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Dielectric study of hollow microsphere 
composites 
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Composites of epoxy resins filled with hollow microspheres of ceramics, glass and polymer were 
studied in an attempt to produce a material of low dielectric constant. The accumulation of 
interfacial water was tested for exposures to 85% humidity at 85~ for periods of up to 1000 h. 
Water absorption was monitored by gravimetry and dielectric measurements. With all but one type 
of microsphere, a dramatic increase of the dielectric constant developed after durations of 
exposure which were of the order of the Fickian diffusion time of samples of unfilled resin. 
Unfilled samples, on the other hand, did not exhibit this behaviour. Impedance spectroscopy 
carried out at frequencies of up to 1 GHz gave evidence for two distinct modes of ionic 
conduction: about the spheres and across the bulk of the sample. Microspheres of 
acrylonitrile-vinylidene chloride copolymer in amine-cured epoxy resins did, however, remain 
stable and therefore yielded a reliably low dielectric constant. 

1. Introduct ion  
Materials of low dielectric constant with a good reli- 
ability with respect to moisture are required in several 
advanced applications in digital electronics [1]. They 
can enter also in the fabrication of radar-absorbing 
materials [2]. 

The possibility of lowering the dielectric constant of 
thermosets by admixing hollow spheres is of interest 
as an economical way of achieving low dielectric con- 
stants compared to using expensive D-glass or Teflon 
fibres instead of E-glass. This approach has been 
examined by other workers: workers at Dew Chem- 
icals [3] used glass hollow spheres in Kevlar-rein- 
forced thermoset. The glass spheres were shown to 
induce a Maxwell-Wagner effect at temperatures of 
140-230 ~ due to the conduction in the glass at these 
temperatures; Toray Industries [4] claimed for the use 
of any type of hollow spheres (SiO2, AI2Oa, Z r O 2 ,  

glass, phenolic, carbonaceous materials) to lower 
the dielectric constant of printed wiring boards; 
Sumitomo Bakelite [5] patented the use of glass hol- 
low spheres in epoxy resins for potting semiconductor 
devices; Junkosha Co. [6] used hollow spheres of 
a copolymer of acrylonitrile-vinylidene chloride in 
a polyester matrix. 

We probed the effectiveness of a variety of hollow 
microspheres in reducing the dielectric constant of 
a thermoset composite and tested their resistance to 
moisture. 

2. Experimental procedure 
2.1. Samples 
Seven types of hollow microspheres were considered 
(Table I). The D-type spheres are phenolic micro- 

spheres and the E-type ones are made of a copolymer 
of acrylonitrile-vinylidene chloride. The density of the 
microspheres was measured in our laboratories, ex- 
cept in the case of organic microspheres for which the 
manufacturers data were used. 

Most samples were prepared with the resin labelled 
SA5, an anhydride-cured bisphenol F epoxy resin 
(Table II). The E-type microspheres were seen to dis- 
solve i n  anhydride hardeners. Consequently, two 
epoxy systems with amine hardeners were tested, 
labelled SAM2 and SAM4. It was found that the 
E-type microspheres did not dissolve in these epoxy 
systems. Mixed with uncured resins, they could also be 
kept under vacuum at 100 ~ without bursting. 

The samples were prepared by gradually adding the 
amount of filler which was to yield a set value of the 
volume content, as deduced from the densities listed in 
Table I. The mixture was stirred manually and de- 
gassed under vacuum prior to casting in moulds. The 
moulds were rotated about a horizontal axis perpen- 
dicular to the mould in order to minimize sedimenta- 
tion (floating). The volume content of filler of the 

T A B L E  I Microspheres 

Density 
Type Manufacturer  Grade (g c m -  ~) 

Ceramics A 0.78 
B - 0.87 

Glass C CX 0.28 
C CY 0.22 
C CZ 0.24 

Organic D - 0.1 
E - 0.036 

* Present address: Institute of Experimental Physics, Swiss Federal Institute of Technology, 1015 Lausanne, Switzerland. 
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TABLE II Volume content of filler 

