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AISI 316L stainless steel is widely used for multiple applications because of its good mechanical proper-
ties and corrosion resistance in multiple environments. However, the long exposure of AISI 316L steel to
aggressive envi-ronments containing chloride ions limits its electrochemical performance significantly.
The objective of this te-search is to develop and evaluate a thin cerium oxide-gelatin nanolaminate coa-
tings for corrosion protection of the spin-coated AISI 316L stainless steel in 3.5% NaCl solution as the
corrosion medium. The nanolaminate coat-ings were evaluated by the potentiodynamic polarization
technique and the characterization of the coatings was performed by using XRD, SEM, and EDX. The
results show that the corrosion behaviour of CeO:-gelatin nano-laminate coatings significantly improves
the corrosion behaviour of the coated AISI 316L steel. The results also confirm the formation of homo-
geneous and crack-free coatings without any noticeable defect. One-way ANOVA analysis was used to
examine the statistical significance of coating types. The novelty of this research is the devel-opment and
preparing nanocomposites coatings by using gelatin as a gel matrix for nanocomposites powder dis-
persion instead of the traditional methods to improves the uniform and localized corrosion of the AISI
316L steel. The results showed that the prepared coatings significantly improved the uniform and locali-
zed corrosion re-sistance of the AISI 316L steel.

Keywords: Corrosion evaluation, Nanolaminate coating, Cerium oxide, Gelatin, AISI 316L stainless steel, Spin

coating

1 Introduction

AISI 316L stainless steel is widely used for multiple
applications because of its good mechanical properties
and very good corrosion resistance in multiple envi-
ronments [1]. Its uses cover a wide range of applicati-
ons such as medical applications, household, nuclear
power plants, marine environments, architecture, and
transportation applications [2]. AISI 316L steel loses
its superior corrosion resistance behaviour and suffers
from localized corrosion with the presence of chloride
ions in seawater and body fluids [3]. Therefore, surface
modification techniques are necessary to protect the
outer surface of AISI 3160L steel from direct contact
with severe corrosion environments. Several surface
engineering procedures have been considered in the
literature to improve the corrosion resistance of AISI
316L steel without deteriorating its properties. These
procedures can be applied cither by grain refinement
[4], adding alloying elements to the AISI 316L steel
surface, or by coating the surface of the steel by single
or multiple protecting layers [5].

Cerium (Ce) is the most plentiful of rare earth ele-
ments that are found in the earth's crust [0]. Recently,
cerium oxide has been extensively used in biological

applications due to its antioxidant behaviour in cell
culture systems [7]. Also, it is used in corrosion pro-
tection applications as a single or hybrid coating ma-
terial for various surfaces. Arora et al. [8] synthesized
novel lanthanum cerium molybdate (LCM) nanopar-
ticles by sol—gel synthesis method and their use in the
development of nanocontainers in an anticorrosive
coating application. The self-healing and anticorrosion
effects of cerium nitrate in epoxy—clay nanocomposite
coatings systems were studied [9]. Different amounts
of cerium (III) were added to epoxy—montmorillonite
clay composites and the nanocomposite coatings were
prepared and applied on cold rolled steel panels
There are few studies in the literature covering
AISI-316 coated with cerium oxide film. Shi et al. [10]
investigated the corrosion resistance of AISI-316 coa-
ted with cerium oxide film by magnetron sputtering
technique and concluded that ceria film improves the
corrosion resistance of AISI-316 substrate signifi-
cantly in a simulated marine environment. Xu et al.
[11] developed a new cerium chemical conversion coa-
ting composed of CeO» with a small amount of Ce>O3
on AISI-316 substrate and analyzed the corrosion be-
haviour of such coating in a simulated marine environ-
ment and concluded that such coating improves the

330

indexced on: htp:/ | www.scopus.com



June 2021, Vol. 21, No. 3

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

critical pitting potential of AISI-316 substrates in a si-
mulated hot marine environment.

