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ABSTRACT: The kinetics and mechanism of the curing process of a thermosetting blend
formed by tetraglycidyl-4,4 *-diaminodiphenyl methane and N ,N *-bismaleimido-4,4 *-
diphenyl methane (BMI) cured in the presence of 4,4*-diaminodiphenyl sulfone, was
investigated in detail by Fourier transform infrared spectroscopy. Information on the
molecular structure of the network formed upon curing was derived. Dynamic-mechani-
cal measurements on dry samples indicated an interpenetrated polymer network-like
structure. Sorption measurements at 707C showed a reduction of the water uptake at
equilibrium in the presence of substantial amounts of BMI in the system (43.5% body
weight). Finally, the dynamic-mechanical analysis of wet samples demonstrated a
reduction of the plasticizing efficiency of the absorbed water in the presence of BMI.
q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 1029–1042, 1998

Key words: epoxy resins; bismaleimides; FTIR spectroscopy; interpenetrating poly-
mer networks (IPNs); curing kinetics

INTRODUCTION problem, modification of the base resin with either
thermoplastics1–3 or conventional liquid rubbers4,5

Epoxy resins are one of the most important has been reported. To overcome the second limita-
classes of thermosetting matrices for composite tion, a promising approach has recently emerged,
applications. In particular, the tetraglycidyl-4,4 *- which consists in the formulation of thermoset/
diaminodiphenyl methane (TGDDM) cured by ar- thermoset blends. These systems generally belong
omatic diamines [such as diaminodiphenyl sul- to the class of intercrosslinked or interpenetrated
fone (DDS)] is widely used as matrix material in polymer networks (IPNs). Owing to their peculiar
carbon fiber-reinforced structural composites in molecular structure, these complex networks of-
the aircraft and aerospace industries. However, ten exhibit synergistic effects, which produce con-
the TGDDM/DDS system suffers from two main siderable and unexpected improvements in some
limitations: the brittleness and the high levels of properties with respect to those of the neat compo-
moisture absorption that adversely affect its me- nents.6
chanical performances. With respect to the first In this article, we report on a blend system in

which the TGDDM/DDS resin is mixed with a
bismaleimide [N ,N *-bismaleimide-4,4 *-diphenyl

Correspondence to: P. Musto.
methane (BMI)] monomer. The BMI exhibits a
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/051029-14 superior chain rigidity than the epoxy, and hence
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1030 MUSTO ET AL.

higher values of Tg when fully cured, excellent
thermal and thermo-oxidative stability, and a
negligible tendency to absorb water. On the other
hand, the BMI resin is a crystalline powder very
difficult to process, because thermal curing starts
at temperatures just above the melting point. In
principle, a suitably formulated blend should ex-
hibit a tendency to absorb atmospheric moisture
much lower than that of the TGDDM matrix and
a much better processability than that of the BMI Preparation of a Typical TGDDM/DDS/BMI Blend
resin.

Thirty phr of DDS were dissolved into the TGDDMThe kinetics of the complex curing process of
resin at 1207C under vigorous mechanical stir-this system has been investigated in detail, for a
ring. After complete dissolution, the mixture wastypical composition, by Fourier transform infra-
degassed under vacuum and the appropriatered (FTIR) spectroscopy. The results allowed an
amount of BMI was added. Mixing was continuedinsight in the reaction mechanism as well as in
at 1007C until a clear and visually homogeneousthe network’s molecular structure that develops
mixture was obtained. The reactive mixture wasupon curing. Specimens with different amounts
then poured in a glass mold, cured at 1407C forof BMI were prepared and characterized with re-
16 h, and postcured for 4 h at 2007C.spect to their dynamic-mechanical behavior, me-

The compositions of the investigated mixtureschanical properties, and water sorption. It is
are reported in Table I.shown that the presence of BMI improves such

properties as the Tg and stiffness, while reducing
the water uptake of the resin. Techniques

FTIR spectra were collected on thin films (5–15
mm) of the reactive mixture, obtained by casting
10% wt/wt acetone solutions onto KBr disks. Most
of the solvent was allowed to evaporate at roomEXPERIMENTAL
temperature, and final drying of the samples was
conducted in a vacuum oven at 707C for 1 h. No
traces of residual solvent were detectable spectro-Materials
scopically in the samples. The film thickness was
chosen to keep the peaks of interest in an ab-The epoxy resin was a commercial grade TGDDM
sorbance range where the Lambert–Beer law issupplied by Ciba Geigy (Basel, Switzerland) and
verified (up to 1.2 absorbance units) .was cured by DDS from Aldrich (Milwaukee,

Spectra were obtained at a resolution of 2 cm01
WI) . BMI was also from Aldrich. The chemical

using a Perkin–Elmer System 2000 spectrometer.formulas of the system components are reported
The instrument was equipped with a deuteratedherein.
triglycine sulfate detector and a Ge/KBr beam
splitter. The scanned wavenumber range was
4000–400 cm01 . The isothermal kinetic measure-
ments were performed in a SPECAC 80100 envi-
ronmental chamber directly mounted in the spec-
trometer and purged continuously with dry nitro-
gen. This unit was controlled by an Eurotherm
071 temperature controller to an accuracy of {17C.

