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Abstract

Hydroxyl terminated poly(ether ether ketone) based on tert-butyl hydroquinone (PEEKTOH) was used to modify a diglycidyl ether of
bisphenol-A epoxy resin. A diamine, 4,4'-diaminodiphenylsulfone was used as the curing agent. Isothermal differential scanning calorimetric
measurements of the blends were carried out at 180, 165 and 150 °C. The extent of reaction was found to decrease with the addition of PEEKTOH.
The phenomenological model developed by Kamal was used for kinetic analysis of curing reaction. The curing reaction followed autocatalytic
mechanism regardless of the presence and amount of oligomer present in the epoxy resin. The experimental and theoretical reaction rates were in
good agreement during the initial stages of the reaction. The experimental values were lower than theoretical rate during the final stages of
reaction due to increase in the viscosity of the system. A semiemperical model was used to explain diffusion control during final stages of reaction.
The cured blends exhibited two phase morphology at all the curing temperatures. A uniform particle size distribution was observed at all
compositions. The domain size decreased slightly with increase in oligomer content and with decrease in curing temperature. Finally, the
viscoelastic properties were analysed using dynamic mechanical thermal analysis. Two T,s corresponding to epoxy rich and thermoplastic rich

phases were evident from the dynamic mechanical spectrum.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy resin/thermoplastic blends have been the focus of
study for the last two decades. Commercially available
thermoplastics as well as low molecular weight functionally
terminated oligomers were used to modify epoxy resins [1-18].
Depending on the curing agent, curing conditions, compo-
sition, etc. a wide range of properties were achieved [19,20].
The ultimate morphology is strongly dependent of the curing
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conditions used. Remiro et al. [21] found that the morphology
of PMMA modified epoxy resin cured with DDM was strongly
influenced by the curing condition. The curing conditions
influence the morphology of epoxy resin blended with an
amorphous PEEK, phenolphthalein polyether ether ketone
(PEK-C), which was cured with DDM. In this case,
homogeneous morphology was observed at low curing
temperature [22] while a higher curing temperature favoured
heterogeneous morphology [23]. An exceptional case was
polyoxypropylene modified epoxy resin cured with a cycloa-
liphatic amine where the mechanical properties and fracture
toughness do not depend on the precure temperature, but the
domain size decreased slightly with increase in cure
temperature [24].

The optimisation of curing conditions is necessary to
achieve the desired properties. Curing reaction involves the
liberation of heat and the amount of heat liberated is
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proportional to the extent of curing. Since, differential
scanning calorimetry (DSC) is an excellent tool for
monitoring changes involving absorption or liberation of
heat, curing reaction can be easily followed by this technique
[25-31]. The advantage of DSC is that the measurements are
sensitive to small changes in heat and requires specimens in
milligram scale.

In this paper, we report on the cure kinetics, viscoelastic
and morphology of an epoxy resin modified with hydroxyl
terminated poly(ether ether ketone) with pendent fert-butyl
group (PEEKTOH) cured with an aromatic diamine. PEEK
is an engineering thermoplastic with excellent properties.
Blending PEEK with epoxy resin is difficult due to its high
molecular weight, semicrystalline nature, etc. Blends of
epoxy resin with phenolphthalein polyether ether ketone
[32-34] and amine terminated oligomers based on tert-butyl
hydroquinone, methyl hydroquinone, hydroquinone and
bisphenol-A based PEEK were reported [35]. In a previous
publication, we reported that epoxy resin modified with
random terminated PEEK based on fers-butyl hydroquinone
cured with DDS followed autocatalytic mechanism [31].
The morphology and mechanical properties were investi-
gated in detail. In the present study, PEEKTOH was used as
a modifier for a difunctional epoxy resin. The oligomer was
synthesised by the nucleophilic substitution reaction of 4,4'-
difluorobenzophenone with fert-butyl hydroquinone in the
presence of potassium carbonate at 200°C. The cure
kinetics, morphology and dynamic mechanical properties
of the blends were investigated.

