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Abstract

Natural brightness of epoxy adhesives can be reduced by adding cork. Besides, when cork was magnetized, it was possible
to move them depending on the properties required in each section of the adhesive bond (PAT354/2019). The main objec-
tive of this work was to study possible changes in the thermal properties of the adhesive due to the addition of magnetic
cork particles. If changes were significant, the use of magnetic cork particles would be compromised. To this end, natural
cork particles and magnetic cork particles, with two different particle size (53-38 and 250-125 pm) and percentage (1 and
5 v/Iv%), were compared as reinforcement material. Magnetic cork was obtained by co-precipitated coating, according to
patent number WO2019025651. The thermal properties studied by Differential Scanning Calorimetry were activation energy
of curing reaction, glass transition temperature (7,,) and thermal conductivity. Two different hardeners were studied and a
factorial design (2¥ with k=4) was carried out. It allowed to determine which variable or combination of variables had most
impact on thermal properties. Results showed that the main parameter affecting thermal properties was the hardener, regard-
less of the kind of particle used. However, the presence of magnetic cork highlights further the differences found between
hardeners. The conclusion of this study was that magnetic cork particles can be used as fillers in epoxy resin to make graded
joints, since they do not affect the thermal properties of the resin.
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Introduction

To understand the objective of this work, some topics need
to be introduced: (i) the current brittleness of epoxy adhe-
sives, (ii) the addition of particulate fillers to these adhe-
sives, (iii) the advantages of graded joints, and (iv) the
obtention of magnetic cork to produce graded joints.
Epoxy resins are, along with polyurethanes, the most
used structural adhesives in an industrial level. They are
synthesized by the reaction of bisphenol A and epichlorohy-
drin in the presence of sodium hydroxide (NaOH). Once the
prepolymers are obtained, an amine (hardener) is added to
produce the crosslinking of the resin (Fig. 1). This reaction
can be followed through the electron pair of the nitrogen [1].
Epoxy resins are structural adhesives which has good
chemical resistance and good mechanical properties, but
they are brittle. There are many approaches which try to
decrease brittleness to get a more ductile adhesive through
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the incorporation of reinforcements, such as SiO, [2], flex-
ible polymers [3] or nano-clays [4]. Cork can be used to
modify the mechanical properties of brittle epoxy adhesives,
for example Barbosa et al. [5-7] studied the effect of size,
amount, and surface treatment on mechanical properties of
epoxy resin reinforcement with cork particles. The addition
of cork can give more resistance to the impact, reducing
rigidity and increasing tenacity of the adhesive. However,
reinforcements modify the whole adhesive, and they may
even decrease the resistance.

As a consequence of this brittleness, stress concentrations
may find at the end of the overlap for the single lap joint
(SLJ). These stress concentrations, although smaller than
those that exist in other joining methods, are still signifi-
cant and can cause problems when joining materials with
low through-the-thickness strength [8]. In order to reduce
these concentrations and to avoid the decrease in the strength
of the adhesive bond, graded joints emerge. These graded
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Fig.1 Scheme of the epoxy resin crosslinking

adhesive joints need to have different properties along adhe-
sive bond. There are several techniques that can be used to
improve the joint strength [9], but the focus in this research
is only on adhesive-related techniques.

(A) To manufacture adhesive bonding systems of variable
stiffness along the bond line, Chiminelli et al. [10]
explored this technique for an SLJ and they considered
the property variation in discrete steps along the joint
length. Galvez et al. [11] used two adhesives with dif-
ferent Young’s modulus to make graded adhesive joins.
Besides, a simple but effective dry adhesive material
for mounting and transporting objects by automated
robotic devices was developed using graded adhesion
joints [12]. This technique was applied to epoxy resin
[11] and acrylic adhesives [13], fundamentally.

The adhesive bond can be cured gradually, so the adhe-
sive will have different 7, in each of the parts, being
tougher (lower 7,) at the ends and more rigid (higher
Tg) in the center. Carbas et al. [14] changed the adhe-
sive stiffness along the overlap by induction heating,
being maximum in the middle and minimum at the
ends of the overlap.

Finally, modifying an adhesive with particles, such as
rubber [15] or glass beads [16], placed at the edges
of the joint can change the stiffness of the adhesive
throughout the overlap. The doped adhesive has dif-
ferent densities and can be considered as a function-
ally graded material. A good method to place particles
would be that they can be moved into the resin before
curing. If particles have magnetic properties, its con-
centration can be tailored in each adhesive section by
applying a magnetic field. A polyurethane adhesive was
loaded with magnetite to improve its properties, the
result depended on the amount and distribution of the
iron particles [17].

(B)

©)

Previous works have proved that cork can be used as
reinforcement of adhesives thanks to its density similar to
adhesives. Besides, it is possible to manufacture graded

-

joints using magnetic cork. To obtain magnetic cork, first
it was treated in a chamber of low-pressure plasma (LPP).
LPP increases cork wettability [18] for a better adsorption
of the magnetic particles on its surface. Then, the magneti-
zation of the cork was carried out by co-precipitated coat-
ing and wet method [19], and it is under Patent Number
WO02019025651. The feasibility of the graded adhesive
joint with magnetic cork was studied and a methodology and
apparatus to manufacture functionally graded joints using
magnetized micro particles [20] was developed. It is under
Patent number PAT354/2019. On the other hand, magnetic
cork/epoxy composite also can be used as a coating on met-
als since magnetite is a well crystallized form of the iron
oxide [21-24]. All these fillers or nanofillers change proper-
ties of epoxy resin, like thermal conductivity, electrical con-
ductivity, mechanical and tribological properties [25-28].

