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ABSTRACT: A series of rigid interpenetrating network foams (IPNFs) based on a rosin-
based polyurethane (PU) and a crosslinked epoxide resin (ER) were prepared by a
simultaneous polymerization technique. The morphology, mechanical properties, ther-
mal stability, and changes in the chemical structure during the thermal degradation
process of the rigid IPNFs were investigated by scanning electron microscopy (SEM),
compressive testing, thermogravimetric analysis (TGA), and Fourier-transform infra-
red spectroscopy (FTIR). The SEM micrographs showed that the cell structure of the
rigid IPNFs became less homogeneous with increasing ER content. The brittleness of
the cell walls increased as the ER content and the cure time of the rigid IPNF's
increased. The compressive strength of the rigid PU/ER IPNF's increased to a maximum
value and then decreased with further increase in the ER content. Similar behavior was
observed for the elastic modulus. This behavior was related to the nonhomogeneous
cells and more brittle cell walls for the rigid IPNFs with high ER content. The TGA data
showed that the thermal stability of the rigid PU foam increased with the addition of
increasing levels of ER, due to the better thermal stability of the ER compared to that
of the PU. With the exception of the ER alone, a two-stage weight-loss process was
observed for all these rigid IPNFs and for the PU foam alone. The FTIR analysis
suggested that the first stage of weight loss was due to the degradation of the polyol—
derived blocks of the PU, and the second weight loss stage was governed by both the
degradation of the ER component and that of the isocyanate-derived blocks of the PU.
© 2000 John Wiley & Sons, Inc. J Appl Polym Sci 75: 406—416, 2000
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INTRODUCTION

Polyurethanes (PUs)"? are a versatile group of poly-
mers, typically prepared by the reaction of isocya-
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nates with hydroxyl-containing compounds. Rigid
PU foams (PUFs) represent one of the most impor-
tant applications of the polymer. It is well known
that rigid PUFs are one of the most effective heat-
insulating materials. However, their relative low
thermal stability and strength limit their applica-
tion. Moreover, following the 1987 Montreal Proto-
col, the PU industry’™ has been confronted with
the ozone-depletion issue. Currently, the worldwide
PU industry is making a considerable effort to re-
place physical blowing agents such as the ozone-
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depleting trichlorofluoromethane (CFC-11) with
non-ozone depleting types. Since the early 1990s,
some zero or low ozone depleting value materials,
such as 1.1-dichlorofluoroethane (HCFC 141b, one
of the so-called hydrogenated CFCs), have been
used to replace CFC-11.13

Crosslinked epoxide resins (ERs)*® are widely
used as the matrix polymer of high-performance
composite materials because of their stiffness,
chemical resistance, and relatively high thermal
stability. ERs are commonly formed from the reac-
tion of the oxirime groups of epoxide oligomers (e.g.,
based on the diglycidyl ethers of bisphenol A) with a
choice of crosslinking agents, such as diamines or
dicarboxylic acids. Some epoxide precursors also
have reactive hydroxyl groups. Because of their rel-
atively high crosslink densities, ERs, as thermoset
materials, are inherently brittle.

Since the first synthesis work by Miller® in
1960, the term interpenetrating polymer network
(IPN) has been used to describe the combination
of crosslinked polymer networks in which at least
one polymer is synthesized and/or crosslinked in
the immediate presence of the other. The IPN
technique can be a very effective method to im-
prove the properties of existing polymer materials
and to synthesize new systems which have special
properties.” Over the past 20 years, IPNs have
been extensively studied.”® Although much
work®22 has been carried out on the synthesis
and properties of PU-ER IPNs, most of it has
focused on improving the brittleness of ERs. With
respect to rigid PUF's, and to our knowledge, only
one article has been published dealing with this
topic. Moreover, that work focused mainly on the
mechanical properties of PU/ER IPNFs using a
chemical blowing agent.'® No previous work has
been done on the thermal stability, mechanical
properties, and morphology of rigid PU/ER IPNF's
based on rosin-based polyester polyol and blown
with HCFC 141b.

