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ABSTRACT: A series of epoxy nanostructured coatings
based on diglycidyl ether of bisphenol A (DGEBA) and an
isophorone diamine crosslinker was prepared. Top-down
nanocomposites (3% nanofiller) were obtained by the me-
chanical dispersion of nanoalumina, silanized nanoalu-
mina, and organomodified clays. Bottom-up hybrids were
instead achieved after the silanization of the DGEBA resin
and after cocrosslinking with tetraethylorthosilicate
through a self-catalyzed sol-gel process. The curing process
of the nanocomposites was studied by differential scanning
calorimetry and suggested an overall increase in the cross-
linking kinetics in the presence of nanoparticles. Other char-
acterization included dynamic mechanical analysis,

Buchholtz indentation hardness testing, and Taber abrasion
testing. Finally, atomic force microscopy (AFM) techniques
were used to study the surface morphology of the coatings
and to produce nanoscratches. We concluded that, in the
top-down nanocomposites, there were minor changes in the
surface hardness and a slight improvement in the abrasion
resistance, whereas the nanoscratch resistance assessed by
AFM tests showed significantly better performances in the
hybrid coatings obtained through sol-gel chemistry. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 17201727, 2010
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INTRODUCTION

Epoxy coatings are widely used for their ease of appli-
cation, excellent hardness and adhesion to many sub-
strates, good chemical resistance, and low cost.! Sev-
eral examples of nanostructured epoxy materials have
been reported in recent years. Classical top-down
nanocomposites are based on mechanical high-energy
dispersion processes of different small particles, such
as organomodified clays, nanooxides, carbon nano-
tubes, and polyhedral oligomeric silsesquioxanes.?
Nanooxides and clays are among nanofillers that have
a lower cost and a wider industrial availability. More-
over, they allow the preparation of high-optical-clarity
coatings when they are properly dispersed.

It was reported that the introduction of low-
aspect-ratio nanooxide particles can moderately
increase the Young modulus and fracture toughness
in epoxy nanocomposites,” up to 40%. Photoactive
nanooxides, such as ZnO or TiO,, have also been
used to obtain clear coatings with improved UV
light screening and resistances and higher refractive
indices.*” Hard ceramic nanoparticles can also be
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used to increase wear resistance;® in such a case, the
effective surface functionalization of the nanoparticle
is needed to prevent three-bodied abrasion mecha-
nisms and to achieve better chemical adhesion with
the polymer matrix.

The microstructure and degree of exfoliation in
clay-based epoxy coatings is widely dependent on
the processing conditions and on the choice of the
curing agent. The formation of mixed intercalated—
exfoliated structures improves both the Young mod-
ulus and impact strength” (up to around +140%)
because the high-aspect-ratio clay platelets signifi-
cantly hinder crack propagation.®” Less information
is available on the tribological properties of clay-
based epoxies, but a slight improvement (30%) in
the abrasion resistance was reported.'’

Epoxy hybrids based on sol-gel chemical proc-
esses have been described, too, but to a lesser extent.
Highly homogeneous interpenetrating hybrid mor-
phologies were obtained with low contrast images,
even with electron microscopy.'"'* As far as tribo-
logical properties are concerned, a clear reduction in
the coefficient of friction was reported for SiO, con-
taining sol-gel hybrids."!

In this study, the attention was given to the exam-
ination of the surface mechanical properties of
epoxy-nanostructured materials. In particular, an
industrial product used for civil and industrial floor-
ing was used as a base resin because the main
requirements of the specific application were a high
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TABLE I
Coating Compositions and T, Values of Different Epoxy Nanocomposites
Inorganic

Materials Component A Component B Method content (% w/w) T, (°C)
Std DGEBA Isophorone diamine - 0 100
Std + ALO; DGEBA Isophorone diamine Dispersion 3 91
Std + ALOs-g DGEBA Isophorone diamine Dispersion 3 94
Std + CL30B DGEBA Isophorone diamine Dispersion 3 98
Rs DGEBA + APTES - Sol-gel 0 93
Rs + SiO,—sol DGEBA + APTES TEOS/H,0/EtOH Sol-gel 5 142

resistance to scratches and abrasion. Both top-down
nanocomposites based on the mechanical dispersion
of nanoalumina and organoclay and bottom-up
hybrids obtained through the sol-gel polycondensa-
tion of silanized epoxies were prepared and consid-
ered. The surface mechanical properties of the
resulting materials were, in particular, investigated
by exploration of existing correlations among the
measurements of abrasion resistance on the macro-
scale and nanoscratch hardness through atomic force
microscopy (AFM) techniques.

