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ABSTRACT

The curing reactions of tetrafunctional epoxy resin N,N,N ' N' -tetraglycidyl-
1,1 ' -bis[4-(p-aminophenoxy)phenyllphenylmethane using different amine
curing agents are studied by differential scanning calorimetry . The kinetics of
the thermal degradation of cured epoxy resins are studied by thermogravi-
metry at a heating rate of 10 'C min -t . The overall activation energy for the
curing reactions are observed to be in the range 76.0-386.1 kJ .mol -t . The
glass-fibre-epoxy-resin composites are fabricated using the said tetrafunc-
tiona] N-glycidyi epoxy resin with the conventional epoxy resin DGEBA in the
ratio 20 :80 using different amine curing agents and evaluating for their
physical, mechanical, chemical and electrical properties.
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INTRODUCTION

In our previous communications we reported the
kinetics of curing and thermal stability of a novel
tetrafunctional epoxy resins, resin N,N,N' N ' - tetra-
glycidyl-1,1'-bis[4-(p-aminophenoxy)phenyl] cyclo-
hexane and N,N,N ' N ' -tetraglycidyl-2,2 ' -bis[4-(p-
amino phenoxy)phenyl]propane [1 and 2].

The presence of an aromatic ring along with
the ether bridge in the backbone chain of these
tetrafunctional resins has reflected in the improved
thermal stability and some of the mechanical pro-
perties of the cured resin.

The present paper describes the curing reac-
tions of the epoxy resin N,N,N' N' -tetraglycidyl-
1,1' -his[4-(p-aminophenoxy)phenyljphenylmethane,

using various amine curing agents . The thermal
stability of the final cured products are also
investigated.

N-Glycidyl epoxy resin is used as a polymeric
matrix in high performance composites employed
in aircraft and aerospace industries. Because of
their high functionality, they are more active
during curing and thereby provide very good mech-
anical properties.

Hence, in the present investigation the
prepared tetrafunctional N-glycidyl epoxy resin was
used with the conventional epoxy resin DGEBA in
the ratio 20:80 to fabricate glass-fibre-reinforced-
epoxy composites (GFRC). The composites were
characterized by their mechanical, electrical and
chemical resistance properties .
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EXPERIMENTAL

Materials
Synthesis of 1,l-Bis(4-hydroxyphenyl)phenylmethane
A mixture of benzaldehyde (50 g, 0.4 mol), phenol
(300 g, 3 .19 mol) and glacial acetic acid (250 mL)
was placed in a flask equipped with mechanical
stirrer and thermometer. The flask was immersed
in ice bath and a mixture of concentrated sulphuric
acid (50 mL) and glacial acetic acid (100 mL) was
added portionwise with stirring . The mixture was
stirred and maintained at 7 °C for 4 days . Water
was then added and the resulting solution was
extracted with ether . The ether layers were
combined and extracted with 5% aqueous sodium
bicarbonate followed by water washing : Ether was
removed by distillation and excess phenol was then
steam distilled to obtain compound (1), 1,1-bis(4-
hydroxyphenyl)phenylmethane, BHPPPM, which
was crystallized from alcohol-water mixture and
dried at 50 °C, yield : 60%, mp : 166–167 °C and
number of hydroxyl groups : 1 .95.

The compound (1) was characterized by
400-D FTIR spectrophotometer. The characteristic
bands were observed at 3550 and 3425 cm-' corres-
ponding to the terminal hydroxyl groups . The band
observed at 835 cm- 1 is due to the presence of
p-disubstituted benzene.

Reaction of compound (1), (1 mol), with
p-nitrochlorobenzene (2 mol) yields 1,1'-bis[4-
(p-nitrophenoxy)phenyl]phenylmethane (2), which
upon reduction with Fe/HCI gave, the diamino
derivative . 1,1 ' -Bis [4-(p-aminophenoxy)phenyl]-
phenylmethane (3).

Compound (3) of 1 mol was further reacted

with epichlorohydrin (10 mol) to obtain the novel
tetrafunctional epoxy resin, N,N,N ' N ' -tetraglycidyl-
1,1'-bis[4-(p-aminophenoxy)phenyl]phenylmethane
according to the method reported in the literature
[2 and 3]. The structure of the above mentioned
resin is depicted in Scheme I.

The epoxy equivalent weight estimated by
the hydrochlorination method [4] was found to be
161 .5 g equi-1 _ The functionality of this resin,
having less than four epoxy groups per molecule,
was 3.78 per formula weight. The IR spectrum
shows absorption bands at 3050 and 1190 cm-'
which are the characteristics of the aromatic C–H
stretching frequency [5] . The peak at 1175 cm- 1 is
due to C–N stretching frequency. The absorption
bands in the regions of 1260, 920 and 855 cm-' are
due to terminal epoxy groups . The band at 835
cm- 1 may be due to the presence of p-disubstituted
benzene ring.