2. Experimental
2.1. Materials used

Commercially available diglycidyl ether of bisphenol-A
(DGEBA) epoxy resin (LY 556, Ciba Geigy) with an epoxide
equivalent weight of 188.68 was used. The curing agent used
was 4,4'-diaminodiphenylsulfone (DDS, Aldrich). The
materials were used as received without any further purifi-
cation. Hydroxyl terminated poly(ether ether ketone) based on
tertiary butyl hydroquinone was synthesized in the laboratory.
The chemical structures of the epoxy resin, DDS and
PEEKTOH are given in Fig. 1.

2.2. Blend preparation

The blends were prepared using a solventless mixing
technique. PEEKTOH was dissolved in epoxy resin at 180 °C
with constant stirring. The curing agent was dissolved in the
blend at 180 °C in a short time span (40 s) to minimise the curing
reaction during mixing and the mixture was immediately
plunged into liquid nitrogen to quench the curing reaction.
Blends with 0, 5, 10, 15 and 20 phr oligomer were prepared and
the amine to epoxide ratio was one in all the systems studied.

2.3. Differential scanning calorimetric analysis

A power compensated type differential scanning calorimeter
(Perkin Elmer Pyris 1) was used for dynamic and isothermal
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Fig. 1. Chemical structure of DGEBA, DDS and PEEKTOH.
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DSC measurements. The instrument was calibrated with
indium, tin and benzophenone standards. Nitrogen was used
as the purge gas and samples of 5-10 mg were used for the
measurements.

Dynamic DSC measurements were carried out at 10, 7.5, 5
and 2.5 °C/min for the neat epoxy resin/DDS mixture in order
to determine the total heat of reaction AH,,. Isothermal
measurements were done at 180, 165 and 150 °C, respectively.
The curing reaction was assumed to be completed when the
isothermal curve levelled off to a straight line. The area of the
peak under the isothermal curve at various times were used to
determine the conversion («) at various times. The conversion
« at time ¢ was defined as « = AH,/AH,;, where AH, is the heat
of cure at time ¢t and AH,, is the total heat of cure of the neat
€poxy resin.

2.4. Scanning electron microscopy

The morphology of the blends cured at 180, 165 and 150 °C
were examined using Philips XL 20 scanning electron
microscope. The samples were fractured in liquid nitrogen.
The fracture surfaces were etched with chloroform at room
temperature to remove the thermoplastic phase. The specimens
were kept overnight in vacuum to remove the solvent. The
fracture surfaces were sputter coated with gold before taking
the micrographs.

2.5. Dynamic mechanical thermal analysis

The viscoelastic properties of the neat resin as well as the
blends cured at various temperatures were measured using TA
instruments DMA 2980 dynamic mechanical thermal analyser.
Rectangular specimens cured at 180, 165 and 150 °C was used
for the analysis. The analysis was done in three point bending
mode at a frequency of 10 Hz. The samples were heated from
50 to 250 °C at a heating rate of 3 °C/min.

3. Results and discussion

PEEKTOH was synthesised by the nucleophilic substitution
reaction of 4,4'-difluorobenzophenone with fert-butyl hydro-
quinone in the presence of potassium carbonate and NMP as
solvent. The oligomer was characterised by gel permeation
chromatography (GPC), nuclear magnetic resonance spec-
troscopy (NMR), infrared spectroscopy (IR) and differential
scanning calorimetry (DSC). The number average molecular
weight was found to be 11,000 from GPC measurements and
the glass transition temperature of the polymer was 171 °C.

3.1. DSC studies

Dynamic DSC measurements were done for DGEBA/DDS
mixture at 10, 7.5, 5 and 2.5 °C/min. The dynamic heating
curves at various heating rates are shown in Fig. 2. It was
observed that peak maximum shifted towards the lower
temperature side as the heating rate is lowered. The total heat
of reaction AH,, for the neat epoxy system was taken as the
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Fig. 2. Dynamic DSC scans of the neat resin at different heating rates.

average of the enthalpy values obtained at different heating
rates. This value was taken as AH, for calculating the
fractional conversion « at time, ¢ [25,36].

