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ARTICLE INFO ABSTRACT

Properties of thermoset nanocomposites are dependent on cross-link density of resin network. Surface mod-
ification was known as the main solution to nanoparticle aggregation problem. Although surface modification
Epoxy can assist in reaction between curing moieties, tuning cross-link density of network remains as a challenge for
Nanoparticles desired properties. In this work, naked, polyethylene glycol (PEG)-capped (surface modified) and Ni**-doped
Bulk mOdlﬁcan,on . PEG-capped (surface-bulk modified) magnetic iron oxide (MIO) nanoparticles were synthesized via cathodic
Tunable cross-link density s . . . . s . .

electrodeposition, and then characterized by X-ray diffraction, field-emission scanning electron microscopy,
vibrating sample magnetometry and Fourier transform infrared spectroscopy. Low filled epoxy nanocomposites
containing 0.1 wt.% of three aforementioned MIOs were prepared and underwent dynamic differential scanning
calorimetry (DSC). The quality of cure of nanocomposites was studied by Cure Index criterion. Appling different
heating rates in DSC analyses uncovered the role of bulk and surface-bulk treatment of MIO, by which firs steps
were taken toward development of epoxy nanocomposites with tunable cross-link density.

Keywords:
Cure Index

1. Introduction curing with epoxy resin has been recognized in a series of previous

studies [16]. There have also been attempts to synthesis and functio-

Epoxy nanocomposites have taken credit over years for their high
performance features in superadhesives [1,2], anti-corrosion coatings
[3,4], medical scaffolds/platforms/implants [5,6], and aerospace de-
vices/elements [7,8]. Nevertheless, epoxy systems containing nano-
particles are prone to thermal and mechanical failure as a consequence
of inadequate cross-link density of resin network. Magnetic iron oxide
(MIO) nanoparticles are well-known for their extraordinary potential
for removal of pollutants from wastewater [9,10], detection of carbo-
hydrates [11,12], and good features in hyperthermia treatments and
MRI imaging in medicine [13-15]. They have occasionally been con-
sidered in development of coatings, but their very low potential for

nalization of MIOs for improvement of their curing ability [17-19]. A
comparative study revealed dependency of epoxy curing on surface
modification of MIOs [20-22]. Nevertheless, the effect of bulk mod-
ification of MIOs in addition to surface functionalization on enhance-
ment of cross-link density of epoxy/MIO nanocomposites was not re-
ported yet.

In contrast to various chemical methods such as thermal decom-
position, co-precipitation, sol-gel, and hydrothermal procedures used in
synthesis of MIOs with a very low level of control over particle size,
one-pot electrochemical synthesis by cathodic electrodeposition (CED)
via basic electro-generation appeared a facile route to prepare well-
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crystallized pure MIO nanoparticles in both naked and surface coated
forms [23,24]. Having responded uniform particle size requirement,
CED method was brilliant for synthesizing metal cations doped (M™™-
doped) MIOs at mild conditions [25], so that M = Co?* [26], La®*
[271, Bi®* [28], Zn®* [29] and Dy®* [30] were precisely synthesized.
Such a possibility can be considered in bulk and surface engineering of
MIOs for efficient epoxy curing.

In this work, three types of MIOs including naked, PEG-capped and
PEG-Ni?*-doped MIOs were prepared through one-step CED method.
The synthesized MIOs were then analyzed by field-emission scanning
electron microscopy (FE-SEM), Fourier-transform infrared spectro-
photometry (FTIR), X-ray diffraction (XRD) and vibrating sample
magnetometry (VSM) techniques. The curability of epoxy in the pre-
sence of PEG-capped MIO and PEG-Ni?*-doped MIO was investigated
by dynamic differential scanning calorimetry (DSC) at different heating
rates of 5, 10, 15, and 20 °C/min in terms of Cure Index.

2. Experimental
2.1. Materials

Fe(NO3)3.9H,O (Sigma-Aldrich, 99.9%), FeCl,4H,O (Sigma-
Aldrich, 99.5%), Ni(NO3),4H,O (Sigma-Aldrich, 99.8%) and poly-
ethylene glycol (PEG, Sigma-Aldrich,) were purchased and used
without further purification. Furthermore, the epoxy resin (DGEBA)
with epoxide equivalent weight of 185-192g/eq and triethylenete-
tramine (TETA) with hydrogen equivalent weight of 25g/eq as a
hardener were supplied from Hexion Co.

