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ABSTRACT: Resorcinol–formaldehyde (RF) aerogel chemistry has been used with en-
capsulation techniques to fabricate low-density, transparent, foam shells. To accom-
plish this, the gelation time was reduced from several hours to several minutes by
the addition of acid following base-catalyzed RF particle growth. However, additional
‘‘annealing’’ of the gel for at least 20 h was needed to maximize crosslinking and
minimize swelling in exchange solvents. Increasing the molar ratio of formaldehyde to
resorcinol from 2 to 3 also helped to increase crosslinking. Densification of the foam
shells due to dehydration during curing was greatly reduced by judicious choice of
immiscible oil phases and by saturating the exterior oil phase during the annealing
stage. Shells have been produced with diameters of about 2 mm, wall thicknesses
ranging from 100 to 200 mm and foam densities approaching 50 mg/cc. q 1997 John
Wiley & Sons, Inc. J Appl Polym Sci 65: 2111–2122, 1997
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INTRODUCTION and symmetrize the fuel.3 This article describes
the fabrication of this inner foam mandrel via the
encapsulation of resorcinol–formaldehyde (RF)Future inertial confinement fusion (ICF) targets
aerogel.at the University of Rochester Laboratory for La-

The preparation of foam shells by encapsula-ser Energetics and for the planned National Igni-
tion was first developed by Takagi et al.4–8 usingtion Facility will require 1 to 2 mm diameter
a methacrylate-based chemistry. In their scheme,spherical organic polymer shells with an 80–100
an aqueous drop is enclosed by an immiscible or-mm thick cryogenic liquid or solid layer of deute-
ganic solvent shell; this compound drop is, in turn,rium-tritium (DT) on the inside surface.1,2 A po-
immersed in a continuous aqueous phase. Aftertential route to this goal is to line the inside of
formation of the compound drop, a multifunc-the target with a layer of low-density (Ç 50 mg/
tional methacrylate monomer dissolved in the or-cm3), low-atomic-number foam that helps support
ganic phase undergoes free radical polymeriza-
tion to create a crosslinked gel that occupies theCorrespondence to : Robert C. Cook.
volume of the organic phase. After polymerizationContract support: U.S. Department of Energy, contract

number: W-7405-ENG-48 (Lawrence Livermore National Lab- is complete, the water and organic solvent are ex-
oratory) and contract number: DE-AC03-9SSF20732 (W. J. changed with a mutually miscible solvent; thisSchafer Associates and Soane Technologies).

solvent (typically ethanol or 1,4-dioxane) is thenJournal of Applied Polymer Science, Vol. 65, 2111–2122 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/112111-12 exchanged with liquid carbon dioxide (CO2). Dry
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2112 LAMBERT ET AL.

foam shells are obtained by removing the CO2 as we compare the behavior of the shells during sol-
vent exchanges and drying to that of the bulk aer-a supercritical fluid.

This work4–8 and subsequent work performed ogel.
at the Lawrence Livermore National Laboratory
on methacrylate-based foam shells9 revealed two
important features of the encapsulation tech- RF AEROGEL CHEMISTRY
nique. First, gelation of the shell phase must occur
quickly to stabilize the inherently unstable com- The use of resorcinol–formaldehyde resin chemis-

try to form low-density microcellular materialspound drop. Second, the densities of the inner
droplet and that of the shell phase containing the was pioneered by Pekala et al.12–14 In basic aque-

ous solutions at elevated temperatures (60–polymerizable monomer must be carefully
matched to eliminate buoyancy effects that can 957C), resorcinol and formaldehyde react to form

crosslinked nanometer-sized particles. After thefurther destabilize the drop as well as lead to non-
uniform shell wall thickness. initial particle formation and growth stage, which

can take several hours, the colloidal particles be-The impetus to pursue shells made of resor-
cinol–formaldehyde aerogel was provided by its gin to aggregate and assemble into a stiff inter-

connected structure locally resembling a ‘‘stringconsiderably greater optical transparency com-
pared to methacrylate-based foams.10 The opacity of pearls’’ that fills the original volume of the

aqueous solution.of methacrylate foams is due primarily to the scat-
tering of light by the relatively large, 1–3 mm, cell A supercritical CO2 drying technique is used to

preserve the fine scale cellular structure of thestructure.11 RF aerogel, on the other hand, has a
cell size on the order of 0.1 mm and is significantly foam. In addition, because we wish to have tight

