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Polymer impregnation of macro-defect-free
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Impregnation of MDF cements based on Secar-71 with high-strength heat-resistant polymers,
like the novolac epoxies, produces composites with vastly improved properties. Some typical
properties are: (1) at 1 MHz and 0% relative humidity, dielectric constant of 8 to 9, dissipation
factor of 0.005 to 0.008, and d.c. resistivity of about 10" Qcm; (2) less than 5% increase in
dielectric constant after exposure to 90% humidity for extended periods of time; (3) flexural
strengths of 150 to 200 MPa; and (4) thermal stability up to 350° C.

1. Introduction

In a previous paper [1], we reported the preparation
and properties of macro-defect-free (MDF) cements
based on Secar-71. While the electrical properties
of these cements were adequate in low humidities
for consideration as potential low-cost substrates,
they deteriorated rapidly in higher humidities. We
also found that while impregnation and in siru
polymerization with a hydrophobic monomer like
dimethylsiloxane (silanol terminated) very signifi-
cantly inhibited the effect of higher humidities, the
strengths of the impregnated cements were very poor.
This is probably because the impregnation process
requires heating to 225° C for extended periods of time
which softens the original polymer.

Polymer impregnation of concrete and cementitious
materials has long been known [2, 3]. The process
involves heating to drive off water, open up and
even modify the pore structure and refilling the
pores with an organic monomer which is then poly-
merized to form a composite of an organic polymer
network interpenetrating an inorganic cementitious
network. Usually, the more porous the sample, the
better the impregnation, and such cements have been
found to have high tensile and compressive strengths
[2]. We have explored the possibility of adapting
this technique to the macro-defect-free cements,
because in addition to durability and high strength,
good thermal stability is also necessary. For impreg-
nation, we have used methyl methacrylate and some
high-strength, heat-resistant novolac epoxies. These
cements, as-made, have very little open porosities and
the viscosities of the resins are high; therefore they
were preheated to completely remove the water and
the original polymer, thus making them reasonably
porous and facilitate maximum impregnation. In this
paper, we report these impregnation studies and the
properties of the resulting materials.

2. Experimental details

For the impregnation studies, a cement-based on
Secar-71 and with a composition 11.5 (water)/7 (poly-
vinyl acetate)/0.7 (glycerol)/100 (Secar-71) was used.
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Cement discs of lin. (2.54cm) diameter and 2 to
3mm thick were made using a high shear mixer and
a roller mill as described previously [1]. Some of
the discs were hot pressed at 70°C and 7000 p.s.i.
(~48.23Nmm ?), while others were air cured for a
couple of days. Both types of sample were used in the
impregnation studies and subsequent measurements.

The cement discs were heated in air at 500° C for 5
to 6 h to completely remove the water and the original
polymer (polyvinyl acetate) and then stored in vacuum
at 150°C to prevent reabsorption of moisture. In a
typical impregnation experiment, these discs were
dipped in a molten mixture of the epoxy and hardener
for a period long enough to result in complete impreg-
nation. Then they were removed, and after removal of
the excess adhering resin, cured. After cooling, the
residual resin was removed from the surfaces by sand-
ing. The details are as follows: (a) a mixture of methyl
methacrylate (70%) and trimethylolpropanetrimeth-
acrylate (30%) with benzoyl peroxide as catalyst was
used as the impregnating agent in a manner similar to
dimethylsiloxane [1]. The schedule was 75°C for 2h
followed by curing at 125°C for 24 h; (b) Dow epoxy
novolacs (DEN 438 and 431) were used with diamino-
diphenylsulphone (DADPS) as hardener. The novolacs
and DADPS were heated separately at 150°C for [ h.
DADPS (36 or 22% by weight for DEN 438 or 431,
respectively) was stirred in and allowed to dissolve
(about 10 min). The cement samples were introduced
and impregnation carried at 150°C for 1h. Curing
was done at 150°C for | h followed by 3 h at 225°C;
(c) DEN431 was also used with a mixture of nadic
methyl anhydride (NMA) and benzyldimethylamine
(BDMA) as hardeners. The novolac was preheated to
90° C for 1 h, 87.5% by weight NMA was added and
the mixture heated for 0.5h; 1.5% by weight BDMA
was stirred in and the cement samples introduced.
Impregnation was done at 90°C for 1.5h and curing
was at 90°C for 1.5h followed by 4h at 165°C and
finally 16h at 200°C; (d) a Ciba-Geigy Ecobond
novolac, ECN 1235 was used with HT 976 (Ciba-
Geigy) as hardener. 27% by weight HT 976 was melted
by heating to 180°C and dissolved in the novolac
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TABLE 1 Electrical properties of impregnated cements