Dynamic-mechanical measurements at 1 Hz
were made in the single-cantilever bending mode
using a Polymer Laboratories (UK) dynamic me-
chanical thermal analyzer apparatus.

The elastic modulus, E , was measured in flex-
ural mode using an Instron mechanical tester at
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INTERPENETRATED BLEND SYSTEM 1031

Table I Compositions of the Investigated Blends

BMI
TGDDM DDS BMI Epoxy Amino Double
(parts/ (parts/ (parts/ TGDDM DDS BMI Groupsa Groups Bonds

body wt.) body wt.) body wt.) (wt %) (wt %) (wt %) (mol kg01) (mol kg01) (mol kg01)

100 30 — 76.9 23.1 — 6.19 3.69 —
100 30 10 71.4 21.5 7.1 5.75 3.43 0.40
100 30 30 62.6 18.7 18.7 5.03 3.00 1.05
100 30 50 55.5 16.6 27.9 4.47 2.66 1.55
100 30 100 43.5 13.0 43.5 2.08 0.56 2.43

a By potentiometric titration.

ambient temperature and at a crosshead speed of B, respectively). In particular, Fig. 1(a) displays
1 mm min01 . the 4000–2500 cm01 spectral range, whereas Fig.

Three-point bending specimens 60.0 mm long, 1(b) reports the 2000–500 cm01 interval. In the
6.0 mm wide, and 4.0 mm thick were used to per- same figures, curve C displays a difference spec-
form fracture tests using the same apparatus and trum obtained by subtracting the spectrum of the
the same testing conditions as described. Before neat resin from that of the TGDDM/DDS/BMI
testing, the samples were sharply notched. Frac- mixture. The subtraction factor was estimated by
ture data were analyzed according to the concepts reducing to the baseline the TGDDM/DDS dou-
of linear elastic fracture mechanics.7 blet at 1614–1594 cm01 . The result is representa-

The critical stress intensity factor, Kc , was cal- tive of the spectrum of the BMI within the reactive
culated by means of the equation: mixture and, in the whole frequency range, ap-

pears very ‘‘clean.’’ A first derivative-type feature,
Kc Å Y s

√
a (1) indicative of peak shift between the sample and

the reference spectra, is detected only at about
where s is the nominal stress at the onset of crack 3380 cm01 . This frequency corresponds to the in-
propagation, a is the initial crack length, and Y tense symmetric stretching mode of the primary
is a calibration factor depending on the specimen amine group and a shift toward higher wavenum-
geometry. For three-point bending specimens, Y bers in the presence of BMI might indicate a per-
is given by Brown and Srawley.8 For the determi- turbation of the hydrogen bonding interactions in-
nation of the critical strain energy release rate, volving these groups. The peak at 3472 cm01 ,
Gc , the following equation was used: which corresponds to the frequency of the asym-

metric stretching mode of the primary amine, is
Gc Å U /BW f (2) not due to incomplete subtraction but to the first

overtone absorption of the imide carbonyl stretch-
where U is the fracture energy; B and W are the ing at 1714 cm01 . The rest of the spectrum corre-
thickness and the width of the specimen, respec- sponds very closely to that of BMI dissolved in a
tively; and f is a calibration factor that depends low polarity solvent (i.e., CH2Cl2) . In particular,
on the length of the notch and size of the sample. the characteristic crystal field splitting of most
Values of f were taken from Plati and Williams.9 of the peaks that is readily observed in the BMI

powder spectrum is completely absent. This pro-
vides clear evidence that the BMI is completely

RESULTS AND DISCUSSION dissolved (i.e., at molecular level) in the TGDDM/
DDS mixture and that no microcrystalline struc-

Curing Kinetics and Molecular Structure tures are present in the system before the curing
process. The most relevant BMI absorptions forThe FTIR spectra of a neat TGDDM/DDS resin
the subsequent kinetic analysis are those oc-and of a 100/30/100 parts per body weight
curring at 3472, 3097, and 827 cm01 . The first, asTGDDM/DDS/BMI mixture, before the curing

process, are shown in Figs. 1(a,b;) curves A and already noted, is a nC|O overtone and interferes
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1032 MUSTO ET AL.

