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Magnesium alloys suffer from significant limitations in high-temperature applications due to poor
oxidation resistance, primarily attributed to the non-protective nature of their native MgO scale
(Pilling—Bedworth ratio, PBR = 0.81). This study investigates a novel thermal barrier coating (TBC)
system, YSZ/PEO/Mg, designed to enhance the high-temperature performance of a Mg-Gd-Zn-Zr
alloy. The system consists of an atmospheric plasma sprayed (APS) 8YSZ top coat deposited onto a
plasma electrolytic oxidation (PEO) bond layer applied to the Mg substrate. For comparison, a YSZ
coating deposited directly on the Mg substrate (YSZ/Mg) was also prepared. Both TBC systems
exhibited stability during 100-hour cyclic oxidation at 200 °C. However, under cyclic oxidation at
400 °C for 100 min, the YSZ/Mg coating experienced catastrophic spallation due to interfacial
oxidation and thermal stress, exposing the substrate. In contrast, the YSZ/PEO/Mg system
maintained excellent integrity. Crucially, a continuous and protective gadolinium oxide (Gd,0)
thermally grown oxide (TGO) layer (PBR = 1.29) formed at the Mg/PEQ interface during high-
temperature exposure. Furthermore, the porous structure of the PEO layer facilitated mechanical
interlocking of the YSZ top coat, significantly enhancing interfacial bonding strength. These results
demonstrate that the YSZ/PEO/Mg TBC architecture, leveraging the synergistic effects of the PEO
bond coat and the protective Gd,O; TGO, provides an effective solution for significantly improving the
high-temperature oxidation resistance of magnesium alloys. This approach is particularly promising
for demanding applications such as aerospace thermal protection systems.

The exceptional low density of magnesium makes it highly attractive for
aerospace lightweighting, offering substantial potential for reducing fuel
consumption and increasing payload capacity'. However, the broader
application of magnesium alloys is significantly constrained by inherent
material limitations, including a relatively low melting point, high chemical
reactivity (particularly with oxygen and moisture), and fundamentally
inadequate resistance to elevated temperatures and corrosive
environments™. These characteristics drive the rapid formation of a native
magnesium oxide (MgO) scale upon air exposure, a process that accelerates
dramatically at elevated temperatures. Crucially, MgO possesses a
Pilling-Bedworth ratio (PBR) of only 0.81, signifying that the volume of
oxide formed is less than the volume of metal consumed. This volumetric
deficit impedes the formation of a fully coherent and adherent scale. Fur-
thermore, the MgO scale is intrinsically porous and exhibits a non-

protective, typically cubic crystalline structure that fails to act as an effective
diffusion barrier’. Overcoming this inherent weakness necessitates the
development of advanced strategies specifically designed to enhance the
high-temperature oxidation resistance of magnesium alloys for demanding
aerospace applications.

Surface modification techniques represent a crucial pathway for
mitigating these intrinsic limitations and unlocking the potential of mag-
nesium alloys. A range of methods, including laser surface treatment*”,
chemical conversion coatings’"?, and plasma electrolytic oxidation
(PEO)"", have been extensively investigated. Laser surface treatment
enhances magnesium alloy hardness’, wear resistance’, and room-
temperature corrosion resistance’”’. However, it may suffer from sig-
nificant drawbacks including high susceptibility to processing defects’.
Chemical conversion coatings (e.g., chromate, phosphate, or rare-earth
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based) offer ease of application and cost-effectiveness but typically provide
only barrier protection and may suffer from environmental concerns (e.g.,
chromates)'’, or poor thermal stability at high temperatures due to
dehydration'”. Plasma electrolytic oxidation produces harder ceramic-like
oxide layers with improved corrosion resistance and bonding strength'*"".
However, the primary focus of these studies has largely centered on
improving corrosion resistance at ambient or moderately elevated tem-
peratures. Research specifically dedicated to enhancing high-temperature
oxidation resistance (typically above 300 °C) using these surface engineering
approaches remains comparatively scarce. In this context, Thermal Barrier
Coatings (TBCs) emerge as a particularly promising strategy. TBCs are
specifically engineered to provide dual functionality: significant thermal
insulation to lower the substrate operating temperature and a barrier against
oxidizing atmospheres. For instance, Fan et al."* fabricated a multi-layered
TBC system consisting of an 8 wt.% yttria-stabilized zirconia (8YSZ) top
coat and a NiCrAlY bond coat on a magnesium alloy. Their results
demonstrated the system’s thermal insulation capability: when the coating
surface was held at 200 °C, the underlying substrate temperature was sig-
nificantly reduced to 146 °C. Under sustained thermal loading reaching
equilibrium, the substrate stabilized at ~450 °C while the coating surface
reached about 530°C. This substantial temperature gradient directly
translates to a marked improvement in the substrate’s resistance to high-
temperature oxidation.

