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ABSTRACT e The curing process of three different epoxy adhesives, which are appropriate for bonding wood
with metal, was characterized on the basis of their rheology. The rheological measurements were carried out us-
ing a TA Instruments ARES G2 stress control rheometer. The influence of temperature on the curing process was
examined at five different temperatures: 30, 40, 50, 60 and 80 °C. Curing was monitored by an oscillatory test by
using geometry with disposable parallel plates. Gel time and vitrification time were determined. Significant dif-
ferences in curing behaviour were observed among the studied adhesives. The results showed that increasing the
curing temperature significantly accelerated the curing process of the epoxy adhesives. It was also observed that
the storage modulus G’ and the loss modulus G~ decreased with an increasing temperature of curing.
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SAZETAK ¢ Proces otvrdnjavanja triju razlicitih epoksidnih ljepila koja se upotrebljavaju za povezivanje drva i
metala procijenjen je na bazi njihovih reoloskih svojstava. Reoloska su mjerenja provedena upotrebom reometra
ARES G2. Utjecaj temperature na proces otvrdnjavanja istrazen je pri pet razlicitih temperatura: 30, 40, 50, 60
i 80 °C. Otvrdnjavanje je praceno oscilacijskim testom primjenom geometrije sa slobodnim paralelnim plocama.
Odpredeno je vrijeme geliranja i staklenosti. Utvrdeno je signifikantno razlicito ponasanje promatranih ljepila ti-
Jjekom otvrdnjavanja. Rezultati su pokazali da se s pove¢anjem temperature otvrdnjavanja znatno ubrzava process
otvrdnjavanja epoksidnih ljepila. Zapazeno je da se modul pohrane G’ i modul gubitka G smanjuju s povecanjem
temperature otvrdnjavanja.

Kljuéne rijeci: epoksidna ljepila, tocka geliranja, modul gubitka, reologija, modul pohrane

1 INTRODUCTION
1. UVOD

Epoxy resins are often used as high performance
thermosetting adhesives for bonding metals together or
for binding metals to other materials. These adhesives
are frequently used for bonding steel and wood, as for
example in the case of structural connections in timber

(Broughton and Hutchinson, 2001; Custodio et al,
2009; Chans et al, 2010; Widman et al, 2007; Serrano,
2001; Cimadevila et al, 2007). Over the last 30 years,
there has been a growing interest in the possibilities for
jointing glulam beams with steel bars (rods), which are
placed in pre-drilled holes in the timber members and
bonded with epoxy resin. Such joints made with glued-
in rods have great potential in the field of timber engi-
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neering. Some of their advantages are the aesthetic be-
nefits, with the hidden design of these rigid joints, and
their high load-carrying capacity for the transmission
of loads from and to the wooden pieces (Chans et al,
2009). Glued-in rods are very efficient joints, which
can withstand the high axial loads that are applied to
timber structural members. If such joints are correctly
designed it is theoretically possible to achieve higher
stiffness and a more uniform stress distribution in the
wood, while avoiding peak values near the bolts and
achieving a better aesthetic appearance in comparison
with traditional mechanical connections (Gattesco and
Gubana, 2001).

