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Our work is to compare the rheological behaviors of the three synthesized multifunctional epoxy resins:
triglycidyl ether tribisphenol A of ethylene (TGEEBA), hexaglycidyl ethylene of trimethylene dianiline
(HGEMDA) and nanoglycidyl trihydrazine 4.4.4-tripropoxy tribisphenol A of ethylene (NGHPBAE). As a
first step, we crosslinked and formulated these three composite by means of methylene dianiline in
the presence of different percentages (5%, 10% and 15%) of the natural phosphate as filler. In the second
stage, we made a comparative study of the rheological properties of these three synthesized epoxy matri-
ces. The latter plays a major role in the phenomenon of their flow and their implementation. Then, we
carried out a comparative study of the thermodynamic parameters, namely: glass transition temperature,

Composite e o £
Crosslinking activation energy, enthalpy variation and entropy variation.
Formulation © 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The behavior of viscoelastic materials is linear and their states
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are intermediate between that of the ideal elastic materials and
that of the viscous liquid materials. On the one hand, the elasticity
of these materials is reflected in their capacity of the energy to be
preserved and to restore after its deformation. Their viscosity as
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well is expressed by the capacity of the energy to be dissipated in
the form of heat (Zhang and Park, 2017; Sedlacek et al., 2014; Chen
et al. 2010). In addition, rheology is a discipline that deals with the
flow and application of materials under the action of applied stress
(Bharadwaj et al. 2014; Lim et al., 2013; Aho et al., 2010). Indeed,
epoxy resins are thermosetting multifunctional macromolecular
matrices (Hsissou et al., 2014) and they affect several industrial
domains such as: aeronautics (Gohardani et al., 2012), space con-
struction (Panchavarnam et al., 2016; Sungsanit et al., 2010) and
having many properties: thermal (Zhang et al., 2017), mechanical
(Alvaro et al., 2016; Vadivelan et al., 2015), electrical (Sharaf
et al.,, 2016; Shahenoor et al., 2016; Kota et al., 2007) dielectric
(Vijayalakshmi et al., 2015), viscosimetric (Hsissou et al., 2016),
viscoelastic and rheological (Hsissou et al., 2017). Our objective
therefore is to carry out a comparative study of the synthesized
multifunctional molecular architectures: the triglycidyl ether
tribisphenol A of ethylene (TGEEBA), hexaglycidyl ethylene of tri-
methylene dianiline (HGEMDA) and nanoglycidyl trihydrazine 4,
4,4-tripropoxy tribisphenol A of ethylene (NGHPBAE) with respect
to the viscoelastic and rheological behaviors over a wide tempera-
ture range and the control of the storage and loss conditions
(Fernandez et al., 2010; Rodriguez et al., 2016). The incorporation
of the dispersed additives into the composite is used to improve
the rheological properties (Grich et al., 2014; Rami et al., 2008;
Canales et al., 2015). It is very important to specify the influence
of natural phosphate in composites (TGEEBA/MDA/PN),
(HGEMDA/MDA/PN) and (NGHPBAE/MDA/PN) in order to optimize
and control the system dispersed in the matrices and in order to
quantify its viscoelastic and rheological performances (Fan et al.,
2007; Chen et al., 2015).

2. Experimental
2.1. Used products

We used three multifunctional epoxy resins in this work: trigly-
cidyl ether tribisphenol A of ethylene (TGEEBA), hexaglycidyl ethy-
lene of trimethylene dianiline (HGEMDA) and nanoglycidyl
trihydrazine 4,4,4-tripropoxy tribisphenol A of ethylene
(NGHPBAE). The molecular structures of the non-crosslinked epoxy
matrices TGEEBA, HGEMDA, NGHPBAE which are synthesized in
our laboratory are shown in Figs. 1, 2 and 3 while the crosslinked
structures are shown in Figs. 4, 5 and 6. Methylene dianiline and
natural phosphate have been marketed by Aldrich Chemical Co.