with the nas of the NH2 group that is used to evalu-
ate the primary amine concentration in the sys-
tem. However, its absolute intensity is invariant
during curing, and appropriate correction of the
analytical band intensity is therefore possible.
The peak at 3097 is due to the n(H{C| ) vibra-
tion and has been widely used in the literature10,11

to follow the conversion of BMI double bonds dur-
ing curing. In the system under investigation, it
is poorly resolved from the complex profile due to
the C{H stretching modes at lower frequency. Steps 1 and 2 are the primary and secondary
Finally, the sharp and medium intensity peak at amine reactions with the glycidyl ether, and step
827 cm01 has been variously interpreted in the 3 is an etherification reaction of the glycidyl ether
literature. Recently, however, vibrational analy- by a pendant hydroxyl group. Reactions 1 and 2
sis of plane and deuterated model compounds12

are also catalyzed by the presence of hydroxyl
allowed unambiguous assignment of this absorp- groups that are created by the amine reactions
tion to an out-of-plane bending of the H{C| themselves (which accounts for the autocatalytic
unit, thus allowing such a peak to be successfully nature of the process) and sometimes added in
used in polymerization kinetics investigations.3,13

the formulation as an accelerator. The reactivities
A kinetic analysis was performed at 1407C, of the primary and secondary amino groups may

which is the curing temperature (see the Experi- be different, with the former being higher, but no
mental section), to obtain information on the re- general consensus exists in the literature on the
action mechanism and on the molecular structure value of the ratio between the rate constants of
of this complex network, as developed upon curing. these two steps.14 This ratio is indeed supposed

In principle, in a TGDDM/DDS/BMI system, to have a strong effect on the cure process. The
several chemical reactions may occur, either si- tendency of the etherification reaction (step 3) to
multaneously or at different stages of the curing occur depends on the temperature, on the basicity
process, depending on the relative reactivity of of the amine, and on the composition of the reac-
the components and on the process temperature. tive mixture.
As far as the epoxy/hardener pair is concerned, In the presence of aromatic amines, the bisma-
there are three main reactions that may take leimides may undergo two different reactions,

which are shown below:place14:
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INTERPENETRATED BLEND SYSTEM 1033

resins. If the amine reacts simultaneously with
TGDDM and BMI, an intercrosslinked network
will be formed in which the network chains are
constituted by a TGDDM/DDS/BMI copolymer.
On the other hand, if the reactivity of one of the
two monomers is higher, a sequential IPN is likely
to result. Obviously, between these two extreme
cases, there are intermediate situations in which
these molecular structures may coexist, depend-
ing on the reaction conditions and on the composi-
tion of the reactive mixture. A careful examina-
tion of the crosslinking mechanism is therefore in
order to obtain some information on the molecular
structure of such a complex network. Isothermal
FTIR measurements are well suited for this pur-
pose, since such a spectroscopic technique allows
the real-time monitoring of the various reactive
species present in the system.

In Figure 2 are reported the FTIR transmission
spectra at various reaction times of a 100/30/100
parts per body weight of the TGDDM/DDS/BMI
reactive mixture kept at 1407C.

In the 3700–2700 cm01 range [Fig. 2(A)], as
already noted, the primary amine shows two well-
resolved absorptions at 3475 cm01 [nas (NH2)] and
at 3375 cm01 [nsym(NH2)] . The peak at higher
frequency is well suited for quantitation, provided
that the interference of the component due to the
BMI nC|O overtone at 3472 cm01 is eliminated.
This is accomplished by evaluating the initial in-
tensity of the above peak by difference spectros-
copy and subtracting this value, corrected for the

Figure 1 Transmission FTIR spectra of the neat ep- sample thickness, to the integrated absorbance at
oxy resin (curve A), of the TGDDM/DDS/BMI system 3475 cm01 . It was checked that the initial reduced
(curve B), and the subtraction spectrum B 0 A (curve absorbance at 3472 cm01 corresponded to the final
C). (a) Frequency range of 4000–2500 cm01 . (b) Rela- value obtained when the primary amine groupstive to the 2000–500 cm01 interval.

were fully consumed and the 3475 cm01 peak was
no longer present.

