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Abstract The effect of imide and aromatic content on
the adhesive and thermal properties of epoxy-imide
resins obtained through the reaction of epoxy resins
viz., Araldite GY 250 (DGEBA; difunctional), Aral-
dite EPN 1138 (novolac; polyfunctional) and epoxi-
dized hydroxyl-terminated polybutadiene (EHTPB)
with an imide-diacid viz., N-(4-carboxyphenyl)trimel-
litimide (IDA-I) was studied for different carboxyl
equivalent to epoxy equivalent ratios (C/E ratios). The
glass transition temperature of epoxy-imides varies
from 80 to 144 °C, 120 to 184 °C and 41 to 143 °C for
GY 250-IDA-I, EPN 1138-IDA-I and EHTPB-IDA-I
respectively with the variation in C/E ratio from 0.5 to
2. For C/E ratio up to 1, the overall thermal stability of
epoxy-imides follow the trend, EPN 1138-IDA-I > GY
250-IDA-I > EHTPB-IDA-I and above this ratio
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considerable improvement in overall thermal stability
is observed only for EHTPB-IDA-I. The optimum C/E
ratio for obtaining maximum room temperature and
elevated temperature adhesive strength was found to
be 1.25. For the optimum ratio, GY 250, EPN 1138 and
EHTPB-based systems give adhesive strength of 29, 23
and 18 MPa respectively at room temperature and
retain 78.3, 56.2 and 44.4% of the room temperature
adhesive strength at 150 °C. The influence of C/E ratio
or in otherwords, imide or aromatic content on the
adhesive strength, thermal stability and glass transition
temperature was more pronounced for aliphatic epoxy,
i.e., EHTPB-based system.

Introduction

Aromatic polyimides are well accepted as high per-
formance polymeric materials due to their excellent
mechanical strength and thermal stability. They are
widely used as films, coatings and adhesives on a wide
variety of substrates ranging from metals to glasses
[1-5]. However, they pose processing problems due to
their insolubility and infusibility. For most applica-
tions, an easily processable polyamic acid precursor is
used and thermal or chemical imidization is carried out
to obtain polyimides. Volatiles are evolved during the
imidization process, which limit the end-uses of polyi-
mides as films and coatings. In order to overcome the
above processing problems, research work on polyi-
mides has been focused in the following directions: (i)
synthesis of copolyimides [6-8] which are soluble in
the fully imidized state, (ii) synthesis of processable
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addition-type imides [2, 9, 10] through the reaction of
aromatic diamines with maleic, itaconic, citraconic and
nadic anhydrides and (iii) synthesis of soluble polyi-
mides using diamines and dianhydrides containing
flexible linkages [11, 12].

Of late, researchers have focused their attention
towards developing epoxy-imide resins, which are
copolyimides, obtained by curing epoxy resins with
imide group containing curatives [13-23]. The advan-
tage of this approach is that the versatility of epoxy
resins such as low shrinkage, chemical resistance and
ease of fabrication, and the rigidity and high temper-
ature stability of imide groups are combined in a single
system. As no volatile is evolved during curing of
epoxy resins with imide-group containing curatives,
epoxy-imide resins can be conveniently used as adhe-
sives and matrix resins for composites.

In our laboratory, we have synthesized different
epoxy-imide resins by curing difunctional and poly-
functional epoxy resins with imide group containing
dicarboxylic acids and evaluated their adhesive
strength on stainless steel substrate [16-23]. For epoxy-
imide resins obtained from diimide-diacids, it is
observed that the adhesive strength, retention of room
temperature adhesive strength at elevated temperature
and thermal properties are influenced by the carboxyl
eqv to epoxy eqv ratio (C/E ratio) [17]. Recently, we
have reported the adhesive and thermal properties of
epoxy-imide resins [19, 23] obtained by curing epoxy
resins such as Araldite GY 250 (difunctional; diglycidyl
ether of bisphenol-A (DGEBA)), Araldite EPN
1138 (polyfunctional; novolac epoxy) and epoxidized
hydroxyl-terminated polybutadiene (EHTPB; poly-
functional) with N-(4-carboxyphenyl)trimellitimide in
1:1 C/E ratio. In the present paper, we report the effect
of variation of C/E ratio on the adhesive and thermal
properties of the above systems. Variation of C/E ratio
in effect causes variation of imide and aromatic content
of epoxy-imide resins. The C/E ratio has been varied
from 0.25:1 to 2:1 and for each ratio the adhesive
strength at room temperature and at 100, 125 and
150 °C, glass transition temperature and thermal sta-
bility have been evaluated to understand the effect of
variation of imide and aromatic content.

