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ABSTRACT

In this paper, an epoxy-based composite coatingagding various combinations of zinc
oxide submicrometer particles and organobentorat®particles were prepared. Dispersion of
zinc oxide particles with organobentonite nanopkes within the composites were evaluated
using XRD analyses. Hardness, adhesion, physicapepties and corrosion resistance of
composites were studied. The results showed thatlsineous use of low-loading fillers have a
positive effect on the clay exfoliation behaviomrésulting nanocomposites. Hardness, adhesion
of novel composites containing zinc oxide partilightly increased compared with neat-epoxy
even though with epoxy-organobentonite compositerr@dion performance of composites
increased with addition of zinc oxide and organdbeite particles, due to improving barrier
properties of the coating.

Keywords anti-corrosion, epoxy-organobentonite composdatiag, EIS, ZnO submicrometer
particles.

1. INTRODUCTION

Nowadays, steel has become an important part difewdfue to its extensively applications
in automotive, household appliances, business madd heavy construction such as marine
and chemical industries. Low-carbon steel is setefbdr construction because of its mechanical
properties and machine-ability at a low price [1].is known that when steel is exposed to a
natural atmosphere or marine environment, rustoiméd. Although the rusting of steel is
usually termed as corrosion, the latter is a gériermn which is used to define the destructive
interaction of a material with its environment. @sion usually refers to metals and causes
enormous industrial losses with a depletion ofrmtural resources [2]. In this regard, polymeric
coatings can provide protection either by a baaaon from the layer or from active corrosion
inhibition supplied by pigments in the coating, ahgive protection to the underlying substrate
[3]. However, in practice, all polymeric coating® gpermeable to corrosive species too such as
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oxygen, water and ions to some extent [4 - 7]. Wiaiglecules at the steel/coating interface may
reduce the coating adhesion, thus favouring camosf the metal underneath the film.

Attempts have been carried out to improve coatiggistance against corrosive
environments. Some type of pigments i.e. chromgttesphate, micro sized metallic or metal
oxides and organobentonite pigments have beerzadilio improve corrosion resistance of the
organic coatings [8, 9]. It has been shownt thiganic/inorganic pigments can significantly
improve corrosion resistance of the organaatiogs. Zhang et al. [10] showed that nano-
TiO, particle can significantly improve corrosion remigte of the epoxy coating. Dhoke and
Khanna [11, 12] revealed that nano sized ZnO pastican effectively improve corrosion
resistance of the coatings. It pointed out thator&mO is a non-toxic particle. Therefore,
environmentally friendly coatings can be produceding these nanoparticles. Epoxy
nanocomposites containing different contents ofor@mO particles were prepared by B.
Ramezanzadech, M. M Attar, the nanocomposites wexposed to 3.5 wt% NaCl solution,
mechanical properties of the nanocomposites (befnd after exposure to NaCl solution) were
studied. Results showed that corrosion resistarfcéh@ epoxy coating was significantly
improved using nanoparticles [13]. Nanoclay is algmoduced into epoxy matrix and endowed
epoxy/clay composite significantly improved physieald chemical properties [14, 15]. In
previous studies [16 - 19], some typesepbxy-clay hanocomposite had prepared in order to
produce anti-corrosive epoxy coating. Anti-corresiwroperties of nhanocomposite were often
investigated using electrochemical impedance spsmbpy (EIS) methods. All of results
showed an improvement in the barrier and anti-cveo characteristics of new composite
coating. But nano-pigments are a bit of high coserefore, in the other way, some low-cost
filler are considered as pigments.

In this study, it has been aimed to investigate @ffects of combine organobentonite
nanoparticles and ZnO sub-micrometer particles han rhechanical, physical properties and
corrosion resistance of epoxy based coating on @28f®arbon steel substrate.

2. MATERIALS AND EXPERIMENTAL
2.1 Materials

This research has used low-cost epoxy “GCC135lowaviscosity liquid epoxy resin. The
GCC135 is a bisphenol A type epoxy resin, ethylglyeol diglycidyl ether. Appearance of
GCC135 epoxy resin: transparent liquid, no mectamiopurities; epoxy value (eq/100 g): 0.54
- 0.6; viscosity (mPas) : 700 - 1100; density (gcrh.13 - 1.17.