As a matter of fact, the bismaleimides are gen- The relative conversion of the primary amine
groups, aNH2, was evaluated in the usual way:erally cross-linked via a two-step process in which

chain extension by Michael addition and radical
homopolymerization take place either sequen-

aNH2 Å
C0 0 Ct

C0
Å 1 0 Ct

C0
(3)tially or simultaneously depending on the curing

temperature. Michael addition has the effect of
reducing the crosslinking density of the resin, and, for the Lambert–Beer’s law:thus improving its flexibility. The vast majority of
the authors agree15–18 that the Michael addition is
faster and occurs at lower temperatures than the aNH2 Å 1 0 AU 3475

t

AU 3475
0

(4)
homopolymerization reaction; although, in a re-
cent contribution, Lin and Chen19—based on ca-
lorimetric data—drew the opposite conclusion. where AU 3475

t and AU 3475
0 are the integrated ab-

sorbances of the 3475 cm01 peak at time t and 0,In the system under investigation, the hard-
ener (DDS) is common to both the thermosetting respectively, corrected for the sample thickness.
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1034 MUSTO ET AL.

The thickness correction was accomplished by di-
viding the analytical band by the invariant peak
at 1513 cm01 (a ring semicircle stretching mode
of the diphenylmethane unit) . Figure 2(B) evi-
dences that the intensity of such an absorption
hardly changes with the reaction time, thus indi-
cating that the sample thickness remains approxi-
mately constant throughout the process.

The primary amine group gives rise to other
two distinctive peaks: the first is a broad absorp-
tion located at 3236 cm01 and is due to the first
overtone of the d (NH2) fundamental at 1629
cm01 . This latter band appears as a shoulder of
the TGDDM aromatic absorption at 1612 cm01 .
Both of these peaks decrease gradually with time
up to complete disappearance, thus confirming
that the primary amine groups react to full con-
version in the experimental conditions investi-
gated.

The secondary amine group produces a
n(N{H) mode at 3395 cm01 and an in-plane
bending located at about 1600 cm01 . Unfortu-
nately both of these absorptions are completely
overlapped, the former with the nas (NH2) at 3375
cm01 and the latter with the aromatic ring mode
of DDS at 1595 cm01 . Absolute quantitation is
therefore unwarranted and only qualitative infor-
mation on the concentration of secondary amines
in the system has been derived. The hydroxyl
groups produce the broad absorption between
3600 and 3200 cm01 (nO{H) which is observed to
increase steadily with reaction time; the epoxy
groups concentration was evaluated from the in-
tensity of the well-resolved peak at 907 cm01 (an
oxirane ring stretching mode). Finally, with re-
spect to the BMI unsaturation, Figure 2(A) shows
the fast decrease of its characteristic absorption
at 3097 cm01 ; in this case, however, incomplete
conversion is attained by the end of the process.
As already noted, because of severe overlapping,
the 3097 cm01 peak was considered unsuitable for
quantitative purposes; instead, quantitation was
accomplished by using the much better resolved
absorption at 827 cm01 , which is shown, at vari-
ous reaction times, in Figure 2(C).

In Figure 3 are reported the relative conver-
sions, a, as a function of the reaction time relative

Figure 2 Transmission FTIR spectra of the TGDDM/ to the BMI double bonds (top curve) and to theDDS/BMI system at different reaction times for the
epoxy groups (bottom curve). Both the curvesprocess conducted at 1407C. The three figures display
show a similar shape and reach a plateau regionthe frequency ranges used for quantitative analysis.
close to 70% relative conversion; however, the ini-The arrows’ direction indicates absorbance increase or
tial conversion rate of BMI is considerably fasterdecrease of the relative peaks during the curing pro-

cess. than that of the epoxy groups.
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INTERPENETRATED BLEND SYSTEM 1035

those of the BMI and the epoxy groups. This pro-
vides further evidence that BMI does not interact
chemically with the primary amine through a
Michael addition. In fact, if this reaction would
prevail, the number of NH2 groups consumed at
any time would equal the absolute conversion of
the BMI plus the number of epoxy groups reacted
with the primary amines. Therefore, the NH2 con-
version curve would exceed both the BMI and the
epoxy conversion curves, which is not what is ex-
perimentally observed.

Instead, as already noted, the experimental re-
sults seem to indicate that the BMI and the
TGDDM/DDS pair follow two different and
largely independent reaction pathways. The BMI

Figure 3 Relative conversion, a, of the epoxy groups
(s ) and the BMI double bonds (h ) as a function of the
reaction time in the system TGDDM/DDS/BMI.

Since the blend composition is nonstoichiomet-
ric, the concentration profiles of the various reac-
tive species can be directly compared only if we
consider the absolute conversion, C0{Ct , which
represents the number of reactive groups per unit
mass consumed at time t . In terms of spectro-
scopic parameters, the absolute conversion is
given by C0a [ i.e., C0(1 0 AV t /AV 0)] .

