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ABSTRACT

A triple-layer NiCrAlY/nano-yttria stabilized zirconia (nano-YSZ)/polycaprolactone (PCL) coating was
deposited on Mg—Ca alloy by novel combination of atmospheric plasma spraying (APS) and dip coating
methods, aiming at further enhancement of the corrosion and mechanical properties of the Mg alloy. The
compressive strength of the triple-layer plasma/polymer coating is higher than that of the plasma coated
and uncoated samples after immersion in 3.5 wt% NaCL solution. However, both single and dual-layer
plasma coatings demonstrated better bonding strength than the triple-layer plasma/polymer coating.
The corrosion resistance of Mg alloy was significantly improved by triple-layer NiCrAlY/nano-YSZ/PCL
coating this was inferred from the lower corrosion current; 0.14 pA/cm? versus 285.3 pA/cm? for the
uncoated Mg alloy, the higher corrosion potential; —1252.8 versus —1631.4 mVscg, and the significantly
lower corrosion rate; 0.003 versus 6.51 mm/yr. A corrosion mechanism for the single-, double- and
triple-layer coated Mg alloy was proposed. PCL coating provides significant protection for the Mg alloy by
sealing the porous nano-YSZ plasma coating.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium alloys have great potential for automotive, aero-
space, medical orthopaedic, and other industries due to their low
density, high specific strength, machinability, and damping char-
acteristic [1—3]. Various binary Mg alloys based on Ca, Zn, Y addi-
tions were applied for improving corrosion properties of pure Mg
[4]. Addition of Ca lower than its solid solubility limit (1.34 wt.%)
to Mg decreases the corrosion rate of pure Mg. Likewise, the
addition of 1.2 wt.% Ca tend to improve the compressive strength
and bending strength of pure Mg due to decrease the grain size and
solution strengthening effects and second phase strengthening [5].
However, intrinsic deficiencies such as poor corrosion resistance
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inhibit the widespread use of Mg alloys in many applications [6,7].
Thus, it is essential to enhance the corrosion resistance of Mg to
broaden their industrial applications [8]. Hence, surface modifica-
tion was employed as an effective strategy to protect Mg alloys from
corrosion attack [7,9—11]. Atmospheric plasma spraying (APS) is an
effective coating method for improving the surface properties of
different alloys [12]. This is because APS is a fast and an
environment-friendly process that has the ability to deposit high-
quality ceramic coating [13]. APS is also applied for fabrication of
nanostructured ceramic coatings (such as YSZ) having good me-
chanical and corrosion properties [13—16]. The structure of APS
coating consists of a large amount of micro-porosity and micro-
cracks which assist in releasing residual stresses, while at the
same time produce a mechanical interlocking effect in the outer
layer that can considerably enhance the adhesion of polymeric
overlayer [1]. Commonly used thermal barrier coating (TBS) ma-
terials such as ZrO, and 8YSZ are usually employed as ceramic top
coat materials on a metallic bond-coat such as MCrAlY or NiCrAlY
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[17]. The use of a bond-coat decreases thermal expansion coeffi-
cient mismatch between the ceramic top coat and the substrate,
increases the adhesion of the top coat to the Mg substrate and
prevents debonding [12,18]. However, the porosities of plasma
coating also can absorb more aggressive medium leading to more
infiltration of corrosive species to the substrate [1]. The existence of
these porosities is unavoidable in the plasma spray coatings
resulting in inferior chemical barrier performance [17,19]. There-
fore, several researchers [2,8,19] attempted to seal the micro-pores
to enhance the corrosion resistance of the substrate. Polymeric
coating is an effective approach for sealing the porosity of plasma
layers to avoid early failure. Among the polymer coating, poly-
caprolactone (PCL; —[(CH2)5COO],—) as a semi crystalline linear
hydrophobic polymer can be considered as one of the promising
candidates because of its good mechanical properties such as the
high ductility of 80% elongation at the break point [20,21]. In
addition, PCL is hydrophobic, which is desirable for a coating as top
layer on plasma porous layer to fill its porosity and to further
improve the corrosion resistance of the substrate [21,22]. In view of
this, Mohedano et al. [19] showed that the corrosion properties of
the plasma coatings enhanced after sealing plasma layer. Similarly,
Gnedenkov et al. [11] reported that protective performance of the
polymer-containing composite coating was 300-fold higher
compared to the initial plasma coating. However, studies on the
surface modification of Mg alloys by NiCrAlY/nano-YSZ/PCL triple-
layer coating aimed at further improving the corrosion and me-
chanical properties of Mg-based alloys could not be found in the
literature. Thus, in the present study, combinations of APS and dip
coatings were conducted to provide a triple-layer coating system
which integrates the advantages from both methods. After the
NiCrAlY and nano-YSZ coating on Mg—Ca alloy as first and second
layer respectively, a PCL was employed on top of plasma layers to
seal the pores and to provide further protection for the Mg—Ca
substrate. The microstructure, mechanical properties and corrosion
behaviour of uncoated Mg—Ca alloy, NiCrAlY, NiCrAlY/nano-YSZ
and NiCrAlY/nano-YSZ/PCL coatings were evaluated and compared.