Gelatin is a natural biological macromolecule deri-
ved from the collagen in the connective tissue of the
skin, bone and other tissues. It has been widely used
in medicine, food and industrial production and other
tields for easy molding, excellent compatibility and bi-
odegradability [12]. Gelatin has many advantages such
as good adhesiveness and moderately low cost, which
makes it a good choice for medical applications [13],
pharmaceutical applications [14], and protective coa-
ting material [15]. Gelatin is becoming a promising
candidate as a composite coating material in enginee-
ring applications. Almomani et al. [16] and Hayajneh
et al. [17] used gelatin as a gel matrix for nanoparticles
dispersion instead of the old and traditional sol-gel
method.

This study evaluates the corrosion behaviour of
nanolaminate CeO»-gelatin coating applied to AISI
316L Stainless Steel in a simulated marine environ-
ment containing 3.5% NaCl solution. The influence of
the weight percentage of CeO: nano powders on
corrosion behaviour and morphology of the produced
coatings is also tested.

2 Materials and Methods
2.1 Preparation of AISI 316L steel substrates

AISI 316L steel substrates were cut into 55 mm X
55 mm X 2 mm. Before coating, the AISI 316L sub-
strates were dipped in a solution comprising of nitric
acid and hydrogen peroxide for 30 seconds to increase
the binding of gelatin coating to the AISI 316L sub-
strates by increasing the micro-roughness of the AISI
316L substrates. Then the substrates were cleaned in
Acetone for 15 minutes by an ultrasonic cleaner to re-
move any contaminants on the surface of the substra-
tes. Finally, the substrates were sonicated in deionized
water for 15 minutes and dried by a hot air stream be-
fore the coating stage.

2.2 Preparation of nanolaminate CeO:-gelatin-coa-
tings

To prepare the coating materials, different quan-
tities of cerium dioxides nanoparticles (10—30 nm, pu-
rity > 99.97%, density 7.132 g/cm3, US Research Na-
nomaterials company) were dispersed in gelatin at di-
fferent weight percentages. Gelatin (type A porcine
skin, Mw: 50,000-100,000, Sigma) was selected as a
standard 8 wt. % gelatin in 20 wt. % acetic acids [16,
17]. The solution was prepared at room temperature.
After complete gelatin dissolution, different weight
percentages of CeO, nanoparticles (0, 1, 2, 3) wt. %
were added to the solution. Magnet stirrer was used at
room temperature for 24 hours to assure homoge-
neous distribution of CeO» nanoparticles in the su-
spension. To stabilize the gelatin structure in water,

crosslinking is necessary. Ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDC, Sigma) was used as a
crosslinking agent. 9 wt. % EDC solutions in ethanol
were added to the suspension and magnetically mixed
for 6 hours at 500 C [10].

Spin-coating films were developed using a KW-4A
precision spin-coater (Chemat Technology Inc.) with
the help of a vacuum pump (Gast Manufacturing). In
this investigation, the spinning speed setting was ad-
justed according to the initial experiments on the three
spinning speed sets (L: 250-1000 tpm, M: 500-2500
rpm, H: 750-4000 rpm) based on the electrochemical
results and visual evaluation of the coating smoo-
thness quality. Accordingly, the 500-2500 rpm
spinning speed setting was chosen. Spinning time was
attuned for all coated samples to be 15 seconds for the
low spinning speed and 30 seconds for the high
spinning speed.

2.3 Characterization of the nanolaminate coatings

The morphology of the coated steel was inspected
by scanning electron microscopy (SEM), and energy-
dispersive X-ray analysis (EDX) before the corrosion
experiment to explore the homogeneity and distri-
bution of the nano powders within the gelatin matrix,
and after the corrosion experiment to identify the in-
fluence of corrosion test on the morphology of the
coated steel. Energy-dispersive X-ray analysis was
used for eclemental analysis and chemical characte-
rization of the substrate surface and corrosion produ-
cts. The phase identification of the coated samples was
executed using X-ray diffraction (XRD) to confirm
the presence of CeOs nanoparticles within the coating
on the AISI 316L steel. Direct current polarization
(DCP) experiment was used to study the corrosion be-
haviour of the coated AISI 316L steel. Gamry poten-
tiostat Ref 600 corrosion testing apparatus was used
with graphite and saturated calomel electrodes as a
counter and reference respectively. Three replicate
samples were tested for each case to ensure repeatabi-
lity.