EXPERIMENTAL
Materials

The base resin used in this study was an epoxy
bicomponent product based on diglycidyl ether of
bisphenol A (DGEBA) as component A and a cycloa-
liphatic diamine hardener (isophorone diamine)
diluted with benzyl alcohol as component B. The
product was kindly supplied by Alcea S. R. L. (Sen-
ago, Italy), and it is a standard (Std) product used
for civil and industrial flooring. The unfilled product
is indicated in the following text as Std, see Table I.
The nanofillers AluC (nano-AlL,O3; from Degussa,
Essen, Germany) and Cloisite 30B (CL30B; an orga-
nophilic montmorillonite clay from Southern Clays,
Austin, Texas) were used without any further purifi-
cation. All other chemicals were commercially avail-
able grades of glycidoxypropyltrimethoxysilane and
3-aminopropyltriethoxysilane (APTES), tetraethylor-
thosilicate (TEOS; 99% pure), ethanol (EtOH; 99%
pure), and benzyl alcohol, all purchased from
Aldrich (Saint Louis, MI), and deionized water.

Sample preparations and curing conditions

Nanocomposites

AluC and CL30B fillers were first mixed with
DGEBA by ultrasonication in a ultrasonic bath (Star-
sonic 90 (Liarre s.r.l., Bologna, Italy), 40°C for 30
min), followed by mechanical ultradispersion at 9000
rpm for 60 min (Ultraturrax T25, Ika Werke GmbH,
Staufen, Germany). In some cases, the nanoalumina
was previously surface-grafted in the liquid phase

with glycidoxypropyltrimethoxysilane, according to
procedures reported in the literature.”®> The corre-
sponding coatings are indicated by the suffix -g. The
final nanocomposite materials were prepared in all
cases by the mixture of components A and B in
proper stoichiometric ratios (100 : 60 by weight as
indicated by the supplier); then, the mixture was bar-
coated on various substrates (e.g., glass, steel) and
cured with the following cycle: 2 h at ambient tem-
perature, 2 h at 50°C, and 2 h at 120°C. The final
coating thickness against steel was measured by the
magnetic induction method with a Deltascope FPM
instrument, Helmut Fischer GmbH (Sindelfingen-
Maichingen, Germany) and was around 200-400 pm.

Sol-gel hybrids

For sol-gel-based hybrids, the DGEBA resin was
first derivatized with APTES in a 1 : 2 molar ratio to
form an epoxy adduct bearing alkoxy silane end
groups, as shown in Figure 1.

We made this adduct by simply pouring together
for 2 h the reagents in a glass vessel, which was
kept under nitrogen and gentle stirring for 8 h. Such
an adduct and the corresponding self-crosslinked
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Figure 1 Scheme of the sol-gel reaction occurring
between DGEBA, APTES, and TEOS.
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coating are indicated as Rs in the following text.
Separately, a sol was prepared by the mixture of
TEOS, water, and EtOH at a molar ratio of 1 : 3 : 4.5,
and such a formulation was then blended with the
Rs-silanized epoxy in an amount corresponding to a
theoretical silica content of 5 wt % to obtain a sol-
gel epoxy hybrid. No external catalysis was used
because the basicity of the Rs adduct was enough to
promote hydrolysis and the condensation reaction of
silicon alkoxides. The coating was bar-applied onto
glass and steel substrates and cured with the follow-
ing cycle: 2 h at ambient temperature, 2 h at 50°C,
and 2 h at 120°C. The final coating thickness was
between 5 and 15 um. At higher thicknesses, exten-
sive cracking of the film was observed.