2. Experimental details
2.1. Sample preparation

Magnesium alloys were prepared by melting 99.9% pure mag-
nesium ingots, and Mg—32 wt.% Ca. The melts, with a constant
concentration of Ca (2.5 wt.%), were then cast in a 300 °C preheated
stainless steel mould to produce an ingot. Several Mg—1.2 wt.%
Ca rectangular specimens with dimensions of 15 mm x
10 mm x 10 mm, and cylindrical specimens with a diameter of
10 mm and thickness of 10 mm were cut from the ingot. The
samples were mechanically wet ground with 320—2000 SiC grit
papers until all visible scratches were removed. The overall
composition was measured using ICP-AES as 0.047% Si, 0.003% Cu,
2.511% Ca, 0.021% Al, 0.012% Fe, 0.004% Ni and Mg balance.

2.2. Deposition of NiCrAlY/nano-YSZ/PCL coatings

A commercial NiCrAlY (Ni22Cr10AI1Y; AMDRY 962) powder
with 40—65 pum particle size and agglomerated nanostructured YSZ
powder (ZrO,-8 wt.%Y,03; Nanox Powder S4007, Inframat USA)
were used to deposit the underlayer and overlayer, respectively. It
should be mentioned that single nano-particles are very difficult to
spray due to their low mass and inertia. To address this issue
reconstitution of the nanoparticles into micrometre sized granules
is vital [12].

As can be observed in Fig. 1, both feedstock powders particles
have spherical morphology which is suitable for plasma spray. The

high magnification inset of the nanostructured YSZ powder further
confirms that the agglomerates consist of individual nano-particles
of YSZ. For better adhesion of the coating the surface of magnesium
alloy was grit blasted with alumina particles and subsequently the
specimens were rinsed with acetone. An atmospheric plasma spray
(METCO, type 3 MB) was used for the deposition of NiCrAlY and
nanostructured YSZ layers. The spraying parameters are summa-
rized in Table 1. 2.5 wt.% PCL pellets (M,, = 80,000 g/mol, Sigma-
—Aldrich, UK) were dissolved in dichloromethane (DCM; CH,Cl,,
Sigma—Aldrich, UK) by stirring for 6 h at room temperature. The
double-layer coatings were dipped in the PCL solution for 30 s and
withdrawn at a constant speed to form a uniform coating and then
dried at room temperature.

2.3. Mechanical properties

For compression test, standard samples were prepared accord-
ing to ASTM E9 and immersed in 3.5wt.% NaCl for 10 days. To
remove the surface corrosion product, samples were cleaned in a
boiling solution of chromium trioxide (CrOs). The specimens were
then dried in warm air. Compression tests were performed using an
Instron-5569 universal testing machine at a displacement rate of
0.5 mm/min, at ambient temperature. For each testing condition,
two specimens were examined. The bonding strength of the
NiCrAlY, NiCrAlY/nano-YSZ and NiCrAlY/nano-YSZ/PCL coated
specimens was measured according to ASTM F1044 standard using
a universal testing machine, Instron-5569. Cylindrical specimens
with a diameter of 30 mm and a thickness of 10 mm were prepared.
The cross-head displacement rate was 1 mm/min with a 10 kN load
cell. Three coated specimens were tested and the average value was
reported. The average of five microhardness readings acquired from
the cross-section of the plasma coatings using a Vickers hardness
tester (Shimadzu) using a 500 g for 15s was taken.

2.4. Corrosion testing and analysis

Rectangular specimens with a surface area of 1 cm? were
mounted in epoxy resin for electrochemical testing. Electro-
chemical tests were conducted in an open-air glass cell containing
350 ml of 3.5 wt.% NaCl, using a PARSTAT 2263 potentiostat/gal-
vanostat (Princeton Applied Research). A three-electrode cell was
used for potentiodynamic polarization testing. The reference elec-
trode was a saturated calomel electrode (SCE), the counter elec-
trode was a graphite rod, and the specimen was the working
electrode. The samples were immersed in the NaCl solution for 1 h
prior to the PDP test to establish the open-circuit potential. All
experiments were carried out in the range between —250 mV in the
cathodic direction and +500 mV in the anodic direction relative to
the open circuit potential at a constant scan rate of 0.5 mV/s. The
electrochemical impedance spectra (EIS) were measured at open
circuit potential, with a 10 mV potential perturbation over a fre-
quency range of 0.01 Hz—100 kHz at different immersion times in
3.5% NaCl solution, using a VersaSTAT 3 machine. Each electro-
chemical test was repeated 3 times to confirm reproducibility of the
results. The corrosion current density (icorr), corrosion potential
(Ecorr), cathodic Tafel slopes (B¢), anodic Tafel slopes (B,), polariza-
tion resistance (Rp), and corrosion rate (P;) were determined. The
values of icorr, Ecorr, Be, Ba, and a corresponding corrosion rate (P;) for
uncoated and coated samples were extracted from the polarisation
curves. The polarisation resistance (Rp) was calculated according to
the following equation [23]:

- BaBc
Rp = 2.3(Bq + Bc)icorr M
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Fig. 1. Surface morphology of (a) NiCrAlY powders and (b) agglomerated nano-YSZ powders.

