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ABSTRACT: The addition of an antiplasticizing agent in epoxy–amine resin formula-
tions was revisited. The choice, as the antiplasticizer, of a chemical species which is
fully miscible with the mixture of monomers but gives rise to nanoscale phase separa-
tion along the network construction was shown to be greatly favorable. Small domains,
enriched in additive molecules, segregate in the polymer matrix, which is itself plasti-
cized by residual additive molecules. Use of the additives did not change markedly the
cure cycle and the total extent of reaction after full cure. The main effects of this special
morphology on network properties were the depression of the glass transition temper-
ature, Tg, of the matrix and the appearance of some damping (so-called m-relaxation) in
the temperature range intermediate between the secondary relaxation and the main
mechanical relaxation. Networks prepared in this way were shown (1) to save a
sufficiently high value of Tg in the view of the applications, (2) to present a higher
modulus and higher toughness around room temperature than those of the conven-
tional systems without an additive, and (3) to exhibit a lower water uptake at equilib-
rium than that of their regular homolog. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci
82: 759–774, 2001
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INTRODUCTION

Epoxy resins are a major class of thermosetting
polymers, which are widely used as matrices for
fiber-reinforced composite materials, adhesives,
and coatings. Highly crosslinked epoxy networks,
indeed, present a relatively high modulus,
strength, and glass transition temperature. How-

ever, these materials suffer from a lack of tough-
ness, which is detrimental to many potential ap-
plications. Several methods have been proposed
in an attempt to reduce brittleness by triggering
energy-dissipating mechanisms inside the epoxy
matrix. They have in common that they are based
on the production of a two-phase morphology and
they just differ by the nature and structure of the
second phase, which may consist of rubbery do-
mains, high-Tg thermoplastics, and stiff or core–
shell particles. Unfortunately, the benefit in
toughness obtained in this way was not decisive
in the view of the applications, because of various
penalizing counterparts such as the Young’s mod-
ulus drop, complication of the network prepara-
tion process, and cost. Therefore, there remains a
need for novel formulations of epoxy–amine res-
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ins, intended to provide network toughness en-
hancement without significant impairment of
other properties or processing conditions.

The starting point of our study was the consid-
eration of the epoxy network antiplasticization by
small-molecule additives, a phenomenon evi-
denced for a long time by Daly et al.1 and recently
understood on molecular bases.2,3 Let us recall,
for the sake of comprehension, the main results
reported for the system diglycidyl ether of bisphe-
nol-A (DGEBA)–hexamethylenediamine (HMDA)–
aromatic acetamide (so-called additive AA in Ta-
ble I). In the case of monomer mixtures fully
cured in the presence of appropriate amounts of
AA, dynamic mechanical measurements revealed
a dramatic reduction in amplitude and width of
the loss modulus peak associated with the second-
ary relaxation. In turn, decrease of the storage
modulus is less pronounced in the modified net-
work than in its regular homologs while passing
the b-relaxation region. Finally, the room-tem-
perature Young’s modulus is fortified by the pres-
ence of the additive. The physical origin of the
antiplasticization was shown to be the immobili-

zation of the network crosslinks by the additive
molecules. As a result, those of the b-relaxation
motions, which exhibit a cooperative character,
are hindered. These cooperative motions occur on
a larger spatial scale and exhibit a higher activa-
tion energy than do the isolated ones, which
means that they are observed in the upper part of
the broad b-relaxation damping peak of the net-
work without an additive.

Suppose now that we replace the additive AA
in the resin formulation by other antiplasticizers
of lower compatibility toward the polymer chains
under construction. Then, it may be expected that
some phase separation occurs along the cure pro-
cess and, in turn, improves the toughness of the
materials. As a very simple idea, the increase in
toughness should not be balanced by a decrease of
the overall modulus, according to this scenario.
Indeed, the decrease of the modulus accompany-
ing the presence of the small molecule-enriched
phase can be matched by the increase in the mod-
ulus associated with the antiplasticization.

To check the suitability of this strategy, diami-
nodiphenylmethane (DDM) and diaminodiphenyl

Table I Formulas of the Additives and Additive Precursors Used in This Study

Chemical Formula Origin

Additive AA Our lab

Additive AM Our lab

Additive AO Our lab

1,2-Epoxy-3-
phenoxypropane
(EPP)

Acros
Organics

p-Hydroxyacetanilide
(HAA)

Acros
Organics

p-Cresol
Acros
Organics
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sulfone (DDS) (Table II) were chosen as the cur-
ing agent (instead of HMDA) to obtain networks
with sufficiently high Tg’s in the view of the ap-
plications. Also, two additives, so-called AM and
AO (Table I), were synthesized and incorporated
into stoichiometric mixtures of DGEBA–DDM
and DGEBA–DDS. Calculation of the solubility
parameters4 was used as a rough but useful tool
for selecting these additives. Values of the solu-
bility parameters of interest, namely, dad for AA,
AM, and AO and dm for the repeat units of the
resins, are given in Table III. Any increase in (dm
2 dad) denotes a decrease of compatibility be-
tween the species, which will be continuously am-
plified along the polymerization of monomers as
the result of unfavorable entropic contributions.
In this respect, the additive AA should be very
compatible with the monomer mixtures and re-
main miscible to the polymer networks, as actu-
ally reported.5 On the other hand, the additive