An important condition for the use of glued-in
rods is that an efficient bond be created between the
steel rods and timber. Gluing and screwing are two
ways in which this can be done. Rod diameters larger
than 10 mm make it impossible to achieve an efficient
working screw system (Bernasconi, 2001). The load
transfer between the screw and timber is mainly gov-
erned by compression due to indentation. Compared to
screws, glued-in rods introduce shear forces into the
timber in a different way. Whereas anchored screws
rely on direct contact between the timber and the flanks
of the thread, and therefore on compression by means
of complex geometry, glued-in rods transfer the force
only at the interface between the rod and the adhesive.
The load transfer between the adhesive and timber is
mainly governed by shear and not by compression due
to indentation (Steiger et al/, 2006). Due to this fact,
gluing is the only way in which the bond can be creat-
ed. Several parameters have an influence on the short-
term pull-out strength of glued-in rod joints. One of the
very important mechanical parameters is the type and
rheological behaviour of the adhesive (Rossignon and
Espion, 2008). The purpose of the adhesive is to pro-
vide a continuous bond between the timber and steel
rod, to fill voids and cavities, and to transfer and sus-
tain the loads. Thus thermosetting gap-filling materials
are required, which exhibit good adhesion to the vari-
ous materials whilst also being tolerant to variations in
the timber moisture content. Epoxy compounds have
several advantages over other resins as adhesive agents
for use in timber structures and, typically, they are suit-
able for service temperatures in the range -30 to +60°C.
They may be formulated in a wide range of forms, ap-
plication characteristics and mechanical properties
when cured (Broughton and Hutchinson, 2001).

Before investigating the ability of different adhe-
sives to promote adhesion in different types of joints, a
detailed description of the rheological properties of
each individual adhesive is needed (Lapique and Red-
ford, 2002). Rheological information can be related
directly to the mechanical properties of the adhesive
(Zheng, 2002). Rheometry can be used not only to ob-
tain information about gelation, but also to monitor the
whole curing process of a thermoset (Nufiez et al,
2005; Winter, 2008). The purpose of this study was to
investigate the curing process and explore the rheology
of three different epoxy adhesives, cured at several dif-
ferent temperatures.

20

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

2.1 Materials and sample preparation
2.1. Materijali i priprema uzoraka

Three different epoxy adhesives were used. Ad-
hesive ERGO 7211 2K EPOXY 50ml (7211) was a
two-component epoxy resin with component A (col-
ourless) and B (yellow). Its viscosity at 23 °C was
30000-45000 mPa's, whereas its acceptable thermal
range was from -40 °C to +100 °C, and its pot life at 23
°C was 100 min. This resin contained N’-(3-aminopro-
pyD)-N,N-dimethylpropane-1,3-diamine. The reaction
product was bisphenol-A-(epichlorhydrin) epoxy resin
(with a number-average molecular weight of 700) and
bisphenol-F-(epiclorhydrin). Both components were
mixed in advance. The recommended mixture ratio
was 1:1.

The second adhesive was EPOX 210 A+B (EPOX
210), which was a two-component-epoxy resin with
component A (colourless) and B (yellow). The viscos-
ity of component A at 25 °C was 500-900 mPa-s,
whereas that of component B was 250 mPa-s. The vis-
cosity of the mixture after 5 min was 600 mPa-s. Pot
life at 20 °C was 30 min for 100 g and 11 min for 200
g. Component A contains 3-aminomethyl-3,5,5-three-
metyl-cyclohexylamine, Benzyl alcohol, m-ksililendi-
amin, and Nonylphenol. Component B contains an
epoxy resin, C 12-C14-Alkylglycidether. Both compo-
nents were mixed in advance. The recommended mix-
ture ratio was A:B = 2:1.

The third adhesive was NEOSTIK EP 101 (EP
101), which was a two-component modified epoxy
resin with component A (colourless) and B (yellow-
brown). Viscosity at 20 °C for component A was 600
mPa-s. Component A contains 4,4’-(1-methylethyliden
e)bisphenol polymer with 2-(chloromethyl)oxirane
with an average molecular weight < 700 g/mol and 2-
[(2-methylphenoxy)methyl]oxirane. Component B
contains  N,N’-bis(2-aminoethyl)-1,2-ethanediamine.
The recommended mixture ratio was 1:1.

2.2 Rheological measurements
2.2. Reoloska mjerenja

The rheological measurements were carried out
using a TA Instruments ARES G2 stress control rheom-
eter. A diagram of the equipment for rheological meas-
urements is shown in Figure 1. The geometry was plate—
plate, with disposable plates with a diameter of 25 mm
made from steel with a nominal ultimate tensile strength
of: £ =900 — 1000 N/mm’. All experiments were per-
formed at a frequency of 1 Hz, a strain of 0.01, and a 0.5
mm gap between the plates. Sinusoidal stress was used
in all experiments, which is the basis for calculating the
storage modulus (G ) and the loss modulus (G ).

