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Resumen
El propósito de este trabajo es evaluar la protección contra la corrosión y el desgaste de un sustrato de acero mediante recubrimientos nanocompuestos de epoxi-vinil éster y nanopartículas de Zn y TiO2. Los sustratos de acero se recubrieron con nanocompuestos
de epoxi-vinil éster, variando las concentraciones de nanopartículas de Zn y TiO2 y las combinaciones de ambas nanopartículas. La
resistencia a la corrosión se evaluó mediante la prueba de niebla salina durante 480 h, según la norma ASTM B-117. El grado de daño
se obtuvo cuantitativamente al medir la mejora en el área corroída en comparación con la marca trazada en los especímenes. La
evaluación tribológica se realizó con una configuración de bola-sobre-disco, de acuerdo con la norma ASTM G-99. Los resultados
mostraron que la combinación de nanopartículas de Zn y TiO2 en un recubrimiento epoxi-vinil éster proporciona un efecto sinérgico,
mejorando la protección contra la corrosión debido a sus mecanismos combinados de corrosión y reducción tribológica.
Descriptores: Nanocompuestos, corrosión, resistencia al desgaste, nanopartículas, resina epóxica.

Abstract
The purpose of this paper is to evaluate the corrosion and wear protection of a steel substrate by epoxy vinyl ester nanocomposite
coatings with Zn and TiO2 nanoparticle fillers. Steel substrates were coated with epoxy vinyl ester nanocomposites, varying Zn and
TiO2 nanofiller concentrations and combinations of both nanoparticles. Corrosion resistance was evaluated by salt spray fog test during 480 h, according to ASTM B-117. The degree of damage was obtained quantitatively by measuring the enhancement in corroded area compared to the scribe mark. Tribological evaluation was performed with a ball-on-disk tribotester, according to ASTM
G-99. Results showed that the combination of Zn and TiO2 nanofillers in an epoxy vinyl ester coating provide a synergistic effect,
enhancing corrosion protection due to their combined corrosion and tribological reducing mechanisms.
Keywords: Nanocomposites, corrosion, wear resistance, nanoparticles, epoxy resin.
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Introduction
Corrosion is an aggressive effect over material performance and degradation under working environments,
which is a natural inevitable process. Corrosion is a severe problem that affects several industry fields, such
as infrastructure, transportation, utilities, production
and manufacturing, as it causes premature failure of
metallic components (Koch, 2002); typically for ferrous
metals, manifesting as unsightly red rust or paint/coating blistering. The estimated worldwide losses due corrosion exceed $1.8 trillion, annually (Schmitt et al.,
2009).
One of the most common means to reduce corrosion
is through the application of organic coatings (Akinci &
Yilmaz, 2011; Bierwagen, 1998). Coatings are generally
exposed to different environments and working conditions, hence they may require a set of properties such as
adhesion, high hardness, high toughness, high corrosion and oxidation resistance, among others. Recently,
nanoparticles have been incorporated into matrices in
order to improve corrosion protection, barrier properties, filling pores and voids in the matrix, and increase
overall mechanical properties, including wear resistance (Abdullayev et al., 2013; Barna et al., 2005; Guin et al.,
2015; Gusev et al., 1998; Lam & Lau, 2006; Li et al., 2013;
Sababi et al., 2014; Wang & Zhang, 2010).
Regarding corrosion performance, Hamdy and Butt
(2007) were able to successfully evaluate the effect of
chromate conversion coatings for the corrosion protection of aluminum alloys. It was observed that vanadia
treatments improve the corrosion resistance due to the
formation of highly protective vanadium oxides, as Vanadium combines through the pores of Al-oxide layer
to form thick Al–V-oxide layer. Due to the buffering action of vanadium, it plays an important role to reject the
chloride ions from the material surface. Feng et al.
(Wang et al., 2010c) proposed nano-Al2O3 particles incorporation to composite coatings in order to improve
the corrosion and oxidation resistance. Moreover, Montemor (2014) reviewed the most recent self-healing and
smart coating alternatives for enhanced corrosion protection. Poor adhesion between substrate and coating
may cause spalling and delamination of the coating,
which can be largely controlled by relieving residual
stresses from the coatings (Harish et al., 2010). For instance, epoxy coatings containing 1.0 wt. % of Zn, SiO2,
Fe2O3, and halloysite clay nanoparticles have been
applied to steel substrates, reducing the corrosion rate
by 11 to 910 times after immersion in a 3 % NaCl solution for over 28 days (Shi et al., 2009). Alkyl-based
waterborne coatings filled with ZnO improved abra-
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sion and scratch resistance, and showed little changes
on the surface topography after salt-spray evaluations
(Dhoke et al., 2009). Furthermore, a study varying the
nano-TiO2 particle size (10-150 nm) demonstrated that
smaller nanoparticles increase corrosion inhibition efficiency and lower permeability to corrosion agents (Deyab & Keera, 2014). Similarly, other investigations have
combined diverse particle additives achieving a synergistic effect (Lu et al., 2016).
Wear resistance of polymer coatings has also been
improved with nanoparticle reinforcements, as has
been observed by several authors (Bahadur et al., 1994;
Cho & Bahadur, 2005; Jia et al., 2006; Wang et al., 2003;
Wang et al., 2010b; Xian et al., 2006). It has been found
that physical characteristics are not significantly affected; due to the particles small size, nanoparticles do not
affect the transparency or the gloss of coatings. Furthermore, nanocoatings can thus be used to maintain the
surface appearance and durability as well. Polymer
coatings form transfer films of metal counterfaces upon
friction, this effect is enhanced with nanoparticle additives (Friedrich & Schlarb, 2011). For example, Barna et
al. (2005) investigated the incorporation of diverse oxide-based nanostructures to improve hardness and mechanical performance of coatings, thereby improving
their wear and scratch resistance.
A synergistic effect has been observed when different nanoparticles have been combined (Jia et al., 2006;
Wang et al., 2010b; Xian et al., 2006). Wang et al. (2003)
for instance, reported a synergistic action in the tribological behavior of polyamide composites made with carbon fiber and micro-size MoS2 filler. The aim of our
study is to develop a nanocomposite for corrosion and
wear protection of steel substrates, with an epoxy vinyl
ester coating and nanoparticles reinforcements; varying
filler fractions and mixtures of Zn and TiO2 nanostructures, and determine the presence of a synergistic corrosion and wear protection effect.

