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ABSTRACT

Deuterated polymer microspheres can be used as a neutron source in conjunction with lasers because thermonuclear fusion neutrons can be
produced efficiently by collisions of the resulting energetic deuterium ions. A new type of solid deuterated polymer microsphere with a carbon
hydrogen-carbon deuterium (CH-CD) multilayer has been designed for preparing the target for inertial confinement fusion (ICF) experiments.
To fabricate these solid CH-CD multilayer microspheres, CH beads are first fabricated by a microfluidic technique, and the CD coating layer is
prepared by a plasma polymerization method. Both polystyrene (PS) and poly(a-methylstyrene) (PAMS) are used as the material sources for the
CH beads. The effects of the PS and PAMS materials on the quality of the solid CH beads and the resulting CH-CD multilayer polymer
microspheres are investigated. The solid PS beads have better sphericity and a smoother surface, but large vacuoles are observed in solid PS-CD
multilayer microspheres owing to the presence of residual fluorobenzene in the beads and a glass transition temperature of the solid PS beads that
islower than the temperature of plasma polymerization. Therefore, solid PAMS beads are more suitable as a mandrel for fabricating solid CH-CD
multilayer polymer microspheres. Solid CH-CD multilayer microspheres with specified size have been successfully prepared by controlling the
droplet size and the CD deposition rate and deposition time. Compared with the design value, the diameter deviation of the inner CH beads and
the thickness deviation of the CD layer can be controlled within 20 ym and 2 ym, respectively. Thus, an approach has been developed to fabricate
solid CH-CD multilayer microspheres that meet the physical design requirements for ICF.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0033103

I. INTRODUCTION

A variety of physical experiments, such as central hotspot ig-
nition," fast ignition,” shock ignition,” and spherically convergent
plasma fusion,” have been performed to investigate inertial con-
finement fusion (ICF) in recent years. Different types of micro-
spheres, such as glass shells,” polymer microspheres,” * and diamond
spheres,” have been used for preparing the targets in these experi-
ments. Deuterated polymer microspheres are used as the target
capsules in some experiments because thermonuclear fusion neutrons
can be produced efficiently by the collisions of the resulting energetic

successfully prepared by a microfluidic technique, and their quality
has been improved by optimization of density matching, interfacial
tension, curing rate, and other factors.'”*° Millimeter-scale DPS
shells have been used as targets in an experimental investigation of a
laser-driven spherically convergent plasma fusion scheme, and
thermonuclear neutrons have been produced stably and efficiently.’
DPS-CH double-layer shells have also been used for preparing targets
in a fast ignition experiment, and a significant enhancement in
neutron yield has been achieved.”'

A new type of solid deuterated polymer microsphere with a
carbon hydrogen-carbon deuterium (CH-CD) multilayer has been

deuterium jons."”"'" Therefore, investigation of fabrication tech- designed to investigate the kinetic effects arising in the interpene-
niques for such deuterated polymer microspheres is of great tration layer between the corona plasma of the compressed bead and
importance. the plasma produced by the laser and the inner wall of the hohlraum

To fabricate deuterated polymer microspheres meeting the
physical requirements for ICF experiments, deuterated polystyrene
(DPS) has been synthesized by radical polymerization and purified to
remove hydrophilic substances."*"'® DPS shells and beads have been

because the solid CH bead can suppress implosion neutron and
hydrodynamic instabilities, while the CD layer can produce a
measurable D-D neutron yield.”” According to the physical design,
the allowable deviations are 20 ym and 2 ym for the diameter of the
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inner CH bead and the thickness of the CD layer, respectively.
Moreover, the size of the vacuoles in these polymer microspheres
must be less than 5 ym. The objective of the present work is to
fabricate solid CH-CD multilayer polymer microspheres meeting
the physical design requirements. Both polystyrene (PS) and
poly(a-methylstyrene) (PAMS) are used as the source of the solid CH
bead, while a deuterated glow discharge polymer (GDP) is used for the
CD layer. The effect of the PS and PAMS materials on the quality of
the CH beads and the resulting CH-CD multilayer polymer micro-
spheres is investigated, and the related mechanisms are discussed.

