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Abstract

Transparency is a crucial factor in developing functional and decorative thin films and coatings, but incorporation of nano-
particles into organic resins for improving their properties quite often makes them opaque. In this work, photophysical
properties of epoxy/layered double hydroxide (LDH) nanocomposite coatings were correlated with the dispersion state
of LDH in the epoxy resin. The quality of solid epoxy network was assessed in terms of the Cure Index (CI) in relation to
the transparency of the films containing 0.1, 0.5, 0.7, 1.0, and 3.0 wt% Mg—Al-LDH and Zn-Al-LDHs. At high loadings,
direct transmittance (Yp;..) decreased, while the light scattering in the coatings improved with respect to the neat epoxy.
The highest Zn—Al-LDH loading (3.0 wt%) slightly deteriorated the transparency (Y. = 93.3), but it was still higher
than that of epoxy nanocomposite containing 0.5 wt% Mg—AI-LDH (Y ;... = 89.8). A Good label was assigned to the
epoxy nanocomposites containing up to 1.0 wt% Zn—-Al-LDH, while epoxy/Mg—Al-LDH nanocomposites were Poor in
terms of the CI labeling when Mg—AI-LDH content was more than 0.1 wt%. An increase of about 28 °C in the 7, value
after the addition of 0.1 wt% Zn—Al-LDH indicated that Zn—Al-LDH can make strong the interaction between the epoxy
matrix and nanoplatelets. However, decrease in the 7, of the epoxy/Mg—Al-LDH nanocomposites was a signature of the
weak interactions between the Mg—Al-LDH nanoplatelets and epoxy matrix due to inappropriate dispersion. In general, it
was revealed for the first time that the CI enables correlating the chemical crosslinking with the photophysical properties of
the epoxy/LDH nanocomposites.
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like flexibility, easy casting and processability, and light
weight, which were dramatically enhanced or sometimes
granted extra properties by introducing nanoparticles
[6-11]. However, success depends on the uniformity
of dispersion as well as the loading content of the filler
[12-15]. Typically, incompatibility between filler particles
and the polymeric matrix causes a thermodynamic-driven
particle agglomeration and phase separation. This kind of
biphasic mixture, not only has no benefits but also some-
times results in a total loss in the properties of the neat
polymeric vehicle [16—18].

Evaluating the quality of dispersion is possible either
by different conventional instrumental techniques such as
optical microscopy, scanning electron microscopy, trans-
mission electron microscopy, and rheological techniques
or emerging combinatorial techniques [19-21]. However,
the quality of dispersion has another physical demonstra-
tion that is sometimes easily recognizable by eyes, i.e.,
transparency. Well-dispersed nanoscale size fillers in the
matrix will not alter the direction of passing light. In this
case, the only possible phenomena involved with fillers
can be any probable light absorption. As the agglomerates
grow, larger particles will change the path of the incident
beam and cause light scattering. Therefore, an easy way
to recognize the dispersion state of nanoparticles within a
polymeric matrix is the evaluation of the polymeric nano-
composite’s transparency. Although nanocomposites and
transparency have been the subject of many investigations
[22-25], to the best of our knowledge, rarely if not ever,
the focus has been on the correlation of transparency of
epoxy nanocomposites specifically with the goodness of
curing.

Transparency of thin films, other than an indication for
the quality of dispersion has important characteristics to
determine the applications as or in optical elements [26-28],
optical lenses [27, 29], electronic papers [30, 31], solar cell
substrates [32, 33], organic light-emitting diodes, OLEDs
[34, 35], and electrical insulating materials [36].

In this work, a spectroradiometer apparatus was applied
for evaluating the light transmittance of epoxy-containing
two kinds of platy layered double hydroxide (LDH), i.e.,
divalent Mg—Al-LDH and Zn—AIl-LDH, intercalated with
NO; interlayer ions and sodium dodecylbenzene sulfonate
(SDBS) to study the dispersibility of 2D nanoparticles in an
epoxy matrix. The state of transparency of the thin films was
crosschecked by the curing state of the prepared nanocom-
posites by means of the Cure Index (CI) [37, 38]. The dif-
ference between the curing potential of samples filled with
Mg-Al-LDH and Zn-Al-LDH was established in terms of
Poor, Good, and Excellent labels assigned to the prepared
thin coatings. The correlation between photophysical prop-
erties and chemical crosslinking was examined in epoxy
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nanocomposites containing 0.1, 0.3, 0.5, 0.7, 1.0, and 3.0
wt% platy nanoparticles.

