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SYNOPSIS

Glycidol was used to convert the isocyanate-terminated polyurethane prepolymer to glycidyl-
terminated polyurethane prepolymer. The modified polyurethane not only offers some dis-
tinct advantages over the commercial polyurethane prepolymer, but also enhances the
properties of the epoxy resins. The glycidyl-terminated polyurethane modified epoxy resin
proved to be superior to conventional epoxy resins in improving impact strength, fracture
energy, and adhesion properties. The compatibility of the compounds in this glycidyl-
terminated PU/epoxy system was investigated using different preparation procedures. It
was found that the synthesized glycidyl-terminated polyurethane prereacted with curing
agents, exhibited a lesser degree of phase separation, and can influence the mechanical
properties of polymer blends. The results coincide with the phenomena observed in dynamic
mechanical analysis and scanning election microscopy. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

It is known that epoxy resins have high glass-tran-
sition temperatures ( 7}), are rigid and brittle in na-
ture, and have poor crack resistance.! In order to
overcome these problems, a considerable amount of
study has been done in the direction of toughening
epoxies, with some research focused on introducing
a rubber phase into epoxy networks.*” Polyurethane
resin possesses high impact strength and exhibits
excellent low-temperature performance.®® This
study is based on a blending technique, introducing
a second reactive polyurethane polymer into the
epoxy resins, to make up for the deficiencies of the
existing material.

Although polyurethane resins possess excellent
low temperature properties, chemical and environ-
mental resistance, and high impact properties, com-
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mercial polyurethanes contain free isocyanate
groups, which lead to some limitations.!*!’ Small
amounts of moisture will interfere with proper cur-
ing, which limits the amount of materials used to
comparatively large quantities. Another class of
compound is that in which the isocyanate groups
are “blocked” or “capped” with an “active hydrogen”
compound.'?*3 These products show little or no re-
action at room temperature. Some of the disadvan-
tages of employing blocked isocyanates are that a
high temperature or a long period of time are re-
quired for unblocking, as well as the difficulty in
removing the blocking agents during the process.

In the previous study, * a modified polyurethane
was prepared which could overcome these disadvan-
tages. Glycidol was used to transfer the isocyanate-
terminated polyurethane prepolymers to glycidyl-
terminated polyurethane prepolymers. Crosslinking
in these cases occurs primarily through the epoxide
groups, and the modified system offers some distinct
advantages over the commercial polyurethane res-
ins, for example, good storage stability and room
temperature curing.
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Polymer blends encompass many different kinds
of materials containing two or more polymer com-
ponents; the most important parameter that affects
the properties of polymer blends is the degree of
phase separation. There are several factors that
control the degree of phase separation. These factors
include the compatibility of the polymers, the mo-
lecular diffusion, and the synthetic environment,
such as the reaction procedures and reaction tem-
perature.’>” In the present work, the effect of the
different preparation procedures on phase separa-
tion and the relationship between the mechanical
properties, dynamic mechanical behavior, compat-
ibility, and morphology of the glycidy!-terminated
PU/Epoxy system were investigated.

EXPERIMENTAL

Materials

The materials used in this study are described in
Table 1. Glycidyl-terminated polyurethane prepoly-
mer was synthesized in this research. The polyol
(PPG-2000) was heated at 60°C and was degassed
by vacuum overnight before use. The TDI, glycidol,
epoxy resin, and crosslinking agents were employed
as received.

Preparation of Glycidyl-Terminated Polyurethane
Resins

The preparation of glycidyl-terminated polyure-
thane resin was carried out in two steps. An iso-
cyanate-terminated polyurethane prepolymer was
synthesized in the first step. The glycidol was then
added to the prepolymer and was reacted with the
NCO groups through hydroxy groups, hence the
prepolymer will be glycidyl-terminated. Experi-
mental details are described elsewhere.!

Table I Materials Used in this Study

Preparation of Glycidyl-Terminated PU/Epoxy
Sample

Two types of glycidyl-terminated PU /epoxy sample
were prepared, as illustrated below:

Simultaneous Technique
Glycidyl-Terminated PU
Mixing Heat
Curing Agent

—_—
Epoxy
Cured PU/Epoxy (1)

One equivalent of epoxy resin, with various con-
tents of glycidyl-terminated polyurethane and amine
curing agent, as shown in Table II, were mixed ho-
mogeneously using a high torque stirrer.