Sample &1 Mz tan 6y, Q4. (Qem)
0% r.h. 90% r.h. 0% r.h. 90%r.h. 0% r.h. 90% r.h.

Unimpregnated cement [1.10 16.5 0.0235 0.20 2 x 108 2 x 107
sample

Cement + 8.4 9.3 0.016 0.03 5 x 10 ~ 10"
dimethylsiloxane

Cement + MMA + 9.1 10.7 0.008 0.018 > 10" ~ 10"
benzoyl peroxide

Cement + DEN 438 9.3 9.8 0.008 0.023 > 10" ~ 10"
NMA + BDMA

Cement + 8.7 10.0 0.007 0.018 > 10" ~ 10"
DEN 438 + DADPS

Cement + 9.1 9.5 0.01 0.017 > 10" ~ 10"
DEN 431 + DADPS

Cement (R.T. cured) + 9.1 9.8 0.009 0.014 > 10" ~ 10"
ECN 1235 + HT 976

Cement (hot pressed) 8.9 9.3 0.009 0.015 > 10" ~ 10"
+ ECN 1235 + HT
976

at 84°C. The cement samples were introduced and
impregnation was carried out for 5h. Curing was at
120° C for 4 h followed by 16 h at 200° C.

The electrical properties of the impregnated cements
were measured in both 0 and 90% relative humidities
as described earlier [1]. The strength measurements
were made on a MKS testing instrument using a four-
point bending technique. At least six discs were used
for each measurement. The temperature range of stab-
ilities of some of the samples was determined by
measuring the thermal expansion coefficient to 150°C
and repeating the experiment with the upper tempera-
ture limit 50 degrees higher in each subsequent reheat-
ing, until the data were no longer reversible.

3. Results and discussion

Table I lists the electrical properties of the impreg-
nated samples. For comparison, data for an as-made
cement as well as a sample impregnated with dimethyl-
siloxane are also included.

From examination of the table, the following
observations can be made. (a) The | MHz dielectric
constant and loss factor values as well as the d.c.
resistivities in 0% relative humidity are nearly the
same for all the impregnated samples. The decrease in
the dielectric constant (from about 11 to about 9) and
the loss factor (from about 0.025 to less than 0.01)
after impregnation are due to removal of water and
refilling of the pores with the polymer. (b) Preheating
followed by impregnation and in situ polymerization

with the novolac epoxies and methyl methacrylate
inhibit the effect of higher humidities in much the
same way as dimethylsiloxane — by filling the pores.
The table shows that in the best cases (for example
with ECN 1235 4+ HT 976), the diclectric constant
increases by as little as 5% even after exposure to
90% relative humidity for extended periods of time
as opposed to an increase of 50% or more for the
as-made sample. Similarly, the d.c. resistivities decrease
by just about an order of magnitude compared to six
orders of magnitude for an as-made sample. (c) The
inhibition effect at higher humidities on the electrical
properties is the same for the dimethylsiloxane and
the novolac epoxies. (d) Similarly, there is no sig-
nificant difference between cement samples which
were hot pressed and those that were cured at room
temperature.