Table 1

Air plasma spraying parameters.
Parameters NiCrAlY Nano-YSZ
Current (A) 400 400
Voltage (V) 50 50
Primary gas, Ar (I/min) 60 60
Secondary gas, Hy(1/min) 8 8
Powder feed rate (g/min) 15 20
Spray distance (cm) 12 10

—
5 pm

The corrosion rate of the samples, obtained from the corrosion
current density, was calculated according to [24]:

Pl = 2285 icorr

(2)

Immersion test was carried out according to ASTM G1-03.
Specimens with a diameter of 10 mm and 10 mm thickness were
immersed in a beaker containing 200 ml of 3.5 wt.% NaCl solution
for 10 days. The immersion tests were repeated at least once to
verify the reproducibility of the results.
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Fig. 2. Surface morphology of (a,b) uncoated Mg alloy, (d,e) single-layer NiCrAlY coating, (g,h) dual-layer NiCrAlY/nano-YSZ coating and (j,k) triple-layer NiCrAlY/nano-YSZ/PCL
coated Mg alloy and EDS analysis of (c) area A, (f) area B, (i) area C and (1) area D.
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2.5. Microstructural characterization

Microstructures were analysed with scanning electron micro-
scopy (JEOL JSM-6380LA equipped with EDS system, JEOL Inc.,
Tokyo, Japan) and transmission electron microscopy (HT7700
Hitachi). Phase identification was carried out using an X-ray
diffractometer  (Siemens-D5000), using Cu-Ko radiation
(A = 1.5405 A) generated at 35 kV and 25 mA, over the 20 range of
10—90° with increment steps of 0.04.

3. Results and discussion
3.1. Characterization of the coating

Fig. 2 shows SEM images of uncoated, plasma sprayed and
polymer/plasma coated Mg samples. Binary Mg—2.5Ca alloy con-
sists of MgyCa intermetallic compound in addition to «-Mg matrix
which is consistent with the Mg—Ca phase diagram [25]. Secondary
phases appear along the grain boundary (Fig. 2a,b) as eutectic
phases (a-Mg + MgyCa). The presence of secondary phases can
significantly affect the corrosion behaviour of the Mg alloy due to
the formation of micro-galvanic cells between the matrix and
secondary phases [26—28]. The corresponding EDS analysis, in the
denoted area, further confirmed that the grain boundaries were
enriched with calcium which indicated the formation of MgyCa
(Fig. 2¢). The single-layer NiCrAlY and dual-layer NiCrAlY/nano-YSZ
coating composed of pores, voids and micro cracks due to the re-
sidual stresses during the deposition process (Fig. 2d,e) [29].
However the amount of pores, and micro cracks is significantly
lower in the dual-layer coating compared to the single-layer
counterpart (Fig. 2g,h). Semi-molten particles (SM) and molten
particles (M) are also observed. It is reported that semi-molten
particles contain porous structure, while molten parts bonded
with each other to form a dense structure [30,31]. The dual-layer

CKal-2 20 pm

coating also showed nano-zone part which is composed of nano-
sized particles that can be retained from the non-molten part of
powder [13]. Large number of nano-pores with various sizes can be
observed in this zone which has substantial effect on the corrosion
behaviour of the plasma spray coated alloy. EDS analysis shows
high amount of Ni, Al and Cr accompanied with low content of Y,
indicating the formation of NiCrAlY coating (Fig. 2f). However,
nano-structure YSZ coating is composed of Zr, O and trace amount
of Y (Fig. 2i). The PCL coating over NiCrAlY/nano-YSZ layers
(Fig. 2j,k) shows porous structure with relatively uniform distri-
bution. The PCL as a top layer seals the micro-pores and voids in the
plasma coating (Fig. 2j,k). The pores size is strongly dependent on
the concentration of the PCL, where a high PCL concentration leads
to formation of smaller pores due to the presence of less polymer-
poor phase. The presence of pores in the PCL layer was mainly due
to phase separation process, which is a result of solvent evaporation
from the polymer solution. The pores formed because the polymer
solution became thermodynamically unstable during solvent
evaporation [21,32]. Phase separation resulted in the formation of
either a polymer-rich or polymer-poor phases [33] where the
polymer-rich phase would be solidified, whereas the polymer-poor
phase led to pore formation [21,33]. This kind of distribution pro-
vides adhesion between the polymer coating and plasma coating.
The pores size is strongly dependent on the concentration of the
PCL, where a high PCL concentration leads to formation of smaller
pores due to the presence of less polymer-poor phase [21]. EDS
analysis (Fig. 21) illustrates the presence of C and O in this sample,
indicating the formation of PCL film.

Elemental mapping of the uncoated Mg—Ca alloy (Fig. 3a)
confirmed that the grain boundaries were enriched with Ca, sug-
gesting the presence of Mg,Ca in the eutectic structure. The single-
layer coating predominantly consisted of Ni, Cr, Al, O and trace
amount of Y whilst the dual-layer coating is composed of Zr, O and
Y which were uniformly distributed on the substrate (Fig. 3b,c).

OKal

Fig. 3. Scanning electron micrographs and elemental mapping of (a) uncoated Mg alloy, (b) NiCrAlY coating, (c) NiCrAlY/nano-YSZ coating and (d) NiCrAlY/nano-YSZ/PCL coated Mg

alloy.
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Fig. 4. Cross sectional SEM micrographs of (a) single-layer NiCrAlY, and (b) dual-layer NiCrAlY/nano-YSZ and (c) triple-layer NiCrAlY/nano-YSZ/PCL coated Mg alloy.
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Fig. 5. (a) X-ray diffraction patterns of uncoated, NiCrAlY coating, nano-YSZ coating and PCL coated Mg alloy and (b) Transmission electron micrograph of nano-YSZ coated Mg—Ca

alloy.

Triple-layer coating demonstrated only the presence of C and O
(Fig. 3d) as a result of the formation of a thick PCL layer, where the
underlayers' elements were not detected.