control over the dimensions of the final dry shell,more transparent than the methacrylate foams.
The preparation of RF foams differs consider- we also require that the gel be sufficiently stiff

and crosslinked so that it does not undergo anyably from that of methacrylate-based foams, and
these differences profoundly affect the encapsula- dramatic dimension changes (i.e., swelling or

shrinking) during solvent exchanges and drying.tion process. One important difference is that the
typical gelation time of conventional RF aerogel RF formulations are characterized by three

quantities related to the initial composition of theformulations is many hours.12–18 Because success-
ful encapsulation is possible only if gelation of the aqueous solution. The first is the molar ratio of

formaldehyde to resorcinol (F/R). A ratio of 2 hasshell phase occurs within 15 to 20 min, a means
of accelerating gelation is needed that can main- been used in all previous studies,12–18 but we have

investigated the effect of increasing it to 3. Thetain the desired foam properties (e.g., transpar-
ency and low density). Another important differ- ortho- and para-directing effects of resorcinol’s hy-

droxyl groups allow the addition of formaldehydeence is that, in the case of the RF system, polymer-
ization occurs in an aqueous medium rather than to the 2-, 4-, and/or 6-ring positions resulting in

methylol substituted resorcinol. Increasing F/Ran organic ( ‘‘oil’’ ) medium. As a result, an oil-in-
water-in-oil system is needed to create RF aerogel should increase the average functionality of the

substituted resorcinol and, ultimately, the degreeshells rather than the water-in-oil-in-water sys-
tem used for methacrylate foam shells. of crosslinking.

The second quantity is the molar ratio of resor-This article is organized as follows: in the next
section we briefly review the chemistry, pro- cinol to ‘‘catalyst’’ (R/C). The catalyst in this reac-

tion is sodium carbonate, which deprotonates acessing and properties of bulk RF aerogel; this
leads to a description of our method for signifi- small fraction of the resorcinol. Resorcinol anions

act as sites for the growth of RF particles becausecantly reducing the gelation time. In the two sec-
tions after this, the effectiveness of this method they are more reactive with formaldehyde than

neutral resorcinol molecules. Reducing R/C (i.e.,is examined by viscometry studies and the re-
sponse of RF gels to solvent exchanges. In the increasing the catalyst concentration) produces

more particles of smaller size. Investigation herenext to last section we describe various aspects of
encapsulating this material to create shells. is limited to R/C ratios of 100 and 200 because it

is known that these yield the lowest density andThese aspects include formation of the oil-in-wa-
ter drop, selecting appropriate exterior and inte- most optically transparent foams.12–15

The last quantity is the ‘‘theoretical’’ dry foamrior oil phases, and minimizing dehydration of the
aqueous layer during gelation. In the last section density, which is determined from the concentra-
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LOW-DENSITY FOAM SHELLS 2113

pH of an RF solution and, as shown in Figure 2,
found that it becomes more acidic over approxi-
mately the same time period as formaldehyde con-
sumption and RF particle growth. During the par-
ticle growth stage, base catalyzes the formation
of methylene bridges between substituted resor-
cinols, generating enough acid to gradually reduce
the pH. After particle growth has stopped, links
between particles are created by the acid-cata-
lyzed reaction between methylol groups on the
surfaces of particles to form methylene–ether
bridges. NMR studies14 support this difference be-
tween intra- and interparticle bridging structure.
Because the solution is typically only slightly
acidic after particle growth, aggregation proceeds
at a slow rate. Thus, we reasoned that artificially
lowering the pH by adding acid should more rap-Figure 1 Dynamic viscosity of an RF solution (30 mg/
idly aggregate the particles to the point of gela-cm3 theoretical foam density, F/R Å 2, R/C Å 100) at

