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ABSTRACT

Amofphous magnesium silicate smoke particles were condensed from
hydrogen and arpon atmospheres containing Mg and S10. A wide range
of initial compositions were observed but all particles could be
recrystallized into forsterite (Mgzsioa) by heating to 1000°C in
vacuum., The amount of smoke formed decreased rapidly with temperatures

between 300 and 800°K at reactant partlal pressures of about 1 torr.



1. INTRODUCTION

Wo roport heiv the tleat labopratory vesults of an experimental
and theoretfcal study ol the format ton of solld partleles In astronomical
systems, A Inttial theoretical analysis was previously publlahed
(Donn, 1974),

The prevalling beltel is that sillicates are the basie component
of mleron size prains abserved In the {nterstellar wmediom, vlreum-
stoellav elouds oxeept around carbon stars, and comets (Woolf, 1974
Field, 19743 Nev, 1977).  In these obJects the lufraved spectvum has
a4 hroad, structureless L0um feature and a generally weaker one at d0um.
These have been attributed to the 81-0 strotehing and bending modes,
respect ivoly (Nev, 1977),

Day (IM76) han preparved amorphous hvdrous sillcutua by precipita=
tion trom solytlon and found elose agreement with the 10um Lnfrurvd
aportrum of the Becklin=Neugebauer object in Orlon as well as with the
mateix material of tvpes T and 11 carbonaceous chopdeitic weteorites,
Zalkowskl et al, (1975) showed that the 10um spectva of some crystalline
hydrous silicates also had o close vesembleonce to the astronomical
spoeelra,

Additionnl support for the fdentitication of silicate materinl has
been hased on thermedynamie caleulations of the stability of silileate
minerals (Cllman, 1969; Grossman dnd Larimer, 1974; Field, 1974). This
procedure has been cvitleized by Donn (1976).  Condensatfion theory will
be reoxamined in a forthcoming paper.

Because of the tmportance of silicate matevial in-grain models, we
bepon with an fnvestipation of the condensation of wmagnesium silivates

from the gas phase.
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IT. DESCRIPTION OF THE EXPERIMENT -

Magnesium silicate grains were condensed by simultaneously evaporating
Mg and Si0 solids into an atmosphere of argon or hydrogen at a pressure
of a few torr. YThe two source materials were placed in crucibles or
molybdenum baskets about a centimeter apart. The temperatures of the
two were independently contrelled through the use of two variaes, The
temperatures were monitored by Pt-Pt/13% Rh thermocouples. Average
temperaturas were around 700°C for Mg and 1400°¢C for sio. By varying
the temperatures, silicates with a large range of Mg/Si ratio were obtained.
The actual ratios were qualitatively determined in a few cases.

When the temperatures became high enough a mixed Mg-S10 cloud
formed within a few centimeters of the sources and smoke would condense.
Convection currents carried these upward and deposited them on a stain-
less steel collecting plate about 15 cm above the crucibles.

In a few runs the particles were subsequently dispersed on formvar
films and examined by electron microscepy and electron diffraction,
For some other runs an electron microprobe was used to determine com-
position. In other cases, X-ray [lourescence was used. Foilowing
Gvery run some of the particles were dispersed in KBr pellets.for examina-
tion of thair infrared spectrum,

For most runs, samples were annealed at 500°C and 1000°C for one
hour in Vacﬁum. In some cases, intermediate temperatures were used to
better define transition points. With the later experiments in the
series the condensation temperature was controlled by baving the
sources approximately céﬁtrally located within a resistively heated

aluminum oxide tube. This auxiliary furnace was l0em diameter and



and 20 em high.  Cas temperatures within the furnaee weore measured with
a thermocouple.  This was adopted as the nominal condensation tempera-
ture, The result we found, that the quantity of smoke produced had
a high dependence on the nominal temperature, indlcates that the source
heatIng produced only a gmall modifiecation of the temperature. A
diagram of the experfmental arrvangement is glven in Flgure 1.