AM, in which formula the polar amide moiety has
been suppressed, presents a lower value of dad
and is likely to segregate from the network. This
effect is reinforced in the case of the additive AO,
of lower and lower dad, for which hydrogen bond-
ing to the epoxy chains is no longer likely to occur.
The objective of the present article was to report
on

1. The synthesis of the new additives AM and
AO and of the modified networks;

2. The viscoelastic response of the networks,
looking at the a-relaxation (depression of
the glass transition temperature), the b-re-
laxation (antiplasticizing character of the
additives), and the so-called m-relaxation
(associated with the additive-enriched
phase);

3. The fracture behavior of the networks, to
determine the critical stress intensity fac-
tor, KIc, and the critical energy release
rate, GIc, as toughness indexes; and

4. The moisture uptake of the networks at
equilibrium.

For sake of comparison, data relative to the net-
works without an additive and to those prepared
in the presence of AA will also be given and dis-
cussed. Other aspects of the study5 will be the
matter of separate publications. They include ev-
idence for phase separation by solid-state 1H-
NMR measurements,6 the kinetics of the early
stages of network construction, and some dielec-
tric measurements.

Table II Epoxide and Amines Used in Network Preparation

Chemical Formula Origin

Diglycidyl ether of
bisphenol-A (DGEBA)

Bakelite (Duisburg,
Germany)
(Rutapox 162)

Diaminodiphenylmethane
(DDM)

Acros Organics
(Geel, Belgium)

Diaminodiphenyl sulfone
(DDS)

Ciba-Geigy
(Basel, Switzerland)
(HT976-1)

Table III Values of the Solubility Parameters
Used to Predict the Compatibility Between
Additives and Epoxy Networks

Chemical
dad

(MPa1/2)
dm

(MPa1/2)

AA 26.5
AM 24.0
AO 20.8
DGEBA–DDM 26.5
DGEBA–DDS 27.7
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EXPERIMENTAL

Chemicals

The formulas and origin of the chemicals used in
this study are given in Table I for the additives
and additive precursors and in Table II for the
regular components of the epoxy resins, namely,
the diepoxide DGEBA and the diamines DDM
and DDS. The antiplasticizer AA was prepared by
following the procedure described by Daly et al.1:
1,2-Epoxy-3-phenoxypropane (EPP) and p-hy-
droxyacetanilide (HAA) at a 1.05 : 1 molar ratio
were mixed and then heated at 150°C for 1 h in
the presence of 0.1 wt % of diethylamine hydro-
chloride (Acros Organics, Geel, Belgium) as the
catalyst. The reaction was roughly quantitative
and AA, obtained in the form of a yellow amor-
phous material, was used without further purifi-
cation. The additive AM was synthesized by fol-
lowing a similar procedure, based on the conden-
sation of EPP onto p-cresol in the presence of
diethylamine hydrochloride. The reaction mate-
rial was purified by distillation under a vacuum.
The third additive, so-called AO, resulted from
the methylation of the alcohol function present in
AM. To this end, methyl iodide (4 equiv) and AM
(1 equiv) were mixed in toluene for 3 h at room
temperature in the presence of silver oxide (2
equiv) and then the mixture was gently refluxed
for 16 h. The mixture was filtered and then puri-
fied by distillation under a vacuum. Yield of the

etherification reaction was checked by 1H- and
13C-NMR. AO showed a purity of 90%, the rest
consisting of unreacted AM.

Synthesis of Epoxy Resins

The crosslinked epoxy resins were prepared from
a stoichiometric mixture based on 2 mol of
DGEBA and 1 mol of primary diamine (DDM or
DDS). The modified formulations additionally in-
cluded different amounts of additive per network
unit (namely, 0.29, 0.62, and 0.96 mol per 4 hy-
droxypropylether units). The code names and
compositions of the different samples under study
are listed in Table IV. The network repeat unit is
sketched in Figure 1.

To reach an epoxide–amine reaction as com-
plete as possible, all the samples were submitted
to adapted cure cycles. The resins based on DDM
were cured at 80°C for 12 h and then postcured for
24 h at 'Tg 1 30°C (200°C for pure A–M, 160°C
for the systems A–M–additive). No side reactions
were detected during cure and postcure at the
sensitivity of the NMR experiments. It was also
checked that the number of unreacted epoxide
groups, as controlled by FTIR after postcure, was
actually very low. A difficulty was encountered in
defining the cure cycle of the DDS-based resins,
which should produce the higher cure extent in
the absence of side reactions. On the one hand,
DDS is less reactive than is DDM,7 and, on the
other hand, the networks A–S are sensitive to
high-temperature degradation, as revealed by the
marked decrease of Tg observed in the case of
severe postcure.8 As a compromise, DDS resins
were first cured at 150°C for 6 h and then post-
cured for 3 h at 200°C in the case of pure A–S and
at 160°C in the case of the systems A–S-additive.

