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ABSTRACT: The effect of the composition of an epoxy blend based on a cycloaliphatic
(CAE) and diglycidyl ether of bisphenol A (DGEBA) epoxides containing N-ben-
zylpyrazinium hexafluoroantimonate (BPH) as a thermal or UV latent initiator was
investigated in the context of their thermal stability and mechanical properties. The
compositions of a CAE-DGEBA blend were varied within 100:0, 80:20, 60:40, 20:80,
and 0:100 by mole percent. Latent properties were measured by the degree of conver-
sion. As a result, the thermal stability characterized from the initial decomposition

temperature (IDT), the temperature of maximum weight loss (T,

), the integral

ax

procedural decomposition temperature (IPDT), and the decomposition activation ener-
gies by TGA increased when the DGEBA composition was increased. According to the
mechanical measurements, the flexural and tensile strengths increased with an in-
crease of the DGEBA composition because of the compact hydrogen bond, long repeat
unit, and bulky side groups of the DGEBA, while both the elastic and tensile moduli
decreased. This latter result was attributed to the DGEBA intermolecular interaction,
resulting in a toughened three-dimensional network, which dispersed the internal
stress. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 290-297, 2000
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INTRODUCTION

Thermosetting materials have become increas-
ingly important because of the wide variety of
their applications in the automotive, electronics,
aerospace, and plastic industries and in the mak-
ing of structural composites.

Epoxy resins are prominent examples of such
materials. Depending on the chemical structure
of the curing agent and on conditions, it is possi-
ble to vary desired physical properties, such as
toughness, chemical resistance, and mechanical
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properties ranging from extreme flexibility to
high strength, high adhesivity, good heat resis-
tance, and high electrical resistance.? A curing
agent or accelerator is necessary to promote the
ring-opening polymerization of one or more of the
terminal epoxide rings. Amines and diacid anhy-
drides are common curing agents. However,
amine and anhydride agents are toxic and have
low heat resistance and require high-energy con-
sumption resulting from the long curing process
at a high temperature.?

Recent years have seen an intensive study of
cationic homopolymerization of plural epoxy res-
ins.*® In the cationic mechanism the epoxy group
is opened by active hydrogen that is replaceable
by a metal to produce a new physicochemical bond
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or a hydroxyl group. The cationic initiator is gen-
erally used as a complex, such as BF;—ether,
BFs;—amine, or SbFz—epoxide. This complex over-
comes the disadvantages of excessively rapid ge-
lation, high hygroscopicity, and light instability.®
Particularly, development of latent catalyst for
cationic polymerization is desirable for the en-
hancement of both the pot life and handling of
thermosetting resins.”® Usually, the latent cata-
lyst forms an active species by external stimula-
tion such as heat and photo-irradiation.

In practice, epoxy resins are often blended with
other epoxy resins and with additives.® This is
done to obtain better overall performance, such as
ease of processing and good curing ability, high
thermal stability, and strong mechanical
strength, as well as good weatherability.

Near-infrared spectroscopy (NIR) provides a
sample analysis with minimal technical effort
and is a simple and reliable routine implementa-
tion. This arises from the small absorptivity of the
overtone stretching and combination bands of the
CH, NH, and OH groups.!® It has been deter-
mined that the intensities of the epoxy and hy-
droxyl absorption bands follow the mechanisms of
the reaction and the conversion.!?

This article reports on the investigation of the
effects of blend compositions composed of CAE
and DGEBA initiated by a cationic latent type
catalyst (i.e., N-benzylpyrazinium hexafluoroan-
timonate) on latency, thermostability, and me-
chanical behavior.

EXPERIMENTAL

Materials and Sample Preparation

The two types of epoxy resins used in this work
were diglycidyl ether of bisphenol A (DGEBA,
LY556 supplied by the Ciba-Geigy Co.) and cy-
cloaliphatic epoxy (CAE, ERL4221 supplied by
the Union Carbide Co.). Cationic latent catalyst
(BPH) for the present investigation was synthe-
sized through the reaction from pyrazine, benzyl
bromide, and NaSbF.'2 Figure 1 shows the struc-
tural formulas of both monomers and BPH. The
chemical analyses of BPH are shown in Table 1.