2 Materials and Methods
2.1 Materials

Magnesium nitrate, zinc nitrate, aluminum nitrate, sodium
hydroxide, sodium dodecylbenzene sulfonate (SDBS)
were provided from Merck Co. (USA) for the synthesis
of Mg—AIl-SDBS-LDH and Zn-Al-SDBS-LDH. Bisphe-
nol A/epichlorohydrin derived epoxy resin under the trade
name of EPON™ 828 with density of 1.16 g/cm?, viscos-
ity of 110-150 P and epoxide equivalent weight (EEW)
of 185-192 g/Equiv. was purchased from Huntsman Co.,
USA. Cycloaliphatic amine-based curing agent (EPIKURE
F205) was provided from Hexion, Inc. (Columbus, USA).
Cardura™ E10P glycidyl ester with density of 0.97 g/cm?,
viscosity of 7.13 mPa s and epoxy equivalent weight of
235-244 g/mol was used as a reactive diluent for epoxy resin
provided from Hexion, Inc. (USA).

2.2 Preparation of Epoxy Nanocomposites

Transparent epoxy-based nanocomposite coatings were
prepared by the addition of Mg—Al-SDBS-LDH and
Mg—Al-SDBS-LDH into epoxy resin matrix [39]. More
details on the preparation of LDH-based nanocomposites
are available in our previous works [40, 41]. In order to
investigate the influence of nanofiller loading on the curing
reaction of epoxy resin and the transparency of the epoxy
film, five different samples were prepared with different
filler-to-resin weight ratios of 0.1, 0.5, 0.7, 1 and 3 wt%.
Nanoparticles were dispersed into the mixture of epoxy
resin and reactive diluent (10 wt%) by sonication for 15 min.
Finally, the stoichiometric amount of F205 curing agent with
(resin + reactive diluent):(hardener) weight ratio of 100:50
was thoroughly mixed with epoxy nanocomposites. Then,
the samples were applied on steel substrates with 200 um
film applicator and had been left for ambient curing for 7
days. Then, the films were post-cured at 130 °C to ensure
complete curing. This procedure guarantees the thorough
curing reaction specifically for highly loaded samples in
which the chain movements are restricted [42]. Finally, free
films were delaminated from the substrate by immersing
samples in distilled water for a couple of nights and drying
in a vacuum oven at 70 °C for 1 h.
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2.3 Characterization
2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR synthesized LDH nanoplatelets were character-
ized by using a Fourier transform infrared spectrometer
(FTIR, Perkin Elmer Spectrum Version 10.03.06). The dried
powders were ground with KBr powder followed by FTIR
spectroscopy in the frequency range of 4000 to 400 cm™!.
ATR characterization of the fully cured neat epoxy and
the epoxy nanocomposite films containing 0.1 wt% of
Mg-Al-LDH and Zn—AI-LDH was performed using Perkin
Elmer Spectrum one apparatus.

2.3.2 X-Ray Diffraction Analysis (XRD)

XRD patterns were recorded by a Philips X’ pert Pro MPD
with a Cu K, (k=0.154 nm) radiation in a 20 range of
10°-90° at 0.021 step size and 0.9 s per point measuring
time. For characterization of the fully cured neat epoxy
and the epoxy nanocomposite films containing 0.1 wt% of
Mg-Al-LDH and Zn—-Al-LDH an Xpert PANalytical Empy-
rean Serie I Alpha 1 (A=1.54442 A) was used operating at
40 mA with a step of 0.05° in the 20 angle range of 2°-100°.

Fig.1 Schematic setup for
measuring light transmittance
with direct and tilted (0°/6°)
geometries

Neat epoxy film
(reference)

2.3.3 Thermogravimetric Analysis (TGA)

TGA thermograms of neat epoxy, EP/Mg—Al-LDH and EP/
Zn—Al-LDH were collected by a Perkin Elmer, Pyris Dia-
mond in the temperature range of 25-650 °C by heating rate
of 10 °C/min under nitrogen atmosphere.

2.3.4 Spectroradiometry

In order to investigate the photophysical characteristics
of the LDH nanocomposites, inspired by the idea of solu-
tions Turbidimetry/Nephelometry (ASTM D6855) and
transmission haze (ASTM D1003), a spectroradiometer
(Konica Minolta, CS 2000) was set up, as shown in Fig. 1.
We arranged the measurements with Konica Minolta CS
2000 spectroradiometer, which is an ideal instrument for
extremely low luminances. In this way, very low light signals
due to the scattering of the incident light by nanofiller can
be detected. Our experimental homemade set up is a close
resemblance of conventional d/8° spectrophotometers with
transmission haze mode [43, 44].

