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ABSTRACT

The degree and nature of polymer
degradation that occurs in the high temperature
microshell formation process developed at the
Lebedev Physical Institute has been examined
experimentally.  We find that significant mass
degradation occurs during  the final stages of shell
formation.  This manifests itself both in terms of
mass loss and molecular weight degradation as
measured by gel permeation chromatography.
This decrease in the molecular weight may be in
part responsible for the relatively fragile nature
of the shells produced by this high temperature
process.

I. INTRODUCTION

High temperature droptower techniques for
producing plastic microshells with diameters in
excess of 1 mm have been demonstrated at the
Lebedev Physical Institute (LPI).1  Briefly the
method involves exposing solid polymer granules
containing a small fraction of a volatile organic
component to a  high temperature gas environment
for a short time.  The granules, typically composed
of polystyrene,2 initially foam and then the foam
coalesces to form a shell.3  The furnace
temperatures typically used range from 800 to 1200
K.  Generally, the shells produced are much more
fragile than shells of similar size and wall
thickness prepared from polystyrene by low
temperature microencapsulation techniques. Since
polystyrene depolymerizes at about 650 K, one
might expect some degradation in this process if
the granules in fact reach the furnace temperature,
and  this   may  in  part  account   for   the   increased

fragility. However it also suggests that a
detailed study of polymer degradation in the LPI
technique is in order, and in this paper we explore
this issue.

Before proceeding to our experimental study,
the first question to address is how hot do the
granules get as a function of time.  In an effort to
get a very rough (and probably upper bound)
estimate of this we took as a model a spherical
polystyrene granule of radius r with a constant
temperature (equal to the furnace temperature)
boundary condition.  The solution to this heat
diffusion problem in a sphere is given by Crank4

and can be expressed as
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where Ti is the initial (uniform) granule
temperature, Tf is the boundary condition (furnace)
temperature, a  is the granule radius, t is time, and
κ, cp, and ρ are the polystyrene thermal
conductivity, heat capacity, and density,
respectively.  Estimates for these last three
quantities were taken as 0.128 W m-1 K-1, 1.8 J g-1

K-1, and 1.05 g cm-3, respectively.5  The values for
κ and cp are taken at 100 °C, and both increase
with temperature.  However since our objective at
this point is only to obtain a rough estimate we
have not concerned ourselves with this problem.
Figure 1 displays the results of these calculations
for three different values of r for a 0.8 mm
diameter granule with a Ti of 300 K and a Tf of 1000
K. The solid lines (left axis) show the time
dependent temperature and the dashed line (right



axis) shows the free fall distance the granule
travels as a function  of time.  Clearly based on
these crude calculations the entire granule reaches
temperatures in excess of the decomposition
temperature in a 1 m high furnace.  This degree of
heating is perhaps unphysical since the foamer
evaporation, polymer decomposition, and thermal
ablation processes will tend to suppress the
temperature rise. It turns out that foamer
evaporation is a minor effect, suppressing the
temperature rise by no more than about 20 K. The
inclusion of polymer decomposition and ablation
factors is possible,6 and will primarily cap the
temperature rise at the decomposition
temperature.
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Figure 1.  The solid lines (left axis) show the time
dependent temperature of a polystyrene granule
with radius 400 µm at three different distances
from the granule center which is exposed to a 1000
K furnace.  The dashed line (right axis) shows the
free fall distance the granule travels as a function
of time.