The BPH was dissolved in DGEBA, and then
CAE was added to the DGEBA-BPH mixture, in
20% increments between 0 and 100 mol %. All
formulations were mixed at room temperature
and degassed under a vacuum for 1 h to remove
voids and residual organic solvents. The bubble-
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Figure 1 Chemical structures of CAE, DGEBA and
BPH.

free mixture was poured into a stainless-steel
mold and cured at 70°C for 30 min, then 140°C for
2 h, and it was finally postcured at 200°C for 1 h.

Latent Properties

Evaluations of latent properties were performed
by the measurement of conversion as a function of
reaction time, using a Du Pont DSC910 supported
by a Du Pont thermal analyzer at 50°C and
150°C. A mixture of the epoxy and BPH was
poured into an UV-transparent glass mold and
was then irradiated with a 400 W high-pressure
halide lamp, always maintaining the same dis-
tance between the lamp and the specimen, equal
to 10 cm, to obtain measurement of UV latent
properties. The degree of conversion of the UV-
cured system was evaluated by the peak at
915cm ! of FTIR.'3

Thermal Stability and Mechanical Behavior

The thermogravimetric analyses were performed
in nitrogen using a TGA 951 Du Pont thermal
analyzer, at a heating rate of 10°C /min from 35 to
800°C to investigate the thermal stability of the
cured resins.

An Instron tester (Model 1125) was used to mea-
sure flexural properties of the CAE-DGEBA-BPH
system according to ASTM D-790. The flexural
specimens were cut in pieces 80 mm long, 12.7 mm
wide, and 3 mm thick. The span-to-depth ratio was
16:1, and crosshead speed was 2 mm/min.
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Table I Chemical Analyses of BPH

Analysis Method

Analysis

FT-IR (KBr)
'H NMR

peaks (cm™ 1)
Pyridine
aromatic ring
—CH,—
Calculated for
C,,H,,N,SbFg
found

Elemental analysis

1514, 1358, 1223, 1073, 1015, 767, 726, 662
9.33-9.38, 9.65-9.70

7.70-7.47

6.18

C: 32.45%, H: 2.70%, N: 6.88%

C: 32.90%, H: 2.74%, N: 6.91%

Tensile properties were measured on an In-
stron Universal Testing Machine (Model 1125)
according to ASTM D638 at a crosshead speed of
1 mm/min and a strain-gauge length of 50 mm. A
strain gauge extensometer was applied to mea-
sure longitudinal strains. The load and displace-
ment were recorded simultaneously. The tensile
modulus was taken from the initial linear region
of the stress—strain curve.

RESULTS AND DISCUSSION

Latent Properties

Figure 2 shows conversion as a function of the
curing time for the different compositions of the
blends made with 1 mol % BPH initiator by iso-
thermal DSC. As the curing proceeds, the degree
of conversion increases with increasing DGEBA
content in the case of the 150°C reaction temper-
ature. On the other hand, the conversion in the
50°C reaction temperature shows no significant

—A— CAE:DGEBA [100:0] at 150°C
—o— CAE:DGEBA [40:60] at 150°C
—m— CAEDGEBA [0:100] at 150°C
—w— CAE:DGEBA[100:0] at 50°C
—e— CAE:DGEBA [40:60] at 50°C
—+— CAE:DGEBA [0:100] at 50°C

Conversion, a

t:g‘_:_——-‘—_—i-

T T T M T T T
40 80 120 160
Time (min)

Figure 2 Time-conversion curves of the CAE-DGE-
BA-BPH system at 150°C and 50°C with curing time.

evolution after 2 h. This is because of the low
temperature, which has become a limiting factor
prohibiting the activity of catalyst. It means that
BPH has a thermostable latent peculiarity at a
given temperature condition in spite of the pres-
ence of external heat stimulation.

Figures 3 and 4 show the infrared spectra of
UV-cured CAE-BPH and DGEBA-BPH respec-
tively during curing at room temperature. The
hydroxyl absorption band and epoxide band oc-
curred at 3500cm ™! and 915cm ™!, respectively.
For the hydroxyl peak of the CAE-BPH system,
as seen in Figure 3, the peak intensity was nearly
constant during the curing, while the epoxide
peak intensity sharply decreased with increasing
cure time. But, as seen in Figure 4, the intensity
of the hydroxyl band increased with increased
cure time, which means more possibility of
crosslinking than that of Figure 3. In the case of
Figure 4, the curing process may lead to a com-
pact network structure, inducing changes in acti-
vated hydroxyl groups to intermolecular hydrogen
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Figure 3 FTIR spectra of the CAE-BPH system as a
function of reaction time.
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Figure 4 FTIR spectra of the DGEBA-BPH system
as a function of reaction time.

bonding.!® In addition, the epoxide band of the
DGEBA-BPH system sharply decreases with reac-
tion time as compared with that of the CAE-BPH.

