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This study presents a detailed analysis of the wear presented in [8YSZ/a-Al2O3] multilayer coatings as a
function of the bilayer number when exposed to a corro-erosive environment. In this study, the roughness
and grain size decreased by 58 and 30%, respectively when comparing the 70 bilayers system with the 1
bilayer system. The surface factors and the higher bilayer number of the n = 70 system, influenced the
67.33% decrease in corrosion rate compared to the 1 bilayer system. Subsequently, by means of SEM and
optical microscopy, the degradation of the coatings due to the impact of abrasive particles and the gen-
eration of oxides on the substrate surface caused by a partial delamination of the coating was evidenced.
This wear was calculated by means of the mass loss after the corro-erosive test, obtaining a decrease of
55.25% for the system with 70 bilayers with respect to the system with 1 bilayer. The results obtained
showed that the system with 70 bilayers presented the best set of electrochemical properties and lower wear
in corrosive environments, which makes it the best candidate to be used as a protective coating.
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1. Introduction

Conventional thermal barrier coatings (TBCs) are multilayer
systems used with the main purpose of providing thermal
protection to devices implemented in applications such as
turbines, motors, engines, among others. The focus of these
coatings is based on reducing the impact of the thermal and
corrosive shock on the components coated with this type of
coating (Ref 1, 2). In addition, an important part of these
coatings is their resistance to highly oxidizing and highly
aggressive environments, which is attributed to the fact that
conventional TBC systems are composed of three layers; a
metal bonding layer (BC), an intermediate oxide layer (TGO),
and a ceramic top layer (TC), where the surface layer (TC) is
the main one in providing important characteristics such as
oxidation resistance and thermal expansion. These are all main
factors that are related to the service life of TBCs (Ref 3, 4).

All these layers have different physical, mechanical, ther-
mal, and electrochemical properties, which are strongly affected
by their processing conditions. Over the years, TBCs have
evolved from layers for insulating applications only, to more
complex designs that are implemented in applications where
high mechanical, tribological and great corrosion resistance
properties are required. Currently, these types of systems have
been deposited or synthesized in a wide variety of commercial

techniques, including air plasma sputtering (APS) (Ref 5),
electron beam physical vapor deposition (EB-PVD) (Ref 6),
physical vapor deposition (PVD) (Ref 2), and the sol-gel
process (Ref 7), among others. The physical vapor deposition
(PVD) process by magnetron sputtering produces TBCs with
thicknesses between 1 and 3 lm. Although these coatings are
much thinner than those obtained by traditional techniques
(APS and EB-PVD), the PVD technique allows depositing
TBC which shows excellent corrosion resistance while main-
taining good thermal insulation properties. This behavior is
attributed to the grain size obtained through this particular
synthesis process, which is in the nanometric range. Since
phonon dispersion increases because surface-volume fraction
improves, an additional mechanism is provided that signifi-
cantly reduces the thermal conductivity by decreasing the grain
size. Moreover, by the nucleation effect in the multilayer
systems, the growth of the grains is interrupted by the
deposition of a new layer; therefore, multilayer systems are
obtained with nano-sized grains that will directly influence the
electrochemical properties of the coatings (Ref 8, 9).

A recent investigation of the TBC system has shown that
[YSZ/Al2O3]n coatings have demonstrated good thermal
cycling and thermal degradation performance due to the
properties of their individual layers. The YSZ ceramic layer
has been widely used due to its low thermal conductivity, high
phase stability, high thermal expansion coefficient, and high
fracture toughness, among other characteristics (Ref 10). The
Al2O3-based coating exhibits important characteristics such as
good mechanical properties, wear resistance and crack resis-
tance, as well as good adhesion to the substrate (Ref 11). This
set of properties has made the [8YSZ/Al2O3]n multilayer
system an ideal candidate to be chosen as a protective coating
for high temperature applications. Currently, the [8YSZ/Al2O3]
multilayer system has studies focused on its resistance to
thermal cycling (Ref 2), electrochemical studies at various
temperatures (Ref 12), mechanical studies (Ref 13), among
others. However, this system does not have electrochemical
studies that can emphatically and concisely express the
behavior of this multilayer system in a corrosive–erosive
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environment. For this reason, the main purpose of this research
was to perform a detailed and systematic study of the effects of
the [8YSZ/Al2O3]n multilayer coatings electrochemical prop-
erties on the surface wear generated in corrosive–erosive
environments. This was done in order to predict their perfor-
mance in applications as protective coatings in highly aggres-
sive environments.

2. Experimental Procedure

2.1 Materials

The AISI 304 steel substrates were obtained from the
BÖHLER Company in a state of supply with a cylindrical
shape, having a ½ in. diameter of and a thickness of 5 mm. The
percentage by weight of the elements is presented in Table 1.
These substrates were duly prepared superficially by means of
(SiC) sandpaper, following the order of 80, 100, 120, 240, 320,
400, 600, 800, 1000, and 1200 lm. After that, they were
polished by means of a metallographic polisher using a water-
alumina solution with a particle size between 1 and 0.3 lm.
Finally, a cleaning process was performed using a ‘‘Rio Grande
UD50SH-2L’’ ultrasound for 10 min in order to remove
residues from the surface. The silicon wafers used for the
structural analysis were monochromatic silicon with an orien-
tation (100) and its cleaning was also performed by ultrasound
for 10 min.