After mechanical agitation and degassing for 30
min, the mixture was cast in a stainless steel mold
at 100°C for 2 h. Finally, it was further heated to
120°C and was kept at this temperature for another
6 h. Upon removal from the mold, samples were kept
in a desiccator and were maintained at 50% R.H.,
for at least 3 days before they were tested.

Prereacted Technique

Heat

Glycidyl-Terminated PU + Curing Agent —
Prereacted Glycidyl-Terminated PU (2)
Prereacted Glycidyl-Terminated PU } Mixing Heat

—

Epoxy Resins
Cured PU/Epoxy (3)

Glycidyl-terminated PU was prereacted with all
the amine curing agents at 100°C under a stream of
nitrogen. A sample of reacting mixture was taken
every half hour for IR analysis and was determined
by the HBr titration method (ASTM D-1652) sep-
arately. The absorption peak for epoxy groups
(~ 915 cm™!) decreased during the reaction and
eventually disappeared. The results indicated that

Designation Description Source

PPG-2000 Poly(Propylene Oxide) Glycol, MW = 2000 Chiung Long Co., Taiwan, ROC
TDI Toluene Diisocyanate BASF, Germany

DER-331 Epoxy Resin, EEW = 188 Dow Chemical Co., USA

D-230 Polyoxypropyleneamines Jefferson Chemical Co., USA

Glycidol 2.3-epoxy-1-propanol

Aldrich Co., USA
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Table II Formulations of the Glycidyl-Terminated PU/Epoxy Materials

Glycidyl-Terminated PU Content (phr)

Component 0 5 10 15 20 25
Epoxy Resin (DER-331)* (gm) 4074 3924 378.2 365.1 352.9 3414
Glycidyl-terminated PU” (gm) 0 19.6 378 54.7 70.6 85.4
Curing Agent (D-230) (gm) 142.6 138.0 134.0 130.2 126.5 123.2

2 Epoxide equivalent of DER-331 is 188.

> Epoxide equivalent of synthesized glycidyl-terminated PU is 1956.

the epoxy groups in the glycidyl-terminated PU re-
acted with the —NH, group of the amine curing
agent completely.

When the first step was finished, the prereacted
glycidyl-terminated PU and epoxy resins were mixed
homogeneously. The mixture was cast in a stainless
steel mold at 100°C for 2 h and was heated further
to 120°C for another 6 h. The sample was then de-
molded and was maintained at 50% R.H. in a des-
iccator for at least 3 days before testing.

Testing Methods

IR spectra were recorded on a Domen DA3-002 FT-
IR spectrometer to detect the absorption peaks,
which were characteristic of the resins during the
synthetic procedures.

The epoxide equivalent of glycidyl-terminated
polyurethanes was determined by titrating with a
standard solution of HBr in acetic acid following
the procedure described in ASTM D-1652.

The tensile properties were measured on an In-
stron 4201 universal test unit. The tensile properties
were determined, as described in ASTM D-638, with
a crosshead speed of 1 cm/min. Five specimens were
tested for each sample.

The flexural properties were measured by an In-
stron 4201 universal material testing machine. The
flexural strengths were tested following ASTM D-
790. The sample dimensions were 12.7 X 1.27 X 0.2
cm, the span was 9 cm, and the crosshead speed was
2 mm/min. Five specimens were tested for each
sample.

The impact strengths were measured by an im-
pact tester, TMI No. 43-01 (Testing Machines Inc.
USA). The Izod impact strengths were measured
according to ASTM D-256. The impact value was
determined by averaging the values of 8-10 speci-
mens.

The tensile shear strength properties were mea-
sured on an Instron 4201 universal test unit. The

test specimens used were made of 6016-T6 alumi-
num alloy. The surfaces to be bonded were etched
by the sodium dichromate-sulfuric acid etching
process.'® The glycidyl-terminated PU/epoxy mix-
tures were then applied to the metal within 30 min.
The test specimens were bonded together under a
pressure of 100 psi and were cured for seven days at
room temperature. The cured glue line thickness was
controlled at 0.003 £+ 0.0005 inch. The test proce-
dures at room temperature and low temperature fol-
lowed the methods described in ASTM D-1002 and
ASTM D-2557, respectively.

DSC was carried out on a Dupont 990 thermal
analyzer. All thermograms were baseline corrected,
were normalized to sample weight, and were cali-
brated by using indium and sapphire. The scan rates
employed were 5°C /min.