The cross-section morphology, in Fig. 4a, shows a NiCrAlY bond-
coat with thickness of approximately 60—70 pum forming on the
surface of the magnesium alloy. Large amount of voids, globular
porosities and micro-cracks can also be observed. However, YSZ
coating demonstrated bimodal structure composed of columnar
grains as a result of solidification of the melted part of the powder,
nanosize particles remaining from the unmelted or semi-melted
parts and some equiaxed grains (Fig. 4b). The lamellar structure
also can be easily detected indicating that the YSZ was built up layer
by layer of individual splats which had melted or became semi-
molten during spraying [31,34]. Two layer structures can be obvi-
ously seen which contain the YSZ layer with thickness of
150—160 pum as overlayer and NiCrAlY with a thickness of around
60—70 um as an underlayer. Fig. 4c shows that PCL coating forms
thick layer (70—80 um) that homogeneously covers the surface of
NiCrAlY/YSZ layers. It can also be observed that the PCL layer has
good bonding with the YSZ plasma layer. In addition, it can be also
seen that porosity in the plasma coated sample is much larger than
that in the PCL coating. The presence of these coarse pores in

270
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Fig. 6. Compressive stress—strain curves of uncoated, NiCrAlY, NiCrAlY/nano-YSZ,
NiCrAlY/nano-YSZ/PCL coated Mg alloy before and after immersion in 3.5 wt.% NaCl
solution for 10 days.
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Table 2

Compression test results of the uncoated Mg—Ca alloy, single-layer NiCrAlY coated, dual-layer NiCrAlY/nano-YSZ coated and triple-layer NiCrAlY/nano-YSZ/PCL coated Mg alloy

before and after immersion in 3.5 wt.% NaCl solution.

Specimen Uncoated Mg alloy

before immersion days immersion

Uncoated Mg alloy after 10 NiCrAlY coated alloy after
10 days immersion

NiCrAlY/YSZ coated alloy after NiCrAlY/YSZ/PCL coated alloy
10 days immersion after 10 days immersion

Compression 2124 + 12
strength —UCS

(MPa)

1483 +7

1572 +7

166.5 + 8 1973 +9

UCS: ultimate compressive strength.

plasma layers provides pathways for more infiltration of the
aggressive corrosion solution through the coating during corrosion.
Formation of a thick PCL coating over plasma layer leads to delay
the contact between the corrosive species and Mg substrate.

The XRD patterns of the uncoated and coated samples are
shown in Fig. 5a where the formation of the Mg,Ca compound is
seen in the uncoated samples. The NiCrAlY coating contain v phase
(Ni, Cr-rich), " phase (Ni3Al), AlCr; and some traces of  phase
(AINi) peaks. However, nanostructured YSZ include the tetragonal
zirconia (t) only which can be attributed to rapid solidification
during the process of APS. The triple-layer NiCrAlY/YSZ/PCL coating
consists of two intense peaks at 20 = 21.6° and 26 = 23.8°, that
account for diffraction of the (110) and (200) planes, respectively.
PCL has a crystalline structure with polyethylene-like ortho-
rhombic cell disposition, with lattice parameters a = 0.748 nm,
b = 0.498 nm, and ¢ = 1.727 nm [35]. The TEM image in Fig. 5b
shows that, after coating YSZ over NiCrAlY, equiaxed grains with a
size distribution from several tens to several hundred nanometres
formed. The orientation and size of these crystals strongly depend
on the thermal conditions during spreading of molten droplets
[36].

3.2. Mechanical properties

The compressive strength of uncoated, plasma coated, and
plasma/polymer coated samples before and after immersion in
3.5 wt.% NaCl solution for 10 days are shown in Fig. 6. As the plasma
and plasma/polymer coating did not affect the bulk mechanical
properties, the compressive curves of uncoated and coated samples
were similar before immersion. The compressive strengths of
single-layer (NiCrAlY), dual-layer (NiCrAlY/nano-YSZ) and triple-
layer (NiCrAlY/nano-YSZ/PCL) coated samples decreased from
212.4 MPa before immersion to 157.2, 166.5 and 197.3 MPa,
respectively after 10 days of immersion in the NaCl solution
(Table 2). However, the compressive curves of uncoated Mg—Ca
dropped to 148.3 MPa after 10 days immersion because of the
presence of pits and cracks caused by high corrosion rate. This

indicates that plasma/polymer coating can effectively delay the loss
of the mechanical properties of the substrate. High compressive
strengths of the triple-layer coating after immersion, is because the
polymer coating can prevent the direct contact between the Mg
matrix and corrosive species. Thus, it acts as a barrier preventing
the formation of galvanic cells at the interface between Mg/NiCrAlY
bond-coating. The lower compressive strengths of single and dual-
layer coatings are because the porous structure could not protect
against corrosion. Microhardness of uncoated alloy was 49.2 Hv and
this value significantly increased to 210.4 and 760.8 Hv after
NiCrAlY and NiCrAlY/nano-YSZ plasma spray coating, as can be seen
in Fig. 7a. This indicates that the dual-layer coating is approxi-
mately 12 times harder than that of the uncoated alloy. This can be
due to the presence of semi-molten nanostructured particles in the
YSZ structure, which act as crack arresters and enhanced splat-to-
splat strength thereby, increasing coating toughness [15].