707C. The first regime corresponds to particle growth. tion.
The second regime corresponds to particle aggregation This hypothesis has been confirmed experimen-
to form the stiff gel. Note change in time scale between tally. Figure 3 shows the dynamic viscosity when
regimes on the horizontal axis. From Letts et al.15 . sufficient benzoic acid was added, following 1 h

of conventional base-catalyzed reaction, to reduce
the pH to about 4. After a short period, the dy-
namic viscosity rapidly increases and plateaus intion of polymerizable reactants (resorcinol and

formaldehyde) in the initial aqueous solution. Be- as little as 2 h. This leads to the ‘‘two-step’’ proce-
dure outlined in Figure 4 for preparing and curingcause the density of water is approximately 1 g/

cm3, a solution containing a combined 5 wt % of RF gels. First, requisite amounts of the reactants
are mixed together and heated to 707C while stir-resorcinol and formaldehyde will have a theoreti-

cal density of about 50 mg/cm3. Due to some ring for 1 h. Afterwards, the solution is cooled for
several minutes in an ice-water bath and 20 mLshrinkage of the gel upon drying, actual foam den-

sities are usually slightly higher than the theoret- of a 1.8 g/L aqueous solution of benzoic acid is
ical densities. Pekala et al.12 found that the mini-
mum amount of shrinkage for gels with F/R Å 2
occurs when R/C Å 200. We have worked primar-
ily with RF formulations that produce foams with
theoretical densities of 50 and 75 mg/cm3.

Letts et al.15 have shown by dynamic viscosity
measurements that the base-catalyzed RF reac-
tion at 707C is initially dominated by particle
growth, which typically ceases after about 1 h.
This is illustrated in Figure 1 by the initial rise
and plateauing of the dynamic viscosity at a rela-
tively low value. At some point many hours later
(note change in scale), a second large increase in
the dynamic viscosity signals the aggregation of
particles to form a stiff gel. Titration measure-
ments16 show that most of the formaldehyde is
consumed within the first half hour. These results
coupled with light-scattering studies17,18 provide
convincing evidence that particle growth is com-
pleted well before aggregation begins. Figure 2 pH of an RF solution (50 mg/cm3 theoretical

It is our belief that the two regimes are a mani- foam density, F/R Å 2, R/C Å 200) during the first
hour of base-catalyzed reaction at 707C.festation of changes in pH. We have measured the
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Figure 3 Dynamic viscosity of an RF solution (50 mg/
cm3 theoretical foam density, F/R Å 2, R/C Å 200) at
707C, which has been spiked with 0.026 wt % benzoic
acid following 1 h of conventional base-catalyzed reac-
tion.

added. Gelation occurs upon reheating the solu-
Figure 5 Dynamic viscosity of RF solutions (50 mg/tion to 707C. To ensure that the theoretical den-
cm3 theoretical foam density, F/R Å 2) during cure atsity of the gel remains 50 mg/cm3 after the addi-
707C as a function of R/C and amount of benzoic acidtion of benzoic acid solution, 20 mL of water is
added.

withheld during base catalysis. Encapsulation to
form shells is performed after the addition of acid
prior to the final cure.

base-catalysis period, and the amount of benzoic
acid added. For all solutions F/R Å 2. The goal of
this study was to decrease the gelation onset timeVISCOMETRIC STUDY OF
and maximize the dynamic viscosity of the gelACID-ACCELERATED RF GELATION
after curing for 2 h. The former gives some indica-
tion of how long it takes the gel to ‘‘set,’’ and theTo optimize this two-step RF polymerization pro-
latter gives an indication of the strength and stiff-cess, we studied the effects of modifying some of
ness of the material. The dynamic viscosity wasthe concentrations and conditions outlined in Fig-
measured using a Rheometrics fluid spectrometerure 4. These include R/C, the length of the initial
in a couette geometry with an applied strain of
5% at a frequency of 10 rad/s.

To vary the amount of benzoic acid added, 40
mL water (as opposed to only 20 mL) was with-
held during the initial base catalysis. The amount
of benzoic acid was varied by adding 20 or 30 mL
of benzoic acid solution and making up the re-
maining volume by adding pure water. The formu-
lation can then be characterized simply by the
mass of benzoic acid added to the solution.

Figure 5 shows the effect of varying the acid
content on the dynamic viscosity of formulations
with different values of R/C. Both the R/C Å 100Figure 4 The two-step process for preparing acid-ac-
and R/C Å 200 solutions were base catalyzed forcelerated RF gels (50 mg/cm3 theoretical foam density,

F/R Å 2, R/C Å 200). 1 h. For both values of R/C, increasing the acid
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base-catalysis time has a similar effect as increas-
ing acid content; hence, for longer base-catalysis
periods, less acid is needed to accelerate gelation.