The dynamic mechanical properties of the spec-
imens were measured using a Rheometrics dynamic
spectrometer, Model RDS-7700, over a temperature
range of —120°C to 70°C, at a heating rate of 5°C/
min, and at a frequency of 1 Hz. The dimensions of
the sample were approximately 6 X 1 X 0.2 cm.

SEM was taken for the fractured surface of the
fracture energy test specimen at liquid nitrogen
temperature with a Hitachi S-570 instrument.

The fracture energy, G, was measured using
compact-tension specimens (CTS).!® The G, value
was calculated as follows:

_ Y%*(a/w)P%

Gre EW %2

Where Y (a/w) = 29.6 — 186 (a/w) + 656 (a/
w)? — 1017 (a/w)® + 639 (a/w).* Here a, b, and
E are crack length, thickness, and modulus, respec-
tively, of the specimen, and P is the load on the
specimen. A sharp precrack was made with a razor
blade before the test. The specimens were tested on
a screw-driven Instron machine at a crosshead rate
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of 0.5 cm/min. The Gy value was determined by av-
eraging the values of 6-8 specimens.

The fracture energy was measured according to
ASTM E813-89. The J-integral method was used
to estimate the fracture toughness of material near
the initiation of slow stable crack growth. For “mul-
tiple specimen technique,” several specimens were
prepared, each specimen was cut with a diamond
knife, and was knocked with a sharp razor blade,
which was immersed in liquid nitrogen, and was then
compression tested using an Instron 4201 tester with
a span-to-width ratio, S/ W, set at 4 and a crosshead
speed of 0.5 mm/min.?’ With different extensions,
each sample had a different stress whitening zone
and different input energy. The J value can be cal-
culated by the following equation.?

J =2U/Bb

where U is the input energy of the specimen, which
is the area below the load-displacement curve, B is
the thickness of the specimen, and b is the ligament
length. The «J;, value is the intersection of the
regression line of each experiment and the blunting
line.

JIc = 2ayAa

where oy is the tensile yield stress and Aa is the
length of stress whitening zone.

RESULTS AND DISCUSSION

Mechanical and Adhesion Properties

The mechanical properties of the glycidyl-termi-
nated PU /epoxy, with various glycidyl-terminated
PU contents, are shown in Table III. Figure 1 shows
the notched Izod impact strength (i.e., high shear
rate fracturing) of the glycidyl-terminated PU/
epoxy with various glycidyl-terminated PU con-
tents. From Table III and Figure 1, it can be seen
that the notched Izod impact strength of glycidyl-
terminated PU /epoxy increased with PU content.
When the glycidyl-terminated PU added is 15 phr,
the notched izod impact strength was increased more
than 200% (from 14.9 J/M to 33.1 J/M). This be-
havior is attributed to the introduction of the glyc-
idyl-terminated PU soft segment into epoxy matrix,
which toughens the matrix.

Figures 2 and 3 show the flexural strength, flex-
ural modulus, tensile strength, and tensile modulus
of the glycidyl-terminated PU/epoxy at various
polyurethane contents. The mechanical properties
of glycidyl-terminated PU/epoxy showed no im-
provement and slightly decreased with the glycidyl-
terminated PU content. The results coincide with
the theory that S. S. Labana described.?? Crosslink-
ing density may affect the physical properties. Im-
provements are most significant above the glass
transition temperature. For example, a modulus,
measured below the glass transition temperature,
changes slightly, whereas the modulus decreases,
with a decreasing degree of crosslinking, above the
glass transition. In this system, glycidyl-terminated

Table III Mechanical Properties of Glycidyl-Terminated PU/Epoxy

at Various Glycidyl-Terminated PU Contents

Glycidyl-Terminated PU Content (phr)

Property 0 5 15 20 25

Notched izod

impact

strength

(J/M) 149+ 0.2 220+ 1.1 26.0 + 1.3 331+ 19 354+ 22 380+ 23
Tensile strength

(MPa) 602 = 0.5 595+ 0.3 56.6 + 1.7 52.7+ 0.2 484 = 0.7 46.1 £ 0.3
Flexural strength

(MPa) 1032+ 0.7 998 + 1.0 940+ 1.5 882+ 1.3 821+ 1.6 739+ 20
Tensile modulus

(MPa) 2160 =+ 114 2212 =+ 23 2065 =+ 36 2015 =+ 127 1811 =+ 118 1699 + 132

Flexural modulus
(MPa) 2529 =+ 28 2468 + 14

2265 =+ 55 2196 =+ 60

1996 = 40 1893 == 23
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Figure 1 Effect of glycidyl-terminated polyurethane content on the notched Izod impact
strength of glycidyl-terminated PU /epoxy.