Thermal Analysis

Glass transition temperature measurements
were performed on the additives AA, AM, and AO

Table IV Code Names and Compositions of the
Systems Under Study

Code Name
Additive Weight Fraction,

wadd

A–M 0
A–M–AA/29 0.09
A–M–AA/62 0.175
A–M–AA/96 0.247
A–M–AM/29 0.08
A–M–AM/62 0.154
A–M–AM/96 0.220
A–M–AO/62 0.161
A–M–AO/96 0.229

A–S 0
A–S–AA/29 0.087
A–S–AA/62 0.167
A–S–AA/96 0.237
A–S–AM/62 0.147
A–S–AM/96 0.211
A–S–AO/62 0.154

Figure 1 Repeat unit of the networks under study.
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and on the cured resins by using a DuPont differ-
ential scanning calorimeter (DSC) 1090, operated
at a heating rate of 10°C/mn. Tg was convention-
ally taken at the onset of the DSC traces. Before
characterization, the samples (about 10 mg) were
first heated above their Tg and then quenched
with liquid nitrogen down to 2150°C.

Specific heat-capacity measurements around
the Tg were performed using a TA Instruments
DSC 2920 equipped with a modulation option.
Samples weighing between 3 and 10 mg were
subjected to the following thermal history: (a) The
encapsulated samples were initially heated in the
DSC module up to a temperature T0, significantly
above their Tg (200°C for DGEBA–DDM, 100°C
for pure additives) for 5 min to erase any previous
thermal history; (b) then, the samples were
quenched at a cooling rate of 10°C/mn from T0 to
T1 5 Tg 2 50°C; and (c) the samples were finally
scanned under a nitrogen atmosphere (50 mL/
min) from T1 to T0 at an average heating rate of
5°C/min, modulated by a sinusoidal heating rate
of 60.8°C/min each 60 s.

Dynamic Mechanical Analysis

Viscoelastic experiments were performed on two
different machines that gave useful data in pre-
vious studies.2,9 A servohydraulic testing ma-
chine MTS 831, operated in the tensile mode and
monitored by the software TestStar II, was used
over the temperature range 2100/220°C and the
frequency range 0.02/60 Hz. A sinusoidal defor-
mation of 60.05% was superimposed on a static
deformation of about 0.1%. Measurements were
performed on samples of size 4 3 12 3 52 mm3

and yielded, directly, the storage modulus, E9,
and the loss modulus, E0. A dynamic mechanical
analyzer (DMA) DuPont DMA 983, operated in
the flexural mode, was used to cover the low-
temperature range (2150/25°C) at the frequency
of 1 Hz. Samples of about 2 3 10 3 40 mm3 were
submitted to a strain of 0.15%. The flexural data
were transformed into E9 and E0 by using a rou-
tine available on the DMA.

The characteristic temperatures of the me-
chanical relaxations were conventionally taken at
the maximum of E0 at the frequency 1 Hz. In the
secondary relaxation range, master curves were
built according to shifts, aT/T0

, along the recipro-
cal temperature axis. The activation energy, Ea,
was calculated by assuming an Arrhenius depen-
dence of the shift factors:

ln aT/T0 5
Ea

R S1
T 2

1
T0
D (1)

The activation enthalpy, DH‡, and the activation
entropy, DS‡, were calculated using the relation-
ships proposed by Starkweather10:

DH‡ 5 Ea 2 RT0 and

DS‡ 5 Ea 2 RT0@1 1 ln~kT0/2ph!# (2)

where R, k, and h are the gas constant, Boltz-
mann’s constant, and Planck’s constant, respec-
tively, and T0 is the reference temperature.

Fracture

Plane-strain fracture tests were performed on
three-point bending specimens (mode I), accord-
ing to Williams protocol11 (Fig. 2). A sharp pre-
crack was formed with a fresh razor blade at the
base of a machined notch. The specimens were
then loaded in an MTS 810 testing machine at
temperatures ranging from 220 to 60°C and at a
constant crosshead speed of 1 mm/min.

The critical stress intensity factor for the initi-
ation of crack growth, KIc, was calculated from

KIc 5 f
Pmax

BW1/2 (3)

where B and W represent sample thickness and
height, respectively, Pmax is the maximum load
recorded during the test, and f is a geometrical
factor, corresponding to

f 5 6S a
WD 1/2

F1.99 2
a
W S1 2

a
WD

3 S2.15 2 3.93
a
W 1 2.7S a

WD 2DG
S1 1 2

a
WDS1 2

a
WD 3/2

(4)

Figure 2 Schematic drawing of a sample for the frac-
ture test (the dimensions a, W, and B appear in eqs.
(3)–(7)).

NOVEL FORMULATIONS OF EPOXY–AMINE NETWORKS 763



where a is the cumulated length of the notch plus
precrack.

The critical energy release rate, GIc, was also
determined experimentally by using the relation

GIc 5
Ui

BWF
(5)

where Ui is the under curve area until load the
reaches Pmax and F is a geometrical factor equal
to

F 5
Q 1 18.64

dQ

dS a
WD

(6)

Q, appearing in eq. (6), should be calculated using
the equation

Q 5

16S a
WD2

F1 2 S a
WDG2 F8.9 2 33.717

a
W 1 79.616S a

WD2

2 112.952S a
WD3

1 84.815S a
WD4

2 25.672S a
WD5G

(7)

For the experiments reported in the present arti-
cle, the geometrical characteristics appearing in
Figure 2 were set as B 5 6 mm and 0.45 , a/W
, 0.55.