Figure 7 shows the effect of reactant concentra-
tion during base catalysis for RF solutions that
were base catalyzed for 1 h with identical acid
content. The reactant (resorcinol and formalde-
hyde) concentrations were altered by withholding
various amounts of water until after the base-
catalysis period. The water volumes listed are
those present during base catalysis. More rapid
gelation and higher plateau viscosity can be
achieved by diluting concentrated solutions fol-
lowing base catalysis. This result is most likely a
manifestation of increased reaction rates in more
concentrated solutions.

Figure 6 Dynamic viscosity of RF solutions (50 mg/
SWELLING OF RF GELS IN ISOPROPANOLcm3 theoretical foam density, F/R Å 2, R/C Å 200,

0.036 g benzoic acid added) during cure at 707C as a
function of base catalysis time. After the gels are cured, they are dried by first

replacing the water solvating the gel with isopro-
panol (IPA). The gels in IPA are then placed in

concentration ‘‘sets’’ the gels more rapidly and in- a temperature-controlled pressure vessel where
creases the plateau viscosity. The increases in ge- the IPA is replaced with liquid CO2. IPA was cho-
lation rate with acid content is consistent with sen as the intermediate solvent because it is mis-
our assumption that acid catalyzes the reaction cible with both water and liquid CO2. The fixed-
that forms methylene–ether bridges between volume vessel is then heated and pressurized
methylol groups on the surfaces of RF particles. above the critical point of CO2 (317C and 71 atm).

For a given amount of benzoic acid, under- The CO2 is removed by depressurizing the vessel
standing the effect of changing R/C is not as
straightforward. RF solutions become more basic
as R/C is decreased. Due to the increased basicity,
more of the added acid will neutralize the carbon-
ate rather than promote aggregation. As a result,
a given amount of acid will be less effective in
promoting gelation in low R/C solutions than high
R/C solutions. This is most evident in Figure 5(a)
when 0.036 g of benzoic acid is added; as R/C
decreases, the gelation onset time is shifted to
longer times. Despite delaying the onset of gela-
tion, gels with lower R/C plateau at a slightly
higher viscosity. As shown in Figure 5(b) for solu-
tions with higher acid contents, the effect of differ-
ences in R/C become less distinguishable.

Figure 6 shows the effect of varying the length
of the initial base-catalysis period. The viscosity
behavior is significantly affected within the first
hour; after 0.5 h, particle growth is probably still
occurring. The increases in gelation rate and pla- Figure 7 Dynamic viscosity of RF gels (50 mg/cm3

teau viscosity when base-catalysis time is ex- theoretical foam density, F/R Å 2, R/C Å 200, 0.036 g
tended beyond 1 h are probably due to continued benzoic acid added) during cure at 707C as a function
intraparticle crosslinking and the start of some of the volume of water present during base catalysis

for 1 h.aggregation before acid addition. Increasing the
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at constant temperature (É 407C) to atmospheric
pressure to leave the dry aerogel.

When gels were cured for 2 h and ‘‘exchanged’’
into IPA, macroscopic swelling was observed,
which suggested they were not sufficiently cross-
linked. Due to the colloidal nature of the gel struc-
ture, there are two types of crosslinks: intrapar-
ticle crosslinks within the nanometer-sized parti-
cles comprising the gel matrix, and interparticle
crosslinks. Swelling most likely emanates from
the former, because swelling is indicative of a mo-
lecular-level interaction between the polymer and
solvent. It seems unlikely that the swelling re-
sults from reorganization of the chemically linked
particles into an expanded structure. The most
obvious way to increase intraparticle crosslinking
is simply to increase the curing time.

Consequently, the degree of swelling of bulk Figure 8 Degree of swelling of bulk RF gels (50 mg/
RF gels in IPA was measured as a function of cure cm3 theoretical foam density) in isopropanol as a func-
time. We also investigated the influence of R/C tion of cure time at 707C for several combinations of F/

R and R/C.and F/R on swelling. After acid additions, RF so-
lutions were sealed in 10 mL glass ampoules. The
filled ampoules were heated to 707C for periods

crosslinking by increasing the average functional-ranging from 1.5 to 30 h. Afterwards, they were
ity of methylol substituted resorcinol moieties.placed in ice water to quench reactions. The cylin-

In summary, this study of RF chemistry, vis-drical gels were removed from the ampoules, cut
cometry, and swelling provided important infor-into four to five pieces, placed in water, and their
mation needed to encapsulate the RF material.diameters measured. After measurement, the gels
By spiking the RF solutions with an appropriatewere exchanged into IPA and their dimensions
amount of acid following the base-catalyzed parti-measured again.
cle growth stage, the gelation times can be re-If the swelling of the gel is isotropic, the degree
duced from many hours to less than 20 min. How-of swelling, (DV /V ) , can be estimated as
ever, although the macroscopic interparticle gel
structure sets in minutes, additional ‘‘annealing’’DV