Il. EXPERIMENTAL
A. Materials

PS was purchased from Acros Organics, Inc., and PAMS was
obtained from Southwest University of Science Technology, China.”
The weight-average molecular weights M,, of the PS and PAMS
materials measured by gel permeation chromatography (GPC) were
222000 and 441 000, respectively, while their respective molecular
weight distributions were 1.9 and 1.1, as shown in Fig. 1 and Table L.
Poly(vinyl alcohol) (PVA, with M,, = 13000-23 000 and 87%-89%
hydrolysis degree), fluorobenzene (FB), and anhydrous calcium
chloride (CaCl,) were purchased from Sigma-Aldrich Co., Shanghai
Aladdin Bio-Chem Technology Co., Ltd., and Chengdu Kelong
Chemical Reagent Factory, respectively.

B. Preparation of CH-CD multilayer polymer
microspheres

The solid CH-CD multilayer polymer microspheres were pre-
pared by a microfluidic technique and plasma polymerization (Fig. 2).
The details of the solid CH beads are given in Ref. 17. An 8.0 wt. %
polymer/FB solution was used as the oil (O) phase, while an aqueous
solution containing 2.0 wt. % PV A and 2.0 wt. % CaCl, was used as the
water (W) phase. The deuterated glow discharge polymer (D-GDP)
was then deposited on the polymer beads by a lower-pressure plasma
polymerization instrument.”* Deuterium gas and deuterated methane
were used as the carrier and polymer sources, respectively, for pre-
paring the CD layer.
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TABLE I. Weight-average molecular weight Mw, number-average molecular weight
M,,, and molecular weight distribution M,,/M,, of the PS and PAMS materials.

Sample M, M, My/IM,
PS 222000 118 000 1.9
PAMS 441000 410000 1.1

C. Characterization

The thermal stabilities of the materials and corresponding beads
were measured by thermogravimetric analysis (TGA) at 10 °C/min
from 50 °C to 600 °C. The flow rate of the nitrogen atmosphere was 40
ml/min. The glass transition temperature was measured by differ-
ential scanning calorimetry (DSC) at 10 °C/min from 50 °C to 220 °C.
The flow rate of the nitrogen atmosphere was also 40 ml/min. A
second scan was also run to eliminate the thermal history after an
initial scan that was followed by cooling. The pyrolysis products of the
materials and the beads were characterized by pyrolysis-gas
chromatography-mass spectrometry (PY-GC-MS) at 500 °C for 30 s.
Both the O droplets (which were composed of polymer solution) and
the resulting shells were characterized by a digital microscope. The
surfaces of the polymer microspheres and their cross-sectional
morphologies were characterized by scanning electron microscopy
(SEM). The beads were broken in liquid nitrogen, and the fractured
surfaces before the SEM characterization were sputter-coated with
gold under argon for 1 min. The polymer microspheres were also
characterized by a computed tomography technique to observe the
locations of vacuoles.

The diameters of the microspheres were measured by a mea-
suring microscope. From the experimental results for the diameter,
the out-of-roundness oor, defined as half the difference between the
maximum and minimum outer diameters of a torus projected from
the microsphere in six directions, was used to characterize the
sphericity. The surface roughness was measured by both a white light
interferometer and a sphere mapper. From the results of the white
light interferometry, the average roughness R,, root-mean-squared
roughness R,, and maximum height roughness R, were calculated
over the entire measured array as follows:
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FIG. 1. GPC results for (a) PS and (b) PAMS materials.
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FIG. 2. Schematic illustration of CH-CD multilayer polymer microspheres.
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where 7 is the number of points in the entire measured array, and Z;,
Z, Zmax,> and Z i, are the measured data, the arithmetic mean, the
maximum height, and the minimum height, respectively.