Tensile Strength (MPa)
Flexural Strength (MPa)

40 1 A L 1 40
0 5 10 15 20 25

PU content (phr)

Figure 2 Effect of glycidyl-terminated polyurethane content on the tensile strength and
flexural strength of glycidyl-terminated PU /epoxy.
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Figure3 Effect of glycidyl-terminated polyurethane content on the tensile modulus and
flexural modulus of glycidyl-terminated PU /epoxy.

PU and epoxy resin have the same terminal group
(i.e., epoxide group), and the molecular weight of
the glycidyl-terminated PU (M.W. ~ 3900) is larger
than that of the epoxy resin (e.g.,, M.W of DER331
is about 376). Figure 4 shows the different topology
of cured epoxy resin and glycidyl-terminated PU/
epoxy mixture. From Figure 4, it can be seen that
the glycidyl-terminated PU-modified epoxy resins
have lower crosslinking densities than the virgin
system and, consequently, both tensile strength and
flexural strength were decreased. Tensile modulus
and flexural modulus of the glycidyl-terminated PU/
epoxy decreased with PU content as well.

The adhesion properties of the glycidyl-termi-
nated PU/epoxy are shown in Table IV. The mod-
ified system exhibits higher tensile shear strength
than the epoxy resin at cryogenic temperatures, with
a slight increase at room temperature with the glyc-
idyl-terminated PU content. The polyurethane type
adhesives were found to possess the highest tensile
and peel strengths at cryogenic temperature. The
above results are attributed to the degree of flexi-
bility of the soft segment structures in polyure-
thanes.?>2°

One of the important features of these modified
systems is that the glycidyl-terminated polyurethane
significantly improves both the adhesion property

at cryogenic temperature and the impact strength
of epoxy resins, although with decreases in the other
mechanical properties. In general, elastomers or
“toughening” agents, added to the base polymer,
may cause a serious loss in tensile strength, modulus,
and flexural strength.?® This trade-off can be less-
ened by the use of certain elastomers that react in
situ during epoxy crosslinking.” In the present study,
it was found that, although there are no rubber par-
ticles in the matrix, the notched Izod impact
strength and the adhesion properties at cryogenic
temperature and room temperature could be im-
proved by chemically modifying epoxy resin with
glycidyl-terminated polyurethane.

Fracture Energy

The fracture energy (i.e., low shear rate fracturing)
was measured by using either the G, or the Jj
method. The G;. method is suitable for the linear
elastic fracture mechanism (LEFM) analysis,?” that
is, brittle type failure specimens can be analyzed by
the G, method. On the other hand, the J;. method
is suitable for elastic—plastic fracture mechanistic
(EPFM) analysis,? that is, ductile type failure
specimens can be analyzed by the J; method. The
fracture energy of the glycidyl-terminated PU/
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Figure 4 Schematic representation of basic structure and curing network of epoxy resin
and glycidyl-terminated PU/epoxy blend system.

Table IV Tensile Shear Strength Data of
Glycidyl-Terminated PU/Epoxy at Various
Glycidyl-Terminated PU Contents

Tensile Shear Strength of
Modified Epoxy on Aluminum,

epoxy, with various glycidyl-terminated PU con-
tents, is illustrated in Figure 5 and Table V. The
virgin systems of epoxy resins are somewhat brittle
in nature and are reflected in their stress/strain be-
havior, such as epoxy resin (DER331), cured with
polyoxypropyleneamine (D-230) in this study, which
shows fracture in the linear elastic mode.?® Their

psi (MPa) fracture energies are denoted as G;.. The fracture

Gl}’Cidyl' behaviour of the epoxy, with PU content below 5
Terminated PU _320:F 77:F phr, is similar to the unmodified system. When the
Content (Phr) (7160°C) (25°C) glycidyl-terminated PU added is 10 phr, the speci-
0 960 + 25 2160 + 150 men 1s too ductile to bg measuf'ed by th'e Gr. meth9d,

(6.6 + 0.2) (14.9 + 1.0) since the load-deflection relations deviate from lin-

5 1435 + 70 2183 £ 95 earity. Meanwhile, the specimen is too brittle for

(9.9 = 0.5) (15.0 £ 0.7) J1. analysis, due to the quickly propagating crack

10 1935 + 45 29235 + 130 under testing, which results in only a little stress

(13.3 £ 0.3) (15.4 + 0.9) whitening zone at the front of the specimen and a

15 2100 + 120 2270 + 145 featureless zone at the rear part of the specimen.