Experimental details
Materials
The epoxy vinyl ester resin Derakane Momentum 411350, Cobalt Naphthenate (Cobalt 6 %), and
Methylethylketone Peroxide (MEKP) NOROX MEKP925H catalyst were obtained from Ashland. Nanoparticles of Zn ( < 50 nm, spherical) and TiO2 ( < 21 nm,
spherical) were obtained from Sigma Aldrich. Scanning
electron micrographs of these nanoparticles are shown
in Figure 1.
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Tribological evaluation

Figure 1. Scanning electron micrographs of nanoparticles of:
a) TiO2 and b) Zn

Polymer nanocomposite coatings preparation
Steel substrates of an AISI 1045 steel measuring 150 mm
by 100 mm with 2.0 mm in thickness were sanded and
washed with acetone to remove any rust and dirt from
the surface. Next, surfaces were sanded with 220-grit
sandpaper to an Ra of 0.48 µm. Nanocomposite coatings
at various concentrations and combinations of Zn and
TiO2 nanoparticles within an epoxy vinyl ester resin
were prepared as shown in Table 1. This resin is widely
used for coatings and as a matrix for composite materials. In order to break large agglomerates, nanoparticles were first dispersed in the neat resin using an Ultra
Turraz T10 homogenizer for 5 min, followed by 2 min
sonication with a Cole-Parmer 750-Watt ultrasonic homogenizer at room temperature (25 °C). Then, 0.05
parts per hundred (phr) of Cobalt Napthenate 6 % and
1.00 phr of methyl ethyl ketone peroxide (MEKP) catalyst were added to the resin mixtures in order to harden the composite. Curing time of resin was 30 ± 10 min
at 35 °C. Lastly, polymer nanocoatings were uniformly
applied with a brush and allowed to cure for 24 h. The
thickness of coatings was 150 µm, measured by an Elcometer 456 coating thickness gauge.