Sample Nominal vol. % Measured vol. % Resin 

A/H 57 52 SA5 
A/B 57 52 SA5 
B/B 54 54 SA5 
B/H 54 62 SA5 
CX/0 50 54 SA5 
CX/1 40 40 SA5 
CY/! 40 41 SA5 
CZ/1 40 37 SA5 
CZ/S - 57 SA5 
D/1 55 48 SA5 
D/3 55 50 SA5 
D/7 48 50 SA5 
D/6 32 40 SA5 
E/I 40 44 SAM4 
E/2 40 43 SAM4 
E/4 40 45 SAM4 
E/5 40 40 SAM2 

Sample CZ/S was not rotated and the plate exhibited clear resin at 
the bottom. The sample was cut in the top part of the plate, where 
the microspheres had floated before cure. 

finished composite was again deduced from the densit- 
ies of the sample, the resin and the filler. Good agree- 
ment between the nominal and measured volume 
contents indicate minimal sedimentation or air bub- 
bles in the samples, as shown in Table II. The analysis 
of the dielectric constant of the composites indicated 
also that air bubbles did not play a significant role. 

2.2. High-frequency impedance 
measurements 

A high-frequency probe head (Fig. 1) was developed in 
order to measure at frequencies of 1-1000 MHz the 
samples which were used with a commercial appar- 
atus for measurements at lower frequencies (DETA of 
Polymer Laboratories Ltd). It is, in essence, a segment 
of coaxial transmission line in which the inner dia- 
meter increases from that of the connector to the size 
of the electrode on the samples. The outer diameter 
increases proportionally so that the characteristic im- 
pedance of the line remains equal to 50 f~. The sample 
terminates the transmission line. The probe head is 
connected to the terminal of an impedance meter 
(Hewlett Packard HP4191A). The effect of the length 
of the coaxial line between the connector of the meter 
and the sample is simply subtracted out by the instru- 
ment itself. The stray fields at the edge of the inner 
conductor were accounted for by the following pro- 
cedure. A series of measurements with samples of 
several thicknesses and dielectric constants revealed 
that the distortion of the field at the end of the inner 
conductor can be accounted for by assuming that the 
end cross-section of the inner conductor is 7% larger 
than its actual size. Furthermore, the standard for- 
mula was used for the correction of stray fields as the 
edge of a planar circular electrode [7]. 

The entire probe head was gold plated. The ground- 
ing of the piston-type back was established by 50 
spring-loaded gold-plated pins pressed against the 
side wall of the coaxial cell. Measurements of the 
dielectric constant of materials in the form of plates of 
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Figure 1 Coaxial probe head used to measure dielectric constant 
and loss in the frequency range 1-1000 MHz. The sample lies at the 
end of the inner conical conductor and is pressed with the grounded 
piston. The wide-to p element is unscrewed to access the sample held 
in place by small spacers. 

3 cm side, 1-3 mm thick, were measured with a pre- 
cision of 5%. Dielectric losses greater than 0.005 could 
be detected reliably. 

3. Dielectr ic constant  of dried samples 
3.1. Results 
The samples were dried for 6 days in vacuum at 
100 ~ The dielectric constant was measured at fre- 
quencies of 100 Hz-10 MHz. The frequency depend- 
ence is small and parallels the frequency dependence 
of the resin itself (Fig. 2). 
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Figure 2 Dielectric constant of samples of epoxy resin (SA5) filled 
with phenolic hollow spheres (D). The parameter is the volume 
concentration of spheres. The samples were measured after 3 days in 
vacuum at 100 ~ 



T A B L E  I I I  Prediction of the dielectric constant of a composite containing hollow spheres 

Type Sample Properties of the filler 

Density, Density, Volume 
crushed, whole, fraction 
Pf 9~ of air, 

(vol %) 

Dielectric constant 

Shell Filler 
(guess) (effective) 
82 8f 

Properties of the composites 

Dielectric (vol %) Dielectric Dielectric 
constant of Vf constant of constant of 
matrix, composite, model, 
gm 8exp 8HS 