A plot of this type is reported in Figure 4(A)
for the BMI double bonds (curve 2), the epoxy
groups (curve 1), and the primary amine groups
(curve 3). Figure 4(B) evidences the initial time
period of the process (up to 125 min). Again, it is
apparent that the BMI reacts much faster than
the other two functionalities; in particular, the
initial reaction rate of BMI, rBMI, is 0.026 mol kg01

min01 , which is more than twice that of the epoxy
groups, rEPO Å 0.011 mol kg01 min01 and about
four times that of the primary amine groups, rNH2

Å 0.0066 mol kg01 min01 .
Moreover, while the conversion curves relative

to the epoxy and to the primary amine groups are
highly linear in the first part (i.e., zero order),
the BMI conversion curve displays a marked cur-
vilinear shape. This suggests that the reaction
mechanism of the BMI is different from that in-
volving the epoxy and amine groups, whose con-
centration profiles show a close correlation, as if Figure 4 Absolute conversion as a function of the re-
they were both involved in an independent reac- action time for the epoxy groups (curve 1), the BMI
tion pathway to which the BMI groups do not par- functionalities (curve 2), and the primary amine
ticipate. groups (curve 3) in the system TGDDM/DDS/BMI. (A)

Another interesting observation is that the Whole time range. (B) Evidences the initial stage of
the process.curve relative to the NH2 groups lies well below
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1036 MUSTO ET AL.

crosslinks through a fast homopolymerization re-
action, whereas the TGDDM/DDS gives rise to
the condensation steps typical of this epoxy hard-
ener pair, which have been previously mentioned.
Thus, two chemically different networks are likely
to build up simultaneously upon curing, with that
due to the bismaleimide growing at a faster rate
than that arising from the TGDDM/DDS. How-
ever, based on the dynamic-mechanical results to
be discussed later, it emerges that, despite the
different growing rates, the two networks exhibit
a substantial degree of interpenetration.

The spectroscopic evidence suggests that, in
this system, the homopolymerization of BMI is
strongly favored over the Michael addition, con-
trary to what has been generally claimed in the

Figure 6 Absolute conversion of epoxy groups as aliterature. Furthermore, the reaction tempera-
function of the absolute conversion of primary amineture of 1407C, is rather low for the neat BMI to
groups for the neat epoxy resin (TGDDM/DDS).

be radically crosslinked at a substantial rate, as
occurs in the system under investigation. A cata-
lytic activity of TGDDM, which selectively accel-

DDS/BMI system seem to support the previouserates the BMI homopolymerization could be the
hypothesis; further investigations, through isola-underlying reason for these effects. As a matter
tion of the reaction products in the early stagesof fact, in a recent contribution,20 it has been ob-
of the curing process, are currently underway toserved that, in epoxy compounds, at temperatures
obtain further details on the reaction mechanism.as low as 1207C, N-substituted maleimides poly-

Turning the attention to the epoxy/hardenermerize to form maleimide oligomers with a degree
network, it is interesting to compare the kineticof polymerization between 5 and 7. The reaction
behavior of the TGDDM/DDS pair in the 100/30/has been claimed to be anionically initiated by a
100 mixture with that of the neat TGDDM/DDSzwitter-ion adduct formed by interaction between
formulation, in the weight ratio of 100/30, curedthe oxirane rings and the BMI double bonds. The
at the same temperature (1407C). The absoluteexperimental results obtained with the TGDDM/
conversion as a function of time for the neat epoxy
resin is reported in Figure 5, where the top curve
refers to the epoxy groups, and the bottom curve
is relative to the primary amine functionalities.
It is observed that, in this case, the two curves
coincide in the initial region. A further way of
plotting the above data is on an epoxy-primary
amine conversion-conversion diagram (Fig. 6);
herein, the isoconversion line with slope Å 1 rep-
resents a process in which each epoxy group re-
acts with a primary amine functionality (step 1
of the mechanism previously described). An up
bending of the experimental data points would
indicate the occurrence of steps 2 and/or 3 of the
same mechanism. For the neat epoxy system at
1407C, the experimental points fall on the isocon-
version line up to an amine conversion of 1.3 mol
kg01 , which corresponds to 70% of the initial con-Figure 5 Absolute conversion as a function of the re-
tent of primary amine. This clearly indicates thataction time for the epoxy groups (s ) and the primary
step 1 is the only one occurring in the system inamine groups (l ) in the neat epoxy resin (TGDDM/

DDS). the presence of primary amines. The other two
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INTERPENETRATED BLEND SYSTEM 1037

The formation of such small cyclic units has
the effect of lowering the crosslinking density of
the epoxy resin with respect to maximum attain-
able based on the reactants’ functionality.