Salt spray corrosion test
Coated samples were scribed per ASTM 1654, and placed in an automatic salt chamber at a 60 ° angle using
a Harshaw/Filtrol salt spray cabinet for 480 h. Five
samples were prepared and teste for each nanocomposite coating, according the Dixon statistical methodology (Dean & Dixon, 1951; Rorabacher, 1991). Tests
were run according to ASTM B-117. The tests were
conducted at 35 °C with a spray of 5 % NaCl solution,
pH of 6.5 - 7.2, and 96 % relative humidity. Samples
were scanned and analyzed according to ASTM
D-7087 and monitored after 96, 168, 288, 336, 408, and
480 h., respectively, measuring the increase in corroded area from the scribe mark.
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Tribological properties of nanocomposite coatings were
determined with a ball-on-disk tribotester (Figure 2a),
under ASTM G-99, to determine the wear resistance
with an accelerated test under point contact conditions.
Here, the coatings are subjected to a load of 25 N, speed
of 238 rpm, over a total distance of 100 m and wear
track diameter of 16 mm (Figure 2b). With this method
an increase in the friction force is observed when the
coating layer breaks, and thus the duration of the coating is obtained. Higher duration and wear resistance
of coatings is beneficial for delaying corrosion initiation. Figure 2c shows the friction force through time; it
could be seen that at 750 s, the coating layer is broken,
and friction force increases.
Table 1. Preparation of epoxy vinyl ester polymer
nanocomposite coatings
Sample number

Nanoparticle
Zn (wt. %)

1

TiO2 (wt. %)

Neat resin

2

0.1

-

3

0.5

-

4

1.0

-

5

-

0.1

6

-

0.5

7

-

1.0

8

0.1

0.1

9

0.1

0.5

10

0.1

1.0

11

0.5

0.1

12

0.5

0.5

13

0.5

1.0

14

1.0

0.1

15

1.0

0.5

16

1.0

1.0

T ecnología , volumen XX (número 3), octubre-diciembre 2019: 1-9 ISSN 2594-0732 FI-UNAM

3

http://dx.doi.org/10.22201/fi.25940732e.2019.20n4.040

Synergistic

effect of nanocoatings for corrosion and wear protection of steel surfaces

Figure 2. a) Experimental set-up of pin-on-disk tribotester,
b) steel ball and coated steel disk, c) friction force (N) for a
nanocomposite coating obtained by ball-on-disk test over time

Results and discussion
Corrosion results
Figure 3 shows the general appearance of scribed coated steel surfaces prior to the salt spray test. Images of
samples after exposure for 96 h, and 480 h are shown in
Figure 4 and Figure 5, respectively.

Figure 3. Aspect of coated samples (100mm by 150mm - 4 by 6
in.) before salt spray test

As expected, the highest degree of corrosion is
found for the neat resin specimen (sample 1). Corrosion
products are found around the scribes for all samples;
even at 96h, as shown in Figure 4. In general, in both
images, Figure 4 and Figure 5, the least amount of rust
is found on the surfaces of samples combining different
proportions of mixtures of Zn and TiO2 nanoparticles,
compared to samples with only one type of nanoparticle, this was observed qualitatively.
Figure 6 and Figure 7 depict the growth of the corroded area with respect to the scribed mark obtained
through image analysis performed with 2D CAD sys-
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tem, in accordance to ASTM D-7087. Images were taken
and analyzed at 96, 168, 288, 336, 408, and 480 h, and
compared to the neat resin coating. The epoxy vinyl ester
resin presented a rapid increase in corroded area (150 %)
after 96 h of exposure, after which the increase was
lower. At 480 h the neat resin had an increase of 200 %,
whereas all nanoparticle concentrations and mixtures
showed better corrosion protection. In Figure 6 results
showed an increasing corrosion protection rate up to
0.5 wt. %, after which a reverse trend was present, most
likely due to filler agglomeration, particularly for TiO2,
as has been observed from previous research and work
in our group (Peña et al., 2014, 2015, 2016). In general, this
nanoparticle showed better performance compared to
Zn. For instance, at 0.1 and 0.5 wt.% TiO2 (Figure 6a) had
a lower increase of corroded area at 480 h; 115 % and
44 %, respectively. This could be attributed to increased
barrier properties against oxygen and water (Chen et al.,
2006; Deyab & Keera, 2014) and due to filling the coatings’ pores and voids (Moazeni et al., 2013). The observed increase at 1.0 wt. % TiO2 after 288 hrs under
corrosion evaluation could be attributed to certain tendency of the nanoparticles to agglomerate, due to filler
fraction, and form clusters, which diminished the protection in the coating. Zn nanoparticles (Figure 6b) showed
a rapid increase on corroded area after 96 h, similar to
the neat resin, and an increase on area failed from scribe
of ∼200 %, 107 %, and 116 % at 0.1, 0.5, and 1.0 wt. %,
respectively at the end of the test.
A synergistic effect was observed when both Zn and
TiO2 nanoparticles were incorporated into the epoxy
vinyl ester resin (Figure 7). At a fixed concentration of
0.10 wt. % Zn (Figure 7a) the corroded area was lower
with higher TiO2 content; 31 % and 61 %, at 96 h and 480 h,
respectively. An increased corrosion protection was
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Figure 4. Images of coated samples after exposure in salt spray for 96 h

