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ABSTRACT: Simultaneous full-interpenetrating polymer networks (full-IPNs) based on
blocked polyurethane (PU) and vinyl ester (VE) have been prepared. The static and
dynamic properties of these IPNs have been examined. Results show that the tensile
strength and flexural strength of IPNs increased with blocked PU content to a maxi-
mum value at 7.5 wt % PU content and then decreased. The tensile modulus, flexural
modulus, and hardness of IPNs decreased with increasing blocked PU content. The
impact strength of IPNs increased with increasing blocked PU content. The tensile
strength, flexural strength, tensile modulus, and flexural modulus of IPNs increased
with filler (kaolin) content to a maximum value at 20 to 25 phr filler content and then
decreased. The higher the filler content, the greater the hardness, and the lower the
impact strength of IPNs. The tensile strength, flexural strength, tensile modulus,
flexural modulus, and hardness of IPNs increased with increasing VE initiator content.
The dynamic technique was used to determined the damping behavior across a tem-
perature range. Results show that the glass transition temperature (7,) of IPNs are
shifted inwardly compared with pure PU and VE, which indicated that the blocked
PU-VE IPNs showed excellent compatible. Meanwhile, the glass transition tempera-
ture was shifted to a higher temperature with increased filler content. The dynamic
storage modulus (E’') of IPNs increased with increasing VE and filler content. © 1999
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INTRODUCTION

Interpenetrating polymer networks (IPNs) were
first synthesized by Miller in the 1960s." Since that
time, the jargon has been used to describe the com-
bination of two or more different polymer networks,
which consist of purely physical entanglements of
the polymer chains synthesized either simulta-
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neously or sequentially with respect to each oth-
er.2”® The objective of IPNs is to improve upon the
properties of individual polymers. The IPNs are
usually heterogeneous systems, in which one poly-
mer exists above its glass transition temperature
(T,), which has a glassy microstructure at room
temperature, while the other polymer exists below
its T, which shows a rubbery microstructure at
room temperature. By altering the relative amounts
of each polymer in the IPNs, the individual polymer
properties may be changed, in which the lower T,
component was shifted to a higher temperature,
while the higher T, component was shifted to a
lower temperature.®~! The goal is an understand-
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ing of the important factors in determining the
properties exhibited by the resulting IPNs so that
materials with properties tuned to the required ap-
plication may be produced.!

Polyurethane (PU) resin shows some unique
properties, including excellent elasticity, excellent
abrasion resistance and damping properties, high
impact strength, and elongation, which have been
widely used in adhesives, coatings, synthetic
leather, construction, and automatic applications
and as shoe soles.'>'* However, PU could not be
utilized in some applications for lack of mechanical
modulus and thermal resistance. While vinyl ester
possesses high mechanical modulus and thermal
resistance, it is too brittle to be utilized in many
instances.'® Hence, a blending technique is applied
utilizing IPNs of two polymer components that can
improve the deficiencies of each individual resin.

In this study, the full-interpenetrating polymer
networks (full-IPNs) based on blocked PU-vinyl es-
ter (VE) were prepared from blocked NCO-termi-
nated PU prepolymer with chain extender and VE
prepolymer with initiator using a simultaneous
polymerization (SINs) method.'®'® This article
presents the static and dynamic properties of
blocked PU-VE IPNs. The effect of parameters on
static mechanical properties included blocked PU
content, filler content, and initiator content of VE.
The dynamic technique was used to determined the
damping behavior across a temperature range.