Curing Procedure
The cure temperatures were determined by differ-
ential scanning calorimetry (DSC) using a DuPont
9900 thermal analyzer with a DSC module (Du-
Pont model 910).

The instrument was calibrated with samples
of known heats of fusion.

The epoxy resin and the amine were mixed
in proportions corresponding to one amine proton
per epoxy group . The samples were scanned at a
scanning rate of 10 °C min-1 using an empty cell as
a reference.

Borchardt and Daniels [6] allow the calcul-
ations of activation energy (E), pre-exponential
factor (Z), heat of reaction (AH) and order of
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Table 1 . Kinetic parameters of epoxy-amine systems.

Serial Epoxy resin curing Tb v Tr Brochardt-Daniels relation

No system' (C) (C) (C) Er (kJ .mol -t )

	

InZr

	

DH (Jg -1 )

	

n

1 TGBAPPPM + DDS 162 191 .51 228 386.1

	

112 .84

	

173.3

	

4.26
2 TGBAPPPM + DDM 150 177.58 224 , 384.2

	

105 .66

	

123.5

	

4.62
3 TGBAPPPM + TETA 122 142 167 233 .6

	

68 .09

	

66.7

	

4.42
4 TGBAPPPM + DETA 90 135 180 . 123 .9

	

36 .84

	

353.7

	

3.98
5 TGBAPPPM + DDS +

DGEBA (20 :80)
167 222 282 176 .8

	

42 .52

	

641 .4

	

1 .93

6 TGBAPPPM + DDM +
DGEBA (20 :80)

75 130 195 78 .9

	

22.10

	

1146 .7

	

1 .96

Resin : (TGSAPPPM)N,N,N',N', tetraglycidyl-1,1 ' . bia(4-(p-aminophenoxy)phenyl]phenylmethane ;DGEBA : Diglycidyl ether of bisphenol A : DDS: p,p diamino

diphenyl sulphone ; ODM : p,p '-diamino diphenyl methane; TSTA : Methylene tetramine; DETA : Methylene triamine ; ''Ti : Temperature (C) of the onset of

curing ; T : Temperature (°C) of the peek of the exotherm : drl: Temperature (Cl of the completion at curing ; `Errors in E and la : *_2.

reaction (n) from a single DSC scan . Borchardt
and Daniels method [6] assumes that the reaction
follows n th order kinetics and that the temperature
dependence or the reaction rate follows the
Arrhenius-expression . All values obtained for
various epoxy systems are presented in Table 1.

Thermogravimetric Analysis of the Cured Epoxy
Samples
The samples remaining in the test tubes were then
cured and kept in a previously heated oven (about
200 'C) for about 2 h For complete curing. The

thermograms of thermogravimetric analysis (TG)
of the cured products were obtained at a heating
rate of 10 °C min -1 of the powdered sample in
nitrogen atmosphere. A DuPont 951 thermogravi-
metric analyzer was used for the study.

TG curves were analyzed to give percentage
weight loss as a function of temperature. The
activation energy E of the degradation process was
obtained by Broido's method [7]- Integral pro-
cedure decomposition temperature (IPDT) values
were obtained using Doyle's method [8] . All values
obtained for various epoxy systems are presented

Table 2 . Temperature characteristics and kinetic parameters of cured, epoxy resins.

Serial Epoxy resin curing Tp T10 T40 Top Tmax IPDTIt E r

No system ( ° C) (C) (C) (C) (C) (C) (kJ .mol -f )

1 TGBAPPPM + DDS 275 375 520 542 .5 575 567 .59 73.21

2 TGBAPPPM + DDM 250 375 462.5 485 562.5 560.75 64 .04

3 TGBAPPPM + TETA 237 .5 295 445.0 .

	

510 550 546 .52 50 .23

4 TGBAPPPM + DETA 225 300 462.5 475 525 520.45 41 .18

5 TGBAPPPM + DDS +

DGEBA (20:80)

325 362 .5 470 557.5 612.5 608.58 74 .13

6 TGBAPPPM + DDM +
DGEBA (20;80)

300 362 .5 500 575 600 596.13 72 .75

' See Table 1 for the meanings of the abbreviations for the epoxy resin-curing agent system ; °IPDT : Integral procedure decomposition temperature ; `Error ±2.
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in Table 2.