Moisture Uptake at Equilibrium

To reach the anhydrous state, the samples were
dried for 48 h under a vacuum, at a temperature
equal to Tg 1 30°C. Pieces of the anhydrous
samples, of mass manh and thickness e ranging
from 0.8 to 4 mm, were placed for 2 weeks in a
water-saturated atmosphere at 100°C. Weighing
at regular intervals allowed one to determine the
water percentage in the samples, w(t), from the
equation

w~t! 5 100
mwet~t! 2 manh

manh
(8)

in which mwet(t) represents the mass of the sam-
ple at time t. It was checked that, at a sufficiently
long time, w(t) attains a constant value, w`,
which does not depend on the sample thickness.

Therefore, one can consider that there is no gra-
dient of water concentration after 2 weeks be-
tween the surface and the core of the samples. As
a consequence, w` is actually representative of
the hydration of the materials at equilibrium.

In addition, the water-diffusion coefficient, D,
could be calculated, in the approximation of a
Fickian behavior, from the initial slope of the
plots of w(t)/w` versus t/e, according to the equa-
tion

w~t!
w`

5
4
e ÎDt

p
(9)

In a simpler way, which has been used in the
present article, D was derived from the value of t,
so-called t1/ 2, for which w 5 w`/ 2, by means of
the equation12

0.0494
D 5  t

e2 
w~t!5w`/2

(10)

RESULTS AND DISCUSSION

Relaxation Behavior

General Features

Figure 3 presents plots of E0 as a function of
temperature relative to the pure resin A–M and
to the resins A–M containing 0.62 mol of the
additive per network unit. The plot relative to
pure A–M shows two mechanically active relax-
ations, namely, the a-relaxation at high temper-
ature, in the glass transition region, and the
broad b-relaxation, which develops mostly below
ambient temperature. The sample A–M–AA/62
exhibits also the two relaxations a and b. The
presence of the additive AA in the resin DGEBA–
DDM is shown to affect the relaxations in a sim-
ilar fashion as previously reported for the resins
DGEBA–HMDA.2 Indeed, plasticization effects
occur in the glass transition region, as evidenced
by the substantial depression of Ta. In addition,
antiplasticization effects affect the secondary re-
laxation region, as revealed by the dramatic low-
ering of the E0 peak and a limited drop in the
storage modulus E9 while passing the relaxation.
Interestingly, inspection of the main relaxation
and secondary relaxation relative to the samples
A–M–AM/62 and A–M–AO/62 reveals the same
trends. Moreover, the samples A–M–AM/62 and
A–M–AO/62 present an additional damping peak,
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relative to the so-called m-relaxation, which devel-
ops between the relaxations a and b. This obser-
vation anticipates some segregation of the addi-
tives within the network.

All the above observations are true whatever
the amounts of the additive in the range under
study. They also remain valid irrespective of the
nature of the resin, as illustrated in Figure 4 by
data relative to the A–S series. The purpose of the
next paragraphs was to investigate in more detail
the main characteristics of the relaxations a, b,
and m.

Analysis of the b-Relaxation

The antiplasticizing character of the additive AA
toward the relaxation of the networks DGEBA–
DDM and DGEBA–DDS can be simply analyzed
by analogy to our previous studies on the system
DGEBA–HMDA–additive.2,3 Indeed, the vis-
coelastic E0 traces [Figs. 3(a) and 4(a)] exhibit the
same characteristics, showing that the high-tem-
perature part of the relaxation disappears, while
its low-temperature part remains about un-
changed. For yet unexplained reasons, inspection,

Figure 3 Temperature dependence of the loss and storage moduli at 1 Hz for the
samples (‚) A–M, ({) A–M–AA/62, (�) A–M–AM/62, and (F) A–M–AO/62: (plot a) loss
modulus; (plot b) storage modulus.
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by eye, of the E0 traces relative to the additives
AM and AO shows rather a lowering of the peak
amplitude. However, careful analysis also reveals
depression of the values of Tb(1 Hz), as can be
seen in the first entry of Table V. Thus, all these
observations can be justified by the hindrance of
the cooperative motions of the chains, as the re-
sult of the immobilization of the crosslinks by the
additive. In this respect, indeed, the nature of the
motions to be hindered (motions of the propyl
ether units) is the same for all the systems and, in
addition, the general shape and size of the addi-
tives are the same.

Further arguments supporting this interpreta-
tion can be provided by checking the cooperative
character of the motions through the Stark-
weather analysis of the activation energies, cal-
culated from measurements at different frequen-
cies [see eqs. (1) and (2)]. Starkweather’s model
recently proved to be a very useful tool in studies
on epoxies2,9 and also on thermoplastics.13 As
shown in Table V, quite high values of the acti-
vation entropy DS‡ at the maximum of the b-re-
laxation are only observed in the case of the pure
network A–M and A–S, for which cooperative mo-
tions are expected. On the other hand, values of

Figure 4 Temperature dependence of the loss and storage moduli at 1 Hz for the
samples (‚) A–S, ({) A–S–AA/62, (�) A–S–AM/62, and (F) A–S–AO/62: (plot a) loss
modulus; (plot b) storage modulus.
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DS‡ around 40 J K21 mol21 or less are deter-
mined in the presence of any of the three addi-
tives, as a proof of their antiplasticizing effect. In
agreement with a previous report,14 the efficiency
of the antiplasticization in the resins A–M and
A–S increases continuously with an increasing
amount of additive AA up to 0.96 mol per 4 hy-
droxypropylether units. This result is no longer
verified with the additives AM and AO, for which
an optimum is often reached at only 0.62 mol of
additive per network repeat unit. This observa-
tion will be interpreted later on in this article.