Standard white ceramic tile was initially illuminated by
12 V switching direct powered collimated beam of an incan-
descent light source (50 W, 2700 K), and the corresponding
spectral radiance (1) was recorded while the neat epoxy
film without nanofiller (reference) was in the position of the
sample. An aperture between the sample and the light source
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will ensure the elimination of the unwanted rays. The LDH
epoxy samples were then located in the position to record the
light radiance at the tile center (L2). At least three different
points on each sample film were tested, and the average was
finally reported.

After this step, a new adjustment was made by pointing
the spectroradiometer to a position 2 cm far from the center
of the white standard reference tile. Considering the distance
of the sample holder to the standard white ceramic, an angle
of 6° was made in between incident light and measuring
point (0°/6° tilted geometry). Finally, a set of radiance meas-
urements for the neat epoxy film (L3) as well as samples
(L4) were performed in this new geometry.

The interaction of light with the samples was modeled
by considering both absorption and scattering phenomena.
Neat film as a reference medium has an advantage in exclud-
ing the effect of surface reflection. This is similar to the
technique of using cuvette containing pure solvent in the
calibration step in transmission spectrometers in order to
get rid of solvent absorption and discontinuity of the media.

It should be noted that the repeatability of the pro-
posed method is highly sensitive to film defects, such as
the presence of air gaps, scratches, stains, fingerprints, and
deformations.

2.3.5 Differential Scanning Calorimetry

Non-isothermal curing reaction of the prepared epoxy nano-
composites was recorded by Perkin Elmer DSC 4000 instru-
ment. The fresh nanocomposites of about 12 mg were placed
in a disposable aluminum pan heated from 15 to 300 °C at a
heating rate of 10 °C/min under nitrogen purging. Then, at
a constant heating rate, the samples were cooled to ambient
temperature and again heated up to 300 °C to evaluate the
glass transition temperature of the nanocomposites.

3 Results and Discussions

3.1 Characterization of the Synthesized LDH
and Prepared Nanocomposites

The FTIR spectra and XRD patterns of Mg—AI-SDBS-LDH
and Zn—-Al-SDBS-LDH samples are shown in Figs. S1 and
S2, respectively.

Figure 2 shows the FTIR spectra of fully cured neat epoxy
and its nanocomposites containing 0.1 wt% of Mg—Al-LDH
and Zn—-Al-LDH. The peaks at around 33003500 cm™!
were related to stretching vibration bonds of hydroxyl
groups. Aromatic ring stretching vibration absorption has
also appeared at around 800 cm™! and 1500 cm™'. Moreover,
two absorptions at 1040 cm~! and 1240 cm™! confirm the
presence of C—O—C and C-N stretching, respectively. The

@ Springer

= 686
&
2
Z 2893 680
2
-

—— Neat epoxy

—— EP/Zn-Al-LDH

—— EP/Mg-Al-LDH

T L) T T L) T L L)
4000 3600 3200 2800 2400 2000 1600 1200 800

Wavenumber (cm™)

Fig.2 FTIR spectra of neat epoxy, EP/Zn—Al-LDH and EP/Mg-Al-
LDH

100 4
80 Neat epoxy
— EP/Zn-Al-LDH
— EP/Mg-Al-LDH
~ 604
g
-
=
20
o 404
=
204
0

) ) L} ) ) I
100 200 300 400 500 600
Temperature ('C)

Fig.3 TGA thermograms of neat epoxy, EP/Zn—-Al-LDH and EP/
Mg-Al-LDH

new appeared band at the FTIR spectra of EP/Zn—Al-LDH
and EP/Mg—Al-LDH at about 1608 cm™' belongs to the
bending of interlayer water molecules of LDH. The peaks
at low frequency region at about 680 cm™! in the FTIR are
assigned to the Zn—O in EP/Zn—-Al-LDH and Mg-O in EP/
Mg-AIl-LDH as well as Al-O in the both of LDH incor-
porated epoxy nanocomposites [45—47]. The SDBS C-H
stretching vibrations of LDH nanoplatelets can be observed
at about 2930 and 2860 cm™".

