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Planets and Comets: Role of
Crystal Growth in Their Formation

}&ﬂ Abstract. The application of crystal

growth theory to the formation of
smoke particles from the primordial
solar nebula indicates that solid parti-
cles with filamentary structures would
form. Such particles would facilitate
successive aggregation into planets,
comets, and asteroids. The difficulties
associated with the aggregation of
spherical smoke particles would thus be
avoided.

The earth and meteorites probably
formed by accumulation of solid par-
ticles at temperatures below about
600°C (1, 2). This concept has been
accepted in nearly all recent attempts
(3, 4) to make models of the synthesis
of the solar system which would fit the
requirements of current theories of stel-
lar evolution. These studies suggest
that sometime during the process, con-
ditions favorable for the formation of
small solid particles occurred. The
fundamental problems are the detailed
mechanisms of nucleation and growth
of the primary particles and the mech-
anisms by which these particles aggre-
gated to build larger objects. Several
suggestions have been made concern-
ing the latter: water and ammonia near
the melting point by Urey (2, p. 122),
oily substances by Hoyle (5), and un-
specified surface phenomena by Wood
(6). These investigations assumed that
spherical or equidimensional particles
were present.

We consider the formation, structure,
and properties of solid particles in the
solar nebula according to crystal nucle-
ation (7) and growth theory (8). The
particles are expected to grow as fila-
ments (9) and thin platelets (/0) or
combinations of both. These extremely
nonspherical crystals with few crystal
defects are referred to here as whiskers.
We propose that these whiskers have
properties that enable them to collect
efficiently at first into loosely com-
pacted aggregates resembling the lint
balls that are often under beds, and
then into larger objects.

Crystal formation from a supersat-
urated vapor phase occurs in two steps.
The formation of the smallest stable
volume of a crystal (about 30 mole-

cules) is called nucleation. Subsequent-

ly, the crystal volume increases by the
mechanisms of crystal growth,

neous) or in the vapor phase in the ab-
sence of foreign particles (homogen-
eous). The rate of nucleation is, in
either case, a very sensitive function of
supersaturation.

If the saturation vapor pressure of
the bulk nucleating phase is po and the
partial pressure of the parent vapor
phase is p, the supersaturation ratio « is
given by

a = p/po (1)
and supersaturation, ¢, is defined as

p— (2)

According to classical nucleation theory
(7), the nucleation rate, dN/dt, nuclei
created per cubic centimeter per sec-
ond, for homogeneous nucleation is
given By:

o ()

—— = Bexp —_—

dt TIn’a 3)
For a given nucleation process, 4 is
constant and B is approximately con-
stant. T is the absolute temperature.

The extreme sensitivity of nucleation
rate on supersaturation or supercool-
ing provides the characteristic feature
of nucleation. There is a critical super-
saturation, «*, below which nucleation
does not occur at an appreciable rate
and above which it occurs at a rapidly
increasing rate. As nucleation occurs,
the supersaturation is decreased and nu-
cleation again ceases.

The growth of a nucleus occurs by
the advance of the boundary surfaces.
For a perfect crystal surface, continued
growth requires the formation of new
steps on the surface (/7) by a process
known as two-dimensional nucleation.
A sensible growth rate usually requires
a supersaturation greater than 50 per-
cent for two-dimensional nucleation to
occur.

A schematic plot of growth rate of

a perfect surface from its own vapor .

is shown in Fig. 14. Experimental
curves, Fig. 1B, do not display the
critical supersaturation characteristic
of nucleation processes.

Frank (I2) pointed out that actual
crystals are not perfect but almost
certainly contain screw dislocations.
These are defects that provide growth
steps of such a nature that the comple-
tion of a surface layer perpetuates
rather than removes the defect as in-
dicated by Fig. 2. This eliminates the
need for the formation of new steps
by two-dimensional nucleation and al-

Nucleation may occur either on @ [lows the crystal to grow at low super-
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rticle: of a foreign solid,(he;etq’e'g‘::? saturations. Figure 3 shows the ap-

£ FILL bur

pearance of the surface after several
layers have been deposited upon it.

If a nucleus contains a single screw
dislocation, it will grow at low super-
saturations as a whisker (9, 713) whose
axis coincides with the acting screw
dislocation. If the nucleus contains
a planar set of screw dislocations
(14) it will grow as a very thin platelet.
If it contains a three-dimensional array
of screw dislocations, it will grow as an
equiaxial crystal.