Ceramics A/H 0.78 2.53 0.69 
B/B 
B/B 0.83 2.54 0.67 
B ~  

Glass CZ/0 0.24 2.27 0.89 
cz/s  
CX/O 0.28 2.21 0.87 
cx/1 
CY/1 0.22 2.37 0.91 

Organic D/1 1.41 0.10 0.93 
D/3 
E/1 1.37 0.0036 0.97 
E/5 

9 2.9 

9 3.0 

6 1.4 

6 1.4 

6 1.3 

4 1.1 

3.3 1.1 

3.2 52 2.9 3.~3.0 
52 2.9 3.~3.0 

3.2 54 3.0 3.1-3.1 
62 2.9 3.1-3.1 

3.2 37 2.5 2.4-2.4 
57 2.1 2.0 2.1 

3.2 54 2.3 2.1-2.1 
40 2.5 2.3-2.4 

3.2 41 2.3 2.2 2.3 

3.2 34 2.6 2.6 2.9 
50 2.3 2.1-2.4 

4.2 43 2.7 2.3-2.6 
3.7 40 2.5 2.2-2.4 

The dielectric constants at 3 kHz of all of the sam- 
ples are reported in Table III. At the right-hand side, 
under properties of the composite, the dielectric con- 
stant of the composites, eexp, is to be compared to that 
of the matrix, 8m, for the given volume concentration 
of filler, Vf. In particular, it is found that the ceramics 
microspheres did not lower significantly the dielectric 
constant of the composites with respect to that of the 
resin. The purpose of the model presented in the next 
section is to show the relative importance of the design 
parameters of such composites: dielectric constant of 
the walls of the microspheres, their thickness, and the 
volume ratio of filler. 

3 . 2 .  D i s c u s s i o n  
A model is presented which can be used to predict the 
efficiency of microspheres as a means of obtaining low 
dielectric constants. The results of the model are com- 
pared with the experimental values in Table III. 

The calculation of the dielectric constant of a com- 
posite made of hollow microspheres was carried out in 
three steps. First the polarizability of a hollow shell 
embedded in the resin was calculated. Then, the effect- 
ive dielectric constant, ~f, which would give rise, for 
a whole (homogeneous) sphere, to the same polariza- 
bility, was deduced. Finally, the upper and lower 
bounds of Hashin Shtrikman were used in order to 
determine the dielectric constant of the composite. 

3.2. 1. Effective dielectric constant of 
the filler 

The polarizability of a coated sphere is given by [8] 

~shell = 

(82 - -  8m)(81 -}- 282) - t - f ( g a  - 82)(8m "~ 282) 

(82 -1- 28m)(81 q- 282) q- 2 f ( e 2  - -  8m)(81 - -  82) 

where 81 is the core dielectric constant = 1 (air), 82 the 
shell dielectric constant, 8 m the matrix dielectric con- 

stant, and f the volume fraction of air. The polariza- 
bility of a homogeneous sphere of dielectric constant, 
8f, is 

(~f - -  8m) 
~homo : 3 

(Sf q- 28m) 

Typical values of e2 were used: 9 for the ceramics 
microspheres and 6 for the glass ones. The dielectric 
constant of the matrix, 8m, was measured. 
The volume fraction of air, f is 

f = ( R 1 / R 2 )  3 (1) 

w h e r e  R 1 and R2 are the inner and outer radii, respect- 
ively. It is deduced from the density of the micro- 
spheres measured before, pf, and after, 9B, they were 
crushed in a mill of steel balls 

f = 1 - (9f/PB) (2) 

The parameter ~f given in Table III can be considered 
as a quality factor of the filler, characterizing its ability 
to lower the dielectric constant. 