V
å VIPA 0 Vw

Vw
Å S dIPA

dw
D3

0 1 (1) of the gel is needed for up to 20 h to maximize
intraparticle crosslinking and thus minimize
swelling in exchange solvents.

where Vw and dw are the volume and diameter of
the gel in water, respectively, and VIPA and dIPA

ENCAPSULATION METHOD, SOLVENTS,are the volume and diameter of the gel after ex-
AND CURINGchanging into IPA.

Swelling results are summarized in Figure 8.
The most significant observation is that large Encapsulation of RF solutions to form a spherical

shell is accomplished by using a triple-orificechanges in gel dimensions after exchanging into
IPA can only be avoided by curing the gel for at droplet generator. The generator and preformed

RF shells ( ‘‘preforms’’ ) are shown schematicallyleast 20 h, rather than the 2 h suggested by the
dynamic viscosity measurements. R/C and F/R in Figure 9. The preforms consist of an interior oil-

phase droplet that is surrounded by the ungelledalso influence swelling. For a given F/R, gels pre-
pared with R/C Å 100 swell less than gels with aqueous RF solution. This compound drop is

formed from two concentric orifices that are in-R/C Å 200. Lowering R/C results in the growth
of smaller particles, which are probably more serted into a tube (the ‘‘third’’ orifice) through

which flows a second, exterior oil phase. The drop-crosslinked. For a given R/C and long curing
times, swelling can be reduced further by increas- lets are stripped off the inner orifices by the axial

flow of the exterior oil phase. The delivery tubeing F/R from 2 to 3, which promotes intraparticle
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The density of the exterior oil phase is also im-
portant, but for a different reason. Its density
should only be slightly less than that of the com-
pound drops to help keep them suspended without
applying vigorous agitation.

In retrospect, dibutyl phthalate was a poor
choice for the exterior oil phase. Initial results10

showed that shell walls thinned during cure due
to a decrease in the volume of the aqueous phase.
This dehydration resulted in shells with foam
densities that were two to three times greater
than the theoretical foam density. Although
nearly immiscible with water, dibutyl phthalate
has enough capacity to dissolve much of the water
present in the preformed shells. The solubility of
water in dibutyl phthalate at 257C is 0.46 wt %.19

The dibutyl phthalate (as received) was deter-
mined by Karl-Fischer titration to contain 0.12 wt

Figure 9 Schematic diagram of the triple-orifice % water. Hence, 150 mL of dibutyl phthalate has
droplet generator. the capacity to absorb about 0.5 g of water, which

is about half the water present in 100 compound
drops. This situation is exacerbated at the higher
temperatures needed to cure the RF gel. Saturat-(É 10 cm in length) is made from Teflon to provide

a hydrophobic surface that is wetted only by the ing the exterior oil phase with water before at-
tempting encapsulation failed because it severelyexterior oil phase. The diameter of the shell is

roughly determined by the diameter of the deliv- reduced the effectiveness of the surfactant.
We examined factors that control the transportery tube. More precise adjustment of the diameter

is achieved by adjusting the exterior oil phase flow of water from the shell into the exterior oil phase
using a model for convectively enhanced massrate. The wall thickness of the shell is determined

by the ratio of the interior oil phase and RF solu- transfer from an isolated aqueous shell suspended
in an agitated nonaqueous solvent. According totion flow rates.

The preformed shells flow down the delivery the model (detailed in the Appendix) the rate of
water lost from the shell can be written astube into a gently stirred, heated beaker con-

taining about 150 mL of the exterior oil phase.
Agitation of the shells is necessary to maintain df

dt
}

ksT2/3v1/2

dm5/6 (2)drop sphericity. Agglomeration and coalescence of
the preformed shells is reduced by the addition of
about 0.1 wt % of SPAN 80 surfactant to the exte-
rior oil phase. Approximately 200–300 shells are where f is the fraction of water removed from the

shell, t is time, ks is the partition coefficient ofcreated by the droplet generator per batch, of
which one-third to two-thirds survive the curing water between the RF solution and the oil phase,