Experimental
Materials
Epoxy resins, Araldite GY 250 (DGEBA, epoxy value:

5.0-5.5 eqv/kg) and Araldite EPN 1138 (Novolac-
epoxy, epoxy value: 5.5-5.7 eqv/kg) manufactured and

supplied by M/s Hindustan Ciba-Geigy, India Ltd.,
Mumbai, India were used. EHTPB having epoxy value
of 5.2 eqv/kg was synthesized from hydroxyl-termi-
nated polybutadiene (HTPB) [23, 24]. N-(4-carboxy-
phenyl)trimellitimide (IDA-I) was synthesized by the
procedure reported earlier [19]. Structures of epoxy
resins and IDA-I used in the present study are shown
in Fig. 1.

Surface preparation of stainless steel coupons

AISI-304 cold roll stainless steel coupons of dimen-
sions 100 mm X 25 mm X 1.6 mm were used. Stainless
steel coupons were first degreased by wiping with
n-hexane. The area to be bonded was abraded with
emery paper No. 36 and cleaned with detergent and
tap water. It was then chemically etched using chromic
acid solution (36 g of saturated solution of sodium
dichromate in 100 g of conc. H,SO,4) for 60 min at
60 °C as per ASTM D 2651. Coupons were then
thoroughly washed with tap water to remove all traces
of acid. The effectiveness of the surface was checked
by waterbreak-free test, in which properly cleaned
surface would hold a continuous film of water rather
than a series of isolated droplets. The coupons were
dried in an air oven at 110 °C for 1 h, cooled to room
temperature and then used for bonding. The whole
process of cleaning, etching and drying was carried out
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just prior to adhesive application in order to ensure the
availability of freshly prepared metallic oxide surface
for bonding.

Curing of epoxy resins with imide-diacid
and adhesive formulation

Imide-diacid (IDA-I) and epoxy resin (Araldite
GY 250, Araldite EPN 1138 or EHTPB) in 1:1 C/E
ratio were mixed thoroughly in a pestle and mortar.
The cure reaction was followed by DSC. From the
DSC data, the initial, maximum and final cure tem-
peratures (7Ti., Tmaxe and Ty respectively) were deter-
mined (Table 1). The epoxy resin-imide-diacid mixture
was applied on cleaned stainless steel substrates and
the steel coupons were then bonded to get an
approximate bonded area of 3 cm?. The bonded spec-
imens were stacked together and kept in an air oven
under a contact pressure of 3.3 MPa. The temperature
of the oven was raised to Tj. over a period of 30 min
and maintained at this temperature for 30 min. The
temperature of the oven was further raised to Tiaxc
over a period of 15 min and maintained at this tem-
perature for 1 h and finally the oven temperature was
raised to T, over a period of 15 min and the specimens
were kept at this temperature for 30 min. The oven was
allowed to cool to room temperature before the spec-
imens were removed. The above cure schedule was
used for preparing epoxy-imide resins using C/E ratios
lower or higher than 1 as very little variation in T,
Tiaxe and Ty values was observed with the change in
C/E ratios.

Measurements

IR spectra of the samples were recorded on a Nicolet
510 P FTIR in KBr pellets or as a smear on NaCl plate.
DSC studies were made with a Mettler DSC TA 3000
at a heating rate of 10 °C/min. Glass transition tem-
perature (7,) of epoxy-imides was determined by DSC
(TA; Q 100) at a heating rate of 10 °C/min. TG curves
were recorded with a Dupont 900 thermal analyzer in
conjunction with 951 thermogravimetric analyzer at a
heating rate of 10 °C/min in nitrogen atmosphere.
Tensile lap shear strength of bonded SS specimens was
measured using Instron (Model No: 4469) at a cross-

Table 1 Curing of epoxy resins with IDA-I: DSC data

System Tic (OC) Tmaxc (OC) ch (OC)
GY 250-IDA-I 150 200 230
EPN 1138-IDA-I 170 230 270
EHTPB-IDA-I 180 220 250

@ Springer

head speed of 10 mm/min as per ASTM D-1002.
Tensile lap shear strength at 100, 125 and 150 °C was
measured after equilibrating the test specimens at the
required temperature for a period of 10 min in a
temperature cabinet (Model No. EC 100) attached to
Instron machine. To obtain lap shear strength value at
a particular temperature, five bonded coupons were
tested. The lap shear strength value reported is an
average of three measurements which fell in the range
of +1 MPa.