2.4 Statistical analysis

The use of statistical models has allowed the ex-
planation of the behaviour of many natural pheno-
mena. However, their application in the investigation
of the corrosion behaviour has been extensively used
in recent studies [18]. Analysis of variance (ANOVA)
is a statistical analysis tool, it stands for analysis of va-
riance, and developed by the British researcher Ronald
Fisher in 1923 to analyze the differences between
group means to determine whether they are the same
or not by splitting the causes of variability in a data
into two parts: systematic and random factors.
ANOVA has been used in many applications inclu-
ding materials science. Materials scientists and resear-
chers utilize ANOVA to investigate the influence of
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changing some controlled process parameters or
weight percentages of reinforcement or alloying ele-
ments on various material properties based on the ex-
perimental results [19-20]. In the present study,
ANOVA is used to check whether the changes in the
exchange current density and thus corrosion rate or
pitting potential at different weight percentages of
CeO are statistically significant at 95% confidence le-
vel or they occurred from normal variations.

It is important to emphasize that if the ANOVA
test shows that the variations of electrochemical para-
meters (Icorr and Epit) at different weight percentages
of CeO: (0, 1, 2 and 3) are significant, and then this is
a sign for the change of corrosion mechanism.

3 Results and Discussion
3.1 Chemical characterization of CeO»-gelatin coa-
tings

Figure 1a shows the uncoated AISI 316L surface
before performing the corrosion test. It can be obser-
ved that the surface has irregular-shaped mark lines

that were formed during the polishing process by de-
taching some material from the surface parallel to the
polishing lines. Figure 1b shows SEM images of the
pure gelatin-coated sample before the corrosion test.
It can be seen that the surface is totally covered by a
very smooth, homogeneous, and well-distributed ge-
latin layer and without any cracks or defects. Figure 1c
shows SEM images of 2 wt. % CeO: nanolaminate
coated sample before carrying out the corrosion test.
The figure confirms the uniform and homogeneous
distribution of CeO2 nanoparticles throughout the ge-
latin matrix without affecting the morphology or the
adhesion of the gelatin matrix coating to the AISI
316L steel substrate. Figures 1d represents the EDX
spectrum and quantitative analysis of the coated AISI
316L steel with CeO nanoparticles distributed in ge-
latin matrix before the corrosion test. The figure pro-
ves the presence of CeO, nanoparticles in the gelatin
matrix.