The rosin-based polyester polyols (RPPs) are
new types of polyols synthesized by the authors
from natural gum rosin as one of the raw mate-
rials.?® 2* The authors have produced a series of
rigid PU-ER IPNFs by a simultaneous polymer-
ization technique, using RPP.?° In that work, the
chemical structure, dynamic mechanical proper-
ties, and morphology of the rigid IPNFs (blown
with HCFC 141b) were investigated by Fourier-
transform infrared spectroscopy (FTIR), dynamic
mechanical thermal analysis (DMTA), and scan-
ning electron microscopy (SEM). It was shown
that the component networks were compatible in
the final rigid PU/ER IPNFs. The compatibility

was attributed to a graft structure in the PU and
the ER networks. This was thought to have arisen
from the co-reactions of the hydroxyl groups of the
both the epoxide oligomer and polyols, with the
isocyanate groups of 4.4'-diphenylmethane diiso-
cyanate (MDI) and the oxirime groups of the ER.
In this paper, the morphology, mechanical
properties, thermal stability, and changes in the
chemical structure during the thermal degrada-
tion process of the rigid IPNFs were investigated
using SEM, compressive strength testing, ther-
mogravimetric analysis (TGA), and FTIR.

EXPERIMENTAL

Materials

The materials used in this study are summarized
in Table I. A rosin-based polyester polyol (RPP), a
sucrose-based poly(ether polyol) (Daltolac R230),
and the epoxide oligomer (Epikote 828) were de-
gassed at 60°C under a vacuum for 12 h. HCFC
141b was used as the blowing agent. TEA and
K54 were used as the cure catalysts of the PU and
ER, respectively.

Preparation of Rigid PUF and PU/ER IPNFs

The rosin-based rigid PUF was prepared via a one-
shot method, as described in earlier papers.?® 24
The rigid PU/ER IPNF's were synthesized by add-
ing varying amounts of Epikote 828 into the basic
formulation of the rigid PUF, by a technique de-
scribed in an earlier paper.?® The eight formula-
tions used in the various experiments are shown
in Table II. The density of each of the rigid PU/ER
IPNFs and the PUF was controlled at about 45 kg
m ™3 by varying the dosage of the blowing agent;
the ER was unfoamed. The polyols, epoxide oli-
gomer, silicone surfactant, blowing agent, and
catalysts were thoroughly mixed together, prior
to mixing in MDI to start the reaction, at a stir-
ring speed of about 2000 rpm for 10 s. The mix-
ture was then poured into a 20 X 8 (diameter)-
cm? cylindrical, metal mold, preheated to 40°C.
Each polymer foam formed a stable solid within 2
min, by controlling the quantity of the PU cata-
lyst used. Specimens of PU/ER IPNF (28.1% ER)
were cut and stabilized for SEM examination 2,
20, 30, and 60 min after the start of the reaction.
For the other SEM, TGA, and compression test-
ing, each polymer sample was then postcured in
an air oven at 100°C for 1 h and left for a mini-
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Table I. Materials Used in This Investigation

Designation

Description

Source

RPP

R230 (trade name
Daltolac)

MDI (trade name:
Suprasec DNR)

HCFC 141b

Silicone surfactant

TEA
K54
Epikote 828

Rosin-based polyether polyol, hydroxyl value: 400
mg KOH/g

Synthesized by the authors?

(0]
[ [
HO%-Rfo—C  C—0—R{+0m),
m,n,xy=1 «COOR—OM),
Modified sucrose-based polyether polyol; hydroxyl value: ICI Polyurethanes
575 mg KOH/g
Diphenylmethane diisocyanate (MDI)-based composition, ICI Polyurethanes
containing some higher functional isocyanates, NCO
value: 30.8 wt %; functionality: 2.7
1,1-Dichloro-1-fluoroethane ICI Polyurethanes
Polyether-modified polysilioxane (trade name: TEGOSTAB Goldschmidt AG.
B8404)
Triethanolamine Aldrich

2,4,6-Tri(dimethylaminomethyl)phenol
Bisphenol A—epichlorohydrin (M, < 700)

0 CH, OH

AN | I

CH,—CHCH, o{éy(ﬁ{@}ocmcmﬂ2 0o—
CH,

Air Products & Chemicals Inc.