There are many scientific papers regarding the effect of
particles on thermal properties of composite materials or
adhesives. It is well known that the curing reaction of epoxy
resin has two mechanisms, auto-catalytic and n-order. The
mission of the hardener is to open the oxirane ring that pro-
vides OH groups (Fig. 1). These OH groups act as catalysts
of reaction and increase the initial reaction rate [29, 30].
The particles can modify the reaction kinetics, accelerat-
ing or inhibiting the process. For example, Zeolite particles
acted as catalyst for epoxy systems [31], nano-scale alu-
minum hypophosphite increased 7, and decreased activa-
tion energy of curing reaction [32], nano-silica [2] promoted
the initial curing mechanism (autocatalytic reaction), but in
high amount they hinder crosslinking, and the total curing
was inhibited. Among them, the study carried out on the
influence of cork particles on the curing of an epoxy resin
[33] showed that at lower temperatures of 298 and 323 K, a
catalytic effect is observed when the cork particles are added
in low percentage (1%). However, 5% cork particles produce
a steric hindrance.

From an industrial point of view, the nature and prop-
erties of cork make it a very attractive biomaterial widely
used in different industries [34—36]. All these industries are
continually manufacturing and generating cork waste, which
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can be reused and recycled as filler material in composites
and adhesives industry.

This work aims to study the effect of magnetic cork on the
curing and the thermal properties of an epoxy resin, which
is used with two different catalysts. The results will pro-
vide information on whether these magnetic particles can
be used without a decrease in the thermal properties of the
epoxy resin. On the other hand, from an industrial point
of view, it is vital to know the curing process, which will
define important adhesive parameters as pot life, gel time,
and open time. For this, differential scanning calorimetry
(DSC) is performed both to calculate the curing kinetics,
as well as for the glass transition temperature (7,) and the
thermal conductivity (4). Furthermore, cork was used in
two different proportions (1 and 5 v/v%) and two particle
sizes (53-38 and 250-125 um). These parameters provide
18 different combinations, so a factorial design is made to
calculate the parameter or parameters that most influence the
properties. According to literature, there is not any research
paper regarding thermal properties of epoxy resin filled with
magnetic cork particles and it opens the door to new research
using these improved adhesives.

Experimental
Materials

The epoxy resin was Araldite® LY 1564, with two dif-
ferent hardeners Arardur® 3405 and 5003 by Huntsman
Advanced Materials (Everberg, Belgium). Chemical com-
position of epoxy resin is 2,2'-[(1-methylethylidene) bis
(4,1-phenylenoxymethylien)] bisoxirane (>70-<90%
w/w) and 1,4-Bis(2,3-epoxypropoxy)butane) (> 10-<20%
w/w), it is clear liquid, whose viscosity is between 0.2
and 1.4 Pa s, and density between 1.10 and 1.20 g cm™ at
298.15 K. The hardener 3405 is essentially amines, a-(2-
aminomethylethyl)-Q-(2-aminomethylethoxy), diethylen-
triamine and 2,4,6-tris(dimethylaminomethyl)phenol, but
it also contains poly[oxy(methyl-1,2-ethanediyl)] and bis-
phenol A. Resin:hardener ratio is 100:36 mass%. It is a red
liquid, whose viscosity is between 70 and 90 mPa s and
density between 0.95 and 1 g cm™> at 298 K. Hardener 5003
is only composed for 3,6,9,12-Tetraazatetradecamethylen-
ediamine, it is a clear light-yellow liquid with a viscosity
between 0.07 and 0.1 Pa s, density between 0.98 and 1.08
g cm™ at 298 K, and the recommended epoxy:hardener ratio
is 100:20 mass%.

Cork particles were supplied by Amorim Cork Compos-
ites (Mozelos, Portugal), with two particle sizes: 250-125
and 53-38 pm. To obtain magnetic cork, it was treated in
low pressure plasma by Harrick Plasma Cleaner chamber
(Ithaca, NY, USA) using air as the gas to produce plasma at
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a pressure of 40 Pa, for 300 s at 9 W [18]. Then, 2 mass%
of cork was introduced into an aqueous acid solution whose
molar ionic ratio Fe**/Fe** was 2/1. On this solution a basic
ammonium solution 2 M was added at 1 drop/s. The final
solution was filtered, and cork particles, with adsorbed mag-
netite on surface, were washed with deionized water until
pH 7 and freeze-dried 12 h using a Telstar LyoQuest freeze
dryer (Telstar, The Netherlands) [19].

Composite specimens with different amount of cork
particles (1 and 5 v/v%) were manufactured. The cork was
initially mixed with the resin using a centrifuge mixing
machine, Speed-Mixer DAC 150TM by Hauschild Engineer-
ing (Hamm, Germany), for 90 s at 1500 rpm, then hardener
was added to the mixture. The composites with magnetic
cork were compared with neat resin and composite with
natural cork. The nomenclature followed for composites is
Resin + Hardener + % cork (C) or MC (magnetic cork) par-
ticle size, e.g. 1564 + 3405 + 1C_53/38 is 1564 resin and
36 mass% of hardener 3405 to which 1 v/v% cork with a
particle size of 53—-38 um has been added.

Characterization of epoxy resin by infrared
spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used in
this study to determine the functional groups of the resins
and the two hardeners. Monitoring of the curing reaction can
also be done by FTIR; however, in this case, spectra were
performed before curing and after 10 days of curing.

Tensor 27 Fourier-Transform Infrared (FTIR) spectrom-
eter (Bruker Optik GmBH, Madrid, Spain) was used to
obtain infrared spectra. Golden Gate attenuated total mul-
tiple reflection (ATR) device was attached. Forty two scans
were taken and averaged with a resolution of 4 cm™! from
600 to 4000 cm™".