The cathodes of Yttria stabilized with 8% molar zirconia
(8YSZ) and alumina (Al2O3), with a diameter of 10 cm, had a
purity of 99.99% and were obtained from the company
‘‘PLASMATERIALS’’. The Argon gas had a purity of 99.99%.

2.2 Coating Synthesis

The [8YSZ/a-Al2O3]n multilayer coatings were deposited
by the multi-target magnetron reactive sputtering system using
a radio frequency (r.f) source (13.56 MHz) on AISI 304
stainless steel and silicon (100) substrates in a controlled argon
atmosphere (99.99%). A power of 400 W was used for both
cathodes. The substrate-cathodes distance was 6 cm. The
deposition of the coatings was carried out at a temperature of
250 �C and a bias voltage of – 20 V. For this [8YSZ/Al2O3]n
multilayer system, the bilayer number was systematically
varied (n = 1, 10, 30, 50, and 70) while maintaining a constant
thickness of 1.8 lm. This corresponds to a spatial periodic-
ity (^) of ^ = 900 nm, ^ = 180 nm, ^ = 60 nm, ^ = 36 nm,
and ^ = 26 nm, respectively (^ = thickness/n).

2.3 Characterization of the Multilayer Coatings

The crystallographic structure was characterized by x-ray
diffraction (XRD) with a wavelength (k = 1.5406 Å) using a
Bragg-Brentano configuration, high angle range. For this
analysis, the appropriate equipment parameters were deter-

mined such as the optimum incidence angle ranging from 10�
to 30� and with a counting time of 1 sec for each step and at a
step size of 0.003. In addition, a power of 45 kV and 40 mA
was used, and to identify the phases, the ICCD database
through the X�pert High Score software was used. The chemical
analysis was performed using a JEOL Model JSM 6490 LV
microscope in the backscattered electron mode with an
acceleration voltage of 20 kV. Additionally, chemical micro-
analyses were carried out on several inspection areas, using the
EDS probe of the Oxford Instrument Model INCAPentaFETx3.
The surface characterization for all coatings was carried out
with an MFP-3D equipment from Asylum Research in the no-
contact mode. The measurements of roughness and grain size
were obtained over an area of 5.0 lm9 5.0 lm, and the results
were analyzed with the scanning probe image processor
program (SPIP). The electrochemical study was carried out
with a Gamry unit, model PCI 4, utilized for DC and AC
measurements. Electrochemical impedance spectroscopy (EIS),
and Tafel polarization curves were obtained at room temper-
ature, using a cell with a working electrode within an exposed
area of 1 cm2, a reference electrode (Ag/AgCl) and a platinum
wire counter electrode under a 3.5% NaCl solution with
distilled water. For the Nyquist diagrams, a frequency sweep in
the range of 100 kHz to 0.001 Hz was performed, using a
sinusoidal voltage amplitude of 10 mV applied to the working
electrode (sample) and reference electrode. The samples were
kept in the 3.5% NaCl aqueous solution for 30 min to establish
stable corrosion potential (Ecorr) values at which the EIS
measurements were initiated. Since the experimental EIS
parameters, particularly the scan rate, will affect both initial
and final potential after establishing a stable (Ecorr). To obtain
the Tafel polarization curve diagrams, a voltage sweep at a
speed of 0.5 mV/s in the range of � 0.25 to 1.0 V was used,
using the ZView software. The analysis of the total mass loss
by erosion damage as a function of the bilayer number was
obtained by a total time of 2 h for one impact angle (90�). As
for the analysis of the tribo-corrosion effects, a device built for
the evaluation of chemical attack in metallic materials was
used, Fig. 1. The corrosive–erosive testing device consists of a
tribometer with a glass container for corrosive–erosive storage,

Fig. 1 Schematic of the device used in the tribo-corrosion wear
test. Auxiliary electrode (AE), working electrode (WE), reference
electrode (RE)

Table 1 Chemical composition of steel substrates

Element C Si Mn Cr Ni Fe

Percentage, % 0.03 0.5 1.40 18.5 9.5 70.7
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one reference and one counter electrode, as well as an acrylic
cover that contains the sample holder and electrodes. Addi-
tionally, the device also has an impeller of High Ultra
Molecular Weight Polyethylene which rests on at Teflon shaft
that is attached to the main motor shaft. The lid of the container
allowed locating two different samples exposed under angles
for corrosive fluid action (90�). The corrosive fluid contained
silicon particulates between 210 and 300 lm. The fluid
movement was caused by the shaft driver of the motor. The
speed motor was fixed to 1930 RPM, and the tangential speed
applied to the fluid was fixed to 11.12 m/s.

3. Analysis and Results

3.1 Structural Analysis

Figure 2 shows the x-ray diffraction patterns of the [8YSZ/
a-Al2O3]n multilayer coatings as a function of the bilayers
number n = 1, 10, 30, 50, and 70, deposited on silicon
substrates. From these results, it was possible to observe the

presence of a tetragonal phase (t-8YSZ) located in the Bragg
peaks t(101), t(002), t(112), t(201), and t(211) for angles
2h = 30.29�; 34.79�; 50.41�; 53.63�; and 60.11�, respectively.
Also observed was the presence of an alumina phase (a-Al2O3),
which is evident by the reflection peaks (104) and (211) at
angles 2h = 35.32� and 59.65�, respectively. The peaks of
higher intensity corresponding to the preferential orientations of
8YSZ and a-Al2O3 belong to the t(101) and (104) planes,
respectively. These orientations are consistent with the inter-
national denotation of indexing files JCPDS 00-048-0224 for
the tetragonal structure (8YSZ) and space group 137-P42/nmc,
as well as the indexation file JCPDF 00-010-0173 indicating a
rhombohedral structure for (a-Al2O3) with space group 167
R3c, which have been reported in literature (Ref 12-14).