The semi-developed formulas of the polymers shown in Figs. 1,
2 and 3 have good viscosimetric properties. Moreover, the three-
dimensional structures illustrated in Figs. 4, 5 and 6 show excellent
rheological properties.
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Fig. 1. Semi-developed formula of triglycidyl ether tribisphenol A of ethylene.

/>—H2C

N
H.C™ “ch,
o o

Fig. 2. Semi-developed formula of hexaglycidyl ethylene of trimethylene dianiline.

2.2. Viscoelastic and the rheological behaviors

The analyzes of the viscoelastic and rheological behaviors of the
new standard synthesized, crosslinked and formulated epoxy
resins were followed through RHMO1-RD HAAKE type rheometer
on the viscous samples.

3. Results and discussions
3.1. Viscoelastic behavior of standard resins

The viscoelasticity relates to the study of the flow, the deforma-
tion, the elasticity and the viscosity of the materials under consid-
eration. We are interested in the viscoelastic behavior of the
standard resins TGEEBA, HGEMDA and NGHPBAE since the latter
play a primordial role in the phenomena of the flows of macro-
molecular matrices. Fig. 7 shows the different viscoelastic states
of the standard macromolecular matrices TGEEBA, HGEMDA and
NGHPBAE according to temperature.

Fig. 7 it was showed that the different viscoelastic states of the
standard multifunctional polymers in view of temperature. For
each multifunctional epoxy resin in this figure, we noticed the plot
of three phases, namely: (vitreous state, transition state and rub-
bery state). The density of the viscosity decreases with increasing
temperature, which is probably due to the supplied heat since it
accelerates the degradation process of the polyepoxide resins.
Moreover, viscoelasticity depends strongly on the number of epox-
ide groups formed in the macromolecular matrix, since the latter
increases with the increase in the number of epoxide groups.

3.2. Experimental determination of the glass transitions temperatures
Tg

The thermal behavior of the different viscoelasticities clearly
shows the existence of the transitions of the phases, that is to
say the transformation of the viscous states into the rubbery states.
We have deduced, from Fig. 7, the different glass transition tem-
peratures of the three macromolecular matrices: TGEEBA,
HGEMDA and NGHPBAE whose results are grouped in Table 1.

This result seems to be very logical since the polyepoxide matri-
ces TGEEGA, HGEMDA, NGHPBAE present respectively three, six
and nine functional epoxide nuclei in their structures.

3.3. Experimental determination of activation energies Ea

Activation energy is a concept which was introduced in 1889 by
the Swedish scientist Svante August Arrhenius who observed it
empirical law and described the evolutions of viscosity with temper-
ature. In this law, a term is called activation energy and the Arrhenius
equation I]=1]0 exp (—Ea/RT). Therefore, allowed us to calculate the
activation energies’ values from the Arrhenius slope, in Fig. 8.
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Fig. 3. Semi-developed formula of nanoglycidyl trihydrazine 4,4,4-tripropoxy tribisphenol A of ethylene.

Fig. 4. Scheme of triglycidyl ether tribisphenol A of ethylene crosslinked with methylene dianiline.

1): Viscosity (Pa); 110: Viscosity obtained whose ordinate at the
origin (Pa); Ea: Activation energy (kJ/mole); R: Perfect gas constant
(8.314 ].mol-1 K-1); T: Temperature (Kelvin).

Fig. 8 it was showed that the variation in the logarithm of the
absolute viscosity in view of the inverse of the temperature of
the various resins TGEEBA, HGEMDA and NGHPBAE. These varia-
tions are straight lines, starting from the Arrhenius relation. We
have therefore calculated the activation energies, which are
obtained from straight lines whose slopes (—Ea/R) are respectively
equal to —0.60, —0.57 and —2.87. These energies are then grouped
together in Table 2.

We notice that this energy increases with the number of epox-
ide groups for the polymers TGEEGA, HGEMDA and NGHPBAE hav-
ing respectively three, six and nine epoxide nuclei. This result
seemed to us to be in full agreement with our expectations.