(14.5 + 0.8) (15.7 = 1.0) For these reasons, the specimen with 10 phr PU

20 2150 £ 105 2256 + 152 cannot be analyzed by either the G, or the J,

95 (2144(‘)3 f (1)375) (21353(5) i 1215) ¥nethod. When the glycidyl-termina.ted PU content

(166 = 0.9) (16.1 + 0.9) is more than 10 phr, all these specimens show the

bulk nonlinear, nonelastic behavior, hence, the J
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Figure 5 Effect of glycidyl-terminated polyurethane contents on the fracture energy of

glycidyl-terminated PU /epoxy.

contour integral method was employed to present
the fracture energy.’® Figure 6 illustrates the plot of
J vs. crack extension and, consequently, the
value can be calculated.

As shown in Figure 5 and Table V, the fracture
energy of the glycidyl-terminated PU/epoxy in-
creased with increasing PU content in the system.
This behavior was due to the presence of PU soft
segments in the epoxy matrix, which would increase
the flow behavior of molecular chains in typical duc-
tile tearing. Meanwhile, the reaction between glyc-
idyl-terminated PU and curing agent decreases the
crosslinking density of the system that would in-
crease the ability of the molecular chain to deform
by shear yielding. Both contributions show the syn-
ergistic effect on the fracture energy of the glycidyl-
terminated PU/epoxy samples. The fracture mech-
anism of these specimens will be discussed in detail
with the morphology of the fracture surfaces.

Morphologies

Toughened plastics, such as the glycidyl-terminated
PU/epoxy, are simply attributed to delaying or re-
tarding the crack initiation and allowing the pre-
crack plastic zone to grow over its critical value.
Figure 7 shows the observation of fracture surfaces

of glycidyl-terminated PU /epoxy with various glyc-
idyl-terminated PU contents. From these photo-
graphs, it can be seen that different morphologies
exist in these specimens. The fracture surface of un-
modified epoxy resin [Figures 7(a) and 8(a)] shows
some flat and river patterns in the position of crack
initiation. These patterns show that the crack prop-
agates quickly and that there is no stress whitening
zone in the crack plane that is similar to typical
brittle materials. Figures 7(b) and 8(b) show that

Table V Fracture Energy of Glycidyl-
Terminated PU/Epoxy at Various
Glycidyl-Terminated PU Contents

Glycidyl-Terminated PU
Content (phr)

Property 0* 5% 10®  15° 20° 25°

Fracture energy

(KJ/m?) 082 204 — 208 219 259

® These data were calculated by the Gic’s method for their
brittle type of fracture.

b The specimen represent ductile-brittle transition, so the data
are not suitable for either the Gic’s or the Ji¢'s analysis.

¢ These data were calculated by the Jic’s method for their
ductile type of fracture.
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Fracture Energy J (kJ/m?)

Crack extension (mm)
Figure 6 Fracture energy, J, vs. crack extension according ASTM E813-89.

the fracture behavior of the specimen with 5 phr PU
is similar to the brittle fracture described for un-
modified epoxy resin. However, a narrow stress
whitening zone appeared and the fracture energy
increased, as compared with the unmodified system.
(from 0.82 KJ /m? to 2.04 KJ/m?).

Figures 7(c) and 8(c) are photographs of the
fracture surface for the specimen with 10 phr PU.
The specimen shows little stress whitening (ductile
fracture) at the front of the crack tip and a fea-
tureless zone (brittle fracture) at the rear of the
specimen. Its fracture behavior show a transition
from brittleness to ductility. From the viewpoint of
the fracture mechanism, this phenomena can be ex-
plained as follows.?'3? At first, the stress concen-
trates at the tip of the crack, thus the incorporation
of a soft segment will promote the local yield of the
material before the crack propagation. The crack
tip plastic zone then blunts the crack, makes a stress
whitening zone, and releases the concentration of
stress. Meanwhile, the storage energy at the crack
tip becomes larger, and finally this energy releases
to support the propagation of the crack. The storage
energy is high enough to support the crack in passing
through the original crack tip stress whitening zone,
and to let the crack pass through the entire specimen
quickly. Additional evidence to confirm the transi-
tion is extant in the appearance of a clear lateral

constriction around the crack tip (as shown in Fig.
9). This phenomenon is consistent with typical
ductile fracture.

