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Abstract This study investigates the corrosion resistance

of two-layer Gd2Zr2O7/YSZ, three-layer dense Gd2Zr2O7/

Gd2Zr2O7/YSZ, and a reference single-layer YSZ coating

with a similar overall top coat thickness of 300-320 lm.

All the coatings were manufactured by suspension plasma

spraying resulting in a columnar structure except for the

dense layer. Corrosion tests were conducted at 900 �C for 8

h using V2O5 and Na2SO4 as corrosive salts at a concen-

tration of approximately 4 mg/cm2. SEM investigations

after the corrosion tests show that Gd2Zr2O7-based coatings

exhibited lower reactivity with the corrosive salts and the

formation of gadolinium vanadate (GdVO4), accompanied

by the phase transformation of zirconia was observed. It is

believed that the GdVO4 formation between the columns

reduced the strain tolerance of the coating and also due to

the fact that Gd2Zr2O7 has a lower fracture toughness value

made it more susceptible to corrosion-induced damage.

Furthermore, the presence of a relatively dense layer of

Gd2Zr2O7 on the top did not improve in reducing the

corrosion-induced damage. For the reference YSZ coating,

the observed corrosion-induced damage was lower proba-

bly due to combination of more limited salt penetration, the

SPS microstructure and superior fracture toughness of

YSZ.

Keywords gadolinium zirconate � hot corrosion � multi-

layer thermal barrier coatings � suspension plasma

spraying � vanadium pentoxide ? sodium sulfate

Introduction

Thermal barrier coatings (TBCs) are widely employed in

gas turbines for protecting components operating at high

temperatures (Ref 1-5). TBCs are advanced material sys-

tems comprising of at least two layers; first layer is a

metallic bond coat of MCrAlY type where M represents

either Ni/Co or both, Cr and Al for chromium and alu-

minum respectively, Y is a minor reactive element yttria

and the second layer being a ceramic top coat. These

coatings are typically deposited by thermal spraying tech-

nique using powder as the raw feed stock. TBCs, when

exposed to the harsh conditions in the gas turbine, regularly

suffer from oxidation and/or corrosion.

Yttria-stabilized zirconia (YSZ) with 7-8 wt.% yttria is

currently the industrial standard for the top coat material.

YSZ has several attractive properties such as low thermal

conductivity, high fracture toughness, and high coefficient

of thermal expansion and therefore has been used as top

coat material for many decades. One of the limitations with

YSZ is the high-temperature operating limit of 1200 �C
above which the phase stability of zirconia becomes an

issue. Exposure at or above 1200 �C for longer time leads
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to transformation of tetragonal prime (t0) to yttria-rich

cubic (c) and yttria-poor tetragonal zirconia. Tetragonal

zirconia is not stable at the operating temperatures of gas

turbine, and during cooling it transforms to monoclinic

zirconia. This results in a volume expansion of 3-5% that is

sufficient to induce cracking and damage in the coating

(Ref 6). In addition, YSZ is prone to corrosive attack from

species such as vanadium and sulfur which causes accel-

erated phase transformation of zirconia from t0 to mono-

clinic (Ref 7, 8). The source for these corrosive species is

from the low-grade fuel used in industrial gas turbines.

With demands now on more efficient gas turbines, there

is an active search for new TBC materials that could

replace the conventional YSZ (Ref 9, 10). Among the new

materials, gadolinium zirconate (GZ) appears promising

with low thermal conductivity and high-temperature phase

stability compared to YSZ. One of the limitations with

gadolinium zirconate is that it is not thermodynamically

compatible with alumina, the thermally grown oxide that

grows at the interface between the metallic bond coat and

the ceramic top coat. It forms a porous layer of GdAlO3

thereby reducing the resistance of the coating to oxidation

(Ref 11). It is therefore deposited over the top of YSZ

forming a multi-layer coating system. Studies on the cor-

rosion resistance of atmospheric plasma sprayed (APS)

gadolinium zirconate with vanadium pentoxide and sodium

sulfate show that gadolinium zirconate has better corrosion

resistance compared to YSZ (Ref 8).