Despite their demonstrated potential for thermal management and
oxidation protection, conventional TBC systems applied to magnesium
alloys often suffer from inadequate thermal shock resistance, limiting their
long-term durability. A primary driver of this failure is the significant
mismatch in the coefficients of thermal expansion (CTE) between the
ceramic top coat, metallic bond coats (if used), and the underlying mag-
nesium alloy substrate. This CTE disparity induces substantial cyclic ther-
mal stresses concentrated at critical bond interfaces during repeated heating
and cooling cycles. Over time, this stress accumulation can lead to crack
initiation and propagation, ultimately resulting in coating delamination and
spallation'*”. The problem is particularly acute for magnesium due to its
inherently high CTE, generating more severe interfacial stresses than in
systems based on lower CTE substrates like nickel superalloys. Research
efforts, such as those by Fan'**, have explored strategies to mitigate this
issue, including introducing Ni-P electroplated layers or thermally formed
Mg-Al intermetallic diffusion layers as interlayers. While these approaches
successfully doubled the thermal shock life compared to baseline systems,
the fundamental challenge of achieving optimal interfacial bonding strength
persists. Residual stresses and potential weak points at interfaces remain
significant concerns for long-term reliability under extended service con-
ditions involving repeated thermal transients.

Surface morphology, particularly roughness, is a well-established factor
critically influencing the bonding strength and durability of TBCs, especially
those deposited via thermal spray processes like Atmospheric Plasma
Spraying (APS), which rely heavily on mechanical interlocking. Eriksson®"
demonstrated that increasing the surface roughness of the underlying layer
(bond coat or substrate) significantly extends the thermal fatigue life of APS-
applied TBCs. The rougher surface provides a larger effective bonding area
and facilitates superior mechanical keying of the deposited splats. Conse-
quently, an intermediate layer characterized by both high surface roughness
and intrinsically strong adhesion to the magnesium substrate holds con-
siderable promise as an effective bond coat for TBC systems. Plasma Elec-
trolytic Oxidation (PEO) treatment inherently produces precisely such a
structure on magnesium alloys. The PEO process generates a thick, hard, in-
situ grown oxide ceramic coating that is directly integrated with the sub-
strate metal. This coating exhibits a characteristic bi-layer structure: a
relatively dense and adherent inner layer adjacent to the substrate, and a
more porous outer layer”. Crucially, the coating formation involves com-
plex plasma-chemical reactions at the metal/electrolyte interface, resulting
in a coating that is chemically bonded, rather than merely mechanically
attached, to the underlying alloy. Furthermore, PEO coatings are renowned
for significantly enhancing the substrate’s corrosion resistance'”’. These

attributes - strong chemical bonding, inherent corrosion protection, and a
rough, porous outer morphology - collectively contribute to PEO coatings
exhibiting outstanding adhesion strength to magnesium alloy substrates™*".
These advantages make a PEO layer serving as a bond coat for an APS-
deposited 8YSZ top coat a highly viable and effective approach to sub-
stantially improve the thermal resistance and durability of magnesium
alloys.

