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ABSTRACT : Siloxane-epoxy copolymers having terminal epoxy group were prepared by reacting
aminoethylpiperazine terminated polydimethylsiloxane (AEPDMS) prepolymer with EPON HPT 1071
epoxy resin. The AEPDMS-EPON HPT 1071 copolymer was then cured with EPON HPT 1061. Frac-
ture toughness, Ki, of the AEPDMS-EPON HPT 1071 copolymer network increased with increasing
molecular weight of the siloxane block. Scanning electron micrographs of the cracked surface show
that AEPDMS-EPON copolymer network with higher molecular weight siloxane had more uniform

distribution of PDMS domain.

Introduction

Epoxy resins are widely used for surface pro-
tective coating, electric and electronic insulating
materials, and composite matrices, due to their su-
perior heat resistance, adhesive properties, and
good mechanical properties. Recently, tetrafunc-
tional epoxy resins have heen used as the matrix
in high performance composite. Tetraglycidyl-4,4'-
diaminodiphenylmethane/diaminodiphenylsulfate
system which has good mechanical strength and
easy processability has typically been used, Howev-
er, it has poor hot, wet properties of easily ab-
sorbing moisture, resulting in a drastic drop in the
glass transition temperature and modulus com-
pared with diglycidyl ether of bisphenol-A/di-
aminodiphenylmethane system.”® To improve
these properties, new epoxy resins, N.N.N'N'-
tetraglycidyl-o, a~bis (4-aminophenyi)-p-diiso-
propylbenzene (EPON HPT 1071) and N.N.N'N'-
tetraglycidyl-(3,5-dimethyl-4-aminophenyl)-p-di-
isopropylbenzene (EPON HPT 1072) have been de-

veloped.”® But, these new resins show weak frac-
ture toughness due to their high crosslinking den-
sity.

The purpose of this study is to improve the ther-
mal and oxidative stability, fracture toughness, and
tensile modutus of EPON HPT 1071 epoxy net-
works. Since polydimethylsiloxanes are known to
be very flexible over a broad range of tem-
peratures, improvement of the toughness was at-
tempted through its incorporation. EPON HPT 1071
was modified by reaction with ethylpiperazine ter-
minated polydimethylsiloxane prepolymer and then
cured by the reaction of the end epoxy groups of
the product with 4,4'-aminophenyl-p-diiso-
propylhenzene.

Experimental

Materials. An epoxy resin, N,NN'N'-tetra-
glycidyl-o,o'-bis{4-aminophenyl)-p-diisopropyl-
benzene (EPON HPT 1071, Shell Chem. Co.) and a
agent,

curing 4,4'-diaminophenyl-p-diiso-
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propylbenzene (EPON HPT 1061, Shell Chem. Co.),
were used with further purification. The epoxide
equivalent weight of the epoxy resin was 160 g/mol.
Hexamethylcyclotrisiloxane (Ds, Shinetsu Chem.)
was used after purification by sublimation. 1,3-bis
(p~carboxypropy1}-1,1,3,3-tetra-methyldisiloxane
(BCTS, Shinetsu Chem.), 2-aminoethylpiperazine
(AEP, Aldrich Chem.), triphenylphosphine
(Aldrich Chem.), and trifluoroacetic acid (Fisher
Chem.) were used without further purification.
Methylene chloride (Junsei Chem.) was used after
distillation.

Preparation of Aminoethylpiperazine Ter-
minated Polydimethylsiloxane (AEPDMS).
AEPDMS prepolymer was prepared according to
Tran's method.” For example, 10g(0.03 mole) of
BCTS, 20g(0.09 mole} of Ds and 3mL of tri-
fluoroacetic acid were added to a four necked 250
mL round bottomed flask equipped with agitator,
reflux condenser fitted with a drying tube, ther-
mometer, a nitrogen inlet tube, and then poly-
merization was carried out for 24 hrs at 60 °C un-
der nitrogen purge. The carboxypropyl group ter-
minated polydimethylsiloxane (PDMS) product
was washed with distilled water, and extracted
with methylene chloride to remove the excess tri-
fluoroacetic acid until the distilled water become
neutral. The methylene chloride, low molecular
weight residual siloxanes, and unreacted reactants
were removed by evaporation using a rotary vac-
uum evaporator at 100°C and 0.5 torr. AEPDMS
prepolymer was prepared by capping the carboxyl
end group of PDMS with AEP. The reaction was
also carried out in a round bottom flask similarly
equipped but with a dean-stark trap attached to
collect the water formed during the reaction. 27.6
g of carboxypropyl terminated PDMS and 1935 g
of AEP were reacted for 24 hrs at 160 °C. On com-
pletion of the reaction, the excess AEP was re-
moved by vacuum distillation at 0.1 torr. and 50 °C
to a viscous pale vellow product.