3.2.2. Dielectric constant of the composites 
A great number of models has been developed to 
predict the effective dielectric constant of composites. 
The upper and lower bounds of Hashin and Shtrik- 
man give a narrow range of values in our case, because 
the dielectric constants of both components are of the 
same order of magnitude. The lower bound to the 
dielectric constant of a composite comprising spheres 
of dielectric constant el, embedded in a medium of 
dielectric constant 8m is given by [9] 

H S ( g f ,  Sm,Xf,  Xm) = 8 m -It- x f  - -  --{- 
f gm 

where xf and Xm are the volume ratio of filler and 
matrix, respectively. The upper bound is HS (am, el, 
Xm,Xf). The calculated upper and lower bounds are 
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reported in the column Sns of Table III  and can be 
compared with the experimental values, ~ p .  The vol- 
ume fraction of filler, Vf, is the value deduced from the 
density of the samples, the resins and the fillers. 

The uncertainty in this calculation is for the most 
part  in the estimate of sf, the effective dielectric con- 
stant of the filler. The predicted values are within 12% 
of the measured ones. The prediction tends to be 
systematically too optimistic: the measured value is 
higher than the predicted one. 

The ceramics microspheres do not reduce signifi- 
cantly the dielectric constant of the composite with 
respect to the neat resin because the shells are made of 
a material of fairly large dielectric constant, s2, and 
because the aspect ra t io , f  is not particularly large. On 
the other hand, the glass spheres give better results 
because their aspect ratio is larger. The performance 
of E-type spheres arises from the high aspect ratio and 
the low dielectric constant of the shell material. 

This model shows that it is not easy to lower the 
dielectric constant of a resin with s in the range of 3 ~  
by adding a filler of hollow microspheres. Consider 
the following "best case". The microspheres are made 
of quartz, so s2 = 3.7, with a diameter of 50 p.m and 
a wall thickness of 1 p.m. A volume concentration of 
50% is necessary in order to reach a dielectric con- 
stant of the composite of about 2.0 with resin s,~ -- 3.2. 

4. W a t e r  a b s o r p t i o n  
4.1.  Bas ic  e x p e r i m e n t a l  resu l ts  
Water absorption at 85 ~ and at 85% relative humid- 
ity was monitored by gravimetry. Its effect on the 
dielectric constant was studied in the samples contain- 
ing glass and organic microspheres. The weight gain 
followed a regular course reminiscent of a fickian 
absorption (Fig. 3). On the other hand, the dielectric 
constant at low frequency changed drastically during 
this absorption process (Fig. 4). The dielectric con- 
stant in the final state had a strong frequency depend- 
ence, as discussed below. This effect has been observed 
in all composites, except those made with E-type 
microspheres. Its origin is discussed next. The case of 
E-type spheres is discussed last. 
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Figure 4 Dielectric constant at 3 kHz as a function of the water 
uptake reported in Fig. 3. (x) CZ, (�9 CY, (+) CX. 

4.2.  M a x w e l l - W a g n e r  e f f ec t  
The absorbed water was found to result in an enor- 
mous frequency dependence and a low dielectric con- 
stant of the order of 10, much greater than expected 
with dipolar contributions only. This effect was ob- 
served in all samples containing glass (C) and phenolic 
microspheres (D). The data taken in the frequency 
range of 100 Hz-1000 MHz display two conspicuous 
features (Fig. 5): the divergence of the dielectric con- 
stant at low frequency and a high-frequency peak of 
the loss factor. The low-frequency behaviour was 
strongly dependent on the extent of water absorption 
at the surface of the sample, which could be varied by 
keeping the  sample under vacuum in the measuring 
cell. The frequency at the maximum of the loss peak 
was measured as a function of temperature from 
+ 25 ~ to - 35 ~ (Fig. 6). An Arrhenius plot of the 
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Figure 3 Water uptake as a function of exposure to 85% relative 
humidity at 85~ The samples contain 40 vol % glass micro- 
spheres. Their sizes are identical. (�9 CX, (+) CZ, (x) CY. 