Results and discussion
Curing of epoxy resins with imide-diacid

The curing of epoxy resins with imide-diacid proceeds
through carboxyl-epoxy addition (Scheme 1) reaction
at elevated temperatures. The structures of epoxy-
imide resins thus obtained for Araldite GY 250-IDA-I,
Araldite EPN 1138-IDA-I and EHTPB-IDA-I for 1:1
C/E ratio are given in Fig. 2. The curing of GY 250
with IDA-I (for C/E ratio = 1) is expected to result in
the formation of a linear polymer whereas in the case
of EPN 1138-IDA-I and EHTPB-IDA-I, crosslinked
epoxy-imide resins are formed due to the polyfunc-
tional nature of Araldite EPN 1138/EHTPB. This basic
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Fig. 2 Structures of different
epoxy-imides (a) GY 250-
IDA-I, (b) EPN 1138-IDA-I
and (¢) EHTPB-IDA-IL
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difference in the epoxy-imide resins derived from
Araldite GY 250 and Araldite EPN 1138 resins is
found to influence the thermal as well as adhesive
properties.

The cure reaction of epoxy resins, Araldite GY 250,
Araldite EPN 1138 and EHTPB, with IDA-I was fol-
lowed by DSC and IR spectra. As outlined in the
experimental section, the cure schedule for each sys-
tem was fixed based on the DSC data. The absence of
the peak at 915 cm ™, corresponding to epoxy group, in
the IR spectra of the cured resins confirmed the com-
pletion of curing. The IR spectra of cured resins show
absorptions at 1,780, 1,719, 1,385 and 725 cm™! arising
due to imide group. The broad band around 3,000 cm™
is due to -OH group obtained as a result of esterifi-
cation reaction of epoxy and —COOH group. The
characteristic ester peak has probably merged with the
imide absorption at 1,719 cm™.

When C/E ratio is 1, it is likely that no free acid or
epoxy group is left out in the cured resin. However,
when the ratio is less than unity, unreacted epoxy

LH—CHZ]—P CH, —CH —CH —CHZH CH,— CH+0H
a | y
CH

(xa)
|

CH,

groups are expected to be present in the cured resins.
The peak at 915 cm™ corresponding to epoxy group
is absent in the IR spectra of epoxy-imide resins
prepared by using C/E ratio less than 1, suggesting that
there is no unreacted epoxy group. It is reported [25]
that dangling hydroxyl groups formed by the carboxyl-
epoxy addition reaction react with the excess epoxy
groups and similar reaction is possible in the present
systems (Scheme 1) when C/E ratio is less than 1. If
carboxyl group is in excess (for C/E ratios higher
than 1) it can undergo esterification with the dangling
hydroxyl group present in the growing polymer chain
[26, 27]. No meaningful information could be obtained
from the IR spectra of epoxy-imide resins prepared
using C/E ratio higher than 1 as both -OH peaks cor-
responding to carboxylic group and hydroxyl group of
the growing polymer chain appear in the same region
(3,000-3,500 cm™) in the IR spectra. The dangling
hydroxyl-epoxy reaction and the esterification reaction
as shown in Scheme 1 would contribute to additional
crosslinking. Thus, for one epoxy equivalent, a
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maximum of two carboxyl equivalent can be used to
make a highly crosslinked polymer. In the case of
EHTPB-based systems, in addition to the esterification
of dangling hydroxyl groups, esterification of end-
functional —-OH groups of EHTPB with imide-diacid
may take place when the C/E ratio is above 1.

Thermal properties of epoxy-imide resins

The glass transition temperature, initial decomposition
temperature (7;), maximum decomposition tempera-
ture (7phax), final decomposition temperature (7)) and
char residue at 900 °C of epoxy-imide resins for C/E
ratios 0.5, 1.0, 1.5 and 2.0 are summarized in Table 2.
TG curves of EHTPB-IDA-I system, where remark-
able improvement in thermal stability is observed with
the increase in C/E ratio, are compared in Fig. 3.

From Table 2 it is observed that for all the systems
there is considerable increase in 7, (50-60 °C) when
C/E ratio is increased from 0.5 to 1. This is attributed to
the increase in imide and aromatic content of epoxy-
imide systems when C/E ratio is increased from 0.5 to
1. For GY250-IDA-I and EPN 1138-IDA-I systems
there is only a marginal increase (4-10 °C) when the
C/E ratio is increased from 1 to 2. On the other hand,
for EHTPB-IDA-I system, T, increases from 93 °C to
112 °C with the increase in C/E ratio from 1.0 to 1.5
and with further increase in the ratio to 2, T, increases
to 143 °C. Unlike Araldite GY 250 and Araldite EPN
1138, EHTPB is an aliphatic epoxy resin and hence,
increase in aromatic content and imide content by way
of increasing the C/E ratio influences EHTPB-based
system when compared to the other two systems.