Fig. 7b shows that the bonding strength of the dual-layer
NiCrAlY/nano-YSZ coating is about 14.5 MPa which is slightly
higher than that of single-layer NiCrAlY coated Mg alloy (12.4 MPa).
The most important mechanism of sprayed coatings adhesion is
mechanical interlocking of the splats to the asperities of the sub-
strate. The second mechanism is crack arresting by dense nano-
zones which embedded in the whole of microstructure. These
mechanisms obviously describe the higher bonding strength of
plasma spray coated samples compared to the plasma/polymer
coated sample [15,37]. Higher bonding strength of dual-layer
coating can be due to hindering of crack propagation via the
unmolten or semi-molten particles (nanozone) as shown in Fig. 2h.
However, poor bonding strength (7.6 MPa) was found for the triple-
layer coating between the polymer and the plasma layer. This poor
bonding strength may be attributed to the molecular structure of
the polymer. PCL has a low ratio of O, which resulted in less elec-
trostatic interaction with the nano-YSZ surface. Degner et al. [38]
showed that PCL coating has low adhesion to the substrate
strength. But coating still can effectively prevent corrosion of
magnesium alloys which is in fact dependent on the polymer film
thickness rather than the bonding strength.
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Fig. 7. (a) Hardness of uncoated, NiCrAlY and NiCrAlY/nano-YSZ coated Mg—Ca alloy and (b) Bond strengths of the NiCrAlY, NiCrAlY/nano-YSZ and NiCrAlY/nano-YSZ/PCL coated

Mg—Ca alloy.
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Fig. 8. Potentiodynamic polarization curves of uncoated, plasma coated and plasma/
polymer coated Mg—Ca alloy specimens in 3.5 wt.% NaCl solution.

3.3. Electrochemical measurement

The electrochemical polarization curves of the uncoated Mg—Ca,
single-layer NiCrAlY, dual-layer NiCrAlY/YSZ and triple-layer
NiCrAlY/nano-YSZ/PCL coated samples in 3.5 wt.% NaCl solution
are shown in Fig. 8. The corrosion potential (Ecorr) Showed that both
plasma coatings and plasma/polymer coating significantly shifted
the corrosion potential to more positive values. The Ecor, with
reference to the uncoated magnesium alloy (—1631.4 mVscg),
increased by —911.1 mVscg in single-layer coated samples. Ac-
cording to the mixed standard electrode potential theory [18,39], it
was found that the air plasma spray coated samples were nobler
than the uncoated Mg alloy. Electrochemical parameters of the
uncoated and coated Mg samples in 3.5 wt% NaCL solution are
listed in Table 3. The values of the corrosion current density (icorr) Of
both single-layer (124.7 pA/cm?) and dual-layer (89.3 pA/cm?)
samples were lower than that of the uncoated sample (285.3 pA/
cm?), while the triple-layer sample presented the lowest icorr
(0.14 pA/cm?). The uncoated alloy presented higher icorr, compared
to the coated alloy, owing to the formation of a micro-galvanic cell
between the Mg,Ca phase and the a-Mg phase which resulted in an
increase in the corrosion rate of the uncoated sample. On one hand,
plasma spray coating can decrease i, of Mg alloy due to the
protective nature of chromium and nickel, as well as the homoge-
neous coating composition. On other hand, due to the formation of
galvanic corrosion cell between Mg substrate and metallic bond-
coat (NiCrAlY) through porosities and micro-cracks which act as
absorbent of corrosive solution, the plasma layer is not able to
sufficiently protect the Mg substrate. However, triple-layer coating
demonstrated the lowest icorr because of the presence of the PCL
coating as a top layer that sealed the porosity of the plasma coating

Table 3

and interrupted the penetration of the corrosive species. A corre-
sponding increase in Rp from 1.21 kQ cm? (for Mg—Ca) to 4.84, 5.62
and 687.8 kQ cm? for single-layer, dual-layer and triple-layer
coatings, respectively, was encountered. The large increase in R,
values observed for the triple-layer coating are due to the complete
coverage of PCL on the plasma layer (NiCrAlY/YSZ) by a rather
thicker triple-layer coating. The presence of pores and voids in
plasma layer can provide the sites necessary to set up galvanic cells
in corrosive solutions. Hydrogen gas produced by the cathodic re-
action ruptures the coating [40]. However, PCL as top layer hinders
the hydrogen evolution reaction increasing the corrosion
resistance.

According to Eq. (2), the corrosion rate of triple-layer
(0.003 mm/year) is significantly lower than that of dual-layer
(2.04 mm/year), single-layer (2.84 mm/year) and uncoated
(6.51 mmy/year) samples. This obviously indicates the enhancement
of protective properties of the specimens with triple-layer coating
than that of the plasma coating and uncoated samples.