It is important for the applications to pay at-
tention also to the values of the Young’s modulus
at ambient temperature. Data grouped in the last
entry of Table V confirm that the fortifying effect
of the additive on the modulus increases as its
antiplasticizing effect. The cases for which the
increase in the additive amount is not accompa-
nied by an increase in modulus (A–M–AO/96 and
A–S–AM/96 for instance) coincide with the satu-
ration of the antiplasticization, as mentioned
above.

Analysis of the a-Relaxation for the Systems
Formulated with the Additive AA

As can be seen in Figures 3(a) and 4(a), the high-
temperature damping peak relative to the net-
works prepared in the presence of the additive AA
may be regarded as pure, at least as a first ap-
proximation. This observation validates the idea

of a miscibility between the additive AA and the
chains of the networks A–M and A–S, as pre-
dicted by the values of the solubility parameters
(Table III) and corroborated by NMR experi-
ments.6 As the temperature, Ta, of the maximum
of the E0 peak is systematically located between
the pure network glass transition temperature,
Tgpol

, and the additive glass transition tempera-
ture, Tgadd

, it is reasonable to assume that the a
motions are plasticized by the additive. If the
measurements were based on DSC experiments,
one could try to account for the dependence of Tg
as a function of the weight fraction of the additive,
wadd, using the Karasz equation, relative to a
binary mixture of polymer and diluter15,16:

Tg 5
~1 2 wadd!DCppolTgpol 1 waddDCpaddTgadd

~1 2 wadd!DCppol 1 waddDCpadd
(11)

In our studies, Ta values proved to be more re-
producible than were Tg values for the pure and
plasticized networks. Therefore, calculations
were performed by using the “hybrid” equation

Ta~1 Hz!

5
~1 2 wadd!DCppolTa~1 Hz!pol 1 waddDCpaddTgadd

~1 2 wadd!DCppol 1 waddDCpadd

(12)

The values of Ta(1 Hz)pol, Tgadd
, DCppol, and

DCpadd were taken from Table VI. A good agree-

Table V Network Characteristics Associated with the b-Relaxation

Code Name
Tb(1 Hz)

(°C)
Ea

(kJ mol21)
DH‡

(kJ mol21)
DS‡

(J K21 mol21)

E9
(1 Hz, 25°C)

(MPa)

A–M 270 63 62 80 2700
A–M–AA/29 272 3300
A–M–AA/62 283 51 49 44 3800
A–M–AA/96 288 3900
A–M–AM/29 276 3000
A–M–AM/62 283 51 49 33 3400
A–M–AM/96 295 3500
A–M–AO/62 282 53 51 33 3400
A–M–AO/96 290 3000

A–S 262 71 70 105 2700
A–S–AA/29 272 3000
A–S–AA/62 277 53 51 43 3400
A–S–AA/96 290 3800
A–S–AM/62 273 56 55 44 3400
A–S–AM/96 290 3400
A–S–AO/62 280 49 48 30 3300
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ment was found between the experimental and
calculated values of Ta(1 Hz) for any network and
wadd (Table VII), provided that we adopted for the
DCp’s the values 0.67, 0.23, and 0.20 J K21 g21

for AA, A–M, and A–S, respectively.
This interpretation of the results depends on

the epoxy having the same degree of crosslinking.
The fact that the Karasz equation is nicely obeyed
by the samples A–M–AA and A–S–AA supports
the idea that the members of a given series
present the same degree of reaction, irrespective
of their additive amount. If not, differences of the
reaction degree should affect the values of Ta
and, in turn, should induce substantial data scat-
tering (which is not observed).

Analysis of the a- and m-Relaxations for the
Systems Formulated with the Additives
AM and AO

The occurrence of phase separation, anticipated
by the solubility parameters (Table III) and
clearly confirmed by the NMR experiments,6 is
responsible for the observation of two mechani-
cally active relaxations, m and a, in the high-
temperature range. It is not questionable that
glass transition motions of polymer bonds in-
cluded in the polymer-rich phase are responsible
for the a relaxation. Therefore, simple manipula-
tion of eq. (12) permits calculation of the weight
fraction of the additive in the phase a, wadda, by
the equation

wadda 5
DCppol@Ta~1 Hz!pol 2 Ta~1 Hz!#

Ta~1 Hz!@DCpadd 2 DCppol#
1 Ta~1 Hz!polDCppol 2 TgaddDCpadd

(13)

The values of wadda given in Table VIII were
calculated using the experimental values of Ta(1
Hz) (also Table VIII), Ta(1 Hz)pol, and Tgadd

(Table

VI) and adopting for the DCp’s the values 0.76
and 0.71 J K21 g21 for AM and AO, respectively,
and again 0.23 and 0.20 J K21 g21 for A–M and
A–S, respectively. As expected, the calculated val-
ues of wadda are slightly lower than are the nom-
inal compositions, wadd, of the systems (Table IV)
and the gap increases with an increasing additive
amount.

