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Abstract.  This research investigated consecutive multilayer thermal barrier coatings, including NizAl-Al,O3—
Al,03/MgO, produced by plasma spray with outer layer thicknesses of 50, 100 and 150 wm deposited on an AISI 316
stainless steel. X-ray diffraction, scanning electron microscopy, Rockwell-B hardness measurements, pin-on-disk wear test
and potentiodynamic polarization test were performed to evaluate the specimens. The results revealed that the structure of
the produced coatings was completely crystalline. An increase in the coating thickness formed a smooth surface and a low
degree of roughness and promoted grain growth. According to the Hall-Petch equation, the degree of hardness decreased
from 99 to 92 HRB, and the friction coefficient decreased from 1.25 to 0.6 because of low surface roughness. An adherence
test performed with a Brinell hardness test showed that an increase in the layer thickness improved the coating adher-
ence coefficient (dp/dr) from 0.083 to 0.118 kg pwm~ L. The corrosion test results indicated that the increase in the coating

thickness caused a decrease in corrosion current density from 1.1 to 0.008 mA cm™~.
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1. Introduction

High-temperature austenitic stainless steels are designed for
use at <550°C [1,2]. As such, creep is a vital factor influenc-
ing fracture formation at this temperature [3-5]. In addition,
stainless steels have well resistance to corrosion when they
are exposed to dry gases at high temperatures (800—1150°C).
They also exhibit high oxidation resistance when they are
immersed in a corrosive solution [6—-11]. However, hot cor-
rosion with electrochemical corrosion occurs. Nevertheless,
thermal barrier coatings should be utilized to improve the
lifetime of stainless steels at high temperatures [12—14].

Thermal barrier coatings mainly prevent heat transfer and
penetration of corrosive salts in base metal structures. These
coatings may be used to increase the efficiency of high-
temperature turbines [15-18]. Considering that repairing a
turbine to change old blades entails high cost, the development
of thermal barrier coatings leads to low-cost repair by deposit-
ing a coating instead of replacing old blades. Therefore, the
mechanical properties and industrial-scale development of
this technology should be evaluated [19-21].

In other studies, the performance of some coatings, such as
thermal barriers, has been examined [22-24]. For instance,
Huai et al [25] characterized the corrosion behaviour of
single-layer Al;O3 on a steel substrate. They found that by
adding Al to the Al,O3 coating, the corrosion resistance of
the steel increased. Zhou et al [26] determined the influence
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of MgO coating on a low-alloy steel substrate. It was found
that the corrosion of the coated sample was reduced by about
65% when compared with uncoated samples. Mishra et al
[27] analysed the corrosion—wear behaviour of Fe-based super
alloys with the help of a Ni3Al coated layer. Under high tem-
perature conditions, the Ni3 Al coating is oxidized and reduces
the erosion—corrosion of the superalloy. However, the perfor-
mance of composite coatings such as hydroxyapatite/ZrN has
yet to be investigated [28,29]. The formation of the coatings in
the form of composite layers can create a more uniform stress
between the layers and thus, increase in the adhesion of the
coatings. In addition, multilayer coatings can also improve the
mechanical, electrochemical and optical properties compared
to single-layer coatings [28,30].

In our study, NizAl-Al,03—-Al,03/MgO composite coat-
ings were deposited on a 316 stainless steel substrate, and
their mechanical and electrochemical properties were evalu-
ated. Their properties can indicate the simultaneous effect of
three corrosion-wear resistant layers on the characteristics of
the coatings.

2. Experimental

Stainless steel disks with a diameter of 3.5 cm and a height
of 1 cm were used in this study as a substrate. The surface
was prepared with a SiC paper and degreased in ethanol
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Table 1. Plasma spraying machine indexes for coating of 316 stainless steel.

Index Al O3 NizAl MgO/AlLO3
Voltage (V) 50 45 55
Current (A) 600 450 650
Initial gas flow rate (Ar) (1 min~!) 28-30  24-25 55
Secondary gas flow rate (Hp) (1 min~!) 7-9 17 10

Spray distance (mm) 120 110 140
Powder feed (gmin~!) 30 40 25
Thickness of coating (jLm) 100 100 50, 100 and 150

(99.9%) and dried by blowing Ar gas. The surfaces of
substrates were sand blasted by silica particles with a size
of 240 pwm under an air pressure of 6 bar and an angle of 90°
to optimize the substrate surface roughness and consequently
achieve an enhanced bonding between the substrate and the
coating. Afterwards, the prepared substrates were coated by
NizAl and then, the Al, O3 coating was deposited on it. Finally,
the outer layer was created with a composition of 60 wt.%
Al,O3 and 40 wt.% MgO with thicknesses of 50, 100 and
150 pm. The electrodeposition parameters of various coatings
produced by the plasma spray method are shown in table 1.