In order to roughly estimate the degree of
mass loss the granule might experience given the
above temperature history we need to examine the
relevant kinetics.  To do this we used the methods
developed by Burnham, et al.7 that have proved
effective in modeling polymer decomposition and
related mass loss at elevated temperatures.  The
decomposition (mass loss) rate expression is given
by

    dx/ dt =− kx(1 − fx)m (2)

where x is the fraction of polymer mass unreacted
(1-x is the fraction of mass     lost    ) and k  is the
temperature dependent rate constant that can be
expressed in Arrhenius form as Aexp(-Ea/RT).  The
f  factor is a numerical integration necessity and is
taken as 0.99.  The values of m, A , and Ea for
polystyrene decomposition were determined from
experimental measurements by Burnham8 to be
0.25, 1.4 x 1016 s-1, and 57.3 kcal/mol.  Given these
quantities and the time dependent temperature as
a function of r we numerically integrated eq (2) to
give the mass fraction of polymer remaining at
various radial positions as a function of time in
the furnace.  The results for the three radial
positions shown in Figure 1 are displayed in Figure
2.  What is clearly seen is that there should be
significant mass loss during the transit of the
granule through the furnace.  In fact for a 1.5 m
furnace the granule should almost completely
disappear!

1.0

0.8

0.6

0.4

0.2

0.0
0.60.50.40.30.20.10.0

time in seconds

2.0

1.5

1.0

0.5

0.0

distance traveled
(right axis)

r=300 µm
r=380 µm

r=20 µm

Figure 2.  The solid lines (left axis) show the time
dependent mass fraction remaining based on the
data presented in Figure 1.

Our objective in presenting these calculations
has not been to accurately determine the mass loss
factors in high temperature shell formation
processes, but rather to motivate our experimental
investigation. The reality is that shells are
produced with even higher column temperatures.
The above calculations are at best very crude, for
example they do not take into account that the
initial 0.5 m of the 1.5 m column is generally at a
temperature  below   the   calculation   temperature



(see Figure 3); and as noted earlier they leave out
a number of factors, primary among them the
thermal contribution of the
decomposition/ablation process to the shell
temperature.  But they do certainly point to chain
degradation as a likely phenomena, and this
experimental investigation has focused on
quantifying it.
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Figure 3.  Shown is the measured furnace
temperature profile for three different settings.
The temperature of the top three 0.5 m sections are
individually controlled.  The bottom 2.0 m serves
as the cooling zone.

Our objectives were two-fold.  First we
wanted to determine by direct measurement what
mass loss the granules underwent during their
transit through the furnace.  This was
accomplished by preparing a set of polystyrene
granules whose masses were individually
determined, dropping them individually through
a furnace set at a known temperature, and then
redetermining their masses.  Our second objective
was to determine the effect of any mass
degradation on the polymer molecular weight,
since a reduced molecular weight might be related
to the observed shell fragility.  To accomplish
this objective some of the granules were prepared
at the Lawrence Livermore National Laboratory
(LLNL) from well characterized monodisperse
polystyrene (Mw = 109k, Mw/Mn = 1.04).  This is in

contrast to the suspension polymerized granules
generally used at LPI that have a much broader
molecular weight distribution.

II. EXPERIMENTAL SECTION

Polystyrene granule preparation and
characterization.  Using a dual orifice droplet
generator, appropriately sized droplets of a 10
wt% solution of polystyrene (Mw = 109k, Mw/Mn =
1.04) in a 1:1 solvent mixture of methyl ethyl
ketone and dichloroethane were suspended at 25 to
60 °C in an aqueous bath of 1% poly(vinyl alcohol)
which served to prevent coagulation.  Over a
period of hours the organic solvent was lost to the
bath and polystyrene beads with diameters of
from 500 to 850 µm were produced.  The beads were
then water rinsed and air dried under reduced
pressure.  Generally the beads were cloudy
indicating the presence of many small (few
micron) voids well known in microencapsulation
work.9  Measurements of size and mass indicated
that the internal void volume was no more than a
few percent.

Thermogravimetric analysis (TGA) of these
beads showed approximately an 8% mass loss
before 300 °C, most of this occurring below 150 °C,
indicating that they contained residual small
molecule components, most likely water and/or
the organic solvents used.  In contrast a TGA of the
polystyrene material used to produce the granules
showed no significant mass loss before the onset of
depolymerization at about 350 °C.