The W93 type has used as hardener - a low viscdisiyd hardener. The W93 is a
modified isophorone amine. Appearance of W93: dedsrto pale yellow liquid; amine value
(KOH/g): 550 - 600 mg; viscosity (mPas): 10 - 100;

Epoxy resin and Hardener were purchased from @h@m Co. Kunshan, China.

Ethanol, acetone (AR) and others reagent for petjoar of artificial seawater (ASW) were
purchased from Sinopharm Chemical Reagent Co.GQhitha.

TIXOGEL MP100 organobentonite was used &siller which is a high organic bentonite.
The MP100 was purchased from Shunde District oth&onsCity, Qinghong Trade Co. Ltd,
China. Performance of TIXOGEL MP100: Appearancesaon colored free flowing powder;
density: about 1.4 g/cinbulk density: 370 - 510 g/I; moisture content3 %; 90 microns sieve
residue: <15 %; full basic state: 1 pbn, thickness of organobentonite plate about 1.4 nm.
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Submicron sized ZnO powder was purchased from &awp Chemical Reagent Co. Ltd,
China with an average particle size of 120 - 260 nm

Figure 1 Transmission electron microscope images of:
a) Tixogel MP100, b) submicron sized ZnO particles.

Q235 general structure steel (used as plain rebaspme cases) was purchased from
Angang Iron and Steel Group, Xinyang Iron & Steel,d.td, China. Chemical composition of
Q235 steel in wt.% as C: 0.17, Si: 0.37, Mn: 0R8).036, S: 0.039 and Fe: bal.

2.2. Preparation of epoxy-organobentonite nanocomgdes added submicron size ZnO
nanoparticles

In the first stage, GCC135 epoxy resin was heatd® %t to reduce viscousity by heating
water bath, then, a desired quantity - 1.5 phr ¢pbarts per hundred of total weight of epoxy
resin and hardener) of organobentonite MP100 weedhtb the resin and hand stirred until all
the fillers had been immersed. The mixture wasestiat 600 rpm for 15 min., 1200 rpm for
next 15 min., 2600 rpm for next 1 h and 300 rpm3@min. using a variable speed mechanical
stirrer fitted with a high shear impeller at heatsundition. After that, the mixture had been
self-degassed at 45 °C for 6 h. The desired qyai@ti¥5, 1 and 1.25 phr - parts per hundred of
total epoxy resin and hardener) of ZnO submicrae sirticles was added to the mixture, the
mixture was stirred at 900 rpm for next 15 min.0@®pm for next 1 h and 300 rpm for 30 min.
After that, the mixture had been self-degassedbdtClifor 6 h and degassed under vacuum in
vacuum oven for next 2 h. At last, W93 hardener added. Prior to curing, the mixture was
cooled at ambient temperature @2 °C). Curing was done in ambient condition at 24 h.

2.3. Electrodes preparation

A copper wire was electrically connected to ondasg of each 10 mm x 10 mm x 0.5 mm
Q235 steel piece, and then this surface and albther surfaces except the one exposed to
electrolyte for corrosion testing were sealed waitthick bulk E44 epoxy resin wraped by PVC
tube. After epoxy curing, the unsealed coupon serfaas polished on silicon carbide (SiC)
papers down to a grid size of 400. Then, the sasytface was rinsed with tap water, dried in
air-flow of air-compressor machine.
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2.4. Substrate preparation for adhesion test

The Q235 steel panels with 47 mm x 105 mm x 2 nmredsion were polished on silicon
carbide (SiC) papers down to a grid size of 40@r[hhe sample surface was rinsed with tap
water, dried in air-flow of air-compressor machine.

2.5. Composite coatings preparation

The mixture (epoxy+hardener+organobentonite MP10@n©) was degassed under
vacuum for 10 min. at 28C, to obtain new composite material. Then the caitpaoatings
were applied by wire-beam film applicator on steabstrate. Dry film thicknesses of the
coatings were about G092 um. All samples were cured in ambient condition&ah2Pure epoxy
and epoxy added organobentonite were prepareatondking comparison.