All of the adhesives were used as received and
carefully mixed at the stoichiometric ratio prescribed
by the manufacturer. After preparing the adhesive sam-
ple, it was immediately placed in the plate-plate geom-
etry assembly, and quickly heated (60 °C/min) to the
target curing temperature. Measurements always began
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Figure 1 Diagram of the equipment for rheological
measurements
Slika 1. Prikaz opreme za reoloska mjerenja

immediately after achieving the target temperature.
Five curing temperatures were used for each individual
adhesive: 30, 40, 50, 60 and 80 °C. Additionally, cool-
ing from 80 °C to 30 °C was used in order to determine
the cooling effect on the rheological properties of the
cured EPOX 210 epoxy resins.

During the measurements, a control program was
used to compensate for the thermal expansion of the
test specimen dimensional changes during curing by
maintaining a controlled normal force, which enabled
the characterization of the cure over the whole conver-
sion range. All the test specimens were prepared in the
laboratory at 20 °C and at a relative humidity of 65 %.

3. RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1. Rheological analysis
3.1. Reoloska analiza

The rheological analysis used during the oscilla-
tory test provided a total curing profile for the studied
epoxy adhesives. Information about the curing behav-
iour of the adhesives was gained in terms of the meas-
ured storage modulus G’ and the loss modulus G". The
curing profiles of the investigated epoxy adhesives at
room temperature (30 °C) are shown in Figure 2. It can
be observed, in the case of all the studied adhesives,
that at the start of the curing, G” is greater than G’ be-
cause the systems show a liquid type of behaviour.
Then, both G”and G~ increase as the cross-linking re-
action progresses to a crossover point; here the systems
present both elastic and viscous behaviour, storing a
similar amount of the dissipated energy. In this zone
gelation occurs. Later, the curing reaction progresses,
and G’ approached its maximum values whereas G”
reached a peak and then started to decrease. In this
zone vitrification occurred.

Gelation and vitrification of the adhesive can be
detected through changes in the dynamical mechanical
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properties. Several different criteria can be used to de-
fine the gelation and vitrification times. The most gen-
erally accepted criterion for gelation is the crossover
point of the shear storage modulus and loss modulus.
However some authors consider that, in the case of
many systems, the gel point is not necessarily equal to
the calculated value at G’= G~ (Winter, 1987; Nufiez
et al, 2005). Another criterion is that gelation occurs
when viscosity increases exponentially to infinity. The
problem is that infinity viscosity is very difficult to de-
tect. One of the methods to identify the gel point is the
criterion of the tangent line to the G~ curve; the gel
time is detected by the crossover between the tangent
line at G” when this curve reaches a value close to 100
kPa's and a baseline G’= 0 (Laza ef al, 1998).

There is no generally accepted criterion for the
detection of vitrification. In the case of the investigated
epoxy resins, it was found that rheological vitrification
is a gradual process that extends over a wide tempera-
ture range, depending on the criterion used. Vitrifica-
tion can be determined from: the maximum tan ¢ peak
at 1 Hz, the maximum G peak at 1 Hz, the onset of
frequency dependence in G, and with the end of fre-
quency dependence in G’ (Zheng, 2002). In this study,
gel time (7,) was taken as the time corresponding to
the crossover of G /G ”. Vitrification time (¢ ,) was de-
termined as the time corresponding to the time at which
G ” has a peak at 1 Hz. According to the so determined
gel time and the vitrification time for curing adhesives
at room temperature, the epoxy system 7211 cured
fastest (7,,=238 min, 7, =297 min), followed by EPOX
210 (¢,,=345 min, #,=527 min), and EP 101
(1,,=499 min, 7, =565 min).

