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a b s t r a c t

The curing process of diepoxide–triamine systems filled with water and untreated alumina nanoparticles
has been investigated. The influence of both types of fillers on the curing process is very similar. This is
reflected by a similar shape of the heat flow (HF) and specific heat capacity curves during curing. A
catalytic effect of hydroxyl groups in the water and on the nanoparticles surfaces is made responsible
for the observed curing behaviour. It turns out that the strength of the catalytic effect depends on the
eywords:
anocomposites
hermosets
uring
atalysis

type of filler. The described influence of alumina nanoparticles on thermoset curing is looked upon as
being representative for nanocomposites consisting of epoxy thermosets and metal oxide nanoparticles
without surface treatment.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

Composites consisting of epoxies as matrix material and
lumina particles as fillers have been in the focus of many investi-
ations (see e.g. [1–7]). A lot of these studies are directed towards
pplication due to the technological importance of these systems
4–7]. The alumina particles are often functionalized at the surface
6,8], e.g. with silane-coupling agents [9,10] which leads to chemi-
al interactions of the nanoparticles with the matrix material. The
ffect of untreated alumina nanoparticles on the curing process of
he epoxy matrix is less frequently studied [11,12] despite the fact
hat these systems show interesting mechanical properties [7].

Even without alumina nanoparticles, the growth of macro-
olecules in two-component reactive systems is a very complex

ssue since chemical as well as physical processes are involved
13–15]. To start polymerization and/or crosslinking, the two com-
onents are usually intimately mixed. At this stage, chemical
eactions as well as physical processes – flow or diffusion of reacting
roups – start to take place. In principle, segregation of educts due
o bad miscibility might occur in such systems [16]. The present
tudy is however restricted to diepoxide–triamine systems. For
hese systems the assumption of a uniform distribution of react-

ng groups throughout the volume (without phase separation) is
ustified as long as the mixing process is effective (see the review
rticle by Dušek [13]). As a consequence, reactions start every-
here in the samples directly after mixing the reactants. The curing
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process is often studied under isothermal conditions [12,17,18].
In the first stages of isothermal curing, chemical reactions dom-
inate the temporal evolution of the curing process [15,19–22].
At room temperature, two types of reactions can be found for
diepoxide–triamine systems: epoxy groups reacting with primary
or secondary amine groups [15,23]. Each of these reactions can be
catalysed by –OH groups which are by-products of these reactions
[15,20]. The catalysed version of these reactions has significantly
higher reaction rates than the un-catalysed form [20]; it is dominat-
ing the curing process. Beside the hydroxyl groups, tertiary amines
are also known to catalyse epoxy/amine reactions. Catalysis by –OH
groups is mainly made responsible for the autocatalytic appear-
ance of the epoxy/amine curing process [20]. In the later stages
of isothermal curing, diffusion processes dominate the temporal
evolution of network formation because the reactants mobility is
significantly reduced by growing network fragments [12,17,18].

How is the crosslinking changed when nanoparticles are added
to the epoxy matrix? It has to be expected that the situation
becomes even more complex as all kind of interactions, physical
as well as chemical, can take place at the nanoparticles surfaces.
Untreated alumina nanoparticles have already been used as model
systems for hydrophilic filler particles [12,24]. Calorimetric inves-
tigations depicted that these kinds of fillers have an accelerating
effect on isothermal diepoxide–triamine curing at least at the
beginning of the reaction [12]. This experimental finding was con-

firmed by rheological measurements [12]: the increase of zero
shear viscosity caused by the epoxy network growth during isother-
mal curing is faster in the systems with alumina nanoparticles than
in the pure epoxy systems. It is known that water also has an accel-
erating effect on the curing process of epoxy/amine systems [15].

dx.doi.org/10.1016/j.tca.2011.01.029
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:joerg.baller@uni.lu
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ig. 1. TEM micrograph of a chemical aggregate of alumina nanoparticles inside
ured epoxy resin (x = 0.07); (a) primary particles and (b) sinter neck. Sample cut
ith microtome; TEM device: JEOL JEM 2011.

s already discussed above, the –OH groups of the water have a
atalytic effect on the chemical reaction. Thus, this study investi-
ates isothermal curing of a diepoxide–triamine system under the
nfluence of different amounts of water and compares the results to
he results of the study of diepoxide–triamine systems filled with
lumina nanoparticles.