Table 1 Compositions of epoxy based composites were egigld in this study.

Sample | Organobentonite concentration (phr) Sub-micronsize ZnO particles concentration (phr)
PE - -
EC 15 0
ECZa 15 0.75
ECZb 15 1
ECZc 15 1.25

2.6. Synthesis of artificial sea water

According to the Lyman and Fleming formula for figtal seawater [20], the artificial
seawater with salinity 3.50 % is prepared. Thisusoh was used for corrosive media to
exposure samples.

2.7. Characterization
2.7.1. Density

The novel composites were casted in plastic forrawArcylinder samples are measured a
volumes and masses to obtain densities.

2.7.2. Measurement of weight change in solution

The solution uptake of cylinder samples immersedrtificial sea at ambient temperature
using glass cups was measured by recording thergmdthe solution absorbed within a fixed
interval of immersion time. Before immersion, adingples were dried at 60 °C for 24 h in
vacuum oven and their initial weights as well asehsions were measured. The samples were
periodically removed, wiped with filter paper tameve excess solution, and then their weights
— wet condition — are taken. Solution content wetgeiinined using equation:

AT -
v
L

Mz[o6] = ——=.100 1)

4
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where Mt, Wt and Wo are the solution content aivargtime, weight of the sample at the time
of the measurement and initial weight, respectively

2.7.3. XRD observations for nanocomposite morphosspessment

The nanocomposites were characterized by RigakayXdiffractometer using CoA
radiation, measured at 40 kV/250 mA. The data wasrded in the range 0B2 1°-8°, at the
step size of 0.02° and the counting speed of 0iB?/hese parameters were selected based on
preliminary studies to give sufficient resolutionthe acquired XRD data.

2.7.4. Ultraviolet-Visible analysis

The UV light absorption properties of new materiaisre tested by Hitachi U3010 UV-
VIS spectrophotometer. Wave length region was betw200~800 nm. The UV absorption
efficiency of new materials was significantly dedent on the transmittance of UV light
through samples.

2.7.5. Mechanical properties

HV test Hardness is a characteristic of a material, fahdamental physical property. It is
defined as the resistance to indentation, and mi@ied by measuring the permanent depth of the
indentation. More simply put, when using a fixedco (load) and a given indenter, the smaller
the indentation, the harder the material. The isk®eardness test method, also referred to as a
microhardness test method, is mostly used for spaatk, thin sections, or case depth work. The
Vickers method is based on an optical measurenysters. The microhardness test procedure,
ASTM E-384, specifies a range of light loads usindiamond indenter to make an indentation
which is measured and converted to a hardness.Jvaigevery useful for testing on a wide type
of materials as long as test samples are carefuliyared. A square base pyramid shaped
diamond is used for testing in the Vickers scalds Thicrohardness method is used to test those
novel composites - any type of material. The HVueal of the novel nanocomposites had been
carried out by MH-3 Everone HV test instrument Wit kgf, dwell-time is 5 s.

Adhesion testfor assessing adhesion of new nanocompositesngofilins to low-carbon
steel substrate, ASTM D3359 — method B had beeheabin this research by QFH comb-knife
instruments.

2.8. Electrochemical measurements

Electrochemical measurements were conducted usingee-electrode system. The epoxy-
coated steel samples served as the working elegtnatiile the counter electrode and the
reference electrode used were a platinum grid anshtarated calomel electrode (SCE)
respectively. The coatings evaluated in the elebemical measurements had similar thickness
as those used in the morphological study since tiveye prepared following the same
procedures. The corrosive solutions tested werficat seawater (ASW). Two methods were
used to test the anticorrosive performance of thresecomposite coatings: electrochemical
impedance spectroscopy (EIS) and potentiodynami@kwpolarization. Up to 56 days
immersion of the coated steel, the EIS measuremsate carried out periodically using a
CHI660C electrochemical workstation. The steel watarized at + 10 mV around its open
circuit potential (OCP) by an alternating curred€Cj signal with its frequency ranging from 10
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kHz to 10 mHz (12 points per decade). The polaorascans were conducted at 10 mV/s, and
the scan range generally started at nearly -250caitiodic of the open circuit potential and
terminated at nearly 250 mV noble of the open dirpotential. Corrosion current (lcorr),
corrosion rate (CR) and corrosion potential (Ecarere calculated automatically by CHI ver.
8.03 software.