For C/E ratio of 0.5, the thermal stability of epoxy-
imide resins follow the trend,

Table 2 Comparison of glass transition temperature and thermal
stability of epoxy-imides for different carboxyl eqv to epoxy eqv
ratios

System  Composition T, T; Tmax Ty Char residue

(C/E ratio)  (°C) (°C) (°C) (°C) at 900 °C(%)

GY 250- 0.5 80 380 424 570 24.0
IDA-T 1.0 139 370 420 580 26.0
1.5 140 360 420 570 314

2.0 144 360 405 620 332

EPN 0.5 120 355 398 615 412
1138- 1.0 170 380 420 550 42.0
IDA-T 1.5 175 375 410 620 39.0
2.0 184 365 410 630 35.0

EHTPB- 0.5 41 320 405 470 7.0
IDA-T 1.0 93 330 404 470 9.0
1.5 112 370 450 620 38.0

2.0 143 370 450 665 41.0
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Fig. 3 Thermograms (in nitrogen atmosphere) of EHTPB-IDA-
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EPN1138-IDA-I > GY 250-IDA-1 > EHTPB-IDA-I

The higher thermal stability of EPN 1138-based
system when compared to other two systems is attrib-
uted to high aromatic content and polyfunctional nat-
ure of EPN 1138. Though EHTPB is a polyfunctional
resin, the epoxy-imide resin derived from it has the
least thermal stability and this is attributed to the high
aliphatic content. With the variation in C/E ratio only a
marginal variation in the overall thermal stability is
observed for GY 250-IDA-I and EPN 1138-IDA-I.
However, there is a remarkable improvement in ther-
mal stability of EHTPB-IDA-I particularly when the
C/E ratio is increased from 1 to 1.5. When the C/E ratio
is above 1, in addition to epoxy-carboxy addition
reaction, esterification of end-functional —-OH groups
of EHTPB with —-COOH of IDA-I can take place
resulting in additional crosslinking contributing to the
improvement in thermal stability.

Adhesive properties of epoxy-imide resins

Adhesive lap shear strength values at room tempera-
ture, 100 °C, 125 °C and 150 °C for different C/E ratios
for EPN 1138-IDA-I system are compared in Fig. 4
and those for GY 250-IDA-I and EHTPB-IDA-I are
given in Table 3. For all the three systems maximum
room temperature adhesive strength is obtained when
the C/E ratio is 1.25 and thereafter a decrease in
adhesive strength is observed with the increase in C/E
ratio. It is noticed that the adhesive lap shear strength
values at 100 °C, 125 °C and 150 °C are influenced by
both C/E ratio and the nature of epoxy resin. As dis-
cussed earlier, the increase in C/E value from 0.5 to 1
increases the 7, of epoxy-imides by 50-60 °C
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(Table 2). This increase in T, with the increase in C/E
ratio is responsible for the improvement in retention of
adhesive strength at elevated temperature of epoxy-
imides. For EPN 1138-IDA-I system 100% or more
than 100% retention of the room temperature adhesive
strength is observed only up to 1:1 ratio. EPN 1138-
based system, being a highly crosslinked one, the
esterification reaction between the unreacted or excess
acid groups with the dangling hydroxyl group
(Scheme 1) might not have been taken to completion
and hence, unreacted acid groups may be present
which in turn act as a weak layer in the glue-line and
reduces the adhesive strength at elevated temperature.

The effect of nature of epoxy resin can be under-
stood by comparing the percentage retention of adhe-
sive strength for a chosen C/E value and the influence
is expected to be more for lower C/E ratios than for
higher C/E ratios where the influence of imide and
aromatic content would be predominant. The per-
centage retention of room temperature adhesive

strength at 125 °C and 150 °C of epoxy-imides for C/E
ratio of 0.5 is compared in Fig. 5. It is noticed that
EPN-1138-IDA-I is able to retain more than 100% of
the room temperature adhesive strength at 125 and
150 °C. On the other hand, GY 250-IDA-I retains
36.5% and 11.5% of the room temperature adhesive
strength at 125 and 150 °C respectively. For EHTPB-
IDA-I, 9.3% and 6.7% retention of room temperature
adhesive strength is observed at 125 and 150 °C
respectively. Thus, it is evident that EPN 1138-based
system is able to retain its room temperature adhesive
strength at elevated temperatures even when C/E ratio
is low. This has been attributed to the polyfunctional
nature and higher aromatic content of EPN 1138. The
poor retention of adhesive strength observed with
EHTPB-IDA-I is due to the higher aliphatic content of
EHTPB. In the case of GY 250-IDA-I, the percentage
retention is higher than that of EHTPB and this is
attributed to the higher aromatic content of the former
system. The above conclusions are supported by 7, of
these epoxy-mides (Table 2).