2.2. Synthesis of MIO samples

The cathodic electrochemical synthesis was used to produce naked-,
PEG-capped- and Ni**-doped magnetic iron oxide nanoparticles. The
electrochemical set-up and condition reported in Ref. [31], was applied
here to synthesize the MIO samples. Briefly, the electrochemical cell
was constructed using a steel 316 L cathode (SA = 100cm?) centered
between two graphite anodes with SA of 100 cm? immerged into the
deposition electrolyte and connected to an external power supply by Cu
wires. The applied electrochemical conditions were Ty,n = 25°C,
tsynthesis = 30 min and i = 10 mA cm ™2 Only bath composition was
different in the synthesis of MIO samples, which includes; in the case of
naked-MIO deposition: 2 g Fe(NO3)3.9H,0 + 1 g FeCl,4H,0 dissolved
in one litter distilled H,O, for synthesis of PEG-capped MIO sample: 2 g
Fe(NO3)3.9H,O + 1g FeCly4H,O + 1g PEG dissolved in one litter
distilled H,0 and in the synthesis of PEG/Ni**-doped MIO: 2g Fe
(NO3)3.9H,0 + 1g FeCl,4H,0O + 0.3g Ni(NO3),4H,O + 1g PEG
dissolved in 1 litter distilled water. For synthesis of these three MIO
samples, the electrodeposition experiment was carried out for 30 min at
the above mentioned conditions. As the deposition run was stopped,
black films had formed on the steel cathode in all three mentioned
baths. The following steps were then performed to obtain dry MIO
powders; (1) the cathodes were removed from the deposition bath and
were washed with water several times and the deposited films were
collected from the steel cathode surface, (2) the obtained wet powders
were repeatedly washed with water, and (3) were then heated at 70 °C
for 1 h. After these steps, the black dried powders were obtained, which
were labeled naked-MIO, PEG capped-MIO and PEG/Ni?*-doped MIO.
The atomic view of capping and doping process is shown in Fig. 1.

2.3. Epoxy nanocomposites preparation
The preparation of epoxy nanocomposite consists of 0.1 wt.% of

naked MIO, PEG capped MIO and PEG/Ni®*-doped MIO nanoparticle
was done by below steps: nanoparticles were dispersed in epoxy resin
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by sonication with 50% duty cycle for 5 min. Then, for achieving finer
dispersion the nanocomposite was mixed with a mechanical mixer at
2500 rpm for 20 min. Finally, epoxy stoichiometric amount of TETA
(100:13) was added to epoxy resin, thoroughly (Table 1).

2.4. Characterization

Morphological features of the deposited MIO samples were observed
using an FE-SEM microscope, Model; Mira 3-XMU and accelerating
voltage of 100 kV. FT-IR spectra were recorded through Bruker Vector
22 IR spectrometer in the frequency range of 4000-400 cm ™~ *. XRD
patterns of the fabricated MIO samples were provided by PW-1800 X-
ray diffraction with a Co Ka radiation. Magnetic behaviors of the fab-
ricated MIO particles were also specified in the range of —20000 Oe to
20000 Oe at RT condition using a VSM instrument, model: lakeshore
7400.

Differential scanning calorimetry (DSC) was performed on Perkin
Elmer DSC 4000 to study the cure state of the neat epoxy and its na-
nocomposites including 0.1 wt.% of PEG capped MIO and PEG/Ni?*"*-
doped MIO under nonisothermal conditions. Dynamic DSCs were car-
ried out at different heating rates () of 5, 10, 15, 20°C min~! over a
temperature range of 25-200 °C under nitrogen with the flow rate of

20 mL.min 1.

3. Results and discussion
3.1. Structure and morphology

The XRD patterns of the deposited MIO samples are given in Fig. 2.
The observed diffraction in these patterns could be assigned as crystal
planes of (111), (220), (311), (400), (422), (511), (440), and (533),
which all these peaks are in good agreement with those reported to MIO
with pure magnetite crystal structure (JCPDS number of 01-074-1910)
[27-31]. In fact, these XRD patterns are well matched with those re-
ported for pure cubic Fe3;O,4. Through the Debye-Sherrer equation
(D = K\/BcosB), average crystallite sizes (D) of 7.1 nm (provided from
Ref. [31]), 14.7 nm and 15.6 nm were calculate for naked-MIO, PEG-
capped MIO and PEG/Ni**-doped MIO, respectively.

Morphological characteristics of the synthesized MIO samples were
characterized through FE-SEM observations and shown in Fig. 3. For all
deposited MIO powders, spherical particles with an average diameter of
20 nm are observed in the FE-images.