Figure 3(a) and (b) present a magnification of the peaks of
highest intensity referring to each 8YSZ and a-Al2O3 phase,
respectively. Also shown are the positions where the materials
are stress-free (dotted line). From these results, it was
determined that by increasing the bilayer number (Fig. 3a)
the peaks presented a shift to the left (smaller angles). This
indicates the presence of compressive stresses within the
crystalline structure generated by ionic bombardment during
the deposition process of the coatings, these compressive
stresses cause a compaction of the crystalline structure
obtaining denser and more compact coatings, which influenced
the surface characteristics (roughness and grain size) as
corroborated in the Section 3.3. From Fig. 3(b), a decrease in
preferential growth of the a-Al2O3 phase and a reduction in the
amplitude in the peaks as the bilayer number increased was
determined. This is attributed to the effect of the non-coherent
interfaces that increase as the bilayer number increment.

Figure 4 shows the percentage quantification of the phase
change as a function of the bilayer number, obtained by using,
Fig. 3(a) and (b), which show the magnification of the peaks of
higher intensity TETRAGONAL-t(101)- and ORTORHOMBI-
CAL-(104)- belonging to the YSZ and Al2O3 phase, respec-
tively. From these results, it was evidenced that there was no
change in the percentage quantification of the YSZ phase when
the bilayer number increased. For the Al2O3 phase, the
percentage analysis of the phase indicated that there was a
decrease as the interface number increased. This is attributed to
structural percolation phenomena, because in the multilayer
configuration, with values greater than n = 1 bilayer, the Al2O3

layer is located in an intermediate zone between the YSZ layer,
which is the initial and the final layer of the multilayer

Fig. 3 Magnification of the highest intensity peaks t(101) and (104) corresponding to 8YSZ and a-Al2O3, respectively.

Fig. 2 Diffraction patterns for the [8YSZ/a-Al2O3]n multilayer
coatings as a function of the bilayers number (n) and periodicity (^)
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configuration of the coatings. This type of configuration
induces a mechanical transformation of the phases due to
structural stresses during the deposition process which
increases with the bilayers number. Therefore, the development
of the Al2O3 phase decreases.

3.2 Compositional Analysis

Figure 5(a) shows the SEM micrographs of the cross-section
of the coating with n = 1 bilayer and a periodicity ^ = 900 nm,
deposited on silicon substrates. A difference in the contrast for
both layers can be observed, where the 8YSZ layer presents a
bright contrast and the layer a-Al2O3 presents a dark contrast.
This difference, in contrast, is a characteristic attributed to the
electron density of each layer. Figure 5(b) and (c) shows the
EDX spectrum that determines the chemical composition of the
layers and indicates that there was no other element that
contaminated the layers during the deposition process or that
could interfere with the behavior of the layers. Finally, Fig. 5(d)
shows the SEM micrograph of the cross-section of the [8YSZ-
a-Al2O3]n coating with n = 10 bilayers (^ = 180 nm), which
determines that the system presented a multilayer design, with a
homogeneous distribution in the thickness of each layer.

3.3 Surface Analysis

Figure 6 presents the AFM images as a function of the
bilayer number deposited on silicon substrates, where it was
observed that the type of grain presented by the coatings was of
a circular morphology. Also, it was determined that as the
bilayer number increased, a greater homogeneity was generated
on the surface of the coatings. These homogeneous surfaces are
attributed to the high ionic bombardment of Ar+ atoms during
the deposition process. This modifies the coatings on the
surface morphology due to the energy increase of the adsorbed
atoms on the substrate surfaces, generating a higher number of
nucleation sites (Ref 15, 16). These sites lead to a reduction in
grain size and a decrease in the total roughness, as well as an
increase in the density of the coatings (Ref 9, 17). Hence, a
smooth and homogeneous surface is produced that reduces the
susceptibility to corrosion when these coatings are exposed in
aggressive environments (Ref 9).

Figure 7(a) and (b) shows the relationship of the surface
roughness and the grain size of the [8YSZ/a-Al2O3]n coatings
as a function of the bilayer number. These allowed us to
determine that by increasing the number of interfaces there was
an approximate decrease of 58% in roughness and 30% in grain
size when comparing the n = 1 bilayer (^ = 900 nm) with the
n = 70 bilayers (^ = 26 nm). This behavior on the surface of
the coating is attributed to the fact that by maintaining a
constant thickness for all coatings and depositing a higher
bilayer number (n) or interfaces, the grain growth is interrupted
by the nucleation effects as a new layer is being deposited and
restricts the growth of the previous layer. In this way, smaller
grains and higher densities are obtained, generating a decrease
in roughness (Ref 9).