From Figures 7(d-f), it can be seen that the stress
whitening zone occurs throughout the surface when
the resin system contains more than 15 phr of the
glycidyl-terminated PU. This result can be under-
stood as ductile tearing; there is a larger crack tip
plastic zone formed and the storage energy is not
large enough to let the crack pass through the plastic
zone and, consequently, the crack ceases to propa-
gate and a new plastic zone is formed continuously
in the fracture process. Figure 10(a) shows the frac-
ture surface at higher magnification for the SEM
microscopic features of the stress whitening zone
for a specimen that contains 10 phr glycidyl-ter-
minated PU. The well-defined striated surface, with
distorted and irregular marks, is obvious, with the
density of striated lines decreasing with increasing
PU content [Figs. 10(b) and (c¢)]. The phenomena
are similar to the fractured surfaces of ductile poly-
carbonate, as Chang et al.*®3* described.

Effect of Preparation Procedures on Phase
Separation

Glycidyl-terminated PU /epoxy resin can be pre-
pared by the ‘“simultaneous” technique. Simulta-
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(e)

neous curing refers to the mixing of synthesized
glycidyl-terminated PU, epoxy resins, and cross-
linking agents, cured in situ while being molded or
cast in the plate. The advantage of the “simulta-
neous”’ technique is in the ease of processing.

(f)

Figure 7 Optical surface view of whitened region of fracture energy test specimen of

glycidyl-terminated PU/epoxy with various glycidyl-terminated PU contents. (<= ) stress
whitening zone.

The synthesized, glycidyl-terminated polyure-
thane and the epoxy resins have the same terminal
group (i.e., epoxy group). These materials are able
to react in the network of glycidyl-terminated PU/
epoxy. The morphology of a copolymer can be de-
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(a)

( <= : Crack propagated from right to left )

SeBrm BBOBOS

(c)

Figure 8 Scanning electron micrograph of the fracture surface of fracture energy test
specimen of glycidyl-terminated PU/epoxy with various glycidyl-terminated PU contents.
(a) unmodified epoxy resin, (b) 5 phr glycidyl-terminated PU /epoxy blend, and (¢) 10
phr glycidyl-terminated PU /epoxy blend (magnification X 35).
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Machined Notch

Sharp Notch

( <= : Crack propagated from right to left )

Figure9 Optical micrograph of the appearance of clear
lateral construction around the crack tip of 10 phr glycidyl-
terminated PU /epoxy blend.

termined from a knowledge of the curing rate of the
two prepolymers. Figure 11 shows the DSC curve of
the curing reaction of glycidyl-terminated PU and
epoxy resins with curing agent separately. From
Figure 11, it can seen that the curing rates of the
two prepolymers are different, epoxy resins are more
reactive than the glycidyl-terminated PU toward the
polyoxypropyleneamine (D-230) curing agent. The
curing agent will react with both prepolymers, but
preferentially with epoxy resins. Due to the differ-
ences in curing rate between glycidyl-terminated PU

and epoxy resins, microphase separation may take
place. Microphase separation can be improved by
the “prereacted” technique. Because of the slow
curing rate between glycidyl-terminated PU and the
curing agent, the glycidyl-terminated PU prereacted
with the curing agent and then dispersed in epoxy
resin homogeneously. Consequently, a homogeneous
structure was found in the cured resin.

Various experimental methods have been studied
for the assessment of the degree of phase separation,
such as mechanical, dynamic mechanical, dielectric
measurement, light transmission, optical micros-
copy, and DSC.1%¢ The effect of preparative pro-
cedures on mechanical properties is shown in Table
VI. It was found that the synthesized glycidyl-ter-
minated PU, prereacted with curing agents, can
slightly increase mechanical properties over that
from the “simultaneous’ process. This improvement
in mechanical properties may be due to the increase
in the degree of compatibility. The extent of mixing
of the glycidyl-terminated PU and epoxy phases can
be exhibited, at least qualitatively, by the dynamic
mechanical and optical behavior of the material. The
glass transition temperature (7T,) was derived from
the peak temperature of the tand curve. When two
polymers are mixed, the dynamic mechanical be-
havior will show two distinct transitions, indicating
incompatibility between the two polymers. As the
compatibility increases, these two Tis shift toward
each other and the damping curve (tand) becomes
broader. The T,s and the optical clarity of the glyc-
idyl-terminated PU /epoxy are shown in Figures 12