EXPERIMENTAL

Materials

A Dblocked NCO-terminated PU prepolymer was
prepared from toluene di-isocyanate (TDI-80,
80/20 blend of 2,4 and 2,6 isomers) and from
polyol (branched polyester) at the NCO-to-OH
equivalent ratio of 2 to 1, and then was blocked by
e-caprolactam [the blocking reaction proceeds fol-

lowing egs. (1) and (2)], which was supplied by the
Bayer Co., Germany. It has a viscosity of 31000
mPa s, a weight-average molecular weight of
4230, and an equivalent weight with respect to
1410. The chain extender (curing agent) of PU
used was aromatic diamine (ACR H-3486), a
blend of 60% 4,4-methylene diamine, and 40%
m-phenylene diamine, supplied by Shell Chemi-
cal Co., USA. It has a molecular weight of 266, a
viscosity of 20,000 mPa s, and a specific gravity of
1.11. The vinyl ester (VE) prepolymer used was
bisphenol-A-type [the chemical structure of which
is described in eq. (3)] and was supplied by Swan-
cor Co., Taiwan, ROC. It has a viscosity of 240
mPa s. The initiator used was C-type curing
agent, which is a blend of 80% cumene hydroper-
oxide and 20% plasticizer, supplied by Swancor
Co., Taiwan, ROC. It has a viscosity of 500 mPa s.
The filler used was surface-treated kaolin and
was supplied by Yin Chin Co., Taiwan, ROC,
which has a specific gravity of 2.7 with a particle
size of 325 mesh (see Schemes 1-3).

Equipment and Measurement

1. The tensile strength and modulus were
measured on an Instron 1123 universal
testing machine (Instron Co., USA) follow-
ing the specification of ASTM D-638. The
sample was dumbbell-shaped, with dimen-
sions of 165 X 19 X 3.0 mm (length
X width X thickness) and a crosshead
speed of 10 mm/min.

2. The flexural strength and modulus were
measured on an Instron 1123 universal
testing machine (Instron Co., USA) follow-
ing the specification of ASTM D-790. The
sample dimensions were 127 X 12.7 X 3.0
mm (length X width X thickness), the span
was 90 mm, and the crosshead speed was 2
mm/min.
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3. The notched Izod impact strength was
measured in a TMI-43-1 (Testing Machine
Inc., USA) according to ASTM D-256. The
sample dimensions were 63.5 X 12.7 X 3.0
mm (length X width X thickness), and the
notched depth was 2.5 mm.

4. The surface hardness was measured by
means of a Type-D Shore Durometer
(Model No. 41-50, TMI Co., USA) according
to ASTM D-2240.

5. The dynamic mechanical analyzer (DMA)
utilized was a DuPont 9900 (DuPont Co.,
USA) from —150 to 250°C. The DMA sys-
tem was a resonance-frequency-type, and
the dried sample dimensions were 50
X 12.7 X 2.0 mm (length X width X thick-
ness). The rate of heat was 5°C/min, and
the amplitude of oscillation was 1 Hz. The
Poisson’s ratio was 1 to 2.

Preparation of Blocked PU-VE IPN Samples

The blocked NCO-terminated PU-VE IPN sam-
ples was prepared in four stages, as follows.

1. One equivalent of blocked NCO-termi-
nated PU prepolymer was heated to 50°C

CI-t;O

and then mixed with one equivalent of
aromatic diamine (ACR H-3486) homoge-
neously. The vinyl ester prepolymer was
heated to 50°C and then mixed with 1.5
phr of initiator homogeneously. Then, the
two mixtures were blended in various
weight ratios at 50°C and mixed com-
pletely using a high-torque stirrer.

. If necessary to discuss the effect of filler

(kaolin) on the properties, the filler and the
above two mixtures of blocked PU (15 wt
%)-VE (85 wt %) were blended in various
filler ratios at 50°C and mixed completely
using a high-torque stirrer.

. The above mixture (unfilled and filled) was

molded in an ASTM standard stainless steel
mold, and the surfaces of the stainless steel
mold have been treated by chrome plating.

. The mixture of mold was cured in an oven

for 3 h, and the temperature was main-
tained at 140°C.

. Finally, the samples were removed from the

mold and kept in a desiccator, where the
relative humidity and temperature were
maintained at 50% and 30°C, respectively,
for at least 2 days before they were tested.
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Figure 1 Tensile strength versus blocked PU content
for unfilled (—m—) and 10 phr filled (kaolin) (—@®—) of
blocked PU-VE IPNs.