3. RESULTS AND DISCUSSION
3.1. Physical and Mechanical properties of samples
3.1.1. Densities
Densities of those new composites are shown iret&bllt pointed out that density is
increased linearly on fraction of fillers and ifing those composites to make a coating, 1 kg of

composites can be applied for about FAnith 60 pm thickness.

Table 2 Densities of epoxy-based composites.

Samples Densityp (g/cnT)
PE 1.171
EC 1.182
ECZa 1.188
ECZb 1.191
ECZc 1.217

3.1.2. Measurement of weight change

The solution uptake of cylinder samples immersedaitificial seawater at ambient
temperature is shown as figure 2. It can be obsdettvat ECZb sample has low and stability
solution contents; it means that highest densdmmelst degradation.

3.1.3. XRD observations

Among the methods of determining the dispersionasttaristics of fillers in polymers, X-
ray diffraction (XRD) and transmission-electron roscopy (TEM) are widely used. In the
present study, XRD is given preference over TEMahge transmission-electron microscopy
observes the structure of the material in a vergllsarea, which is less than Qun in length
and width at 10 magnification. The structure observed in such allsarea may not be
representative of the large batches. Therefore, ¥Riksed for characterization because it uses
relatively large specimen size and sample seleatidhhave a much smaller effect on the
results. The XRD spectra for the synthesized cortg®are shown in figure 3.

Based on this figure, it can be observed thatatides have no exhibit any peak in their
spectra, which indicates that fillers have exfeltht
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Figure 2 Solution content of samples in Figure 3 XRD spectrum of the samples.
ASW solution.

3.1.4. Ultraviolet-Visible analysis

UV-VIS spectroscopic measurements confirmed thmed Ziller is extremely efficient UV
absorber since 3 mm thick plates. ECZc sample Bbsapre than 95% of the incident UV light
(Figure 4). At the same time more than 85 % ofitleeddent UV light was absorbed by ECZa,
ECZb samples. Furthermore, only approximately 3®i8ible light is transmitted through the
ECZ samples. It means that new ECZ composites a@aod UV absorption properties. Hence,
those new materials have a potential applicatiob\dsstabilized materials for various outdoor
applications [21].
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Figure 4 UV-VIS spectra of samples. Figure 5.HV/0.2/5 results of of samples.

3.1.5. The microhardness (HV) and adhesion grade

HV results of 5 types samples are shown in figureltSpointed out that added
ZnO/organobentonite fillers increasing hardnessoofiposites effectively.
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Adhesion of coating films on steel substrates wae avestigated. The results revealed
that the adhesion does not vary strongly with iaseein filler concentration. PE sample was up
to 4B grade and others were also up to 5B gradelloésion.

3.2. Effect of filler particles on the corrosion reistance of the coated Q235 steel

EIS plots for all samples are presented in the Baddeformat as a function of exposure
time. According to the literature, the impedancedmios at the low frequencyZ({ at 0.01 Hz) is
a useful parameter to characterize the corrosiategtion of coatings. The open cuircuit
potential was obtained before making AC impedest &so. The electrochemical analysis of
one bare Q235 steel after 56 days of immersiorSWAwas carried out for comparison.
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Figure 6 Bode plots of: a) Bare Q235 steel, PE, EC aftedd@ys, b) ECZ samples after 14 days,
c) ECZ samples after 28 days and d) ECZ samples &t days of immersion in ASW.