The FT-IR spectra for the MNPs powders are presented in Fig. 4. In
all spectra, the IR bands located at 425-430 cm ™! and 585-588 cm ™!
can be assigned to the stretching vibration modes of Fe** —0O—Ni?* and
Fe**—0—Fe?* bonds [31-33]. For both PEG-capped MIO and PEG/
Ni?*.doped MIO samples in Fig. 3b and c, various IR bands are ob-
served in the range of 700 cm ~'-3000 cm ~*, which could be related to
the following IR bands [33-35]; (i) Vsgetching Of C—H at
2930-2935cm™' and 2875-2880cm ', Usgewhing Of CHa at
1465-1470cm ™" and 1375-1380cm ™", Ogsyetching and Obending Of
C—0—C bonds at 1280-1285cm ™" and 1165-1670 cm ™, Vyagging Of
C—H at 880-890 cm ™, Ustretching Of C—C bond at 1130-1135cm ~' and
Ustretching Of C—O—H bond at 1055-1160 cm™. These IR data verified the
PEG-capped features for both PEG/MIO and PEG/Ni%-doped MIO
samples.

Fig. 5 shows the VSM curves for the synthesized MIO powders. The
VSM profiles of all three MNPs exhibited a complete S shape and hence
their superparamagnetic behaviors. From Fig. 5, the saturation mag-
netization (Ms), remanence (Mr) and coercivity (Ce) values were mea-
sured to be Ms = 72.96 emu/g, Mr = 0.95 emu/g and Ce=2.9 Oe (for
naked-MIO as reported in Ref. [31]), Ms = 49.52emu/g,
Mr = 0.72emu/g and Ce=1.45Oe (for PEG/MIO) and
Ms = 34.65 emu/g, Mr = 0.59 emu/g and Ce=1.17 Oe (for PEG/Ni?"-
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Fig. 1. PEG capping and Ni** doping of MIO.

Table 1 capping and Ni-doping processes.
Weight composition of the prepared nanocomposites.
i [}
Sample code Nanoparticle Content (wt. %) 3.2. Cure labeling of epoxy nanocomposites
EP - 0.0
EP/MIO MIO 0.1 It is well-known that ultimate properties of thermoset systems are
EP/PEG capped MIO PEG capped MIO 0.1 pertinent to the degree of crosslinking at the presence of filler in the
EP/PEG-Ni?*-doped MIO PEG/Ni?*-doped MIO 0.1

matrix [36-40]. Therefore, the missing ring in properties-micro-
structure-relationship of thermoset composite is studying of curing re-

. . 22+
doped MIO). These magnetic data proved the superparamagnetic be- action. In this study', the effect' of PEG-capped MIO_ and PEG/ Nl‘ )
havior for all the synthesized MIO samples and also verified an im- doped MIO nanoparticles on curing of epoxy was studied at the heating

provement in the magnetic characters of MIO powder due to the PEG- rates (§) of 5, 10, 15 and 20°C/! mln. b.y, nomsot'hermal DSC (Fig. ©).
Moreover, the peak temperature, the initial and final cure temperature

(311)
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(b)
(c)

55 60 65 70

Intensity (a.u.)

15 20 25 30

40 45 50
2theta (degree)

Fig. 2. XRD patterns of the synthesized MIO samples, (a) naked-MIOs, (b) PEG-capped MIO and (c) PEG/Ni**-doped MIO.
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Fig. 3. FE-SEM images of naked-MIO [31], (b) PEG-capped MIO and (c) PEG/Ni“-doped MIO.
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Fig. 4. FT-IR spectra of the synthesized (a) naked-MIO, (b) PEG-capped MIO
and (c) PEG/Ni**-doped MIO.

(Tp, Tonser and Tengser, T€Spectively), heat of cure reaction (AH) which is
calculated as the total area under the exothermic peak, cure tempera-
ture range (AT) were extracted from the DSC thermograms for neat
epoxy and its nanocomposites to estimate AT* (ATqanocomposite / ATneat
epoxy), AH* (AHnanocomposite / AHneat epoxy) and the Cure Index (AT* X
AH*) and reported in (Table 2) [41].

