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A B S T R A C T

Al2O3-based directionally solidified eutectic (DSE) ceramics are recognized as promising candidates for high- 
temperature structural materials in advanced aeroengines. Nevertheless, their corrosion resistance at elevated 
temperatures continues to pose a critical challenge, limiting broader application in hot-section components. This 
study investigates corrosion behavior of RE3Al5O12 (REAG)/Al2O3 (RE = rare earth) DSE ceramics in water 
vapor atmosphere (90 H2O(g) + 10 vol% air(g)) at 1500°C for durations up to 200 h, with focus on the influence 
of eutectic structure and RE elements in garnet phases via examining three samples (high-entropy 
(Y0.2Gd0.2Ho0.2Er0.2Yb0.2)3Al5O12 DSEs fabricated at 10 and 300 mm/h and YAG/Al2O3 DSE grown at 10 mm/h). 
The results indicate that REAG/Al2O3 DSE ceramics exhibit excellent water vapor corrosion resistance at 1500°C 
for up to 200 h, with mass loss values ranging from −0.00757 to −0.00708 mg·cm−2·mg−1. During corrosion, 
Al2O3 phase acts as corrosion-susceptible component compared to REAG phase, with corrosion depth showing a 
nearly linear relationship with the average Al2O3 lamellar width. In addition, garnet phases experience slight 
grain growth, reducing the contact area between water vapor and Al2O3 phase; Gd demonstrates the slowest 
diffusion rate when compared to other RE elements. Despite these changes, all samples maintain their preferred 
crystallographic orientations, confirming the structural stability of REAG/Al2O3 DSEs under water vapor at
mosphere at 1500°C.

1. Introduction

Weight reduction in aircraft delivers multifaceted advantages, in
cluding enhanced combustion efficiency, extended service life, reduced 
exhaust emissions, and lower manufacturing cost. This trend has led to 
substantially higher performance demands on high-temperature struc
tural materials utilized in hot-end components of aero-engines. Despite 
advancements in high-temperature structural materials development, 
long-term operational durability remains a critical challenge under 
extreme combustion environment, particularly due to severe corrosive 
exposure such as molten calcium-magnesia-alumina-silicate (CMAS) 

corrosion [1,2] and high-temperature water vapor corrosion [3,4], 
especially when operating temperature of aero-engines exceeds 1500°C. 
Therefore, to meet the stringent requirements of aero-engine hot-end 
components operating under extreme conditions, such as temperatures 
exceeding 1500°C and exposure to corrosive environments, it is essen
tial to develop novel high-temperature structural materials.

In 1995, Waku et al. [5] discovered that Y3Al5O12 (YAG)/Al2O3 

directionally solidified eutectic (DSE) ceramics can maintain their me
chanical strength at elevated temperatures up to 1800°C. Subsequently, 
extensive investigations have been carried out and confirm that 
RE3Al5O12 (REAG)/Al2O3 DSE ceramics outstanding potential for high- 
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temperature structural applications due to their exceptional thermal 
stability, excellent high-temperature strength and inherent oxidation 
resistance [6–9]. Typically, REAG/Al2O3 eutectic ceramics exhibit a 
coupling growth and a three-dimensionally interpenetrating phase 
structure characterized by a highly irregular morphology, commonly 
described as “Chinese script” [10]. This unique microstructure forms a 
strongly bonded phase interface while effectively eliminating grain 
boundaries and amorphous boundary phases [11], which is primarily 
responsible for excellent thermal stability and mechanical performance 
in high-temperature environments. For instance, Er3Al5O12 (EAG)/ 
Al2O3/ZrO2 DSE ceramic prepared by laser-heated floating zone 
method at a growth rate of 25 mm/h exhibited high thermal micro
structural stability, showing no detectable microstructural change after 
exposure to 1600°C for 100 h [12]. Additionally, GdAlO3 (GAP)/Al2O3 