In addition to the TBC material, coating deposition

techniques can have significant impact on the overall

lifetime of TBCs. A new emerging technique, suspension

plasma spraying (SPS), is known to produce columnar

structures. It is believed that SPS deposited coatings exhibit

better cyclic life compared to the conventional APS coat-

ings where the microstructure is a typical splat on splat

structure (Ref 12-14). The right combination of TBC

material and the deposition process can result in more

durable coating and improve the lifetime of the coatings.

Also, the new materials and processes developed should

outperform conventional YSZ if they are to be considered

as a potential replacement. Previous research on gadolin-

ium zirconate’s corrosion resistance has been focused on

only APS deposited coatings. To the best of authors’

knowledge, no work has been done on the corrosion

resistance of SPS deposited gadolinium zirconate TBCs. In

this work, a two-layer gadolinium zirconate/YSZ and a

three-layer dense gadolinium zirconate/gadolinium zir-

conate/YSZ TBCs were deposited by SPS, and their hot

corrosion behavior in the presence of vanadium pentoxide

(V2O5) and sodium sulfate (Na2SO4) has been studied. A

reference coating of 8 wt.% YSZ has also been included for

comparison.

Experiment

Materials

The TBC systems studied in this work consisted of

Hastelloy X substrate (Ni22Cr1.5Co0.5W9Mo18Fe1Si).

The top surface is a rectangular shaped bar, 50 9 30 mm

and 5 mm in thickness, which was grit blasted using alu-

mina particles of 220 grit size, and a surface roughness (Ra)

of 3 lm was obtained. On the top of the grit blasted sub-

strates, a metallic bond coat was deposited using the High

Velocity Air Fuel (HVAF) system to obtain a nominal

thickness of 220 lm. The bond coat material used was

AMDRY 9951 (Co32Ni17Cr8Al0.5Y). Grit blasting of the

bond coat substrate was carried out using alumina particles

in order to remove the oxides present on the surface.

Suspension Plasma Spray Setup and Spray

Parameters for the Top Coat

The top coat in the three TBC systems was deposited by

suspension plasma spray process using the Axial III plasma

gun (Northwest Mettech Corp, Vancouver, Canada) and

Nanofeed 350 suspension feeding system. The suspension

plasma spray setup comprises of a liquid feedstock vessel

to hold the suspension. The vessel also has a mechanical

stirrer which operates throughout the process to ensure that

the suspension remains fully dispersed. Suspension (feed-

stock) is then pumped to the plasma torch using a peri-

staltic pump. Feedstock flow is controlled by a coriolis flow

meter. During the spray process, the suspension and

atomizing gas are coaxially fed into the Mettech Axial III

plasma gun. The gun accommodates three plasma exit ports

which direct the plasma to converge at their geometric

center. The liquid feedstock meets the converging plasma

axially. An additional nozzle is present at the end of plasma

gun to further narrow down the exiting plasma directed

onto the rotating fixture. Further details of the spray pro-

cess are discussed in our previous work (Ref 14).

For this work, two different ethanol-based suspensions

were produced by Treibacher Industrie AG (Althofen,

Austria). The materials were YSZ and gadolinium zir-

conate. Both suspensions had a median particle size of 500

nm and a solids load of 25% weight in ethanol solvent.

Two different spray parameters were employed for

depositing the single-, double-, and triple-layer TBCs, as

shown in Table 1. The first parameter was optimized to

create a columnar microstructure, whereas the second

parameter was chosen to deposit a relatively dense

gadolinium zirconate (GZ) layer. All the top coat systems

were deposited to achieve an overall thickness of

300-320 lm. The TBC samples were later cut at the center
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using water-jet cutting to produce samples of size 25 9 30

mm. The coating architecture is shown in Fig. 1.

Corrosion Tests

Corrosion tests were conducted using a mixture of vana-

dium pentoxide (V2O5) and sodium sulfate (Na2SO4) in the

ratio of 55:45 wt.%. The salts were manually mixed and

spread over the coating surface to get a concentration of

approximately 4 mg/cm2 (salt concentration selected was

based on earlier unpublished corrosion tests on APS coat-

ings). The samples were later placed in the furnace already

heated to 900 �C. The samples were held at that tempera-

ture for 8 h after which they were removed and allowed to

cool in air.