To investigate the microstructure of coatings, an X-ray
diffractometer (XRD, model: PANalytical X’Pert Pro MPD),
a scanning electron microscope (SEM, model: TeScan—
Mira IIl) and an atomic force microscope (AFM, model:
FemtoScan) were used. A Rockwell-B hardness test was con-
ducted to measure the microhardness of multilayer coatings,
and a pin-on-disk wear test was carried out according to
ASTM G99 standard. For this purpose, a pin with a surface
area of 1 mm? was used under a load of 0.30 kg on a circular-
shaped disk with a speed of 0.10 m s~! and a displacement of
100 m. The obtained data were used to plot a diagram of fric-
tion coefficient (u) vs. displacement. Mass reduction during
the wear test was also calculated.

With a ceramic nature, coatings are stronger than sublay-
ers. As such, the hardness test was performed to evaluate
the adherence between coatings. According to the methods
described by Kim et al [31], a Brinell method was utilized to
determine the effects of various parameters on the hardness
of the specimens and to draw a plot of the effects of the crack
tip size (r) vs. the applied force (p). dp/dr was calculated as
a factor that indicates the adhesion between the coated layer
and the sublayer [32-34].

A potentiodynamic polarization test was used to evaluate
the corrosion behaviour of the specimens by an ‘EG&G 263A°
potentiostat/galvanostat equipped with a saturated calomel
reference electrode. The coated samples and the reference
sample were submerged in a NaCl solution (3.5%) for 1 h
until equilibrium was reached. This test was operated at a
potential scanning speed of 1 mV s~! in a potential range of
—0.25-0.6 V (vs. open circuit potential) to plot the results as
Tafel diagrams in cathodic and anodic branches.

3. Results and discussion

XRD patterns of the AISI 316 stainless steel coated with dif-
ferent thicknesses of Ni3Al-Al,03;—-Al,03/MgO layers are
shown in figure 1. With low thickness, X-rays reached the
underlying layers, and other irrelevant peaks were observed.
When the thickness was increased to 150 pum, only Al;O3 and
MgO peaks were visible.

SEM images of the surface of the samples coated with
NizAl-Al,03—Al,03/MgO are presented in figure 2. An
increase in the coating time resulted in homogenized and con-
tiguous particles. With the further extension of the spraying
time, numerous particles were deposited on the surface, and
the temperature and time were sufficient for grain growth. In
figure 2c, some cracks were observed on the coating surface
when the thickness of the coating increased. These cracks
could be a result of internal stress due to grain growth and
grain strike.
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Figure 1. XRD patterns of the AISI 316 stainless steel coated with

different thicknesses of Niz Al-Al,03-MgO/Al, O3 layers with var-
ious thicknesses of the Al,O3/MgO outer layer.
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Figure 2. SEM images of the AISI 316 stainless steel coated with Ni3Al-Al,O3-MgO/Al,O3 layers with various
thicknesses of the Al,O3/MgO outer layer: (a) 50, (b) 100 and (¢) 150 wm with magnification of 300x and 10,000 x.

Hardness measurement results of the samples coated with
various thicknesses of Ni3Al-Al,03-Al,03/MgO layers are
presented in figure 3. The coating thickness increased, and
the degree of hardness decreased. The samples were differ-
ent because the deposition time applied to them varied. Heat
transfer in thick layers is longer than that in thin layers accord-
ing to equation (1) [35] because of the high melting point
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Figure 3. Hardness measurement results of the AISI 316 stain-
less steel coated with different thicknesses of NizAl-Al,O3—
MgO/AlL, O3 layers with various thicknesses of the Al,O3/MgO
outer layer. The bars show mean (n = 5) £ SD. Different letters
on the bars represent the significance difference at 5% probability
level.

of such materials. Consequently, grains have enough time to
Srow.

d* —d3 = kt, (1)

where d is the grain size during heat treatment, d) is the pri-
mary grain size, k is the factor dependent on temperature and
t is the time when temperature increases. Therefore, increas-
ing the time to achieve high temperatures is suitable for grain
growth. According to the Hall-Petch equation [36,37] (equa-
tion (2)), an increase in the grain size results in a low degree
of hardness. For this equation, oy is the yield stress, K is the
constant dependent on material nature and d is the grain size.
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The results of the friction coefficient analysis of the coated
samples are illustrated in figure 4a. The highest friction coeffi-
cient corresponded to the sample with an outer layer thickness
of 50 wm. In figure 5, the AFM results revealed that the sam-
ple was more non-uniform and lumpy than the other samples
that could affect the friction coefficient. For a wear distance
of 35 m, spontaneity of the friction coefficient decreased
from 1.5 to 1 likely because of complete coating deteriora-
tion due to low thickness and pin movement along the outer
layer, Al,O3/MgO, and the middle Al,Oj3 layer. The friction
coefficient increased because of the worn particles, thereby
reaching a constant rate. Increasing the thickness and unifor-
mity of the surface caused the horizontal force to decrease,
and the friction coefficient finally decreased.
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Figure 4. (a) Wear test (pin-on-disk) results. (b) Mass reduction of the AISI 316 stainless steel coated with Niz Al-Al,O3-MgO/Al, O3
layers with various thicknesses of the Al,03 /MgO outer layer. The bars show mean (n = 5) &= SD. Different letters on the bars represent
the significant difference at 5% probability level.
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Figure 5. AFM results and SEM cross-section images of the AISI 316 stainless steel coated with Niz Al—
Al,03-MgO/Al,03 layers with various thicknesses of the Al,O3/MgO outer layer: (a) 50, (b) 100 and