3.4 Mechanical Properties

From the nanoindentation test and using the Oliver and
Pharr method (Ref 17) on [8YSZ/a-Al2O3] multilayer coatings
deposited on AISI 304 steel substrate, the hardness (H)
(Fig. 8a), and the elastic modulus (E) (Fig. 8b) were obtained.
Figure 7 shows the evolution of the mechanical properties,
hardness, and the elastic modulus, as a function of the bilayer
number (n). This behavior is related to the increase of interfaces
or symmetry breaks while the total thickness of the coatings
remains constant, since these interfaces act as impediments to
the movement and generation of dislocations. In addition,
physical factors such as the increased residual stress within the
crystalline structure of the coatings (Fig. 3) and surface factors

Fig. 5 SEM micrograph of the cross-section of the [8YSZ/Al2O3]n multilayer coating for (a) n = 1 bilayer (^ = 900 nm) and (d) n = 10
bilayers (^ = 180 nm) and EDX spectrum of (b) a-Al2O3, and (c) 8YSZ

Fig. 4 Quantitative phase change relationship as a function of the
bilayer number
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Fig. 6 AFM images of the [8YSZ/a-Al2O3]n coatings as a function of the bilayer number (a) n = 1, (b) n = 10, (c) n = 30, (d) n = 50, and (e)
n = 70

Fig. 8 Influence of the bilayers number on the mechanical properties of the [8YSZ/a-Al2O3]n coatings for (a) hardness and (b) elastic modulus

Fig. 7 Influence of the bilayer number on the surface morphology of the [8YSZ/a-Al2O3]n coatings for (a) roughness and (b) grain size
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such as grain size and roughness (Fig. 7), generate denser and
more homogeneous coatings that influence the mechanical and
tribological properties. Thus, the coating with 70 bilayers is
able to withstand a higher external load applied on its surface
relative to the other coatings (Ref 9, 18).

3.5 Adhesive Properties

The scratch test was used to characterize the adherence
strength of the [8YSZ/a-Al2O3] multilayer coatings as a
function of the bilayers number deposited on the AISI 304
steel substrates. For this, the critical load (Lc2) was used, which
is the load where the first delamination at the edge of the
scratch track occurs (adhesive failure) (Ref 19, 20). One factor
that impacts the critical load of a coating is the grain size, and
when this decreases, the movement of inter-grain dislocations is
impeded. Therefore, those dislocations will require a higher
critical shear stress to move and propagate through the coating.
Other important factors are the mechanical properties, such as
hardness and elastic modulus. These surface characteristics
define if a higher applied external load is required to penetrate
the surface of the coating with 70 bilayers compared to the
other. This is because of a higher number of interfaces or
symmetry breaks at a constant thickness, which restricts the
movement of dislocations through the layers. Finally, physical
factors such as the internal stress within the crystal structure can
improve the resistance of the coatings against crack propaga-
tion, thus preserving the integrity of the coatings under static
and dynamic loads (Ref 20, 21).

3.6 Corrosion Analysis

To analyze the electrochemical behavior of the [8YSZ/a-
Al2O3]n multilayer coatings as a function of the bilayer number
(n = 1, 10, 30, 50, and 70) deposited on AISI 304 steel
substrate, the electrochemical impedance spectroscopy (EIS)
technique was used. With this technique, the polarization
resistance (Rp) values and electrochemical impedance values
were obtained. To carry out this study through the EIS
technique, an equivalent circuit was used which provided
information related to the dissolution resistance, the polariza-
tion resistance, and the capacitance of the double layer (Ref
22). Generally, the equivalent circuit for TBCs coatings,
obtained by deposition techniques such as APS and EB-PVD,
consists in elements of an ideal capacitor. This is due to factors
such as the surface roughness of the YSZ, the interfacial
roughness of the junction layer, and the distribution of the
pores, which generate frequency dispersion because the current
density distribution is not uniform (Ref 22). However, in a low-
dimensional system such as our study, the thicknesses of the top
layer and the bonding layer are reduced, hence the pore size and
surface roughness are on a nanometer scale, which significantly
decreases the frequency dispersion of the system. Therefore, to
identify the phases elements for the equivalent circuit of the
multilayer coatings deposited using the magnetron sputtering r.f
technique, the results of the surface morphology obtained by
the AFM technique were taken into account. There it was
evidenced that these multilayer coatings presented surface
homogeneity, higher density and lower total roughness with the
increase of the bilayer number. Moreover, taking into account
the low thickness of the [8YSZ/a-Al2O3]n coatings, it was
possible to approximate the elements of the equivalent circuit to
elements of a constant phase or CPE in this case named ‘‘Ccor

and Cc’’, to consider the two relaxation time constants. The

‘‘Ccor and Rcor’’ elements predominate at high frequencies and
are characteristic of the passive film formed or of the dielectric
properties of the solution/coating interface. The Cc-Rpo pair, on
the other hand, predominates at low frequencies and are
particular to the corrosion process of the substrate/coating.
Multilayer coatings can be approximated to the Randles cell
circuit to simulate the phenomenon at the substrate/coating
interface, which shows the double-layer capacitance in parallel
with the impedance due to the transfer of ions from the
electrolyte to the metallic substrate (Ref 22). The equivalent
circuit model used with the constant phase elements to adjust
the experimental data is shown in Fig. 10.