All of the compositions of the nanocomposites and
sol-gel hybrid epoxies are reported in Table L

CHARACTERIZATION

Differential scanning calorimetry (DSC) analyses were
carried out with a Mettler Toledo DSC 823° instrument
(Im langacher, Switzerland). The following cycles were
used to measure the extent of crosslinking and the
glass-transition temperature (T,) in the epoxy coatings:
heating from 20 to 250°C, cooling from 250 to 20°C,
and heating again from 20 to 200°C, always at a rate of
20° /min. In the first scan, the enthalpy peak of the reac-
tion was integrated to calculate the corresponding con-
version—temperature curve. T, was measured as the
half- heat capacity (C,) value of the transition detected
after the third scan. Moreover, the activation energy (E,)
of the crosslinking reaction was studied after heating
scans at different heating rates (4’s; 5, 10, 20, and 30°/
min) by measurement of the peak temperature for each
scan according to the Kissinger and Ozawa theories.™*

Dynamic mechanical analysis (DMA) measure-
ments were carried out with a Mettler Toledo
DMA /SDTAB861° instrument in tensile mode with
dynamic scans from —50 to 200°C at a frequency of
1 Hz after we determined the linear viscoelastic
range of the sample (deformation < 0.5%).

Other mechanical tests consisted of the Buchholtz
indentation hardness test, according to ISO 2815,
and abrasion resistance testing by the Taber tests,
according to ISO 7784.

X-ray diffraction analysis were performed with a
Philips PW 1710 diffractometer (Amsterdam, Hol-
land) with Cu Ko radiation (wavelength (1) = 1.5406
A). The range of 20 scans was 2-15°. The basal spac-
ing (d) of the clay was estimated from the 001 peak
in X-ray diffraction according to the Bragg’s law:

A= 2dhkl sin 6

where d is the interplaner distance, ikl are the Miller
indices, 0 is diffraction angle.
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AFM topography and demodulation images were
acquired in tapping mode with an Nscripton DPN
instrument (Nanoink, Chicago, IL). SizN, probes from
Pacific Nanotechnology (Santa Clara, CA) were used
with a force constant of 42 N/m and a nominal fre-
quency of 320 kHz. The scan conditions were chosen
according to Maganov et al."” to get stiffness contrast
in the phase image, which means that the bright fea-
tures were stiffer phases than the dark ones.

Nanometric scratches were produced on the coat-
ing surfaces again by AFM at a constant force with
the same tip used for the AFM measurements. Cali-
bration of the tip sensitivity was performed under
the same conditions used for the experiments carried
out on a standard hard silicon surface. This value
could be used to convert the deflection data (in
volts) to a force value (nano-Newtons).'> A constant
force of 3400 nN was applied on the AFM cantilever
during scratching. With a first approximation
assumed to have a conical shape of the AFM tip, the
scratch hardness (H;) may be defined as follows:

o
nw?

1)

S

where F is the normal load applied on the AFM tip
and w is the width of the scratch.'®'”

RESULTS AND DISCUSSION
Processing

The effect of the nanofillers on the processing of the
bicomponent epoxies was studied by DSC thermal
analysis. Because the crosslinking of an epoxy—poly-
amine system is a polyaddition-type reaction, there
is no mass but only heat exchange, and the DSC
data could be used for a quantitative modeling of
crosslinking process with the assumption that heat
flow was proportional to the extent of the reaction
(o). The following equations were used to calculate o
and the rate of conversion (do/dt) from the inte-
grated enthalpy peaks; AH, is the normalized total
heat of the reaction (J/g) released from the 20-+-250
heating scan of the unfilled epoxy, and dH; is the
heat exchanged in the dt interval:

o = 1/AHy / (dH, /dt)dt )
(do/dt), = 1/AH o [dH, /dt], 3)

where t is time.

