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Abstract: This work reports on the thermal analysis of epoxy containing polyvinyl chloride
(PVC) surface-functionalized magnetic nanoparticles (PVC-S/MNP) and its bulk-modified
nickel-doped counterpart (PVC-S/MNP/Bi-B). Nanoparticles were synthesized through the cathodic
electro-deposition method. The morphology of particles was imaged on a field-emission scanning
electron microscope (FE-SEM), while X-ray diffraction analysis and Fourier-transform infrared
spectroscopy (FTIR) were used to detect changes in the structure of nanoparticles. The magnetic
behavior of particles was also studied by vibrating sample magnetometry (VSM). In particular, we
focused on the effect of the bulk (Ni-doping) and surface (PVC-capping) modifications of MNPs on the
thermal crosslinking of epoxy using nonisothermal differential scanning calorimetry (DSC) varying
the heating rate. The cure labels of the prepared nanocomposites were assigned to them, as quantified
by the cure index. The good cure state was assigned to the system containing PVC-S/MNP/Bi-B as a
result of excessive ring opening of epoxy. Cure kinetics parameters of PVC-S/MNP/Bi-B incorporated
epoxy was obtained by the use of isoconversional methodology. The activation energy of epoxy was
decreased upon addition of 0.1 wt% of PVC-S/MNP/Bi-B due to the reaction of C1~ of PVC by the
functional groups of resin.

Keywords: crosslinking; surface functionalization; cure index; epoxy; cure kinetics

1. Introduction

Epoxy resins have widely been applied in technological fields because of their promising
physical and mechanical [1], adhesion [2,3], flame retardant [4] and anti-corrosion [5] properties. The
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physicochemical properties achieved by the combination of inorganic nanoparticles and organic epoxy
give rise to the properties superior to the neat epoxy. Various nanostructured materials including
carbon nanotubes [6], graphene oxide [7], nanoclay [8], silica [9], halloysite nanotubes [10], layered
double hydroxides [11-13], metal organic frameworks [14,15] and iron oxide nanoparticles [16,17]
have been incorporated into epoxy resin to introduce new features to the epoxy, such as electrical and
thermal conductivity, magnetic properties and thermomechanical properties. Magnetic nanoparticles
(MNPs) have been synthesized and incorporated into the epoxy matrix for improving their thermal,
mechanical, anti-corrosion and electrical properties [18,19].

The insoluble and infusible epoxy would be the result of the crosslinking reaction of liquid
prepolymers with curing agents. Epoxy prepolymers participate in crosslinking reactions with a wide
range of chemicals under various curing conditions, which severely affects the properties of the final
epoxy finish [20]. The ultimate properties of MNP/epoxy nanocomposites strongly depend on the
crosslinking state and the interaction between the epoxy and MNPs. A difficulty in preparation of
epoxy nanocomposite containing MNPs is their high tendency for agglomeration. Metal ions doped
and polymer coated MNPs are the solutions to tackle such a problem; so that, Mn?2* [21] and Zn?* [22]
doped in Fe304 nanoparticles were found to take position in either the bulk or the outermost layers
of the crystalline zones. For Zn, Mn, Co and Gd dopants, the change in the energy of interaction is
not monotonic. In fact, there are two kinds of Fe ions with different coordinates, i.e., Fe2*+ and Fe3*
in the bulk layers of Fe304. Furthermore, the three-coordinated Fe ions are formed on the surface
because of the existence of the dangling bonds. For that reason, three types of Fe ions exist in the
Fe;0y structure. The three-coordinated Fe ion locates on the surface, six-coordinated Fe ion stays in
the subsurface and the 3rd layer contains four-coordinated Fe ions [23]. The Ni and Zn dopant tend to
locate on the surface, while Co, Mn and Zn prefer to form subsurface doping. The effects of surface
dopants on the reactivity of particle are higher than the interior dopants. Therefore, Ni dopant can
improve the surface activity of Fe30y. By doping Fe30, nanoparticles with Mn?* and Zn?*, less active
sites in the bulk are formed compared to the surface of pristine Fe3O, that causes deagglomeration.
In addition, Mn?* and Zn?* known as Lewis acids can catalyze epoxy ring opening, which changes
the label of cure of epoxy from poor to excellent, as unveiled by the cure index (CI). In contrast, a
poor cure state was the consequence of doping Fe3O4 nanoparticles with Ni** dopants [24]. The Ni?*
dopants on the top layers of nano-Fe3O, crystal dramatically increased the activity of MNPs surface,
allowing MNPs for agglomeration. It was reported that gadolinium (Gd)-doped Fe30O4 nanoparticles
improve the crosslinking of epoxy by substituting Fe>* with Gd** [25]. In addition, it was found
that curing reactions taking place between the epoxy and amine curing agent are intensified by the
introduction of Fe304 nanoparticles doped with Co?* [26], because of replacing Fe?* in the bulk layers
by the Co?* deagglomeration. Moreover, it is reported that surface functionalization of MNPs with
various functional groups such as polyvinylpyrrolidone [27-29], ethylenediaminetetraacetic acid [30]
and polyethylene glycol [31-33] facilitates the crosslinking of epoxy by improving the dispersibility
of nanoparticles.

