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Abstract. Energy dissipation on collisions of grain aggregatesljacent grains taking into account sintering. Numerical results
is investigated taking into account effects by sintering. It &re presented in Sect. 4.

shown that sintering significantly reduces the energy dissipa-

tion efficiency because contacts between adjacent grains pesintering processes

come strong by sintering.
9vy g Fig[d shows a schematic view of a contact between adjacent

Key words: solar system: formation — ISM: dust, extinction 9rains. Inthis paper, itis assumed thatan aggregate is composed
of equal-sized spherical grains and we investigate collisions of
aggregates made of,8 ice. Initially, the grains are in contact

by surface adhesion and a neck is formed as described by the
JKR theory. Sintering proceeds as time and enlarges the neck
Planetesimals, embryos of planets, are believed to be fornseen in FidL. The driving force of sintering is the difference in
through coagulation of dust grains and their aggregates (ezhemical potential between the neck and the other part of the
Weidenschilling"1997) in a protoplanetary nebula rather thgnain. The chemical potential difference is originated from the
through gravitational instability proposed before (Goldreich &lifference in curvatures of the surfaces. In the relevant condi-
Ward[1973, Sekiya 1983). tions considered here, surface diffusion of consisting molecules

Dominik & Tielens [1997) (hereafter DT97) performed nuis the dominant process of sintering among six mechanisms
merical simulations of collisions between grain aggregates af@Wwinkels & Ashby 1981). The elapsed time of sinterigg;
showed that growth of aggregates made of astrophysically cdoy-the surface diffusion when the neck radius is grown ie
mon materials, such as,B ice, graphite and silicates, is possigiven by (Nichols & Mulling 1965)
ble inthe relevant conditions. Poppe etlal. {1999) revealed exper- 2SET
imentally that sticking threshold velocity of silicate grains to @&int = F5a2dyD. (1)
wallis much higher than that predicted by Chokshi efal. {1993) , o .
suggesting that the growth of aggregates of silicate grains"\f]é‘erea is the grain radiusy is the surface energyis the Boltz-
more preferable than that expected from Chokshi ef al. (1998)2nN constant and(2 is the size and volume of the molecule,
Poppe et al[{1999) concluded that there should be an additioc¥fafl s IS the surface diffusion colefflment of the molecule. The
energy dissipation mechanism other than damping of eladifeck 9rows froms/a = 1.2 x 10" (determined from the JKR
waves investigated in Chokshi et al. (1993). theory for H0 ice, Johnson 1985) to/a = 0.8 (the equilib-

In all these works, grains are in contact by surface adhesfdm value for an array of spheres, Nichols & Mullins 1965) ac-
described by so-called JKR theory (John5on 1985). Sinterifgrdingto Eq.[(I). Strictly speaking, EB] (1) is a formula approx-
however, proceeds at contacts between dust grains at relef&fing the numerical results af/a < 0.3 (Nichols & Mullins
conditions. It has been found experimentally (Supulver et 4265), nevertheless we can extrapolate [Eq. (1) to = 0.8

1997) that the sticking force of icy aggregates significantly isince the error is less than a factor of 2 and does not affect our

1. Introduction

creases by temperature increase. The sintering Ofige seems discussion. _
to cause the increase of the sticking force, which is expected toﬁ':;“tt'ng values for KO ice 10 Eg.[Z]L) asd = 4.5 x
lead to different collisional outcomes from those without sinld_~ ¢mM. € = 3.25 x 107%cewm?, Dy = 1.74 X

tering. 10° exp(—4590 K/T) cm?s~! (Kouchi et al.[1994),y =

—9 _ —

In this paper, we investigated numerically the amount 8PV etgcm™= (Hobbs 1974)a = 0.1 um andz/a = 0.8 we
energy dissipation on collisions of grain aggregates taking if?9tain

account effects by sintering. Basic processes of sintering are#g;; i,0 = 1.8 x 1072*T exp(4590 K /T') yr. (2)

viewed briefly in Sect. 2. Sect. 3 describes interactions betwq._eéer —100K, for example, EGL2) givesin i, — 0.15Yr,
Send offprint requests t&. Sirono which is sufficiently short time-scale compared to processes in
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Enlarged area
by sintering

Fig. 2. An example of an initial configuration of an aggregate. Each
grain has the same radius@fi xm made of HO ice.