3.4. Determinations of the thermodynamic parameters

The alternative formula of the Arrhenius equation thus makes it
possible to determine the variation of enthalpy of activation and

the variation of activation entropy according to the following equa-
tion (1) and (2).

—ﬂex ASq ex AH, (1)
N PR )P RT

n R AS, AH,

Ln(T) =In <m> + (T) + (RT> (2)

N: Number of Avogadro (6.023 x 1023 mol-1), h: Planck con-
stant (6.62 x 10-34].S.), AHa: Enthalpy variation of activation,
ASa: Entropy variation of activation.

Fig. 9 shows the variation of the Ln (1)/T) in view of the inverse
of the temperature of the different polymers TGEEBA, HGEMDA
and NGHPBAE. We obtained straight lines whose intercept is equal
to (Ln(R/Nh) + (ASa/R)) and slopes equal to (AHa/R).

From Fig. 9 it was deduced that the values of the activation
enthalpy variation AHa and the activation entropy variation ASa.
Table 3 therefore groups together the values of AHa and ASa of
the different macromolecular architectures TGEEBA, HGEMDA
and NGHPBAE respectively.
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Fig. 5. Scheme of hexaglycidyl ethylene of trimethylene dianiline crosslinked with methylene dianiline.
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Fig. 6. Scheme of nanoglycidyl trihydrazine 4,4,4-tripropoxy tribisphenol A of ethylene crosslinked with methylene dianiline.
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Fig. 7. Viscoelasticity of the three resins TGEEBA, HGEMDA and NGHPBAE
according to temperature.

Table 1
Glass transitions temperatures of three resins TGEEBA, HGEMDA and NGHPBAE.
Resins TGEEGA HGEMDA NGHPBAE
Glass transition temperatures T, (°C) 120 125 128
8,0
751 —&— Ln n=10.87 - 2.87/T (NGHPBAE)
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Fig. 8. Variation of the logarithm of the absolute viscosity in view of the inverse of
the temperature of the resins TGEEBA, HGEMDA and NGHPBAE.

Table 2

Activation energies of the different polymers TGEEGA, HGEMDA and NGTHTPTBAE.
Resins TGEEGA HGEMDA NGHPBAE
E. (kJ/mole) 0.432 4.738 23.861

For the three tri, hexa- and nine functional polymers, their neg-
ative values of the enthalpy variation of activation AHa mean that
the reactions are exothermic on the one hand. This value decreases
respectively according to the increase of the epoxy core, which is
explained by the released heat. This accelerates the process of
degradation and multifunctional resins, on the other hand. As for
the negative values of the activation entropy variation, it respec-
tively increase according to the decrease of the disorder during
the degradation of the multifunctional resins, which increases
respectively according to the multifunctional number of the epox-
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Fig. 9. Variation of Ln (I)/T) in view of the inverse of the temperature of the
different polymers TGEEBA, HGEMDA and NGHPBAE.

Table 3
Variation of activation enthalpy and variation of activation entropy of the different
resins epoxy.

Matrices TGEEGA HGEMDA NGHPBAE
AHa (kJ/mole) —4.007 -8.172 —20.286
ASa (J/mole) -11,23,227 —77,990 —63,607

ide groups in the macromolecular matrix. This is consistent with
the previous results.

3.5. Behavior of the complex viscosity of the polymers

Fig. 10 shows the evolution of the complex viscosity of the var-
ious epoxy resin TGEEBA, HGEMDA and NGHPBAE according to the
angular velocity. Then, the obtained structures can evolve as func-
tion of the angular velocity under flow conditions.

Fig. 10 it was presented that the behavior of the complex viscos-
ity show on the one hand, that the complex viscosity of different
epoxy resins decreases with increasing in the angular velocity.
On the other, the increase in angular velocity implies that the
TGEEBA, HGEMDA and NGHPBAE resins pass from a viscous state
to a liquid state. These results confirm that the viscoelasticity as
a function of temperature. Consequently, the resins synthesized
at low temperature must be stored.