Shell Co.

n

CH, 0
| AN

©~4<0-oonsi-en
CH,

mum of 14 days at ambient before testing was
carried out.

Testing Methods

It should be noted that not all formulations were
subjected to all tests.

SEM

Small specimens of each foam were cut and pre-
pared to examine their cellular structures. Each
specimen was mounted on an aluminum stub us-
ing conductive silver dag and coated with gold to
a thickness of about 0.015 microns with a sputter
coater. These were observed in an SEM (Cam-

bridge Instruments, Model 360) at a specimen
angle of 0°.

Compression Testing

All sample rods were cut into 3-cm-high sections
along the direction of the foam rise. The outer
skin of each section was cut off and trimmed into
4-cm-square blocks (i.e., each specimen was 3 X 4
X 4 cm?®). The compressive tests were performed
using a Lloyd Instruments, Model 10000, tensom-
eter at 20 = 2°C. The test was carried out in the
direction parallel to the foam rise at a constant
crosshead speed of 1 mm min~'. The compressive
strength corresponded to the maximum load. The
initial elastic modulus was determined by differ-
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Table II Recipes for the Neat Rigid PUF, Rigid PU/ER IPNFs, and Neat ER

ER Content in Polymer (% wt)

Reference 0 7.0 13.3 20.1 28.1 36.7 42.8 100
Material Recipes (php?)
RPP 50 50 50 50 50 50 50 0
R230 50 50 50 50 50 50 50 0
Surfactant 2.0 2.0 2.0 2.2 2.8 3.2 3.6 0
MDI 154 154 154 154 154 154 154 0
HCFC 141b 30 31 33 35 41 48 53 0
Epikote 828 0 19 39 64 99 147 190 100

Epoxide catalyst K54 used at 5% wt with respect to Epikote 828. PU catalyst TEA, used at levels to give tack-free times (gelation

point) of equal to or less than 2 min.
2 php: parts per hundred (wt) polyol.

entiating the initial linear portion of the stress/
strain curve.

TGA

All samples were subjected to thermogravimetry
(i.e., using a Rheometric Scientific, Model TG 760
series, thermogravimetric analyzer) in air at a
heating rate of 10°C/min. The initial mass of each
specimen tested was about 8 mg.

Fourier-transform Infrared Spectral Measurements

FTIR was used to examine the changes in the
chemical structures of the rosin-based PU, the
neat ER, and the PU/ER IPNFs during thermal
degradation. Thin films of these materials were
prepared by casting each of the reaction mixtures
directly onto the polished surface of potassium
bromide disc prior to the cure reaction; each
coated disc was then placed in an air oven at
100°C for 1 h. All films were thin enough to yield
good IR spectra. The neat ER specimen was cured
at 100°C for 2 h to achieve a full cure.?* The
specimen films on KBr discs were put in an air
oven at each specified temperature for 5 min to
undergo thermal degradation. They were then re-
moved from the oven and subjected to FTIR anal-
ysis, using a Mattson 3000 FTIR spectrometer.
One hundred twenty-eight scans were collected at
a 4-cm™! resolution in the mid-IR range, from
4000 to 600 cm ™.

RESULTS AND DISCUSSION

Morphology of Cells of the Rigid PU/ER IPNFs

SEM micrographs of the rigid PU/ER IPNF's with
different ER contents and different cure times are

shown in Figures 1 and 2. According to the gen-
erally accepted foam formation mechanism,2627
bubble nucleation is the first event to occur after
polyol and isocyanate components have been
mixed. Minute bubbles of entrapped air are be-
lieved to be responsible for the nucleation, which
is followed by bubble growth through diffusion of
the blowing agent toward the growing bubble,
followed by evaporation. As the reaction proceeds,
the bubbles become polyhedral cells in the liquid
matrix. The major part of the monomer liquid
phase is located in the cell struts, while thin
membranes, as side walls, separate the single
cells, as shown in Figure 3. This process is fol-
lowed by more of the liquid monomers diffusing
from the struts to the cell walls and polymerizing
to form solid cell walls.