Characterization

The corroded samples were subjected to XRD (Pan Ana-

lytical X’pert Pro) for phase analysis. After XRD, the

samples were investigated in the SEM for observing the top

surface and the cross sections using energy-dispersive

x-ray Spectroscopy (EDS). In addition, porosity analysis

was done on the as-sprayed samples using ImageJ (avail-

able in public domain). For the image analysis, twenty-five

different SEM micrographs at 5009 magnification were

considered to analyze the porosity content of the as-

sprayed TBCs. A magnification of 5009 was chosen for

two reasons: The first one is that this magnification is high

enough to take into account of the porosity contribution

due to columnar gaps and fine scale porosity in the TBC.

The second reason is that it gave good contrast between the

ceramic and the pores in the TBCs. The average porosity

value in each coating system is shown in Fig. 2.

Results and Discussions

As-sprayed Microstructures

Figure 3(a)-(c) show the cross sections of as-sprayed sin-

gle-layer YSZ, double-layer gadolinium zirconate (GZ)/

YSZ, and the three-layer dense gadolinium zirconate

(DGZ)/GZ/YSZ, respectively. In all the three coating sys-

tems, good interface between the different top coat layers

(without pores or cracks) was observed. Columns and

columnar boundaries formed during the deposition process

can be observed in the coatings. The third layer of the

coating (Fig. 3c) has a relatively dense and compact

structure and not a columnar one. It is believed that having

a compact structure can delay the infiltration of the molten

corrosive salts compared to a columnar structure.

Top View of the Coatings: Before and After

Corrosion

Figure 4(a)-(c) shows the top surface of the coatings before

corrosion. The dark area in the pictures represents the gaps

between the columns. Figure 4(d)-(f) shows the top surface

after corrosion. These pictures were taken in the region

where there was no spallation to determine the extent of

corrosive product formation. Corrosive products YVO4 (for

the YSZ coating) and GdVO4 (for the Gd2Zr2O7 coating)

were observed. Figure 5 shows the EDS maps confirming

that the corrosive product formed in the gadolinium zir-

conate coating is GdVO4. Due to the relatively dense

structure in the top layer in three-layer coating system, the

corrosive salts may not penetrate much into the surface and

hence GdVO4 appears to be clustered (Fig. 4f).

Table 1 Spray parameters

Parameters Columnar

layer

Dense

layer

Standoff distance (mm) 75 70

Median particle size of solute (D50) in

nm

500 500

Atomizing gas flow (l/min) 20 5

Jet Enthalpy (kJ) 7 11

Power (kW) 89 103

Total gas flow (l/min) 245 200

Fig. 1 Different coating

architectures
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XRD Results: Before and After Corrosion

The top surface of as-sprayed TBCs was analyzed using

XRD for their phase composition and is shown in Fig. 6(a).

The peaks obtained by XRD measurements were labeled

using JCPDS standard. In the single-layer 8 wt.% YSZ

TBC, the tetragonal prime phase of zirconia was observed.

This phase is beneficial for the longer durability of TBC

when exposed to thermal cyclic conditions as it remains

stable up to 1200 �C. However, in the case of GZ-based

multi-layered TBCs, a cubic defect fluorite phase of

gadolinium zirconate was obtained. The defect fluorite

phase is a disordered variation of the cubic pyrochlore

structure where the cations and oxygen vacancies occupy

random positions in the cubic crystal structure (Ref 15).

This cubic phase of gadolinium zirconate is stable up to its

melting temperature range which is highly desirable for

TBC applications.

XRD analysis on the top surface of the corroded TBCs is

shown in Fig. 6(b). For gadolinium zirconate-based coat-

ings (both two layer and three layer), GdVO4 was observed

along with monoclinic zirconia. The reaction between the

corrosive salts and gadolinium zirconate is believed to be

either of (1) or (2). Na2SO4 does not react directly with

Gd2Zr2O7 (Ref 16). However, it reacts with V2O5 to form

sodium metavanadate (NaVO3), with a melting point of

610 �C, as shown in (3). Also, Na2O can react directly with

V2O5 forming NaVO3 as shown in (4). For the single-layer

YSZ coating, YVO4 along with monoclinic zirconia was

observed which agree well with the EDS maps. Also, a

qualitative comparison on the volume fraction of m-ZrO2

was made based on the intensity values for the three

coatings as the same set up during XRD has been used.