85 170 268 340 435 510 695 680 765 880 338 10!
Enecgy - keV

Fig. 1 (a) Surface morphology of AIST 3161 stainless steel before conducting the corrosion test, (b) SEM images of a pure gelatin-
coated sample before the corrosion test, (¢) SEM images of 2 wt. %o CeOz-gelatin nanolaminate coating before corrosion test, (d)
EDX spectrum and quantitative analysis of coated AIST 3161 steel with CeOy nanoparticles dispersed in gelatin before corrosion
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Figure 2 displays the uncoated AISI 316L steel sur-
face morphology after corrosion testing. The Figure
shows that the entire surface is covered with brittle
cracked layers of salts filled with the corrosion produ-
cts. The cracks formation can be attributed to internal
stresses spurred by the released gases during the cat-
hodic reactions, or it can be formed as a result of the
salt layer. It also can be seen from Figure 2 that the
uncoated AISI 316 L steel surfaces are covered with
many pits or cavities of different sizes that affect ad-
versely the surface morphology and quality. The gela-
tin coating layer without CeO2 nanoparticles comple-
tely deteriorated and unsuccessful to protect the AISI
316L steel surface from corrosion as shown in Figure
3. Such behaviour can be attributed to the lack of hard
dielectric ceramic nanoparticles in the gelatin coating.
As shown in Figure 4, the distribution of CeO; nano-
particles in gelatin improves the performance of the
gelatin coating in protecting AISI 316L steel after per-
forming the corrosion test leaving it without any
cracks and pits. The SEM images after the corrosion
experiment confirmed the presence of the nano-sized
CeO,, particles in the gelatin coating and some micro-
sized agglomerations in addition to the precipitation
of aggressive salt layers, which is a decent measure of
the stability and the functionality of this coating. Fi-
gure 5 shows the EDX spectrum and the quantitative
analysis of the coated AISI 316L steel with CeO2 na-
noparticles dispersed in gelatin after the corrosion test.
Both (EDX spectrum and quantitative analysis) prove
the presence of CeO» nanoparticles in gelatin coating
after performing the corrosion experiment in addition
to the presence of precipitated aggressive chloride
ions in the surface of the substrate.

Fig. 2 Surface morphology of uncoated AIST 316L. stainless
steel affer conducting the corrosion test.

Fig. 3 SEM images of pure gelatin-coating after the corrosion
test.

Fig. 4 SEM images of nanolaminate 2 wt. % CeQOz-gelatin-
coating after the corrosion test.
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Fig. 5 EDX spectrum and quantitative analysis of nanola-
minate 2 wt. %o CeQOz-gelatin-coating after the corrosion test

3.2 XRD analysis
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Fig. 6 XRD pattern of pure gelatin and CeO-gelatin- nano-
laminate on a fused glass substrate

X-ray diffraction (XRD) was used to confirm the
presence of CeO» nanoparticles within the nanolami-
nate gelatin-CeO: coating. Figure 6 shows the XRD
patterns of the gelatin and the CeO»-gelatin- nanola-
minate on a fused glass substrate. The figure shows
the X-ray diffraction patterns of pure gelatin, revealing
that the structure is essentially amorphous with a more
pronounced peak [21] at around 20° 20, having inten-
sities of ~3400. Figure 6 also shows the XRD pattern
of 2 wt. % CeO2 nano powders dispersed in gelatin
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nanolaminate consisted of the main characteristic
peaks of CeOs at 20 of the diffraction peaks observed
at 20: 28.66°, 33.03°, 44.56°, 56.39°, 69.34°, and
76.61°. These patterns reveal the presence of crys-
talline cerium dioxide (CeO») deposits (Joint Commit-
tee of Powder Diffraction Standards-JCPDS #43-
1002).

3.3 Electrochemical corrosion examination

Figure 6 The polarization curves of 316L steel coa-
ted with cerium oxide-gelatin nanolaminate coatings
are shown in the plot of Figure 7. The curves for all
the examined nanolaminate coatings have similar sha-
pes and are made of the same regions, which are: cat-
hodic branch, anodic branch, and autocatalytic pitting
region. On each curve, the corrosion current decreases
with raising the applied potential in the first region
which starts from the lowest potential on the curve
and extends up to the point where the corrosion
current starts to increase with the increase of applied
potential. The first region is known as the cathodic
branch of the curve. The point at which the current
starts to increase with increasing the potential repre-
sents the start of the second region, this region conti-
nues to the point where a sharp increase of the current
resulting from a small increase of the applied potential.