3.2 The effect of temperature on curing profile of
adhesives

3.2. Utjecaj temperature na profile otvrdnjavanja
liepila

In order to characterize the influence of tempera-
ture on the curing process (i.e. on the storage and loss
moduli, respectively), four additional higher tempera-
tures (as well as 30 °C) were used for curing: 40, 50,
60, and 80 °C. It was observed (Fig. 3) that increasing
the temperature accelerated the curing reaction of the
epoxy adhesive 7211, but dramatically diminished the
maximum values of G” and G”. Also, time for transi-
tions (i.e. gelation and vitrification) decreased with the
increasing curing temperature. This was expected be-
cause the reaction of the adhesives was thermally ac-
celerated. Similar behaviour was observed in the case
of the other two adhesives (Fig. 4 and Fig. 5), but at
different time periods.

The gel times and vitrification times for all three
epoxy adhesives (Table 1), studied at different temper-
atures, were determined according to the above de-
scribed criteria. It can be seen that gel time shortened
with higher temperatures. This can be explained by the
fact that when the temperature increases molecular
mobility also increases, so the curing reaction occurs
more rapidly. The vitrification times also shortened
with higher temperatures, with some exceptions (EP
101 and EPOX 210 at 60 and 80 °C).
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Figure 2 Curing profiles of epoxy adhesives at temperature of 30 °C
Slika 2. Profili otvrdnjavanja epoksidnih ljepila pri temperaturi 30 °C
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Figure 3 Plots of G’ and G ” against time for the adhesive 7211, corresponding to the isothermal cure, at different curing

temperatures

Slika 3. Krivulje ovisnosti modula G’ i G” o vremenu za ljepilo 7211 dobivene pracenjem krivulja izotermnog otvrdnjavanja

pri razli¢itim temperaturama otvrdnjavanja
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Figure 4 Plots of G”and G against time for the adhesive EPOX 201, corresponding to the isothermal cure, at different

curing temperatures

Slika 4. Krivulje ovisnosti modula G’ i G” o vremenu za ljepilo EPOX 201 dobivene pracenjem krivulja izotermnog

otvrdnjavanja pri razli¢itim temperaturama otvrdnjavanja
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Figure 5 Plots of G’ and G ” against time for the adhesive EP 101, corresponding to the isothermal cure, at different curing

temperatures

Slika 5. Krivulje ovisnosti modula G’ i G” o vremenu za ljepilo EP 101 dobivene pracenjem krivulja izotermnog otvrdnjava-

nja pri razli¢itim temperaturama otvrdnjavanja

The influence of temperature on the curing process
can be explained by the nature of epoxy adhesives. The
epoxy adhesive, as a thermoset polymer, is a material
whose properties are dependent not only on the test en-
vironment but also on its thermal and environmental his-
tory. A thermoset adhesive has a glass transition tem-
perature (T g) (Lapique and Redford, 2002). Glass
transition is a phase change of amorphous solids, such as
glasses and polymers. A non-crystalline material is con-
verted to a relatively hard, elastic and glassy state from a
soft, elastic-plastic and rubbery state when cooled
through its 7' . (Li, 2000). T . is influenced by different
factors such as composition of the resin molecule, cross-
link density, the polar nature of the functional groups of
resin molecules, the curing agent or catalyst, curing time
and curing temperature (Tamulewich and Moore, 1980).
Basically polymers with longer molecular chains, more
hydrogen bonds, polar or polarizable groups and cross-
linking networks tend to have a higher 7' . On the other
hand materials with symmetric (non-polarized) molecu-
lar structures or with a plasticizer (softener) tend to have
alower T . (Li, 2000).