Table VI Effect of Different Preparation Procedures on Mechanical Properties

Glycidyl-Terminated PU Content (phr)

Property 5 10 15 20 25

Tensile strength (MPa)

Simultaneous 595+ 0.3 56.6 + 1.7 52.7x 0.2 484 0.7 46.1 + 0.3

Prereaction 635 1.2 607t 1.5 568+ 0.8 527+ 0.5 482+ 0.5
Tensile modulus (MPa)

Simultaneous 2212 + 23 2065 = 36 2015 +127 1811 =+ 118 1599 132

Prereaction 2302 +£ 175 2241 =112 1998 =+ 87 1922 + 78 1801 *125
Flexural strength (MPa)

Simultaneous 998+ 1.0 940+ 1.5 88.2+ 1.3 821+ 1.6 739+ 2.0

Prereaction 107.2 = 2.3 1021+ 1.7 95.1+ 0.9 866+ 1.2 802+ 1.3
Flexural modulus (MPa)

Simultaneous 2468 =+ 14 2265 =+ b5 2196 + 60 1996 = 40 1893 £ 23

Prereaction 2585 =+ 65 2434 + 43 2256 + 75 2014 =+ 23 1905 + 16
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Deeelsce 15 kV

DeBO16@ 15 kV x158 ' ' '200sm

De®®158 15 kV

Figure 10 Scanning electron micrograph of the fracture surface of fracture energy test
specimen of glycidyl-terminated PU /epoxy with various glycidyl-terminated PU contents.
(a) 10 phr glycidyl-terminated PU /epoxy blend, (b) 20 phr glycidyl-terminated PU /epoxy
blend, and (c) 25 phr glycidyl-terminated PU/epoxy blend (magnification X 150).
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Figure 11 DSC curve of glycidyl-terminated PU and
epoxy resin with curing agent separately.

and 13, respectively. From Figures 12 and 13, it was
found that the opaque plate, as well as two Ts, were
observed for the “simultaneous” sample. For the
“prereacted” sample, there was a translucent ap-
pearance, as well as an inward shift of the two glass
transition temperatures, indicating the improve-
ment of microphase separation in this case.

T

Black Background |

(Opaque) (Translucence)

Figure 12 Effect of different preparation procedures
on optical clarity of glycidyl-terminated PU /epoxy.

CONCLUSIONS

Significant improvements in the impact properties,
fracture energy, and adhesion properties at cryogenic
temperature of epoxy resins can be achieved when
glycidyl-terminated polyurethanes are mixed with
the epoxy resin. It was found that the impact
strength and the adhesion strength of modified
epoxy resins were greater than those of the pure
epoxy resins, showing the ductile fracture without

1.0
| —O—: simultaneous PU/Epoxy sample
0.5 1 —0O—: pre-reacted PU/Epoxy sample
0.0 1
- 0o
ﬁ 0.5 []’8/EJ \O
2 1 { / h
o .
-1.0 - PPogp® Dp@ \E\
O
E ’ O’O‘g/ O'OO'O O'O'O'O \
-1.5 oy 0
~Q0
5.5‘9 \D\ _
Q o
2.0 opgogt o9
4 0000
0-00°
-2.5 -
B2 Ul B s S B S R N IR R S H

-120 -80 -40 0

40 80 120 160 200

TEMPERATURE (°C)

Figure 13 Temperature dependence of tané for glycidyl-terminated PU/epoxy.



an appreciable sacrifice of flexural and tensile
strength.

Because of the difference in the curing rate be-
tween the glycidyl-terminated PU and epoxy resin,
the system shows phase separation. The phase sep-
aration can be improved by prereacting glycidyl-ter-
minated PU with the curing agent. This phenome-
non was observed by dynamic mechanical analysis,
scanning electron microscopy, and optical micros-
copy. From the dynamical mechanical analysis, it
was found that the two glass transition temperatures
shifted inwardly. The effect of preparation proce-
dures on the mechanical properties and morphology
of the system is explicit.

This research was financially supported by the National
Science Council, Republic of China, under the Contract
No. NSC82-0416-E007-155.
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