. Experimental

All resin nanocomposites have been obtained from a mas-
er batch of diglycidyl ether of bisphenol A (DGEBA) filled with
8.9 wt% of alumina nanoparticles. The DGEBA used is D.E.R. 331
btained from Dow Plastics, Germany. The epoxy equivalent weight
EEW) of the pure system (x = 0) was determined by wet analysis
DIN EN ISO 3001 [25]) to 190 g/mol. This value lies inside the range
f 182–192 g/mol given by the producer. The alumina nanoparti-
les are AEROXIDE Alu C produced by Evonik Industries, Germany.
ccording to the producer, the average diameter of the primary
articles produced by noble gas condensation is about 13 nm.

During the production process, primary particles (circular struc-
ures in Fig. 1) sinter to irregularly shaped, chemically bonded
ggregates (Fig. 1). This leads to nanoparticles with linear dimen-
ions between 13 and 200 nm (Figs. 1 and 2). Since the nanoparticles
re not surface treated and have hydrophilic character, physical
van der Waals) forces lead to the formation of agglomerates with
izes far beyond the nanoscale.

Both alumina nanoparticles (with agglomerates) and DGEBA
esin were tempered at 400 K for 8 h and then mixed together. This
uarantees that the epoxy resin is free of crystals and that some
f the volatile contaminations of the nanoparticles surfaces are
emoved. To break the physically bonded agglomerates, the mas-
er batch was mechanically dispersed under vacuum at 369 K using

combined dissolver/bead mill (Torus Mill from VMA-Getzmann,
ermany). This dispersion process leads to a relatively homoge-
eous distribution of the alumina aggregates (see Fig. 2). 28.9 wt%
f alumina particles is the maximum amount which can be incor-
orated by using this type of dissolver/bead mill.
Fig. 2. TEM micrograph of cured alumina nanocomposites after mechanical disper-
sion (x = 0.07); sample cut with microtome, TEM device: JEOL JEM 2011.

After mechanical dispersion, the master batch was diluted with
DGEBA to get resin nanocomposites with four different concentra-
tions x of alumina nanoparticles (x = mAl2O3

/(mDER331 + mAl2O3
)) :

x = 0, 0.07, 0.12, 0.16. Due to the fact that a higher concentration
of nanoparticles yields an increased viscosity of the nanocompos-
ites [12,24], this study is restricted to a maximum concentration of
16 wt% for the sake of easy sample handling.

For the samples containing water, DGEBA was mixed with
three different concentrations x of purified water (x = 0.0025, 0.005,
0.01) by using an advanced laboratory mixer (SpeedMixer from
Hauschild, Germany). To ensure that the water content remained
constant throughout the time needed for preparation and measure-
ment, the sample weight was checked several times.

All samples were cured with diethylene triamine (DETA,
purity > 97%) obtained from Sigma/Aldrich, France. A ratio
s = mDETA/mDER331 = 0.142 ± 0.001 was applied [24]. For each sam-
ple, the point in time tcure = 0 represents the moment when the
hardener (DETA) was injected into the samples at a temperature of
298.2 K; all components (samples, laboratory tools) used for sample
preparation have also been put to 298.2 K by using a temperature-
controlled chamber. Injection of hardener was followed by stirring
the samples by hand for 5 min. Then, the samples were transferred
to the calorimeters.

Isothermal measurements were performed at 298.15 K using
temperature modulated differential scanning calorimetry (TMDSC)
on a DSC823e (Mettler Toledo, Switzerland). A modulation period
of 120 s along with a modulation amplitude of 0.5 K was used for
all TMDSC measurements. Before sample preparation, the temper-
ature of the calorimeters was stabilized at 298.15 K allowing the
measurements to be started about 6–8 min after injecting the hard-
ener into the resins. After a curing time of 10 h, the slope of the heat
flow curves is almost zero (see Fig. 4). This allowed us to shift the
heat flow curves vertically to zero to correct for different base lines.

For the determination of the overall reaction enthalpy, temper-

ature scans with classical differential scanning calorimetry (DSC)
have been performed on a DSC821e (Mettler Toledo, Switzerland).
The calorimeter was set to the start temperature of 210 K before
sample preparation. This ensured that the curing reaction was
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filler concentration.
(iii) The inflection point occurs earlier with increasing filler con-

centration.