The X-ray diffractograms of the fully cured neat epoxy
and its nanocomposites containing 0.1 wt% of Mg—Al-LDH
and Zn—Al-LDH are shown in Fig. S3.

Thermal degradation behavior of the cured neat epoxy
and its nanocomposites containing 0.1 wt% of Mg—Al-LDH
and Zn—Al-LDH under nitrogen atmosphere is presented in
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Table 1 Thermal degradation parameters of neat epoxy and its nano-
composites

Sample Tsy (C)  Tagy (C)  Tpax (C)  Residue (%)
Neat epoxy 1394 3072 366.3 48
EP/Zn-Al-LDH 1432 3220 368.1 6.9
EP/Mg-Al-LDH 1440 3243 369.2 9.1

Fig. 3. Ty, Tyy¢ and T,,,, which represent decomposition
temperature of 5%, 20% and peak mass loss, respectively
as well as char residue at temperatures of 600 °C are also
reported in Table 1.

As can be seen in TGA thermograms a slight mass drop
can observed in temperature below 200 °C which is related
to evaporation of the small molecules such as solvent [48,
49]. The main weight loss of neat epoxy and its nanocom-
posites occurred in the temperate range of 300—450 °C due
to polymer chain scissoring and decomposing of epoxy.
The Tsq, T,pq and T, of the EP/Zn—-Al-LDH and EP/
Mg—AIl-LDH were higher than that of neat epoxy which
indicated that addition of LDH nanoplatelets to the epoxy
matrix reduced the mobility of the epoxy chain around the
nanoplatelets and enhanced thermal stability of network [50,
51]. EP/Zn—Al-LDH and EP/Mg—-Al-LDH samples exhib-
ited a higher value of the char residue compared to the neat
epoxy because of presence of thermally stable LDH nano-
platelets in the epoxy system.

3.2 Photophysical Characteristics
of Nanocomposites

The ratio of L2 to L1, which is known as transmittance (T1),
shows the impact of nanofillers on the light signal, as shown
in Fig. 4. The shadows are the standard error for at least
three measurements from different locations on the sample.
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However, compared with neat epoxy, the transmittance
remains above 90% in the range of 380-780 nm for low con-
centrations of Mg—Al-LDH (< 0.1%) and medium levels of
Zn—Al-LDH (< 1%), confirming the excellent transparency.

According to Fresnel’s law of surface reflection, when the
light beam passes through the air/epoxy film interface in the
neat epoxy film and then exits from the other side, about 4-6%
of the light diminishes depending on the refraction index of
the film. Note that the surface reflection from the neat epoxy
film has been considered in the measurements, as illustrated
in Fig. 1. Therefore, any drop in the transmittance spectrum
is caused by the filler particles. By incorporating the nano-
particles into the epoxy film, the light might be absorbed and/
or scattered by filler particles. Scattering of a photon mainly
occurs when it meets filler particles of equal or bigger size with
respect to its wavelength [52]. However, it has been reported
in the literature that the Mg/Al and Zn/Al LDH has absorption
mostly in shorter wavelengths than 350 nm [53-55]. Though,
we may consider the absorption while studying the transmit-
tance of these LDH nanocomposites. On the other hand, it is
known that Zn—Al-LDH shows the luminescence in this com-
posite [56] which makes it more complex to distinguish scat-
tering and absorbance phenomena from direct transmittance
measurements, in which the angle between the incident light
and the point where the detector (spectroradiometer) reads
the signal is zero. Therefore, the geometry is identical to the
conventional UV-Vis spectrophotometers. Although the direct
transmittance will provide information on the extent of drop
in clarity in general, but the role of scattering (in comparison
with the absorbance) which is a symptom of poor dispersion
in reducing the incident light is not clear.