RESULTS AND DISCUSSION

Static Mechanical Properties
Effect of Blocked PU Content

The initiator content is 0.5 phr in this section.
Figures 1 and 2 showed the tensile strength and
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Figure 2 Flexural strength versus blocked PU con-
tent for unfilled (—m—) and 10 phr filled (kaolin)
(—@—) of blocked PU-VE IPNs.
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Figure 3 Tensile modulus versus blocked PU content
for unfilled (—m—) and 10 phr filled (kaolin) (—@®—) of
blocked PU-VE IPNs.

flexural strength versus blocked PU content for
unfilled and 10 phr filled (kaolin) of blocked
PU-VE IPNs. From these figures, one can observe
that the tensile strength and flexural strength of
IPNs increased with blocked PU content to a max-
imum value at 7.5 wt % blocked PU content and
then decreased. This improvement in tensile
strength and flexural strength may be due to the
increase in the degree of the interpenetrating in
the blocked PU-VE IPNs. Consequently, the
physical entanglement would exist in the inter-
network of both the blocked PU network and the
VE network. The physical entanglement of the
internetwork increased the crosslinking density
of the matrix in the blocked PU-VE IPNs!?;
hence, the tensile strength and flexural strength
of IPNs increased with increasing blocked PU
content. However, as the blocked PU content is
above 7.5 wt %, the tensile strength and flexural
strength of IPNs showed no improvement and
decreased with increasing blocked PU content.
The tensile strength and flexural strength de-
creased, due to the soft segment content of the
blocked PU, which is apparent in the blocked
PU-VE IPNs when the blocked PU content is
above 7.5 wt %. Figures 3-5 illustrated the tensile
modulus, flexural modulus, and shore D hardness
versus blocked PU content for unfilled and 10 phr
filled (kaolin) of blocked PU-VE IPNs. As ex-
pected, it can be seen that the tensile modulus,
flexural modulus, and shore D hardness all de-
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Figure 4 Flexural modulus versus blocked PU con-
tent for unfilled (—m—) and 10 phr filled (kaolin)
(—@—) of blocked PU-VE IPNs.

creased with increasing blocked PU content. This
may be explained that the hard segments of VE
appeared to have higher modulus properties, and
the soft segments of blocked PU appeared to have
lower modulus properties; hence, the higher the
blocked PU content, the lower the tensile modu-
lus, flexural modulus, and shore D hardness of
IPNs. The notched Izod impact strength versus
blocked PU content for unfilled and 10 phr filled
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Figure 5 Shore D hardness versus blocked PU con-
tent for unfilled (—m—) and 10 phr filled (kaolin)
(—®@—) of blocked PU-VE IPNs.
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Figure 6 Notched Izod impact strength versus
blocked PU content for unfilled (—m—) and 10 phr
filled (kaolin) (—@—) of blocked PU-VE IPNs.

(kaolin) of blocked PU-VE IPNs is shown in Fig-
ure 6. It can be found that the IPNs exhibited a
higher impact strength when the blocked PU con-
tent increased, as the PU be dissolved in the VE
matrix and the soft segments of blocked PU will
toughen the matrix of the blocked PU-VE IPNs.
The ductility of the matrix plays a very important
role in toughening at high shear rate fracturing
(that is, notched Izod impact strength).

Effect of Filler (Kaolin) Content

The initiator content is 0.5 phr in this section.
The tensile strength and flexural strength versus
filler (kaolin) content for blocked PU (15 wt
%)-VE (85 wt %) IPNs is shown in Figure 7. It is
observed that the tensile strength and flexural
strength of IPNs increased with filler content to a
maximum value and then decreased. The maxi-
mum tensile strength and flexural strength oc-
curred at 20 phr filler content. Figure 8 shows the
tensile modulus and flexural modulus versus
filler (kaolin) content for blocked PU (15 wt
%)-VE (85 wt %) IPNs. It was found that the
tensile modulus and flexural modulus of IPNs
also increased with filler content to a maximum
value and then decreased. The maximum tensile
modulus and flexural modulus occurred at 25 phr
filler content. Figure 9 showed the shore D hard-
ness versus filler (kaolin) content for blocked PU
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Figure 7 Tensile strength and flexural strength ver-
sus filler (kaolin) content for blocked PU (15 wt %)-VE
(85 wt %) IPNs.