As can be observed in Table 2, Topser of EP/MIO shifted to higher
temperatures compared to EP sample because of the steric hindrance
effect of MIO, which led to the viscosity build up [42]. In addition, as
shown in Fig. 6, addition of PEG capped MIO and PEG-Ni?*-doped MIO
nanoparticles shifted DSC thermograms to higher temperature and en-
larged cure temperature range. OH groups of PEG on the surface of
nanoparticles participate at epoxide ring opening and signify the au-
tocatalytic nature of epoxy curing reaction at higher temperature which
results in increase of T, and Tengser [43,44]. The values of epoxy/amine
heat of cure increased by addition of PEG capped MIO and PEG-Ni?*-
doped MIO compared to EP/NIO nanocomposites at all heating rates.
This improvement in AH indicated that by anchoring PEG
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Fig. 5. VSM curves of the fabricated (a) naked-MIO [31], (b) PEG-capped MIO and (c) PEG/Ni?*-doped MIO.

macromolecules on the surface of MIO decrease the hindering effect of
naked MIO. The mobility and diffusion of PEG macromolecules allow
the hydroxyl end-groups to reach and react with epoxy groups re-
maining unreacted within the cross-linking epoxy/amine networks. In
fact, PEG on the surface of MIO and Ni**-doped MIO facilitated curing
reaction of epoxy in late stage of cure when the reaction is under dif-
fusion control [45]. The reaction of epoxy with PEG-Ni?*-doped MIO

30
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nanoparticles is shown in Fig. 7. The hydroxyl groups of PEG on the
surface of nanoparticles can participate in the curing reaction of epoxy.
Since the reaction rate of the OH groups with epoxy is slower than the
reaction rate between epoxy and amine groups of hardener, the former
reaction occurs at higher temperatures and lead to wider temperature
window [46].

Ni dopants only tend to locate in the top layer of MIO crystal.

32
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Fig. 6. Dynamic DSC thermograms of EP, EP/PEG capped MIO and EP/PEG-Ni?*-doped MIO at different heating rates.
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Table 2
Cure characteristics of the prepared epoxy nanocomposites as a function of heating rate.
Designation B(°C/min) Tonset("C) Tendset("C) T,(C) AT(°C) AH..(J/g) AT AH? CI
EP 5 30.04 107.62 75.31 77.58 340.41 n.a. n.a. n.a.
10 29.7 165.3 98.4 135.7 319.40 n.a. n.a. n.a.
15 36.64 191.89 107.89 155.25 377.61 n.a. n.a. n.a.
20 38.62 146.67 96.09 108.05 374.39 n.a. n.a. n.a.
“EP/MIO 5 40.7 140.4 90.3 99.6 186.6 0.83 0.55 0.45
10 40.7 166.0 99.1 125.3 310.8 0.92 0.97 0.90
15 46.1 174.4 113.0 128.3 127.7 0.83 0.34 0.28
20 46.9 191.5 118.0 144.7 164.3 0.90 0.44 0.40
EP/PEG capped MIO 5 21.44 166.70 90.15 145.26 324.30 1.87 0.95 1.77
10 27.66 190.83 100.86 163.17 378.49 1.20 1.19 1.42
15 39.42 214.46 109.23 175.04 395.92 1.13 1.05 1.18
20 40.57 216.58 115.94 176.01 372.16 1.63 0.99 1.61
EP/PEG-Ni?*-doped MIO 5 22.77 173.03 91.45 150.26 385.18 1.94 1.13 2.19
10 28.50 194.84 102.37 166.34 371.62 1.23 1.16 1.43
15 35.65 212.90 110.97 177.25 367.98 1.14 0.97 1.10
20 36.31 217.33 114.71 181.02 384.30 1.67 1.02 1.70

n.a. — not applicable (reference measurements). Values of the CIwritten in italic shape are indicative of Goodcure.

@ Values of the CI for this group are Poor irrespective of hearing regime.

Fig. 7. Possible reaction of PEG-Ni?"-doped MIO with epoxy.

Therefore, addition of Ni dopant can dramatically increase active sites
on the surface of MIO [32]. By increasing the activity of the surface the
number of PEG macromolecules anchored to Ni?*-doped MIO may
increase. It means that by changing the bulk of nanoparticles it is
possible to change the amount of surface functionalization. Accord-
ingly, PEG- Ni?"-doped MIO nanoparticles increase enthalpy of cure

13

compared to neat epoxy and MIO incorporated epoxy at low and high
heating rates.