T is temperature, v is related to the degree ofstep.
The choice of appropriate interior and exterior solution agitation, d is the shell wall thickness,

and m is the viscosity of the oil phase. The rela-oil phases was not immediately obvious. The only
initial requirements were that they be immiscible tively weak dependence on the oil phase density

and molecular weight have been omitted. Equa-with water and that the interior phase be closely
matched in density to the aqueous RF phase to tion (2) points out the desirable properties and

processing conditions that help to reduce shell de-minimize wall thickness nonuniformity. Dibutyl
phthalate was chosen initially for the outer oil hydration. First, the rate of water transport out

of the shell is directly proportional (through ks )phase because it was used for the preparation of
methacrylate foam shells.8,9 For density matching to the solubility of water in the organic oil phase.

Second, eq. (2) suggests curing at lower tempera-reasons, 1-methyl naphthalene was chosen as the
interior oil phase because its density is closer to tures and reduced agitation. Third, shells with

thinner walls are more susceptible to dehydrationthat of the RF solution than is dibutyl phthalate’s.
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figuration shown schematically in Figure 10.
After the initial 1.5–2 h of cure, the preforms have
‘‘hardened’’ enough that agitation is no longer re-
quired; when agitation stops, the shells sink to
the bottom of the beaker. One-half to one-third
of the mineral oil /carbon tetrachloride mixture is
decanted off and additional carbon tetrachloride
(about 5–10 mL) is added until the shells float
near the surface. Some water (50–75 mL) is then
placed on top of the denser oil phase, which satu-
rates the oil phase and prevents further dehydra-
tion of the shells. Finally, the beaker is coveredFigure 10 Configuration for ‘‘annealing’’ gelled RF
and placed in a 707C constant temperature bathshells for long periods.
for an additional 20–22 h.

than thick-walled shells. Fourth, oil phases with
higher viscosity will retard water transport out of SOLVENT EXCHANGE, DRYING, AND

CHARACTERIZATIONthe shell.
This analysis led us to consider a grade of min-

eral oil commonly known as Nujol oil. This fluid During the ‘‘annealing’’ period, the shells eventu-
ally sink to the bottom of the beaker due to perme-has a very low water solubility (0.0038 wt % at

257C) that is more than two orders of magnitude ation of carbon tetrachloride from the exterior oil
phase through the aqueous layer into the 1-smaller than that of dibutyl phthalate. Compared

to other fluids with similar water solubility (e.g., methyl naphthalene interior-oil phase. This helps
separate shells from residual RF debris (brokendodecane), mineral oil has a significantly higher

viscosity. However, a major drawback is that its and collapsed shells) , which tends to remain at
the oil /water interface. This separation allows thedensity (0.85 g/cm3 at 257C) is too low to keep the

shell preforms adequately suspended. This prob- water, residual RF, and most of the oil phase to be
decanted off, leaving the shells behind. Survivinglem can be circumvented by sacrificing some of

the higher viscosity of the mineral oil by mixing shells are soaked in IPA to dissolve excess exterior
oil phase, replace the water solvating the gel, andit with about 40 wt % carbon tetrachloride, which

has a high density and a comparably low water replace the interior oil phase. After numerous ex-
changes with fresh IPA, the shells are ready to besolubility (1.59 g/cm3 and 0.011 wt % at 257C).

It was observed that stripping shell preforms dried by the supercritical drying technique.
Some shells, particularly those with very non-off the inner orifices is best achieved with pure

mineral oil rather than the mineral oil /carbon tet- uniform wall thickness, can dimple or deform dur-
ing the exchange into IPA. Shells prepared usingrachloride mixture. As a result, pure mineral oil

(without surfactant) is used as the stripping 75 mg/cm3 RF formulations were more robust
during exchanges than shells prepared from 50phase in the droplet generator, which then flows

into the gently stirred and preheated mixture of mg/cm3 formulations. Annealed shells prepared
from both formulations appear to swell more inmineral oil, carbon tetrachloridem and surfac-

tant. This mixture is held at 707C and the shells IPA than the corresponding bulk RF gels. Reliable
optical measurement of individual shell swellingare allowed to cure for 1.5–2 h. Compared to re-

sults found using dibutyl phthalate, the amount was not possible because differences in the refrac-
tive indices of the various fluids surrounding theof densification due to dehydration during this pe-

riod was noticeably reduced. However, although shell give misleading values of the shell wall
thickness.1.5–2 h is enough time to stabilize and stiffen