Curing kinetics of epoxy resin and its composites

Reaction kinetics provides valuable information on the
energy required to carry out the curing reaction and the
mechanisms involved. The effect of the additions of both
types of cork may modify the kinetic parameters. This modi-
fication may change the thermal properties of the resin, so it
is not recommended.

Activation energy of the curing process was studied by
means of non-isothermal DSC scans. Tests were performed
from 273.15 to 473.15 K at four different heating rates (f):
5,10, 15 and 20 K min~". They were carried out with DSC
882e Mettler Toledo GmbH (Greifensee, Switzerland). One
gram of mixture is made to use about 9 mg to make each
test. Samples were placed in an aluminum crucible of 40 uL
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with a 50 um hole in the lid. Nitrogen delivered at a rate of
80 mL min~ ! was used as purge gas.

Although there are a lot of empiric method to calculated
activation energy of the curing process, Kissinger method
and model-free kinetic (MFK) were used in this work.
Kissinger method [37] defines activation energy (E,) from
Eq. (1), where E, is the curing activation energy (J mol™),
T is the exothermic peak temperature of each curve (K),
R is the ideal gas constant (8.314 J mol~! K™!), and C'is a
constant. The slope of the curve In (8/7°) versus the inverse
of T corresponds to E,.

B E,
Ln<ﬁ> =-—or+C (1)

MFK analysis was carried out by using STARe Software
(Mettler Toledo, Greifensee, Switzerland). It is an empirical
and mathematic model, whose equations were described by
Vyazovkin and Wight [38]. This analysis has the following
steps: (1) Calculation of conversion degrees (a) from non-
isothermal curves, (2) calculation of E, as a function of a,
and (3) simulation of isothermal curves at different tempera-
tures from activation energy results, what is an alternative to
iso-conversional methods [39].

Glass transition temperature

T (glass transition temperature) is essential to know the
working temperature of an adhesive, which can be modified
by the addition of fillers. Since it is the working tempera-
ture, it is not recommended to drop it. Tg was determined
by a sample portion of polymerized resin or composite of
about 9 mg. Samples were tested using DSC from 273.15 to
473.15 K at heating rate of 20 K min~!. Due to the specific
thermal behavior of thermosets, the standard temperature
program employed for polymers consists of two heatings.
Ist heating reflects the entire thermomechanical history if
the sample. This includes the impact of the production or
manufacturing process, storage, as well as sample prepara-
tion. After exceeding the glass transition temperature for
amorphous polymers, this history is erased. After a con-
trolled cooling, the 2nd heating shows the material proper-
ties and is usually used for material characterization. The
glass transition occurs over a broad temperature interval and
is related to an increase in specific heat. It is not indicated
by a peak, but a step of the base line in the endothermal
direction. 7, can be overlapped by a relaxation peak, that is
due to the elimination of mechanical stress or dissolution of
ordered domains (enthalpy relaxation), which is not found
in the 2nd heating.

T, is determined as the midpoint temperature, according
to ASTM E1356 standard, midpoint is half of the heat flow

difference between the extrapolated onset and the extrapo-
lated end temperature (half-step method).

Three samples were tested for each material after ten
days, when the curing process was finished, according to
the technical datasheet of the adhesive.

Thermal conductivity

Both epoxy resin and cork are thermal insulators, however
magnetic cork can modify thermal conductivity (1), since
it is a metallic oxide. No change in A of the epoxy resin
should occur to maintain the use as an adhesive. To study A
on polymerized samples, the method proposed by Hakvoort
et al. [40] and Boddington [41] was used. Conductivity is
calculated from Eq. (2), where £ is the height of the sample,
A is the surface area of the disk samples, S is the slope of the
linear side of the melting peak obtained from the heat flow
(¢p) versus temperature curve, which is calculated from ¢/
AT; where AT is temperature gradient. The test error ranges
between + 10% and it is based on the stationary regime,
where the heat flow is function of thermal resistance and is
proportional to temperature difference.

P

=ATA ()

Samples were circular disks of polymerized resin or com-
posite with a height of 2+0.1 and 6 +0.1 mm in diameter.
Gallium was used as calibration reference and it was placed
in an aluminium crucible on the sample disk, which was
on the DSC sensor. To ensure good heat transfer, oil was
applied on both faces of the sample. On the reference sensor,
an empty aluminum crucible was placed. With the slopes
explained above (S and S for gallium and sample, respec-
tively), thermal conductivity was calculated using Eq. (3).
The reference gallium slope was 16 W m™' K=,

S S )
(L_L>A 3

Sa Ss

A=

The scan went from 301.15 to 311.15 K at 0.5 K min~",
followed by cooling to—268.15 K at 10 K min™' to ensure
the solidification of the gallium after each measurement.
Nitrogen was used as purge gas at 50 mL min~! to prevent
oxidation of the gallium. At least three measurements of each
material were carried out to calculate thermal conductivity.

Factorial design

Factorial experimental design is based on the analysis of
different factors that can influence in an experiment. This
tool allows to find the best combination of levels given to
the factors by checking the appropriate hypothesis related
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to the different factors and estimating their effect on the test
results and the interaction between factors.

The factorial design was carried out using four variables:
hardener, type of cork, particle size and amount added, what
provide 16 possible combinations (24). Once the factors
were decided and high and low level were set, the test plan
was drawn up. Table 1 shows this test plan with all the com-
binations between factors with the corresponded level for
each one. In this case high level (+) corresponds to hardener
5003, magnetic cork, 250-125 pm particle size and 5%v/v

Table 1 Factorial design and test plan

of particles. Low levels (—) were considered to be hardener
3405, natural cork, 53-38 um particle size and 1%v/v.
With the information on this quadratic matrix and the
obtained experimental data, it is possible to obtain sixteen
data: the average of the response, four effects of main fac-
tors, six effects of interaction between two factors and one
effect of interaction between five factors. By using Yates’
algorithms, influence values were obtained [42—-44].