In this work, three types of MNPs including naked MNPs, polyvinyl chloride surface functionalized
MNPs (PVC-MNPs) and Ni?*-doped PVC-MNPs were compared for their effects on crosslinking
of epoxy. The synthesized MNPs were analyzed for chemical structure with X-ray diffraction (XRD)
and Fourier-transform infrared spectroscopy (FT-IR). The morphology and the magnetic properties of
nanoparticles were studied by field-emission scanning electron microscopy (FE-SEM) and vibrating
sample magnetometry (VSM), respectively. The effect of PVC-MNPs and Ni?**-doped PVC-MNPs
on the curability of epoxy nanocomposites was monitored using nonisothermal analyses made by
differential scanning calorimetry (DSC) in terms of the CI. Moreover, the cure kinetics of epoxy systems
was studied using isoconversional methods.
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2. Experimental

2.1. Materials

Polyvinyl chloride (PVC, (C;H;3Cl),, Mw ~233,000), iron(II) chloride 4H,O (Merck, 99.5%), iron
(IIT) nitrate 9H,O (Merck, 99.9%) and nickel nitrate 4H,O (Merck, 99.5%) were used without further
purification. Epon-828 with an average epoxide equivalent weight of 188 g/eq. was used as resin,
while triethylenetetramine (TETA) with hydrogen equivalent weight of 25 g/eq. was used as curing
agent. Both resin and curing agents were provided by Hexion Co., Ohio, USA.

2.2. Methods

Surface and bulk/surface modified PVC-MNP and Ni-doped PVC-MNP were synthesized based
on a well-documented procedure used in previous works [34-36]. Figure 1 gives a general view of the
bulk and surface modification of MNPS applied in this work. The electrochemical cell was composed
of a cathode of steel 316 L sheet sandwiched between two anodes of steel 316L having surface area of
100 cm?. The distance between the anode and the cathode electrodes was fixed at 5 cm. A mode of
DC deposition with an identical current density of 10 mA.cm~2 and deposition time of 30 min was
also used in the synthesis of samples. The only variable was the composition of deposition bath. For
PVC-MNPs, the deposition bath contained 2 g Fe(NO3)3, 0.3 g PVC and 1 g FeCl, dissolved in 1 L
H,O, while for the electrochemical deposition of Ni?*-doped PVC-MNPs 2 g Fe(NO3); together with
1 g FeCl, and 0.3 g Ni(NO3), were dissolved in 1 L distilled water. The oxide films of PVC-MNPs and
Ni?*-doped PVC-MNPs were deposited when the applied current passed across the bath. Lastly, black
films were appeared on the steel cathodes indicating successful synthesis of nanoparticles. These black
films were then washed with ethanol and repeatedly washed with water. In the final step, the wet
powders were heated at 70 °C for 1 h and the dried powders were labeled PVC-MNPs and Ni-doped
PVC-MNPs and used in further analyses and experiments.

Epoxy nanocomposite were prepared based on 0.1 wt% PVC-MNPs or Ni-doped PVC-MNPs
nanoparticles and epoxy under sonication with on-off cycle for 5 min. The mechanical mixer
working at 2500 rpm further homogenized the dispersions for 15 min. The resin/hardener ratio was
stoichiometrically adjusted by adding 13 wt% of TETA to the epoxy resin.

The surface morphology of MNPs was imaged on FE-SEM instrument (Mira 3-XMU, accelerating
voltage of 100 kV). The change in chemical structure of MNPs was assessed using XRD patterns
provided from MNPs conducted on a PW-1800 X-ray diffraction with a Co Ko radiation. Magnetic
behavior of MNPs was monitored in between —20,000 and 20,000 Oe at RT condition by using a
vibrational sample magnetometer (VSM, Meghnatis Daghigh Kavir Co., Iran). The FT-IR spectra of the
prepared MNPs were acquired using Bruker Vector 22 IR instrument.

