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ABSTRACT 

Low density small cell sized foams were developed to localize the 
liquid DT layer in a direct drive wetted foam laser fusion target. We 
have developed foams made from ultrahigh molecular weight polyethylene 
gels and polystyrene inverse emulsions. Materials in the density range 
of from 0.020 to 0.300 g/cc were prepared and characterized for cell 
size, mechanical properties, wachinabiHty, specific surface area, and 
wetting. Foams with a density of 0.05 g/cc were made with a cell size of 
less than 5 urn. A cell structure model was developed which relates the 
density and specific surface area to cell size and cell wall thickness. 
Wetting tests 1n organic solvents and in liquid hydrogen were used to 
characterize the capillary pressure, pore structure and uniformity of the 
foams. 

•Work performed under the auspices of the U. S. Department of Energy by 
the Lawrence Livermore National Laboratory under contract number 
W-7405-ENG-48. 



I. Introduction 

Recently Sacks and Darling1 described a new concept in direct 
drive laser fusion targets. In this target a foam spherical shell is used 
to support a liquid deuterium-tritium (DT) layer to maintain uniformity 
and prevent gravitationally induced slumping. Fig. 1 shows the major 
features of the target. Two precision machined hemispheres of foam are 
bonded together to form the spherical shell. Liquid DT is wicked into 
the shell after the temperature is reduced to approximately 25 K. A thin 
outer membrane provides a barrier to prevent DT boil off. The cell size 
must be small enough to hold the liquid DT against the vapor pressure of 
the DT Inside the capsule, which requires pores of about 1 |im size. 

Foams have been used in previous target designs for a variety of 
applications * - 7; however, most of these materials lack either a 
small enough cell size, overall uniformity, or the mechanical strength to 
be machined and wetted. He have developed the technology to prepare 
polyethylene CPE) and polystyrene (PS) small cell size foams to act as a 
wick for liquid hydrogen in direct drive laser fusion targets. 

We characterized our materials by SEM, optical microscopy, BET 
surface area measurements, mercury intrusion porosimetry, x-ray 
radiography, compression testing, and wetting. From the results of these 
tests, and considering our application, we concluded that it is most 
important to understand the relationship of cell structure and polymer 
bulk properties to strength, machinability and wettability. Thus, we 



discuss: preparation of materials, characterization of structure by SEM, 
modulus measurements, foam structure-properties modeling, and the results 
of wetting by ethanol, hexane and liquid hydrogen. 

II. Foam Preparation 

Polyethylene 

PE foams are made by first forming an entangled solution of 
ultrahigh molecular weight polyethylene (2 to 6 million molecular weight 
from Hercules Chemical). The solution is gelled by a controlled cooling 
to crystallize the polymer. The solvent Is replaced by Isopropyl alcohol 
In the first solvent exchange. This step reduces the time required for 
the final solvent exchange which 1s to flush and permeate the gel in a 
pressure vessel with liquid CO . The temperature is then raised 
above the critical point (31 C) and the gaseous CO vented. Solvent 
1s thus removed from the PE gel without ever subjecting the material to a 
liquid meniscus as would happen if the gel were allowed to dry by 
evaporation of the solvent. By this procedure PE foams were prepared 
having a density of as low as 0.020 g/cc with little shrinkage during the 
drying process. 

Polystyrene 

PS inverse emulsion foams are made by first preparing an inverse 
emulsion of water 1n a mixture of styrene and dlvlnyl benzene. 



Preparation of such emulsions are described In a Unilever patent* and 
1n a recent paper by L'tt et. al.'. It 1s possible, with the proper 
surfactant, to form emulsions 1n which 951 water by volume 1n the form of 
small droplets 1s enclosed by 51 oil. In achieving this high proportion 
of water, the droplets are neither monodlsperse nor perfectly spherical. 
The emulsions are made by mixing styrene and dlvinyl benzene in equal 
proportions with 10 to 331 by weight of surfactant (sorbitan monooleate. 
Span 80, ICI). Hater, with 0.51 sodium persulfate as a polymerization 
initiator, 1s added to the oil phase with continuous agitation. As the 
emulsion is stirred, the viscosity begins to rise and the mixture takes 
on a creamy consistency. The emulsion 1s sealed 1n its container and 
heaitd to 50 C for two days to polymerize the oil phase. After 
polymerization tha solidified emulsion Is removed from the container and 
dried under vacuum. Drying takes approximately 2 weeks. No apparent 
shrinkage occurs during the removal of the water. Foams having a density 
of 0.05 to 0.30 g/cc were made by this procedure. 