More interesting is to focus on the characteris-
tics associated with the relaxation m. First, the
frequency dependence of this relaxation can be
described by confidence by an Arrhenius plot.
However, high values of the activation energy,
typically around 250 kJ mol21, are obtained (Ta-
ble IX). In addition, Starkweather analysis of
these data leads to extremely large values of the
activation entropy, typically around 500 J K21

mol21 (Table IX). According to this model, this
means that the relaxation m is highly cooperative.
As a consequence, it is reasonable, meaning that
glass transition motions are concerned there, in
spite of the observed Arrhenius behavior. The
normal WLF behavior of such a transition is prob-
ably masked here by the restricted range of fre-
quencies available (between 0.05 and 60 Hz).
With this assumption, the weight fraction of the
additive in the phase m, waddm, can be calculated
as above by using the equation

waddm 5
DCppol@Ta~1 Hz!pol 2 Tm~1 Hz!#

Tm~1 Hz!@DCpadd 2 DCppol#
1 Ta~1 Hz!polDCppol 2 TgaddDCpadd

(14)

The values of waddm thus obtained (Table VIII)
show that the amount of the additive present in
the phase m, although much larger than the nom-
inal composition of the system, is small, especially
at a low nominal amount wadd. It is easy to cal-

Table VII Comparison of Experimental and
Calculated Values of Ta(1 Hz) for the Resins
Formulated with the Additive AA

Code Name
Ta(1 Hz) (°C),

Measured
Ta(1 Hz) (°C),

Calculated

A–M–AA/29 138 141
A–M–AA/62 106 110
A–M–AA/96 90 88

A–S–AA/29 167 163
A–S–AA/62 125 126
A–S–AA/96 102 101

Table VI Characteristics of the Pure
Chemicals Used for the Calculations Based on
the Karasz Equation

Code Name
Tg (DSC)

(°C)
DCp(Tg)

(J g21 K21)
Ta(1 Hz)

(°C)

AA 214 0.67 6 0.03
AM 223 0.76 6 0.03
AO 245 0.71 6 0.03
A–M 0.23 6 0.03 186
A–S 0.21 6 0.03 220
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culate from Table VIII that, at the outmost, there
is, on average, 0.4 mol of additive molecule per
hydroxypropyl ether unit of the epoxy chain.

It is worth noting that large uncertainties may
affect the values of wadda and waddm. Indeed,
small changes on the experimental evaluations of
Ta(1 Hz) and Tm(1 Hz) are likely to cause sub-
stantial changes of the values of wadda and, espe-
cially, waddm. As a consequence, it is impossible to
comment on the influence of the chemical struc-
ture of both the additive and the network. By
contrast, the results show clearly (Fig. 5) the ef-
fect of the amount of the additive on phase com-
positions. A crude estimate of the weight fraction
of phase m in the material, wphase m, can be made
from these data just by applying the principle of
mass conservation to the two components of the
two-phase system. It turns out that

wphase m 5
wadd 2 wadda

waddm 2 wadda
(15)

The calculated values of wphase m are given in the
last entry of Table VIII. Even if these calculations

may be regarded with a certain reservation, they
show, unambiguously, that the overall extent of
the phase m is quite small in the materials under
study.

Summing up the information collected in this
section about the relaxations b, m, and a, the
following picture of the phase separation ob-
served in the networks formulated with the anti-
plasticizers AM and AO can be proposed. The
domains occupied by the phase a, strongly pre-
dominant in the materials, consist of polymer seg-
ments in interaction with a slightly lower number
of additive molecules than that encountered for
the systems formulated with the additive AA. The
other additive molecules, which are rejected out of
the phase a during the network formation, are
also of a minority in the phase m. Therefore, if it is
still understandable that part of the additive mol-
ecules may interact with each other inside the m
phase, one does bear in mind that the m domains
are chemically linked to the a domains by means
of crosslinked polymer chains. Anyway, the aver-
age number of additive molecules per hydroxypro-
pyl ether unit of the networks is probably too

Table VIII Calculation of the Weight Fraction of Additives in the Phases a and m and of the Weight
Fraction of Phase m for the Resins Formulated with the Additives AM and AO

Code Name
Ta(1 Hz) (°C)

Measured
Tm(1 Hz) (°C)

Measured
wadda

Calculated
waddm

Calculated
wphase m

Calculated

A–M–AM/29 143 86 0.0738 0.2216 0.0419
A–M–AM/62 114 65 0.1396 0.3004 0.0896
A–M–AM/96 96 44 0.1898 0.4007 0.1432
A–M–AO/62 110 50 0.1371 0.3168 0.1330
A–M–AO/96 87 35 0.1955 0.3794 0.1570

A–S–AM/62 130 63 0.1340 0.3245 0.0682
A–S–AM/96 105 50 0.1912 0.3800 0.1049
A–S–AO/62 130 53 0.1265 0.3243 0.1391

The four figures appearing for the values of wadda, waddm, and wphase m are not significant. They are just given to permit a check
of their calculation from the values of Ta and Tm by using the eqs. (13)–(15).