Nanocomposites containing 0.1 wt% PVC-MNPs and Ni-doped PVC-MNPs were analyzed
for crosslinking behavior and kinetics applying nonisothermal tests on a PerkinElmer DSC 4000.
Nonisothermal DSC was detected over a temperature range of 25-200 °C at different heating rates (f)

of 5,10, 15, 20 °C min~!, under neutral atmosphere of nitrogen with a circulation rate of 20 mL.min~1.
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Figure 1. Surface and bulk modification of the Fe;O4 nanoparticles by the polyvinyl chloride (PVC)
and Ni, respectively.

3. Results and Discussion

3.1. Structure and Morphology

The XRD patterns of the obtained MNPs are shown in Figure 2. In these patterns, the XRD peaks of
(111), (220), (311), (400), (422), (511), (440) and (533) observed at 26 of 10-80 were excellently confident
with the peaks of the pure iron oxide with magnetite crystal structure (JCPDS number of 01-074-1910).
These patterns have all peaks reported for the cubic magnetite in literature [37-40]. The average size of
the crystalline domains (D) of the PVC-MNPs and Ni-doped PVC-MNPs was calculated to be 18.1 nm
and 19.8 nm, respectively.

In comparing the XRD patterns of PVC-MNPs and PVC/Ni-doped MNPs, no distinguished shift
in the position of peaks was observed. Since Ni?* and Fe?* cations have the same radius of about
0.7 A, in the cubic crystal lattice of the bare Fe30y, the octahedral sites are solely occupied with Fe(III)
cations, while Fe(II) and Fe(IIl) cations are in the two tetrahedral sites. The Fe(Il) cations in the Fe3Oy4
structure are replaced by the Ni%* cations [34]. In the surface treatment, the PVC was added to the
electrodeposition solution or electrolyte, hence, did not contribute to the electrochemical reactions
occurring on the cathode electrode. After the nucleation and growth of Fe3O4 particles on the cathode
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electrode were completed, the surface was in situ capped by the PVC molecules. Therefore, Ni**
doping into Fe304 and its surface modification by PVC had no essential effect on the XRD pattern and
also the crystalline structure of iron oxide.

Figure 3 shows the FE-SEM micrographs provided from the surface of MNPs, where a spherical
shape can be obviously observed for MNPs having an average size of ~20 nm [35,36]. Some aggregates
are partially observed after Ni doping. Since the Ni dopant tends to locate on the surface of Fe3Oy, it
can improve the surface activity of nanoparticle. Evidently in Figure 3b, the higher surface activity of
Ni-doped MNPs increases their tendency to agglomerate.

300
7 ——PVC-MNPs

250 - —— Ni-doped PVC-MNPs
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z J
‘®
§ 100 - ‘
.E b 4 |
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v ’ I > 1 d T v T
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Figure 2. XRD patterns of the synthesized polyvinyl chloride (PVC) surface-functionalized magnetic
nanoparticles (PVC-MNPs) and Ni-doped PVC-MNPs.

O >
o

4 ) o< 3
SEM MAG: 100 kx SEM HV: 15.0 kV zoonm MIRA3 TESCAN| SEM MAG: 100 kx SEM HV: 15.0 kV wzoonm MIRA3 TESCAN|
WOD: 3.93 mm Det: InBeam 200 nm ‘WD: 4.05 mm Det: InBeam 200 nm

Figure 3. FE-SEM images of (a) PVC-MNPs and (b) Ni-doped PVC-MNPs [35,36].
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FTIR spectra of the MNPs is presented in Figure 4. The intensities observed below 600 cm™~! are
related to the stretching vibrations of Fe-O-Fe and/or Fe-O-Ni bonds [35,36]. The bands located at
2935 cm~! and 2872 cm™! are due to the asymmetric CH, stretching and symmetric CH, stretching
of PVC, respectively. Furthermore, the IR bands located at 1472-75 cm~! and 1250-5 cm™! are
corresponding to the C-H scissoring bending and CH, deformations, respectively. The observed
peaks at 1190-5 cm~! and 1165-8 cm™! show C-C stretching and C-C bending, respectively. The
peak at 960-5 cm™! is Vbending Of CH (out-of-plane). The C-Cl bands of PVC can also be observed at
605-9 cm™!, which prove the PVC grafting on the surface of the MNPs [35,36]. For both deposited
PVC-MNPs and Ni-doped PVC-MNPs particles, there are IR bands which verified the presence of
grafted PVC onto the Ni-MNPs particles.
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| |
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Figure 4. FT-IR spectra of the synthesized PVC-MNPs and Ni-doped PVC-MNPs.