Results
FTIR characterization of pristine resins

Figure 2 displays the infrared spectra belonging to
1564 4+ 3504 and 1564 + 5003 before and after 10 days of
curing and peaks are assigned in Table 2. Areas from 600
to 1800 cm™! and from 2600 to 4000 cm™! are quite similar
for the two hardeners although some differences related to
their composition were found. The characteristic groups
of the oxirane in the epoxy resin are located at 1026
(asymmetric stretching vibration C-O—C) and ~910 cm™!
(oxirane ring). Besides, another characteristic group
appears at 3045 cm™!, which corresponds to the asym-
metric C—H vibration of monosubstituted epoxides. Both
epoxide peaks (~910 and 3045 cm™") should disappear
after curing, but they are still present in 1564 + 3405 after
curing, since 3405 hardener contains bisphenol A. Asym-
metric stretching interactions of -CH; and —CH,— appear
at 2966 and 2916 cm™!, respectively, for 1564 + 3005 and
1564 4+ 5003. Symmetric vibrations of these groups appear
at 2860 cm™!, for —CH; and at 2820 cm™!, for —CH,—. The
asymmetric and symmetric deformation vibration of the

Combinations Factorial design

Hardener/h Cork/c Size/s % VIV
1 - - - -
h + - - -
c - + - -
s - - + -
% - - - +
h-c + + - -
h-s + - + -
h-% - - - +
c-s - + + -
c-% - + - +
s-% - - + +
h-c-s + + + -
h-c-% + + - +
c-s-% - + + +
h-s-% + - + +
h-c-s-% + + + +
Fig.2 Infrared spectra for the 8
resin with the two hardeners
before and after curing 7

- 1564+5003 10d

1564+5003

Absorbance/a.u.
w

—— 1564+3405

0 4~
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Table 2 Assignation of bands Wavenumber  Assignation [45] H3405  H340510d  HS5003  H5003 10d
found in infrared spectra Jem™!
(Fig. 2) for epoxy resin 1564
and hardeners 3405 and 5003 745-760 str R-OH X X
l()le éoézy?;isggg ii)?“(l),coe(;(s) s 820 str out of plane C-H X X X X
910-914 Epoxides ring vibration X X
1022-1026 sym str C-O-C X X X X
1095-1100 asym str C-O-C/str H,C-NH, X X X X
1178-1182 str HC-NH,/in plane C-H X X X X
1234-1240 str C-O X X X X
1290 def=C-H in plane X X X X
1355 sym def OH X X
1450 asym def C-H X X X X
1502 sym def N-H X X X X
1568 str N=N/asym def N-H X X X
1585-1595 str C=C X X X
1620-1640 str C=C aromatic X X
2820-2835 sym str-CH,- X X
2855-2865 sym str-CH, X X
2916 asym str-CH,- X X X X
2960-2970 asym str-CH; X X
3045 asym C—-H—epoxides X X X
3270-3330 str N-H/OH X
3690-3750 moisture/OH X

str stretching; asym asymmetric; sym symmetric; def deformation; epoxides

—CH are at 1452 and 1355 cm™! for 1564 +3405. However,
symmetric vibration is not seen for the resin 1564 4+ 5003.
At 1595 and 1502 cm™!, the stretching bands of the C=C
appear for 1564 + 3005. In case of the 1564 + 5003, the
band of the C=C were displaced to 1620 and 1508 cm™!
what means aromatic groups may be found. Vibration of
asymmetric stretching of the oxirane group corresponds
to the band at 1290-102 m~!, although this band can also
correspond to the wagging/bending vibration of the OH
group or deformation in the plane of the =C-C groups, to
which has been attributed in Table 2 for being the most
possible. Vibration of stretching of the C-H link out of
the plane and in the plane can also be observed at 827 and
1183 cm™!, respectively, both corresponding to the aro-
matic ring. Although at 1180 cm™! is also possible to find
the stretching vibration of CH-NH,, whereas the stretch-
ing vibration of CH,~NH, appears at 1100 cm™! over-
lapped with asymmetric stretching vibration of C—O-C.
Finally, the band at 760 cm™! is typically due to the di-
glycidyl ether structure of an epoxy before the complete
curing process. There are some cork peaks that overlap
with those of the resin, such as those belonging to the OH
and C-H and therefore do not serve to identify the cork.
Even the peaks found in cork at 1730 cm™~! (C=0) and the
one corresponding to the C=C bond at 1512 cm~!' [19],
cannot be clearly observed in the spectra. Therefore, the

amount of cork added does not give a signal high enough
to discern it from those of the resin.

Kinetics of the curing process

Figure 3 shows the curves at different rates for mixture
1564 + 3405 + IMC_53/38. Similar plots were found for
all mixtures studied. When rate increases, the curing peak
moves to higher temperature, height is higher, but width
is lower than other curves with lower rates. Therefore, the

1 Exo 77 —— 5K min™!

1o )

, oo mm=—- 10 K min™
= : — - =15 K min™’
[ - — =20 Kmin™
=
o
T
o}

T —
~ - .
250 300 350 400 450 500 550

Temperature/K

Fig.3 Curing curves at different rates for 1564 + 3405 + 1MC_53/38
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450
@ 3405 = 5003
400 - = =

350 I -
300
> 250
3 200
< 150
100
50

1564

+1C_53/38

+5C_53/38
+1MC_53/38
+5MC_53/38
+1C_250/125
+5C_250/125
+1MC_250/125
+5MC_250/125

Fig.4 Enthalpy of curing for all samples

area under the curve keeps constant and its value is the cur-
ing enthalpy (AH). The integration of the four curves with
different rates for each mixture provided AH (Fig. 4). The
error bars represent the standard deviation between the four
curves.