Figure 6 provides the Bode plots data of bare amiposite-coated steel in ASW solutions,
as a function of filler particles concentration aexposure duration. The values of OCP and
impedancdZ| at 10 mHz of all samples exposed to ASW at differemersion times are shawn
in Table 3. It should be cautioned that the OCHirgpof the coated steel was contributed both
by the corrosion potential of the steel itself &ydhe electrical resistance of the coating layer.

As are shown in Fig. 6 and Table 3, because GC@&l&830ow viscosity liquid epoxy resin,
60 um thickness PE coating had poor protective efiiter 56 days of immersion, it has t{#
value at 10 mHz nearly 7 times of bare Q235 stedltae OCP of PE coating sample is linear
increment following immersion time. The incorpocatiof a small amount of organobentonite
(1.5 % by total weight of resin and hardener) ithhe pure epoxy, the EC composite was
obtained, EC coating’s corrosion resistance is rneffective than PE coating, tiig value at 10
mHz is more stability in corrosive solution bullsit low value.

Incorporating low-loading organobentonite nanopses and ZnO submicron size particles
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together into epoxy coatings, the initial period of immersion (after 14 daytkle ECZb coating
possessed the highddfvalue at 10 mHz, followed by the ECZc and ECZd had a lowedE|
value at 10 mHz. After 28 days of immersion, thtugeaof |Z| at a low frequency of 10 mHz
gradually decreased, at the same time, OCP decdkeadech indicated that corrosion had
occurred. Until the end of immersion process, thieie of|Z| at a low frequency of 10 mHz was
still maintained at around 1®hm.cni. Because the amount of ZnO submicron size pesticl
was not enough to improve barier properties of EG#angly, so the value dZ| at a low
frequency of 10 mHz and OCP gradually decreased.

With highest amount of ZnO submicron size particlee ECZc coating had the value|off
at a low frequency of 10 mHz, which was below @Bm.cnf after 14 days of immersion, then
inceased slightly after 28 days until the end ahinsion. It proved that in this case, some ZnO
submicron size particles were not well dispersdd poxy resin and MP100 mixture, the
number of pore in ECZc coating was much more th@@lEcoating, some corrosion products
sealed the pores of the coating. Therefore, wiikalsie loading of fillers, a ECZb coating
showed good protective effect.

Table 3 The values of OCP and impedafi€eat 10 mHz of all samples exposed to ASW.

Samples OCP (VIvs SCE) |Z| at 10 mHz (Ohm.chy
14 days 28 days 56 days 14 days 28 days 56 days
Bare Q235 - - -0.711 - - 1.554E+3

PE -0.623 -0.657 -0.670 4.452E+3  5.078E#+3  1.071E+4
EC -0.623 -0.634 -0.649 4.425E+4  4.042E+4  4.121E+4
ECZa -0.615 -0.609 -0.62 2.381E+5  1.555E4+5  1.101E+5

ECZb -0.434 -0.487 -0.542 1.313E+#6  1.082E4+6  1.0@BE+

ECZc -0.496 -0.538 -0.558 8.765E+5  9.329E+5  1.2@3E+

According to the other studies [3, 10], from Tabelarization curves, it can be observed
that the anticorrosion properties of different augd were further revealed clearly and directly.
It can be seen from Fig. 7 and table 4, once adglaat,the ECZb coatings indicated the highest
corrosion potential (Ecorr = -0.631 V). Then, there epoxy coating showed the lowest
corrosion potential. However, the sequence of tireosion current (Icorr) is just the opposite.
The corrosion current is an important factor torahterize the anticorrosion performance. The
pure epoxy coatings had the highest corrosion otirfiehen, the ECZc coating had the lowest
corrosion current.
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Figure 7. Tafel polarization curve of all samples afterdzys immersion in ASW.

As were shown in Table 4, after 56 days of immersibe filler particles reduced the
corrosion rate of composite coated Q235 steel Bytithes with pure epoxy, by 10 times with
organobentonite only, by 23 times with ECZa, by ua 356 and 410 times with
organobentonite and ZnO submicron size particlgstteer in ECZb and ECZc.

Table 4.Fitting values of Tafel plot of different coatingfter 56 days immersion in ASW.