Nyquist plots of the uncoated, plasma coated and plasma/
polymer coated samples acquired by electrochemical impedance
spectra (EIS) are shown in Fig. 9a. In general, the high corrosion
potential, charge transfer resistance and low corrosion current
density indicate that the test specimen has good corrosion resis-
tance [41]. As can be seen, coated and uncoated specimens showed
a typical single-capacitive semi-circle, which represents the elec-
trochemical process with only one time constant [42]. The capaci-
tive loop in the high frequency region is related to the charge
transfer reaction in the electric double-layer formed at the interface
between the sample surface and corrosion medium [43]. The
reason only one capacitive loop was observed in the Nyquist dia-
gram is probably because the electrochemical reaction area at the
metal/coating interface was still small in this immersion period.
This led to the difficulty to separate the time relaxation of physical
impedance of the coating from that of electrochemical reaction
impedance at the metal/coating interface [43]. The equivalent cir-
cuit depicted in Fig. 9b was used to fit the impedance spectra in
Fig. 9a whereby R. represents the solution resistance, C. is the
coating capacitance, Cq; is the double layer capacitance and R is
the charge transfer resistance which is attributed to the electro-
chemical corrosion rate. The equivalent circuit in Model A is
employed to characterize an uncoated sample while Model B could
describe the coated samples. It can be clearly seen that sealing of
plasma coating porosities by PCL leads to significant increase in the
charge transfer resistance (R;) of the triple-layer coated sample
(2065.07 kQ cm?). This indicates that high level of corrosion pro-
tection of the Mg substrate can be obtained by polymer/plasma
coating. However, the diameter of the semicircle in the Nyquist
plots decreased to 2.21 and 2.52 kQ cm? after single- and dual-layer
plasma coating. This can be attributed to the ionic transport in the
plasma coating including, e.g., chloride ion penetration through
pores and the subsequent formation of a galvanic cell [44]. How-
ever, the lowest charge transfer resistance is observed for the un-
coated sample (1.48 kQ cm?). The rate of the electrochemical
processes at the substrate/electrolyte interface is controlled by the

Electrochemical parameters of uncoated Mg—Ca alloy, single-layer NiCrAlY, dual-layer NiCrAlY/nano-YSZ and triple-layer NiCrAlY/nano-YSZ/PCL coated Mg alloy in 3.5 wt.%

NacCl solution obtained from the polarization test.

Alloy Corrosion potential, Ec,,r Current density, i, Cathodic slope, — 8¢ Anodic slope, (4 Polarization resistance, Rp Corrosion rate, P;
(mV vs. SCE) (uA/cm?) (mV/decade) vs. SCE (mV/decade) vs. SCE (kQcm?) (mm/year)

Mg alloy -16314 + 13 2853 +9 108 + 6 125+ 6 1.21 + 0.2 6.51 £ 0.7

NiCrAlY coated -911.1+9 1247 + 5 141 +7 128 + 6 4.84 + 0.4 2.84+03

NiCrAlY/nano-YSZ coated —-8214+38 893 +4 149 + 6 1327 5.62 + 0.7 2.04+03

NiCrAlY/nano-YSZ/PCL coated —1252.8 + 11 0.14 + 0.04 92+5 65+3 687.83 £ 17 0.003 + 0.001
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coated Mg alloy specimens in 3.5 wt.% NaCl solution.
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Fig. 10. Nyquist plots of, (a) uncoated, (b) NiCrAlY coated and (c) NiCrAlY/nano-YSZ coated and (d) NiCrAlY/nano-YSZ/PCL coated Mg alloy specimens in 3.5 wt.% NaCl solution at

different immersion times.

charge-transfer resistance which is a key factor in determining the
corrosion resistance [44,45]. This suggests that the triple-layer
coating can significantly hinder the charge-transfer process at the
sample/electrolyte interface.

The Bode plots of the EIS spectra obtained for both uncoated and
coated samples are shown in Fig. 9c. The impedance modulus at
low frequency (|Z|) is used to characterize the corrosion protection
property of the coatings [44,45]. It is clear from the impedance
value in the low frequency range that the triple-layer coatings

presented the best corrosion protective behaviour as their |Z| value
is the highest at the low frequency limit. Lower |Z| values of the
other coatings which is attributed to the corrosion susceptibility of
these samples. Polymer coating reduced porosity of plasma coating
and improved barrier performance for corrosion protection.
Moreover, the dependence of the corrosion resistance on the
thickness of the coating suggests that the corrosion rate of triple-
layer coated Mg can be adjusted by controlling its thickness [38].
This is because the formation of a thick PCL top layer postponed the



448

reach of the aggressive solution to the interface between NiCrAlY
layer and Mg alloy substrate. The combination of polarization and
impedance tests show that the triple-layer (NiCrAlY/YSZ/PCL)
coating can efficiently delay the penetration of electrolyte through
the coating, and thus enhance the corrosion barrier property.

In order to easily explore the protective ability of the plasma
coated and plasma/polymer coated Mg samples, electrochemical
impedance spectroscopy as a function of exposure time were
measured (Fig. 10). It is obvious that in the initial stages the un-
coated sample indicated lower impedance value. However, the
impedance value increased as the immersion time was prolonged
due to formation of corrosion products on the alloy surface which
act as barrier layer. It is worth noting that the effect of barrier layer
on impedance value decreased after 168 h exposure to the corrosive
solution containing CI~ due to the damage of the barrier film
(Fig. 10a). The EIS spectra of uncoated sample can be fitted well
using a simple equivalent circuit which is composed of C. in parallel
to the R to represents interface between electrolyte and Mg alloy.
EIS spectra from plasma coated and plasma/polymer coated Mg
samples can be fitted by using a four-component model
R(Q(R(QR))). From Nyquist plots of single-layer NiCrAlY coating
sample a descending trend was found by escalating the immersion
time indicating that the best barrier action of the plasma coating

-(AOI’I'OSiOI‘I' products

50 pm

»
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was found at short immersion time (Fig. 10b). This can be due to
penetrating corrosive materials toward the substrate through the
defects, porosities and voids which act as channels for formation of
galvanic cells at the interface of coating/substrate. The spectra of bi-
layer NiCrAlY/nano-YSZ coating presented similar features as the
single-layer NiCrAlY coating (Fig. 10c). However, the Nyquist plots
of triple-layer NiCrAlY/YSZ/PCL coated sample presented signifi-
cantly larger semicircle during the entire exposure period, indi-
cating a capacitive behaviour and barrier type protection polymer
coating over plasma layers (Fig. 10d). The diameter of the semicircle
in the Nyquist plots decreased gradually with exposure time,
indicating that the triple-layer coating can efficiently delay infil-
tration of corrosive solution and chloride ions. However, after
prolonged immersion time, coating was detached from the sub-
strate and lost its protective property.