Ill- Results and Discussion 

Foam characterization 

One of the first characterizations performed on foams is to 
investigate the cellular structure. The structure of PE foams is 
composed of polymer lamellar platelets. For a 50 mg/cc foam, the spacing 
between platelets 1s 2 pm. The crystalline morphology 1n the foam is 
determined by the rate at which the poiymer solution is cooled. Fig. 2a 



shows 2 PE foam which had been cooled slowly (1 C/min) resulting in the 
growth of spherulitic structures. By Increasing the cooling rate to 
approximately 100 C/min the more uniform cellular structure shown in Fig. 
2b is obtained. When cooling is slow, few nuclei form and there is 
sufficient time for polymer molecules to diffuse to the nucleus resulting 
in voids between the spherulites. More rapid cooling results in a 
greater subcooling and a greater rate of production of nuclei. Thus, 
with more growth sites the polymer diffuses a shorter distance resulting 
1n a more uniform foam. In contrast, the PS foam structure consists of 
spherical cells with pores between the cells. The foam shown in Fig. 3 
has 4 ym cells with pores of up to 1.5 urn diameter. 

Foam materials were tested for mechanical properties by measuring 
the compressive modulus and assessing the machinability. Early attempts 
to machine PE foam showed it to deform plastically rather than to cut. 
Foam pieces that were single point diamond turned exhibited very smooth 
surface finish. However, when the piece was fractured and examined under 
the SEM it was 'ound that a fibrous compacted mat had been formed on the 
surface. In contrast, PS foams have been found to machine very well. 
Fig. 4 compares the compressive mechanical properties of PE and PS 
foams. PS foam has a higher modulus than PE foam, 8.46 MPa as compared 
to 2.21 MPa. The higher glass transition temperature of PS results in a 
stiffer and more machinable foam. 

Both fcam materials were characterized for specific surface area by 
BET analysis of nitrogen absorption. Table 1 summarizes the results. 



Also listed are cell thickness and cell length which were calculated 
using the modeling procedure explained In the next section. He have 
found that the cell dimensions calculated from the specific surface area 
data correspond very well with SEM examinations. The advantage of using 
surface area measurements 1s that 1t averages the entire sample and 
eliminates the subjective assessment of cell size common 1n SEM 
examination. 

Foam cell models 

Foam density calculations were made using several foam model 
structures to guide 1n foam development. The objective of the 
calculation was to determine In ideal model structures the relationship 
between cell size, cell wall thickness, and foam density. The volume and 
mass of material contained 1n a unit cell can be calculated using simple 
geometry. From the mass and unit cell volume, the foam density can be 
calculated. Calculations were also made on the surface area in a unit 
cell from which the specific surface area (area per mass) was 
calculated. The specific surface area of foam models is useful In 
Interpreting characterization performed by BET surface area analysis and 
mercury Intrusion porosimetry. 

The foam model structures chosen are shown 1n Fig. 5. The models 
represent unit cells of characteristic void size L with structural 
members having thickness T. The first structure chosen was simply a 
close packed array of spherical shells. The cubic and tetrahedral iiodels 



offered two distinct variations, closed cell or open cell. !n the c ...e 
of closed cell structures the unit cell faces are membranes of thickness 
T which constitute the solid portion of the structure. The void within 
the cell 1s not connected to other adjacent voids 1n neighboring unit 
cells. In the open cell model, the unit cell edges are composed of 
fibers with a diameter T. In the open cell structure all void area 1s 
continuous. 

Equations for reduced foam density, Pf/p b, and specific 
surface area, £, are summarized in Table Z. The equation for specific 
surface area (column two) 1s rewritten in terms of foam density (column 
three) by substitution of foam density for bulk density (column one). 
Fig. 6 1s a plot of reduced foam density as a function of reduced cell 
dimension (T/L). The graph shows that for a constant foam density open 
structures allow the foam to be composed of thicker structural elements. 