AH is higher for mixtures with hardener 5003 (Fig. 4),
around 28% higher than mixtures with hardener 3405. When
adding both, cork and magnetic cork, AH decreases in all
cases except for the mixture 1564 + 3405 + 1C_53/38, which
increases a 4%. Decrements found vary with the percentage
of addition, cork type and size. The biggest drop is 19% for
1564 + 3405 + 1MC_53/38 and 1564 + 5003 +5C_53/38,
followed by 1564 + 3405+ 5MC_250/125 with 18% of
decrease. Decreases below 5% are only observed for hard-
ener 5003 in the case of the mixture with+ 1C_53/38
(5%),+1C_250/125 (2%),+5C_250/125 (4%) and
SMC_250/125 (2%). For the rest of the mixtures the decre-
ments vary from 10 to 15%. The difference in the chemis-
try of hardeners is responsible for the changes in AH. The
small decreases can be attributed to the addition of cork, but

(a)
100 s
Pl Ad

‘%o %0 // ,//’

o) £ 1)

(@)] 60 / .

% /, / /,

S 40 ,/l L -5 Kmin™

g ,f/' e 10 K min~!

7 /

= s — - =15 K min™

820 . - = =20 K min™
0
208 322 346 370 394 417 442 466

Temperature/K

there is no logical explanation to understand bigger decre-
ments. However, reactions between the cork and the amine
of the hardener may be produced by the presence of OH
groups in the cork. It seems that the reaction between cork
and hardener is easier than with oxirane rings and it release
less AH. In addition, as the percentage of cork increases,
the decrease in AH is higher. This agrees with a greater
amount of OH groups. However, in the case of magnetic
particles the decrease in AH when increasing the percentage
is lower. This may be due to the fact that magnetic particles
having magnetite on the surface have less OH groups on the
surface. Other factors that may play a role are density and
particle size. The 53/38 um cork has a density of 1.6 g cm-3
and a D50 of 25 um, while the magnetic cork has a density
of 1.85 g cm-3 and a D50 of 45 um. Therefore, it seems that
in the case of magnetic particles the effect of the OH is not
so important, producing a synergistic effect due to the size
of the particles and the higher mass. On the other hand, the
error due to sample preparation for DSC may also slightly
affect the measurements, since for each curve one gram of
sample is prepared, using only 9 mg.

For hardener 5003, the largest particles have a different
behavior as they tend to agglomerate. Therefore, their spe-
cific surface area is smaller and fewer OH groups will be in
contact with the adhesive.

When curing curves are partially integrated with respect
to time, the conversion degree curves are obtained, accord-
ing to the Eq. (1) (Fig. 5A). To obtain reliable results, these
curves cannot cross, and from them, activation energy of the
curing process is calculated applying MFK model, where
Ea is obtained as a function of the degree of conversion
(Fig. 5B).

E, with respect to the degree of conversion (Fig. 5B)
changes as the reaction progress and the reaction mecha-
nism changes. This process can be divided into three stages:

(b)

(o]
o

~
o

7

(&)
o

N
)

W
o

Activation energy/J mol~1 x 103

n
o

Conversion degree/%

Fig.5 A Curves of conversion degree and B Activation energy curve for 1564 +5003 +5MC_250/125
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i. At the beginning of the reaction, the action of the
amine (hardener) with the epoxy resin produces the
opening of the oxirane ring and produces OH™. The
initial mechanism is slower and requires more energy
to progress, it is a mechanism of n order. This process
goes approximately up to a degree of conversion of 20
or 25%.

ii. The formation of the OH™ groups accelerate the reac-
tion since they autocatalyze it. They change the initial
mechanism from order 7 to autocatalytic. This mecha-
nism occurs from 20-30 to 80-85%, and E, of the
process remains practically constant during this stage.
Crosslinking of the resin occurs rapidly.

iii. The last part of the reaction (from 80-85 to 100%)
can happen in two different ways, but in this case
(Fig. 5B), E, of the process decreases slightly. Accord-
ing to the literature, the reaction mechanism should
change again to order n and be slower with a higher
energy input. This is because it is more difficult for the
OH and unreacted amines to find each other since the
crosslinking of the resin is already high and, therefore,
the chains movement is restricted. It can also happen
that the ether groups (R—O-R’) of lignin or cellulose
of the cork react with the amine (cheating the reac-
tion), because of its similarity to epoxy. This would
lead to a faster first stage i, but the lack of amine
would cause a rather pronounced increase in E, at the
end of the stage iii. However, with these hardeners this
is not likely to occur because they contain mixtures of
amines, and even hardener 3405 contains bisphenol A.

To compare E, curves of the two base resins and the
mixtures with the different types of cork (eight mixtures
per base), the E, at 5, 50 and 95% of the conversion degree
are represented in Fig. 6, where Kissinger E, is also shown.
Thus, Fig. 6A corresponds to hardener 3405 and Fig. 6B to
hardener 5003.

In relation to the hardener 3405 (Fig. 6A), all mixtures
have initial E, higher than mixture base. On the other hand,
E, increases for the smallest particle size, for a greater num-
ber of particles added, and when the particles are coated.
Thus, the highest E, (practically twice the base) corresponds
to the mixture 1564 + 3405+ 5SMC_53/38. It could be due to
the increase in viscosity that the addition of particles pro-
duces, that results in a decrease in reactants mobility.