Figure 5. Images of coated samples after exposure in salt spray for 480 h

found at a fixed 0.5 wt. % concentration of Zn (Figure
7b), where increase of ~ 26 % where found at 96 h exposure, and up to ~ 50 % increase was observed at 480 h,
with increasing TiO2 filler fraction. Similar trends are
observed at 1.0 wt. % Zn nanocomposite (Figure 7c);
here the lowest corroded area was found with 0.5 wt. %
TiO2, starting at 14 % and ending at 26 %. Thus, the best
protection was observed for coatings with mixtures of
1.0 wt % Zn and 0.5 wt. % TiO2.
These results can be attributed to the combined
effect of TiO2 and Zn enhancing barrier properties and
lowering of different sizes of pores and voids volumes
on polymer coatings. Therefore, this shows that the
addition and combination of Zn and TiO2 resulted in a
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synergistic effect, taking advantage of both nanoparticles’ corrosion reducing mechanisms.

Tribological results
Ball-on-disk tribotester was used for evaluations of tribological performance. Figure 8 depicts the synergistic effect of nanoparticle filler fraction and the coating
duration under a constant load of 25 N. This result is
determined when the coating breaks and the friction
force increases, as shown in Figure 2c. Figure 8a shows
that duration of the coating is improved with Zn and
TiO2 nanoparticles with up to 0.5 wt. % up to 211 s,
compared to 43 s for the unfilled polymer coating.
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When both nanoparticles are combined (Figure 8b) the
duration increases up to 1000 s, with an improvement
greater than 2000 %, compared to the pure epoxy vinyl
ester polymer resin.
Figure 9 shows the depth wear rate in µm/s obtained taking the displacement of the tribosystem that occurs in the z-axis (perpendicular to the disk surface)
measured by the equipment and dividing it by the duration of the coating. For instance, in Figure 9a both Zn
and TiO2 nanocomposites showed a decrease in depth
wear rate compared to the neat resin with concentrations of 0.1 wt. % and 0.5 wt. %. The lowest wear rate,
with a reduction of 89 %, is found for 0.5 wt.% Zn %.
These enhancements can be explained as follows: it has
been proposed that during the wear process nanoparticles could be slightly detached from the polymer ma-

trix and provide a rolling bearing effect, enhancing the
protection to the polymer nanocomposite coating (Friedrich & Schlarb, 2011). Furthermore, hardness of polymer nanocomposites increases with nanoparticle
content, also lowering wear (Chen et al., 2006; Lingaraju
et al., 2011; Zhi et al., 2001). However, at higher concentrations of Zn and TiO2 nanocomposites (1.0 wt. %) the
wear rate increases, hence, the time for oxide to appear
(layer duration). This may be due to nanoparticle agglomeration in the matrix. In Figure 9b, where 0.1 wt. %,
0.5 wt. %, and 1.0 wt. % Zn nanocomposite coatings
were prepared with varying concentrations of TiO2; it
was observed that all combinations decreased depth
wear rate demonstrating a synergistic effect between
the selected nanoparticles with improvements up to 95
%. Consistent with Wang´s study (Wang et al., 2010b), it

Figure 6. a) Comparison of the area failed from scribe versus
time for TiO2 nanocomposites, b) Zn nanocomposite coatings

Figure 7. a) Comparison of the area failed from scribe versus
time for 0.1 wt. % Zn nanocomposite coatings with varying
TiO2 concentration, b) comparison of the area failed from scribe
versus time for 0.5 wt. % Zn nanocomposite coatings with
varying TiO2 concentration, c) comparison of the area failed
from scribe versus time for 1.0 wt. % Zn nanocomposite coatings
with varying TiO2 concentration
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Figure 8. a) Duration of polymer
nanocomposite coatings with varying
concentrations of Zn and TiO2
nanoparticles, compared to the
neat resin, b) duration of polymer
nanocomposite coatings of 0.1, 0.5, and
1.0 wt. % Zn with varying concentrations
of TiO2 nanoparticles, compared to the
neat resin