In order to evaluate the transparency of the samples, Y stim-
ulus (W; in Eq. 1) of CIE tristimulus values were calculated
using the equal-energy spectrum of the CIE 1931 Standard
(2°) Observer according to ASTM-E308 for both direct (Eq. 2)
and tilted (Eq. 3) geometries.
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Fig.4 Transmittance spectra of a EP/Zn—Al-LDH and b EP/Mg—Al-LDH samples. Shadows represent the standard error
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As Y increases, the films become more transparent. Y
corresponds to the light perception of human vision sys-
tem, and slight changes can be detected in transparency of
the samples with the help of high resolution instruments, as
shown in Table 2. Trends in Y. and Y4 in the absence
of strong absorption will support each other. The direct
transmittance, hence the Yy, reduced by increasing the
nanofiller content, while the scattered light (Y .q) increased
compared to the neat epoxy film. However, these changes
are not identical in Zn—-Al-LDH and Mg—AIl-LDH epoxy
composites. While the Mg—Al-LDH dropping the Yy ..
dramatically, but even highest level of Zn—Al-LDH (3 wt%)
has very low defect on transparency (Y p;..= 93.3) although
is higher than EP/Mg—Al-LDH nanocomposite in 0.5 wt%.
The results suggest that the portion of particles with the
higher refractive index has been increased in the composi-
tion. Nevertheless, knowing the fact that the refractive index
of the composite matrix is not the same as the reference sam-
ple, it is not convincible that the perceived haziness directly
results from agglomerated fillers or unwanted defects from
imperfect curing process, e.g., unreacted monomers or the
change in the crystallinity. In the following section, the cur-
ing will be correlated to the transparency using the CI.

3.3 Curing Analysis

It was found that the transparency of the epoxy/LDH nano-
composite films varies with the type and content of LDH
nanoplatelets. The state of dispersibility of nanoparticles in
the epoxy thermoset matrix primarily affects the crosslinked
network formation, which consequently affects the ultimate

properties of the nanocomposite. Therefore, the crosslink-
ing reaction of the epoxy containing 0.1, 0.5, 0.7, 1, and
3 wt% of Mg—Al-LDH and Zn-Al-LDH nanoplatelets
was investigated through non-isothermal DSC analysis.
The DSC thermograms of curing reaction of epoxy com-
posites containing various amounts of Mg—Al-LDH and
Zn—Al-LDH nanoplatelets are shown in Fig. 5. As can be
observed, an exothermic peak appeared for neat epoxy and
its nanocomposites, which corresponds to the ring-opening
reaction between the epoxide and the amine groups of the
curing agent [57, 58]. The appearance of a small shoulder at
higher temperatures is attributed to the ring-opening reac-
tion between the epoxy and hydroxyl groups. The hydroxyl
groups are formed during the reaction of epoxy groups with
primary and secondary amines which have less reactivity, so
participate in the epoxide ring via etherification reaction at
the late stage of curing [59]. It is clear from Fig. 5 that the
shape of DSC thermograms changed by increasing the nano-
particle content, particularly for the epoxy nanocomposites
containing Zn-Al-LDH.

Here, for a deeper understanding of curing reaction of
epoxy in the presence of LDH nanoplatelets, the values
of the onset, peak and ending temperatures of the curing
process (1,5, T, and T, 4,), AT=T,, 450 — T} and the
released heat during the complete curing reaction (AH™)
were extracted from DSC thermograms [60], as listed in
Table 3. Also, the values of AT* (AT,,nocomposite’A T neat epoxy)>
AH* (AH,ynocomposite/ AH peat epoxy) @nd the CI (AT*XAH*)
were also calculated from the DSC data, as reported in
Table 3 [61, 62].

As can be seen from Table 3, the values of AH™ for epoxy
nanocomposites containing 0.1 wt% Mg—Al-LDH and
Zn—Al-LDH increased compared to neat epoxy. At very
low concentrations of 0.1 wt%, the probability of nanoplate-
lets aggregation is almost zero [63], making no significant
defect on the transparency (Zn—Al LDH, Y., = 98.6 and
Mg—AIl-LDH, Yp.. = 98.7), indicating that nanoplatelets
are dispersed suitably in the epoxy matrix. Under these con-
ditions, the maximum surface area of the nanoplatelets is

Table2 Stimulus Y of
neat epoxy films and its
nanocomposites containing Zn—

Geometry Y birect

Yiitted Ratio
(Ylilled / YDirecl)

Al-LDH and Mg-Al-LDH Filler content EP/Zn-Al-LDH EP/Mg- EP/Zn-Al-LDH EP/Mg- EP/Zn-Al-LDH EP/Mg-
Al-LDH Al-LDH Al-LDH
Neat epoxy 100 (Ref.) 0 (ref.) 0
0.1% 98.6 98.7 1.4 4.7 0.014 0.047
0.5% 95.8 89.8 1.8 6.0 0.018 0.067
0.7% 98.0 91.0 2.4 5.8 0.024 0.064
1.0% 96.3 79.7 2.0 10.5 0.020 0.131
3.0% 93.3 56.0 5.8 27.1 0.062 0.484
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Fig.5 Non-isothermal DSC thermograms of epoxy nanocomposites containing various contents of a Zn-Al-LDH and b Mg—Al-LDH at heat-

ing rate of 10 °C/min

Table 3 Curing characteristics

of the prepared spoty Sample Tonser CC) Tp (°C)  Tppsew °C) AT (°C) AH, (J/g) AT° AH° CI  Quality