The masses of 98 granules with diameters
between 580 and 850 µm were individually
determined to the nearest 0.2 µg on a Cahn
microbalance.  The remainder of the beads were
sieved to separate them into narrow size ranges to
be used in additional studies.  Granules were also
used in some experiments that were prepared by
suspension polymerization techniques that have
previously be described.1  Gel Permeation
Chromatography (GPC) measurements were
calibrated against monodisperse polystyrene
standards.

Before use in the heated droptower, a l l
granules were infused with a 1:5 ethyl
acetate:ethanol mixture for 70 hours, resulting in
an uptake of about 5 wt %.  This volatile
component served as the granule foamer.1



Droptower Furnace.  A 1.5 m free-fall
sealed furnace with three independent
temperature controlled 0.5 m sections was used.  In
all experiments the furnace atmosphere was a 1:1
Ar:He gas mixture at 0.1 atm.  Granules were
introduced at the top and fell through the furnace
to a 2.0 m cool zone at the bottom where they are
recovered.  There was a significant temperature
gradient in the top zone with its temperature
varying from about 400 K at the injection port to
the temperature setting of the second zone, which
was as high as 1200 K.  In the experiments
described below, the second and third zones were
kept at about 970 K, 1080 K, or 1200 K, with
variation within the zones of as much as 20 or 30
K.  The experimentally measured temperatures in
the furnace and cool zone are shown in Figure 3.  In
our discussion we will refer to the mean zone 2 and
3 temperatures listed above.

III. RESULTS AND DISCUSSION

In Figure 4 we show the measured mass
recovered from the preweighed granules.  Of the
98 granules dropped, 68 were recovered and
measured.  Granule losses were due to both
difficulties   with   the   collection   of  the  dropped

granules from the tower installation and with the
transport of the dropped granules back to LLNL for
mass measurement.  Nine different combinations of
granule sizes and furnace temperatures were used,
however because of the relatively small number of
samples tested for each condition no clear trends of
the effect of size or temperature on mass loss could
be determined.  Instead we observed that most of
the granules lost only the 8% volatile component
that had been determined by TGA to be present in
the initial granules.  Only a few of the granules
appeared to lose more mass.  Careful examination
of the post-drop granules indicated that most of
those that lost only 8% of their mass had a foam-
like morphology.  In contrast, most of those that
lost more than 8% of their mass showed
indications of at least partial shell formation,
generally in the form of distinct bubbles in the
granule or in some cases the appearance of a
deformed or collapsed shell.  From these
measurements alone it is impossible to tell
whether the greater than 8% mass loss for some of
the shells was due to polymer degradation or
simply due to fracture of the initial granule.

In order to better characterize the effect of the
furnace exposure on the polymer in the
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Figure 4.  Shown is the fraction of granule mass recovered for each of 68 preweighed granules after
dropping through the furnace.  The 8 % mass loss is due to volatile components in the initial granules.
The vertical lines mark demarcations of different average granule size and furnace temperature, as
shown in Table I.



Table I. Preweighed granule size and temperature
exposure.

Group Diameter Furnace T

1 800-850 970
2 750-800 970
3 750-800 1080
4 700-750 1080
5 660-700 1120
6 580-660 1120
7 750-800 1200
8 700-750 1200
9 580-660 1200

granules, GPC measurements were made .  In order
to obtain suitable sample sizes for analysis,
several hundred granules prepared at LLNL from
monodisperse polystyrene were dropped through
the furnace at three furnace settings.  The collected
granules were then sorted into “foam-like” and
“shell-like” granules.  A similar process was
followed with LPI produced polydisperse
granules. The GPC results are shown in Table II for
the two types of granules.  Figures 5 and 6 show
representative GPC traces for the initial, “foam-
like”, and “shell-like” granules for the LLNL and
LPI materials, respectively.  The recorded signals
have been scaled for the purpose of clarifying the
presentation.  The important feature to note is that
the initial granule foaming process does not result
in any significant chain degradation whereas the
shell blowing process does.
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Figure 5.  Shown are GPC traces for the initial,
“foam-like”, and “shell-like” LLNL produced
granules.  The furnace temperature was 1200 K.