Gd2Zr2O7 þ 2NaVO3ðlÞ ! 2GdVO4 þm-2ZrO2

þ 2Na2OðlÞ ðEq 1Þ

Gd2Zr2O7 þ V2O5 ! 2GdVO4 þm-ZrO2 ðEq 2Þ
Na2SO4 þ V2O5 ! 2NaVO3 þ SO3ðgÞ ðEq 3Þ
Na2OðlÞ þ V2O5ðlÞ ! 2NaVO3ðlÞ ðEq 4Þ

Fig. 2 Porosity analysis showing average porosity value in each

coating system

Fig. 3 Showing as-sprayed microstructures of (a) YSZ, (b) GZ/YSZ,

and (c) DGZ/GZ/YSZ
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Fig. 4 Top view of the coatings (a-c) before corrosion of YSZ, GZ/YSZ and DGZ/GZ/YSZ, and (d-f) after corrosion of the coatings shown in

(a-c), respectively

Fig. 5 EDS maps of the top corroded surface in Gd2Zr2O7 coating system
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Cross Section and Corrosion Mechanism of SPS

YSZ

Figure 7(a) shows the cross section of the corroded SPS

YSZ sample. The corrosive salts at the exposure temper-

ature melt and infiltrate the coating. The columnar gaps in

the SPS coating act as effective path ways for the molten

salts. Corrosive salts, once inside the columnar gaps, enter

the pores to the sides and fill them. These salts react with

the zirconia stabilizer, yttria, and form YVO4 (Fig. 7b)

thereby leaching yttria from the YSZ coating. Fig-

ure 7(c) shows the formation of YVO4 in the coating with

EDS maps and this results in transformation of zirconia

from tetragonal prime to monoclinic with a 3-5% volume

change sufficient to damage the coating. In addition,

compressive growth stresses due to YVO4 formation also

contribute to the damage. The net result of these two types

of stresses leads to crack formation in the coating (in these

case horizontal cracks as shown from Fig. 7a). The pres-

ence of horizontal cracks is assumed to be due to the stress

differences in X and Y directions as observed by Abubakar

et al. (Ref 17). However, the extent of columnar

microstructure effect on the horizontal cracks is unclear at

present and is subject of future research. It has to be noted

that the horizontal cracks present did not result in spallation

of the coating within the testing time of the current

experiment.

Cross Section and Corrosion Mechanism of SPS GZ

and SPS DGZ

Like with the single-layer YSZ coating, the columnar gaps

act as effective pathways for the molten salts to infiltrate.

The infiltrated salts react with gadolinium zirconate and

form GdVO4, resulting in the phase transformation of zir-

conia similar to the case with YSZ. However, unlike YSZ,

gadolinium zirconate has lower reactivity with the corro-

sive salts. This is because the corrosion reaction follows

Lewis acid-base mechanism where the compound with

higher basicity has higher tendency to react with the

compound with stronger acidity. As reported in the litera-

ture, basicity of gadolinia (Gd2O3) is lower than yttria

(Y2O3) (Ref 8). This will result in the lower reactivity for

gadolinia compared to yttria with the corrosive salts. Due

to the lower reactivity, the molten salts do not enter the

pores as much as in YSZ but rather stay at the columnar

gaps. This results in the formation of a layer of GdVO4 on

the top surface and in between the columns as shown in

Fig. 8(a) and (b). Figure 8(c) and (d) shows the qualitative

and the quantitative EDS maps of the corroded layer

formed between the columns. Figure 8(e) shows the hori-

zontal cracks in the gadolinium zirconate layer, and

Fig. 8(f) shows partial spallation of the second layer in the

coating.

Figure 9(a) and (b) shows the cracks in both the second

and third layer of a three-layer coating system respectively.

In this coating system, spallation had occurred in the sec-

ond layer similar to the two-layer system (not shown in the

figures). The molten salts initially react with the compact

layer of Gd2Zr2O7 forming GdVO4. The stresses in this

case may not be relieved as the layer is relatively dense and

causes cracks in the third layer and close to the interface

between the third and the second layer (Fig. 9b). Moreover,

due to the presence of vertical cracks in the third layer

(Fig. 9a), the salts infiltrate through them and cause dam-

age from inside the coating (the second layer).