Table 1
Reaction enthalpy per mol of epoxy groups for different mass concentrations x of
alumina nanoparticles.
6 J. Baller et al. / Thermoch

mmediately stopped after inserting the samples into the calorime-
er. Subsequently, a temperature scan with a heating rate of 3 K/min
as performed up to a temperature of 450 K. Comparable to the

MDSC measurements, the DSC scans were also started about
–8 min after injecting the hardener into the resins.

In order to estimate the amount of reaction heat which occurred
efore inserting the samples into the calorimeter and starting
he DSC and TMDSC measurements, we linearly extrapolated the
sothermal measurements (Fig. 4) to tcure = 0. It turned out that less
han 1.3% of the total reaction heat during isothermal curing was
eleased before the measurements have been started.

Calibration of temperature and heat flow was done for both
alorimeters by using samples of water, indium, naphthalene
nd benzoic acid. Specific heat capacities were calibrated using
n aluminum standard. The calorimetric measurements have
een carried out with a sampling rate of one data point per
econd. In most of the following figures, symbols are only
sed for the sake of clarity; data points lie much closer and
re represented by solid lines unless stated otherwise. Sample
asses for DSC and TMDSC measurements were typically about

0 mg.

. Results and discussion

.1. Total reaction enthalpy

The total reaction enthalpy is the maximum heat of reaction
hich is produced during curing if the chemical reactions are not
indered by limited diffusion due to chemical vitrification. For
he alumina nanocomposites under study these enthalpies have
een determined by classical DSC scans from 210 to 450 K [12].

t has been shown that the total reaction enthalpy is reduced
ith increasing nanoparticle content. As an attempt to explain

his experimental fact, the limitation of the reactants’ mobil-
ty in the interphases around the nanoparticles was discussed
12]. Another reason for the reduction of the reaction enthalpy
ould be a diminishment of the number of functional groups
y the presence of the nanoparticles or by the dispersion pro-
ess. This should be reflected by an increase of the EEW. In

previous work [18], we used measurements of the EEW by
he hydrogen bromide method [25,26] to investigate the influ-
nce of surface-treated silica nanoparticles on the reactivity of
similar epoxy resin. It could be shown that the EEW is not

hanged by the presence of silica particles. Application of the
ame method to the alumina nanocomposites failed due to the
ydrophilic character of the alumina particles. Thus the question
hether alumina takes influence on the EEW and is thus respon-

ible for the reduced reaction enthalpy remained open [12]. For
he present work, a different kind of wet analysis [25], the pyri-
inium chloride method [26,27] has been used; results are shown

n Fig. 3.
The measured EEW is slightly higher than the calculated val-

es (EEWcalc(x) = (EEWmeas(x = 0))/(1 − x), see [18]). This means that
he number of epoxy groups is lower due to the presence of the
lumina nanoparticles and/or due to the preparation/dispersion
rocess. Taking the total specific reaction enthalpy �H determined
y classical DSC scans from ref. [12], one can first calculate the heat
f reaction per gram epoxy [18]:

Hepoxy = (s − xs + 1)�H

s(1 − x) + 1 − x
(1)
nd then use the newly measured epoxy equivalent weight to cal-
ulate the reaction heat per mol of epoxy groups:

Hepoxy group = �Hepoxy(1 + s)EEW (2)
Fig. 3. Epoxy equivalent weight of the resin nanocomposites as a function of alumina
particle concentration x.

The factor (1 + s) corrects for the amount of DETA in the epoxy
part. Table 1 shows the results as a function of nanoparticle con-
centration.

The reaction enthalpy per mol of epoxy groups is close to a value
of 110–118 kJ/mol found for a variety of epoxy/amine systems (see
[15] and citations therein) and does not change by the incorpo-
ration of alumina nanoparticles. This means that the reduction of
the specific reaction enthalpy which remained an open question
in ref. [12] is solely caused by an increased EEW of the resins and
thus neither by an influence of the alumina nanoparticles on the
curing reaction nor by a reduction of the molecular mobility of the
reactants by the filler particles.

The EEWs of epoxy resins with small amounts of purified water
were also measured by the pyridinium chloride method. They did
not show any difference to the values of pure epoxy resins.

3.2. Isothermal curing

In the following the influence of both water and alumina
nanoparticles onto isothermal curing shall be examined by TMDSC.
The heat flow signal recorded during these measurements is
directly proportional to the reaction rate of the curing process. In
order to compare the results for the different type of fillers, heat
flow curves are displayed per mol epoxy groups by using the EEW
values as described in Section 3.1. Fig. 4 shows the temporal evo-
lution of the heat flow during isothermal curing for both fillers.