Preparation of AEPDMS-EPON HPT 1071
(AEPDMS-EPON) Copolymer. 4.0 g of AEPDMS
and 20 g of EPON HPT 1071 were dissolved in 50
mL of acetone, and reacted for 24 hrs at 55-60 °C,
The reaction product was poured into the large ex-
cess of methanol 5 times the volume of the reac-
tion product. The precipitated product, AEPDMS-
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Figure 1. Schematic diagram of an apparatus for mixing
PDMS-EPON and HPT 1061.

EPON HPT 1071 copolymer, was dried under vac-
uum.

Casting and Crosslinking. 20g of AEPDMS-
EPON copolymer, 2.5 g of EPON HPT 1061, and tri-
phenylphosphine (0.1 wt.% of copolymer and EPON
HPT 1061) were placed in a mixing apparatus
shown in Figure 1, and then complete degassing of
the AEPDMS-EPON copolymer was achieved by vi-
gorously agitating the reactants for 1 hr at 60°C.
Then, the mixture was transferred to a mold
preheated to 120 °C, and cured for 2.5 hrs at 160 °C.
Different specimens were prepared by varying the
amine to epoxide ratio from 0.54 to 1.0.

Instrumental Analysis. ¥T-IR spectra were re-
corded on a Bomem BM-100 spectrometer. NMR
spectrum was obtained from a Varian EM-360A
spectrometer. Fracture surface mophology of the
AEPDMS-EPON copolymer networks were stu
died using an Akashi D$-130 scanning electron mi-
CroSCope:

Mechanical Properties. The fracture toughness
was measured according to the method of ASTM E
399, and tested using an Instron 1123, The frac-
ture toughness (Ky) was obtained from the fol-
lowing equation.®

K =i f (alw)
where, P = load at break
B = thickness of specimen
W = width of specimen
a = crack length
f(a/w) = a correction factor which is de-
fined as
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Figure 2. FT-IR spectra of carboxypropyl group ter-
minated PDMS(a) and aminoethylpiperazine terminated poly-
dimethylsiloxane prepolymer(b).

29.6RY:- 185.5R* + 655.7R** - 1017R™ +
638.9R",
where, R = a/w.

The tensile strength was measured according to
ASTM D3039-76 using an Instron 1123. The ten-
sile modulus E was obtained from the following
equation.

E =(AP/AD{/bd)

where AP/ Al'=slope of the initial line portion of
the stress-strain curve
{ = gage length
b = width of specimen
d = thickness of specimen.

Results and Discussion

Identification of AEPDMS-EPON HPT 1071
Copolymer. By varing the reaction time and mole
ratio of BCTS to D, carboxypropyl group ter-
minated PDMS of M,=920 and 2330 were ob-
tained.” The FT-IR spectrum of the carboxypropyl
group terminated PDMS is shown in Figure 2(a).
The spectrum of the carboxypropyl group ter-
minated PDMS shows the presence of a broad OH
peak around 3400 ¢m™ - 2500 cm” and a peak at
1712 cm™ characteristic of the stretching frequency
of an acid carbonyl group. The end capping reac-
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Figure 3. Proton NMR spectrum of aminoethylpiperazine
terminated polydimethylsiloxane prepolymer (AEPDMS).

tion” was carried out at 160 °C for 24 hrs with 5
times excess 2-amincethylpiperazine to car-
boxypropyl end group of PDMS, The capping of car-
boxypropyl group terminated PDMS, ie. the pro-
duction of AEPDMS, with 2-AEP, was verified by
FT-IR and proton NMR analysis of AEPDMS
(Figure 2(b) and 3). The FT-IR spectrum shows
the presence of a secondary amine N-H stretching
band at 3300 cm™ and an amide I and amide II band
at 1650 cm™ and 1550 cm™. The proton NMR spec-

0

trum shows an ethyl proton (—E-NH-CHZ-CHQ'}
peak at 2.5 and 3.32 ppm and a secondary amine
proton peak of the piperazine ring at 2.8 ppm.

The preparation of AEPDMS-EPON copolymer
networks was carried out in two steps. In the first
step, AEPDMS prepolymer was reacted with an ex-
cess EPON HPT 1071 (Figure 4). The reaction oc-
curred between the secondary amine of piperazine
end group of PDMS and epoxy ring of EPON HPT
1071. In the second step, the final network was ob-
tained by the curing reaction of the copolymer
with the curing ageat, EPON HPT 1061 (Figure 5).

The FT-IR spectra of AEPDMS-EPON co-
polymer and copolymer network were shown in
Figure 6. The absorption peaks of epoxy group at
915 cm’, siloxane at 1020-1100 em”, and secon-
dary hydroxyl group at 1100 cm™ were ohserved in
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Figure 4. Preparation of AEPDMS-EPON HPT 1071 copolymer.
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Figure 5. Preparation of AEPDMS-EPON HPT 1071 copolymer networks.