51ightly under 0.5g cach of Mg and 810 were vaporized in approxi-
mately 5 minutes during an experviment. An estimate of the steady state
reactant pressures from convection or from diffusion indiecate about
1 tore.
11T, RESULLS

The condensed grains were quite uniike comuon terrestrial sllicates.
They were tan to et black ond exhibited various degrooes of instability.
Most of the black material exploded violently when lgnited after removal
from the chamber, Some samples burned leaving a white or gray ash.
The explosive quality would greatly dimintsh if the grain were exposed
to itlr overnight when it could slowly oxidize, Vaporization of 510
by itself always ylelded mainly SiBO3 smoke (Ddy and Donﬁ, 1977) rather
than $10 which oceurs with vacuum deposited [ilms,

Flectron microsropy showed that the individunl grains were on the
order of few hundred angstroms., Diffraction studies were carried out
on somples from soveral experiments. The.Lnitial condensates were
nmofphuus grainsg, Heating cn'1000°c converted them to crystalline
forsterite (MHQSiod)' This was true ho matter what the starting
composition was. We were never able.to produce enstatite (HgSiOB) or any

other magnesium silicate In detectable amounts.
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Qur microprobe measurements were preliminary and very incomplete
but certain trends were evident. The grains condensed without regard
to mineral stochiometry and ranged from some with very high magnesium
to almost pure sillcon oxide. The Mg/Si ratlo also varied within a given
oxperiment for grains condensed from the same cloud, The Mg/Si vapor
ratio within the cloud would be expected to vary considerably also.

The infrared spectrum was obtained for essentlally all samples.
The infrared spectra of the amorphous material (Figures 1 and 2) of
mogt runs bhear a strong resemblance to the often obgserved interstellar
and edircumstellar 9,74 feature. It is interesting to note that varla-
tions in the Mg/Si ratio produce some shift in the position of the
prineciple peak near 10u. High-Mpg varieties peak near 10.0um, whereas
high-8i ones peak around 9,5 m, thus bracketing the range in which
the astronomical feature ocecurs. Substantial differences in the ratio
of 10 to 20 peak heights were found. In cvery case, the spectra of
the lODOOC.ﬂnnealed sample was that of Mg28104. In a few instances
evidence for amorphous SiO2 or of 51203 was found. These were
associated with excess 810 in the condensate. In a number of runs
the initial condensate had a very weak 10um peak aﬁd a much stronger
20um peak. Heating to 500°C always increased ﬁhe 10um band relative
to the 20, Even fofIChese samples, the 1000°C anneal produced a
fosterite spectrum as in Figures 1 and 2.

The auxiliary furnace was provided t6 study condensation at con-
trolled temperature, This had two objectives? (1) to determine the
temperatufe dependence of condensation and {2) to compare the nature

of the condensate and annealed grains as function of temperature.



Coplogs quant fries of smoke were abtatned with the auxiliary turnaee
cald.  The gas temperature o the condeasat lon veglon was heated to i
st to compare the smoke with nmoke anpealed to S00°¢, o our
purpr tse, no condensation veeurved, A pood supply was obtalned at
W0°C and a small amount ab 40070C, A trace of smoke was collected
at A0t when the souree temperatures were ralsed, inervasing the
poaetant concentrat fon o the vloud,
IV, DISCUSSION .
The sllivate maiurial we condenued was in a highly reduced cotdl-
Llon and svemed to be the same whether the anbient atmosphere was argon
or hvdropgen, At tempesiatures up Lo BOOK (%nn“c} amo rphous, uan-
atachiometrie prains were abtained,  During the 1270K (1000“0) anieal
a4 magnesium miveor deposited in the vonler reglon outside the furnaee,
or a4 whitishevellow siticaceous depostt would oveur.  The amorphous
praing were veory stable, vesisting recevstalivation Lo above 1100°K.
The vapor pressure of silicates is extremely low below 8GG K. Tor
funat roeks, the partfal prossure of S0 ot 1700 K is ’10“'] atm, = 0,70
Torr (de Maria ot aly, 71, A pross oxtrapalatfon of thelr linear
s Pows U1 curve vields pLaon XY = len'“ Torer, Tor Siﬂs {vristobalite)
dchick (1o} in his review yeports IUEETU IS ﬁxlﬂﬂy Tore at 1478 K.
Desplite the extremely low eguilibrimm vapor pressure at BOO K for
silivates and conspgquent supurﬁnturutiuﬁs fn our experiments groatey
Fhan lﬂﬁ,nvlrhur mignes fum silicates nov sllicnu.uxidus condensed, A
Fiest eeder comparison of the laboratory aml astronomical systuoms is
piven in Table 1, This cempares the fwportant parameters, pfvséuve, o 'i

distanee scales and time scales,  The last row 1ints the guantity

£



which Ls physically most relevent, the total number of collislons. We
note that this quantity is generally comparable among laboratory-cloud
pairs. In the forthcoming theoretieal analysis it will be shown that
dependence of processes involved in condensation substantially inhibits
nucleation at low pressures chavacteristic of clouds.

The fact that 1t is very difficult to condense refractory grains
at ambient temperatures of a few hundred degrees celsius, even with
very high supersaturations present indicates that the barriers to
nucleation of silicates from a homogeneous vapor are quite formidable.
Even simple systems, such as the condensation of metallic iron from
the vapor, as discussed by Blander and Katz (1247) can withstand high
supersaturation without wnucleating.

