on the direction of stress. For example, the
tensile strength (breaking strength with regard to tensile stress)
is significantly less than the compressive strength in normal solid
materials due to the presence of cracks. Therefore, the yield and
breaking strengths derived above should depend on the stress
tensor. The strengths exhibit a complex dependence on the arrangement of grains; the determination of this dependence is beyond the scope of this study.
On passing through a shock wave, an aggregate is exposed
to a headwind. The headwind decelerates the motion of the aggregate relative to the gas, and a stress field develops inside the
aggregate. Figure 2 shows the stress distribution inside an elastic sphere that experiences a headwind from the normalized dynamic pressure P/K = 10−5 , where K is the bulk modulus of
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Fig. 1. The breaking strength before sintering T agg,nosint (upper solid
curve) and the yield strength before sintering Yagg,nosint (lower solid
curve) as a function of the packing fraction ψ.

Two adjacent grains are connected by a neck. The neck radius
without sintering is determined from the balance between surface adhesion and elastic repulsion of the grain. The surface
adhesion is due to van der Waals attraction, which is significantly weaker than the covalent bonding of Si-O. In fact, a small
surface energy 0.014 J m−2 is observed (Heim et al. 1999) for
SiO2 grains without sintering as compared to the theoretical
value (0.58 J m−2 ) for the 110 plane of β cristobalite (Bruce
1966). A grain can roll around an adjacent grain, as shown experimentally (Heim et al. 1999). The balance between surface
adhesion and elastic repulsion enables smooth rolling.
As sintering proceeds, molecules flow to the neck. Evidently,
no elastic stress is present in the increased region of the neck.
Furthermore, the molecules in the neck reorganize, and form covalent bonds between the molecules at the surfaces of the grains
in contact, instead of forming the weak van der Waals bonding.
In this case, the grain cannot roll around an adjacent grain without breaking the contact.
When we apply a bending moment Froll,sint R at the center of
a grain while the adjacent grain is fixed, a tensile stress σzz =
Froll,sint R/W is developed at the edge of the neck with radius αR,
where W = π(αR)3 /4 is the section modulus. If the stress σzz
attains the value of the yield strength of the material Ymat , the
contact starts to break. This condition yields to the critical rolling
force Froll,sint after sintering given by
Froll,sint =

Fig. 2. The stress distribution inside an elastic sphere that experiences a gas dynamic pressure from top to bottom. a) the diagonal
section of the stress tensor σii /3. Tensile stress appears at the rear
side.
b) the square of the second invariant of deviatoric stress tensor
√
J2 = S i j S i j , where S i j = σi j − σkk δi j /3. The stress values in the
figure are normalized with respect to the applied gas dynamic pressure.

the aggregate. The ratio indicates that the deformation is purely
elastic. The bulk modulus can be calculated as (using Eqs. (17)
and (20) in Sirono & Greenberg 2000) K = 0.33 Pa for ψ = 10−3 ,
42 Pa for 10−2 , 1.1 × 104 Pa for 0.1. The shear modulus is set
to K/2, and radius = 1 mm. The wind blows from top to bottom
in Fig. 2. I used a smoothed particle hydrodynamics (SPH) code
(Sirono 2004) with 53117 SPH particles was used. Figure 2a
indicates the diagonal section of the stress tensor σii /3 (compression is positive), and b indicates the√ square of the second
invariant of the deviatoric stress tensor J2 = S i j S i j , where
S i j = σi j − σkk δi j /3; this represents the measure of the shear
stress.
Figure 2a clearly shows that both compressive and tensile
stresses appear inside the aggregate. The maximum tensile stress
is 0.5P. Therefore, if T agg,nosint > P, a spherical aggregate can
safely survive a shock wave. On the other hand, if T agg,nosint <
0.5P, of the aggregate begins to partial break at its rear side.
Furthermore, in the region of compressive stress, compaction
proceeds when Yagg,nosint < P. Shear deformation also proceeds
in a substantial section of the aggregate when Yagg,nosint < P (see
Fig. 2b).
The maximum tensile stress depends on the shape of the aggregate; therefore, the factor of 0.5 varies according to the shape.
The critical packing fraction above which the aggregate survives (T agg,nosint > P) can be estimated using Fig. 1. The critical packing fraction ψ is 0.01 for P = 100 Pa; and 0.08 for
P = 1000 Pa. A packing fraction below these values results in
a partial breakup of the aggregate.