3.6. Elastic and vitreous rheological behavior of the crosslinked and
formulated polymers

The literature of the rheological behaviors of composites leads
to a better understanding of the structures of the resin reinforce-
ment by natural phosphate as load (Chen et al., 2015; Chen et al,,
2015).

In this part of the work, we concentrated on the study of the
rheological behavior respectively the elastic behavior G’ and the
vitreous behavior G”.The composites (TGEEBA/MDA/PN),
(HGEMDA/MDA/PN) and (NGHPBAE/MDA/PN) formulated by natu-
ral phosphate at different percentage (5%, 10% and 15%) were intro-
duced into the rheometric cell RHMO1-RD HAAKE.

3.7. Elastic and vitreous rheological behaviors according to the
temperature

Fig. 11 shows respectively the elastic behaviors G’ and the vit-
reous behaviors G” of three new ethylene epoxy polymers
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(TGEEBA, HGEMDA and NGHPBAE) as a function of temperature.
The rheological analyzes of the polymers were carried out between
20 and 180 °C.

From Fig. 11 it was observed that the variation in elastic behav-
iors and vitreous behaviors for the three ethylene epoxy polymers
increases with the increase in temperature to the phase transition
temperature. From this last, the elastic and vitreous behaviors
decrease. Above the temperature of the glass transitions the
responses of the polymers are of the liquid type and below which
they are of the gel type. The rheological measurements clearly
show that the increase of the temperature induces transitions of
the behaviors gels towards liquid behaviors.

3.8. Determination of glass transition temperatures

From Fig. 11 it was showed that the variation of elastic behav-
ior G’ and vitreous G* as a function of the temperature of the
three epoxy macromolecular architectures. We have seen the
existence of phase transition temperatures respectively tri, hexa
and nine functional polymers (TGEEBA, HGEMDA and NGHPBAE).
Finally, the glass transition temperatures respectively of the elas-
tic behaviors G’ and glassy behaviors G’ are grouped together in
Table 4.

Table 4
Glass transition temperatures of three polymers TGEEBA, HGEMDA and NGHPBAE.

241
3.9. Experimental determination of activation energies E,

Another method was used to estimate the activation energy
associated with the rheological behavior process. This consists in
determining the activation energy from Eq. (3).

G = Goexp (— E—;) 3)

Where G is the rheological behavior (Pa), Gy the obtained rheo-
logical behavior whose intercept (Pa), Ea the activation energy (k]/-
mole), R the perfect gas constant (8.314]. mol-1, K-1) and T
temperature (Kelvin).

Fig. 12 presents respectively the variation of the logarithm of
the elastic behaviors as a function of the inverse of the temperature
and the variation of the logarithm of the vitreous behaviors as a
function of the inverse of the temperature of new multifunctional
polymeric architectures.

From Fig. 12 it was observed that the energy of activation of the
elastic behaviors and vitreous behaviors respectively of the three
new tri, hexa and nine-functional epoxy architectures. Table 5
summarizes the different energies of activations of three resins
found from elastic behaviors and vitreous behaviors.

3.10. Determinations of thermodynamic parameters

Another Arrhenius law allows the determination of the activa-
tion enthalpy variation and the activation entropy variation. It is

Polymers Tg (G) (°O) ACRISY) written according to Eqgs. 4 and 5.
TGEEBA 91.110 108.869
HGEMDA 115 115 G= RT exp AS, exp —AH, (4)
NGHPBAE 114 128 Ngh R RT
10,5 110 T
LnG'=3.35-2.65 x1/T LnG'=-2.01-5.02x1T
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Fig. 12. Variation of Ln (G’) and Ln (G”) as a function of the inverse of the temperature.
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Table 5
Activation energies of three polymers TGEEBA, HGEMDA and NGHPBAE.

Polymers Ea (G') (kJ/mole) Ea (G”) (k]/mole)
TGEEBA —22.032 —47.805
HGEMDA —41.736 —35.251
NGHPBAE —108.580 -77.070

tn(3) = (i) + (52) + (o) 5

Fig. 13 shows respectively the variation of Ln (G/T) and Ln (G"/
T) as a function of the temperature inverse of three epoxy polymer.
(TGEEBA, HGEMDA and NGHPBAE). We have obtained lines whose
intercept is equal to (Ln(R/Nh) + AS,/R) and equal slopes (—AH,/R).