In Figure 1, the cell size of the rigid PU/ER
IPNFs decreased to reach a constant value as the
reaction proceeded. Two minutes after mixing,
the initial rigid IPNF formed exhibited a hetero-
geneous cell structure with some large cells and a
less brittle fracture surface of the cell walls. How-
ever, after 1 h, the foam consisted of smaller and
more homogeneous cells with more brittle walls.
This may be attributed to the fact that during the
early stages of cure most of the monomers in the
cell walls were still liquid, that is, not polymer-
ized to form solid cell walls. Thus, at the time
when the foam was cut for SEM specimens, some
of the liquid cell walls broke and merged into
their neighboring cells, resulting in large cells, as
shown in Figure 1(a). The lower brittleness of the
cell walls could be due to undercure of most of the
ER at that time. As the cure reaction proceeded,
more monomer polymerized to form solid cell
walls. As a result, no such kind of cell coalescence
occurred when the foam was cut [Fig. 1(c,d)].
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Figurel SEM micrographs of a PU/ER IPNF (28.1% wt ER) cured for different times:
(a) 2 min; (b) 20 min; (¢) 30 min; (d) 60 min.

Moreover, due to more epoxide oligomer reacting The neat rigid PUF showed smooth uniform
to form a brittle ER network, the cell walls cell walls, whereas each of the rigid PU/ER IPNF's
showed increased brittleness as the cure reaction exhibited more heterogeneous cellular structures
proceeded. and brittleness of the cell walls, as shown in Fig-

Figure 2 SEM micrographs of the rigid PU/ER IPNF's with the following ER contents:
(a) 0 %; (b) 13.3 %; (¢) 36.7 %; (d) 42.8 %.
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Figure 3 Schematic diagram of cell structure.?®

ure 2. This brittleness increased with increase in
the ER content, which could be attributed to the
inherent brittleness of the neat ER. The PU/ER
IPNF of 36.7% wt of ER had cell walls which
exhibited the greatest brittleness, which also led
to poor mechanical properties; this will be dis-
cussed later.

Mechanical Properties

The compressive strength and the elastic modu-
lus of the PU/ER IPNF's with variation of the ER
content are shown in Figure 4. The compressive
strength of the PU/ER IPNFs increased with ad-
dition of the ER to a maximum value and then
gradually decreased with further increase in the
ER content. The same phenomenon was observed
for the elastic modulus. This behavior can be ex-
plained possibly by the ER producing two effects:
its inherently higher strength compared to the
neat PUF and its negative effect on the homoge-
neity of the cells. The PU/ER IPNFs with low ER
content have a fairly homogeneous cell structure,
as illustrated by the SEM observations. There-
fore, the higher-strength effect of the ER out-
weighs its negative effect on the cell homogeneity,
resulting in IPNFs with higher strength over the
PUF alone. With further increase in the ER con-
tent, the PU/ER IPNFs exhibit a very brittle and
heterogeneous cell structure, leading to a rapid
decrease in strength and modulus.