In this region, pits might form but they disappear,
transient current spikes are signs for these metastable
pits formation. The end of the second region is known
as critical pitting potential which represents the poten-
tial level at which the metastable pits become stable
and continue to grow in the last region (autocatalytic
pitting). Almomani and Aita |5] describe in detail the
morphology of pits growth in the autocatalytic region.
Even though the similar characteristics curve for these
nanolaminate coatings, but these curves differ in the
position of exchange current density (Icorr), and the
level of the critical potential. Figure 7 shows that the
corrosion current densities (Icorr) are shifted to lower
values with an increase of weight percentage CeO> na-
noparticles in the matrix, and at the same time, the cri-
tical pitting potentials are shifted to higher values.
These changes indicate that both uniform and locali-
zed corrosion of AISI 316 L steel has improved by
applying the used nanolaminate coatings. Therefore,
adding the CeOz nanoparticles to the gelatin matrix
enhances the coating stability by slowing down the
transport of corrosive agents through the nanolami-
nate coating. The cathodic inhibition imparted by the
cerium oxide coating layer is much more significant
than the uncoated AISI 316L steel substrates.
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3,00E-01 :
__ 2,00E-01 ¢ -F Uncoated AISI 316L steel
E 1,00E-01 f — Gelatin only (0wt % CeO2
Tj 0,00E+00 1 wt. % CeO2
€ _1,00E-01 2wt. % CeO2
% oot /\ Jt T 02
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Fig. 7 Potentiodynamic polarization curves of AIST 3161 steel coated with different nanolaminate CeOs-gelatin coatings.

Table 1 summarizes the corrosion potentials
(Ecorr), corrosion current densities (Icorr), and critical
pitting potentials (Epit) that were obtained from the
Tafel scans for all examined samples. It can be obser-
ved from Table 1 that Icorr value indicates significant
information about the corrosion behaviour; the
sample that has the least corrosion current density ex-
periences the best corrosion resistance.

Figure 8 shows the effects of the weight percentage
of dispersed CeO, nanoparticles on the corrosion
current density of AISI 316L steel. As shown, the
electrochemical results at 2 wt. % CeO» nanoparticles
weight percentage outperform the electrochemical re-
sults at 3 wt. % CeO, weight parentage. These findings
may be attributed to the agglomeration of CeO pat-
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ticles which increases the surface roughness and spe-
eds the corrosion [22]. The results indicate that the
coating the steel surface with gelatin inhibits passiva-
tion. Shifts in Ecorr and Icorr resemble to the effecti-
veness of the coatings to limit the amount of solution
contacting the steel, whereas the CeO; particles pro-
vide localities susceptible to breaching at the thinner
layers of the gelatin coat to permit the solution to con-
tact the steel with no time to passivate. Figure 9 shows
the critical pitting potential behaviour of AISI 316L
steel coated with different weight percentages of CeO»
nano powders (0, 1, 2, 3). As shown, the CeO2 nano-
particles improve the critical pitting potential of the

Tab. 1 Electrochemical constant values

AISI 316L steel significantly. This behaviour is due to
the formation of stable coating layers on the AISI
316L steel surface compared with the unstable oxide
film on the uncoated AISI 316L steel, which could not
sufficiently protect against pitting corrosion [25]. It se-
ems obvious that the critical-pitting potential results
are compatible with the corrosion current density re-
sults; the highest electrochemical enhancement occurs
at 2 wt. % CeOz nanoparticles coating due to the ne-
gative effect of agglomeration on the surface rou-
ghness and critical pitting potential.

for the uncoated and coated AIST 316L. steel samples.

Jwt% CeQ2 2wt CeO2

Percentage of  the B I Epie
The Examined Samples CeO; nanoparticles o T (V vs. SCE)
(wt. %) (mV vs. SCE) (nA/cm?) (mV)
- 37 196 277
Uncoated AISI 316L steel _ 2902 272 270
- -158 260 286
0 -101 75 291
Coated with gelatin only 0 -125 67 312
0 -161 133 271
) 1 -139 57 367
izr;(;laznmate CeOs-gelatin 1 KD 579 360
5 1 121 62.4 374
) .2 -157 49.9 457
iir;(;la?mate CeOs-gelatin 5 261 376 443
5 2 174 46 454
) .13 -142 56.1 367
S)ir;(;la?mate CeOs-gelatin 3 129 3.9 365
5 3 110 44.2 320
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Fig. 8 Corrosion current density (nA/ cn?) of AISI 3161 coated with different nanolaminate CeQOx-gelatin coatings.
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Fig. 9 Critical pitting potential (mV" vs. SCE) of AIST 3161 coated with different nanolaminate CeOz-gelatin coatings.