By comparing the conversion curves of the Std
resin (Fig. 2) with the those of nanocomposites, we
envisaged some slight differences, especially in the
temperature range between 50 and 100°C, where an
accelerating effect due to presence of nanofillers
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TABLE II
E, Values Calculated with the Ozawa and
Kissinger Equations

E, (kcal/mol)

T T T T T
1.04 -0.0025
0.8 —Sud r0.0020
Std + AlyOy
0.6 —— Std + AlhO3g +-0.0015 8
3 ——Std + CI30B ]
0.4 F0.0010 S
024 - 0.0005
0.0+ ~0.0000

T T
0 50 100 150 200 250

Temperature (°C)

Figure 2 Comparison of o and do/dt values of different
nanocomposites and Std resin with temperature.

was seen. Some better analysis was done by the ob-
servation of the do/dt—temperature differential
curves, as shown again in Figure 2. Also, in this
case, it was possible to see that the maximum exo-
thermal temperature peaks for the nanocomposites
were quite similar to those of the Std coating. As far
as the CL30B-clay-based nanocomposite was con-
cerned, a small accelerating effect was attributed to
the presence of —NR;" and —OH groups of the or-
ganic modifier, which could act as catalysts of the
epoxy—amine crosslinking reaction, as reported by
Seo and Kim'® for similar systems. Moreover, in the
same cases, chemical interactions can also be pres-
ent, as in the case of silane-grafted alumina, which
leads to a general increase in the epoxy group con-
tent and, thus, to a partially unbalanced stoichio-
metry. Actually, the peak temperature curve of the
epoxy filled with grafted alumina seemed to occur
at a temperature (T) lower than for the Std resin.
Although the differences were quite small, by
observing the do/dt—temperature curves in the range
between 50 and 100°C, we observed that the grafted
alumina (darker line) led to an acceleration of the
curing process compared to the ungrafted one
(brighter line).

DSC scans at various g values were used to esti-
mate E, of the reaction according to the Ozawa and
Kissinger equations, respectively:'*

E.—-23R{(dlogg)/[A(/T,)]} @

E, = —23R{(d1og(q/72))/[d(1/T,)]} )

where T, is the temperature of the maximum exo-
thermal peaks and R is the Universal gas constant.
The results of the data fitting according to the model
reported previously are summarized in Table II,
whereas some examples are shown in Figure 3.

Materials Ozawa model Kissinger model
Std 52.9 46.8
Std + Al Os 56.8 50.6
Std + Al,Os-g 58.3 52.1
Std + CL30B 60.2 53.0

The presence of nanofillers slightly increased the
temperature dependence of the crosslinking reaction
in the epoxy—amine formulations; the experimental
E, values were comparable to those reported by Xu
et al." for unfilled epoxy resins.

The X-ray diffraction technique was then used to
investigate the structure of the clay-based nanocom-
posites. As shown in Figure 4, the diffraction pattern
of pristine CL30B in comparison to the 3% clay-filled
epoxy nanocomposite differed in both position and
intensity of the 20 peaks. In particular, the 001 peak
reflection shifted from 206 = 2.5° to 20 = 5.2°; this
corresponded to a d-spacing increase from 185
to 349 A and suggested the formation of

E =52.9 KJ/mol

7~
o
—
Bl
© 1.0
0.8+
06 T T v T ¥ T L] T T T 1
a 2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85
1000/T
p
-3.74
-3.84
-3.94 Ea:46.8 1KJ/mol
N; -4.0
o
o -4.2 4
3 4.2
-4.3
-4.4 4
-4.5 T T T T T T T T T T T T T 1
2.50 2.55 2.60 2.65 2.70 2.75 2.80 2.85
b 1000/T

Figure 3 E, values calculated with the (a) Ozawa and (b)
Kissinger equations.
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Figure 4 Diffraction patterns of CL30B and the Std +
CL30B nanocomposite.

predominantly intercalated nanocomposites. The
minor intensity peak around 5.5° in the nanocompo-
site may have been due to a small fraction of unin-
tercalated or even slightly flocculated clay.