H?lllocct{mPOSiteSTiS abfulf(;cti?n EP 28.4 97.9 164.5 136.1 303.2 na.  na na na

an ?:rirrf rrzper.eseni thOC qzzl?tils Zn—Al-LDH

of cure, as Poor, Good, or 0.1% 324 1103 1786 1462 3279 1.07 1.08 1.16 Good

Excellent states 0.5% 34.6 1148  205.6 171.0  324.0 126 1.07 134 Good
0.7% 26.3 98.6 167.2 1409  304.2 1.04 1.00 1.04 Good
1.0% 27.4 97.8 167.1 139.7 3029 1.03 099 1.02 Poor
3.0% 26.4 99.1 167.8 1414 2567 1.04 085 0.88 Poor
Mg-Al-LDH
0.1% 26.8 98.3 169.0 1422 3158 1.04 1.04 1.08 Good
0.5% 26.6 98.2 166.5 139.9  296.2 1.03 098 1.01 Poor
0.7% 26.9 97.6 165.5 1385 2967 1.02 098 0.99 Poor
1.0% 26.4 97.7 165.6 1392 3002 1.02 099 1.01 Poor
3.0% 30.7 97.8 165.4 1347 2862 099 094 093 Poor

n.a. Not applicable (reference measurements)

available for the resin to react with the functional groups
of nanoplatelets, promoting the curing reaction. Neverthe-
less, by increasing the nanoplatelets concentration from 0.1
up to 3 wt%, the tendency of nanoplatelets to agglomerate
increases, which is reflected by an increase in Yy, ., value. It
is shown that nanoplatelets aggregation in the epoxy matrix
hindered curing reaction, which results in lower AH™ val-
ues [64, 65]. The same results were obtained for the trans-
parency of nanocomposite films due to the aggregation of
Mg-Al-LDH nanoplatelets. However, for the case of epoxy
nanocomposites containing well-dispersed Zn—Al-LDH, a
slower decreasing trend is seen in the AH™ values by increas-
ing the filler concentration. The relationship between the
effect of nanoparticle dispersion in the formation of the
epoxy network and the transparency of the epoxy coating is
schematically shown in Fig. 6. Well-dispersion of nanoplate-
lets through the epoxy matrix results in the light beam pass

through air/epoxy film border and exiting from the other
side. However, the presence of agglomerated nanoplatelets
in the resin matrix attenuates the light depending on the
refractive index of the resulting matrix.

The curing state of the epoxy nanocomposites contain-
ing various amounts of Zn—-Al-LDH and Mg-Al-LDH
was determined based on CI by plotting AH* versus
AT* (Fig. 7). Three zones are specified in Fig. 7; the green
zone (AT* < CI < AH*) showing Excellent curing state, the
blue zone is representing Good curing state (CI>AH*),
and the red zone is indicating Poor curing state (CI < AT*)
[37, 66]. In good agreement with their film transparency
(Ypirect)» Epoxy nanocomposites containing 0.1, 0.5,
and 0.7 wt% Zn—Al LDH have dispersed well according
to the definition of Good label. This result means that
Zn—Al-LDH nanoplatelets can effectively participate in
the epoxide ring-opening and improve the crosslinking
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Fig.6 Schematic diagram of the relationship between the nanoparti-
cle dispersion in the epoxy and the transparency of the epoxy coating

density of the system. However, nanocomposites contain-
ing higher loadings of 1 and 3 wt% were labeled Poor.
On the other hand, only epoxy nanocomposite containing
0.1 wt% Mg—Al-LDH was labeled Good. Mg—Al-LDH
significantly decreased the Yy, value of the epoxy nano-
composite which indicates that some of the particles are
larger than 380 nm and hinder the curing reaction, leading
to Poor curing state.