DSE ceramic fabricated via laser floating zone melting method at under 
growth rates of 2 μm/s and 100 μm/s demonstrated no significant mi
crostructural coarsening following exposure to 1500°C for 25 h [13]. 
Moreover, bending strengths of EAG/Al2O3 DSE ceramic can reach 
approximately 2.7 GPa under a growth rate of about 750 mm/h via 
laser floating zone melting method and remains stable up to 1300 K 
[14]. Bending strength of YAG/Al2O3/ZrO2 eutectic ceramic, fabricated 
by hot isostatic pressing at 1550°C under a pressure of 200 MPa for 
60 min, was maintained at 299.38 MPa after exposure to 1500°C, cor
responding to a strength retention rate of 84.81% [15]. Furthermore, 
high-temperature structural components in aero-engines are routinely 
subjected to severe operating conditions characterized by elevated 
temperatures, exposure to molten calcium-magnesia-alumina-silicate 
(CMAS) deposits and high concentrations of water vapor, which col
lectively contribute to accelerated material degradation. Previous stu
dies have investigated the resistance of YAG/Al2O3 DSE ceramics to 
CMAS corrosion at 1500°C, demonstrating that YAG/Al2O3 DSE cera
mics possess excellent resistance to CMAS attack [16–18]. Additionally, 
Bahlawane et al. [19] and Otsuka et al. [20] have reported that YAG/ 
Al2O3 DSE ceramic exposed to a humid atmosphere at temperatures up 
to 1700°C exhibit only slight changes in weight and volume, demon
strating their considerable potential for application as high-temperature 
structural components in aero-engine hot-end sections.

Previously, we successfully developed a novel directionally solidi
fied (Y0.2Gd0.2Ho0.2Er0.2Yb0.2)3Al5O12/Al2O3 (hereinafter referred to as 
(5RE0.2)AG/Al2O3) ceramic via OFZM method incorporating high-en
tropy design. This high-entropy composite demonstrates a markedly 
enhanced capability to form a stable crystallographic texture, achieving 
this within a significantly shortened growth distance of less than 
15 mm. This stands in sharp contrast to its counterparts containing a 
single rare-earth element, which typically requires a growth distance of 
80 mm or more [21]. Furthermore, (5RE0.2)AG/Al2O3 DSE ceramic 
exhibits excellent mechanical properties, including a Vicker’s hardness 
of 16.5  ±  0.1 GPa and a fracture toughness of 3.4  ±  0.3 MPa·m1/2, as 
well as notable resistance to CMAS corrosion, with a true recession 
depth about 219.5 μm after exposure to CMAS at 1500°C for 200 h [22]. 
Nevertheless, the corrosion behavior and the underlying degradation 
mechanism of (5RE0.2)AG/Al2O3 DSE ceramics under high-temperature 
water vapor conditions, one of the most critical degradation mechan
isms in aero-engine combustion environments, remain not fully eluci
dated. For both accurately assessing the corrosion resistance and 
comprehensively understanding the corrosion mechanisms of 
(5RE0.2)AG/Al2O3 DSE ceramic in high-temperature water vapor en
vironments, two critical aspects consequently require focused in
vestigation. The first one is the influence of eutectic interface. As re
ported by Otsuka et al., the weight loss of YAG/Al2O3 DSE ceramic is 
accompanied by interfacial instability between YAG phase and Al2O3 

phase under a water vapor content of 0.03% [19]. However, the in
terface between eutectic phases cannot be avoided and significantly 
influences both their fabrication and mechanical characteristics in di
rectionally solidified eutectic ceramics [21–25]. The second point to 
consider is the impact of the high-entropy design introduced in 

(5RE0.2)AG/Al2O3 DSE. For high-entropy design of ceramic materials, 
driven by four core effects encompassing high-entropy effect, slow 
diffusion effect, lattice distortion effect, and cocktail effect [23–26], has 
emerged as a promising strategy in materials engineering. This ap
proach enables the integration of multiple distinctive properties, sur
passing the performance of individual components and offering sub
stantial potential for microstructural control and optimization of key 
material characteristics, including high-temperature water vapor cor
rosion resistance [27–29]. For example, Dong et al. [30] investigated 
that high-entropy (Yb0.2Y0.2Lu0.2Sc0.2Gd0.2)2Si2O7 exhibited a weight 
gain of approximately 3.7 × 10−4 mg/cm2 after exposure to an atmo
sphere containing 50 H2O and 50 vol% O2 at 1400°C for 200 h, re
presenting a reduction of several orders of magnitude compared to 
single-component rare earth disilicates. Additionally, weight loss of 
high-entropy (Lu0.2Yb0.2Er0.2Tm0.2Sc0.2)2Si2O7 was significantly lower 
than that of single-component RE2Si2O7 (where RE = Lu, Yb, Er, Tm or 
Sc) [31]. Therefore, the impact of multi-rare-earth principal element 
design on high-temperature water vapor performance in (5RE0.2)AG/ 
Al2O3 DSE ceramics, along with the distinct roles of individual rare- 
earth elements, requires further investigation.