The hydroxyl groups resulted from the cleav-
age of the oxirane rings by the catalyst or acti-
vated sites. In addition to the hydroxyl groups
attached to the backbone of the epoxy oligomer,
more hydroxyl groups were produced by ring
opening during cure. Thus, a number of hydroxyl
groups underwent nucleophilic addition reactions
with epoxide, resulting in ring cleavage and the
formation of increased crosslinking network

It is well known that conversion behaviors for
curing epoxy resins with catalyst are complex be-
cause of the involvement of epoxy—catalyst, hy-
droxyl-epoxy, and side reactions.'* These reac-
tions, which occur during the crosslinking of the
resin, change the properties of the epoxy net-
work.'® Interpretation of NIR spectra by correla-
tion with chemical species is very complex and
difficult. However, FTIR measurement of poly-
meric materials provides a highly precise analysis
of cure Kkinetics that is widely interpretable in
terms of chemical structure.'® In a conversion
study, the degree of conversion of epoxy resin can
be evaluated by the disappearance of the peak at
915cm 1,'*20 and it can be expressed as:

(A915/Al510)t:t

=1l— 1

20 = 1 A 0o W

where, Ag;5 and A5, are the peak areas, respec-

tively, for epoxide and aromatic C—H as refer-
ence bands in this system.

The relationship between the conversion of ep-
oxide groups and cure time obtained from the
peak area for epoxide is shown in Figure 5. As a
result, the conversion rate and reactivity in-
creased by increasing the CAE composition with
BPH catalyst. Therefore, it is clear that BPH acts
as a UV latent initiator, and the reactivity in the
degree of the CAE conversion is superior to that
in the degree of the DGEBA conversion.

Figure 6 shows selected NIR spectra of a hy-
droxyl group as increasing reaction times of the
CAE-DGEBA blend system at different composi-
tions varied within 100:0, 40:60, and 0:100 mol %
at 100°C. The first overtone of the hydroxyl group
stretching as a result of reaction temperature and
time increases was found at 7100 cm . The use of
this band to monitor reaction kinetics in terms of
the appearance of a hydroxyl group has been a
successful way to quantify epoxy cure reactions.'®

The use of NIR diffuse reflectance spectroscopy
for quantitative analysis is now widely accepted.
Various mathematical models of calibration stan-
dards have been developed to correlate concentra-
tion to spectroscopic data, usually to express the
common logarithm of the inversion of reflectance
(log 1/R)) for each wavelength studied. If the sam-
ple absorbs at the same wavelengths, (log 1/R))
appears to be the best method to relate reflec-
tance to concentration, as follows:!®

where R, is the reflectance; I, the intensity of

sample; and I,, the internal reference.
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Figure 5 Time-conversion curves of the CAE-
DGEBA system at room temperature with and without
BPH, as a function of curing time obtained from FTIR.
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Figure 6 Changes in hydroxyl absorbencies with re-
action time of the CAE-DGEBA-BPH system mea-
sured at 100°C with different compositions: (a) 100:0,
(b) 40:60, and (c) 0:100.

Figure 7 represents the conversion of hydroxyl
groups calculated from eq. (2) with different blend
compositions monitored by changes in the inten-

sity of each time-dependent band. When the ki-
netic results of this system were compared, the
kinetics of the reaction groups in the NIR spectra
were found to differ in conversions and in repro-
ducible trends. The three curves of extent of re-
action for a given temperature appear horizon-
tally shifted with respect to one another but
maintain similar slopes. The autocatalytic nature
of all the curves is apparent. As the experimental
results show, the conversion of hydroxyl groups
increases with increasing content of DGEBA and
shows a similar tendency in the case of FTIR
analysis.