πα3 R2 Ymat
·
4

(10)

There are two possibilities when the sintered contact breaks:
(1) no new contact is formed and the chain breaks into
two pieces; and (2) a new van der Waals contact is formed between nearby chains or between the two separated pieces of the
chain. In case (2), the tensile strength of the chain attains the
value it had before sintering. In case (1), the number of chains
carrying the applied stress decreases, and the tensile strength of
the aggregate also decreases.
After sintering, the critical force required to plastically bend
a chain Ychain,sint is obtained by Eq. (3) with Eq. (10) rather
than Eq. (2). Recall that rolling leads to the breaking of a contact, which is in contrast with the non-sintered case. Therefore,
Ychain,sint is the critical force at which a chain breaks as a result of bending. The critical force for splitting a chain after
sintering is T chain,sint = π(αR)2 Ymat . The ratio of the bending
strength of a chain Ychain,sint to the splitting strength after sintering T chain,sint is
Ychain,sint /T chain,sint =

αR(N + 1)
 1.
4(N − 3)(l/2 − R)

(11)

This equation clearly shows that breaking due to bending is more
likely to proceed instead of splitting. As a result, Ychain,sint determines the breaking strength of the aggregate after sintering
T agg,sint , which can be written as
T agg,sint =

Ychain,sint
πα3 R3 Ymat (N + 1)
= 2
·
2
l
2l (l/2 − R)(N − 3)

(12)

The four non-solid lines in Fig. 3 indicate T agg,sint = P; above this
value, an aggregate can survive passing through a shock wave
with a gas dynamic pressure P. A large degree of sintering α or
packing fraction ψ is necessary to avoid partial breaking. The input parameters are the same as those used in Fig. 1. In this study,
Ymat = 7.3 × 108 Pa (calculated from an empirical formula for
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3. Sintering timescale of an aggregate
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Fig. 3. The relation between critical packing fraction and α (Eq. (12))
above which an aggregate can survive a shock wave (three non-solid
lines). From right to left, the gas dynamic pressure P is 10 000, 1000,
100, and 10 Pa. The contour lines of the ratio Ychain,sint /T chain,nosint
(three solid lines). Below Ychain,sint /T chain,nosint = 1, the breaking strength
of the aggregate decreases as a result of sintering.

ideal yield strength of solids G/30, Kittel 2004; with the shear
modulus of glass G = 22 GPa, Johnson 1985, p. 110) is selected.
An ideal material strength is adopted because the radius of the
chain should be micron sized and the number of cracks should
be small. The value of α before sintering can be calculated as
α = ac /R = 7.1 × 10−3 . As ψ approaches to 0.3, the breaking
strength due to rolling substantially increases (Eq. (12)), and the
critical α required for the survival falls below the initial α = 7 ×
10−3 even for the shock pressure of 104 Pa.
If the gas dynamic pressure P is greater than the breaking strength T agg,sint , chains inside the aggregate start to break
due to bending. As the aggregate deforms, the sintered contacts
break and new van der Waals contacts are formed. Therefore,
the strength of a sintered aggregate can significantly change as
a result of deformation. The three solid lines in Fig. 3 denote
the contour lines of Ychain,sint /T chain,nosint the ratio of the breaking strength of a chain after sintering to that before sintering.
Suppose that the sintered aggregate, with values of α and ψ
such that Ychain,sint /T chain,nosint = 100, starts to deform. As the
deformation of the aggregate proceeds, new van der Waals contacts between these chains are formed. The strength of the newly
formed contact is T chain,nosint . The breaking strength after deformation depends on the number of the newly formed contacts.
The tensile strength of the deformed aggregate is reduced to
0.01 times of that before sintering for Ychain,sint /T chain,nosint = 100;
this occurs when the number of broken sintered contacts and
newly formed contacts are the same.
Below the line that indicates Ychain,sint /T chain,nosint = 1, the
tensile strength of the aggregate decreases due to sintering, because a contact can break due to bending of the chain. A small
degree of sintering can reduce the breaking strength of the aggregate by a factor of 100. For example, consider an aggregate with a packing fraction of 10−2 . The breaking strength
before sintering is 100 Pa (see Fig. 1). If sintering proceeds
such that α = 0.02, the contact area increases by a factor of
(0.02/0.007)2 = 8 and Ychain,sint /T chain,nosint = 0.01. There is
no elastic stress inside the newly formed area, which leads to
the breaking of the contact due to bending. After sintering, the
breaking strength becomes 0.1 Pa. Hence, the small degree of
sintering promotes the partial breaking of the aggregate.