FTIR Spectral Analysis

To establish the structural changes occurring
with temperature, FTIR analysis was carried out

on the residues of neat PUF, neat ER, and the
PU/ER IPNFs were subjected to different degra-
dation temperatures. The FTIR spectra of the
PUF alone at different temperatures are shown in
Figure 5. The FTIR spectrum of the PUF at room
temperature (i.e., before thermal degradation) ex-
hibited characteristic absorption bands®®2° at

e 3323 cm !: stretching vibration of the ure-
thane N—H bond,;

e 2933 cm ! stretching vibration of the ali-
phatic C—H bond;

e 1722 cm ! stretching vibration of the C=0
bonds of the urethane group and polyester
polyol;

e 1599 and 1529 cm ™ !: stretching vibrations of
the C=C bond on the para-disubstituted ar-
omatic ring of MDI;

e 1413 cm™ ! associated with the isocyanau-
rate groupgo;

e 1226 cm™ ! stretching vibration of the
C—O—C of ester and ether bonds of the poly-
ols;

e 1072 cm™ % stretching vibration of the

C—O—C bond of poly(ether polyol); and

e 817 and 767 cm ': out-of-plane rotational
vibration of the aromatic C—H bond of MDI.

In Figure 5, the spectra show no great change
in most of the functional groups present upon
heating to 250°C. Correspondingly, no great

- [

o E

o E

x —

=~ =

= —

o=

= o

[ -

- El

w 7 b bl
o

@ =

z x

o 200 L5 2

@ Ll

a =

E B s

S [

[&]

100 T | T [ T ‘ T J T 0
0 10 20 30 40 50

Epoxy Resin Contents ( % )

Figure 4 Influence of the ER content on the compres-
sive strength and elastic modulus of the rigid PU/ER
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Figure 5 Change in the FTIR spectra of the neat PU after degradation at different
temperatures: (a) room temperature; (b) 250°C; (c) 300°C; (d) 350°C; (e) 400°C; (f)

450°C.

weight loss was observed for the PUF alone up to
250°C, as shown by the TGA curve in Figure 6.
Above this temperature, the intensity of all the
functional group absorption bands starts to de-
crease and most of them disappear at 450°C. Fur-
ther analysis shows that during the thermal deg-
radation process

e The ether bond (at 1072 cm™ ') disappeared
first at around 300°C;

e The ester bond (at 1226 cm ) was degraded
at about 350°C; and

e The urethane group (at 3323 and 1722 cm ™ 1)
was finally degraded at about 400°C.

The MDI-derived block component in the neat
PU chains showed higher thermal stability, as
indicated by the very slow decrease of the inten-
sity of absorption bands at 1599, 1529, 817, and
767 cm ™ !. This again indicates that in the ther-
mal degradation process of the neat PU that the
polyol-derived block is degraded first, followed by

the degradation of the MDI-derived block. This is
strong evidence of a two-stage degradation pro-
cess for the rosin-based PUF's as suggested by the
authors in a previous work.?* It should be noted
that the N—H stretching band of urethane
groups (i.e., at 3323 cm ™ !) shifts gradually to a
higher frequency with increase of temperature.
This implies a gradual reduction in the degree of
hydrogen bonding of the urethane groups with
increase of the temperature.

The FTIR spectra of the neat ER at different
temperatures are shown in Figure 7. The FTIR
spectrum of the neat ER at room temperature
exhibits characteristic absorption bands?®2° at

e 3474 cm ™ !: stretching vibration of the O—H
bond,;

e 2963 cm ! stretching vibration of the ali-
phatic C—H bond;

e 1606, 1512, and 1462 cm ™ ': stretching vibra-
tions of the C=C bond on the para-disubsti-
tuted aromatic ring;
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e 1248 cm ™! stretching vibrations of the C—O
bond of the aromatic ring;

e 1184 cm ™ !: deformation of the C=H bond of
the aromatic ring;

e 1037 cm™ % stretching vibrations of the
C—O—C bond of the aromatic ring; and

e 829 cm ™ ': out-of-plane rotational vibration of
the aromatic C—H bond.

No great change was observed for the spectra
upon heating to 350°C as shown in Figure 7. This
suggests that the thermal stability of the ER is
significantly better than that of the neat PU, as
further confirmed by the TGA curves of the neat
ER and the neat PU in Figure 6. Above this tem-
perature, the ether band (at 1037 cm™?!) disap-
peared first at around 400°C and is followed by
the disappearance of the aromatic ring signal (at
827 cm 1) above about 450°C. This indicated, un-
like the neat PU, that only one thermal degrada-
tion process exists for this ER.