Discussion

From the results of corrosion tests, more specifically from

Fig. 4(d)-(f), the volume fraction of GdVO4 is significantly

lower, compared to YSZ, as seen from the top surface of

the corroded samples. In the beginning, following the

nucleation and the growth mechanism, both YVO4 and

Fig. 6 X-ray diffration pattern on the top coat surface (a) before and

(b) after corrosion tests
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GdVO4 have dendritic structures but as with increased

exposure time YVO4 dendrites change to more rod-like

shape. GdVO4 is thermodynamically more stable than

YVO4 which helps GdVO4 retain its thinner dendritic like

appearance (Ref 8). Also as mentioned above, corrosion

mechanism is similar in both the materials with the main

difference being the lower reactivity for gadolinia. This

may provide gadolinium zirconate a better corrosion

resistance (Ref 8).

In the results presented here, from Fig. 7(a) and 8(e), the

cracks in the YSZ coating are present in the upper part of

the coating, while for GZ coating cracks were observed

through the coating thickness. As the YSZ coating is more

reactive with the corrosive salts, the salts tend to become

immobilized within the upper part of the coating structure.

For GZ coating, due to the low reactivity of the salts and

columnar microstructure, deeper infiltration of salts occurs,

and therefore, corrosive products are observed through the

thickness of the coating. This may explain the reason for

the presence of cracks in the GZ coating through the

coating thickness.

To understand why the crack lengths (no the location of

the cracks) are larger in GZ coating compared to YSZ

coating, it has to be looked in the context of the

microstructure and material combination. An SPS coating

with a columnar structure (similar to an EB-PVD coating)

gets its strain tolerance from the loosely bonded columns.

The inter-column gaps have near zero elastic modulus.

Strain within the coating is accommodated by free expan-

sion (or contraction) of the columns into the gaps, which

should result in negligible stress build-up in the coating

(Ref 18). The above argument while true for thermal

stresses caused due to the substrate/TC CTE mismatch may

also be possibly extended to the case of zirconia phase

transformation. When the phase transformation is consid-

ered in a single column, it could result in stress and

cracking as the column itself has limited ability to relieve

such stress. However, at the column edge, the structure

should be free to expand to accommodate the stress. The

authors’ assume that this could result in stress relief to

certain extent. Furthermore, for an SPS coating with a

columnar microstructure, crack propagation may not be

easy through the coating cross section due to the columnar

gaps. However, if the formation of the corrosive salts seal

up the columnar structure, as in the case of gadolinium

zirconate-based coatings, then first the strain tolerance of

the coatings is reduced; second the cracks can propagate

much more easily throughout the coating due to the loss of

columnar structure. As a consequence of this gadolinium

zirconate-based coatings showed large cracks and at some

locations even spallation. The corrosion-induced damage

process can also depend on the porosity of the coating,

which depends on the deposition process. From Fig. 2, the

average porosity value in all the coatings is similar, and

thus, the effect of porosity on corrosion-induced damage

for GZ and YSZ can be assumed to be negligible.

An important factor that effects how easily the cracks

can propagate through the coating is its fracture toughness.

From the literature, the fracture toughness value for GZ is

about 1 MPa m1/2, while that of YSZ is about 2 MPa m1/2

or higher as reported by various researchers (Ref 19, 20).

As the fracture toughness of GZ is lower than YSZ, cracks

formed in the gadolinium zirconate layer are expected to

propagate easily. In addition, when YVO4 and GdVO4 are

Fig. 7 Cross section of YSZ showing (a) horizontal cracks (b) YVO4 formation, and (c) EDS map of the corrosive product
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formed, zirconia transforms to monoclinic. According to

the work by Eichler et al. (Ref 21), the fracture toughness

value of monoclinic zirconia is about 2 MPa m1/2 which is

reasonably close to that of YSZ. Thus the crack propaga-

tion in m-ZrO2 could be as difficult as in the original YSZ.