Once the equivalent circuit of the EIS technique was
identified, the resulting electrochemical impedance values were
used for the (Nyquist diagram). Figure 9 shows the Nyquist
diagram of the uncoated steel substrate (AISI 304), and the
[8YSZ/a-Al2O3] multilayer coatings with the different bilayers
number n = 1, 10, 30, 50, and 70. The diagram presents the
imaginary impedance (Z imag) versus real impedance (Z real)
in order to know the electrochemical response of the coatings
immersed in the 3.5% NaCl + 0.5M-H2SO4 solution with
suspended silica particles between 210 and 300 lm. The
Nyquist diagrams allowed to establish that there was a strong
dependence of the circle arcs in relation to the increase of the
bilayer number (n). This suggests that by increasing the number
of layers that have a high resistance due to their ceramic nature
at a constant thickness, the impedance will increase against
degradation by corrosive–erosive phenomena.

Using the equivalent circuit (Eq. 1) and the Nyquist diagram
(Fig. 10 and 11), it was possible to determine the values of
polarization resistance (Rp).

ZRC ¼ �
jwR2

pC

R2
pw

2C2 þ 1
þ Rp

w2R2
pC

2 þ 1
þ Rs ðEq 1Þ

where (w) is the radial frequency, (Rp) polarization resistance,
(Rs) solution resistance, and (c) Double-layer capacitance.

When evaluating Eq 1 at very low frequency values (w = 0),
the first term of the equation is indeterminate, and since
Rs << Rp, the polarization resistance (Rp) is approximately
equal to ZRC . The calculated polarization resistance (Rp) values
are shown in Fig. 12. From this figure, it was observed that the
Rp of the system tends to higher values as the bilayers number
increased. This behavior of increasing Rp values is mainly
attributed to the dense microstructure and homogeneous surface

Fig. 9 Critical load (Lc2) as a function of the bilayer number
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of the [8YSZ/a-Al2O3]n coatings. These characteristics inhibit
the electrolyte to embed inside the coating, as well as through
the thickness of the coatings which are of low dimensionality.
Moreover, for the multilayer systems with the highest number
of interfaces (n = 70 bilayers), the interfaces work as obstacles

to the movement of the chloride ions (Cl�) towards the
substrate. Thus, the [8YSZ/a-Al2O3]70 coatings produced the
highest protection relative to the coating with the lowest
number of interfaces or bilayers number (n = 1, ^ = 900 nm).

To obtain more information about the electrochemical
behavior of the material, polarization curves (Fig. 13) were
made of the multilayer coatings under corrosion–erosion
conditions by plotting corrosion potential as a function of the
current density. The parameters found in the polarization curves
(anodic and cathodic slopes) allowed to make use of the Stern–
Geary equation to find the corrosion current densities and
corrosion rates of the multilayer coatings.

Figure 13 compares the polarization curves of all the
multilayer coatings and the uncoated steel substrate (AISI 304).
From these results, it was possible to determine that as the
bilayer number (n) increased and the bilayer period (^)
decreased, the curves shifted to lower current densities and
higher current potentials. This behavior is attributed to the
changes in the electronic potential by the effect of the
interfaces, which reduce the possibility of the Cl� ions to
migrate freely towards the substrate surface, increasing the

Fig. 10 Equivalent circuit used for fitting impedance data for the [8YSZ/a-Al2O3]n coatings. (RE) reference electrode, (Rsoln) electrolytic
resistance, (Rcorr) resistance between solution and coatings, (Rpo) polarization resistance, (Ccor) capacitance between solution and coating, (n)
exponential coefficient (CPE-Ccor exponent), (Cc) capacitance between coating and metal (Cdl), (m) exponential coefficient (CPE-Cc
coefficient), (WE) working electrode

Fig. 13 Tafel polarization curves of the 304 steel substrate and the
[8YSZ/a-Al2O3]n coatings, n = 1, 10, 30, 30, 50, and 70, subjected
to corrosive conditions

Fig. 11 Nyquist diagram of the uncoated steel (AISI 304) and the
[8YSZ/a-Al2O3]n coatings as a function of the number of bilayers
n = 1, 10, 30, 50, and 70

Fig. 12 Polarization resistance of the [8YSZ/a-Al2O3]n coatings as
a function of the bilayers number
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electrochemical potential and improving the corrosion–erosion
resistance. Using the results obtained through the EIS technique
and Tafel polarization curves, it was possible to calculate the
variables of the electrochemical behavior such as the corrosion
rate, the porosity factor, and the efficiency of the bilayers
number (n). From the Stern–Geary equation (Eq. 2, 3) the
current intensity and the corrosion rate were calculated.

Icorr ¼
babc

2:303Rp ba þ bcð Þ ðEq 2Þ

Rate Corrosion ¼ Icorr � K � Ew

d
ðEq 3Þ

The polarization resistance increased as the bilayer number also
increased and was inversely proportional to the corrosion rate,
as corroborated in Fig. 14. This behavior is attributed to the
action of the corrosive–erosive mechanisms occurring in the
coatings during the electrochemical test, since this test gener-
ates a generalized corrosion phenomenon, and the passive film
formed on the surface is eliminated and removed by the action
of the wear particles. These mechanisms act cooperatively and
lead to the loss of protection against corrosion and erosive
wear.

On the other hand, the relationship of the corrosion rate
values with respect to the bilayers number was inversely
proportional, due to how the reaction kinetics of the corrosive–
erosive mechanisms developed. This was caused by the
increase in the interfaces or bilayers number which presented
relevant changes in the crystallographic orientation and/or
symmetry breaks. Therefore, these interfaces acted as disper-
sion points that prevented the propagation of the electrolyte
towards the substrate, thus the generation of the passive layer
was lower in relation to the coating with the lowest bilayer
number. From these results, it was also possible to determine
that the structural integrity of the coatings was higher as the
bilayers number increased (Ref 23, 24).