(15 wt %)-VE (85 wt %) IPNs. It can be seen that
the hardness of IPNs increased when the filler
content increased. Property improved with higher
filler content. However, as the filler contents are
above 20, 20, 25, and 25 phr, the tensile strength,
flexural strength, tensile modulus, and flexural
modulus decreased with increasing filler content,
respectively. Figure 10 illustrated the notched
Izod impact strength versus filler (kaolin) content
for blocked PU (15 wt %)-VE (85 wt %) IPNs.
From the figure, one can observe that the notched
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Figure 8 Tensile modulus and flexural modulus ver-

sus filler (kaolin) content for blocked PU (15 wt %)-VE
(85 wt %) IPNs.
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Figure 9 Shore D hardness versus filler (kaolin) con-
tent for blocked PU (15 wt %)-VE (85 wt %) IPNs.

Izod impact strength decreased with increasing
filler content.

Effect of VE Initiator Content

The tensile strength, tensile modulus, flexural
strength, flexural modulus, and shore D hardness
versus the initiator content of VE for blocked PU

[\
~l

-

\

26.: U

234
224

211

NOTCHED 1ZOD IMPACT STRENGTH ( J/m)

20 1 " 1 L 1 L 1 1 1
0 5 10 15 20 25 30

FILLER CONTENT ( phr)

Figure 10 Notched Izod impact strength versus filler
(kaolin) content for blocked PU (15 wt %)-VE (85 wt %)
IPNs.
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Figure 11 Tensile strength and tensile modulus ver-
sus initiator content of VE for blocked PU (15 wt %)-VE
(85 wt %) IPNs.

(15 wt %)-VE (85 wt %) IPNs are shown in Fig-
ures 11-13. All of the properties investigated in-
creased with increasing VE initiator content. As
expected, this can be explained by assuming that
the higher the VE initiator content, the higher the
degree of the crosslinking density in the IPNs.
Therefore, the tensile strength, tensile modulus,
flexural strength, flexural modulus, and shore D
hardness of the blocked PU-VE IPNs increased
with increasing VE initiator content.

Dynamic Mechanical Properties

The glass transition temperature (7,) was mea-
sured from the peak temperature of tan & by
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Figure 12 Flexural strength and flexural modulus
versus initiator content of VE for blocked PU (15 wt
%)-VE (85 wt %) IPNs.
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Figure 13 Shore D hardness versus initiator content
of VE for blocked PU (15 wt %)-VE (85 wt %) IPNs.

DMA. The behavior of the dynamic damping
curve (tan 8) over a range of temperatures for 0.5
phr initiator blocked PU-VE IPNs at various
blocked PU content is shown in Figure 14. From
Figure 14(a) and (e), one can observe that the
peak temperature of tan 8 of pure component VE
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Figure 14 Dynamic damping curve (tan ) versus
temperature for blocked PU-VE IPNs at various
blocked PU-VE compositions (wt %), as follows: (a)
0/100; (b) 30/70; (c) 50/50; (d) 65/35; (e) 100/0.
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Figure 15 Dynamic storage modulus (E’) versus
temperature for blocked PU-VE IPNs at various
blocked PU-VE compositions (wt %).