Fabrication of Composites
The matrix resin diglycidyl ether of bisphenol-A
(DGEBA) and N,N,N',N'-tetraglycidyl-1,1'-bis-[4-
(p-aminophenoxy)phenyl]phenylmethane were dis-
solved in methyl ethyl ketone in (80 :20) propor-
tion, respectively, and applied to 12 " x12" square
pieces of woven glass-fabric by hand lay , up
technique . The impregnated layers were kept in an
oven heated to 60 °C for evaporation of solvent.
Ten dried layers prepared in this way were stacked
one over another between teflon coated glass cloth
and then placed between flat plates for comp-
ression moulding. The temperature was maintained
at 100 °C for about 30 min . A pressure of 250 psi
was applied and the temperature was maintained at
150 °C for 15 h and at 180 t for 2 h. The mould
was cooled to room temperature before the
pressure was released ; the composites were taken
out and cut to obtain required specimens for
testing as per ASTM standards.

Characterization of Composites
Physical Properties of Composites
Density of the composite samples were determined
by liquid displacement technique in water.

The amount of resin and void contents of the
composite samples were determined following the
method reported in the literature [9 and 10].

Mechanical Properties
All the mechanical properties were tested on a
Universal Instron Testing Machine model 1193 at
room temperature (30 ` C) . Flexural and inter-
laminar shear strength (ILSS) were measured using
ASTM standard D 790-71 and D 2344-76, respect-
ively . Shore-D hardness of the composites were
measured using a shore-D hardness tester, TSE
testing machine, according to ASTM D-785.

Electrical Properties
A Hewlett Packard 4329-A high resistance meter
at an applied AC voltage of 250 V was used to
measure an electrical resistance. The capacitance
and dissipation factor were measured on a digital

LCR meter at a frequency or 1 kHz.

Chemical Resistance
Resistance to chemical reagents was estimated by
ASTM D-543-67 . The physical and mechanical
properties of glass-reinforced composites (GFRC)
are shown in Table 3 . The electrical properties are
shown in Table 4.

RESULTS AND DISCUSSION

In order to examine the effect of amine structure
on the curing reaction and thermal behaviour of
cured tetrafunctional epoxy resin, various diamines
such as p,p'-diamino diphenyl sulphone (DDS),
p,p'-diatttinodiphenylmethane (DDM), and poly-
amines such as diethylene triamine (DETA),
triethylene tetramine (TETA) were used as curing
agents. From the DSC scans, the temperatures at
which the curing started Ti , peaked Tp, and
completed Tr and some kinetic parameters such as
activation energy E, pre-exponential factor lnZ,
and order of the curing reaction n, were obtained
for various epoxy systems and are presented in
Table 1.

A comparison of the curing behaviour of
different epoxy systems reveal that the values T i ,
Tp and Tr depend on the curing agents . The values
are lowest for DETA and highest for DDS, which
it indicates that the rate of curing for the resin
DDS system is the lowest among the systems used.
The peak temperature decreases in the order
DDS> DDM>TETA>DETA.

The activation energy values also followed
the same order. DSC curves are presented in
Figure 1.

In the mixed system also the rate of curing
for the TGBAPPPM + DGEBA + DDS system is
lowest and highest for TGBAPPPM + DGEBA +
DDM system.

In order to determine the thermal stability
trend, TG parameters such as To (temperature of
onset of decomposition), T l o (temperature for 10%
weight loss) and Tn,„x (temperature of maximum
rate of degradation), IPDT (integral procedure
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Figure 1 . Dynamic DSC scans at 10 •C min-' for the
systems : A; TGBAPPPM+DDS, B ; TGBAPPPM+DDM, C;
TGBAPPPM+ TETA, D; TGBAPPPM+DETA.

decomposition temperature) and the activation
energy E, of the degradation process were
calculated.

To and Tro are two of the main criteria used
to indicate the heat stability of polymers . The
higher the values of To and Ttp, the higher the
thermal stability of the system [11].

However, To, Tl0 and Tm , = are a single
feature of the TGA curves, to obtain a quantitative
picture of the relative stability the IPDT values can
be regarded as being of significant importance as
they represent the overall nature of the TGA

100 200 300 400 500 600 700
Temperature (C)

Figure 2. TG curves for cured epoxy systems in a nitro-
gen atmosphere at a heating rate of 10 *C min-' : A; TGB-
APPPM+DDS, B ; TGBAPPPM+DDM, C ; TGBAPPPM+
TETA, D; TGBAPPPM+DETA.

curves.
The thermal stability of amine-cured epoxy

system is most affected by the structure of the
amine used as curing agent. The thermal stability
for the aromatic amine-cured epoxy resins as
shown in Table 2 is higher than that for aliphatic
amine cure system, due to the thermally stable
linkages present within the aromatic nuclei [12 and
13]. The greater stability of the DDS-cured resin
compared to DDM cured resin may be ascribed to
the greater heat resistance of the sulphur links
[13] . The lowest stability observed in the case of
the TGBAPPPM-DETA system is due to the
purely aliphatic structure of DETA in the cured
product. The trend in the thermal stabilities of the
cured resin can also be deduced from the value of
the activation energy E . TG curves are presented
in Figure 2.