3.4. Immersion test

Fig. 11 shows the surface morphology of the uncoated, plasma
coated, and plasma/polymer coated Mg samples immersed for
240 h in 3.5 wt.% NaCl solution. Uncoated Mg—Ca alloy presented
extensive surface cracking that was accompanied by pitting
corrosion (Fig. 11a,b). The crack formation is due to dehydration of
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Area B ®
o
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Fig. 11. FESEM micrographs of (a,b) uncoated Mg—Ca alloy, (d,e) NiCrAlY coating, (g,h) NiCrAlY/nano-YSZ coating and (j,k) NiCrAlY/nano-YSZ/PCL coated Mg alloy after immersion in
3.5% NaCl solution for 240 h and EDS analysis of (c) area A, (f) area B (i) area C and (1) area D.



H.R. Bakhsheshi-Rad et al. / Journal of Alloys and Compounds 658 (2016) 440—452 449

) = =B (AINi) +Mg(OH: »PCL
< AlICr3 TAI(OH)3 va-Mg
> 1 ZrO2 (Tetragonal) oY (NisAl)
oY (Ni, Crrich)

(b)

Intensity (a.u.)
o

10 20 30 40 50 60 70 80 920
2-Theta (deg.)

Fig.12. X-ray diffraction patterns obtained from the corrosion products of (a) uncoated
alloy, b) single-layer NiCrAlY coated Mg alloy, (c) dual-layer NiCrAlY/nano-YSZ coated
Mg alloy and (d) triple-layer NiCrAlY/nano-YSZ/PCL coated specimens after full im-
mersion in 3.5 wt.% NaCl solution for 240 h.

the corrosion products and associated differential shrinkage. Cracks
make the solution contact the matrix easier, accelerating the
corrosion of the matrix. EDS analysis in Fig. 11c shows the presence
of Mg and O indicating that corrosion products are composed of
magnesium hydroxide Mg(OH), and the mole ratio of O to Mg was
about 2.07. The XRD pattern in Fig. 12a further confirms the pres-
ence of Mg(OH), (JCPDS file no. 44-1482) as the main corrosion
product of the uncoated Mg—Ca. The Pilling Bedworth ratio (PBR)
corresponding to MgO (magnesium oxide) is 0.81, while the re-
ported PBR value for Mg(OH); is about 1.77 [46]. A PBR value of less
than unity indicates that the oxide formation would lead to volume
shrinkage and tensile stress at the oxide/metal interface, which
would imply poor protection against corrosion of the underlying
metal [46]. The presence of Mg(OH); can be found in conditions of
pitting corrosion, without much access of air from the outside at-
mosphere, i.e. crevice corrosion [46]. Form Fig. 11d,e, it can be seen
that large amount of corrosion products still accumulated on the
surface of both single-layer NiCrAlY and dual-layer NiCrAlY/nano-
YSZ coating. However, lower amount of corrosion products were
observed in dual-layer than single-layer coating (Fig. 11g,h). The
EDS analysis of the corrosion products of the single-layer coating
revealed the presence of Mg, Al, and O indicating formation of
Mg(OH); and Al(OH)s. Ni and Cr peaks seen in Fig. 11f are from the
NiCrAlY layer. Single-layer coating acts as a semi-mechanical bar-
rier consisted of a large number of voids and micro-cracks. There-
fore, it could not adequately prevent the transfer of the metallic
ions from the substrate. The EDS analysis of the dual-layer coating
also shows the presence of Mg indicating that the corrosive solu-
tion can easily penetrate into the coating and corrode the substrate.
Thus dual-layer plasma spray coating also could not effectively
protect the substrate. The XRD analysis showed that the corrosion
products in NiCrAlY and nano-YSZ coatings were mainly composed
of Mg(OH),; and AI(OH)s (Fig. 12b,c). A small difference in the sur-
face microstructure of triple-layer NiCrAlY/nano-YSZ/PCL coated
sample was observed after immersion. Only small cracks are
observed in the structure of triple-layer coating (Fig. 11j,k). More-
over, some parts had appeared to burst apart which may have been

due to a build-up in pressure beneath the coating due to the evo-
lution of H,. The EDS analysis of triple-layer coating shown in
Fig. 111 revealed the presence of C and O indicating that the
structure of PCL remained unchanged proving that the PCL polymer
coating over plasma-layers has great corrosion resistance in 3.5 wt%
NaCl solution. XRD spectrum of the triple-layer coating indicates
that the surface is composed of pure PCL (Fig. 12d). No corrosion
product was found indicating that the surface of triple-layer
NiCrAlY/nano-YSZ/PCL coating was intact and clean after 10 days
immersion in 3.5 wt% NaCl solution. This once again shows that
triple-layer coating significantly increases corrosion resistance of
Mg alloy.