and PU were 168.3 and —46.9°C, respectively.
From Figure 14(b), (¢), and (d), it is found that the
two T',s were shifted inward and apparently have
one broad damping peak for each of the composi-
tions. The literature®®?! indicated that when the
two polymers were mixed, the dynamic mechani-
cal behavior showed two distinct transitions, in-
dicating the incompatibility between the two
polymers. As the compatibility increased, the two
T',s shifted toward each other and formed a broad
transition at intermediate temperatures between
the T, of the individual components. This means
that there is excellent compatibility between the
blocked PU and VE matrices. It is also apparent
that the damping peak of IPNs was shifted to a
higher temperature as the VE content increased;
and as the blocked PU content increased, the
peak intensity of the tan & of VE domain gradu-
ally decreased, and the peak intensity of the tan &
of the blocked PU domain gradually increased.
This can be explained by the existence of VE hard
segments and in the way that the VE is dissolved
in the blocked PU matrix. Figure 15 shows the
dynamic storage modulus (E') versus tempera-
ture for 0.5 phr initiator blocked PU-VE IPNs.
From the figure, it is evident that the storage
modulus increased with increasing VE content in
the using temperature range of —30-150°C. This
means that the greater the VE content, the more
rigid the blocked PU-VE IPNs.

Figure 16 showed the dynamic damping curve
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Figure 16 Dynamic damping curve (tan ) versus
temperature for unfilled (——) and 10 phr filled (ka-
olin) (- - - ) of blocked PU (40 wt %)-VE (60 wt %) IPNs.

(tan 6) versus temperature for unfilled and 10 phr
filled (kaolin) of blocked PU (40 wt %)-VE (60 wt
%) IPNs. It was found that the dynamic peak of
IPNs became broad with increasing 10 phr filler
content; meanwhile, the glass transition temper-
ature (T,) of IPNs was shifted to a higher tem-
perature when the IPNs with filler content. Fig-
ure 17 showed the dynamic storage modulus (E')
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Figure 17 Dynamic storage modulus (E’) versus
temperature for unfilled (——) and 10 phr filled (ka-
olin) ( - - - ) of blocked PU (40 wt %)-VE (60 wt %) IPNs.



versus temperature for unfilled and 10 phr filled
(kaolin) of blocked PU (40 wt %)-VE (60 wt %)
IPNs. From the figure, it is seen that the dynamic
storage modulus (E’) of IPNs with filler was
higher than that unfilled. The glass transition
temperature was shifted to a higher temperature,
and dynamic storage modulus increased with
filler because the IPNs structure became more
tightly constrained when the filler is added.

CONCLUSIONS

In this study, full-IPN preparations based on a
blocked PU and VE network using the SINs
method. The static and dynamic properties of
IPNs have been discussed.

The effect of parameters on static mechanical
properties included blocked PU content, filler (ka-
olin) content, and initiator content of VE. Results
show that the tensile strength and flexural
strength of IPNs increased with blocked PU con-
tent to a maximum value and then decreased. The
maximum tensile strength and flexural strength
occurred at 7.5 wt % blocked PU content. The
tensile modulus, flexural modulus, and shore D
hardness of IPNs all decreased with increasing
blocked PU content. The IPNs exhibited a higher
impact strength when the blocked PU content
increased. The tensile strength and flexural
strength of IPNs increased with filler content to a
maximum value and then decreased. The maxi-
mum tensile and flexural strength occurred at 20
phr filler content. The tensile modulus and flex-
ural modulus of IPNs also increased with filler
content to a maximum value and then decreased.
The maximum tensile and flexural modulus oc-
curred at 25 phr filler content. The shore D hard-
ness of IPNs exhibited a higher hardness when
the filler content increased. The notched Izod im-
pact strength of IPNs decreased with increasing
filler content. The tensile strength, tensile modu-
lus, flexural strength, flexural modulus, and
shore D hardness of IPNs all increased with in-
creasing VE initiator content.

The glass transition temperature (7,) was
measured from the peak temperature of tan 8 by
DMA. The glass transition temperatures were
shifted inward and apparently have one broad
damping peak compared with pure component
blocked PU and VE. This means that there is
excellent compatibility between the blocked PU
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and VE matrices. The dynamic storage modulus
(E') increased with increasing VE content in the
using temperature range of —30-150°C. It was
found that the dynamic peak of IPNs became
broad with increasing filler content; meanwhile,
the glass transition temperature (7',) of IPNs was
shifted to a higher temperature when the IPNs
with filler content. The dynamic storage modulus
(E') of IPNs with filler was higher than that
unfilled.

This research was funded by the National Science
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No. NSC 85-2216-E034-001.
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