The phenomenological model developed by Kamal [37] was
used for isothermal kinetic analysis. The amine epoxide
reaction was found to be autocatalytic in nature. The general
equation assumed for the curing reaction of epoxy—amine
system is given below [38—40].

do_ (ki + kpd™)(1 — )" (D
dr

where, « is the fractional conversion at time ¢, k; and k, are the
rate constants with two different activation energies, m and n
are the kinetic exponents of the reaction and m+n gives the
overall reaction order. The constant k; can be calculated if the
initial rate at « =0 can be estimated. The kinetic constants k;
and k, depend on temperature according to Arrhenius law
given in Eq. (2).

k; = A;exp (_Eai) (2

RT

where, A; is the pre exponential constant, E,; is the activation
energy, R is the gas constant and T is the absolute temperature.

In order to investigate the cure kinetics, isothermal DSC
measurements were done at three temperatures. The experi-
mental value of conversion « and the reaction rate for the
complete course of reaction were then determined and adjusted
with the kinetic equation. The activation energies and
frequency factors were determined for each curing tempera-
ture. Several methods were available for the calculation of
parameters of Eq. (1) from isothermal DSC curves [41]. In our
study, the parameters k;, kp, m and n were determined without
any constraints on them.

The neat resin and its blends with 5, 10, 15 and 20 phr
PEEKTOH were cured isothermally at three temperatures; 180,
165 and 150 °C. The rate of reaction da/dr vs time plot for the
blends cured at 180 °C is shown in Fig. 3. Similar curves were
obtained for blends cured at 165 and 150 °C. The maximum
rate was observed after the start of the reaction showing
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Fig. 3. Reaction rate vs time plot for neat resin and blends cured at 180 °C.

autocatalytic nature. The time required to attain maximum rate
was found to increase with decrease in cure temperature. The
rate of reaction was found to decrease with increase in
PEEKTOH content and also with decrease in the isothermal
cure temperature. A possible explanation could be given on the
basis of phase separation. As the curing reaction proceeds, the
thermoplastic component will phase separate out at certain
conversion. During phase separation some of the lightly
crosslinked epoxy resin or DDS could be trapped in the
separated out PEEKTOH phase leading to decrease in curing
reaction. It could be better said that the probability for the
reaction between epoxy resin and hardener is decreased as the
thermoplastic content increased [42].

The kinetic parameters were determined according to
autocatalytic model. Since, there are two kinetic constants k;
and k,, two activation energies E,; and E,, could be obtained
by plotting In k; and In k, against 1/T. The slopes of these plots

Table 1
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were used to calculate the activation energies E,; and E,,
respectively. The activation energies for the curing of
DGEBA/PEEKTOH blends exhibited higher values compared
to the neat resin. This means that PEEKTOH hinders with the
reaction between epoxide and amine.

The kinetic parameters obtained after considerable iteration
are given in Table 1. The overall reaction order m—+n was in
the range 2.5-3.5. The value m was in the range 0.6—1.2 for the
neat resin as well as the blends. The values of n range from 1.7
to 2.7 for the neat resin and blends up to 15 phr PEEKTOH
whereas 20 phr blends showed higher values for n.

Fig. 4 shows the plot of rate of reaction vs conversion for the
neat resin as well as the blends cured at 180 °C. From the figure
it was evident that the extent of conversion and the reaction rate
decreased with increase in PEEKTOH content. The neat resin
as well as the blends cured at 165 and 150 °C showed similar
behaviour.

The plot of the experimental data and the data obtained by
autocatalytic model for the neat resin and blends cured at
180 °C is given in Fig. 5. The experimental data agreed well
with the model predictions at lower conversion, i.e. for the
initial stages of cure and similar trend was observed at all other
cure temperatures also. But at higher conversions, the values
predicted by the model were high compared to the experi-
mental data. This is due to the vitrification of the system. This
meant that the cure reaction was controlled by diffusion during
the final stages of cure. The difference from experimental data
was greater at lower curing temperatures.