Mechanical properties of the composites

Some examples of the DMA curves of the epoxy
nanocomposites are shown in Figure 5, whereas all
the main numerical results are reported in Table IIL
The effect of the presence of nanofillers on the stor-
age modulus (E') in the glassy state was weak,
whereas hybrid coatings from sol-gel processes
appeared significantly softer. DMA allowed the esti-
mate of the density of crosslinking (v) with the
assumption that E' = 3G’ (storage shear modulus) in
the rubbery plateau (T = 140°C); according to the
ideal rubber theory,20 the results are reported in
Table III:

10000 -
1000 -
- !
A 100_5 —Std
E 1| =— Std + Al,O3g
m 0| S +CI30B
| ‘ T T 4 T T T T T T
0 25 50 75 100 125 150
10+ Temperature (°C)
0.8~
0.6 |=—Std
‘S 4. |—Std+ALO
S 04 2038
<
g ] Std +CI30B
0.0 = . =
0 25 50 75 100 125 150
Temperature (°C)
Figure 5 E' and tand behavior of some epoxy
nanocomposites.
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TABLE III
E' Values at 23 and 140°C, v, and tand,,., for Different
Nanocomposites
E' (MPa) at

Materials 23°C 140°C v (mmol/cm®) tand,ax
Std 2785 236 213 x 1072 100.5
Std + AlOs 2610 8 395 x 107* 91.0
Std + Al,Os-g 2265 16 9.28 x 107* 93.5
Std + CL30B 2540 12 9.65 x 10°* 99.0
Rs 1550 136 1.69 x 1072 92.5
Rs + SiO,—sol 1570 265 1.22 x 1072 140.0

tand,ax is the temperature corresponding to the maxi-
mum tand.

6 =G(A—1/2%) = VRT(A —1/2?) (6)

where o is the tensile stress, G is the shear modulus,
and X is the elongation.

As shown from data in Table III, the densities of
crosslinking for all of the nanocomposites were sig-
nificantly smaller than for the Std resin. A similar
behavior was already observed in polyurethane
nanocomposite coatings® and was attributed to the
possible chemical reactivity of the nanofillers, which
involved a slight stoichiometric embalancement. The
v values obtained with the sol-gel hybrids were
comparable with those of the Std resin, but,
of course, in this case, both the chemical structure
and the crosslinking mechanism were completely
different.

Table IV reports the indentation hardness values
(Buchholtz hardness) and the Taber abrasion resist-
ance values of the epoxy coatings considered. A sig-
nificant improvement in the wear index was
achieved with the introduction of grafted alumina
and especially clay; actually, the weight loss was
much lower than for the Std coating. Interestingly,
similar results were observed for the sol-gel hybrids,
although the results were less reliable, because, in
the latter case, a sufficiently thick sample prepara-
tion for the test was very difficult. As far as hard-
ness was concerned, this property was marginally
influenced by the nanofillers. The abrasion and

TABLE IV
Indentation Hardness and Wear Index from the Taber
Test of the Epoxy Nanocomposite Coatings

Indentation Wear index
Materials hardness (mg/kcycle)
Std 99 £ 2 63 £ 15
Std + ALO; 101 =7 75 * 13
Std + ALOs-g 97 £7 56 £ 5
Std + CL30B 98 £ 3 335
Rs 75*9 27 * 12
Rs + SiO,-sol 87 £ 11 35 *7
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TABLE V
Surface Roughness Data
Materials R, (nm) R,;s (nm)
Std 0.16 = 0.02 0.21 = 0.03
Std + ALO; 0.59 = 0.04 0.86 = 0.06
Std + ALOs-g 1.24 = 0.04 1.46 = 0.05
Std + CL30B 3.15 = 0.04 5.05 = 0.08
Rs 0.13 = 0.01 0.20 = 0.03
Rs + SiO,—sol 2.65 = 0.09 4.69 = 0.14

surface hardness behavior seemed not to be closely
related properties.

AFM characterization

The surface morphologies of the nanocomposites
were examined by means of AFM. The changes in
the surface topography were determined quantita-
tively by the mean surface roughness (R,) and root
mean square (R,,) values. This analysis is usually
done when the surfaces are characterized by a
degree of randomness.”” The roughness calculation
is based on the determination of a median surface
level for the image and then the evaluation of the
standard deviation within the image. Table V sum-
marizes the surface roughness values of such
selected compositions.

0.00pm

2.36pm

4.73pm

2682.10mv |
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The unfilled resin exhibited the smallest rough-
ness values, whereas coatings containing grafted alu-
mina and organic clay showed the highest ones.