The foams we are making from ultrahigh .-nolecular weight 
polyethylene model well as closed cell cubes. The foam Is not, however, 
actually closed ce 1. Polyethylene foams are made up of polymer lamella 
which are plates with dimensions of about 2-5 jim and 0.04 urn thick. 
A data point is plotted on Fig. 6 for a typical polyethylene foam with 
density of 0.053 g/cc, cell size of 2 jim and a plate thickness of 
0.04 j»m. PS foams model well as spherical shells. A PS foam 1s 
plotted for density 0.10 g/cc and cell size 5.5 ym. 



Foam wetting 

Polymer foams used in laser fusion targets must be wetted with 
liquid DT. To help understand the dynamics of wetting we have used other 
liquids such as ethanol or hexane which do not pose cryogenic handling 
problems or hydrogen which does not pose a radiation hazard. Both the 
rate of wetting and the capillary pressure were measured on foams. 

To interpret the wetting measurements the physics of foam wetting 
must be understood. Hetting of foams with a pore radius r : by a liquid 
with a surface tension, Y, and a contact angle, 6, 1s driven by the 
capillary pressure which is given by the Young-Laplace equation 1 0. 

P c - 2 Y cos(e)/r (1) 

If we assume that wetting foams behave as an array of capillary tubes, wc 
can determine the equilibrium height to which liquid rises in the 
foam 1 0. 

h e - 2 Y cos(6)/(r g p) (2) 

For ethanol and hexane the capillary height 1s approximately 260 cm, 
assuming a zero ccntact angle and a 2 nm diameter pore size. The rate 
of liquid flow in tubes 1s related to the pressure driving force by the 
Polseuille equation 1 1. 

dh/dt - r 2 A p/(8 u h) (3) 



The pressure driving force (Equation 1) can be substituted Into 
equation 3 to give the rate of movement of the Interface. 

dh/dt - r Y cos(6)/(4 v h) (4) 

Equation 4 1s then Integrated to solve for the posltkn of the Interface 

during lni-lal wetting". 

h -r Vr r cos(G) t/(2 v) (5) 

To follow the wetting of ethanol we weighed a piece of foam just 
touching the surface of the liquid. As the ethanol wicked into the foam 
the mass Increased as shown 1n Fig 7. The wetting behavior of the two 
foams 1s very different. The PE foam with a density of 0.048 g/cc took 
approximately 1C?0 seconds to wick to a height of 24 mm which Is far 
short of the calculated capillary height. The PS foam with a density of 
0.081 g/cc took 100 seconds to wet to Its full length of 54 mm. H«. 
believe the difference 1s due either to a nearly 90* contact angle or a 
nearly closed cell struck'jre 1n the PE foam. 

The critical surface tension for PE Is 31 dynes/cm and for PS Is 
*3 dynes/cm 1*. This small difference 1n surface energy does not 
explain difference In wetting behavior. When the emulsion is made a 
surfactant 1s used to stabilize the inverse emulsion. The hydrophlUc 
groups are absorbed on the water droplets. When the water Is evaporated 
the surfactant 1s left behind at the Interface and may have Its 
hydrophobic groups dissolved 1n the polyi,>er. This would leave an 
Interface composed not of polystyrene but higher surface energy groups 



which mcy Increase the wetting rate. 

PS foam wetting was also measured by x-ray radiography. Fig. 8 
shows the height data plotted as a function of the square root of time. 
The slope of the line fit to the data 1s related to the known fluid 
properties and the pore size of the foam as Indicated 1n equation 5. The 
calculated pore radius Is 0.3 pm which is close to the measurements 
made uy SEH. 

He have measured the pressure required to force an organic liquid 
from the foams. The foam 1s first bonded to a tube and then touched to 
the surface of the liquid. Sufficient time Is allowed to elapse to allow 
complete wlcklng. The filled foam is then submerged just below the 
liquid surface. Gas pressure is then * lowly Increased to the tube which 
1s connected to flow sensing apparatus. At the capillary pressure (given 
by equation 1) gas begins to flow and bubbles are visible emerging from 
the foam. From measurements of this "bubble point pressure" the 
capillary radius was calculated. The PS foams are found to have a 
capillary radius of approximately 2 um. This technique provides a 
measurement of the stability of the liquid fill to applied pressure. 