Several common features can be found in all of the curves, irre-
spective of the type of filler:

(i) The higher the filler concentration, the higher the initial and
the maximum reaction rate.

(ii) The maximum in reaction rate occurs earlier with increasing
x �Hepoxy group (kJ/mol)

0 123 ± 7
0.07 122 ± 7
0.12 123 ± 7
0.16 119 ± 8
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Fig. 4. Heat flow per mol of epoxy groups during isot

All of the features can be attributed to a catalytic effect of the
llers. It is not astonishing that the strength of a catalytic effect

s different for different fillers. This is illustrated in Fig. 5a which
hows the dependence of the maximum heat flow on the concen-
ration of the fillers. As expected, the slope is different for alumina
nd water fillers.

To better compare the heat flow curves shown in Fig. 4, they
re scaled vertically by the factors shown in Fig. 5a. The result is
hown in Fig. 6. All curves are similar. To verify if they have exactly
he same shape, the inflection points tIP(x) have been determined
Fig. 5b). The point in time of the inflection point linearly shifts with
ller concentration x.

The heat flow curves are shifted horizontally by the difference

t(x) = tIP(x) − tIP(0). The result is shown in Fig. 7. All curves do coin-

ide, irrespective of the type of filler; a “master curve” could be
reated.

Beside the measurement of the heat flow curves related to
he heat released by the chemical reaction, the TMDSC technique

ig. 5. Isothermal cure at 298.15 K: dependence on the filler concentrations of (a) maxi
oint in time tIP of the inflection points of the heat flow curves.
l cure at 298.15 K for different filler concentrations x.

allows for simultaneously determining the complex specific heat
capacity [28,29]. Taking the �t(x) values determined from the heat
flow curves, one can tentatively shift the curves of the modulus
of the complex specific heat capacity shown in Fig. 8 by the same
values �t(x).

The result is shown in Fig. 9. All cp curves coincide. This is
interesting because the cp curves are deduced from dynamic mea-
surements by applying linear response theory whereas the �t(x)
values have been calculated from static DSC measurements. More-
over this result signifies that the point in time of the chemical glass
transition tg(x) is shifted by the corresponding value of �t(x) deter-
mined by the inflection points of the heat flow curves. This reflects
the mutual interference of dynamic/static physical properties of the

growing network and the chemical reaction.

The fact that “master curves” of the specific heat capacity and
the heat flow can be constructed for both water and alumina fillers
suggests that the influence of both fillers on curing is very simi-
lar. Possible reactions between epoxy (resin, hardener or network

mum heat flow per mol of epoxy groups ˚max(x) normalized with ˚max(x = 0). (b)
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Fig. 6. Heat flow curves of Fig. 4 scaled vertically by the factors shown in Fig. 5a.
tIP(0): inflection point of the heat flow curve for x = 0.
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ig. 7. Heat flow “master curve” during isothermal curing for all concentrations and
oth types of fillers.

ragments) and alumina or water fillers cannot be accompanied

y considerable reaction enthalpies since the kinetics of the reac-
ions seem to be unaffected by the fillers and due to the fact that
t is possible to construct master curves for heat flow and spe-
ific heat capacity. Water is known to catalyse the epoxy/amine
uring reaction [15]. We therefore conclude that the –OH groups

ig. 8. Modulus of the complex specific heat capacity per gram epoxy of the
anocomposites during isothermal curing at 298.15 K with different weight percent
of fillers (alumina measurements taken from [12]).
Fig. 9. “Master curve” of the modulus of the complex specific heat capacity per gram
epoxy during isothermal curing at 298.15 K with different type and weight percents
of fillers.

on the nanoparticles surfaces have the same effect as the –OH
groups in the water. It is only the strength of the catalytic effect
that depends on the type of filler. Since there is no mechanistic
model [23,30,31] yet available for epoxy curing in the presence
of water or alumina nanoparticles, the identification of an experi-
mental parameter such as the maximum heat flow (see Fig. 5a) as
measure for the strength of the catalytic effect is not possible at the
moment. This will be subject of further studies. Prior examinations
of the relaxation dynamics of uncured epoxy/alumina nanocom-
posites [24] gave hints for a physical interaction between alumina
nanoparticles and epoxy oligomers. It was shown that the mobility
of the epoxy oligomers is slowed down by the presence of the alu-
mina nanoparticles. It was expected that these interactions should
also influence the curing process, but it turns out that the catalytic
effect is dominating curing.