Building directly upon this compelling rationale and the demonstrated
potential of the PEO/YSZ combination, this study introduces and investi-
gates a novel thermal barrier coating architecture designed for Mg-Gd-Zn-
Zr alloys. The core innovation resides in utilizing a plasma electrolytic
oxidation (PEO)-generated oxide ceramic layer as the primary bond coat,
replacing conventional metallic bond coats (e.g., NiCrAlY) or electroplated
interlayers (e.g., Ni-P). This approach fundamentally departs from prior
strategies by establishing robust interfacial bonding: the in-situ PEO for-
mation creates a chemically integrated interface with the Mg alloy substrate,
transcending mere mechanical adhesion, while its naturally rough and
porous outer morphology provides superior mechanical keying and
increased surface area for anchoring APS-deposited YSZ splats, significantly
enhancing top coat adhesion. Upon this optimized PEO foundation, a
conventional 8YSZ top coat is deposited via Atmospheric Plasma Spraying
(APS), forming the complete YSZ/PEO/Mg system.To evaluate the per-
formance benefits of the novel PEO bond coat, this research directly com-
pares the YSZ/PEO/Mg system against a conventional 8YSZ coating
deposited directly onto the bare Mg-Gd-Zn-Zr alloy substrate (YSZ/Mg).
The comprehensive investigation encompasses detailed microstructural
characterization of both systems, systematic evaluation of thermal shock
lifetime under cyclic heating/quenching, thorough analysis of failure
mechanisms causing degradation and spallation, and detailed elucidation of
the oxidation resistance mechanism within the YSZ/PEO/Mg system.

Results
Microstructure of as-prepared TBC
Figure 1 presents the fracture cross-sectional morphology of the two coating
systems. In the as-prepared state, the interface between YSZ/PEO/Mg-
coated and YSZ/Mg-coated samples remains relatively distinct, showing no
evident signs of delamination or separation. In Fig. 2a, both the YSZ/PEO
and PEO/Mg interfaces exhibit an undulating profile. In contrast, the YSZ/
Mg interface in Fig. 2b is predominantly straight. The characteristic mor-
phology of the APS-deposited YSZ layer, featuring microcracks and por-
osity, is evident in both figures. During the APS process, precursor powder
particles are melted and propelled towards the substrate. Upon impact with
the cooled substrate surface, these molten droplets undergo rapid solidifi-
cation, resulting in the formation of a porous and rough coating structure™.
Figure 2 displays the cross-sectional morphology of the as-deposited
samples. For the YSZ/PEO/Mg system (Fig. 3a, b), the YSZ top coat is
embedded within the porous outer region of the PEO layer. This inter-
locking structure significantly enhances interfacial bonding strength with
the top coat, achieving the intended design objective. Conversely, the YSZ
layer deposited directly onto the substrate in the YSZ/Mg sample (Fig. 3¢, d)
shows a characteristic morphology, including a distinct oxide layer at the
interface.

Oxidation behavior of the TBCs
Figure 3 presents the cross-sectional morphology of both coating systems
after cyclic oxidation at 200 °C for 100 h. The images demonstrate that the
coatings remain well-bonded in both systems. In Fig. 4b, partial penetration
of the YSZ into the PEO layer is observed, increasing the interfacial contact
area. An oxidized region is visible at the YSZ/substrate interface in Fig. 4d;
however, it cannot be determined whether this oxidation occurred during
the APS deposition process or the subsequent oxidation experiment.
Figure 4 displays the surface morphology of both samples after cyclic
oxidation at 400 °C for 100 min. The coating on the YSZ/PEO/Mg sample
(Fig. 5a) maintains its integrity. In contrast, the YSZ layer on the YSZ/Mg
sample (Fig. 5b) exhibits partial detachment. EDS analysis (Table 1) shows
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Fig. 1 | Fracture microstructures of as-deposited
samples under different modes. a YSZ/ PEO/ Mg
sample under SE mode. b YSZ/ PEO/ Mg sample
under BSE mode. ¢ YSZ/ Mg sample under SE mode.
d YSZ/ Mg sample under BSE mode.