Based on the aforementioned foundations, this study further in
vestigated the water vapor corrosion behavior of REAG/Al2O3 DSE 
ceramics at 1500°C, including high-entropy (5RE0.2)AG/Al2O3 fabri
cated at growth rates under 10 mm/h and 300 mm/h, as well as YAG/ 
Al2O3 fabricated at 10 mm/h, hereafter referred to as 10HE, 300HE and 
10YA, respectively. These DSE ceramics function as comparative sys
tems featuring intentionally designed variations in eutectic interspacing 
and rare-earth constituent elements within the garnet phase, specifi
cally to probe the effects of interface characteristics and compositional 
design on high-temperature corrosion behavior of REAG/Al2O3 DSEs. 
The water vapor corrosion tests were carried out at 1500°C for dura
tions up to 200 h under an atmosphere composed of 90 H2O(g) and 
10 vol% Air(g), with samples extracted at regular intervals of every 50 h 
for analysis. Furthermore, the influence of the microstructure char
acteristics, including eutectic interspacing and crystallographic or
ientation relationship, on water vapor corrosion resistance of REAG/ 
Al2O3 DSE ceramics under these conditions was assessed. Based on the 
results we obtained here, we hope to elucidate the corrosion mechanism 
of REAG/Al2O3 DSE ceramics under high-temperature water vapor 
conditions, thereby providing theoretical insights for subsequent im
provement the resistance of REAG/Al2O3 DSE ceramics to water vapor 
corrosion.

2. Experiments

2.1. Sample fabrication

Commercially available RE2O3 (RE = Y, Gd, Ho, Er and Yb) (99.9%, 
Dingnan Dahua New Materials Resources Co., Ltd., Jiangxi, China) and 
Al2O3 (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) were 
employed as raw materials for the fabrication of high-entropy 
(5RE0.2)AG/Al2O3 and YAG/Al2O3 DSE ceramics. RE2O3 and Al2O3 

powders were homogeneously mixed in a molar ratio of 18:82 [32], 
corresponding to the eutectic composition of YAG/Al2O3. Additionally, 
in high-entropy (5RE0.2)AG/Al2O3 DSE ceramics, the five RE2O3 pow
ders were mixed in equimolar proportions. Calculations were carried 
out based on the molar ratio of high-entropy eutectic ceramics and the 
relative molecular masses of RE2O3 and Al2O3. The raw powders were 
proportioned in accordance with the mass ratio of 
Y2O3:Gd2O3:Ho2O3:Er2O3:Yb2O3:Al2O3, which was 6:9:9:10:10:56. 
Then, the raw powders were homogenized via ball milling using 
ethanol as a solvent for 6 h in a Si3N4 jar with Si3N4 balls, yielding a 
homogeneous slurry. The slurry was subsequently dried at 60–70°C for 
12 h and then sieved though an 80-mesh sieve to obtain homogeneously 
mixed powders. The as-prepared mixed powders were dry-pressed into 
a steel mold under a pressure of 25 MPa for 30 s, yielding a rectangular- 
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shaped sample with approximate dimensions of 120 × 15 × 15 mm3. 
Subsequently, the rectangular-shaped samples were subjected to cold 
isostatic pressed at 275 MPa for 10 min, followed by pressureless sin
tering at 1550°C for 10 h. The resulting rod was directionally solidified 
using an optical floating zone melting furnace. A polycrystalline Al2O3 

rod was employed as seed crystal. The growth rates in the high-entropy 
(5RE0.2)AG/Al2O3 DSE ceramics were controlled at 10 mm/h and 
300 mm/h hereinafter referred to as 10HE and 300HE, respectively, 
whereas growth rate of YAG/Al2O3 DSE ceramic was maintained at 
10 mm/h as reference group, denoted as 10YA. Directional solidifica
tion experiments were conducted in an optical floating zone furnace 
equipped with four 3 kW xenon lamps serving as heat sources [33]. The 
heat emitted by four xenon lamps was concentrated onto a single point 
by four ellipsoidal mirrors, leading to the melting of preform and for
mation of a suspended droplet. To guarantee the stability of floating 
zone, upper and lower fixtures were rotated in opposite directions. 
Consequently, REAG/Al2O3 DSE ceramics after directional solidifica
tion treatment appeared as rod-shaped samples.