Fitting values of Tafel plot
Samples

Ecorr (V) | Icorr (A.cn?) | CR (mm/year)
Bare Q235 -0.869 1.910E-5 2.218E-1
PE -0.868 8.217E-6 9.543E-2
EC -0.816 1.849E-6 2.147E-2
ECZa -0.761 8.187E-7 9.500E-3
ECZb -0.631 5.370E-8 6.236E-4
ECZc -0.635 4.659E-8 5.410E-4

It pointed out that with suitable loading; the stance values were much higher than those
of pure epoxy coating. Furthers more, this indidatectiveness of ZnO particles for improving
barrier properties of coating layer.

Figure 8.Digital photograph of composite-coated Q235 stgpbsed to ASW after 56 days:
a) bare Q235 steel, b) PE coating, c) EC coatipgQ¥a coating, €) ECZb coating, d) ECZc coating.

As were shown at Fig. 8, there is a thick rust layethe surface bare steel samples, there
is a rust layer around perimeter of PE sample harkttare some rust dots on the surface of EC
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sample. But on the surface of the ECZ samplesether some colored dots only. It means that
solution diffused into interaction layer betweeratiog and steel but no rust yet. This suggests
that filler particles improved the quality of thared epoxy coating, reduced the porosity of the
coating matrix, and zigzagged the diffusion pathilable by deleterious species, leading to
improved barrier performance of the epoxy coatBgsides that, filler particles improved the
adherence of the cured epoxy coating to the unidegrgubstrate and altered the physiochemical
properties of the coating-steel interface.

4. CONCLUSION

Incorporating low-loading organobentonite nanopit and ZnO submicron size particles
together into low-cost organic coatings improveg thoth anti-corrosive properties and
mechanical properties of coatings. Based on thesalts, the best performance of coatings was
obtained at 1phr ZnO submicron size particles ceimagons (ECZb sample). It is suggestion
for economical consideration. By using mechaniciaimy method or general machine, this type
of coating can be applied for protection of relg@neral low-carbon steel structures in corrosive
environment such as seashore in-field. This pracggzocedure can be applied for other type
of epoxy resin.
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TOM TAT

CHE TAO, PAC TiNH VA TiNH CHAT CHONG AN MON CUA COMPOSITE NiEN
EPOXY CHJA BENTONITE HUU CG, BOT ZnO CO & HAT DUGI MICROMETER

Bui Qudc Binh"?", Zhong Qingdong, Zhou Qiongfu

'Khoa Cong trinh thy, Treong Pai hoc Hang Hii, Hai Phong, Vit Nam.

?Phong Thi nglim Trong diém \é Luyén kim va 8n xuit vt liéu tién tén, Dai hoc Throng Hii,
Thuong Hai, Trung Quwc

"Email: binhbg.ctt@vimaru.edu.vn

Bai bao nay trinh bay qua trinhécho l6p phi composite &n epoxydugc ting arong
bang bentonite #iu oo va Ht ZnO ¢ & hat dudi micrometer i cac hamiong khac nhau. ®
dung phrong phap nliu xa tia X dé danh gia kh ning phan tan bentonite vattznO vao #n
epoxy. Nghién €u d6 cing, dd bam dinh, tinh ¢l vat Ii co ban va khi ning cténg an mon @a
vat ligu ché tao duoc. Két qua nghién ¢u cho thy rang Wi ham kong thip, bentonite fiu
phan tandt vao ren epoxy vado ra lai composite tachdp. Khi ting arong thém thanh pim
bot ZnO, d6 cang vadd bam dinh aa \at liéu ché tao duoc ting nke so Wi epoxy va epoxy cé
gia arong bentonite tiu c. Kha ning chbng an mon éa mang ph lam king vat liéu moi ciing
duogc gia ting do khi &ng arong dong thoi bentonite kru co va bt ZnO vao &n epoxy thi kh
nang cin thim cia \at liéu cing duoc cii thién.

Tir khod:chdng an mon, sn tong hyp epoxy-organobentonite, ElStisubmicrometer ZnO.
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