E, at 50% conversion is similar for all compounds
(Fig. 6A), although slightly lower for mixtures with cork.
It could be due to the presence of OH on cork surface
that counteract the steric hindrance found in stage i. This
energy also coincides with the E, obtained by the Kissinger
equation, around 60-10% J mol~'. Besides, at 95% the val-
ues are around 40-10° J mol™!, although there is gradual
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Fig.6 Activation energy for the three stages of MFK model and Kiss-
inger activation energy. A Hardener 3405 and B Hardener 5003

increase for particles of 250/125 um, that is around 20% for
1564 4+ 3405+ 1MC_250/125 (Fig. 6A).

When the hardener 5003 is used (Fig. 6B), E, has differ-
ent tendency, although initial and middle E, is similar for
both hardeners (72-10% and 61-10° J mol™" for the hardener
5003 and 71-10% and 64-10° J mol™! for hardener 3405).
With this hardener small particles (53/38 pm) decrease the
initial E, a 30, 20 and 9% for 1 and 5% of cork and 9% for 5%
of magnetic cork, but E, increases a 3% for 1% of magnetic
cork. In the case of larger particles (250/125 um) initial E,
increase around 9 and 33% for 1 and 5% of cork, respec-
tively, whereas E, decreases for 1 and 5% of magnetic cork
a 14 and 4%. The larger the particles, the more initial E, is
needed. This may be due to steric hindrance what do more
difficult than amines can open oxirane rings.

E, at 50% of conversion degree decreases for all the mix-
tures except for 1564 + 5003 + 1C_250/125 that it increases
a 3% (Fig. 6B). The decrements mean that the autocata-
lytic reaction is faster when there are cork particles than
for the neat resin thanks to the OH groups that helps to
catalyze the reaction. The lower values of E, correspond
to+5C_53/38,+ 1MC_250/125 and + 1C_53/38, with a dec-
rement of 20, 14 and 13%, respectively. Smaller decreases
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Table 3 Simulation of isothermal curing at different temperatures for
1564 43405+ 5C_250/125

Conversion Time/s x 103
degree/%
Temperature/K
298 313 333 353 373
10 5.55 1.54 0.33 0.09 0.03
20 8.22 243 0.57 0.16 0.05
30 10.96 332 0.80 0.23 0.07
40 14.22 4.36 1.06 0.30 0.10
50 18.32 5.64 1.38 0.40 0.13
60 23.46 7.22 1.77 0.51 0.17
70 29.93 9.21 2.26 0.65 0.21
80 32.97 11.75 2.90 0.84 0.28
90 32.98 12.40 3.33 1.08 0.40
95 32.99 12.40 3.40 1.26 0.52
160
140 W 3405 5003 P
- 120] & m
o)
— 100
x i !
© 80 =
[0
£ 60 = B,
= ~
40 . &
0

1564

+1C_53/38

+5C_53/38
+1MC_53/38
+5MC_53/38
+1C_250/125
+5C_250/125
+1MC_250/125
+5MC_250/125

Fig.7 Curing process simulation at 298.15 K at 95% of conversion
degree for both resins and composites

are found for the remaining mixtures. As for hardener 3405,
middle E, is similar to Kissinger E,.

The third stage of the reaction with hardener 5003 is dif-
ferent from that found with the other hardener (Fig. 6B).
For almost all the mixtures the E, is higher or equal than
for the neat resin, except for+ 1C_53/38 and + 5C_250/125.
For 3405 hardener, final E, never exceeds middle E,. How-
ever, with the hardener 5003 there are some cases that
exceed it, even for the mixture it exceeds the initial one
(+5MC_53/38).

From the activation energy curves, STARe Soft-
ware allows simulations of isothermal processes at dif-
ferent temperatures, as shown in Table 3 for composite
1564 + 3405+ 5C_250/125. As expected, when the tempera-
ture increases the curing process is faster.

Figure 7 shows the simulation for both resins and their
composites. Curing time for resin 1564 + 3405 is lower than
for 1564 4+ 5003, from 22,620 to 156,420 s. Coherently,
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composites for 3405 also have lower activation energy than
composites for 5003. The behavior of the particles is differ-
ent depending on the hardener. Thus, small particles increase
curing time slightly for 1564 43405 + 1C in relation to neat
resin. However, for +5C, + IMC and +5MC curing time
decreases in that order. However, small particles decrease
curing time for 1564 + 5003 + 1C and then it gradually
increases until 1564 + 5003 + SMC, where it reaches neat
resin. This means that small particles speed up the cur-
ing process for both hardeners, but at different rates, e.g.
+ 5MC does not influence the curing time, but+ 1C inhibits
slightly the cure of 1564 + 3405, whilst speeds up that of
1564 +5003.

The behavior of the big particles is different, for the
1564 + 3405 resin the curing time increases (Fig. 7),
slightly inhibiting the reaction, while the big particles
reduce it to more than half, for the 1564 + 5003. Accord-
ing to Fig. 6B, the higher final activation energy for
1564 + 5003 + 1C_250/125 explains the higher time that is
necessary to finish the reaction process. However, a higher
initial activation energy is not related to time. This is due
to different mechanism, high final activation energy may be
due to an inhibition in the curing reaction, while high initial
activation energy may be due to an initial acceleration.

Glass transition temperature

The samples used for kinetic study at 20 K min~! were
scanned again to calculate the T, of material. T,s were
351 +2 and 355+2 K, respectively, for epoxy resin
1564 + 3405 and 1564 +5003.