The porosity factor versus the electrochemical flux (layer
porosity percentage) corresponds to the relationship between
the polarization resistance of the uncoated substrate and the
substrate coated with the multilayers, as shown by the
following equation.

P ¼ Rp;u

Rp;r�u
ðEq 4Þ

where P is the porosity of the total coating, Rp;u in the
polarization resistance of the uncoated substrate and Rp;r�u is
the polarization resistance of the coating.

The values calculated from Eq. 4 are shown in Fig. 15. From
these results, it was determined that the efficiency of the coating
with the highest bilayer number (n = 70 bilayers) against the
corrosive test with suspended solid particles presented an
increase of 82.7% with respect to the uncoated substrate. This
can be attributed to the decrease in current density during the
corrosive process, since, as shown in the Tafel polarization
curves, as the bilayers number increases the current density
decreased. This shows that the electrochemical properties of the
coating improve as a function of the bilayer number.

The protection efficiency of the [8YSZ/a-Al2O3]n multilayer
coatings was calculated by Eq. 5 (Ref 25).

Ef %ð Þ ¼ Icorrs � Icorrf
Icorrs

� �
ðEq 5Þ

where Icorrs is the corrosion current of the substrate and Icorrf is
the corrosion current of the coatings.

3.7 Surface Analysis of the Coatings
after the Corrosive–Erosive Test with Suspended Solids

To observe the surface degradation caused by the electro-
chemical test (Tafel and EIS) on the steel substrate (AISI 304)
and the [8YSZ/a-Al2O3]n multilayer coatings, the surfaces were
analyzed by optical microscopy. A change of tonality or
different contrasts was evidenced, a light contrast due to the
reflectivity of the steel and a dark tonality due to the presence of
the coating on the surfaces. Figure 16(a) shows the optical
microscopy on the uncoated steel, where it can be seen that
there was a dark tonality in the external areas of the surface,
belonging to the oxides present which were generated during
the electrochemical test. From Fig. 16(b)–(e), it was determined
that as the bilayer number increased, the light zone (exposed
steel) decreased considerably. This indicated that there was less
removal or degradation of the coating during the corrosion with
suspended solid particles test, meaning that a higher bilayer
number (n = 70 bilayers) generates a greater impediment to the
passage of Cl� ions present in the electrolyte and a less erosive
wear.

Fig. 14 Corrosion rate of the steel substrate (AISI 304) and the
[8YSZ/a-Al2O3]n multilayer coatings as a function of the bilayers
number

Fig. 15 Efficiency of the [8YSZ/a-Al2O3]n multilayer coating as a
function of the bilayers number n = 1, 10, 30, 50, and 70
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3.8 Corrosion Analysis with Erosive Effect

Figure 17 shows the Tafel polarization curves using the
tribometer of the corrosive–erosive test as illustrated previously
in Fig. 1. These Tafel curves allowed to determine the values of
the anodic and cathodic slopes. From these results, a passive
behavior was observed in all the samples analyzed. This was
attributed to the fact that the coatings generated a displacement
of the curves towards lower values of current density and
nobler potentials compared to that of the uncoated substrate.
This behavior is related to the increase in the bilayers number
(n), evidencing that a higher interface number and a shorter
period of bilayers in multilayer coatings improve the response
against corrosive–erosive effects (Ref 26).

Figure 18 shows the values of corrosion rate as a function of
bilayers number (n) and bilayers period (^) when subjected to
in corrosive–erosive environments using the tribometer as
illustrated in Fig. 1. These curves presented a trend towards
lower values as the bilayer number increased and the bilayer
period decreases. These types of coatings generate a higher
number of interfaces such as those shown by SEM results,
which are regions that present structural disorder and mark
changes in the crystallographic orientation. These interfaces can
act as dispersion points preventing the electrolyte from

spreading towards the substrate, which causes damage to the
surface (Ref 27). Figure 18 shows a higher corrosion rate when
the surface of the coatings is under an angle of 90� in relation to
the corrosion rate in an environment with suspended solids.
This phenomenon is due to the high energy particles impacting
the surface causing significant wear on the structural integrity
of the coating. In that sense, it was found that the coating
deposited with n = 70 (^ = 26 nm) under an impact angle of
90� provides a lower corrosion rate. This was due to the
increased interface number and the bilayer period (^) reduced.

3.9 Analysis of Surface Degradation by Scanning Electron
Microscopy (SEM and EDX) After the Corrosion–Erosion
Test

In order to study in more detail, the surface damage on the
multilayer coatings subjected to the corrosion–erosion envi-
ronment as illustrated in Fig. 1, the scanning electron
microscopy (SEM) and energy-dispersive x-ray spectroscopy
(EDX) techniques were used on the surface of the coatings in
order to study their surface after the corrosion–erosion test. By
means of the electron density of the materials and the contrast
changes (gray scale), it was possible to identify the wear zones
or degraded zones of the coating. In addition, the elemental
chemical composition of these zones is presented in Fig. 19, 20,
21, 22, and 23 and was determined by EDS. From these results,
three distinct topographic areas or zones were identified, the
non-degraded coating zone represented by a dark tonality (zone
I), in these conditions, it is defined as the ‘‘superficial’’
continuity and continuity of color in the gray scale of the
coating; an intermediate area corresponding to zone II, which
represents the disturbed coating in its structural continuity and
finally the exposed substrate (zone III) in this zone, there is a
complete delamination of the coating due to the Kinect energy
associated with the constant impact of the abrasive particles
during the test. Thus, the structural integrity of the coating is
affected leaving the substrate (AISI 304 steel) exposed.