the shell preforms, water evaporation from the The consistency of shell dimensions and wall
thickness within a batch is illustrated in Figuresystem becomes the dominant mechanism for

additional water loss over the remaining 20–22 11. The droplet generator has the capacity to
make shells whose dimensions (in IPA) rangeh of cure needed to maximize intraparticle cross-

linking. from 1.6 to 2.3 mm in diameter and from 100 to
200 mm in wall thickness. The deviation of diame-To avoid dehydration of the shells over longer

times, the gelled shells are ‘‘annealed’’ in the con- ters and wall thicknesses within a batch of shells
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Table I Measured Dry Foam Densities of RF
Shells and Bulk RF Aerogel as a Function
of R/C and F/R

Measured Density
Sample Description (mg/cm3)

R/C Å 100, F/R Å 2
Bulk 73
Shells 80

R/C Å 100, F/R Å 3
Bulk 55
Shells 65

R/C Å 200, F/R Å 2
Bulk 47
Shells 64

R/C Å 200, F/R Å 3
Bulk 48
Shells 60

The theoretical density of all samples is 50 mg/cm3.

the reactants were not completely polymerized or
swelling was retained after drying. Measured di-
mensions of the dry gels indicate the latter not toFigure 11 A typical batch of RF shells after exchange
be the case. The removal of unreacted componentsinto isopropanol. The average diameter and wall thick-
is more likely, especially for gels prepared withness for this batch are 2.3 mm and 145 mm, respectively.
higher formaldehyde contents.

Dry foam shells have also been examined by
optical and scanning electron microscopy (SEM).is typically {0.03 mm and {10 mm, respectively.
Figure 12 is a photo of a dry shell placed on topIn general, the inner and outer shell walls were
of a ruler with 1 mm division. This photo clearlymore concentric for 75 mg/cm3 RF formulations
demonstrates the optical transparency of the aer-than 50 mg/cm3 RF formulations, suggesting that
ogel and provides a visual indication of the unifor-the latter were not as well density matched with
mity and sphericity of the wall that can bethe interior oil phase.
achieved. SEM analyses of a fractured shell wallThe measured foam densities of shells is com-

pared to that of bulk RF aerogel in Table I.
Shells and bulk samples prepared with F/R Å 2
and R/C Å 100 have higher densities than sam-
ples prepared with F/R Å 2 and R/C Å 200. This
observation is consistent with an earlier finding12

that R/C Å 100 gels shrink more upon drying
than R/C Å 200 gels. This trend is also observed
when F/R is increased to 3, despite the fact that
these gels swell less in IPA. Hence, with respect
to dimensional changes during processing, RF for-
mulations with F/R Å 3 and R/C Å 200 are opti-
mal. In all cases, the dry foam density of shells is
consistently larger than that of the bulk foam, and
this is a likely indication that some unavoidable
dehydration of the shells by the oil phase solvents
is still occurring. These results differ slightly from
previous results12 in that the measured density Figure 12 Photograph of a dry RF foam shell. The
of the bulk R/CÅ 200 gels is slightly less than the diameter, wall thickness, and density of the shell are,

respectively, 1.90 mm, 120 mm, and 63 mg/cm3.theoretical density. This would only be possible if
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CONCLUSIONS

APPENDIX—SHELL DEHYDRATION MODEL
We have successfully developed a process for fab-
ricating hollow spherical shells made from low- Our modeling objective was to qualitatively cap-
density resorcinol–formaldehyde aerogel. The ture the relevant physics of the dehydration pro-
most notable accomplishments of this work are cess in order to guide the choice of experimental
reductions in gelation time and shell dehydration. conditions. Thus, we considered a simplified
The time required to set the macroscopic interpar- model in which convectively driven water loss
ticle gel structure was reduced from several hours from the preform occurs by quiescent diffusion
to several minutes by adding acid following the through an oil phase boundary layer of thickness
base-catalyzed particle growth stage. However,