From Fig. 13 and Eq. 5 it was determined that the values of the
activation enthalpy variation AHa and the activation entropy vari-
ation ASa of the new multifunctional macromolecular resins
respectively tri, hexa and nine-functional (TGEEBA, HGEMDA and
NGHPBAE) from elastic behaviors G’ and vitreous behaviors G”.
These values are grouped in Table 6.

Negative values of AH, activation enthalpy variation of elastic
behaviors and vitreous behaviors mean that the reactions are

exothermic. This is due to the heat provided by the apparatus
which accelerates the process of the degradation of the multifunc-
tional resins studied (TGEEBA, HGEMDA and NGHPBAE).

3.11. Elastic behavior G’ and vitreous G" according to the angular
velocity

The rheological behavior of composites (TGEEBA/MDA/PN),
(HGEMDA/MDA/PN) and (NGHPBAE/MDA/PN) according to the
angular velocity are presented in the following Figs. 14 and 15.
Indeed, we performed rheological analyzes of the composites at
80 °C under a range of frequencies varying from 0.1 to 100 rad/s.

Figs. 14 and 15, its were showed that the storage modulus G’/
and the loss modulus G” of three composites (TGEEBA/MDA/PN),
(HGEMDA/MDA/PN) and (NGHPBAE/MDA/PN) with different for-
mulations clearly show the increase of the latter as a function of
the angular velocity. On the one hand, we observed a regular
increase in the elastic and the loss behaviors at low frequency, thus
reflecting the progressive reorganization of the composites. We
have observed that the variation of the elastic and the vitreous
behaviors increase with the percentage of the natural phosphate
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Fig. 13. Variation of Ln (G’/T) and Ln (G”/T) as a function of the inverse of the temperature of three ethylene resins studied.

Table 6

Different thermodynamic parameters of the studied polymers.
Behaviors G G"
Thermodynamic parameters AHa (kJ/mole) ASa (kJ/mole) AHa (kJ/mole) ASa (J/mole)
TGEEBA -25.357 —277.803 -51.380 -296.277
HGEMDA -45.311 —272.948 —38.909 —251.082
NGHPBAE -111.989 —422.351 —80.645 —348.855
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load incorporated in the composites for the same matrix and for
the same family of multifunctional epoxy resins.

4. Conclusions

We have studied the comparison of viscoelasticity, thermody-
namic parameters, complex viscosity, elastic behavior and vitre-
ous behavior of the three new resins of different architectures
TGEEBA, HGEMDA and NGHPBAE. The viscoelastic and rheological
studies of the polymers in the standard and formulated state
were carried out, through these structures, by using an RHMO1-
RD HAAKE rheometer. We first compared the viscoelastic states
of the thermal behavior of standard polymers according to tem-
perature whose result allowed us to notice that viscoelasticity
increases with the number of epoxide groups. We, then, deter-
mined the thermodynamic parameters (Tg, Ea, AHa and ASa).
The values which we found were in agreement with the struc-
tures of the synthesized resins. We secondly compared the com-
plex viscosity of the three resins tri-, hexa- and nano-functional
matrices with as function of the angular velocity. The obtained
results describe that the elastic and vitreous behavior of three
types of tri-, hexa- and nano-functional polymers respectively
decreases according to the number of the epoxy.In a third step,
the elastic and the vitreous behaviors according to the angular
velocity, were carried out on the three crosslinked and formu-
lated composites. Then, the study of the elastic and vitreous
behaviors of the composites showed us that the behaviors
increases as function of the angular velocity and also as in view
of the numbers of epoxy groups constituting the standard matri-
ces. This study allowed us finally to conclude that the rheological
behaviors decrease for the same matrix in case of low charge rate
for the same family of polymers.
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