Representative FTIR spectra of the PU/ER
IPNFs at different temperatures are shown in
Figure 8. These spectra show no great change in
most of the functional groups present upon heat-
ing to 250°C. Correspondingly, no great weight
loss was observed for the PU/ER IPNFs up to
250°C, as shown by the TGA thermogram in Fig-
ure 6. The intensity of the absorption bands of the
ester group of the polyol and the urethane group

decreased rapidly and nearly disappeared at
350°C (i.e., at 1226 and 1726 cm ™!, respectively).
This was followed by the disappearance of the
aromatic ring bands of the MDI component and
the ER (at 1606, 1512, 829, and 767 cm ). This
suggested that each of the PU/ER IPNFs also
undergoes a two-stage thermal-degradation pro-
cess, as shown by the TGA thermograms in Fig-
ure 6. The first stage of weight loss is due to the
degradation of the polyol-derived blocks of the
PU, and the second weight loss stage is governed
by the degradation of the MDI-derived blocks of
the PU and ER components. Moreover, a shift of
the N—H absorption band (i.e., at 3327 cm ™ !) to
higher frequency with increasing temperature
was also observed in the PU/ER IPNFs system,
similar to the case of the neat PUF.

TGA

The thermogravimetric behavior of the samples of
PU/ER IPNFs with different ER content and
those of the neat PU and ER is shown in Figure 6.
All the samples exhibited a < 3% weight loss at
200°C, probably due to loss of their retained mois-
ture. The thermal stability of the neat ER was
better than that of the neat PUF. However, the
thermal stability of the PU/ER IPNFs can be seen
to be only slightly better than that of the PUF
alone (up to 42.8% wt content of ER). With in-
creasing ER content in the PU/ER IPNFs, a grad-
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Figure 7 Change in the FTIR spectra of the neat ER after degradation at different
temperatures: (a) room temperature; (b) 200°C; (c) 300°C; (d) 350°C; (e) 400°C; (f)

450°C.

ual increase of thermal stability was observed. All
the PU/ER IPNF's and the neat PUF foam exhib-
ited two major stages of weight loss, whereas only
one major stage of weight loss was observed for
the neat ER sample. There is agreement with the
changes in the chemical structure found during
thermal degradation processes, obtained from
FTIR analysis. The on-set temperatures of the
first and second weight-loss processes are listed
in Table III and can be used to compare the ther-
mal stability of the PU/ER IPNFs. The on-set
temperature of the first-stage weight loss of the
PU/ER IPNFs occurred from 220°C, as shown in
Figure 3. The on-set temperature of the second
weight-loss process for the PU/ER IPNFs and
PUF occurred around 470°C. However, the initial
on-set temperature of the second-stage degrada-
tion of the PU/ER IPNF's can be seen to decrease
with increasing ER content. The slight improve-
ment in stability could be due to the IPNFs of
lower ER content, containing proportionally
greater levels of crosslinking between the PU and
ER, resulting from the reaction between epoxide
oligomer hydroxyl groups and isocyanate groups.

CONCLUSIONS

1. The homogeneity of cell size and the brit-
tleness of cell walls increased with increase
in the ER content and with the cure time of
the rigid PU/ER IPNFs.

2. The compressive strength and elastic mod-
ulus of the rigid PU/ER IPNFs increased to
a maximum value and then decreased with
further increase of the ER content, due to
their more brittle heterogeneous cells.

3. The thermal stability of the rigid, neat
PUF was slightly improved when the ER
was incorporated.

4. Two stages of the weight-loss process were
observed for all the rigid PU/ER IPNF's and
for the neat PUF. FTIR analysis suggested
that the first stage of weight loss was due
to the degradation of the polyol-derived
blocks of the PU and the second weight loss
stage is governed by the degradation of the
MDI-derived blocks of the PU, along with
the degradation of the ER component.
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