After the passage of a shock wave front, the aggregate is heated
due to gas friction. A highly heated aggregate emits thermal radiation. The radiation field in the region of chondrule formation
is suﬃciently strong to heat the aggregates upstream of the shock
wave front (Desch & Connolly 2002; Ciesla & Hood 2002),
where the aggregate moves with the gas and frictional heating
has not yet started.
Miura & Nakamoto (2005b) performed a detailed simulation of the radiative transfer on both sides of a shock wave front.
Assuming a planar shock wave front, they calculated the temperature evolution of precursors. They included non-equilibrium
chemical reactions of 32 gas species, and radiative heating due
to line emissions in addition to continuum emission. The number density of molecules was 1020 m−3 , and the gas velocity
was 10 km s−1 . The peak temperature of the precursors upstream
of the wave depends on the total optical depth τ upstream of
the wave, and the temperature varies as follows: 1210 K for
τ = 0.73, 1300 K for τ = 2.45, and 1440 K for τ = 4.89.
The time for which the temperature increases is ∼1 h. Desch &
Connolly (2002) calculated the temperature evolutions of precursors including the dissociation of hydrogen molecules. In
their standard case (gas density of 10−9 g cm−3 and velocity
of 7 km s−1 ), the temperature of a precursor is maintained greater
than 1500 K for 64 min. A low temperature (1120 K) and long
duration (100 h) is reported for the shock wave front in gas with
a density of 10−9 g cm−3 and velocity of 8.5 km s−1 (Ciesla &
Hood 2002). In this case, a solar solids-to-gas ratio of 0.003 is
used. When this ratio increases, the duration reduces (3.5 h for
a ratio of 0.09).
Sintering results in a molecular flow to the neck connecting
adjacent grains. Poppe (2003) conducted sintering experiments
of aggregates comprising 0.78 µm radius SiO2 grains. He measured the radii of necks x(t) as a function of the heating time and
found that the data adequately fit the following formula (Nichols
& Mullins 1965)

x(t) =

25R2 dγs ΩD(T )
t
kT

1/6
,

(13)

where Ω denotes the molecular volume; d the molecular diameter; k Boltzmann’s constant; T the temperature; γs the surface energy for diﬀusive sintering; and D(T ) the surface diffusion constant. The temperature-dependent surface diﬀusion
constant D(T ) is given by
D(T ) = c1 exp(−c2 /T ).

(14)

Poppe (2003) experimentally determined the following values: c1 = 5.53 × 1011 m2 s−1 and c2 = 77420 K. The sintering timescale of the aggregate comprising 0.76 µm radius
SiO2 grains can be obtained by substituting Ω = 4.98 ×
10−29 m−3 , d = 4.56 × 10−10 m, and γs = 0.3 J m−2 (Poppe
2003). Further, the time tsint (α, T ) required for the neck radius to
grow to x = αR is given by
tsint (α, T ) = α6

kR4 T exp(c2 /T )
25dγs Ωc1

= 2.8 × 10−23 T exp(77420/T )α6 s,

(15)

where T is expressed in Kelvin.
Here we calculate two timescales of sintering. One is
tsint (1, T ), which corresponds to a perfect neck. According to
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Fig. 4. Timescales tsint (α, T ) with regard to sintering as a function
of temperature T and the neck radius α normalized with grain radius R. Timescales with regard to a substantial increase in the contact area tsint (0.1, T ) (solid curve) and with regard to shrinkage tsint (1, T )
(dashed curve) are shown. The horizontal dotted line represents a time
of 1 h.

Fig. 3, the strength of the sintered aggregate with α = 1 exceeds 1000 Pa when ψ > 10−3 . Poppe (2003) showed that an aggregate begins shrinking and the radius of each grain increases
when α > 0.9 (sample f in Poppe 2003). This shrinkage results
in the growth of the necks beyond the initial grain size, and new
contacts are formed. Therefore, even if ψ is low, the structure
of the aggregate changes and the strength drastically increases
with α. Therefore, tsint (1, T ) represents the timescale for a structural change in order to avoid the aggregate from breaking up.
The other timescale is tsint (0.1, T ). When the value of α increases to 0.1, the breaking strength of the aggregate after sintering is close to that before sintering (see Fig. 3). Below α = 0.1
the breaking strength decreases due to sintering.
Figure 4 shows the two timescales in the relevant temperature range. It can be observed that the timescale for shrinkage
is less than 1 h above T = 1450 K. Therefore, the breakup of
an aggregate can be avoided when the temperature is greater than
T = 1450 K. A substantial increase in the strength due to sintering is expected in the range 1150 < T < 1450 K. Below 1150 K,
the breaking strength of the aggregate is reduced and the probability of breaking increases.
Many mechanisms to produce a shock wave have been proposed. The temperature increase resulting from radiation depends on the shock forming mechanism and the shape of the
shock wave. The degree of sintering is determined by the integrated molecular flux. The temperature evolution of an aggregate is necessary to calculate the value of α for each shock wave
model.
An aggregate will pass through shock waves a number of
times. In each of these events, sintering occurs to some extent
depending on the strength of the radiation and gas frictional heating. The strengths of the aggregates change as they pass through
a shock wave. The survival of the aggregate depends on the value
of α when the gas dynamic pressure increases.