Fig. 2 | Cross-sectional morphologies of the as-
deposited samples. a Cross-sectional morphology
of YSZ/ PEO/ Mg sample. b High magnification
morphology of (a). ¢ Cross-sectional morphology of
YSZ/ Mg sample. d High magnification morphology
of (c).

that Region 1 corresponds to the intact YSZ top coat. In Area 2, however, the
atomic percentage of Zr decreased significantly from 20.16% to 4.88%, while
the atomic percentage of Mg increased markedly from 1.87% to 34.58%.
This compositional shift indicates that the YSZ coating in Area 2 has spalled,
exposing the underlying magnesium alloy substrate. These results demon-
strate that samples lacking a bond coat cannot provide stable protection at
this temperature.

Figure 5 shows the cross-sectional morphology of both systems after
cyclic oxidation at 400 °C for 100 min. For the YSZ/PEO/Mg sample (Fig.

6a, b), the interfaces remain well-bonded. A thin, continuous, bright-
contrast band is evident at the Mg/PEO interface. The composition and
phase identity of this band were analyzed. In the YSZ/Mg sample (Fig. 6¢),
catastrophic spallation of the YSZ layer has occurred. Within the separation
area (Fig. 6d), an oxidized region containing discontinuous thermally grown
oxide (TGO) is visible on the Mg substrate. This spallation is inferred to
result primarily from thermal stress induced by the mismatch in coefficients
of thermal expansion [24]. The oxidation occurring at the interface further
weakened the bonding strength.
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Fig. 3 | Cross-sectional morphologies of YSZ/
PEO/ Mg and YSZ/ Mg samples after cyclical
oxidation at 200 °C for 100 h. a Cross-sectional
morphology of YSZ/ PEO/ Mg sample. b The high
magnification morphology of (a). ¢ Cross-sectional
morphology of YSZ/ Mg sample. d The high mag-
nification morphology of (c).

Fig. 4 | Surface morphologies of YSZ/PEO/Mg and
YSZ/Mg samples after cyclical oxidation at 400 °C
for 100 min. a Surface morphology of YSZ/PEO/Mg
sample. b Surface morphology of YSZ/ Mg sample.

Figure 6 presents TEM micrographs and diffraction patterns of the
PEO/Mg interface. Elemental mapping indicates that Gd is predominantly
concentrated within the region demarcated by the yellow dashed line. While
the presence and distribution of O, Si, Mg, and other elements in this region
are less distinct, analysis confirms Gd enrichment within this bright-
contrast band. Analysis of the diffraction patterns identifies the phase of the
bright-contrast band as Gd,Oj. Therefore, it is concluded that this thin band
corresponds to a Gd,Os TGO layer formed at the interface between the
substrate and the PEO layer.

Figure 7 shows the YSZ/PEO interface morphology of the YSZ/PEO/
Mg sample after cyclic oxidation at 400 °C for 100 min. The micrograph
indicates that the interface remains well-bonded with no observable inter-
diffusion zone or significant degradation.

Discussion

Air Plasma Spray (APS) operates by generating an ultra-high-temperature
plasma jet (>10,000 °C) within an atmospheric environment™*”’. An electric
arc ionizes inert gases (e.g., Ar/H,) to form this plasma, which simulta-
neously melts refractory feedstock powders and accelerates the molten
droplets toward the substrate. Upon high-velocity impact, the superheated