Original contact
area

Fig. 1.A schematic view of a structure of a neck between adjacent dyst _ 8ya @)
grains. 5 G

[ 32y
g = . 8
a protoplanetary nebula such as Kepler time-scale showing that B?Ea ®)

sintering will take place in a protoplanetary nebula. 9

We adopted values for #D ice asE = 7 x 10'°dyncm™?,
_ _ G = 2.8 x 10 dyncm 2 (DT97) and the grain radius of
3. Interactions between grains a = 0.1 um. The spring constant of the stretching motion be-

Before sintering proceeds, the stretching motion between a jgmes s.trong bY a factor of 17 due .to sintering. For the rolling
d sliding motion, the constants increase by a factor of 60

cent grains in contact are properly described by the JKR thedty. - ) ) .
Models of other modes of motions are discussed in DT97 ifl- d 4 respectively. These increases cause the difference in the
cluding rolling, sliding and twisting, which are adopted here &2!liSional outcomes of aggregates.

the interactions before sintering takes place. The interactions 't Should k;)e Pote(i]that Ismtermg chfanges the stredngth ofa
before sintering are simplified in two points: 1) the stretchingPtact even before the enlargement of contact area due to sin-

interaction is approximated as a linear spring kept separat Iging occurs. This is because stress developed around the JKR

energy of two grains constant and 2) dependences of the §RNtact (non-sintered contact) will be relaxed by sintering. Only
teractions on the neck radius are neglected. Simplification %th_'s effect, the critical energy to initiate |rrever5|blei motion
presumably does not affect the results since DT97 has been(f&iting the springs) is increased byj factorldf x 10% for
vealed that the collisional outcomes are well classified in terffd/"d: 1.3 for stretching 6_‘”(2'4 x 107 for slld_mg with the

of the energy without use of the critical force for separating tw&>S of the.forr.nulge pptamed by DT97. The increase for the
grains. 2) is hold since the dependence is fairly weak (DT9F lling motion is significant, because tensile stress developed

Correspondingly, all interactions between grains including th gar the p_erlmeter of the ‘]KR contact makes easy to start the
for sintered contacts are approximated by linear springs. rolling motion compared to a sintered contact. However, the en-

After sintering takes place, the spring constafor stretch- grgy Idecr:jae:)seshfor the sliding mot|on.,b5|r?ce compresswellzt_ress
ing motion can be written by eveloped by the JKR contact contributing to oppose sliding

will be relaxed by sintering.
w3%aF 3)

2 4. Numerical results
where3 = 0.8 (see Sect.2) and’ is the Young's modulus.
We have approximated the sintered contact by a rod of rad
Ba. Likewise, the spring constants for rolling motibpand for
sliding motionk are given by

ko =

|W§ performed 2-D numerical simulations of collisions of grain

aggregates. 2-D means that the motions of grains are restricted
on a plane although each grain is treated as a 3-D object. Adja-
cent grains are connected by three linear springs corresponding

npa’E three modes of motions described in the previous section. If the
by = ——~ 4) o : .
8 displacement exceeds the critical displacement of the spring,
732aG the spring is cut and elastic energy stored in the spring is dis-
ks = 9 (®) sipated. For rolling and sliding motion, the spring is connected

. . again representing rolling and sliding friction. If one of three
whereG is the shear modulus. When the stored elastic enerqy . prese 9 gan 9 .
. : 5 rings of a sintered contact is broken, all three springs are bro-
at the contactis equal to separation energ2((5a)*~) of the i .
, ) . ken. A newly formed contact is assumed to be a non-sintered
sintered contact, two grains are detached or start rolling (or S“cdntact
ing). The critical displacement; for each motion denoted by )

i is determined by;c2/2 — 27(3a)*y, leading to the expres- We simulated coII|S|_ons of an aggregate to a wall, no_t be-
. L ; - tween two aggregates, in order to concentrate on comparison of
sions for the critical displacement for stretching for sliding

c. and for rollinge, as the amounF of energy dissipation during th_g cqllisions bef_qre and
s ! after sintering takes place. In order to clasficking probability
8va of aggregates, however, it is necessary to investigate effects by
v =\ E 6) the configuration of grains relevant to the inter-penetration and
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Fig. 4. The energy dissipation efficiency as a function of impact veloc-