A semiempirical relationship based on free volume concept
was used to explain diffusion control in cure reactions [43,44].
When the conversion reaches a critical value «, diffusion
becomes the controlling factor and the rate constant ky is
given by

kg = keexp[—Cla —ac)] 3)

Autocatalytic model constants for PEEKTOH (M, — 11,000) modified DGEBA epoxy blends

T (°C) m n m+n  kX1072min~")  kKX1077 (min~')  InA, InA, Ey (KImol™")  Ep (kImol™ ")
Neat epoxy
180 0.97 2.42 3.39 22.0 187.1
165 0.67 1.76 2.83 10.9 66.1 12.06 20.29 59.99 83.00
150 0.69 1.93 2.62 7.0 38.6
Epoxy/5 phr PEEKTOH
180 0.97 2.62 3.59 20.6 191.18
165 1.03 2.54 3.57 13.12 120.59 16.47 18.21 76.24 74.55
150 0.78 222 3.0 4.92 47.19
Epoxy/10 phr PEEKTOH
180 0.93 2.73 3.66 19.03 199.48
165 0.87 2.51 3.38 8.94 90.48 12.13 18.34 60.80 75.27
150 0.93 2.48 3.41 6.02 48.23
Epoxy/15 phr PEEKTOH
180 1.07 3.08 4.15 21.4 257.03
165 0.99 2.77 3.76 10.03 116.74 16.53 17.55 76.73 71.40
150 0.98 2.89 3.87 5.03 66.78
Epoxy/20 phr PEEKTOH
180 1.09 3.83 4.92 20.26 303.02
165 1.20 3.36 4.56 10.98 179.18 22.71 22.71 99.92 89.66
150 0.81 3.16 3.97 3.1 56.37




B. Francis et al. / Polymer 47 (2006) 5411-5419 5415

0.025
—— Neat Resin
—0— 5phr PEEKTOH
—2— 10phr PEEKTOH
0.020 —%— 15phr PEEKTOH
—o— 20phr PEEKTOH
7. 0.015
£
£
s}
= 0.010
©
0.005
A
0.000 T T T T T RIRAL
00 01 02 03 04 05 06 07 08 09 1.0
o

Fig. 4. Reaction rate vs conversion plot for neat resin and blends cured at
180 °C.

where, k. is the rate constant for chemical kinetics and C is a
parameter. Eq. (3) corresponds to an abrupt change from
chemical control to diffusion control of the curing reaction
when conversion reaches «.. But the onset of diffusion control
is gradual and there is a region where both diffusion and
chemical factors are controlling. The overall rate constant can
be expressed in terms of k4 and k. as follows
1 1 1
kR @
This equation combined with Eq. (3) gives the diffusion
factor f{w)

k, 1

N = T T+ explCla—ay)]

®)

When « is much smaller than o, a<<a., f(a) is
approximately unity and the reaction is kinetically controlled
and the diffusion effect is negligible. As « increases, f(«)
decreases and will approach zero where the reaction effectively
ceases. The effective reaction rate at any conversion is equal to
the chemical reaction rate multiplied by flor) [45].
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Fig. 5. Reaction rate vs conversion plot for experimental and autocatalytic fit
for neat resin and blends cured at 180 °C.
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Fig. 6. Plot of diffusion factor f(e) against conversion at different curing
temperatures for 15 phr blends.

The value of f(«) was taken as the ratio of the experimental
reaction rate to the reaction rate predicted by the autocatalytic
model. The value of f(«) was around one during the early
stages of cure. As the curing reaction proceeds further f(«)
decreases markedly due to the onset of diffusion control. The
plot of f(a) vs a for 15 phr blend is shown in Fig. 6. The
decrease in f(«) and hence decrease in reaction rate due to
diffusion control was evident from the figure. The other blends
also showed the same trend. « gives the gradual change of the
system from chemical control to diffusion control. The values
of a. and C are obtained by applying non linear regression to
f(a) vs a data to Eq. (5). Table 2 gives «. and C values for the
blends cured at different temperatures. «, values increased with
increase in cure temperature, i.e. the change from chemical
control to diffusion control occurred at higher conversions. The
critical conversion was also affected by the composition of