Figure 5 (a) Dielectric constant and (b) loss factor of a composite 
of glass spheres (CZ) with a water uptake of 1.5%. The samples were 
kept 1 h in vacuum prior to the measurement. 
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Figure 6 Dielectric loss peak at several temperatures: (D) 26~ 
(�9 0~ (+) - 2 0 ~  (x) - 3 4 ~  (sample of Fig. 5). Inset: 
Arrhenius plot of the frequency at the peak. 

ivity must also be assumed�9 If water is depleted at the 
surface of the sample, the surface is purely dielectric. 
The simplest equivalent circuit is a capacitance in 
series with the parallel combination of the capacitance 
and a resistance which are determined by the ge- 
ometry of the sample, the bulk conductivity and the 
effective dielectric constant given by the Maxwell- 
Wagner formula. Two parameters must be adjusted: 
the thickness of the blocking layer and the bulk con- 
ductivity of the core. A rough fit to the data was 
obtained with reasonable values of the thickness 
(0.5 ram) and the bulk conductivity (5 x 10 - 9  S c m - 1 ) .  

It is typical for the conduction of a composite above 
percolation to be 1000 times less than the intrinsic 
conductivity of the filler [14]. 

frequency at the peak as a function of temperature 
yielded an activation energy of 13kcalmo1-1 and 
a pre-exponential factor of about 10 is Hz. In com- 
parison, typical values for the diffusion of water in 
materials such as epoxy resins [10], starch [ l l ]  or 
cellulose [12] are of the order of 6-8 kcal tool - t .  The 
rather large diffusion energy which was found rules 
out ionic conduction in microcracks at the interface 
between the filler and the matrix, where water and 
ions could move freely. 

The overall dielectric behaviour (Fig. 5) can be ac- 
counted for with a simple model. Conduction of 
impurity ions in the presence of absorbed water is 
assumed. It gives rise to a Maxwell Wagner effect at 
the interface and to an ionic conduction throughout 
the sample because the volume content of filler is 
above the percolation threshold. The drying of the 
surface, on the other hand, results in a blocking layer. 
The Maxwell-Wagner formula for the dielectric con- 
stant of spheres of conductivity ~, dielectric constant 
~r, dispersed at a volume concentration, Q, in a matrix 
of dielectric constant, am, can be written in the Debye 
form [13] 

with 

a s - -  acx3 
a = a ~  + -  (3) 

1 + imz 

(1 + 2Q) 
as = an (1 - Q) (4a) 

(28m + 8f)8o 
= (4b) 

Cr 

g m F 1  3 Q ( a m  - -  ~ f ) - I  ace 
+ +- J L 

(4c) 

where ao is the vacuum permittivity, m the applied 
frequency. 

The dielectric constant, el, of the filler was taken 
from the calculation of the effective dielectric constant 
of the hollow spheres. The loss peak is at c0v = 1. 
Thus, the conductivity of the filler can be deduced 
from the data to be about 7x  10 -6  S e r e  -1.  This is 
a typical value, for example for an antistatic material 
based on hydrophilic antistatic agents. If conduction 
about the spheres is taking place, then a bulk conduct- 

4 .3 .  D i p o l a r  e f fec ts  
The increase of the dielectric constant due to the 
presence of the water dipoles in polymeric films has 
been studied by several groups [t5, 16, 17]. These 
authors found that the static dielectric constant in- 
creases linearly with the percentage of absorbed water 
according to 

e(m) - a(0) = 4.0[g(0) + 2]2d~pm/T (5) 

where rn is the percentage of absorbed water (wt %), 
a(m) the dielectric constant with m % water, 13 the resin 
density, T the temperature (K), and qb is an experi- 
mental factor representing the relative polarizability 
of a water molecule in the resin with respect to its free 
state. Assuming the maximum value for dO(d~ = 1), 
the increase of the dielectric constant of a resin of 
a(0) = 3.0 is 0.4 at room temperature when 1% of 
water is absorbed (9 = 1.2). Hence the increase of the 
dielectric constant at 3 k H z  to as much as 15 as 
observed with glass and phenolic microspheres, can- 
not be of dipolar origin. 