Figure 5 shows the S-shaped VSM plots of MNPs demonstrating their superparamagnetic nature.
The magnetic parameters including saturation magnetization (Ms), remanence (Mr) and coercivity (Ce)
are extracted from the VSM plots and values of 43.72 emu/g, 0.11 emu/g and 0.5 Oe, are, respectively
reported for PVC-MNPs in a previous work [35]. In the same order, Ms = 40.42 emu/g, Mr = 0.95 emu/g
and Ce = 2.28 Oe are extracted for Ni?*-doped PVC-MNPs, as reported previously [36]. The low Ce and
trivial Mr are signatures of superparamagnetic nature of MNPs. Moreover, reduction in such values
for Ni>*-doped PVC-MNPs can be considered as a measure of successful surface functionalization of
MNPs with PVC and Ni doping as well. However, the superparamagnetic nature of the MNPs was
deteriorated by Ni-doping, as featured by increased Ce and Mr.
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Figure 5. Vibrating sample magnetometry (VSM) curves of the synthesized PVC-MNPs and
Ni-doped PVC-MNPs.

3.2. Cure Analysis

The curing potential of epoxy after incorporation of 0.1 wt% of the bare MNPs, PVC-MNPs and
PVC/Ni-doped MNPs was analyzed by nonisothermal DSC at f of 5, 10, 15 and 20 °C/min (Figure 6).
Addition of nanoparticles to epoxy did not change the curing mechanism of epoxy/amine system,
which indicates that chemical reaction between epoxy and hardener dominantly derives the curing
reaction [41]. On the other hand, addition of PVC-MNPs and PVC-Ni-doped MNPs changed the
position of DSC thermograms.

At low heating rates, the curing moieties cannot efficiently participate in epoxide ring opening
reaction due to lack of required level of kinetic energy per molecules [42]. Moreover, increases in the
viscosity of the system expedited the gelation and vitrification, which results in deceleration of epoxy
curing reaction [43]. By contrast, at high heating rate, the curing moieties have enough kinetics energy
for curing process and can diffuse into epoxy network; therefore, easily attack the unreacted epoxy
groups [44].
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Figure 6. Nonisothermal DSC thermograms of EP, EP/PVC-MNPs [45] and EP/Ni-doped PVC-MNPs
at different heating rates.

Cure parameters including the onset and the endset temperatures of the cure in DSC curves,
respectively known as Topset and Topgset, and the peak temperature (T) of DSC curves, the heat of cure
and the width of curing temperature interval (AT) are summarized in Table 1.

As it is apparent from Table 1, both Tyus and Ty are shifted to higher temperatures by the
introduction of PVC-MNPs or Ni-doped PVC-MNPs due to the steric hindrance of the nanoparticles.
Overall, T, was increased by increasing the heating rate that provided a narrower curing interval. By
addition of PVC-MNPs or Ni-doped PVC-MNPs to the epoxy matrix, AT was significantly increased
because of restricted chains mobility or expedition in the occurrence of vitrification that hardened
interaction between the cure reactants [46]. Long PVC chains on the surface of MNPs could diffuse
through the viscous media between the cross-linked network of epoxy to react with the remainder of
epoxy rings [47]. Therefore, the PVC functional groups of MNPs surface accelerated the curing reaction
at later stages of reaction where diffusion controls the crosslinking [48]. The total heat of reaction was
increased as the PVC-MNPs added to the epoxy system; while it decreased by Ni-doped PVC-MNPs
incorporation. The steric hindrance effect brought about by the Ni-doped PVC-MNPs expedited the
occurrence of vitrification leading to a reduction in the values of AHw. Agglomeration of nanoparticles
due to small number of PVC chains grafted on the surface of the Ni-doped MNPs at late stages if cure
was also possible. As VSM results represented, the higher Mr and Ce values of Ni-doped PVC-MNPs
suggests that these nanoparticles tend to agglomerate, which reduces the grafting efficiency of PVC
on MNP surface. Ni dopants tend to position in the top layer of MNPs crystal, which dramatically
increases the activity of MNPs surface [32]. High activity of the surface of Ni-doped MNPs keep
the nanoparticles close to each other leading to less site of nanoparticles being accessible. Therefore,
the PVC grafting yield was decreased that lowered the AHo, compared to PVC-MNP incorporated
epoxy system.
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Table 1. Cure parameters of the neat epoxy and its nanocomposites in terms of the rate of heating
applied in nonisothermal DSC analyses. The neat epoxy and the epoxy containing PVC-MNPs were
used as the control systems studied recently.