Table 2
Values of critical conversion «. and C parameters for epoxy/PEEKTOH

M, — 11,000 blends cured at different temperatures

T (°C) o c
Neat epoxy
180 0.91 142.55
165 0.87 110.31
150 0.90 118.67
Epoxy/5 phr PEEKTOH
180 0.86 107.43
165 0.89 284.91
150 0.85 67.26
Epoxy/10 phr PEEKTOH
180 0.84 137.56
165 0.83 103.2
150 0.80 76.08
Epoxy/15 phr PEEKTOH
180 0.79 49.27
165 0.80 81.87
150 0.76 96.20
Epoxy/20 phr PEEKTOH
180 0.75 51.96
165 0.76 71.54
150 0.68 96.08
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Scheme 1. Morphology evolution of epoxy/thermoplastic blends upon curing.

the blends. Compared to neat resin the change to diffusion
control occurred at lower conversion for the blends. This is due
to the increased viscosity of the system due to the addition of
oligomer.

3.2. Morphological analysis

A typical characteristic of blends of epoxy resin is to
undergo reaction induced phase separation upon curing. The
morphology evolution on curing is shown in Scheme 1.
Depending on the composition, dispersed, cocontinuous or
phase inverted morphologies are generated. The initially
miscible homogeneous mixture phase separates upon curing
due to entropic and enthalpic contribution. Phase separation
occurs unless there is strong interaction between epoxy and the

10phr

added second component. Exceptions are polycarbonate
(PC)/epoxy and phenolphthalein polyether ether ketone
(PEK-C)/epoxy blends cured with DDM at 80 °C [22]. The
miscibility in the case of polycarbonate blends was attributed
to the chemical reaction between PC and epoxy resin prior to
cure. The blends we studied exhibited typical phase separated
morphology. Irrespective of the curing temperature, all the
blends had heterogeneous morphology as evident from the
scanning electron micrographs of fracture surfaces etched with
chloroform given in Fig. 7. No phase inversion was observed in
the compositions we studied. The number of domains increased
with composition and the dispersed domains have uniform
particle size distribution. The domain diameters and poly-
dispersity index were calculated for the blends using the
following equations.

_ 2 nd;

Number average diameter, Dn Sn, (6)
_ A2
Weight average diameter, D, = % @)
o D
Polydispersity index, PDI = B (8)

n

where, n; is the number of domains having diameter d;

Table 3 gives the domain size and polydispersity index of
the dispersed phase measured using image analysis. The
domain size decreased with increase in cure temperature. This
is because gelation occurred in a shorter time due to the faster

cure temperature = 165°C

cure temperature = 150°C

Fig. 7. SEM micrographs of the blends cured at different curing temperatures.
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Table 3
Dispersed particle size and polydispersity of the blends cured at different
temperatures

Curing PEEKTOH D, (um) D,, (um) PDI

temperature content (phr)

180 °C 5 1.56 1.71 1.09
10 1.56 1.72 1.10
15 1.20 1.32 1.10
20 1.25 1.40 1.12

165 °C 5 1.49 1.61 1.08
10 1.19 1.29 1.08
15 1.12 1.23 1.10
20 1.30 1.47 1.13

150 °C 5 1.37 1.54 1.12
10 1.72 1.80 1.05
15 1.42 1.47 1.04
20 1.44 1.50 1.04

reaction rate with increase in cure temperature. An interesting
phenomenon observed in the blends was the slight decrease in
particle size with increasing PEEKTOH content. This is due to
the increase in viscosity of the system. The addition of the
PEEKTOH leads to increase in the viscosity of the system as a
whole. As curing takes place, the viscosity of the system will
increase with time and at a particular time gelation will occur
and phase separation will stop. At higher PEEKTOH contents,
gelation will occur earlier due to the higher system viscosity
resulting in smaller domains.