. B - ity. The solid line stands for the sintered aggregates and dashed line
Fig. 3a—d.Snapshots of collision of an aggregate to awall placed atle ( the non-sintered aggregates. Error bars represerdispersions

most.a, b andc are snapshots after collision of a non-sintered aggreggir%on four different initial confiaurations
takenatl.4 x 1077s,2.7x 10~ " sands.4 x 10~ " s, respectively. The 9 9 '
impact velocity is500 cm s 1. d is a snapshot of a sintered aggregate

after bouncing taken at4 x 10~"s. the re-arrangement of grains in contrast to non-sintered ag-
gregates, in which a significant fraction of initial kinetic en-

. o . ergy is dissipated. Up to 2000 cm’s the efficiency for non-
locking of the aggregates. This is beyond scope of this Ioaré‘legtered aggregates exceeds that for the sintered aggregates.

and will be treated in a forthcoming paper. It is assumed th ove 2000 cms.. the efficiencies for sintered acareqates are
there is no friction between the wall and grains. . ' ; ggreg X
slightly larger than that for non-sintered aggregates. According

Initial configurations of grains are pr in ; - ; e .
) tial configurat ons of grains are p OdUC.Ed by putt. Weidenschilling[(1997), the maximum collision velocity of
grains randomly on sites of 2-D triangular lattice. Numerica . L .
. . . L ) aggregates is about 1000 cm's Therefore, sintering will af-
simulations are performed for four different initial configura; T ; o
fect the collisional outcomes in nebular conditions. Although

tions containing 43 to 48 grains. An example of the initial “Olthe sticking probability should be investigated separately from

figuration is shown in Fidl2. . N . .
Figs[3 a) to c¢) show snapshots during a collision of a notnh-IS study, less energy dissipation efficiency of the sintered ag-

sintered aggregate with impact velocity of 500 chh.SThe ini- gregates presumably leads to less sticking of the aggregates

tial configuration of grains is that shown in Fig. 2. It can be Seecr?mpared to non-sintered aggregates in a protoplanetary neb-

T ula.
that the re-arrangement of grains in the aggregate takes place. L
As the re-arrangement proceeds, more than 90% of initial ki- As observed by Infrared Space Observatory satellite, ice in

netic energy is dissipated mostly by rolling friction. Varyin thénterstellar clouds contains not only,® but other species of
gy P yoy 9 - varying es such as CO and G@Whittet et al. 1996). Since temper-

impact velocity, it has been confirmed that the outcomes of s o . . . :
. . . .ature of sintering differs for each icy species, the existence of
lisions (compaction, fragmentation, etc.) are properly classifie . . X

: ST L . several species of ices may lead to formation of several sepa-
by the ratio of initial kinetic energy to the critical energies for

cutting the springs between grains as shown in DT97. rated regions in a protoplanetary nebula where sintering take

- . lace.
In the case of collisions of sintered aggregates, however, re’ Finally, it should be pointed out the possibility that sintering

arrangement of grains does not take place with impact VeIOCi%ceeds further than that assumed in this paper. If this is the

1 S
of500cms " as shownin FiguI3 d). The aggregate bounces froﬁj:\se, adjacent grains merge together beyond the formation of

the wall without any energy dissipation at this impact velocit o .

This is simply because the strength of the contacts are increa)é%n@dmlc ;tructuc;e suchas shohwn Ilg E‘Ibhl ; he Etrenﬁth of S;.CZ
by sintering and the aggregate can sustain the stress develc?"’:oeI | y Zl_nterel aggregated_s ould be f;_g wer t ahn t it st '?
during the collision. The re-arrangement of grainsin the sintere re,‘eading t_o ess energy dissipation efficiency than the results
aggregates starts around impact velocity of 1200cth s obtained in this paper.

Fig[d summarizes the energy dissipation efficiency aspgunowledgementsThe author is supported by Japan Society for the
function of impact velocity. The energy dissipation efficienciromotion of Science (JSPS). The author greatly thanks to C. Dominik
is defined as one minus the ratio of energy stored in the aggeg-his critical comments to the original manuscript.
gate after collision (kinetic+elastic energy) to the initial kinetic
energy. Thus zero energy dissipation efficiency corresponds_to
no energy dissipation. When the impact velocity is less th clerences
1000cms!, sintered aggregates do not dissipate energy Byiokshi A., Tielens A.G.G.M., Hollenbach D., 1993, ApJ 407, 806
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