Sample Codes B (°C/min) Tonset (°C) Tondset (°C) T, €O AT (°C) AHe (J/g)
5 30.04 107.62 75.31 77.58 340.41
EP [45] 10 29.70 165.3 98.4 135.7 319.40
15 36.64 191.89 107.89 155.25 377.61
20 38.62 146.67 96.09 108.05 374.39
5 29.34 158.34 91.06 129.00 278.98
EP/PVC-MNPs [45] 10 32,07 193.94 100.17 161.86 513.07
15 39.75 202.78 108.11 163.02 532.54
20 39.04 212.07 11547 173.03 387.40
5 32.72 158.48 90.06 125.76 354.05
EP/Ni-doped 10 3343 183.09 102.30 149.66 353.49
PVC-MNPs 15 40.38 192.87 108.96 152.50 339.31
20 42.19 205.52 11530 163.33 354.92

3.2.1. Qualitative Cure Analysis Based on Cure Index

Cure state of the epoxy nanocomposites can be evaluated by the use of CI as a dimensionless
and simple criterion through the formula of: CI = AH* X AT, where AH* = AHc/AHg.s and
AT* = ATc/ATg.s. The parameters of AHc and AHgs are the enthalpies of cure for the polymer
composite and the reference sample (neat resin), respectively. In addition, the parameters of AT and
ATRer are the total temperature range within which cure was completed for the polymer composite
and the neat epoxy, respectively. The values of AT*, AH* and the CI were calculated and reported
in Table 2. It was recently shown that the addition of bare MNPs and Ni-doped MNPs into epoxy
resin leads to the poor cure state due to the agglomeration [24]. According to Table 2, at f of 5 and 10
°C/min when the curing moieties have enough time to react with each other the CI for the Ni-doped
PVC-MNPs incorporated epoxy was good. However, at high § due to the lack of time the nanoparticles
have no chance of interaction with cure moieties(characteristic of poor cure state). At high j, the
potential of PVC groups on the surface of MNPs as well as the Ni in the Ni-MNPs for cure was higher
because of high kinetic energy per molecule [49]. As it is apparent, EP/PVC-MNPs shows good cure
state at heating rates of 10-20 °C/min with higher AH* values compared to that of the EP/Ni-doped
PVC-MNPs nanocomposite.

Table 2. Cure state parameters of samples.

Designation B (°C/min) AT* AH* CI Quality
5 1.66 0.82 1.36 Poor
EP/PVC-MNPs [45] 10 1.19 1.61 1.92 Good
15 1.05 1.41 1.48 Good
20 1.60 1.03 1.65 Good
5 1.62 1.04 1.68 Good
EP/Ni—PVC-MNPs 10 1.10 1.11 1.22 Good
15 0.98 0.90 0.88 Poor

20 1.51 0.95 1.43 Poor
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The VSM analysis can be used to explain this behavior as well as the effect of the bulk and surface
modification of MNPs on epoxy crosslinking. The agglomeration of MNPs decreases the efficiency of
nanoparticles in epoxy crosslinking due to their surface energy reduction. It can be concluded from
VSM data that the surface modification of MNPs with PVC prevents agglomeration to some extent, as
proved by lower Ms and Mr values for the assigned system indicating single domain centers for this
nanoparticle. This is also observed in FESEM images (Figure 3).

3.2.2. Quantitative Cure Analysis

Cure Behavior

The extent of the curing reaction, «, was calculated as:

y e AHyp
" AHs'

)

In the Equation (1), the AHo and AHT parameters are the total enthalpies of the complete cure
reaction and the heat release up to the absolute temperature T, respectively. The variation of a by
curing temperature at different heating rates for the neat epoxy [50,51] and epoxy nanocomposites
containing PVC-MNP and Ni-PVC-MNP is presented in Figure 7. The S-shape of & curves seen for
EP, EP/PVC-MNP and EP/Ni-PVC-MNP approves the autocatalytic mechanism behind the curing
reaction. This indicates that the curing reaction is initiated by the reaction between epoxy and amine
groups of curing agent until gelation occurred. At that time, at higher temperature the OH groups
formed during the ring opening of epoxy participated in curing reaction through etherification reaction.
Finally, the curing rate was slowed down by the occurrence of vitrification [52].
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Figure 7. Variation of « as a function of reaction temperature for the EP (the reference sample) [50,51],
EP/PVC-MNP and EP/Ni-PVC-MNP nanocomposites at heating rates of 5, 10, 15 and 20 °C/min.
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Cure Kinetics