@ 0.1wt%
———— AT*=1 [ ] 0.5wt.%
.......... AH*=1 O 0.7 wt.%
(] 1wt.%
Zn-Al-LDH LA
1.10
-
i @ Good 'Y
1051 3
=]
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1.1
AT*

1.2 1.3

3.4 Analysis of Glass Transition Temperature
Variation

Table 4 shows the glass transition temperature (7,) at a
heating rate of 10 °C/min for fully cured neat epoxy and its
nanocomposites containing 0.1, 0.5, 0.7, 1.0, and 3.0 wt%
of Zn—Al-LDH and Mg—Al-LDH. There is an increase in
7; value after the addition of 0.1 and 0.5 wt% Zn—-Al-LDH,
indicating that Zn—Al-LDH can make strong interactions
with the epoxy matrix, as was shown by Good CI. However,
the 7, decreased by further increasing the Zn—Al-LDH con-
tent up to 3.0 wt%. By contrast, the 7, value of the epoxy/
Mg-Al-LDH in all loadings was less than that of the neat
epoxy. The variation of 7, reflects the ease of polymer
chain’s mobility and can be considered as evidence for the
interactions between the nanoparticles and the epoxy matrix
[67, 68]. The decrement of 7, in the epoxy/Mg-Al-LDH
nanocomposites indicates the weak interactions between
Mg-Al-LDH nanoplatelets and epoxy matrix due to inap-
propriate dispersion.

4 Conclusion

In this paper, photophysical aspects of transparency of epoxy
nanocomposites containing 0.1, 0.5, 0.7, 1 and 3.0 wt% of
Zn—Al-LDH and Mg—Al-LDH were investigated. It was
shown that the transparency of such nanocomposites could
be correlated to the light scattering, and the transparency
makes sense of both dispersion quality and particle size
of the fillers. Moreover, the dependency of dispersibility
of nanoparticles in the epoxy matrix on its curing reaction

Mg-Al-LDH

1.04
Good

Excellent

1.02

1.00

AH*

0.98

0.96

0.94

0.92
0.9

1.0

1.1 1.2 1.3 1.4

AT*

Fig.7 Curing state of the epoxy nanocomposites containing 0.1, 05, 0.7, 1 and 3 wt% of Zn—-Al-LDH and Mg—AIl-LDH at a heating rate of 10

°C/min
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Table4 The glass transition temperature of fully cured neat epoxy
and its nanocomposites containing Zn—Al-LDH and Mg—Al-LDH at
a heating rate of 10 °C/min

Sample T, (°C)

Neat epoxy 67.94

Filler content EP/Zn-Al-LDH EP/Mg-Al-LDH
0.1% 96.39 65.58

0.5% 97.31 65.55

0.7% 62.94 64.69

1.0% 62.84 66.21

3.0% 67.80 65.34

was confirmed by introducing the Cure Index. Spectroradi-
ometery indicated that the increasing of LDH nanoplate-
lets content decreased the [Y ., value while increased the
Y iieq Value, revealing the dependency of the dispersion state
on the transparency of the nanocomposites. The transpar-
ency was also affected by the type of cation in the LDH. In
the case of Mg—AI-LDH, the Yy, decreased significantly
from 98.7 to 0.1 wt% to 56.0 for 3 wt%. By contrast, a slight
decrease (from 96.8 to 93.3) was observed in the transpar-
ency of epoxy/Zn—Al LDH nanocomposites by increasing
the concentration of nanoplatelets [from 0.1 to 3 wt%. As a
result, it can be inferred that Zn—Al LDH showed better dis-
persion in the epoxy matrix compared to the Mg—Al-LDH
as proved by the Good CI for the former and the Poor CI for
the latter. Moreover, a considerable increase in 7; values of
epoxy/Zn—Al LDH nanocomposites at 0.1 (96.39 °C) and
0.5 wt% (97.31 °C) was observed compared to neat epoxy
(67.94 °C) which indicates the appropriate dispersion of this
nanoplatelets in the epoxy and their strong interaction with
the matrix. Given that our findings are based on a limited
type of nanofillers, the results from such a report should
thus be treated as an initial idea to draw more attention to
this technique.

The notion of the measurement of scattered light could be
done using conventional DSLR cameras. Due to the fact that
these devices are somehow colorimetric, a linear regression
over RGB channels data can acceptably predict the Y stimu-
lus. This could be more valuable when the camera can moni-
tor the whole transmission pattern as a single image which
is more informative than a single spot measurement done in
the current study. This is the subject of our future studies.

Acknowledgements Special thanks goes to Dr. Mahzyar Gorji for his
perceptive comments on the idea of evaluating the dispersion in terms
of light scattering.
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