Figure 9. a) Depth wear rate of
polymer nanocomposite coatings with
varying concentrations of Zn and TiO2
nanoparticles, compared to the neat
resin, b) depth wear rate of polymer
nanocomposite coatings of 0.1, 0.5, and
1.0 wt. % Zn with varying concentrations
of TiO2 nanoparticles. Lower wear rates
are observed when the two nanoparticles
are combined.

is proposed that the small sized TiO2 aid in the filling of
pores and voids of the matrix providing a load-bearing
effect, whilst Zn nanoparticles provide a rolling-bearing effect, thus further reducing wear rate of polymer
nanocomposites

Conclusions
Epoxy vinyl ester nanocomposite coatings were prepared with Zn and TiO2 nanofillers at various concentrations. The salt spray corrosion test showed that
separately, both Zn and TiO2 improved the corrosion
protection of steel substrates. However, when nanoparticles were combined, a synergistic effect was observed
with lower percentage of corroded area, with the coating of 1.0 wt. % Zn and 0.5 wt. % TiO2 having the best
performance. This is attributed to smaller void volumes
and enhanced barrier properties by adding TiO2 and
Zn. Similar results were obtained by the tribological
tests performed with a ball-on-disk tribometer. Individual nanoparticles provided an increase on wear resistance, but when both are combined the results are
enhanced. In this case, the proposed tribological mechanism is a load-bearing effect coupled with rollingbearing mechanism by removal of nanoparticles during
the wear process.

I ngeniería I nvestigación

y

Acknowledgements
Authors want to thank the UdeM personnel, particularly José Nájera for their support on this work.

References
Abdullayev, E., Abbasov, V., Tursunbayeva, A., Portnov, V.,
Ibrahimov, H., Mukhtarova, G. & Lvov, Y. (2013). Self-healing
coatings based on halloysite clay polymer composites for protection of copper alloys. ACS Applied Materials Interfaces, 5
(10), 4464-4471. https://doi.org/10.1021/am400936m
Akinci, A. and Yilmaz, F. (2011). The effect of epoxy‐polyester sealing of sprayed metal coatings for additional corrosion protection. Anti-Corrosion Methods and Materials, 58 (1), 26-30. https://
doi.org/10.1108/00035591111097675
Bahadur, S., Fu, Q. & Gong, D. (1994). The effect of reinforcement
and the synergism between CuS and carbon fiber on the wear
of nylon. Wear, 178 (1), 123-130. https://doi.org/10.1016/00431648(94)90137-6
Barna, E., Bommer, B., Kürsteiner, J., Vital, A., Trzebiatowski, O.,
Koch, W., Schmid, B. & Graule, T. (2005). Innovative, scratch
proof nanocomposites for clear coatings. Composites Part A.
Applied Science and Manufacturing, 36 (4), 473-480.
Bierwagen, G.P. (1998). Corrosion and its control by coatings. In
Organic coatings for corrosion control, Vol. 689, 1-8.
Chen, Y., Lin, A. & Gan, F. (2006). Improvement of polyacrylate coating by filling modified nano-TiO2. Applied Surface Science, 252
(24), 8635-8640. http://dx.doi.org/10.1016/j.apsusc.2005.11.083

T ecnología , volumen XX (número 3), octubre-diciembre 2019: 1-9 ISSN 2594-0732 FI-UNAM