4. Conclusions

Network formation of epoxy thermosets filled with different
amounts of water and alumina nanoparticles has been investigated.
A very similar behaviour of the temporal evolution of heat flow
and specific heat capacity during isothermal curing of DGEBA/DETA
composites was found; master curves for these thermal properties
could be created for both types of fillers. The occurrence of the
master curves is attributed to a similar influence of water and alu-
mina nanoparticles on the curing process. The –OH groups in the
water and at the surface of the alumina nanoparticles act as cata-
lysts. It is believed that the same behaviour can be found for many
other types of hydrophilic nanoparticles and that the nanocom-
posites examined in the present work can be looked upon as model
systems for epoxy thermosets with untreated metal oxide nanopar-
ticles. Further studies will use mechanistic modeling to describe the
epoxy/amine reaction in the presence of hydrophilic nanoparticles
and water.

Acknowledgment

This work was kindly supported by the National Research Fund,
Luxembourg.
References

[1] B.N. Dudkin, G.G. Zainullin, P.V. Krivoshapkin, E.F. Krivoshapkina, M.A.
Ryazanov, Influence of nanoparticles and nanofibers of aluminum oxide on
the properties of epoxy composites, Glass Physics and Chemistry 34 (2008)
187–191.



imica

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[30] C.C. Riccardi, F. Fraga, J. Dupuy, R.J.J. Williams, Cure kinetics of diglycidylether
J. Baller et al. / Thermoch

[2] M. Akatsuka, Y. Takezawa, S. Amagi, Influences of inorganic fillers on curing
reactions of epoxy resins initiated with a boron trifluoride amine complex,
Polymer 42 (2001) 3003–3007.

[3] S. Zhao, L.S. Schadler, R. Duncan, H. Hillborg, T. Auletta, Mechanisms lead-
ing to improved mechanical performance in nanoscale alumina filled epoxy,
Composites Science and Technology 68 (2008) 2965–2975.

[4] C.H. Chen, J.Y. Jian, F.S. Yen, Preparation and characterization of epoxy/gamma-
aluminum oxide nanocomposites, Composites Part A: Applied Science and
Manufacturing 40 (2009) 463–468.

[5] Y.A. Gorbatkina, V.G. Ivanova-Mumzhieva, T.M. Ul’yanova, Adhesiveness of an
epoxy oligomer filled with aluminum oxide powders, Polymer Science Series
C 49 (2007) 131–134.

[6] Z.H. Guo, T. Pereira, O. Choi, Y. Wang, H.T. Hahn, Surface functionalized alu-
mina nanoparticle filled polymeric nanocomposites with enhanced mechanical
properties, Journal of Materials Chemistry 16 (2006) 2800–2808.

[7] B. Wetzel, F. Haupert, M.Q. Zhang, Epoxy nanocomposites with high mechanical
and tribological performance, Composites Science and Technology 63 (2003)
2055–2067.

[8] Q.L. Ji, M.Q. Zhang, M.Z. Rong, B. Wetzel, K. Friedrich, Tribological properties of
surface modified nano-alumina/epoxy composites, Journal of Materials Science
39 (2004) 6487–6493.

[9] D.J. Kim, P.H. Kang, Y.C. Nho, Characterization of mechanical properties of
gamma Al2O3 dispersed epoxy resin cured by gamma-ray radiation, Journal
of Applied Polymer Science 91 (2004) 1898–1903.

10] E. Vassileva, K. Friedrich, Epoxy/alumina nanoparticle composites I. Dynamic
mechanical behavior, Journal of Applied Polymer Science 89 (2003) 3774–3785.

11] A. Omrani, L.C. Simon, A.A. Rostami, The effects of alumina nanoparticle on
the properties of an epoxy resin system, Materials Chemistry and Physics 114
(2009) 145–150.

12] R. Sanctuary, J. Baller, B. Zielinski, N. Becker, J.K. Kruger, M. Philipp, U. Muller, M.
Ziehmer, Influence of Al2O3 nanoparticles on the isothermal cure of an epoxy
resin, Journal of Physics: Condensed Matter 21 (2009) 035118.
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