The EDS elemental mapping of corrosion products of uncoated
and coated samples after immersion for 10 days is shown in Fig. 13.
It can be seen that severe localized corrosion was found on the
surface of the uncoated alloy. The corrosion products composed of
Mg and O which covered the entire surface. The main constituents
of the corrosion products of NiCrAlY coating is magnesium, oxygen
and aluminium indicating formation of Mg(OH), and Al(OH)3 at the
center and edge parts of the coating (Fig. 13b). However, most parts
of NiCrAlY/nano-YSZ coating had mainly the elements present in
the YSZ coating after 10 days of immersion, and the corrosion
products were formed at the center part where the most aggressive
attack took place (Fig. 13c). Polymer layer coating over plasma layer,
maintained its original structure where no corrosion product could
be detected on the PCL surface (Fig. 13d).

Fig. 14 shows a schematic illustration of the corrosion mecha-
nism of uncoated, plasma coated and plasma/polymer coated
samples in 3.5 wt% NaCl solution. When uncoated specimens are
immersed in the NaCl solution, galvanic reactions between o-Mg
and the Mg,Ca phases occurred (Fig. 14a). As a result of this galvanic
cell, the anodic and cathodic reactions occurred according to the
following equations [47,48]:

Mg — Mg*? + 2e~ (Anodic reaction) (3)
2H,0 + 2e~ — H; + 20H™ (Cathodic reaction) (4)

The metal Mg transformed into insoluble Mg(OH), film due to
the reaction with OH™ and therefore magnesium hydroxide (bru-
cite) as corrosion product started forming which resulted in
decreasing corrosion rate of the specimens. This stage is also
accompanied with strong hydrogen evolution. However, the pres-
ence of aggressive chloride ions in NaCl solution can destroy the
protective layer by transforming the Mg(OH), into more soluble
MgCly [49] according to the following reactions.

Mg + 2H;0 — Mg(OH),| + Ha1 (5)

Mg(OH),;| + 2C1~ — MgCl, + 20H —(6)

Breakdown of Mg(OH), significantly decreases the protected
area, subsequently increasing corrosion rate of the substrate.
However, after NiCrAlY coating, further protection of the substrate
was provided which resulted in reduction of corrosion attacks.
However due to the presence of pores in the structure of plasma
layer, the aqueous solution could easily diffuse through these de-
fects and thus set up a galvanic cell at the interface of substrate/
NiCrAlY layer (Fig. 14b). In this galvanic cell, the Mg alloy is anodic
and the NiCrAlY is cathodic, hence Mg alloy corrodes significantly.
With further infiltration of solution into the plasma layer, more
corrosion occurs which leads to more corrosion products forming at
the interface of plasma/substrate which destroyed the adhesion of
the plasma layer to the substrate and debonded the coating sub-
sequently losing the protection effect of the coating [50,51]. Dual-
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Fig. 13. Scanning electron micrographs and elemental mapping of (a) uncoated Mg alloy, (b) NiCrAlY coating, (c) NiCrAlY/nano-YSZ coating and (d) NiCrAlY/nano-YSZ/PCL coated
Mg alloy after immersion in 3.5 wt.% NaCl solution for 240 h.
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Fig. 14. Schematic illustration of the corrosion mechanism of (a) uncoated Mg—Ca alloy, (b) single-layer NiCrAlY, (c) dual-layer NiCrAlY/nano-YSZ and (d) triple-layer NiCrAlY/nano-
YSZ/PCL coated Mg alloy after immersion in 3.5 wt% NaCl solution for 240 h.

layer NiCrAlY/nano-YSZ coating can provide more protection, but NiCrAlY layer, a strong galvanic cell occurs between the substrate
this layer is also porous, and the corrosive solution can still reach to and the plasma layer due to the large difference in corrosion po-
the NiCrAlY layer through the micro-pores and micro-flaws of the tential (Fig. 14c). Therefore, it is necessary to improve the corrosion
overlayer (nano-YSZ). As soon as the solution reaches to the resistance of dual-layer coating to meet the different application
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requirements. To address this issue, the plasma surface was coated
with polymer (PCL) as an overlayer. After polymer coating, the
surface of plasma layer is fully covered, thus transportation of
corrosive ions (Cl7) and electrolyte was largely blocked (Fig. 14d).
Therefore, it can be stated that strong protective barrier was ob-
tained by triple coating (NiCrAlY/nano-YSZ/PCL). However, upon
increasing the immersion time, it is expected that more hydrogen
gas would be released by the cathodic reaction that may cause
bursting or delamination of the polymer film.

4. Conclusion

A novel method for the formation of a triple-layer NiCrAlY/
nano-YSZ/PCL coating at the surface of Mg—Ca alloy has been
established in this study. The underlayer is a porous and well
adhered plasma coat (NiCrAlY/nano-YSZ), while the overlayer is a
smooth and uniform hydrophobic polymer coat (PCL) which
bonded to the pores of the plasma coat. Comparing with the un-
coated and plasma coated Mg—Ca alloy, the plasma/polymer coated
samples displayed much higher compressive strength after im-
mersion in 3.5 wt% NaCl solution. However, the plasma coated
samples indicted better bonding strength than plasma/polymer
coated samples. The triple-layer plasma/polymer coating exhibited
significantly lower corrosion current density (0.003 pA/cm?) and
higher R, (687.83 kQcm?) than that of only single- or dual-layer
plasma coated Mg—Ca samples. This is attributed to the sealing
effect of the nano-YSZ plasma layer by the PCL polymer coating
which considerably improved the corrosion protection of the
Mg—Ca alloy. The immersion test displayed that the surface of
triple-layer NiCrAlY/nano-YSZ/PCL coating was intact and clean
after 10 days immersion in NaCl indicating that PCL polymer
coating over plasma layer can provide long-term corrosion pro-
tection of a Mg—Ca alloy.
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