7

http://dx.doi.org/10.22201/fi.25940732e.2019.20n4.040

Synergistic

effect of nanocoatings for corrosion and wear protection of steel surfaces

Cho, M.H. & Bahadur, S. (2005). Study of the tribological synergistic effects in nano CuO-filled and fiber-reinforced polyphenylene sulfide composites. Wear, 258 (5), 835-845. http://dx.doi.
org/10.1016/j.wear.2004.09.055
Dean, R.B., & Dixon, W.J. (1951). Simplified statistics for small
numbers of observations. Analytical chemistry, 23 (4), 636-638.
https://doi.org/10.1021/ac60052a025
Deyab, M.A. & Keera, S.T. (2014). Effect of nano-TiO2 particles
size on the corrosion resistance of alkyd coating. Materials
Chemistry and Physics, 146 (3), 406-411. https://doi.org/10.1016/j.
matchemphys.2014.03.045
Dhoke, S.K., Khanna, A.S. & Sinha, T.J.M. (2009). Effect of nanoZnO particles on the corrosion behavior of alkyd-based
waterborne coatings. Progress in Organic Coatings, 64 (4), 371382. http://dx.doi.org/10.1016/j.porgcoat.2008.07.023
Friedrich, K. & Schlarb, A.K. (2011). Tribology of polymeric nanocomposites: Friction and wear of bulk materials and coatings. Oxford:
Elsevier Science.
Guin, A.K., Bhadu, M., Sinhababu, M., Rout, T.K. & Udayabhanu,
G. (2015). Effect of nano ZnO containing sol-gel coating on galvanised iron sheet. Pigment Resin Technology, 44 (4), 239-249.
Gusev, A.I. (1998). Effects of the nanocrystalline state in solids.
Physics-Uspekhi, 41 (1), 49-76.
Hamdy, A.S. & Butt, D.P. (2007). Novel anti-corrosion nano-sized
vanadia-based thin films prepared by sol-gel method for aluminum alloys. Journal of Materials Processing Technology, 181
(1), 76-80. http://dx.doi.org/10.1016/j.jmatprotec.2006.03.042
Harish C. Barshilia, Deepthi, B. & Rajam, K.S. (2010). Transition
metal nitride–based nanolayered multilayer coatings and nanocomposite coatings as novel superhard. In Nanostructured
Thin Films and Coatings. CRC Press, 427-480. http://dx.doi.
org/10.1201/b11763-11
Huai-Qi, S., Qi-Bin, Z., Wen-Li, H., Bei-Bei, X., Zhong-Ping, X. &
Gui-Bai, H. (2011). A low temperature process for the application of three‐layer polyethylene coatings. Anti-Corrosion
Methods and Materials, 58 (6), 312-314.
Jia, Q.M., Zheng, M., Xu, C.Z. & Chen, H.X. (2006). The mechanical
properties and tribological behavior of epoxy resin composites
modified by different shape nanofillers. Polymers for Advanced
Technologies, 17 (3), 168-173. https://doi.org/10.1002/pat.710
Koch, G.H., Brongers, M., Thompson, N.G., Virmani, Y.P. & Payer, J.H. (2002). Corrosion cost and preventive strategies in the
United States.
Lam, C.K. & Lau, K.T. (2006). Localized elastic modulus distribution
of nanoclay/epoxy composites by using nanoindentation. Composite Structures, 75 (1-4), 553-558. http://dx.doi.org/10.1016/j.
compstruct.2006.04.045
Li, X., Nikiforow, I., Pohl, K., Adams, J. & Johannsmann, D. (2013).
Polyurethane coatings reinforced by halloysite nanotubes.
Coatings, 3 (1), 16-25.
Lingaraju, D., Ramji, K., Pramila-Devi, M. & Rajya-Lakshmi, U. (2011).
Mechanical and tribological studies of polymer hybrid nanocom-