On the other hand, composites of type E micro- 
spheres are only mildly affected by water absorption. 
No dispersion of the dielectric constant develops 
under the influence of water absorption even after 
500 h exposure to 85% relative humidity at 85 ~ The 
dielectric constant increases linearly with the amount 
of absorbed water (Fig. 7), as predicted by the dipolar 
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Figure 7 Dielectric constant of amine-cured epoxy resin (SAM4) as 
a function of the amount of water absorbed at 85% relative humid- 
ity, 85 ~149 Upper curve, neat resin (SAM4); lower curve, resin with 
43 vol % microspheres of type E. 
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model. The data for the sample of neat resin yield 
qb = 0.8, which is a typical result 1-16]. This value of 
the relative polarizability accounts for the increase of 
the dielectric constant of the composite of E-type 
spheres with water uptake. 

5. Conclusion 
Our evaluation of hollow microspheres can be sum- 
marized as follows. 

1. Ceramic microspheres did not lower the dielec- 
tric constant significantly. The walls of the spheres 
were not thin enough, compared to their radii, for the 
low dielectric constant of the air contained in them to 
offset the large dielectric constant of the ceramic walls. 

2. Glass and phenolic microspheres did lower the 
dielectric constant. However, water absorption in- 
duced conduction around the spheres and conse- 
quently deteriorated the dielectric properties of the 
composite completely. 

3. The E-type microsphere satisfied both require- 
ments of low and water-resistant dielectric constant. 
However, the E-type microspheres could not be. pro- 
cessed as freely as the phenolic or the glass spheres. In 
particular, they dissolved in anhydride hardeners. 

References 
1. J. BALDE and G. MESSNER, Circuit World 14 (1987) 11. 
2. E. F. KNOTT, J. F. SCHAEFFER and M. T. TULEY, 

"Radar Cross Section" (Artech House, Dedham, MA, 1985). 
3. P .D.  ALDRICH, R. L. McGEE, S. YALVAC, J. E. BOR- 

NEKAMP and S. w. THRUROW, J. Appl. Phys. 62 (1987) 
4504. 

4. Toray Industries Ltd, Jpn Kokai Tokkyo Koho JP 62/169392 
A2 1-87/169392], Chem. Abstr. CA108 (2) (1987): 10124f. 

5. Sumitomo Bakelite Ltd, Jpn Kokai Tokkyo Koho JP 63 66, 
220 [88 66, 220] March 1988; Chem. Abstr. CA109: 74593m. 

6. Junkosha Co. Ltd, Jpn Kokai Tokkyo Koho JP 87/112, 018, 
May 1987; Chem. Abstr. 110: 155846u. 

7. ASTM D150-81 (American Society for Testing and Materials, 
Philadelphia, PA, 1982). 

8. C. F. BOHREN and D. R. HUFFMAN, "Absorption and 
Scattering of Light by Small Particles" (Wiley, 1983). 

9. z. HASHIN and S. SHTRIKMAN, J. Appl. Phys. 3 (1962) 
3125. 

10. L.W. JELINSKI, in "High Resolution NMR Spectroscopy of 
Synthetic Polymers in Bulk", Methods in Stereochemical Ana- 
lysis edited by A. P. Marchand, 7 (Deerfield Beach, FL, 1986) 
p. 335. 

11. S. J. RICHARDSON, I. C. BAIANU and M. P. STEIN- 
BERG, Starch/St(irke 39 (1987) 302. 

12. H. PEEMOELLERandA.  R. SHARP, Polymer26(1985) 859. 
13. VAN BEE K, in "Progress in Dielectrics", Vol. 7, edited by J. B. 

Birks (Heywood Books, London, 1967) p. 69. 
14. H.S. KATZ and J. V. MILEWSKI, "Handbook of fillers for 

plastics" (van Norstand, New York, 1987). 
15. D.D. DENTON, PhD thesis, M.I.T., Senturia adviser, Febru- 

ary 1987. 
16. P.D. ALDRICH, S. K. THRUOW, M. J. McKENNON and 

M. E. LYSSY, Polymer 28 (1987) 2289. 
17. J-Ph. ANSERMET and A. KRAMER, in "Materials Science 

of High Temperature Polymers for Microelectronics", edited 
by D. T. Grubb, L. Mita and D. Y. Yoon, Proc. Mat. Res. Soc. 
227 (Materials Research Society, Pittsburg, 1991) p. 155. 

Received 23 June 
and accepted 16 December 1993 

2846 