Figure 7 Absolute conversion of epoxy groups as a A further interesting difference that emergesfunction of the absolute conversion of primary amine
by comparing the kinetic behavior of the neat ep-groups for the system TGDDM/DDS/BMI.
oxy resin with that of the TGDDM/DDS/BMI sys-
tem concerns the shape of the conversion profiles.

processes start to occur only when the concentra- In fact, in the former case, we observe a sigmoidal
tion of NH2 groups becomes negligible. shape that is not found in the latter case. The

A completely different picture is found for the neat epoxy resin displays an initial induction pe-
TGDDM/DDS/BMI system (see Fig. 7). In this riod that is clearly related to the autocatalytic
case, data exhibit a linear behavior with a slope nature of the process, whereby a sudden increase
of 1.75, far exceeding that of the isoconversion of the reaction rate occurs as soon as a critical
line. Thus, for each amino group reacted, 1.75 ep- concentration of the groups that catalyze the reac-oxy groups are consumed, and this ratio remains

tion (the hydroxyl groups) is built up in the sys-constant up to the complete conversion of primary
tem. In the TGDDM/DDS/BMI system, this char-amines, which indicates the invariance of the
acteristic feature of the conversion profiles is ab-overall reaction mechanism with the primary
sent: no induction period is observed and theamine concentration. Evidently, contrary to what
reaction rate remains constant in the early stageshappens in the neat epoxy resin, in the TGDDM/
of the process [see Fig. 4(B)]. Thus, in this case,DDS/BMI system, reaction steps 2 and 3 play a
the autocatalytic activity of the hydroxyl groupssignificant role even in the presence of primary
seems to be strongly hindered, possibly becauseamine groups, and the oxirane rings interact con-
of a dilution effect.currently with both secondary amine and hy-

To summarize the results of the spectroscopicdroxyl groups. This effect could be due to the pres-
analysis, the experimental evidence discussed soence of the fast growing BMI network that
far points to the formation of two distinct net-strongly hinders the molecular mobility of the re-
works growing at different rates, the first formedactants, forcing them to interact with their closest
by BMI homopolymerization, the second by thepartners rather than being able to migrate to
crosslinking of the TGDDM/DDS pair. The BMImeet the more reactive functional groups, as oc-
network is likely to be rather defective, becausecurs in the early stages of the curing process in
the final conversion of the monomer does not ex-the neat epoxy resin. In these conditions, intra-
ceed 70% and does not increase substantiallymolecular cyclization reactions, which have been
upon postcuring. The molecular structure of thedemonstrated to occur even in the neat epoxy resin
TGDDM/DDS network is considerably differentwhen cured with a rather low reactivity hardener
from that of the neat epoxy/hardener systemas the DDS, are likely to be strongly favored:
cured in the same experimental conditions. The
presence of BMI, through a molecular mobility
effect, enhances side reactions with secondary
amines and hydroxyl groups, possibly favoring the
formation of cyclic structures within the network.
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1038 MUSTO ET AL.

Figure 8 Dynamic-mechanical spectra of the neat ep-
Figure 10 Dynamic-mechanical spectra of theoxy resin. Solid lines refer to the dry sample. Dashed
TGDDM/DDS/BMI system of composition 100/30/100lines are relative to the sample after reaching the equi-
by weight. Solid lines refer to the dry sample. Dashedlibrium water uptake.
lines are relative to the sample after reaching the equi-
librium water uptake.

No evidence of autocatalytic activity is found in
the blend system.

interpreted by assuming that the BMI and the
TGDDM/DDS networks formed upon curing pos-

Properties of the Dry Resins sess a substantial degree of interpenetration and
that the IPN system is molecularly homogeneous,The dynamic mechanical spectra of the neat
at least up to the scale of the dynamic-mechanicalTGDDM/DDS resin and of two typical blend com-
test. In other words, the fact that the Tg of thepositions are reported in Figures 8–10. A single,
investigated samples is well defined and onlysymmetrical damping peak—analogous to that
slightly broadened indicates that the phase do-observed in the neat resin—is detected for all the
mains are smaller than the size of the segmentsinvestigated blend compositions. Its position
that are responsible for the primary molecular re-shifts at higher temperatures as the BMI content
laxation.21

in the blend increases. These observations can be
The glass transition temperatures, Tg , esti-

mated as the temperature corresponding to the
maximum of the tan d peak, are reported in Figure
11 as a function of composition. The continuous
line connecting the experimental data points rep-
resents the well-known Fox equation, which has
been extensively used in calculating the Tg’s of
compatible IPNs and simultaneous interpenetrat-
ing networks (SINs).22 :