8

I ngeniería I nvestigación

y

posites with nano reinforcements. Bulletin of Materials Science, 34
(4), 705-712. http://dx.doi.org/10.1007/s12034-011-0185-2
Lu, H., Yao, Y., Yin, J. & Lin, L. (2016). Functionally graded carbon
nanotube and nafion/silica nanofibre for electrical actuation
of carbon fibre reinforced shape memory polymer. Pigment
Resin Technology, 45 (2), 93-98. https://doi.org/10.1108/PRT-052015-0048
Mathivanan, L. & Radhakrishna, S. (1998). Protection of steel
structures in industries with epoxy‐silicone based coatings.
Anti-Corrosion Methods and Materials, 45 (5), 301-305.
Moazeni, N., Mohamad, Z., Faisal, N.L.I., Tehrani, M.A. & Dehbari,
N. (2013). Anticorrosion epoxy coating enriched with hybrid
nanozinc dust and halloysite nanotubes. Journal of Applied Polymer Science, 130 (2), 955-960. https://doi.org/10.1002/app.39239
Montemor, M.F. (2014). Functional and smart coatings for corrosion protection: A review of recent advances. Surface and Coatings Technology, 258, 17-37.
Peña-Parás, L., Taha-Tijerina, J., García, A., Maldonado, D., González, J.A., Molina, D., Palacios, E. & Cantú, P. (2014). Antiwear and extreme pressure properties of nanofluids for
industrial applications. Tribology Transactions, 57 (6), 10721076. https://doi.org/10.1080/10402004.2014.933937
Peña-Parás, L., Taha-Tijerina, J., García, A., Maldonado, D., Nájera, A.,
Cantú, P. & Ortiz, D. (2015). Thermal transport and tribological
properties of nanogreases for metal-mechanic applications. Wear,
332-333, 1322-1326. https://doi.org/10.1016/j.wear.2015.01.062
Peña-Parás, L., Taha-Tijerina, J., Maldonado-Cortés, D., GarcíaPineda, P., Garza, G.T., Irigoyen, M., Gutiérrez, J. & Sánchez,
D. (2016). Extreme pressure properties of nanolubricants for
metal-forming applications. Industrial Lubrication and Tribology, 68 (1), 30-34. http://dx.doi.org/10.1108/ILT-05-2015-0069
Rorabacher, D.B. (1991). Statistical treatment for rejection of deviant values: critical values of Dixon’s “Q” parameter and related subrange ratios at the 95 % confidence level. Analytical
Chemistry, 63 (2), 139-146. https://doi.org/10.1021/ac00002a010
Sababi, M., Pan, J., Augustsson, P.-E., Sundell, P.-E. & Claesson, P.M.
(2014). Influence of polyaniline and ceria nanoparticle additives
on corrosion protection of a UV-cure coating on carbon steel. Corrosion Science, 84, 189-197. http://dx.doi.org/10.1016/j.corsci.2014.03.031
Schmitt, G.A., Schütze, M., Hays, G.F., Burns, W., Han, E., Pourbaix,
A. & Jacobson, G. (2009). Global needs for knowledge development
in materials deterioration and corrosion control in cooperation with.
federal highway administration, FHWA-RD-01, 1-44.
Shi, X., Nguyen, T.A., Suo, Z., Liu, Y. & Avci, R. (2009). Effect of nanoparticles on the anticorrosion and mechanical properties of epoxy coating. Surface and Coatings Technology, 204 (3), 237-245.
Wang, H. & Zhang, S. (2010). Toughness and toughening of hard
nanocomposite coatings. In Zhang S. (Ed.), Nanostructured thin
films and coatings mechanical properties. CRC Press, 99-145.
Wang, J., Gu, M., Songhao, B. & Ge, S. (2003). Investigation of the
influence of MoS2 filler on the tribological properties of car-

T ecnología , volumen XX (número 4), octubre-diciembre 2019: 1-9 ISSN 2594-0732 FI-UNAM

http://dx.doi.org/10.22201/fi.25940732e.2019.20n4.040

Taha-Tijerina Jaime, Peña-Parás Laura, Sánchez-Fernández Antonio, Maldonado-Cortés Demófilo, Sarmiento-Barbosa Pablo, Adán-López Jesús Rolando

bon fiber reinforced nylon 1010 composites. Wear, 255 (1), 774779. https://doi.org/10.1016/S0043-1648(03)00268-0
Wang, Q., Zhang, X. & Pei, X. (2010). Study on the synergistic effect
of carbon fiber and graphite and nanoparticle on the friction
and wear behavior of polyimide composites. Materials Design,
31 (8), 3761-3768. http://dx.doi.org/10.1016/j.matdes.2010.03.017
Wang, Z., Han, E., Liu, F. & Ke, W. (2010). Fire and corrosion resistances of intumescent nano-coating containing nano-SiO2 in
salt spray condition. Journal of Materials Science Technology, 26
(1), 75-81. https://doi.org/10.1016/S1005-0302(10)60012-6
Xian, G., Walter, R. & Haupert, F. (2006). A synergistic effect of
nano-TiO2 and graphite on the tribological performance of
epoxy matrix composites. Journal of Applied Polymer Science,
102 (3), 2391-2400. https://doi.org/10.1002/app.24496
Zhi-Rong, M., Qiu-Zhang, M., Liu, H., Zeng, H., Wetzel, B. & Friedrich, K. (2001). Microstructure and tribological behavior of
polymeric nanocomposites. Industrial Lubrication and Tribology, 53 (2), 72-77. https://doi.org/10.1108/00368790110383993

I ngeniería I nvestigación

y

T ecnología , volumen XX (número 3), octubre-diciembre 2019: 1-9 ISSN 2594-0732 FI-UNAM

9