However, all the samples 1564 + 3405 tested after
864,000 s (10 days) have a curing peak of around 11J g7,
which represents around 4% of uncured resin. The epoxy
resin 1564 45003 also has a curing peak of 24 J g~!, when
it was tested after 864,000 s (10 days), this is a 6% of total
curing enthalpy (Fig. 4). Consequently, for measuring Tgs,
a postcuring was carried out. For epoxy resin 1564 + 3405,
it was 28,800 s (8 h) at 353.15 K and for 1564 + 5003 it was
7,200 s (2 h) at 353.15 K, according to technical sheet.

This lack of curing shows that the kinetic study was not
carried out for 100% of curing. The E, and simulated iso-
thermal curing times are for 96 and 94% curing, for resin
1564 + 3405 and 1564 + 5003, respectively. Since the
empirical methods for determining the kinetic parameters
are unreliable for values above 95% curing, the data obtained
are in the error range of the method. At the same time, the
small percentage of uncured resin is not detected in the infra-
red spectra.

Figure 8A and Table 4 present T,s of the epoxy resin
1564 4+ 5003 and their composites. 1st heating shows a
T, at 378.15 K overlapped with enthalpy relaxation peak
(AH=2.32 1 g1, which disappears in the 2nd heating
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(a) (b)
1564+5003 1564+3405
1.0 1.0
0.5 TExo T =390K 0.5 4 TExo 1st heating
0.0 / ! 0.0 i
= 0-5 = 0-5 1 —2nd heating
§ o T,=378K ) § ] Ty=357K
8- 1.0 8- 1.0 A
=-15] 5-1.5 T,=351K
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-3.5 4 =35 4 Tendothermicpeak =410K
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Fig. 8 Dynamic heating to calculate 7, A 1564 +5003 and B 16,564 + 3405
Table 4 T,s of both epoxy resins and their composites for 2nd heating 2
- - - - TExo S =0.01984 mWs™'
Material 2nd Heating ~ Material 2nd Heating 0= 2= 0.1639 Wm-1K-1
T/K T/K -2
z
1564+ 5003 390 1564 + 3405 351 I=h
+1C 53/38 388 +1C 53/38 357 5 - 61 /
+5C 53/38 386 +5C 53/38 356 :-“_, _8g
+IMC 53/38 387 +IMC 53/38 353 T S = 0.02416 mWs'
— 10972 0.1901 Wim=1K-1
+5MC 53/38 389 +5MC 53/38 353 — 1564+5003
+1C250/125 389 +1C250/125 351 ~ 121 156443405
+5C 250/125 383 +5C 250/125 353 - 14 T T T T
301 303 305 307 309 311
+1MC 250/125 385 +1MC 250/125 353
Temperature/K
+5MC 250/125 386 +5MC 250/125 355

and T, increases to 390.15 K. This is commonly found for
others epoxy resin and it can be seen for all composites of
the resin 1564 + 5003 (Fig. 8A). There are not differences
between all composites of this resin, with an average value
of 387 +2 K (Table 4). However, 1564 + 3405 (Fig. 8B)
shows a 1st heating a T, at lower temperature (357 +3 K),
without enthalpy relaxation peak, T, is followed by an endo-
thermal peak at approx. 411.15 K and a reaction enthalpy of
8+ 11 g~!. This endothermal peak can be due to dissolvent
evaporation or decomposition of some component. T,s in
2nd heating for resin 1564 + 3405 decreases until 351 +2 K
(Fig. 8B and Table 4), which can be caused by the decom-
position of some component, which affected at crosslink-
ing of the resin. When cork or magnetic cork were added
to resin 1564 + 3405, T, in the 2nd heating (average value
353 +2 K) decreases slightly in relation to the 1st heating
(average value 356 +3 K) (Table 4). Besides, for composites
the st heating enthalpy endothermal peak decreases until

Fig.9 Dynamic heating to calculate thermal conductivity for both
epoxy resins. The slope is measured between the red lines that repre-
sent the onset and end temperature

AH=5+21] g~!. This decrement may be due to a bonds
between some cork groups, as ether groups, with some
amine of epoxy resin.

With these results, it can be concluded that the crosslink-
ing degree that hardener 5003 provides is higher than 3405.
In addition, crosslinking is not overly affected by the pres-
ence of the particles, although there is a tendency to decrease
T, for composites in relation to the 1564 +5003 epoxy resin,
being this drop a little higher for larger particles than small
ones, in general terms.

@ Springer



1992

J. Abenojar et al.

(a)

0.20

53/38 250/125

T 0.18 -
T 0.16 I 1
€

0.14 |
2012 |
=
© 0.10
S
2 0.08 |
8
— 0.06
= 0.04

<
 0.02

0.00

1564-3405 +1C +5C +1MC +5MC

(b)

0.20

53/38 250/125
0.18 - >

0.16 b - -l
0.14 |
0.12 |
0.10 |
0.08 |
0.06

0.04

Thermal conductivity/W m-1 K1

0.02 |

0.00 - - T
1564-3405 +1C +5C +1MC

+5MC

Fig. 10 Thermal conductivity to resin with hardener A 3405 and B 5003 and their composites

Thermal conductivity

Dynamic heating to calculate A for both resins are shown
in Fig. 9. The difference in the slopes of melting point to
the gallium metal provides different A for them, according
to Eq. (3). The slope is measured between the dotted gray
lines (Fig. 9) that represent the onset and end temperature.

Figure 10 display A for all the materials studied.
1564 + 5003 resin has higher A than 1564 + 3405 resin. This
would agree with the shorter chains on the 1564 + 5003 resin
and more complex functional groups of the curing agent,
while the crosslinking degree affects inappreciably [46].