1
Tg
Å w1

Tg1
/ w2

Tg2
(5)

where Tg1 and Tg2 represent the glass transition
temperatures of the TGDDM/DDS resin, and of
a thermally cured BMI resin, respectively; w1 and
w2 are their weight fractions, and Tg is the pre-Figure 9 Dynamic-mechanical spectra of the
dicted value of glass transition temperature of theTGDDM/DDS/BMI system of composition 100/30/50
composite system. The Tg2 value was not experi-by weight. Solid lines refer to the dry sample. Dashed
mentally available, because extensive degrada-lines are relative to the sample after reaching the equi-

librium water uptake. tion of the BMI occurs concurrently with the onset
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INTERPENETRATED BLEND SYSTEM 1039

and Gc remain almost unaffected. An opposite
trend was observed for the flexural elastic modu-
lus, E , whose value increases slightly with in-
creasing the amount of BMI in the blend (see Fig.
13). The observed reduction of the fracture pa-
rameters may be ascribed to an increased rigidity
of the network due to the presence of BMI, which
renders the IPN system less able to undergo visco-
elastic and plastic deformation processes. On the
other hand, the enhancement of elastic modulus
occurring when the BMI content in the blend in-
creases reflects the higher stiffness of the BMI
network with respect to that of the TGDDM/DDS
matrix.

Properties of the Wet ResinsFigure 11 Glass transition temperatures, Tg , as a
function of composition. Solid line represents the pre- The kinetics of water absorption at 707C for the
diction of Fox’s equation. neat epoxy resin and for two blend compositions

of large-scale molecular mobility. Therefore, the
Tg2 value was taken as an adjustable parameter
to be determined by a least-squares refinement
procedure. It was found that the experimental
data points were well interpolated by the Fox
equation and that the Tg2 value determined in
such a way (625 K) was reasonable for a cured
BMI resin. Thus, a molecular structure consisting
of two interpenetrated networks seems to be con-
sistent with the observed dynamic mechanical be-
havior. We recall that, before the curing process,
the TGDDM/DDS/BMI mixture is molecularly
homogeneous. However, during curing, the mole-
cules grow in size and the entropy contribution to
the free energy of mixing decreases. As a conse-
quence, phase separation tends to occur. The for-
mation of mechanical interlocks, especially in a
densely crosslinked network, may counter this
tendency and essentially enhance phase homoge-
neity. It is mainly the occurrence of such high-
density interlocks, not the formation of covalent
bonds, that maintain phase homogeneity in the
present system.23

Fracture measurements were performed on the
investigated blend compositions, and experimen-
tal data were analyzed according to the linear
elastic fracture mechanics approach. The critical
stress intensity factor, Kc , and the critical strain
energy release rate, Gc , are reported in Figure
12(A,B), as a function of the BMI content in the
blend. Both the fracture parameters exhibit a Figure 12 Critical stress intensity factor, Kc , (A) and
gradual decrease up to a composition of about 30% the critical strain energy release rate, Gc (B) as a func-

tion of the composition of the reactive mixture.body weight of BMI. Afterwards, the values of Kc
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for the two investigated compositions (Figs. 9
and 10).

The tan d spectrum of the wet epoxy resin dis-
plays two well-resolved peaks, occurring at 181.5
and at 2627C. This behavior has already been re-
ported in the literature,24–27 but its interpretation
is still controversial.

The low temperature peak is clearly due to the
plasticizing effect of the absorbed water; however,
for some authors,22 heating of the sample during
the dynamic-mechanical test causes its progres-
sive drying. At about 2107C, the sample has lost
almost completely the absorbed moisture and
gives rise to a relaxation peak characteristic of
the network in the dry state.

An alternative explanation was advanced byFigure 13 Elastic modulus, E , as a function of the
Mijovic and Tsay,28 based on the assumption that,composition of the reactive mixture.
upon curing, the epoxy resin yields a heteroge-
neous structure with densely crosslinked, ‘‘nodu-

containing 28 and 43.5 wt % of BMI, respectively, lar’’ regions, dispersed into a matrix having a
are collectively reported in Figure 14. Data were lower crosslinking density. The diffusing water
found to be linear when plotted against first saturates the looser epoxy network and then

penetrates the nodular regions; it strongly plasti-
√
t / l , thus indicating that all of the investigated

materials behave according to the Fick’s law of cizes the internodular zone, but hardly affects the
tightly crosslinked regions. Thus, the lower tem-diffusion. The calculated diffusion coefficients

were 2.14 1 1006 , 2.67 1 1006 , and 2.82 1 1006 perature relaxation peak represents the response
of the plasticized internodular region, whereasmm2 s01 , respectively, whereas the equilibrium

water content was found to be 5.2%, 4.9%, and the main tan d peak is due to the noduli. Recently,
however, Chateauminois and colleagues29 showed4.2%. It is apparent that inclusion of the BMI