The rate of cure reaction can be obtained by using the following equation:

da
= KMf(@), @

In this equation, f() is the reaction model and k(T) indicates the reaction rate constant obtained
from Arrhenius equation:

k(T) = Aexp(—lli—;‘,), 3)

where A, R and Ea are the frequency factor, universal gas constant and activation energy of curing
reaction, respectively. By substituting the relation of k(T) into Equation (2), the curing reaction rate can

be rewritten as:
da E.

= A~ f (@), @

In order to estimate the reaction rate, the values of activation energy should be obtained. For this
purpose, model-free isoconversional methods were used for calculating E, as a function of temperature
in a given a [53]. The well-known differential Friedman and the integral Kissinger—Akahira-Sunose
(KAS) isoconversional methods were used for calculating E by Equations (5) and (6), respectively.

d E,

o), o ’
ﬁi o Ea

m[a] — Const — 1.0008( o ) ©)

The value of Ea as a function of a can be calculated from the slope of ln[ﬁi(da /dT) a,i] VSs.
1/T4 (Equation (5)) and ln(ﬁ,' / Ti,i) vs. 1/T (Equation (6)) as shown in Figures Al and A2 in
Appendix A, respectively.

Figure 8 shows the variation of Ea with a obtained from Friedman and KAS models for EP,
EP/PVC-MNP and EP/Ni-PVC-MNP nanocomposites. It is apparent from Figure 8 that the Ex
values obtained from Friedman and KAS methods are almost alike. The variation of Ecx values for EP,
EP/PVC-MNP and EP/Ni-PVC-MNP nanocomposites in the « interval of 0.1 < & < 0.9 based on the
differential Friedman and integral KAS models are indicative of the complexity of the curing processes
or a complex kinetic behavior [54]. The decrease of Ex value at the late stage of curing reaction when
the degree of conversion is high would be because of the autocatalytic nature of the reaction of epoxy
with hardener. The decreasing of activation energy is due to the facilitation of autocatalytic ring
opening fueled by the hydroxyl functional groups generated during the reaction [55]. In addition,
by progress in curing reaction and formation of a partially cross-linked network, both the molecular
weight and the viscosity of the system increase due to the restricted molecular mobility. It means
that vitrification occurs and the curing reaction changes from the chemical crosslinking reaction to
diffusion-controlled mechanism, which is responsible for the improvement of the reaction [56].

In the presence of PVC-MNP and Ni-PVC-MNP, the effective value of activation energy of
the epoxy/amine system decreases due to the participation of functional groups on the surface of
nanoparticles in curing reaction. PVC functional groups can attack the oxirane ring of epoxy resin with
their CI~ and lead to epoxide ring opening reaction, as schematically shown in Figure 9. This indeed
results in lower values of activation energy. The long PVC chains on the surface of nanoparticles
facilitate cure process, particularly when the reaction is under the control of diffusion [57]. It means
that more functional groups (i.e., C1I~ and OH) are available for the unreacted epoxide rings, which
makes the reaction easer and decrease the Ecx.
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nanocomposites calculated by (a) Friedman and (b) KAS models.

Figure 9. Possible reaction between PVC and epoxy ring.
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Estimation of the Kinetics Model

In the next step, the reaction model of EP, EP/PVC-MNP and EP/Ni-PVC-MNP systems were
determined by the use of the Friedman and Malek methods. The details of Friedman method and its
mathematical relation can be found in Appendix B. Curing mechanism can also be estimated according
to the Equation (A1) based on the shape of the plot of In[Af(a)] vs. In(1-a). Cross-linking reaction of
the neat epoxy and its nanocomposites containing 0.1 wt% of PVC-MNP and Ni-PVC-MNP has an
autocatalytic nature because of the maximum points being placed in the range of 0.2 < a < 0.4 that
were derived from Figure A3.