Since the presence of screw dislo-
cations in growing crystallites allows
equilibration of the supersaturated va-
por phase with the stable crystal phase,
the dislocations guarantee that the su-
persaturation rapidly diminishes after
nucleation. Only those nuclei contain-
ing screw dislocations can grow, and the
resultant smoke must contain whiskers
or remain supersaturated at least to the
degree required for two-dimensional
nucleation. Growth at intermediate
supersaturations occurs at certain re-
entrant twin boundaries. '

Nuclei present in the pre-planetary
nebula from the initial interstellar
cloud are likely to lead to screw dislo-
cations in the growing crystal (9, 14,
15). Nuclei formed at high supersat-
urations also contain many defects (/6)

GROWTH RATE =t
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Fig. 1. (A) Theoretical curve for growth
by two-dimensional nucleation. (B) Typi-
cal experimental curve.

Intersection of screw dislocation
with crystal surface. The blocks represent
molecules.

Fig. 2.




and can grow as an array of whiskers
(17). Radiation damage offers a possi-
ble source of screw dislocations which
could offer a path to whisker forma-
tion.

We conclude that in the solar nebula
a large fraction of the small crystals
will be in the form of whiskers. Since
perfect nuclei will be unable to con-

tinue growing in the presence of whis-"

kers, the condensed solids on a mass
basis will consist predominantly of
whiskers.

Recent experiments at Cornell Uni-
versity (I/8) have shown that powders
ground to 15 u diameter adhere readi-
ly on impact at velocities up to 15
cm/sec. They produce loosely packed
structures that were called “fairy cas-
tles.” These are very similar to our
postulated lint balls.

The structure of filamentary particles
would readily lead to coagulation by
collision. The large ratio of surface to
mass for whiskers compared to equi-
* axial particles further enhances the ac-
cumulation process. Any mechanism
* for forming aggregates of solid particles
will be much more effective for
whiskers than for spheres or equiaxed
particles.

It is proposed that the whiskers
collided to form lint balls. These balls
provided a trap for spherical or equi-
axed particles and also provided a tre-
mendous internal area for absorption of
noncondensable and slightly condens-
able gases.

Several properties of whiskers are of
importance in the aggregation process.

1) Whiskers have strengths character-
istic of perfect crystals. In general, they
can be deformed 3 to 5 percent elastic-
ally (7/9). As an example, a whisker
of pure iron (20) has withstood a tensile
strain of 4.9 percent or a stress of
1.9 X 10° Ib/in.* For comparison, an
ordinary iron crystal has an elastic limit
of about 5000 Ib/in.” In bending, an
elastic strain of 6 percent has been ob-
served (27) compared with 0.01 per-
cent elastic strain for ordinary pure
iron.

2) Metal whiskers would not break
into fragments upon mutual collision,
but would, plastically, deform and in-
tertwine. A lint ball of whiskers should
be able to catch a relatively high-speed
whisker or equiaxed particle.

3) A whisker has such a high ratio
of surface to volume that any heat
generated during a collision would be
radiated away rapidly so that evapora-
tive losses would be held to a minimum.
A metal whisker 1 y in diameter mount-

ed in a vacuum of 10~ mm-Hg has been
observed to cool at 300°C/sec from an
initial temperature of 100°C at an am-
bient temperature of 25°C (21).

4) The large ratio of surface to vol-
ume would provide a large cross-section
for whisker-whisker collisions as com-
pared with collisions between equiaxed
crystals by as much as a factor of '100.

5) The junctures of whiskers and the
dislocations generated during plastic
flow associated with collision would
create many internal sites suitable for
further growth.

Throughout the solar nebula in the
region now occupied by the planets,
conditions were such that nonvolatile
compounds such as silicates, some met-
als, and metallic oxides could condense.
At some distance out in the nebula,
temperatures were low enough for vola-
tile substances, for example, water,
ammonia, and hydrocarbons, to con-
dense also (2). Shielding of solar radi-
ation by the grains (22, 23) would have
brought the zone of volatile condensa-
tion in much closer to the sun. If the
shielding were sufficiently effective it
may have permitted hydrogen conden-
sation as well (22, 24).

A significant fraction of whatever
substances did condense would have
grown as ‘whiskers.