4. Discussion: examination of assumptions
There are two essential assumptions in the model of a grain aggregate. One is the homogeneity of the internal structure of the
aggregate. With regard to the model adopted in this study, identical grain chains are periodically connected, resulting in the
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formation of an aggregate. In fact, the length, shape, and connectivity of the chain vary. Long chains play a crucial role in
determining the strength of an aggregate; because they are comparatively weak (see Eq. (5)). If there is a variation in the chain
length, it is possible that the aggregate contains longer chains instead of a uniform length assumed in this study. Then, based on
this viewpoint, Eqs. (6) and (7) might overestimate the strengths.
The other crucial assumption is that the chain is singlyconnected. Every grain in a chain has two contacts, except the
junction grains that connect to adjacent chains. If this is not the
case, the bending of a chain may involve the splitting of a contact. This eﬀect should be important for aggregates with a high
packing fraction.
It is diﬃcult to clarify these eﬀects quantitatively, because
these quantities depend on the formation history of the aggregate. Here, a comparison between the calculated values
and experimental data in Blum & Schräpler (2004) is drawn.
Equation (6) gives a breaking strength of 3000 Pa at ψ = 0.2
as compared to the experimentally measured mean value of
1000 Pa. This diﬀerence can be attributed to the existence of
long chains (large voids) that reduce the tensile strength. On
the other hand, Eq. (7) gives the compressive yield strength at
ψ = 0.2 as 260 Pa as compared to the value of 1300 Pa in Blum
& Schräpler (2004). This diﬀerence is probably due to multiple
contacts in the grain chain, which can be observed in their scanning electron microscope images.
Spherical grains have been assumed in this study. If the surface of the grain is rough, multiple contacts are possible between the grains. A stable configuration requires three contacts.
Multiple contacts increase the critical rolling force, because the
splitting of a contact is necessary in order to roll a grain. As
a result, the critical packing fraction required for compaction to
occur (Fig. 3) increases.
The sintering of SiO2 grains has been discussed. The grains
may comprise two diﬀerent compounds other than silicates; ices
and organics (Greenberg 1982). The temperature dependent diffusion constant (Eq. (14)) significantly depends on the activation energy E. The activation energies for ices and organics are
less than those for silicates; sintering proceeds at lower temperatures for these materials. These materials evaporate completely
in chondrule forming shock waves. However, the collisional evolution of aggregates containing these materials essentially depends on sintering because sintering significantly modifies the
strengths of the grain aggregates, as shown in this study and by
Sirono (1999).

5. Summary
In this study, the bending and splitting strengths of a grain chain
are derived. The yield and breaking strengths of an aggregate
are determined by the bending and splitting strengths of the
grain chain, respectively. The critical packing fraction above
which the aggregate can survive is calculated. With regard to
the non-sintered case, it is found that compaction proceeds in
a substantial part of the aggregate where the compressive stress
dominates.
It is shown that sintering can significantly modify the
strength of a grain chain. As sintering proceeds, an aggregate
breaks as a result of the bending of the chain because the stress
inside the neck connecting adjacent grains relaxes. If the degree
of sintering is low, the tensile strength of the aggregate decreases
because the chain breaks as a result of bending after sintering. A small degree of sintering promotes partial breaking of an
aggregate. There exists a threshold degree of sintering above
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which the tensile strength of the aggregate increases due to sintering.
Further, the timescale of sintering is estimated. If the temperature of the aggregate is high (T > 1450 K for 0.76 µm
SiO2 grains, Poppe 2003), sintering proceeds up to the stage
at which the aggregate shrinks. Such an aggregate can survive
a shock wave due to an increase in its strength. In the intermediate temperature range (1150 < T < 1450 K), the tensile strength
of the aggregate increases due to sintering. If the temperature
of the aggregate is low (T < 1150 K), sintering proceeds only to
small amount. In this case, the breaking strength of the aggregate
decreases. The probability of the breaking of such an aggregate
increases due to sintering.
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