In order to understand the influence of aromatic and
imide content on the adhesive properties, the relative
percentage increase in adhesive strength at room
temperature and at 150 °C of epoxy-imides when the
C/E ratio is increased from 0.5 to 1.25 is compared in
Fig. 6. It is noticed that the room temperature adhesive
strength increases by 51, 64 and 20% for GY 250-IDA-I,
EPN 1138-IDA-I and EHTPB-IDA-I respectively
when the C/E ratio is increased from 0.5 to 1.25.
Interestingly, for the same increase in the ratio, the
adhesive strength at 150 °C increases by 641 and 500%
for GY 250-IDA-I and EHTPB-IDA-I respectively
whereas for EPN 1138-IDA-I only ~13% increase is
observed. The above observation clearly brings out the
fact that increase in the imide and aromatic content of
epoxy-imide systems (by way of increasing the C/E
ratio) influences the high temperature adhesive
strength remarkably only for GY 250- and EHTPB-
based systems. As explained earlier, among the epoxy
resins, EHTPB is purely an aliphatic one and hence,
increasing the C/E ratio increases the aromatic and

Table 3 Effect of carboxyl eqv to epoxy eqv ratio on adhesive strength of GY 250-IDA-I and EHTPB-IDA-I systems

C/E ratio  Adhesive lap shear strength of GY 250-IDA-I (MPa) Adhesive lap shear strength of EHTPB-IDA-I (MPa)
R.T 100 °C 125 °C 150 °C R.T 100 °C 125 °C 150 °C

0.25 19.0 14.0 5.0 2.5 - - - -

0.50 19.2 18.2 7.0 22 15.0 6.3 14 1

1.00 23.1 21.0 18.0 114 18.0 12.0 7.0 4.1

1.25 29.0 222 21.0 16.3 18.0 14.0 8.0 6.0

1.50 27.0 253 21.1 153 17.0 12.3 10.3 7.0

2.00 22.0 214 22.0 15.0 13.0 12.0 8.0 6.4
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imide content of the system considerably, which in turn
improves the high temperature adhesive strength. GY
250 being a difunctional epoxy resin, increasing the
C/E ratio from 0.5 to 1.25 probably toughens the sys-
tem in addition to increasing the imide and aromatic
content. In addition, the presence of excess imide-
diacid introduces crosslinks due to esterification reac-
tion with dangling hydroxyl group. The above factors
are responsible for the remarkable increase in high
temperature adhesive strength of GY 250-IDA-I with
the increase in the ratio. EPN 1138-based system being
a highly crosslinked one with high aromatic content,
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the increase in the C/E ratio does not influence the
adhesive strength to the same extent as in the other
systems.

Conclusions

For epoxy-imides obtained by curing Araldite GY 250,
Araldite EPN 1138 and EHTPB with N-(4-carboxy-
phenyl)trimellitimide, increase in T, and thermal sta-
bility is more pronounced for EHTPB-based system
than for the other two systems. Unlike Araldite GY
250 and Araldite EPN 1138, EHTPB is an aliphatic
epoxy resin and hence, the effect of increase in aro-
matic content and imide content by way of increasing
the C/E ratio is felt more for this system.

The adhesive lap shear strength at room tempera-
ture and at 100, 125 and 150 °C is influenced by both
the nature of epoxy resin and C/E ratio. For any given
C/E ratio, the retention of room temperature adhesive
strength at elevated temperature follows the trend,
EPN1138-IDA-1 > GY 250-IDA-I > EHTPB-IDA-I.
This trend is attributed to the polyfunctional and aro-
matic nature of Araldite EPN 1138, aromatic nature of
Araldite GY 250 and aliphatic nature of EHTPB.

For all the systems, optimum room temperature and
high temperature adhesive strength is obtained when
C/E ratio is 1.25. Relative increase in high temperature
adhesive strength with the increase in C/E ratio is more
pronounced for GY 250-IDA-I and EHTPB-IDA-I
systems than for EPN 1138-IDA-IL
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