The glass transition temperature is a direct meas-
urement of molecular mobility. Below 7', a molecule is
confined to its site, with a very limited group of branch
movement freedom, and its free volume is relatively
small. Whole molecules cannot move away from each
other. Above T ! molecule has much more freedom of
movement, and its free volume increases faster with

the temperature. Whole molecules can shift or slide
away from each other (Li, 2000).

Other mechanical properties vary in accordance
with these changes in the degree of cure and plastifica-
tion. The temperature at which they are cured determines
many of the properties of epoxy adhesives. 7' , can be a
measure of the degree of cure of an epoxy resin system.
Therefore the cure time and temperature can have a very
dramatic effect upon the 7 of any given epoxy system.
At temperatures close to 7' o the values of the mechanical
properties such as tensile strength, lap shear and adhe-
sive bond shear and modulus are substantially reduced.
This can be seen in Fig. 4; where the values of both mod-
uli (G’, G”) diminish at higher temperatures. Above a
temperature level of ~50 °C both moduli were drasti-
cally reduced, because the cure temperature was near the
glass transition temperature. At higher temperatures the
curing times were diminished, too. At 30 °C the maxi-
mum value of G’was reached after ~1000 min, whereas
at 80 °C it was reached after only ~60 min, which is al-
most 17x less than at 30 °C.

3.3 The effect of temperature on G’ and G” values
of the cured adhesive
3.3. Utjecaj temperature na vrijednosti G’i G”
stvrdnutog ljepila
The effect of temperature on the G’ and G~ val-
ues corresponding to a cured adhesive was studied in
detail with the EPOX 201 adhesive (Fig. 6). Measure-
ments began after the target curing temperature (80 °C)

Table 1 Gel (7,) and vitrification (¢ ,) times for the studied epoxy adhesives
Tablica 1. Vrijeme geliranja (1) i staklenosti (¢, ) za promatrana ljepila

Adhesive EP 101 EPOX 210 7211
Ljepilo
T, °C Lyep min t,, min L min £, min Lep min t,, min
30 499 565 345 527 238 297
40 186 365 151 321 139 174
50 91 277 69 272 64 103
60 44 334 38 457 30 57
80 8 103 11 1183 6 33
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Figure 6 The influence of heating and immediate cooling on G’ and G values of the EPOX 210 adhesive
Slika 6. Utjecaj grijanja i trenutacnog hladenja na vrijednosti G’ i G” ljepila EPOX 210

had been reached. When the maximum value of G’ had
been reached, the heating stopped. Cooling was then
started from 80 °C to 30 °C with a temperature ramp of
30 °C/min. It can be seen that, after cooling, G’ in-
creased to a value that is practically the same as if the
curing process had occurred at 30 °C. As mentioned
above, the reason for such behaviour lies in the glass
transition temperature. In the first part of the experi-
ment, the curing temperature was near 7,; which ex-
plains why both moduli were so low. After cooling,
both moduli became increasingly higher.

4 CONCLUSIONS
4. ZAKLJUCCI

The rheological properties of three different epoxy
adhesives were investigated at five curing temperatures.
Gelation and vitrification were detected through changes
in the dynamic mechanical properties for each individu-
al adhesive. According to the determined gel times and
vitrification times for the curing of the adhesives at room
temperature, the epoxy system 7211 cured fastest
(1,,=238 min, 7,=297 min), followed by EPOX 210
(tge]:345 min, £,=527 min) and EP 101 (tgel:499 min,
t,=565 min). The results showed that the curing tem-
perature had a significant influence on the rheology of
the investigated epoxy adhesives. It was observed that
increased temperatures accelerated the curing reaction
of all of the studied epoxy adhesives, but dramatically
diminished the maximum achieved values of G’and G .
The time for the transitions such as gelation and vitrifi-
cation decreased with increased curing temperatures.
The effect of temperature on the G’ and G ” values of the
cured adhesive was clear: cooling of the cured adhesive
from 80 °C to 30 °C increased the G’ and G” values
several times, which was associated with the glass tran-
sition behaviour of the adhesive.
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