particles rapidly flatten, solidify, and stack into a dense, lamellar coating
capable of withstanding extreme thermal environments. After the APS
process, the substrate of Mg/YSZ sample is slightly oxidized in Fig. 3d. When
the YSZ particles impact the Mg substrate surface while still in their liquid
state, they can cause oxidation of the underlying magnesium. There is no
heat affected layer on the substrate. Nevertheless, the oxidized area has
negative effect on the bonding strength of the interface. The PEO layer
consists of MgO and magnesium silicate’*”’, which comfirmed by EDS in
Fig. 7. The magnesium alloy substrate generates discharge sparks under high
voltage, which react in situ in the substrate, undergo diffusion bonding and
chemical bonding, and exhibit good bonding strength™. Multilayer struc-
ture of PEO layer reported by Guo™ can not be observed clearly in this study.
The porous structure provides a channel for YSZ penetrating into PEO layer
which can be observed in Fig. 3b. This structure of YSZ embedded in the
PEO layer has a bigger bonding strength than YSZ layer on the bare Mg
substrate due to the increased contact area.

The susceptibility of magnesium to oxidation during coating deposi-
tion and service remains a key concern affecting long-term performance.
Therefore, assessing the protective nature of any formed oxide scales is
crucial for understanding and mitigating this issue. The Pilling-Bedworth
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Fig. 5 | Cross-sectional morphologies of YSZ/
PEO/Mg and YSZ/Mg samples after cyclical oxi-
dation at 400 °C for 100 min. a Cross-sectional
morphology of YSZ/PEO/Mg sample. b The high
magnification morphology of (a). ¢ Cross-sectional
morphology of YSZ/ Mg sample. d The high mag-
nification morphology of (c).

Table 1 | EDS results of “1” and “2” in Fig. 4b (at%)

Components (o] Mg Zr Y
“1” 76.51 1.8 20.16 1.46
“2r 57.83 34.58 4.88 0.74

Ratio (PBR) provides a critical criterion for this assessment of the protective
integrity of an oxide scale. It is defined as the ratio of the volume of oxide
formed to the volume of metal consumed during oxidation:

Moxipm
o O

T aA

Voxi _
\Y%

PBR =

m mPoxi

where p denotes density, oxi refers to the oxide, and m refers to the metal. A
PBR less than 1 indicates insufficient oxide volume to fully cover the metal
surface, while a PBR exceeding 2 typically leads to excessive compressive
stresses within the oxide film, promoting spallation. Consequently, a pro-
tective and adherent oxide film generally exhibits a PBR between 1 and 2.
For pure magnesium, the densities of Mg and MgO are 1.74 g/cm® and
3.58 g/em’, respectively’. The resulting PBR of MgO is calculated as 0.81,
confirming its inability to form a protective oxide scale.

While no significant morphological changes were observed in either
TBC system after oxidation at 200 °C for 100 h, catastrophic spallation of the
YSZ layer occurred on the YSZ/Mg sample after exposure at 400 °C for
100 min. In contrast, the PEO/YSZ sample demonstrated superior thermal
resistance. Figure 6b reveals the formation of a continuous Gd,O; thermally
grown oxide (TGO) layer at the interface between the Mg substrate and the
PEO layer.

The oxidation of the Mg substrate involves the following equilibria:

2Mg+ 0, = 2MgO )

4/3Gd + 0, = 2/3Gd, 0, 3)

Substituting thermodynamic parameters’ at 400 °C yields:
AGyo = —1057.6K] /mol (4)

AGgy,0, = —1084.9K] /mol (5)

Figure 8 schematically illustrates the oxidation mechanisms of the two
coating systems. As the YSZ layer is an oxygen ion conductor, oxygen
readily diffuses through it towards the YSZ/Mg interface. In the YSZ/Mg
system, both MgO and Gd,O; can form simultaneously at the interface
during the initial oxidation stage, driven by their negative Gibbs free ener-
gies of formation. However, the significant thermal expansion coefficient
mismatch between the YSZ layer and the magnesium alloy substrate leads to
rapid spallation of the YSZ coating. At this stage, only discontinuous Gd,Os
form on the exposed Mg alloy surface. Studies indicate that such Gd-
containing systems can develop a protective bilayer oxide structure during
prolonged oxidation: an outer MgO layer overlying a continuous inner
Gd,0; layer”. This continuous Gd,Os layer ultimately functions as an
effective protective barrier.