monomer into the formulation hardly affects the that the splitting of the tan d peak in water-satu-
rated epoxy specimens has to be attributed to anrate of water uptake, whereas a more pronounced

effect is observed on the equilibrium value of ab- enhanced drying of the specimens above the glass
sorbed water. However, the reduction of water up-
take in the IPN system is lower than that ex-
pected when considering the negligible tendency
of BMI to absorb moisture and the BMI concentra-
tion in the investigated specimens. It is likely that
a more defective network is formed in the pres-
ence of BMI, which enhances the water absorption
through purely physical mechanisms. Thus, the
reduction of the network polarity is compensated
for by a concurrent decrease of its perfection. As
a matter of fact, such changes in the network to-
pology should also affect the short-term absorp-
tion behavior (i.e., the diffusion coefficients).
However, probably, the effect becomes too small
to be readily detectable at 707C. A deeper analysis
of the diffusion behavior as a function of tempera-
ture is currently under way for a better under-
standing of these effects. Figure 14 Sorption diagrams at 707C for the neat

In Figures 8–10 are also compared the dy- epoxy resin (curve C), the 100/30/50 TGDDM/DDS/
namic-mechanical spectra of the dry and water- BMI blend (curve B), and the 100/30/100 TGDDM/

DDS/BMI blend (curve A).saturated samples for the neat resin (Fig. 8) and
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emerges an important aspect related to the appli-
cation of such an IPN system. It is seen that the
considerable drop of modulus due to the plasticiz-
ing effect of water, which, in the neat TGDDM/
DDS resin, is observed about 1007C below the
main relaxation, occurs at higher temperatures
by increasing the BMI content in the system and
tends to merge with the main relaxation. This
effect could, in principle, reduce or eliminate one
of the main drawbacks of the epoxy matrices (i.e.,
their decreasing stiffness and thermal stability in
the wet state). It is clear that the extent of this
effect depends on the experimental conditions
and, in particular, on the heating rate and sample
thickness. Nevertheless, it may safely be stated
that, even if the amount of absorbed water at equi-Figure 15 Storage modulus, G *, as a function of tem-
librium is comparable, its plasticizing efficiencyperature, for the water-saturated samples. (Curve A)
is gradually reduced as the amount of BMI in theTGDDM/DDS (100/30 body weight). (Curve B)

TGDDM/DDS/BMI (100/30/50 body weight). (Curve system increases.
C) TGDDM/DDS/BMI (100/30/100 body weight).

transition during the dynamic-mechanical mea- CONCLUSIONS
surement and that differential plasticization of
the network at the aging temperature cannot be The kinetics and mechanism of the curing process

of a TGDDM/DDS/BMI system was investigatedinvoked.
In the presence of BMI, considerable differ- in detail by FTIR. The results of the spectroscopic

analysis were as following:ences are observed in the tan d spectra of the wet
samples: the low temperature component becomes
broader and less pronounced, and shifts at higher • Two different molecular networks are formed

during the curing process: the first due to thetemperature as the BMI content increases. For
the blend containing 28% of BMI, the low temper- BMI homopolymerization and the second to

the cross-linking of the TGDDM/DDS pair.ature peak is still partially resolved from the main
relaxation, whereas in the blend with 43.5% of • The BMI network grows at a higher rate than

that formed by the TGDDM/DDS pair.BMI, it appears as a barely detectable shoulder
on the left side of the principal component. • The BMI network is likely to be rather defec-

tive, because the final conversion does notThese effects can be interpreted assuming a
faster drying of the BMI-containing specimens excede 70%. The presence of the BMI, through

a molecular mobility effect, enhances the for-with respect to the plain epoxy resin in the experi-
mental conditions of the dynamic-mechanical mation of small cyclic structures in the

TGDDM/DDS network, thus lowering itsmeasurements. Thus, a larger amount of absorbed
water is lost before reaching the first transition crosslink density. No autocatalytic activity of

the hydroxyl groups is detected in the blendregion and the plasticization efficiency is lowered
(i.e., the low temperature peak is less pronounced system.
and shifted toward higher temperatures).

In turn, the enhancement of the desorption rate The dynamic-mechanical tests, performed on
dry samples of blends of different compositions,by increasing the amount of BMI in the system

might be due to the increasing amount of water indicated that, despite the different growing
rates, the two networks possess a substantial de-absorbed through physical processes and not in-

teracting at the molecular level with the network. gree of interpenetration. The fracture properties
decreased slightly by increasing the BMI contentThis type of water possesses a higher degree of

molecular mobility and is easier to be removed. in the system, whereas an opposite trend was ob-
served for the flexural elastic modulus.By comparing the storage modulus versus tem-

perature curves of the wet samples (Fig. 15), it The water absorption measurements showed
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