From the XRD results (Fig. 6a and b), the amount of

monoclinic zirconia is higher in YSZ compared to GZ-

based coatings (due to higher reactivity of the salts with

YSZ). Due to the higher fracture toughness of m-ZrO2 and

YSZ, the cracks generated during the salt exposure could

be difficult to propagate. In the case of GZ-based coatings,

due to the lower amount of m-ZrO2, the propagation of

Fig. 8 Cross section of two-layer gadolinium zirconate coatings showing (a) GdVO4 on the top surface, (b) GdVO4 formation between the

columns, (c) EDS map of GdVO4 in between the columns, (d) Quantitative EDS measurement on the corroded layer, (e) horizontal cracks in the

coating, and (f) spallation
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cracks occurs more in the gadolinium zirconate structure.

With the lower fracture toughness of GZ, the crack prop-

agation is, therefore, much faster. This in the combination

of reduced strain tolerance is believed to have caused more

severe coating damage during the corrosion tests conducted

in this work. As a result, the slow reacting gadolinium

zirconate is more susceptible to corrosion-induced damage

than YSZ in coatings with columnar microstructures.

The three-layer coating system, with a relatively dense

top layer which was initially thought to improve the cor-

rosion resistance, did not show any improvement compared

to the two-layer coating system. There are two reasons for

this; First, there are vertical cracks in the coating, although

fewer in number. These vertical cracks were difficult to

avoid from a mechanical standpoint. The nominal thickness

of the third layer is 30 lm, and it is deposited on the top of

two layers having columnar structure and a combined

thickness of 290 lm. During cooling, when the columns

expand/contract in the first and the second layer, vertical

cracks are also introduced in the third layer. Due to the

presence of these vertical cracks, the damage is similar to

the two-layer system. Furthermore, the deposited third

layer was not totally dense, and the salts could still infil-

trate and result in cracking within the third layer also.

It has to be noted that the above experiment causes

accelerated corrosion in the coatings, and an actual turbine

component may or may not encounter these harsh condi-

tions. Nevertheless, the results of these tests can be used for

qualitative ranking of different TBC materials. This test

illustrates an important point that an improper combination

of microstructure, and the coating material might result in

more corrosion-induced damage though individually they

may offer better resistance to corrosion. A proper combi-

nation of microstructure and the coating chemistry is,

therefore, non-trivial when designing coatings that can

perform against salt corrosion.

Conclusions

This study provides an insight on the corrosion mechanism

and corrosion resistance of multi-layer gadolinium zir-

conate/YSZ and YSZ single-layer suspension plasma

sprayed TBCs. When exposed to a mixture of vanadium

pentoxide and sodium sulfate at 900 �C, multi-layer

gadolinium zirconate-based coatings exhibited lower

reactivity with the corrosive salts. The columnar

microstructure of the coatings and low reactivity of the GZ

allowed extensive salt penetration into the coating through

the columnar gaps. The later formation of the corrosive

product, GdVO4, between the columns reduced the strain

tolerance of the columnar microstructure and low fracture

toughness of gadolinium zirconate allowed for extensive

cracking within the coating. Furthermore, a relatively

dense third layer on the top did not result in improvement

of corrosion resistance as the damage occurred more in the

second layer due to the salt infiltration through the vertical

cracks in the coating.

The reference single-layer YSZ coating experienced less

damage than the multi-layer coatings in part due to the

corrosive species being immobilized in the upper portion of

the coating. The corrosive products were formed inside the

pores, unlike GZ where they were formed at the columnar

gaps. The columnar structure of the YSZ coating, in

combination with the superior fracture toughness of YSZ,

allows it to; (a) tolerate greater stress before cracking and

(b) reduce the rate of crack propagation in comparison with

the GZ coatings.

A proposed solution to the infiltration of the multi-layer

coatings in extremely harsh corrosion conditions would be

to substitute the outer dense layer for a material that would

be highly reactive with the corrosive salts; therefore,

immobilizing them at the surface, preventing further pen-

etration and damage. The focus of the further work is to

understand the growth mechanism of corrosive products

Fig. 9 Cracks in the three-layer system (a) in the second layer and

(b) in the third layer
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and to improve the performance of the multi-layered sys-

tems based on the current understanding of their behavior

under salt exposure.
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