Table II lists the flexural strengths and thermal
stability ranges for the impregnated samples. The
strength measurements shown are the average of six
samples. Again, for comparison, data for an as-made
cement and one impregnated with dimethylsiloxane
are included. The superiority of the novolac epoxies is
obvious. Cement samples impregnated with DEN 431
or ECN 1235 have flexural strengths of 150 to
200 MPa, much higher than samples impregnated with
dimethylsiloxane (about 30 MPa). Even DEN 438 and
methyl methacrylate seem better than dimethylsil-
oxane though not as good as DEN 431 or ECN 1235.
Also, the fact that in quite a few cases, the maximum

TABLE II Thermal stability and strengths of impregnated cements

Sample Max. temp. Flexural strength (MPa)
z:fé;ablhly Average Maximum

1. Unimpregnated cement ~175 120 135

2. Cement + dimethylsiloxane ~175 ~ 30 -

3. Cement + MMA + benzoyl peroxide 150-175 69 70

4. Cement + DEN 438 + NMA + BDMA - 78 86

5. Cement + DEN 438 + DADPS - 96 110

6. Cement + DEN 431 + DADPS 350 173 183

7. Cement (R.T. cured) + ECN 1235 + HT 976 350 145 183

8. Cement (hot pressed) + ECNI1235 + HT 976 350 156 230
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Figure I Microscopic cross-sections along the thickness for three
representative polymer impregnated and cured cement samples.
x ~ 17

value of the flexural strength is much higher than
the average values, makes it likely that the strength
values can be further improved by optimizing the
impregnation and curing schedules. Further, cements
impregnated with the novolacs are thermally stable
and can be cycled up to 350°C, while the as-made
cements and those impregnated with dimethylsiloxane
or methyimethacrylate could not withstand tempera-
tures higher than 150 to 175°C. In fact, with both
ECN 1235 and DEN 431 impregnation, the post-cure
strengths are very much comparable to the as-made
MDF cements, while at the same time, the tempera-
ture range of stability and durability of the electri-
cal properties in higher humidities is vastly improved.
Though the as-made cements have good strengths and
very little open porosity, the polymer used to facili-
tate the processing (polyvinyl acetate) is water sol-
uble. Hence water can permeate the cement network
resulting in the deterioration of the electrical proper-
ties. By removing this polymer and water while
retaining the basic MDF structure and refilling with a
high-strength heat-resistant polymer, the improve-
ment in properties is attained.

The improved properties of the impregnated cements
also depend on the decrease in the porosity achieved
which depends on the depth and uniformity of pen-
etration of the structure. While there is no direct
relation between the solid fraction of the cement paste
and the monomer and the mechanical strength of the
impregnated composite for a cement of given porosity,
the strength and durability properties increase with
monomer loading [2]. Fig. | shows, for three of the
impregnated samples, cross-sections along the thick-
ness ( x 17). An as-made but preheated sample could
not be included, because it was too weak to be polished.
Itis seen from the figure that the polymer penetration
is quite uniform across the entire thickness of the
sample. Samples heated to 500° C showed a volume
porosity of about 20% by mercury porosimetry. A

calculation using the Maxwell equation for dielectric
constant of a random mixture

2 &
V& 3 + . + 0,8
g = ‘ (1

v g+_82_ + v,
"\3 7 3

where ¢ is the dielectric constant of the composite, ¢,
and &, are dielectric constants of the two phases, and
v, and v, are the volume fractions of the two phases,
shows a polymer uptake of 18 to 19% which indicates
almost complete filling. Also the impregnated cements
do not show any open porosity.

Data for polymer-impregnated concretes [4] show
that improvements in strength cannot be predicted by
the pore-filling concept alone, but should also be
related to improvements in interfacial bonding. This
may explain the differences in strength among the
various impregnated cements, though all of them
seem to be equally resistant to high humidities. Data
[5] also show that the sealing of pores, in addition
to improving the strength and elastic properties
of the composite, increases its resistance to crack
propagation.

4. Conclusion

By preheating the MDF cements to about 500° C to
remove most of the water and the hydrophilic polymer
used in processing, and then impregnating them with
high-strength heat-resistant novolac epoxies, we have
been able vastly to improve their properties. The
resulting composites have (a) low dielectric constant
and high resistivity, (b) very small changes in electrical
properties after extended exposure to high humidities,
(c) good flexural strengths, and (d) good temperature
range of stability. By optimizing the choice of the
epoxies and the impregnating and curing schedules,
it may be possible to make further improvements.
These properties make them attractive candidates for
consideration as low-cost substrates in electronic
packaging.
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