Table IX Characteristic Temperature, Tm, and Activation Energy, Ea,
Enthalpy, DH‡, and Entropy, DS‡, at the Maximum of the m-Relaxation

Code Name
Tm
(°C)

Ea
(kJ mol21)

DH‡

(kJ mol21)
DS‡

(J K21 mol21)

A–M–AM/62 61 275 270 580
A–M–AO/62 50 255 250 550

A–S–AM/62 56 240 235 500
A–S–AO/62 45 235 230 480
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large with respect to the antiplasticization phe-
nomenon. This is the reason why some saturation
of this effect is observed. In addition, one may
suggest that the m domains, which represent a
small proportion of the overall materials are of
nanometric size, in agreement with the fact that
they are not detected, for instance, by electron
microscopy and that they just show up at the
spatial scale of the NMR experiments.6

Analysis of the Fracture Behavior

Because fracture experiments are very much
time- and chemical-consuming, measurements
were performed on a restricted number of sys-
tems. The resin A–S–AM/62 was selected, as rep-
resentative of the overall study on biphasic mate-
rials and as a realistic candidate for potential
applications. The resins A–S and A–S–AA/62
were also investigated, for the sake of compari-
son. Experiments were performed over the tem-
perature range 220/80°C, which is interesting for
the applications.

Type of Rupture

According to the shape of the load-displacement
curves (Fig. 6), two types of fracture behavior can
be identified on the reference samples A–S. In
stable rupture conditions (so-called type C rup-
ture), the load first increases linearly until a max-
imum value and then decreases slowly to zero:
The area under the increasing part of the loading
curve defines the energy necessary for crack ini-
tiation, whereas the area under the decreasing

part of the curve corresponds to the energy nec-
essary for crack propagation. In unstable rupture
conditions (type B rupture), the linear loading
step is followed by an abrupt drop to zero, as the
result of instantaneous crack propagation in the
sample. The former situation is encountered with
A–S for tests carried out at room temperature
[Fig. 6(a)], whereas the latter is observed at
higher temperature [Fig. 6(b)]. These observa-
tions are consistent with the earlier conclusions of
Kinloch et al.17 According to these authors, the
fracture behavior of resins at a given displace-
ment rate is highly sensitive to temperature. It
moves from being fragile stable (type C) at low
temperature to fragile unstable (type B) at higher
temperature, before reaching a ductile stable
crack growth (type A) at temperatures close to the
Tg. As A–S presents a particularly high Ta value
(Table VI), ductile behavior could not be observed

Figure 6 Typical plots of load versus displacement
for the sample A–S in three-point bending geometry at
a crosshead speed of 1 mm mn21. (Plot a) Stable rup-
ture at 20°C; (plot b) unstable rupture at 50°C.

Figure 5 Additive weight fraction versus mol num-
ber of additive per network repeat unit. (E) Nominal
weight fraction in the material; (Œ) calculated weight
fraction in phase a; (■) calculated weight fraction in
phase m.
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at 80°C and the transition from type C to type B
rupture occurred around room temperature.

Study of the fracture behavior of the resins
A–S formulated with AA and AM additives re-
vealed systematically the occurrence of fragile un-
stable rupture (type B) all over the range 220/
80°C (data not shown). Probably, the depression
of Ta in the antiplasticized resins (Table V) in-
duces a shift of the type C/type B transition down
to temperatures lower than 220°C. In addition,
no ductile behavior is observed at 80°C.

KIc and GIc Values

Plots of KIc and GIc as a function of the test
temperature are, respectively, shown in Figure

7(a,b) for the neat and modified resins A–S. As
expected, both quantities present the same type
of temperature dependence. The pure resin A–S
exhibits relatively low tenacity values, reflecting
the well-known poor crack resistance of highly
crosslinked epoxy materials at temperatures well
below their Tg. In comparison, the antiplasticized
resin A–S–AA/62 behaves the same below or
around room temperature and then presents a
moderate increase in tenacity at the approach of
Tg. By contrast, the resin A–S–AM/62 presents
much greater tenacity over the entire tempera-
ture range studied. Besides, the toughness en-
hancement occurs even at 220°C, although the m
phase is probably glassy at the characteristic time

Figure 7 Temperature dependence of KIc and GIc for the samples (‚) A–S, ({)
A–S–AA/62, and (�) A–S–AM/62. (Plot a) KIc; (plot b) GIc.
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scale of the test, defined by the velocity of crack
propagation through the material. Differences in
the temperature dependence of the Young’s mod-
ulus and yield stress of the different samples may
be invoked to justify the toughening at high tem-
perature5,14 of the antiplasticized samples A–S–
AA/62 and A–S–AM/62. On the other hand, these
arguments do not hold to explain the peculiar
behavior of the sample A–S–AM/62 between 220
and 40°C, a temperature range where the three
samples present almost the same yield stress val-
ues.

Actually, the strong toughening effect observed
over a broad temperature range in the AM formu-
lation is assigned to its very special morphology,
as discussed above. A realistic mechanism might
involve a stress concentration localized in the m
domains, able to favor plastic flow in the matrix,
in agreement with the toughening mechanism in-
volved in rubber-modified epoxy systems. How-
ever, because the network spreads over the entire
resin volume, localized cavitation at the aggre-
gate/matrix interface cannot exist and, therefore,

a possible deformation process might be shear
yielding. This idea is corroborated by the absence
of any stress-whitening effect in the sample A–S–
AM/62.