In the YSZ/PEO/Mg system, the initial oxidation process is modified.
Although oxygen (O) can still diffuse externally through the YSZ layer
towards the YSZ/PEO interface, it must subsequently permeate the PEO
layer to reach the magnesium alloy substrate. The presence of pre-existing
MgO within the PEO layer effectively simulates oxidation occurring on an
Mg alloy already coated with MgO. Consequently, the oxygen partial
pressure established at the PEO/Mg interface is dictated by the Mg/MgO
redox equilibrium, reaching a relatively high, thermodynamically fixed
value, as described by Wagner’s theory.Crucially, Gd,Os possesses a lower
(more negative) standard Gibbs free energy of formation compared to MgO.
This thermodynamic stability translates to a significantly lower equilibrium
oxygen partial pressure required for Gd,O; formation than for MgO for-
mation. Therefore, within the region beneath the PEO layer and adjacent to
the Mg substrate — where the local oxygen partial pressure is inherently low -
the formation of Gd,O; is thermodynamically favored over MgO.

This preferential oxidation drives the growth of a continuous,
dense, and adherent Gd,O; layer, forming a protective thermally
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Fig. 6 | Cross-sectional TEM Characterization of TGO in YSZ/ PEO/ Mg sample.

Fig. 7 | Interface morphology of YSZ and PEO of YSZ/ PEO/Mg sample after cyclical
oxidation at 400 °C for 100 min by TEM.

grown oxide (TGO) barrier. This effective Gd,Os TGO layer sig-
nificantly impedes both the inward diffusion of oxygen anions (O*)
and the outward diffusion of magnesium cations (Mg*). Consequently,
the YSZ/PEO/Mg coating system exhibits markedly superior oxidation
resistance compared to a YSZ coating deposited directly onto mag-
nesium (YSZ/Mg). Gd,O; exhibits significant oxygen anion con-
ductivity but presents a substantial barrier to cation diffusion™.
Consequently, in the later stages of oxidation, the diffusion rate of O*

anions through the oxide scale becomes the rate-controlling step. As

oxidation continues, the Gd,Os layer, with its favorable PBR of 1.29,

develops into a continuous, dense, and protective oxide barrier on the

substrate.

Above all, the YSZ/PEO/Mg thermal barrier coating system,
constructed by introducing a plasma electrolytic oxidation (PEO)
interlayer on the magnesium alloy substrate, significantly enhances
high-temperature oxidation resistance. The core mechanism lies in: the
unique porous structure of the PEO layer facilitates mechanical
interlocking of the YSZ coating, substantially enhancing interfacial
bonding strength; more importantly, during high-temperature oxi-
dation, the gadolinium (Gd) element in the substrate undergoes
selective oxidation at the PEO layer/magnesium matrix interface,
forming a continuous and dense Gd,Oj; thermally grown oxide (TGO)
layer with an ideal Pilling-Bedworth ratio (PBR = 1.29). Future work
requires a focused and in-depth investigation into the long-term
evolution behavior of the Gd,O; barrier layer, systematic optimization
of PEO process parameters to precisely control the continuity of the
TGO layer and the interfacial bonding state, and assessment of the
evolutionary shift in oxidation kinetics following gadolinium element
depletion. The main conclusions are as follows:

(1) The results demonstrate that both the YSZ/Mg and YSZ/PEO/Mg
coating systems maintain stability during 100h of exposure
at 200 °C.

(2) Following oxidation at 400°C for 100 min, the YSZ/Mg sample
exhibited extensive coating spallation. In contrast, the YSZ/PEO/Mg
samples retained significant adhesion to the substrate after the same
exposure period, with a Gd,O; thermally grown oxide (TGO) layer
identified at the PEO/substrate interface.