Figure 19, 20, 21, 22, and 23 presents the surfaces and
compositional analyses according to the zones mentioned
above, Fig. 19(a), 20, 21, 22, and 23(a) presents the SEM
micrograph of the degraded surfaces, where the three charac-
teristic stages were evidenced. In addition, cracks were
observed in the intermediate zone (zone II) between the coating
and the exposed steel. These cracks were generated by the

Fig. 16 Optical microscopy images after the corrosion–erosion test
of the (a) Steel substrate (AISI 304) and the coatings with (b) n = 1
bilayer, (c) n = 10 bilayers, (d) n = 30, (e) n = 50 bilayers, and (f)
n = 70 bilayers

Fig. 18 Corrosion rate of the [8YSZ/a-Al2O3]n multilayer coatings
as a function of the bilayer number when exposed to corrosion–
erosion test

Fig. 17 Tafel curves of corrosion–erosion for the [8YSZ/a-Al2O3]n
multilayer coatings as a function of bilayer number
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kinetic energy of the silica particles that impacted the surface
under a normal angle of (90�), causing a detachment of the
coating. Also, in zone III (exposed steel), the presence of
surface wear generated by the silica particles that were highly
erosive was evidenced; however, there was no evidence of
erosive wear in zone I (coating), thus demonstrating the
contribution of the multilayer coatings to the corrosive–erosive
wear resistance. From these zones (I, II and III), it was possible
to show a relationship between the areas according to the
bilayer number, mainly with zones I and III, attributed to the
coatings and the exposed steel, respectively. By means of the

area ratio analysis, it was determined that the coatings with the
highest bilayers number (n = 70 bilayers) presented a greater
conservation of its structural integrity, in other words, it
preserved a higher area of zone I in relation to the other
surfaces, after the corro-erosive test. This behavior is due to
physical factors such a higher bilayer number which influenced
in the improved surfaces, mechanical and adhesive properties
(Fig. 7, 8 and 9), hence, this coating was able to withstand the
impact of the abrasive particles.

In addition, Fig. 19, 20, 21, 22, and 23 shows the EDX
spectrum of the zone I, II and III. From these results, it was

Fig. 19 [8YSZ/a-Al2O3]n coating with n = 1 bilayer (a) SEM surface micrograph 5009, (b) EDX spectrum of the coating (zone I), (c) EDX
spectrum of intermediate area (zone II), and (d) EDX spectrum of the exposed substrate (zone III)

Fig. 20 [8YSZ/a-Al2O3]n coating with n = 10 bilayer (a) SEM surface micrograph 5009, (b) EDX spectrum of the coating (zone I), (c) EDX
spectrum of intermediate area (zone II), and (d) EDX spectrum of the exposed substrate (zone III)
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determined that zone I, only presented elements corresponding
to the coating (Al, O, Y, Zr) and no elements characteristic of
the substrate were found. Thus, it is corroborated that in zone I
the coating still contained its structural integrity. The spectrum
of the intermediate zone (zone II) showed that there were
elements of the coating (Al, O, Y, Zr) but also presents elements
characteristic of the substrate (Cr, Fe). The presence of these
elements is due to the degradation and fracture of the coating
leaving part of the substrate exposed. Finally, zone III showed
the presence of other elements such as (Ni, Mn, Cr, Fe), which
are characteristic of the substrates.

3.10 Loss Mass Analysis After Corrosive–Erosive Test

To quantify the corro-erosion study presented above, the
mass loss was analyzed as shown in Fig. 24. The synergistic
effect generated by the corrosion–erosion mechanisms during
the tribological test (Fig. 1) was produced by the kinetic energy
associated with the impact of the abrasive particles on the
coating surfaces, which caused fractures and delamination of
the coating. Thus, through the mass loss, it was determined that
the coating presented a lower wear during the test (Ref 28).

The total mass loss due to corrosion–erosion was calculated
from the following equation (Ref 28).

Fig. 21 [8YSZ/a-Al2O3]n coating with n = 30 bilayer (a) SEM surface micrograph 5009, (b) EDX spectrum of the coating (zone I), (c) EDX
spectrum of intermediate area (zone II), and (d) EDX spectrum of the exposed substrate (zone III)

Fig. 22 [8YSZ/a-Al2O3]n coating with n = 50 bilayer (a) SEM surface micrograph 5009, (b) EDX spectrum of the coating (zone I), (c) EDX
spectrum of intermediate area (zone II) and (d) EDX spectrum of the exposed substrate (zone III)
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TWL ¼ E þ C þ S ðEq 6Þ

Total mass loss for additive and synergistic effects

TWL: E þ E0 þ DCE þ DEC ðEq 7Þ

DES ¼ S ^ C ¼ C0 þ DCe ðEq 8Þ

C ¼ i�W � A� T

F � n
ðEq 9Þ

where (TWL) is corrosion–erosion mass loss; (E) erosion loss;
(C) electrochemical corrosion loss during the erosion; (C0)
electrochemical corrosion loss in a dynamic environment;
(DES) additive effect in the corrosion–erosion; (S) synergistic

effect in the corrosion–erosion; (i) current density (lA/cm2);
(w) atomic weight (g/mol); (A) exposure area (cm2); (T)
exposure time; (F) faraday constant (96,500 C/mol) and (n)
ions number.