Sensitivity of the Networks to Water Uptake

It is well known that an excessive water uptake is
detrimental to many applications of the epoxies.
As a consequence, it was important, in the last
step of this study, to determine whether the novel
formulations leading to improved toughening are
less (more) sensitive to moisture than are the
pure resins. To answer this question and also to
understand the mechanism of water diffusion in
the resins, experiments were carried out on most
of the samples given in Table IV. Figure 8 shows
some examples of the observed temperature de-
pendence of w(t). Drawings were made by plot-
ting w(t) versus t1/ 2/e with the aim of (1) account-
ing for the measurements at different sample
thickness e, (2) determining easily the water up-
take at equilibrium w`, and (3) checking the
short-term Fickian behavior.

Figure 8 Kinetics of water uptake at 100°C for pure and formulated networks: (plot
a) (‚) A–M, ({) A–M–AA/62, (�) A–M–AM/62, (F) A–M–AO/62; (plot b) (‚) A–S, ({)
A–S–AA/62, (�) A–S–AM/62, (F) A–S–AO/62.
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Water Uptake at Equilibrium

Values of w` are presented in Table X. Compari-
son of the data relative to the samples A–M and
A–S, which present roughly the same crosslink
density, highlights the influence of the polarity of
the medium. Because DDS, which contains a sul-
fone moiety, is more polar than is DDM, then w`

is larger for A–S than for A–M. As a first approx-
imation, formulation of both materials with the
compatible additive AA (of solubility parameter
and polarity comparable to those of the pure ma-
trices) does not change markedly the values of
w`, whatever the amount of additive. By con-
trast, use of the additives AM and AO leads, in
each case, to a substantial reduction of the values
of w`, which are, again, weakly influenced by the
amount of the additive. As recalled in a recent
article by Soles et al.,18 this effect is likely to be
provoked by decrease of the additive polarity and
(or) by modification of the chain topology. It seems
that the former effect prevails, as w` decreases
from AM to AO (less polar, because of the absence
of OH functions) and that it is not markedly af-
fected by changes in the additive amount, that is,
by changes in the morphology of the biphasic
structure.

Fickian Diffusion Coefficient

Table X also gives the values of the diffusion
coefficient D, calculated by using eq. (10). System-
atically, samples of the series A–S present larger
values of D than those of the series A–M. In pure

networks, D has been shown, on the contrary to
w`, to be strongly influenced by the network ar-
chitecture.19,20 At given chemical structure,
loosely crosslinked networks absorb water much
more slowly than do the densely crosslinked ones.
This result was explained by considering that the
kinetics of water diffusion is controlled by the
b-relaxation motions: The more numerous they
are, the larger the diffusion coefficient.

As it is apparent from the comparison of Fig-
ures 3(a) and 4(a) that the b-relaxation is broader
for A–S than for A–M, then the above analysis
contributes to explain why D is larger for pure
A–S than for pure A–M. An additional argument
comes from the increase in polarity from A–M to
A–S, which also favors water diffusion.

No significant difference shows up between the
values of D, while comparing the samples A–M
and A–M–additive. Therefore, the expected de-
crease of the diffusion coefficient resulting from
the antiplasticization is balanced in these cases
by the antagonist effects either of the polar addi-
tive AA or of the biphasic morphology (additives
AM and AO). In the case of the samples A–S and
A–S–additive, it turns out that the latter effects
prevail on the former. However, D tends to de-
crease, as expected, while suppressing any hydro-
gen bonding from the additive AO.

CONCLUSIONS

The interest provided by the addition of an anti-
plasticizing agent in the formulation of epoxy–

Table X Water-uptake Characteristics

Code Name

Water Uptake at
Equilibrium, w`

(%)
Fickian Diffusion Coefficient,

D (cm2 s21)

A–M 3.0 6 0.2 (0.7 6 0.2) 3 1027

A–M–AA/29 2.5 0.6 3 1027

A–M–AA/62 3.3 0.7 3 1027

A–M–AA/96 3.5 0.7 3 1027

A–M–AM/62 2.3 0.8 3 1027

A–M–AM/96 2.2 0.7 3 1027

A–M–AO/62 2.1 0.7 3 1027

A–M–AO/96 2.4 0.8 3 1027

A–S 4.5 6 0.2 (1.1 6 0.3) 3 1027

A–S–AA/29 3.8 1.3 3 1027

A–S–AA/62 4.2 1.6 3 1027

A–S–AA/96 4.5 2.4 3 1027

A–S–AM/62 3.4 2.2 3 1027

A–S–AM/96 3.0 1.8 3 1027

A–S–AO/62 3.0 1.5 3 1027
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amine resins is strongly enhanced by selecting, as
the antiplasticizer, a chemical species which is
fully miscible with the mixture of monomers but
gives rise to nanoscale phase separation along the
network construction. The networks prepared in
this way are shown (1) to save a sufficiently high
value of Tg in the view of the applications, (2) to
present a higher modulus and higher toughness
around room temperature than those of the con-
ventional systems without an additive, and (3) to
exhibit a lower water uptake at equilibrium than
that of their regular homologs. In addition, these
novel formulations offer a double interest for po-
tential industrial applications: First, they are
based on additives which can be easily synthe-
sized, and, second, they use the same cure cycle as
that commonly adopted for the preparation of the
regular pure resins.
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