Figure 6(a). But, as shown in Figure 6(b), when Fracture Toughness of AEPDMS-EPON HPT
the copolymer was cured with EPON HPT 1061, 1071 Copolymer Network. The fracture tough-
the epoxy peak at 915 ¢cm” became weaker , and ness, K, of AEPDMS-EPON copolymer cured
secondary hydroxyl group at 1100 cm’ grew with EPON HPT 1061 was measured for speci-
stronger. . mens having different molecular weight siloxane

42 Korea Polym. J., Vol. 4, No. 1, 1996



Synthesis and Toughness Improvement of Aminoethylpiperazine

cpoxide

L ) 1 1 1
3800 3160 2520 (e 1880 1240 600
M

Figure 6. FT-IR spectra of AEPDMS-EPON HPT 1071
copolymer{a} and cured with EPON HPT 1061 network(b).

Tahle 1. Fracture Tonghness of AEPDMS-EPON Network

Table II. Tensile Modulus of AEPDMS-EPON Network

sample plain strain fracture toughness, K
CONTROL® 0.68 MN-m™
AEPDMS-A-1° .95 MN-m™®
AEPDMS-A-2 0.93 MN m™*
AEPDMS-B-1 1.11 MN-m™*
AEPDMS-B-2 1.08 MN-m™*

“EPON HPT 1071/EPON HPT 1061 system
dimension : W=46.4, d=11.8).

?1 denotes that amine/epoxy equivalent weight ratio is 0.54.
¢2 denotes that amine/epoxy equivalent weight ratio is 1.0.

{sample

blocks(AEPDMS-A: M, =920, AEPDMS-B: M., =
2330) and amine/epoxy ratios, and the results are
presented in Table I. Generally, DDS and EPON
HPT 1061 are well known as the curing agent for
EPON HPT 1071 epoxy resin. But the fracture
toughness for those cured epoxy resin is known to
have the similar values, 0.69" for EPON HPT 1071/
DDS system and 0.68 EPON HPT 1071/EPON
HPT 1061 system, respectively. The K. is im-
proved with increasing the molecular weight of the
siloxane block introduced in the copolymer net-
work. Pearson and Yee'' reported in the study of
epoxy/carboxy terminated butadiene acrylonitrile
(CTBN)/diaminodiphenyl sulfone (DDS) system
that the fracture energy becomes higher with in-
creasing molecular weight between crosslinks, M,
similar to rubber. They also reported that as car-
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sample tensile modulus
AEPDMS-A-1 0.93 GPa
AEPDMS-A-2 0.94 GPa
AEPDMS-B-1 0.89 GPa
AEPDMS-B-2 0.39 GPa

*Sample designation same as in Table L.

)]
Figure 7. Scanning electron microscopes of the AEPDMS-
EPON HPT 1071 copolymer_ networks: (a) with PDMS of
M=920, (b) with PDMS of M,~=2330.

boxyl group terminated rubber component being in-
troduced to epoxy matrix, fracture toughness is in-
creased via compatability improvement. The same
arguement can be applied to our case. But, in
another aspect, the increase in the amount of cur-
ing agent from 0.54 to 1.0 does not increase the
fracture toughness. It is speculated that there
must be another reaction besides primary amine-
epoxide or secondary amine-epoxide reaction when
the amine/epoxy equivalent weight is below the
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theoretical value 1.0.

Tensile Modulus of AEPDMS-EPON HPT 1071
Copolymer Network. Tensile moduli of the four
different samples of AEPDMS-EPON network are
shown in Table II. Tensile modulus decreases with
increasing the molecular weight of siloxane block in-
troduced in the copolymer, but is not affected by
the concentration of curing agent used. The con-
centration of curing agent is believed to have no n-
fluence on the tensile modulus when the amino/
epoxide ratio is below the theoretical value 1.0.

Morphology of AEPDMS-EPON HPT 1071
Networks. Variation of the crack surfaces of
AEPDMS-EPON HPT 1071/EPON HPT 1061 sys-
tem with the molecular weight of PDMS employed
was evaluated and shown in Figure 7. In the case
of (a), which is the SEM picture of the cracked
surface of an epoxy network modified with PDMS
of M.=1920, the cracked surface is smooth, but (B),
which is the one modified with PDMS of M= 2330,
the cracked surface displays domains of PDMS. As
shown in Figure 7, the epoxy network with con-
tinuous PDMS domain is considered to increase
compatahility, and fracture toughness.

Conclusions

1. AEPDMS prepolymer was synthesized by cap-
ping the carboxy! end group of PDMS with AEP.

2 AEPDMS-EPON networks were prepared by
mixing AEPDMS-EPON  copolymer, with EPON
HPT 1061 as curing agent and triphenylphosphine

as curing accelerator.

2. |t was found that fracture toughness, K, of
the AEPDMS-EPON copolymer network was im-
proved with increasing the molecular weight of the
siloxane blocks introduced in the copolymer net-
work.
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