When cork is added to the 1564 + 3405 resin, A decreases
from 7 to 4% progressively as the percentage of cork raises
and continues to raise in the same way with magnetic cork
increasing its value by 2% for+5MC, when the particles
are small. The big particles also decrease 4, but to a greater
extent than the small ones, especially for the + 1C composite
(the drop is 24%), for the + 5C, + IMC and + SMC compos-
ites A decreases an 8, 3 and 4%, respectively.

On the other hand, for 1564 4+ 5003 composites, A
decreases in relation to resin. Conductivity is related to
free volume, thus, the higher conductivity the lower free
volume [47]. The A values for composites are similar to
those obtained for the other hardener (1564 + 3405), around
0.16 W m~!' K~'. In this case, magnetic cork increases a
bit more than natural cork and A for big particles is slightly
higher than A for small particles. However, there is 10%
uncertainty in this method to measure A, consequently, the
values are in the uncertainty range of the exploited experi-
mental method for both epoxy resin.
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Factorial design

To understand which of the variables have the greatest influ-
ence on the studied thermal properties, a 2* factorial design
is performed.

Hardeners were significantly different, both in curing con-
ditions and in the properties obtained. In addition to obtain
all the possible interactions for all the variables studied, a
matrix was made. According to Table 1, the matrices have
16 rows and 16 columns and there are as many matrices as
properties are studied. Each value of this matrix is calcu-
lated according to the Yates’ algorithms, the Table 1 and
the results of this work. Table 5 shows eight columns for the
property A, the averages of all the columns are compared and
the top value is assigned 100 and the rest are recalculated
relative to it. From these averages the most significant influ-
ences and interactions were obtained.

Therefore, in the case of A the factor with the greatest
influence is the magnetization of cork. Besides, if particle
size and hardener were changed at the same time, it would
have a high impact on A. However, the factors with less influ-
ence were % and h*c. It means that an increase in particles
percentage did not change thermal conductivity in a high
extent. In the case of hardener and cork type, their change
would lead to a slight decrease in thermal conductivity.

In the case of Tg, AH, Kissinger activation energy, initial
and final activation energy, similar tables to Table 5 report
that the factor with the highest influence was the hardener.
However, the sign of the coefficient changed depending on
the parameter: it was positive for 7,, AH and final activa-
tion energy, and negative for Kissinger and initial activation
energy. The positive sign means that hardener 5003 showed
a higher value than 3405. Therefore, it may be concluded
that hardener 5003 resulted in a higher crosslinking den-
sity and curing degree, but it is more difficult to finish the
curing reaction. In the case of hardener 3405 the reaction
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Table 5 Matrix jcx.ample for Combinations h c S % h*c h*s h*% c*s

thermal conductivity
1 -0.158 -0.158 -0.158 —0.158 0.158 0.158 0.158 0.158
h 0.162 -0.162 -0.162 -0.162 -0.162 -0.162 -0.162 0.162
c —0.165 0.165 -0.165 -0.165 —0.165 0.165 0.165 —-0.165
s -0.128 -0.128 0.128 —-0.128 0.128 -0.128 0.128 -0.128
% -0.162 -0.162 -0.162 0.162 0.162 0.162 -0.162 0.162
h-c 0.172 0.172 -0.172 -0.172 0.172 -0.172  -0.172 -0.172
h-s 0.166 —0.166 0.166 -0.166 —0.166  0.166 —0.166 —0.166
h-% 0.159 -0.159 -0.159 0.159 —-0.159 -0.159 0.159 0.159
c-s —0.164 0.164 0.164 -0.164 —0.164 -0.164 0.164 0.164
c-% -0.172  0.172 -0.172  0.172 -0.172  0.172 -0.172 -0.172
$-% -0.155 -0.155 0.155 0.155 0.155 -0.155 -0.155 —-0.155
h-c-s 0.171 0.171 0.171 -0.171 0.171 0.171 -0.171 0.171
h-c-% 0.169 0.169 -0.169 0.169 0.169 -0.169 0.169 —0.169
c-s-% -0.162 0.162 0.162 0.162 —-0.162 -0.162 -0.162 0.162
h-s-% 0.163 —0.163 0.163 0.163 -0.163  0.163 0.163 —-0.163
h-c-s-% 0.178 0.178 0.178 0.178 0.178 0.178 0.178 0.178
Average 0.00925 0.0125 —0.004 0.00425 —-0.0025 0.008 —0.00475 0.00325

74 100 -32 20 -20 64 -38 26

may be occurred more easily, but the obtained polymer was
less crosslinked. However, it is important to keep in mind
that both resins need to be cured at 356 K to complete the
curing reaction. In the case of the 3405 hardener, tempera-
ture needed to be applied for 8 h and for 2 h for the 5003
hardener.

Conclusions

The main parameter that affects both curing process and
thermal properties is the chemical composition of the
hardener, i.e., with or without phenol. Curing enthalpy,
Tg and A are lower for 3405 (amines + phenol) than 5003
(amines) hardener. Another important difference is simula-
tion curing time at 25% of conversion: 1564 + 3405 epoxy
resin only needs around 24,000 s to cure while 164 + 5003
needs around 126,000 s. It can also be seen in the values
of activation energy for the different curing stages. It is
important to highlight that both hardeners need a post-
curing process to achieve 100% of curing degree, being
the post-curing times different for both compositions: 5003
needs less time to achieve the complete curing than 3405.

The addition of both cork and magnetic cork does not
produce significant differences in the curing process or
the thermal properties of epoxy resin, regardless of the
hardener used. The effect of the kind of hardener and the

addition of cork and magnetic cork particles has been ana-
lyzed by factorial design.

Therefore, the main conclusion that can be drawn from
this study is that it is feasible to reinforce epoxy resin with
magnetic cork to produce graded adhesive joints without
changing curing and application parameters.
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