Thermal Stabilities

It is well known that one of the basic require-
ments in the multicomponent epoxy system is to
have a homogeneous mixture prior to the curing
process.%'® Thermograms of epoxy resins pre-
pared from blending different compositions of
CAE are superimposed on Figure 8. Decomposi-
tion curve behaviors are largely similar to what-
ever CAE composition may be considered, which
means an uncured homogeneous mixture without
apparent phase separation is prepared in this
system.

The results of the experiment showed some
factors of thermal stability, including initial de-
composition temperature (IDT), temperature of
maximum rate of weight loss (T,,,,), and integral
procedural decomposition temperature (IPDT),?!
had increased values with an increasing concen-
tration of DGEBA in blends, as shown in Table II.

1.0
0.9 E_"_i
i
§?§/l
§/E/¥
T '
(_037 0.7 4
CAE:DGEBA
064 —=100:0
—a— 4060
3 @ 0:100
0.5 T T T T T T | J— T T T
0 10 20 30 40 50 60

Reaction Time (min)

Figure 7 Conversion of hydroxyl absorbencies with
reaction time of the CAE-DGEBA-BPH system mea-
sured at 100°C with different compositions.
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Figure 8 TGA thermograms of the CAE-DGEBA-
BPH system.

This can be explained by the inherent chemical
structures, such as a bulk side group including a
long unit, a stable aromatic ring, and increasing
the interaction between the hydroxyl-functional
group of DGEBA and BPH.

It is noted that thermal degradation progresses
by etherification and subsequently proceeds via
dehydration and thermal oxidation, which results
in the scission of network chains.???® Through
this behavior it is possible to measure the energy
of activation for the decomposition of resins. De-
composition activation energy, E,, is calculated
from TGA curves using the integral method of
Horowitz and Metzger,* as follows:

E.6
RT:

max

In[In(1 — a) '] = 3)

where « is the decomposition fraction, T\, ., is
temperature of maximum rate of weight loss, ¢ is
T — T...x, and R is the gas constant.

Table II Thermal Stabilities of CAE-DGEBA-
BPH Blend System by TGA

Compositions IDT T ox IPDT
[CAE : DGEBA] [°C] [°C] [°C]
[100 : 0] 290 420 428

[80 : 20] 299 428 457

[60 : 40] 312 434 488

[40 : 60] 317 446 512

[20 : 80] 336 448 552

[0 : 100] 353 450 589

CAE:DGEBA
{100:0]
[80:20]
[60:40]
140:60]
[20:80]
[0:100]

In[In(1-a Y]

+ o4 p>on

2 —————————————
-30 20 -10 0 10 20 30

6,(T-T )

max’

Figure 9 Plot of In[In(1 — &)~ '] versus ¢ for CAE-
DGEBA-BPH system.

The plots of In[In(1 — a) 1] versus ¢ are shown
in Figure 9. From the slope of these straight lines,
the decomposition activation energy of the blend
was determined in eq. (3). As shown in Table III,
it was observed that the decomposition activation
energy increases by increasing the DGEBA com-
position, which could be influenced by the volume
fraction of a hard segment, such as an aromatic
rings and imide groups, hydrogen bonds, repeat
units, and thermal history.?526 Therefore, the ob-
servations of Table III result from the chemical
nature of DGEBA and show good reliability com-
pared with previous cure kinetics and quantita-
tive analysis using FTIR and NIR, respectively.

Mechanical Properties

The mechanical properties of this epoxy blend
system were determined in terms of flexural
strength, oy elastic modulus, E,; flexure, tensile
strength, o,; and tensile modulus, E,. The o, and
E, for the cured specimens determined from
three-point bending tests were calculated using
the following equations:

3PL
o= 2ba? @
g L P
"= 4bd’ m ®

where P is load (N), L is span length (m), b is
width of specimen (m), d is thickness of specimen
(m), AP is change in force in the linear portion of



296 KWAK, PARK, AND LEE

Table III Decomposition Activation Energies
of CAE-DGEBA Blend System

Compositions
[CAE : DGEBA] E, [kJ/
[mol %] In[ln(1 — a)~ 1] 0 mol]
[100 : O] —0.2450 2 197
0.4760 12
0.8340 23
1.0972 28
[80 : 20] —0.5058 -5 218
0.2716 7
0.6139 16
0.8923 21
[60 : 40] —0.7000 -9 228
—0.0204 1
0.3759 9
0.6812 16
[40 : 60] —1.0309 -19 238
—0.0874 -3
0.1856 0
0.4759 9
[20 : 80] —1.0035 -13 295
—0.6073 -10
—0.1950 -1.6
0.3014 4.8
[0 : 100] —1.5000 -21 322
—1.0309 -17
—0.3665 -5
0.1856 0

the load-deflection curve (N), and Am is change in
deflection corresponding to AP (m).