Figure 24 presents the mass loss as a function of the bilayer
number. During this study, it was observed that the wear was
related to the aggressive effect of the medium, since the
chloride ion attack promoted the phenomenon of localized
corrosion, which can advance through the substrate without the
need to expand the affected zones and the amount of electrolyte
is reduced. Therefore, it could be assumed that the wear micro-
mechanisms (localized corrosion and impact of wear particles)
were responsible for the corrosion progress favoring further
removal of the external layers of the multilayers. Thus, it was
determined that the multilayer systems with the highest bilayers
number (70 bilayers) has the lowest amount of mass loss. This
behavior is attributed to the physical and electrochemical
properties of the surface, since a higher bilayers or interfaces
number leads to a dissipation of corrosive ions when the surface
is attacked. In addition, the structural (compressive stresses),
morphological (lower roughness and smaller grain size),
mechanical (hardness and elastic modulus), and tribological
(adhesion strength) properties of this surface (70 bilayers), gave
this coating the properties with it was able to withstand the
kinetic energy of the impact generated by the abrasive particles
during the corro-erosive test, making it the best candidate to be
implemented in corro-erosive environments.

3.11 Merit Index

Figure 25 and 26 presents the merit index obtained through
this study with the objective to determine which coating
presented the best set of properties as shown by the dotted lines.
Figure 25 shows the direct relationship between the mass loss
and the corrosion rate of all surfaces studied. With this analysis,
it was determined that the coating with the highest bilayer

Fig. 24 Mass loss of all [8YSZ/a-Al2O3]n multilayers coatings
after corrosive–erosive test

Fig. 23 [8YSZ/a-Al2O3]n coating with n = 70 bilayer (a) SEM surface micrograph 5009, (b) EDX spectrum of the coating (zone I), (c) EDX
spectrum of intermediate area (zone II) and (d) EDX spectrum of the exposed substrate (zone III)
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number (70 bilayers) presented a lower mass loss and lower
corrosion rate during the electrochemical test. This behavior is
attributed to the higher number of interfaces, which were able
to withstand the kinetic energy associated with the impact of
the abrasive particle during the corro-erosive test. In addition,
this higher number of interfaces restricted the passage of the
Cl� ion present in the electrolyte towards the substrate.
Therefore, the coating with 70 bilayers presents the best
corrosion resistance and the best ability to withstand the impact
of the abrasive particles on the surface.

Figure 26 presents a comparison of the behavior of the
multilayer coatings when subjected to an electrochemical study
with suspended solids and tribo-corrosive as illustrated in
Fig. 1. From these results, it was concluded that the coating
with 70 bilayers also presented the best set of properties. This is
because a higher bilayer number is able to withstand the
external energy associated with the impact of the abrasive
particles. Thus, the structural integrity of the coating was
maintained for a longer time in relation to the coatings with a
lower bilayers number, causing a lower corrosion rate. There-
fore, it was determined that the coating with 70 bilayers
presented the best set of properties and is the ideal candidate to
be implemented as a protective coating against the corrosive
and corro-erosive environments.

4. Conclusion

Electrochemical test determined that the coating with n = 70
bilayers presented a 58.5% reduction in the corrosion rate in
relation to the coating with n = 1 bilayer. This behavior is
attributed to the increase in the number of interfaces or bilayers,
which generates a higher impediment to the passage of Cl� ions
present in the electrolyte to the substrate. In addition, the
coating with 70 bilayers showed a lower roughness, which
inhibits the inclusion of the electrolyte in the surface areas of
the coating.

Through the morphological study, a decrease of approxi-
mately 58% and 30% for roughness and grain size, respectively
when comparing the n = 1 bilayer (^ = 900 nm) with the
n = 70 bilayers (^ = 26 nm) was determined. This behavior is
attributed to the fact that by maintaining a constant thickness
for all coatings and depositing a higher bilayers number (n) or
interfaces, grain growth is interrupted by nucleation effects,
since depositing a new layer restricts the growth of the previous
layer. In addition, structural factors such as the presence of
compressive stresses cause a denser and more compact
structure, resulting in smaller grain sizes.

From the corrosive–erosion study of the coatings, the wear
or surface degradation of the coatings was evidenced due to the
high impact of the abrasive particles during the corro-erosive
test, determining fracture zone on each surface and localized
corrosion zone due to the loss of protection of the coating.
Finally, this wear was calculated by mass loss, obtaining a
decrease of 77.73% when comparing the 50 bilayers coating
with the 1 bilayer coating, which corroborated by the protective
effect of the 50 bilayers coating under corrosive–erosive
conditions.

It was found that the coating with n = 70 bilayers showed a
lower surface degradation of the coating. Thus, it can be
concluded that the coating with the highest interfaces number
has the best electrochemical properties, as well as a higher
resistance to the corrosive–erosive systems, being this multi-
layer coating is the best option to be chosen as a protective
coating on devices or parts exposed to highly aggressive
environments.
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