In Figure 6, the demodulation phase images are
shown for nanocomposites obtained after the high-
energy mechanical dispersion of nanooxides {Std
unfilled epoxy [Fig. 6(a)], epoxy filled with 3%
AlLOs-g ([Fig. 6(b)], and, by the chemical sol-gel
processes [Fig. 6(c)], Std+CL30B and Rs+SiO,—sol
[Fig. 6(d)]). In the phase-contrast images, the small
bright (hard) domains were attributed to the inor-
ganic phase, whereas the dark (soft) domains
belonged to the polymeric network. In particular,
Figure 6(b—d) shows that the organic and inorganic
phases were fully interconnected with no major mac-
roscopic phase separation occurring during the
crosslinking process. The silica domains generated
by the sol-gel process [Fig. 6(d)] were fully embed-
ded in the polymeric matrix and showed a nanomet-
ric domain size in the range 30-40 nm, with some
larger moieties.

Nanometric scratches were made on each sample.
For example, Figure 7(a—d) shows topographic
images of nanoscratches obtained at constant force
on the Std, Std+Al,O3-g, Std+CL30B, and Rs+SiO,-
sol (5% SiO;) coatings, respectively. A large pileup
was observed in all cases, which was less evident

0.00mv
4.73pm

| 3715.88n

0.
4.73pm

0.00pm

2.36pm

Figure 6 Phase images performed on (a) Std, (b) Std+Al,05-g, (c) Std+CL30B, and (d) Rs+SiO,—sol.
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Figure 7 Topographic images of the nanoscratch analysis performed on (a) Std, (b) Std + Al,Os-g, (c) Std+CL30B, and

(d) Rs+SiOz-sol (5% SiO,) coatings.

for the sol-gel hybrids; this indicated ductile
deformation.

In Table VI, all of the scratch depths and w values
are reported. We observed a large improvement in
the scratch resistance (i.e., smaller scratches) in the
nanostructured samples. Scratch depths for the Std
epoxy coatings were approximately 19 nm, whereas
for the materials containing clays (Std + CL30B),
they were as low as 14 nm. Interestingly, samples
obtained with the sol-gel methods showed very
small scratches, as low as 7-9 nm. Table VI summa-
rizes also the dynamic H, values calculated for each
sample according to eq. (1). The presence of nano-
particles in the nanocomposite materials led to a sig-
nificant improvement in the scratch resistance. The

TABLE VI
Scratch Depth, w, and H Values
Scratch

Materials depth (nm) w (nm) H,; (MPa)
Std 1921 =092 3193 =114 42.8 + 3.2
Std + AlLO3 17.99 = 0.59 228.8 = 4.3 83.1 = 3.1
Std + ALOs;-g 1517 = 0.22 1514 = 5.8 1904 = 14.3
Std + CL30B 14.14 = 0.82 1969 = 4.9 1123 = 5.6
Rs 9.12 = 0.11 1689 + 2.9 1525 £ 5.2
Rs + SiO,—sol 6.94 + 0.33 746 = 2.5 783.6 = 51.6

Journal of Applied Polymer Science DOI 10.1002/app

best result in this respect was reached by the disper-
sion of the surface-modified particles, such as
grafted AlL,O; and the organoclays. For the samples
from the sol-gel processes, we observed that the
presence of 5% silica led to values of H as high as
784 MPa, which was, by far, higher than those
achieved by any of the top-down nanocomposite
coatings.

CONCLUSIONS

A standard bicomponent epoxy was modified by
both the introduction of nanoparticles and by cocros-
slinking in a sol-gel-based formulation. The surface
mechanical behavior was studied by both abrasion
and nanoscratch resistance tests. In the latter case,
an AFM technique was used to produce and mea-
sure scratches. In general, a significant improvement
in H, was observed, with the best results obtained in
the case of epoxies modified with silanized oxide
nanoparticles, in particular, with sol/gel hybrids. A
more detailed investigation of the scratch behavior
by AFM considering the effect of tip speed, applied
force, and possible viscoelastic recovery is needed
to further investigate scratch mechanisms at a
nanometric scale and to determine a correlation
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with the macroscopic surface mechanical behavior
of coatings.

The authors thank Lucio Carlucci (Alcea) for his help and the
stimulating discussions.
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