11l. RESULTS AND DISCUSSION
A. Fabrication of solid CH beads

To obtain solid CH beads meeting the physical design re-
quirements, an elaborate fabrication scheme was devised. The

diameter of the CH beads was required to be 480 ym in this work, and
so, according to conservation of mass, the average diameter of the
corresponding droplets was calculated to be 1128 ym when the
polymer mass fraction of the oil phase was 8.0%.'” PS beads of 492 ym
average diameter and PAMS beads of 484 ym average diameter were
successfully prepared by the same microfluidic technique (Fig. 3). The
diameter variations of the PS and PAMS beads in each batch were
2 ym and 4 pm, respectively. The coefficients of variation (CV) of the
diameter were less than 1.0%, indicating good monodispersity.
Therefore, whether PS or PAMS material was used had no significant
effect on controlling bead size. Moreover, the diameter deviation from
the required value (480 ym) was less than 20 ym, meeting the physical
design requirement.

The sphericity, surface roughness, and residual solvent of the
solid CH beads were determined to investigate the effect of the PS and
PAMS materials on the quality of the beads. For both PS and PAMS
beads, all the §oor values were less than 1.0 ym, which meant that the
sphericity was higher than 99.6%, i.e., all the beads had good sphe-
ricity. The PS beads showed better sphericity than the PAMS beads
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FIG. 3. (a) Diameter distributions of solid PAMS beads (purple bars) and PS beads (green bars). (b) Optical micrograph of PAMS beads of 484 um diameter. (c) Optical micrograph

of PS beads of 492 ym diameter.
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[Figs. 4(a) and 4(b)]. The mode-power curve over modes 2-10 of the
PS beads was lower [Fig. 4(b)], and the R,, R, and R, values of the PS
beads were less than those of the PAMS beads [Fig. 4(c)], indicating
better surface quality of the PS beads.

The differences in sphericity and surface roughness are
probably due to the different molecular weights and molecular
structures of PS and PAMS. The viscosity of the PAMS solution is
higher than that of the PS solution, and the PAMS chain length is
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greater, because the weight-average molecular weight of the PAMS
is higher. Generally, the initial droplets are not ideal spheres, and
they take some time to become spherical. Owing to the higher
viscosity, the time to reach a spherical shape is shorter for PAMS
droplets, and their ability to regain ideal sphericity is also weaker,
which is unfavorable for improving sphericity. The higher vis-
cosity also makes the rearrangement of PAMS chains more dif-
ficult. Moreover, there is one more side group (a methyl group) in
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FIG. 4. Effect of PS and PAMS materials on the quality of solid CH beads: (a) sphericity; (b) power spectrum; (c) surface roughness; (d) thermal properties.
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TABLE II. Weight loss percentage of PS material, PS beads, PAMS material, and PAMS beads at 200 “C.

Sample

PS

PS beads

PAMS

PAMS beads

Weight loss percentage at 200 °C (%) 0

5.0

2.5

7.3

the PAMS chain compared with the PS chain, which imposes more
restrictions on the torsion about ¢ bonds in the backbone of the
chain, and so the steric exclusion increases and the PAMS
backbone becomes less flexible.”” It has been reported that the
surface roughness of polymer films is probably affected by the
static structure of the polymer.”® Therefore, the higher surface
roughness of the PAMS beads can probably be attributed to the
lower rearrangement capability and lower flexibility of the PAMS
chain.

Moreover, our previous work has confirmed that complete
removal of the FB remaining in the beads is a challenging task. The
amount of residual solvent can be evaluated by TGA.'” As shown
in Fig. 4(d), the TGA curve of the beads is similar to that of the
corresponding material, except for earlier weight loss due to