The cure state of epoxy containing 0.1 wt.% of PEG capped MIO and
PEG-Ni?"-doped MIO at different heating rates based on CI is shown in
Fig. 8 by plotting AH" versus AT". Fig. 8 shows three regions: Excellent
cure (AT* < CI < AH*, green part), Good cure (CI > AH*, blue part)

Excellent
Cure

0.6 0.8 1.0 12 14 16

AT*

Fig. 8. Cure situation of EP/PEG capped MIO and EP/PEG-Ni?*-doped MIO nanocomposites at heating rates of 5, 10, 15 and 20 °C/min.

Good Cure

- AT

5

EP/PEG capped MIO, 8=5 (°C/min)
EP/PEG capped MIO, 8=10 (°C/min)
EP/PEG capped MIO, =15 (°C/min)
EP/PEG capped MIO, 8=20 (°C/min)
EP/PEG-Ni*-doped MIO, $=5 (°C/min)
EP/PEG-Ni*"-doped MIO, $=10 (°C/min)
EP/PEG-Ni*"-doped MIO, 8=15 (°C/min)
EP/PEG-Ni*'-doped MIO, =20 (°C/min)

CEOR=R( ER RN I
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and Poor cure (CI < AT*, red part) [47]. It is evident that from Fig. 8
EP/PEG capped MIO and EP/PEG-Ni?*-doped MIO at heating rate of 5,
10 and 20 °C/min CI shows Good cure whereas at heating rate of 15 °C/
min CI is in Poor region.

As can be observed, AH" values of EP/PEG/Ni?*-doped MIO are
higher than EP/ PEG-capped MIO, which can be inferred by the ob-
tained data from VSM analysis. In fact, naked MIO has high surface
area/volume ratios and a high tendency to agglomerate and reduce
surface energies. Agglomeration of MIOs can reduce their role in epoxy
crosslinking. However, surface modification of MIO by PEG and Ni-
doping of it prevent agglomeration of nanoparticles in epoxy matrix
which could be proved by VSM data. Lower Ms and Mr values observed
for PEG/Ni%*-doped MIO in VSM data indicate single domain centers
for nanoparticles. Hence, it is expected that PEG/Ni**-doped MIO ex-
hibit better contribution into the epoxy crosslinking as compared with
PEG-capped MIO.

At low heating rate, PEG-capped MIO could not efficiently partici-
pate in epoxide ring opening due to the inadequate kinetic energy per
molecule. In addition, introducing PEG-capped MIO in to the epoxy
matrix increases the viscosity of the system, which leads to rapid oc-
currence of gelation and vitrification, as signaled by Poor cure state
[20]. At high heating rate, PEG chains present on the surface of MIO
obtain adequate kinetics energy but in a low time interval which led to
Poor cure state. At medium heating rates, PEG-capped MIO may receive
enough energy and acts strong role in catalyzing epoxide ring opening
that changed cure state from Poor to Good [48]. In the case of PEG/
Ni?*-doped MIO incorporated epoxy system at heating rate of 15 °C/
min, beside to the increase in viscosity, functional groups anchored to
the surface of PEG/Ni?*-doped MIO don’t have enough time to parti-
cipate in curing reaction of epoxy. Therefore, in this heating rate, cure
state of the system is Poor.

4. Conclusion

MIO, PEG capped MIO and EP/PEG-Ni**-doped MIO nanoparticles
were synthesized electrochemically and fully characterized by FTIR,
XRD, FESEM and VSM analyses. XRD results indicated that the average
crystallite size of the 14.7nm and 15.6 nm were obtained for naked-
MIO, PEG-capped MIO and PEG/Ni**-doped MIO, respectively. VSM
data proved the superparamagnetic behavior for all the synthesized
MIO samples and also verified an improvement in the magnetic char-
acters of MIO powder due to the PEG-capping and Ni-doping processes.
Epoxy-based nanocomposites were prepared by introducing 1 wt.% of
PEG-capped MIO and PEG/Ni2"-doped MI into the epoxy and their
curing reaction was discussed using dynamic DSC. From VSM results
the values of Ms = 49.52 emu/g, Mr = 0.72 emu/g were obtained for
PEG/MIO and Ms = 34.65emu/g, Mr = 0.59 emu/g for PEG/Ni**-
doped MIO. Observation of lower Ms and Mr values for PEG/NiZ"-
doped MIO exhibited better dispersion of this nanoparticle compared to
PEG/MIO which resulted in higher impact of PEG/Ni?*-doped MIO on
the epoxy crosslinking. Therefore, the shift in cure state from Poor to
Good was observed for EP/ PEG/Ni**-doped MIO system at heating
rates of 5 and 20 °C/min. These results smooth the way towards curing
tunable epoxy nanocomposites for advanced applications.
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