In the mixed system, the activation energy
and thermal stability of TGBAPPPM+DGEBA+
DDS is highest than TGBAPPPM+DGEBA+
DDM system.

Mechanicai Properties
The results for some of the physical and mechan-
ical properties of GFRC prepared by using a
DGEBA and TGBAPPPM resin matrix are shown
in Table 3. They reveal that the physical and
mechanical properties are dependent on the curing
agents . The density and resin content of GFRC are
in the range of 1 .75—1.84 g.cm-3 and 30.0—31 .9%,
respectively.

Voids in the composite are physically deter-
mined. They are generated by the evaporation of
residual solvent and trapped air in the resin
mixture. An increase in the number of voids
decreases the mechanical properties and vice versa.
The void content of GFRC lies between
2.85—2.95% which is in the expected range . Data
listed in Table 3 also reveal that aromatic diamines
such as DDM and DDS give better mechanical
properties than the aliphatic amine TETA and
DETA, due to the aromatic character of the curing
agents under identical conditions, and as reactivity
of the material increases, the greater would be its
final degree of conversion [14] . Even though
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Table 3 . Physical and mechanical properties of glass-fibre-reinforced composites.

Serial Epoxy resin curing Density Resin Void Flexural strength Interlaminar Shore-D
No agent system (g .cm—3) content content (kg.cm-2)x103 sheat strength hardness

(%vfv) (%vlv) (kg .cm -2)

1 TGBAPPPM + DDS +

DGEBA

1 .84 31 .0 2 .95 3.125 118.75 93

2 TGBAPPPM + DDM +

DGEBA

1 .81 31 .9 2 .87 5.625 159.37 95

3 TGBAPPPM + TETA +

DGEBA

1 .76 30.0 2 .85 2.500 109.37 91

4 TGBAPPPM + DETA +

DGEBA

1 .75 30.5 2 .85 2.343 103.125 88

See Table 1 for the meaning of the abbreviations for the epoxy resin-curing agent system.

DETA and TETA are highly reactive compared
with aromatic diamines, lower values of mechanical
properties result due to the presence of a purely
aliphatic chain in the final cross-linked structure.
Data also reveal that DDM gives better
mechanical properties, this may be due to the two
amino groups being separated by the aliphatic
—CH2 — group in between the two aromatic rings,
which gives better cross-linking density and imparts
flexibility to the final cross-linked network.

The hardness is a measure of the resistance
to indentation and hence it will not be influenced

Table 4. Electrical properties of composites .

by the matrix.

Chemical Resistance
Examination of the glass-fibre-reinforced compo-
sites showed that these composites had excellent
chemical resistance properties. The composite
specimens were dipped in water, 10% sodium
hydroxide, 10% hydrochloric acid and methyl ethyl
ketone for 7 days . After 7 days their physical
appearance was checked . Neither a loss in gloss
nor a change in dimensions were observed.

The percentage weight change data showed

Serial Epoxy resin curing Dielectric constant Dielectric loss Dielectric factor Resistance

No agent system E~ E " tan 6 ux10- s

1 TGBAPPPM + DDS +

DGEBA

3.112 1 .2102 0 .407 1 .110

2 TGBAPPPM + DDM +

DGEBA

2.927 1 .1307 0.401 0 .980

3 TGBAPPPM + TETA +

DGEBA

2.782 1 .1109 0.408 0 .720

4 TGBAPPPM + DETA +

DGEBA

2.6752 1 .0754 0.402 0 .510

See Table 1 for the meaning of the abbreviedons for the epoxy resin-awing agent system.
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that not more than 2% weight change was
observed in each case.

Dielectric Properties
The dielectric data for all the glass-epoxy compos-
ites are given in Table 4 . The data reveal that
GFRC behaves as a very good insulating materials.
The values of the dielectric constant and tan d are
higher for the composite prepared using TETA
compared to those prepared using DDM and DDS.

CONCLUSION

The present study has revealed that:
—DSC cured kinetics of an epoxy-amine system
follow Arrhenius type kinetics with an activation
energy in the range of 76.0—386.1 kJ mol—t .
—The mechanical properties such as the flexural
strength and interlaminar shear strength of the
glass-reinforced composite depend on the structure
of the curing agents.
—All composites behave as very good dielectric
materials.
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