evaporation of the residual FB used in the fabrication of the beads.
The weight loss of the PS beads was 5.0%, while that of the PS
material was zero at 200 °C (Table II), indicating that the mass
fraction of the remaining FB was 5.0% in the PS beads. The weight
loss of the PAMS material was 2.5% at 200 °C (Table IT), which was
due to the residual toluene from the synthesis, as confirmed by the
PY-GC-MS results (Fig. 5). There are two peaks at about 4.5 min
and 6.7 min, respectively, in the GC plot of the PAMS material
[Fig. 5(a)]. The corresponding mass spectrum of the product
eluting at about 4.5 min [Fig. 5(b)] shows high ion signals at mass-
to-charge ratios m/z of 91 and 92, which are typical ion peaks of tol-
uene.”” The corresponding mass spectrum of the product eluting at
about 6.7 min [Fig. 5(c)] shows high ion signals at m/z = 118, which are
typical ion peaks of a-methylstyrene. Compared with the weight loss of
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FIG. 5. Pyrolysis products of PAMS material at 500 °C for 30 s: (a) GC
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plot; (b) mass spectrum for t = 4.5 min; (c) mass spectrum for t = 6.7 min.
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the PAMS material (2.5%), that of the PAMS beads increased to 7.3% at
200 °C (Table I1), implying that the mass fraction of residual FB was 4.8%
in the PAMS beads. Therefore, whether PS or PAMS material was used
had no significant effect on the amount of residual FB.

B. Fabrication of solid CH-CD multilayer polymer
microspheres

To fabricate solid CH-CD multilayer polymer microspheres,a CD
layer was deposited on the polymer beads by plasma polymerization

PS-CD microspheres

RESEARCH ARTICLE scitation.org/journal/imre

with a working pressure of 10 Pa, a power of 15 W, and a D,/CD, gas
flow of 2/1. The average diameter of the PAMS-CD multilayer mi-
crospheres was 516 ym, and the variation coefficient of the diameter
was less than 1.0%. Thus, the average wall thickness of the CD layer was
16.0 ym. The CD deposition rate v can be calculated by

. dm t_db’ (@)

where d,, and d), are the diameters of the multilayer microspheres and
the beads, respectively, and ¢ is the deposition time. Here, the deposition

PAMS-CD microspheres

FIG. 6. Micrographs of solid CH-CD multilayer polymer microspheres: (a) optical micrography; (b) cross-sectional SEM images; (c) computed tomography image of PS-CD

microspheres from two directions.
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FIG. 7. DSC first-scan curves of the polymer materials and corresponding beads: (a) PS material and beads; (b) PAMS material and beads.

time for the PAMS beads was 65 h. Hence, the calculated CD deposition
rate was 0.25 um/h, which was higher than the CH deposition rate.””*”
We have confirmed that the reproducibility of the CD deposition rate
was good. Therefore, with the calculated CD deposition rate, the wall
thickness of the CD layer can be estimated by controlling the deposition
time. The deposition time for the PS beads was 48 h, and the average
diameter of the PS-CD multilayer microspheres was 519 ym. Thus, the
average wall thickness of the CD layer and the calculated CD deposition
rate were 13.5 ym and 0.28 ym/h, respectively. The calculated CD
deposition rate for PS beads was a little higher than that for PAMS
beads, probably owing to many large vacuoles appearing in the PS-CD
multilayer microspheres [Fig. 6(a)], which may increase the diameter of
the PS-CD beads.

As shown in Fig. 6, many vacuoles were observed by optical
microscopy in the PS-CD multilayer microspheres, and the sizes of
these large vacuoles were in the range 5 ym-30 ym. Moreover, the
large vacuoles were in the central region of the PS-CD multilayer
microspheres, far from the surface [Fig. 6(c)]. There were no large
vacuoles in the PAMS-CD multilayer microspheres: the vacuoles that
can be seen in the cross-sectional SEM image of such a microsphere in
Fig. 6(b) are smaller than 2 ym. Hence, the PAMS-CD multilayer
microspheres can meet the physical design requirements. This in-
dicates that PAMS beads are more suitable for use as a mandrel for the
fabrication of CH-CD multilayer polymer beads. Moreover, it is of
interest to determine why the large vacuoles appear only in the PS-CD
multilayer microspheres.