Figure 10 shows the flexural strength and the
elastic modulus in flexure as a function of DGEBA

100 . v r . T . — 1 T 8
i
1 T
— I—
< §/ ' I><§ o
o 80 I/ \ s §
I § |
7022 = 5
oj T . T +b} . . To
0 20 40 60 80 100

Composition of DGEBA (mol%)

Figure 10 Flexural strength and elastic modulus in
flexure of the cured specimens as a function of the
composition of DGEBA.

70 T —————————————— 40
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= 404 28 TE.)
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° /-L 2
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20 F——o0> \I
L L
- o— o, =
Et
0 T T T T M T M T T 0
0 20 40 60 80 100

Composition of DGEBA (mol%)

Figure 11 Tensile strength and modulus of the cured
specimens as a function of the composition of DGEBA.

composition. As shown in the figure, the relative
error is below 5%, which means the present data
is very reliable. The flexural strength increased
with increasing the DGEBA composition, the re-
sult of a compact hydrogen bond by the hydroxyl
groups and a long repeat unit containing bulky
side groups. On the other hand, the elastic mod-
ulus decreased as DGEBA increased. The de-
crease of elastic modulus resulted from the inher-
ent nature of DGEBA because the hydroxyl
groups of the DGEBA play an important role in
enhancing the epoxide-activated site interaction
and help in decreasing the elastic modulus, itself
a result of to effective stress transfer.?”?

Tensile strength (0,) and tensile modulus (£,)
are calculated from following equations:

P
Ut:K (6)
g-t.ko (7)
"7 A AL

where A is the cross-sectional area for the speci-
men (m?) and L,/AL is the degree of sample
elongation.

The tensile properties evaluated from the
stress—strain curves are presented in Figure 11.
It can be observed that tensile strength system-
atically increased as DGEBA composition in-
creased, while tensile modulus of the cured resin
drastically decreased. The measurements be-
tween flexural and tensile test exhibited different
values but showed a similar tendency when the
DGEBA content increased. The difference may be
result from the mode of stress experienced by the
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specimen. In the case of flexural testing, it is a
combination of compression and tensile, while in
tensile testing it is purely tensile.?® It is known
that factors influencing the strength and modulus
properties are orientation, interfacial interaction,
and the nature of chemical structure.?® Therefore,
the cure behavior and the chemical structure of
the DGEBA can also explain these tensile prop-
erties. DGEBA shows an increase in hydroxyl
groups during cure reaction, as shown in Figures
4 and 6, and is able to form a higher intermolec-
ular interaction than that of the CAE. This makes
it possible to produce a high network structure,
resulting in improved tensile strength. The chain
segments responsible for entanglements and in-
termolecular interactions, such as hydrogen
bonding and double helical formations, are most
likely the outer bulky side chains, which is re-
lated to free volume including the hydroxyl
groups of DGEBA.2?” As a result, as the composi-
tion of DGEBA increases, the intermolecular
bonding toughens the three-dimensional struc-
ture and consequently disperses the internal
stress, which results in decreasing the tensile
modulus.?83°

CONCLUSION

In this work, the latency, thermostability, and
mechanical properties of blends of CAE-DGEBA-
BPH were studied using DSC, FTIR, NIR, TGA,
and three-point bending and tensile mechanical
tests.

The cationic catalyst acts as a thermal or a
latent UV-activated initiator during the curing
reaction. The reactivity and conversion rate in-
crease with increasing CAE composition. As ob-
served from thermal and mechanical properties,
increasing the composition of DGEBA containing
long repeat units, bulk side groups, stable aro-
matic ring structures, and reactive hydroxyl func-
tional groups can form well-developed three-di-
mensional networks and can be correlated with
the results of the thermal stabilities and mechan-
ical strength properties. Increasing the composi-
tion of DGEBA plays an important role in de-
creasing both elastic and tensile modulus. This is
a consequence of the toughened network struc-
ture and free volume, resulting from bulky side
groups, which are able to disperse the internal
stress.
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