(¢) 150 pm.
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Figure 6. (a) Radius of the cracks due to the indenter effect on the sampling area vs. the increasing penetration force. (b) Variation in
dp/dr vs the thickness of the AISI 316 stainless steel coated with different thicknesses of Ni3 Al-Al,03-MgO/Al> O3 layers.
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Figure 7. (a) Potentiodynamic polarization diagram. (b) Tafel analysis from the polarization diagrams for the 316 stainless steel in a
NaCl solution (3.5%) before and after the steel was coated with different thicknesses of Ni3 Al-Al,03-MgO/Al> O3 layers (50, 100 and

150 pm).

The mass reduction of the samples after the wear test is
presented in figure 4b. With an increase in the coating thick-
ness and a decrease in the surface roughness, the degree of
mass reduction decreased, indicating a low degree of abrasion.
Therefore, alow friction coefficient corresponded to low mass
reduction.

The results of the adhesion test of the AISI 316 stainless
steel coated with different thicknesses of MgNi3Al-Al,O3—
Al,03/MgO layers are shown in figure 6. For this test, dp/dr
was considered as the adhesion factor. Thick layers needed an
extended time, thereby relieving the stress on sublayers. For

thin samples, adhesion was low because of fast solidification
that induced high stress. The internal stress created in the
coating with a thickening that was so high when coated with
a thickness of > 150 pwm, the coating was cracked and did not
have the proper adhesion.

Figure 7 shows the results of the potentiodynamic polariza-
tion test of the AISI 316 stainless steel coated with different
thicknesses of Ni3Al-Al,03—Al,03/MgO layers before and
after coating. All the samples exhibited an active behaviour
and a passive behaviour was not observed in the anodic
branch. As such, the corrosion products could not protect
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Figure 8. SEM images of the corroded surface of the AISI 316 stainless steel coated with different thicknesses of NizAl-Al,O3—
MgO/Al> O3 layers with various thicknesses of the Al,O3/MgO outer layer: (a) 5, (b) 10 and (¢) 15 pm.

the sample surfaces. By increasing the thickness of the coat-
ing, the polarization results (cathodic and anodic polarization
plots) approach the more positive potentials, so that the cor-
rosion potential increases from —0.35 to 0 V vs. saturated
calomel electrode. As a result, with increasing the thick-
ness of the coating, the tendency of the sample to corrosion
is reduced. Among the samples, the stainless steel sample
without a coated layer showed the highest corrosion cur-
rent and more negative potentials, indicating low corrosion
resistance (figure 7b). Thus, the deposition of the NizAl-
Al,03-Al,03/MgO surface composite affected the corrosion
resistance of the AISI 316 stainless steel. The thickness of
Al,O3/MgO increased, and the corrosion current decreased
significantly from 1.1 (without coating) to 0.008 mA cm~>2
for the NizAl-Al,03—-Al,03/MgO sample with a thickness
of 150 wm. In figure 5, an increase in the coating thickness
resulted in the formation of a uniform layer due to numer-
ous deposits on the surface. Hence, the attracted C1~ hardly
penetrated the coating, and corrosion resistance increased.
An increase in the thickness also strengthened the adhe-
sion between the layer and the sublayer, thereby significantly
affecting the corrosion resistance.

The corroded sample surfaces were evaluated through SEM
(figure 8). The coated sample with a thickness of 50 pum was
completely corroded because its fine structure and numerous
grain boundaries favoured corrosion. Intergranular corro-
sion occurred, and grains were clearly distinguished. For the
coated sample with a thickness of 150 wm, favourable paths
for attack were produced through crack formation, although
few grain boundaries existed. The corrosion current density
eventually decreased.

4. Conclusion

AISI 316 stainless steels were coated with NisAl-Al,O3—
Al,O3/MgO layers with various thicknesses of Al,O3/
MgO outer layer. The following results are obtained:

The coated layers had a crystal structure. As the outer
layer thickness increased, the degree of hardness decreased
because of grain growth on coating. With a low degree of
surface roughness, the friction coefficient decreased and wear

resistance improved. For the thick samples, the time to relieve
stress on the coating was sufficient. Consequently, the adhe-
sion between layers increased. The corrosion resistance of
the thick samples was also high because of the high degree of
adhesion between layers and the considerable uniformity of
the coating.
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