Because of the high temperatures that
were produced in the collapsing cloud
(2, p. 122) some of the condensed par-
ticles may have melted. Wood (6) has
proposed that meteoritic chondrules
were formed as liquid drops which then
solidified or were possibly melted.
Whatever processes did occur, in order
to have the solid particles accrete into
planets and meteorites, a majority of
them must have formed as whiskers or
on nuclei which grew as whiskers.

The time scale for accumulation of
planets is an important consideration
and requires careful analysis. Calcula-
tions have been carried out (25-27)
for processes in which no mechanism of
coagulation was given, but high efficien-
cy of collection was assumed. In the
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calculation of Chandrasekhar (27) and
von Weizsacker (26) a period of the
order of 10° years was obtained, if it is
assumed that there was no significant
depletion of cloud material. For a mod-
el in which the growing planets used up
all the material, Schmidt obtained times
of several billion years. Opik’s studies
(28) of collisions and accretion in in-
terplanetary space are applicable and
suggest times of 10° to 10" years (29).

A cluster of grains would have a very
low density, perhaps about 0.1 g/cm’
and possibly even lower, rather than
densities of 3 to 8 g/cm® characteristic
of stones or metals, which is usually
assumed. Because of the low density,
particles larger by a factor of about
5 than these calculated by Hoyle (3)
would be carried along by the gas. This
corresponds to a minimum diameter of
500 cm.

Whatever the detailed processes, at
some stage the “lint-ball” aggregates
grew. Von Weizsacker, in his treatment
of the problem (26), derived turbulent
velocities of 3 to 10 km/sec which were
imparted to the small grains as well.
The velocity must be limited to a value
which would permit whiskers to coagu-
late. Iron whiskers could probably sur-
vive such impacts, silicates are much less
likely to survive, and ice and other com-
pounds of low boiling point would cer-
tainly not survive. A lower value seems
required with a concomitant increase in
time of accumulation. However, it ap-
pears that relative velocities for colliding
smoke particles and small aggregates
were much smaller.

The distance A within which the
smoke velocity relative to the gas is
reduced in the ratio 1/e is given by
(27, 30)

Pr
ANss—r
Po’
p» is the particle density, p, is the
gas density, and r is the effective radius.
This must be multiplied by the ratio of
particle velocity to thermal gas velocity
when the ratio is less than unity. When
in addition the particle diameter is
greater than the mean free path which
was presumably of the order of centi-
meters, Stokes law must be used. These
different cases will not materially affect
the conclusions. If we adopt p» = 1
g/cm’, p, = 107 g/cm® (3), and r =
10 ecm, then A = 1000 km. For lint-
ball aggregates with small p,, \ is still
less.

The relative velocity of small aggre-
gates was determined by the turbulent
velocity of the gas within distances less

(4)




than about 1000 km. A very small rela-
tive smoke velocity could not have exist-
ed or the time of accumulation would
have been excessively large.

The properties of whiskers consider-
ably reduce the restrictions on the
characteristics of the solar nebula in
order for accumulation to occur.

As the aggregates grew, large relative
velocities could develop between large
aggregates and much smaller ones. Be-
cause of the porous, low-density struc-
ture of the large objects they could ab-
sorb the smaller ones with considerable
efficiency, that is with little loss of ma-
terial. Collisions between roughly equal
size aggregates are much more difficult
to analyze but considerable fragmenta-
tion is likely. A consequence of a high
relative velocity between large and small
aggregates would be a tendency for the
larger objects to sweep up the smaller
fairly rapidly and to facilitate growth.

Small nonvolatile coagulates which
formed in or moved into regions where
much volatile matter condensed would
have been trapped in a porous, snow-
like mass. Such combinations of volatile
and nonvolatile low-density aggregates
would account for Whipple'’s icy con-
glomerate comet nucleus (37). For this
reason cometary grains are probably
representative of the primordial conden-
sate (32).

When solar heating vaporizes the ices
of the comet nucleus, single whiskers,
small fluffy aggregates, and trapped
spherulites are released. Because of
their large surface to mass ratio the
more whiskery particles would be more
readily carried along by the cometary
gases and would also undergo greater
repulsion by radiation pressure than the
spherical or equiaxial particles. The dif-
ference between head and tail particles,
to which Swings (33) called attention,
may be primarily in the shape of the
grains. This could be tested by observa-
tion (34).

Aggregates containing many grains
which are released by the vaporization
of the comet nucleus would spread out
along the comet orbit. They would have
the porous, fragile structure ascribed to
dust ball meteors associated with comets
(30, chap. 9; 35; 36).
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