Hetttng of PE and PS foams by liquid hydrogen is shown In F1<- 9. 
Again the PE wicks the liquid slower than the PS foam. n the case of 
H wetting, the contact angle 1s essentially zero. From equation 4 
the rate of wetting must t len be determined by the pore radius. This 
would Imply that the pores 1n this PE stmple are smaller than the cells 



visible on the SEM. 

IV. Summary and Conclusions 

The properties of the PE and PS foams are very different. The PE 
foam 1s composed of platelets with an approximate cell size of 2 pm 1n 
a 0.050 g/cc foam. The PS foam, made by emulsion techniques, 1s cellular 
with a cell size of 5 pm and pores between the cells having a diameter 
of I pm. He have found that the PS foam 1s more machinable and has a 
higher ir.jdulus than PE foam. In a 0.070 g/cc foam, PS foams wick liquids 
"rare rapidly than PE foams. We believe this 1s because of a high contact 
angle and a nearly closed cell structure In PE foam. 
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List of Figures 

Figure 1. A low density foam is used to define and stabilize the DT 
layer in a new target design. 

Figure 2. PE foam morphology 1s determined in part by the rate of 
cooling of the solution. A: cooled at 1 C/min. E: cooled at 
100 C/min. 

Figure 3. PS foam shows a spherical cellular structure with connecting 
pores between cells. 

Figure 4. Measurements of the compressive mechanical properties of foams 
shows the PS foam to have a higher modulus and yield point 
than the PE foam. 

Figure 5. To model foams various unit cell structures were chosen to 
calculate foam density and specific surface area. 

Figure 6. Using the unit cell structures the reduced foam density was 
calculated as a function of the reduced cell dimension (T/L). 
PE foams model well as closed cell cubic structures while PS 
foams model best as spherical shells. 

Figure 7. W1eking height of ethanol In foams was measured 
gravlmetrically. PS foams show a faster rate of liquid rise 
than PE foams. 

Figure 8. The height of hexane wicklng into PS foams was measured by 
x-ray radiography. Plotting height as a function of the 
square root of time (equation 5) provides a method for 
determining the pore size. For this foam the pore diameter 
was calculated to be 0.6 ^m. 

Figure 9. The height of liquid hydrogen wicl.ing into PE and PS foams was 
measured gravlmetrically. PS foam wicks more rapidly than PE 
foam. 



Table 1. Foam structural dimensions were 
property measurements 

BET 
Surface 

Density area 
Material (g/cm') (m2/g> 

PE 147-1 0.024 45.5 

PE 147-2 0.035 50.5 

PE 147-3 0.050 52.9 

PE 142-2 0.053 £4.9 

PE 142-4 0.078 61.6 

PS FMK-9 0.077 22.9 

PS FMK-26 0.089 17.82 

PS UL-2 0.10 16.2 

calculated from physical 

Model T (urn) L (yin) 

cc 0.047 5.49 

CC 0.043 3.39 

cc 0.041 2.27 

CC 0.039 2.06 

cc 0.035 1.25 

SS 0.083 5.03 

ss 0.107 5.57 

ss 0.11 5.5 



Table 2. Summary of model foam properties 

p. - density of material making up fo.vn (g/cm*) 
p f » density of foam 
L - unit cell dimension (cell size) 
T . structural element thickness (jun) 

m 2 

reduced foam density specific surface area £ (-) 
Pf Model (—) density bulk foam density 
p b 

Spherical shel l 4.44 1 _ 2 _ & J 8 
L p b T p f L 

Cubic - open 2.36 .J? _ 4 _ 9.44 T 
<L> 

2 

"b Pf 

Tetrahedral - closed 7.35 I __2_ H J 
L p b T p f L 

Tetrahedral - open A 16.37 , 1 / __4_ 65.48 T 
L >b T p f L> 

Tetrahedral - open B 6.66 , J - 2 __4_ 26.64 T 
V p k T p b 1 P f L1 
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