Experimentally, Frurip and Bauer (1977) obtained ¢ritical super-
saturations in the range of a hundred to szeveral thousand for iron,
lead and bismuth. Sinece none of the common terrestrial magnesium
sililcates (MgzsiOA, MgSiOB, ete.) has been recorded in the vapor state,
the problem of nucleation from a mixture of cowmponent vapors is even
more difficult (Donn, 1976). This problem has received inadequate
attention and the theory is presently inadequate to deal with it.
However, the 1mp1ications.for the enriy stages of condensation in
astronomical clouds aré quite profound. The experimental approach
agnears to be quite fruitful and is being extended by the authors to
cover more complex situations and te make more quantitive experiments.
V. CONCLUSTONS

This paper presents the first resuits from a series of experiments
designed to explofe the nucieatiOn of small silicate grains from a vapor

of astrophysically significant elements and compounds. We conelude:
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L. At low temperatures (to a few hundred deprees Celsius) the
condensiates are amorphous and have widely varying stoichliometries.

The compounds most stable thermodynamically (MgESiOA, MgSlQa and 5102)
do not veadily form,

2 At higher temperatures (abowe 700°K), it becomes very difficult
to nueleate any silicates at all, and those that dld form were amorphous.
This shaws that surface epergies and kinetic effects, which detormine
che stabllity and growth of small clustors, ave very lmportant in
determining under what conditlons condensation will oecur.

3. The tofraved speetra of the experimentally produced magnesium
silicates have a strong resemblance to those obhserved in many astro-
avamieal elouds,

ACKNOWLEDGMENLS

One of us (KLD) wishes to acknowledge the support NASA Goddard

Space Flipght Coenter, which provided funding through the Vislting

Scientist Program. This work was also partially supported by NSF,



REFERENCES

Blander, M., and Katz, J.L., 1967, Gecochim. Cosmochim. Acta, 31, 1025.

Day, K.L., 1976, Tcarus 27, 561; Ap. J. 210, 614.

Day, K.L. and Donn, B., 1977, to be published.

DeMaria, G., Baldueei, G., Guido, ., Piacente, V., 1971, Proc, 2nd
Lunar Sci. Conf, V., 2, 1367, M.I.T. Press, Cambridpe, Maas,

Donn, B.D., 1976, Mem., Soc. Roy Seci. Liege, 6 Ser. 9, 499.

Field, G.B., 1974, in The Dusty Universe, ed. by Fleld, G. B, and
Cameron, A,G.W., p. 88, Neale Acad, Pub. N.Y,

Frurip, D. J. and Bauer, S.H., 1977, J. Phys. Chem., 81, 1001.

- Gilman, R., 1969, Ap. J. 155, L1853,

Grossman, L. and Larimer, J.W., 1974, Rev. Geophys. Sp. Phys. 12, 71.

Mey, E.P., 1977, Science, 195, 541,

Sehick, H.L., 1960, Chem. Rev. August, 331.

Woolf, N., 1974, in The Dusty Universe, ed. Field, G.B. and Cameron,
A.G.W., p. 60, Neale Acad. Pub., N.Y.

Zaikowski, A., Knacke, R.F., and Poreco, C.C., 1975, Astrophys. Sp.

Sei., 35, 97.

S T E T R e =
.

e g R e e g




TABLE 1

Condensatlion Conditions in Laboratory and Clouds

Clouds -
Lab, A B C
Total Pressure (torr) 5 1071 10—& < 1078
Condensible Pressure (torr) 1 10-7 10-10 < 10-12
Distance Scale (cm) 10 1013 1013 1018
Time Scale (s) 1-10  10° 107 1012
No. of Collisions a PT 110 10? io“3 1
A = primordial nebula

B = circuemstellar shell

dark cloud

(]
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Fipure 1.

Fipure 2,

Figufc 3.

FIGURE CAPTIONS

Diagram of apparastus.

Infrared spectra of nominally high Mg smoke condensed at
SOOOK, ~we= lnitinl condensate; ... heatoed to 800°K in
vacuum; '+ heatcd to IBOOQK In vacuo. The last is the
spectrum of crystalline forsterite, Mgzsinﬂ.

lafraved spectra of nominally high Si smoke condensed at
300K,  -=-- initial condensate] ..—.. heated to 800°K in
vacuoy *+++* heated to 1300°K in vacuo, The last is
forsterite, with a small percentage of amorphous quartz

admixed.
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