3.4 Statistical analysis

A one-way ANOVA analysis was used to examine
the statistical significance of the coating types on
corrosion current density and critical pitting potential.
This analysis was evaluated for a confidence level of
95%, that is for the significance level of a = 0.05. Mi-
nitab software (version 18) was used to perform the
test. Five coating type levels were tested: uncoated
AISI 316L steel, AISI 316L steel coated with only ge-
latin (0 wt. % CeO2), AISI 316L steel coated with 1
wt. % CeOs-gelatin nanolaminate coating, and AISI
316L steel coated with 2 wt. % CeO»-gelatin nanola-
minate coating and AISI 316L steel coated with 3 wr.
% CeO2-gelatin nanolaminate coating. Each level has
three replications. ANOVA test results of the effect
of coating type on corrosion current density and criti-
cal pitting potential are briefed in Tables 2 and 3, re-
spectively. Since the P-value for the models was less

than 0.05, then the parameter or interaction can be
considered to be statistically significant.

Figures 10 and 11 show the boxplot of the corro-
sion current density (Icorr) of AISI 316L versus the
coating type and the boxplot of the critical pitting po-
tential (Epit) of AISI 316L versus the coating type, re-
spectively. A boxplot is a graph that gives a good indi-
cation of how the values in the data are spread out.
The results confirm that the corrosion current density
and the critical pitting potential are dependent on the
coating type. It is shown that all coating types can im-
prove the critical pitting potential of the uncoated
AISI 316L significantly, which is due to the formation
of stable coating layers on the AISI 316L surface com-
pared with the unstable oxide film on the uncoated
AISI 316L steel. The best electrochemical enhance-
ment occurs at 2 wt. % CeOz nanolaminate coating.
The statistical analysis fully supports the electrochemi-
cal and morphology results.

Tab. 2 ANOV'A test results of the corrosion current density (L) for each coating type

Source Df SS MS F P
Coating types 4 81195 20299 31.86 0.000
Error 10 6371 637
Total 14 87566
Tab. 3ANOLV A test results of the critical pitting potential (Eyy) for each coating type
Source Df SS MS F p
The Examined 4 60213 15053 60.10 0.000
Sample
Error 10 2505 250
Total 14 62718
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Fig. 10 Boxplot of corrosion current density (Icorr) of AIST 3161 versus the coating type.
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Fig. 11 Boxplot of critical pitting potential (Epit) of ALST 3161 versus the coating type.
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4 Conclusions

Nanolaminate coatings with different weight pet-
centages of CeO» nanoparticles (0, 1, 2, 3) were well
prepared on AISI 316L steel substrates using the spin
coating technique at 250-2500 rpm spinning speed
setting. The results reveal the formation of a homoge-
neous and uniform coating without cracks. CeOz na-
noparticles dispersed in a gelatin matrix could signifi-
cantly improve the AISI 316L electrochemical prope-
rties compared with the uncoated AISI 316L. Based
on the findings of this study, the following can be
concluded:

o CeO»-gelatin nanolaminate coatings can con-
siderably improve both the corrosion re-
sistance (diminish corrosion current density
and pitting corrosion resistance as well as
increase critical pitting potential) of AISI
316L steel.

e  Nanolaminate coating with 2 wt. % CeO,
exhibit higher pitting potential than nanola-
minate coating with 3 wt. % of CeOx.

o CeOs-gelatin nanolaminate coatings improve
the stability of the produced coating layers be-
cause it delays the transition of metastable pits
to stable pits to a higher potential.

e The weight percentages of CeOs in the nano-
laminate coatings have a statistical significant
influence on both corrosion current density
and the critical pitting potential of AISI 316L.

steel substrate.
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