The phase separation mechanism in epoxy resin/thermo-
plastic blends was studied extensively [46—49]. The phase
separation mechanism was found to be dependent on the
composition of the blends, nature of curing agent, curing
temperature and secondary phase separation was observed in
some cases. When the composition of the blend was near the
critical composition, phase separation occurred by spinodal
decomposition and at off critical compositions phase separation
occurred by nucleation and growth mechanism. For thermo-
plastic with average molar mass between 10,000 and 30,000 g/
mol, the critical concentration of thermoplastic was 10-15 wt%

1.2 ——180°C
---- 165°C
------- 150°C

T
50 75 100 125 150 175 200 225 250 275
Temperature (°C)

Fig. 8. tan ¢ vs temperature plot for neat resin cured at 180, 165 and 150 °C.
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Fig. 9. tan 6 vs temperature plot for neat resin and blends cured at 180 °C.

in liquid epoxy and diamine monomer as calculated by Flory—
Huggins model [50]. In the present study, the molecular weight
of PEEKTOH is 11,000 g/mol. Hence, the critical concen-
tration may be higher than the above mentioned range.
Therefore, the phase separation was expected to occur by
nucleation and growth mechanism.

3.3. Dynamic mechanical thermal analysis

The glass transition temperature of the unmodified epoxy
resin decreased with decrease in cure temperature. The tan 6 vs
temperature plot of unmodified epoxy resin cured at different
temperatures are given in Fig. 8. The decrease in T, was due
decrease in crosslink density, which is evident from DSC studies
where a decrease in the extent of cure reaction with lowering of
curing temperature was observed. The height of tan 6 curve is
more for epoxy resin cured at 150 °C. This is an indication of
more damping characteristic or more flexibility. The typical
dynamic mechanical spectrum of phase separated blends is given
in Fig. 9. Two peaks were seen in the spectrum, the one at high
temperature corresponds to the T, of epoxy rich phase and the

3000 - Neat resin
---- 5phr PEEKTOH
------- 10phr PEEKTOH
___ 2500+ - 15phr PEEKTOH
£ e --+--=- 20phr PEEKTOH
£ 2000 T
(2]
>
S 1500
€
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® 1000
2
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0 -
T

T T T T T T
50 75 100 125 150 175 200 225 250
Temperature (°C)

Fig. 10. Storage modulus vs temperature plot for neat resin and blends cured
at 180 °C.
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Fig. 11. Loss modulus vs temperature plot for neat resin and blends cured
at 180 °C.

one at lower temperature is due to the T, of thermoplastic rich
phase in accordance with the two phase morphology observed in
the scanning electron micrographs. The variation of storage
modulus and loss modulus with temperature for the blends cured
at 180 °C are shown in Figs. 10 and 11, respectively. The storage
modulus decreased with temperature and after the glass
transition region the values remained constant. The storage
modulus of the blends was lower than that of the unmodified
epoxy resin. The loss modulus vs temperature plot of the blends
showed two peaks corresponding to epoxy rich and thermo-
plastic rich phases.

4. Conclusions

The effect of addition of hydroxyl terminated PEEK
oligomers with pendent ferz-butyl groups on the kinetics of
cure of a DGEBA epoxy resin was investigated. Autocatalytic
mechanism was found in the neat resin as well as the blends.
The extent of reaction decreased with the addition of
oligomers. The blends cured at various temperatures exhibited
two phase morphology in which PEEKTOH domains were
dispersed in the continuous epoxy matrix. The domain size
decreased slightly with increase in composition. This is due to
the increase in viscosity of the blends with increase in oligomer
content. The domain size was not much affected by changing
the curing temperature. The glass transition temperature of the
unmodified resin from dynamic mechanical analysis decreased
with decrease of curing temperature. This was due to the
decrease in curing reaction at lower curing temperatures as
evident from isothermal DSC studies. Two T,s characteristic
of heterogeneous morphology was evident from dynamic
mechanical spectrum of the blends.
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