(3) For the novel TBC system developed in this study, the coating main-
tains robust bonding with the substrate following both long-term low-
temperature (200 °C) and high-temperature (400 °C) oxidation. This
performance confirms that the YSZ/PEO/Mg structural design is
functionally viable and demonstrates excellent cyclic oxidation
resistance.
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Fig. 8 | Schematic illustration of oxidation mechanisms in a YSZ/Mg and b YSZ/PEO/Mg systems.

Table 2 | Nominal composition of magnesium alloy (wt.%)

Gd Zn Zr Mg
14 2.3 1 Bal.

Table 3 | Electrical parameters and used electrolyte
compositions for PEO layer

Current density Frequency Duty ratio Electrolyte composition
2 A/dm? 1000 Hz 50% 5 g/L KF, 2 g/L NaOH, 20 g/L Na,SO,

Table 4 | Spray parameters for YSZ top coating by APS proces

Argon Helium Spray Gun speed Current Powder
distance feed rate
80L/min  50L/min  80mm 500 mm/s 900 20 g/min
Methods
Materials

The substrate material used in this study was an Mg-Gd-Zn-Zr alloy
(provided by Shanghai Jiao Tong University, Shanghai, China), with a
chemical composition as shown in Table 2. The samples had dimensions of
25mm x 15mm x 10 mm and were initially ground using SiC abrasive
papers to a grit size of 400. Subsequently, they were washed with distilled
water and alcohol before being dried in cold air.

The PEO bond coating was manufactured using a plasma electrolytic
oxidation system developed by the Institute of Metal Research (IMR). The
Electrical parameters are shown in Table 3. The alloy samples were subjected
to a constant current mode (2 A/dm?) for 15 min to deposit the PEO layer. A
cooling system maintained the electrolyte temperature below 30 °C.

Subsequently, the YSZ top coating was prepared using a Metco 7700
plasma spray system (Praxair, USA). Before air plasma spraying, the sub-
strates were grit-blasted to enhance surface roughness and ultrasonically
cleaned for 5 min. The Metco 204NS powder (Oerlikon Metco, Westbury,
NY) was used to deposit an 8YSZ coating onto both the bare substrate
surfaces and the PEO-coated surfaces. The APS parameters are shown in
Table 4.

Fracture surfaces for morphological analysis were prepared by cryo-
genic embrittlement in liquid nitrogen. Samples were immersed in liquid

nitrogen (—196 °C) for a minimum of 10 min to ensure thermal equili-
brium, rapidly removed, and immediately fractured using a pre-cooled
impact tool. Fractured specimens were promptly transferred to a desiccator
to prevent condensation artifacts prior to examination.

Cyclic oxidation

YSZ/PEO/Mg and YSZ/Mg specimens underwent thermal cycling between
room temperature and peak temperatures of 200 °C and 400 °C in labora-
tory air using an automatically controlled circulating heating furnace (ZY-
X13, Luoyang Zhongyuan Experimental Electric Furnace Factory, Luoyang,
China). For the 200 °C cycle, specimens were heated in the furnace for one
hour followed by 10 min of air cooling. For the 400 °C cycle, heating lasted
five minutes followed by 10min of air cooling. Specimens were then
removed to examine coating microstructure changes and TGO growth.

Characterization

The phase constituent was characterized by XRD (X'Pert PRO, PANa-lytic
Co., Almelo, Holland, Cu Ka radiation at 40 kV). The obtained X-ray dif-
fraction patterns were recorded in the 20 range of 10-90° and a step-
scanning mode was employed with a step size of 0.02°. Field-emission
scanning electron microscopy (FE-SEM, Inspect F50, FEI Co., Hillsboro,
OR, US) coupled with an energy dispersive spectrometer (EDS, X-Max,
Oxford instruments Co., Oxford, UK) was used to examine the morphol-
ogies and microstructures of the surface and cross-section of the oxidized
samples. Transmission electron microscopy (TEM; JEM-2100F, JEOL)
coupled with energy-dispersive X-ray spectroscopy (EDS) was employed for
detailed analysis.

Data availability
All data included in this study are available upon request by contact with the
corresponding author.
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