1, which depends on the oil phase fluid properties
additional annealing of the gel for at least 20 h is and experimental agitation conditions. The model
needed to maximize intraparticle crosslinking relies on several justifiable assumptions: (1) the
and minimize swelling in exchange solvents. In- average concentration of water in the exterior oil
creasing the molar ratio of formaldehyde to resor- phase (beyond the boundary layer) is assumed to
cinol from 2 to 3 also helps to reduce swelling and be unaffected by the water lost from the preform.
to reduce the shrinkage of the gel upon supercriti- (2) The concentration of water in the aqueous RF
cal CO2 drying. Dehydration of the shells during layer is assumed to be uniform because water
cure was drastically reduced by prudent selection transport in the aqueous phase is rapid. (3) The
of immiscible oil phases and by saturating the water concentration in the oil phase at the inter-
exterior oil phase with water during the anneal- face is assumed to be constant and equal to its
ing process. The resulting foam shells have densi- initial saturation value. (4) The outer radius of
ties that approach their theoretical value and the the shell is taken as constant. (5) The interior
measured density of bulk aerogel of the same for- oil phase does not contribute significantly to the
mulation. dehydration of the shell because its volume is very

Two important issues remain with respect to small compared to the volume of the exterior oil
the use of these shells as potential fuel containers phase.
for inertial confinement fusion experiments. First, As defined, the problem is reduced to the diffu-
the factors that control shell wall-thickness uni- sion of water through a spherical oil layer of thick-
formity must be explored. The only control uti- ness 1 surrounding an aqueous source of radius r
lized here is density matching, which essentially Å R . For boundary conditions, the concentration
limits the position of the interior oil droplet to a of water is set to zero at r Å R / 1 and to a
random walk within the aqueous RF droplet. We constant at the surface of the source, C (R , t )ÅCs .are not cognizant of any naturally occurring cen- The transient solution to this problem is available
tering forces and artificial ones20 appear difficult from Crank,24 but for our purposes the steady-
to implement. Second, ICF target specifications state solution,
require that the outside of the shells be coated
with a transparent, smooth, full-density polymer
layer 5 to 200 mm thick. We are currently explor- C (r ) Å CSR

r H1 0 r 0 R
1 J (A1)

ing overcoating shells by two methods. The first
is deposition of the layer from the vapor phase
onto a dry shell using plasma polymerization tech- is sufficient. The rate of water loss from the aque-
niques.21–23 The second is an interfacial polycon- ous phase equals the diffusive flux of water at the
densation technique in the liquid phase (prior to shell surface, r Å R , times the area of the shell,
drying) that is similar to that developed by Takagi
et al.6 for methacrylate foam shells. dN (t )

dt
Å 04pR2DS ÌC

Ìr DrÅR

(A2)
This work was performed under the auspices of the
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where N (t ) is the total amount of water that has mates for the diffusivity of water in various or-
ganic solvents. This correlation provides the fol-left the aqueous phase at time t , and D is the

diffusivity of water in the oil phase. The fractional lowing relationship among D , the temperature T ,
and the solvent viscosity and molecular weight M :rate of water loss can be found by normalizing eq.

(A2) by the initial amount of water in the aqueous
phase, NA É 4pR2dCA, where CA is the initial wa-

D }
TM1/2

m
. (A5)ter concentration in the aqueous layer of initial

thickness d. The result is

In the thin boundary layer limit, 1 ! R , the
explicit dependence of the fractional rate of waterdf

dt
Å Dks

d S1
1
/ 1

RD (A3)
loss on solvent properties and processing condi-
tions can be obtained by substituting eq. (A4) for
1 and eq. (A5) for D in eq. (A3). This yields

where f (t ) (åN (t ) /NA) is the fraction of water
removed from the aqueous layer at time t , and
the partition coefficient ks , defined by CS Å ks CA,

df
dt

}
ksT2/3M1/3v1/2r1/6

dm5/6R1/2 }
ksT2/3v1/2

dm5/6 . (A6)
governs the equilibrium between water in the oil
and aqueous phases at r Å R . The partition coef-

On the far right the relatively weak oil phaseficient depends on the temperature and composi-
M and r dependencies are suppressed and thetions of the coexisting phases and can be esti-
relevant velocity difference v between the shellmated by ks É wsat (r /rA), where wsat is the mass
surface and the outer edge of the boundary layerfraction of water in the saturated oil phase, r is
is recognized as being proportional to v (R / 1 )the density of the oil phase, and rA is the density
É vR , where v is a measure of the local oil phaseof water. Because we have assumed that CS re-
velocity gradient and is dependent upon themains constant as the water content of the aque-
method and degree of solution agitation.ous layer decreases, eq. (A3) can incorrectly pre-

dict values of fú 1. However, for fõ 0.5 the water
concentration in the aqueous phase will still be
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