Figure 7 shows the first DSC scan for the polymer materials and
the corresponding beads. There is only a single dip for the PS material
and beads. Two dips appear in the DSC first-scan curves of the PAMS
material and beads, although there was only one dip at about 160 “C in
the second scan. The first dips in the scans of the PAMS material and
beads can probably be attributed to evaporation of toluene remaining
in the material and FB remaining in the beads, respectively. Moreover,
compared with the glass transitions of the PS and PAMS materials,
those of the corresponding beads were broadened, and the glass
transition temperatures of the beads shifted to a lower range,

accompanied by a broad endothermic peak, also due to the solvent
effect of the FB remaining in the beads.””"" Specifically, the residual
FB in the PS beads led to a decrease in the glass transition temperature
from 90 °C to 74 °C, while that of the PAMS beads decreased to 173 °C.
It has been reported that the temperature and pressure of the plasma
polymerization are about 82 °C and 10 Pa, respectively.”* The boiling
point of FB is 85 °C at atmospheric pressure. With decreasing
pressure, the boiling point decreases, and thus the FB can evaporate
during plasma polymerization, forming vacuoles. Because the tem-
perature of plasma polymerization is higher than the glass transition
temperature of the PS beads, the chain segments of the PS are able to
move, which benefits the expansion and agglomeration of the vac-
uoles to form bigger vacuoles. The glass transition temperature of the
PAMS beads is much higher than the plasma polymerization tem-
perature, and so the PAMS chain segments cannot move. Therefore,
even if some vacuoles have formed during plasma polymerization
owing to FB remaining in the beads, these vacuoles cannot expand.
This explains why no large vacuoles were observed in the PAMS-CD
multilayer microspheres.

Figure 8 shows the sphericity and surface roughness of the PS-CD
and PAMS-CD multilayer microspheres. The cumulative frequency
curves of §oor for these multilayer microspheres are similar to those of
the corresponding beads [compare Figs. 4(a) and 8(a)], which indicates
that the coating had no significant effect on sphericity. All the §oor values
are still less than 1.0 ym, indicating good sphericity. For PS beads, the R,,,
R, and R, values increased a little after the coating [compare Figs. 4(c)
and 8(b)]. A few bumps appeared on the surfaces of the PS-CD multilayer
microspheres [Fig. 8(c)]. For the PAMS beads, both R, and R, increased
after the coating [compare Figs. 4(c) and 8(b)]. There were many bumps
and depressions on the surfaces of the PAMS-CD multilayer micro-
spheres [Fig. 8(c)], probably due to surface defects (vacuoles) on the
PAMS beads. Thus, the quality of the surface was reduced after the
coating with a CD layer. To improve the surface quality of the CH-CD
multilayer polymer microspheres, it is necessary to improve the surface
quality of the CH beads and optimize the process of plasma polymer-
ization, which will be the focus of future studies.
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FIG. 8. Effect of PS and PAMS materials on the quality of CH-CD multilayer polymer microspheres: (a) sphericity; (b) surface roughness; (c) SEM micrographs of microsphere surface.

in each batch were less than 5 ym and 1.0%, respectively, indicating

IV. CONCLUSION good monodispersity. The diameter of the solid CH beads and the wall
Solid CH-CD multilayer polymer microspheres were success- thickness of the CD layer were controlled by the size of the corre-
fully prepared by a microfluidic technique and plasma polymeriza- sponding droplets, as well as the CD deposition rate and deposition

tion. The diameter variation of the beads and the variation coefficient time, respectively. The effects of the PS and PAMS materials on the
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qualities of both the solid CH beads and the resulting CH-CD
multilayer polymer microspheres were investigated. The PS and
PAMS beads showed no significant differences in monodispersity and
amount of residual solvent, but the PS beads had better sphericity
and a smoother surface, probably owing to the differences in mo-
lecular structure and molecular weight between the PS and PAMS.
Many vacuoles with 5 ym-30 ym diameter appeared in the central
region of the PS-CD multilayer microspheres, because the glass
transition temperature of the PS beads was lower than the temper-
ature of plasma polymerization and there was some FB remaining in
the beads. Therefore, the PAMS beads are more suitable for use as a
mandrel for fabricating CH-CD multilayer polymer microspheres.
The surface quality was reduced after coating with the CD layer.
Further work is therefore necessary to find ways to improve the
quality of solid CH-CD multilayer polymer microspheres.
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