Clearly those granules that form shells reach
higher temperatures.  The complete lack of
degradation upon foaming seen in the
monodisperse LLNL granules indicates that these
granules did not reach temperatures higher than
the degradation temperature of polystyrene, about
650 K. Those that did form shells showed
degradation, and thus must have reached higher
temperatures.  It is worth noting that in these
experiments most of the granules passed through
the furnace without forming shells, instead foam-
like granules were recovered.  Since all granules
were exposed to the same furnace environment it
may be that the shell blowing process is an
infrequent and random event that depends in an
unknown way on the individual granules.  For
example, it may be necessary for some amount of
the volatile foamer to be trapped and thus
initiate a bubble.  These more buoyant granules
would then slow down, resulting in longer transit
times in the furnace.  In addition the formation of
a shell more effectively exposes the total mass of
polymer to the heat supplied by the furnace gas,
thus allowing it to reach higher temperature.
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Figure 6.  Shown are GPC traces for the initial,
“foam-like”, and “shell-like” LPI produced
granules.  The furnace temperature was 1080 K.

The apparently higher degree of degradation
seen in the LPI granules is likely due to a number of
factors, but primary among them is that the LLNL
granules were larger than the LPI granules and
thus not optimum for the column conditions.  The
“shell-like” granules recovered from the LPI
material included a number ofTable II.  GPC
measurement results.



Granule Furnace Granule
type T (K) form Mw Mw/Mn

LLNL - initial 109K 1.04
LLNL 970 foam 109K 1.04
LLNL 970 shell 80K 1.71
LLNL 1200 foam 108K 1.04
LLNL 1200 shell 83K 1.48
LPI - initial 265K 2.79
LPI 1080 foam 249K 2.96
LPI 1080 shell 93K 2.52
LPI 1200 foam 243K 2.39
LPI 1200 shell 90K 2.85

actual shells while the “shell-like” granules
recovered from the LLNL material did not.  The
failure of the LLNL granules to form shells as well
as the LPI granules is certainly due in part to the
fact that the shell forming process had been
optimized for LPI produced granules.  A
reoptimization in terms of foamer composition and
concentration as well as column temperature profile
and granule size would be necessary to produce
shells from LLNL monodisperse polystyrene
granules.

CONCLUSION

We have demonstrated that the high
temperature droptower techniques used at LPI for
the formation of large polystyrene shells causes
polymer degradation.  The shell forming process
involves two steps, first foaming of the initial
granule and then conversion of the foam to a
spherical shell.  We have shown that their is no
degradation associated with the first  step but
rather all degradation occurs in the second step.

The issue of shell fragility is a complicated
one.  Certainly part of the observed fragility comes
from the very rapid temperature quench the molten
shells undergo in passing from the hot to cold zone.
This quench traps the polymer chains in
nonequilibrium stressed states, and in fact it has
been observed that immediately after formation the
shells are extremely fragile.  Room or slightly
elevated temperature annealing for 24 hours results
in significantly more robust shells due to chain
relaxation.

The   role   of   polymer   degradation   in shell
fragility is clear, shorter chains result in more a
brittle material.  However, the solution to this
problem is not straightforward, especially for
large shells which require larger initial granules
and thus more heating.  The use of lower
temperatures would certainly require longer
exposure in the hot zone, and it is not clear
whether this will result in more or less
degradation.  Improved calculations along the
lines of those presented in the Introduction may
shed some light on the problem.  The use of higher
molecular weight polymer may be a partial
solution.  However in a polydisperse polymer
sample the shell strength may be largely
controlled by the low molecular weight
component, and even the Mw = 265K polydisperse
polymer granules have a sizable low molecular
weight component, even before degradation.  Thus
it may make sense to more thoroughly explore the
use of monodisperse polymer.
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