A more accurate Malek method was also used for determination of kinetic model using maximum
points of the Malek parameters of y(a) = (am), z(a@) = (™), which are defined in Equations (7) and (8),
respectively and the conversion at the maximum point of DSC curves (ay).

y(a) = (%)P(;f?o) ~ Af(@), @)

z(a) = (‘;—f) T, ®)

y(a) and z(ar) were normalized with respect to their maximum values to have values between 0 and 1.
The variation of y(a) and z(a) for EP, EP/PVC-MNP and EP/Ni-PVC-MNP are shown in Figure 10 with
respect to the theoretical master plots [58,59]. The values of a;;, @y and @™ for the studied samples at
different 8 are also reported in Table 3.

1.0 1 EP- 1.0 1.04 EP/PVC-MNP 1.0
0.8- 108 0.8- los
0.6 106 0.6 {0.6
5 c ©
® = N =
0.4 104 0.4 - 10.4
0.2 10.2 0.2 H0.2
0.0 : : : 0.0
0.00 0.25 0.50 0.75 1.00 o Py = TR e
o
1.04 EP/Ni-PVC-MNP 1.0
0.8 - 10.8
0.6 4 0.6
~ 0
2 £
N 04 10.4
0.2 1 40.2
0.0 T T T 0.0
0.00 0.25 0.50 0.75 1.00

(o}

Figure 10. Values of Malek parameters (y(a) and Z(a)) as a function of the extent of cure, a.
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Table 3. Values of Malek parameters for the studied samples.

Designation Heating Rate (°C/min) ap®™ am ay

5 0.487 0.144 0.512

10 0.555 0.073 0.510

EP

15 0.418 0.236 0.498

20 0.383 0.251 0.483

5 0.505 0.061 0.527

EP/PVC-MNP 10 0.360 0.091 0.477
15 0.357 0.084 0.467

20 0.411 0.133 0.473

5 0.491 0.126 0.510

EP/Ni—-PVC-MNP 10 0.503 0.095 0.502
15 0.475 0.093 0.481

20 0.470 0.232 0.480

By comparing Figure 10 with Malek master plots and according to the data in Table 3 indicating
that oy, < ap and @, is higher than 0.632, the autocatalytic model was confirmed for EP, EP/PVC-MNP
and EP/Ni-PVC-MNP.

Two-parameter autocatalytic kinetic model was defined by Sestak—-Berggren as follows:

fla) =a"(1-a)", ©)
where 1 and m are the orders of the non-catalytic and autocatalytic reaction, respectively.

Determination of the kinetics parameters

The values of the orders of reactions (n and m) and the frequency factor (In A) were determined
from Equations (A2) and (A3) in Appendix C (Table 4). In addition, the average value of activation
energies (Ea) for EP, EP/PVC-MNP and EP/Ni-PVC-MNP are reported in Table 4.

Table 4 suggests that both differential Friedman and the integral KAS models have quite reasonably
confirmed each other. The overall order of the cure reaction (m + n) was higher than one in all systems,
which make evident to the complexity of the curing reaction.

The addition of PVC-MNP or Ni-PVC-MNP nanoparticles to the epoxy matrix perturbs the
autocatalytic reaction, as featured by a fall in the order of the autocatalytic reaction (). Moreover,
incorporation of PVC-MNP and Ni-PVC-MNP into epoxy confined the collisions between the curing
components in the epoxy system, which reflected in lower value of In(A) and consequently a lower
activation energy.
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Table 4. Kinetic parameters obtained from Friedman and KAS models.

Friedman
. . Heating Rate Ea In(A) Mean

Designation (°C/min) (kJ/mol) (/s) (/s) m Mean n Mean

5 18.80 0.410 1.539

10 18.56 0.139 1.439
EP - 5923 — 1887 — 0386 — — 15%

15 18.98 0.445 1.678

20 19.12 0.551 1.727

5 16.74 0.192 1.429

10 17.14 0.354 1.681
EP/PVC-MNP - @@ 5425 1706 — 0341 — 1618

15 17.22 0.418 1.672

20 17.13 0.401 1.691

5 16.67 0.328 1.488

10 16.79 0.388 1.560
EP/Ni-PVC-MNP = 5329 "~ = 1678 —— 038 1558

15 16.84 0.407 1.587

20 16.83 0.414 1.598

KAS
. . Heating rate Ex In(A) Mean

Designation C/min) (kJ/mol) /s) /s) m Mean n Mean

5 18.18 0.430 1.523

10 17.96 0.163 1.421
EP - 573 — 1827 — 0406 — 1579

15 18.39 0.464 1.660

20 18.54 0.569 1.710

5 16.10 0.216 1.410

10 16.51 0.375 1.659
EP/PVC-MNP - 5229 — 164 — 0363 — 1597

15 16.61 0.438 1.651

20 16.53 0.421 1.669

5 16.58 0.331 1.485

. 10 16.70 0.391 1.558
EP/Ni-PVC-MNP = 50 — " 1669 — " 0387 — 1556

15 16.75 0.410 1.584

20 16.75 0.417 1.596

Model validation

By obtaining kinetics parameters for EP, EP/PVC-MNP and EP/Ni-PVC-MNP systems, the
conversion rate can be obtained accordingly:

da _E

— = Aexp( RT

- Ja"(1-a)", (10)

Figure 11 compares the curing rate (do/dt) obtained from Equation (10) and the one obtained
from experiments at typical  of 5 °C.min~!. Fortunately, the values of da/dt calculated from the both
Friedman and KAS models are in good agreement with experimental data.
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Figure 11. Typical of the experimental and the calculated rates of the cure reaction of the prepared

samples at heating rate of 5 °C/min.

4. Conclusions

The cure behavior and kinetics of epoxy/MNPs nanocomposites strongly depends on the interaction
between resin and nanoparticles. Moreover, bulk and surface treatment of MNPs can strongly improve
the aforementioned interaction leading to increased cross-link density of epoxy network. Nonisothermal
DSC analyses were carried out to study the potential of electrochemically synthesized PVC-MNPs
and Ni-doped PVC-MNPs in epoxy curing reaction as a function of heating rate (8). It was found
that at medium heating rates, where the kinetic energy per volume of system was adequate, the cure
moieties had sufficient time for curing reaction, such that addition of 0.1 wt% of PVC-MNP increased
the AHw from 319 and 377 for the neat epoxy to 513 and 532 J/g at § of 10 and 15 °C/min, respectively.
It was ascribed to the CI~ from PVC to the epoxide ring opening reaction. VSM data suggested that
Ni-doped PVC-MNPs tend to agglomerate, which decreased the grafted amount of PVC on the surface
was relatively high, as featured by high Mr value. Hence, Ni-doped PVC-MNPs hindered the curing
reaction of epoxy at higher heating rates, as reflected in its poor cure state. Both Friedman and KAS
isoconversional methods indicated lower values of activation energy for the epoxy system in the
presence of PVC-MNP and Ni-PVC-MNP nanoparticles. A good confidence was observed between
the experimental and the calculated values of the rate of cure reaction obtained by the Friedman and

KAS methods.
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Appendix A. Isoconversional Kinetic Methods

Appendix A.1. Friedman Model

By plotting ln[ﬁi(daz /dT) a,i] vs. 1/T, from Equation (5), the value of Ea in a specific a can be

calculated from the slope of Figure Al.

0.5 05
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+ a=102
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1.5 N a0 15
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Figure A1. Fitting curves of In(da/dt) vs. 1/T based on Friedman model at § = 5 °C/min.

Appendix A.2. KAS Method

Plotting ln(ﬁi/ Tﬁ l.) vs. 1/T, from Equation (6) gives a straight line; such that its slop gives the

activation energy at given o (Figure A2).
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Figure A2. Fitting curves of In(f/T?) vs. 1/T based on KAS model at § = 5 °C/min.

Appendix B. Selection of Curing Reaction Model

Appendix B.1. Friedman Model

The f(a) can be obtained from the Friedman method using Equation (Al). The shape of the plot of
In[Af(a)] vs. In(1 — @) denotes the autocatalytic or non-catalytic reaction mechanism (Figure A3).

da

In[Af(a)] = ln(E) E

tR7 = InA +nn(1-a), (A1)
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Figure A3. Curves of In [Af(a)] vs. In(1 — a) at 5 °C/min via Friedman method.

Appendix C. Determination of Degree of Reaction

The orders of curing reaction (n and m) and the frequency factor (A) are obtained by solving the
following simultaneous differential equations:

Valuel = ln( n ) + RT —ln[ m “RT = (n—m)ln( " ), (A2)
_{da\ | E, d1-a)]  E, )
Valuell = ln( o ) + RT + ln[ e + RT = (n+m)ln(a—a”) +2InA, (A3)

The slope of the plot of Valuel vs. In [(1 — a)/a] (Figure A4) gives (n — m), while the slope and the
intercept of the plot of Valuell vs. In(a — a?) (Figure A5) give the values of (n + m) and 2InA.
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