2.2. Water vapor corrosion test

The samples for water vapor corrosion test were machined into 
rectangular blocks with dimensions of 5 × 5 × 4 mm3. The surfaces 
designated for exposure to water vapor were polished to a 1-μm finish 
to ensure smoothness and eliminate defects, followed by ultrasonic 
cleaning in anhydrous ethanol. Corrosion tests were conducted over 
periods up to 200 h at a temperature of 1500°C in a quasi-static high- 
temperature water vapor environment. To gain a comprehensive un
derstanding of the behavior of water vapor in high-entropy (5RE0.2)AG/ 
Al2O3 and single-component YAG/Al2O3 DSE ceramics, multiple ana
lytical techniques were utilized to examine the corroded surfaces fol
lowing exposure to water vapor at 1500°C for durations of 50, 100, 150 
and 200 h. Moreover, the cross-sectional morphology of high-entropy 
(5RE0.2)AG/Al2O3 and single-component YAG/Al2O3 DSE ceramics 
after exposure to water vapor at 1500°C for 200 h was analyzed to in
vestigate interfacial corrosion behavior. The experimental setup com
prised a vertical vacuum atmosphere tube furnace (GSL-1600X, 
Zhengzhou Kejing Furnace Co., Ltd., Henan, China) equipped with a 
99% pure Al2O3 ceramic tube and a steam vapor evaporation mixer. 
According to the accelerated water vapor corrosion test protocol pub
lished by National Aeronautics and Space Administration (NASA) of the 
United States [34], the test environment employs a gas mixture con
sisting of 90 H2O(g) and 10 vol% Air(g). Additionally, gas flow rate was 
maintained at 80 cm/s. Reverse osmosis water was heated to 120°C to 
ensure complete vaporization prior to entering the furnace, thereby 
preventing condensation on the inner surface of piping.

2.3. Characterization

The mass changes of 10HE, 300HE and 10YA before and after ex
posure to water vapor corrosion environment for varying durations 
were measured using an electronic analytical balance (BSA124S, 
Sartorius, Göttingen, Germany). The resistance of materials to water 
vapor corrosion was evaluated based on the weight change per unit 
area. It is noteworthy that, considering the density differences among 
three samples involved in this study, mass loss per unit mass and per 
unit area ΔW (mg·cm2·mg−1) was employed for comparing resistance of 
water vapor corrosion. The phase compositions of samples before and 
after exposure to water vapor for varying durations were characterized 
using X-ray diffraction (D8 Advance, Bruker, Berlin, Germany) and 
high-resolution field emission scanning electron microscope (Tescan 
Clara, Tescan, Brno, Czech Republic) equipped with an energy-dis
persive X-ray spectroscopy (EDS) system. The surface morphology of 
three samples prior to and following water vapor corrosion treatment, 
as well as the cross-sectional morphology of three samples after 200 h of 
exposure to water vapor corrosion at 1500°C, was observed using a field 

emission scanning electron microscope (SEM5000X, Guoyi Quantum 
Science & Technology Co., Ltd., Anhui, China) to investigate micro
structural alterations. The crystallographic characteristics of garnet 
phase ((5RE0.2)AG and YAG) in three samples, both before and after 
exposure to water vapor corrosion at 1500°C, were analyzed using 
electron backscatter diffraction (EBSD) with a SymmetryS3 detector 
(Oxford Instruments, Oxfordshire, UK). To evaluate changes in surface 
roughness, surface roughness variations in three samples were quanti
tatively assessed using a laser scanning confocal microscope (LEXT 
OLS5100, Olympus, Tokyo, Japan).

3. Results and discussion

3.1. Weight loss

To investigate the influence of eutectic interspacing on water vapor 
corrosion resistance of REAG/Al2O3 eutectic ceramics, two types of 
high-entropy (5RE0.2)AG/Al2O3 eutectic ceramics with significantly 
different average lamellar widths of REAG and Al2O3 phases were 
fabricated under growth rates of 300 mm/h (300HE) and 10 mm/h 
(10HE) achievable with OFZM technique. Additionally, to evaluate the 
effect of high entropy design of garnet phase on water vapor corrosion 
behavior, YAG/Al2O3 eutectic ceramics grown at a rate of 10 mm/h 
(10YA) were selected for comparative analysis. Fig. 1 presents the 
macroscopic images of 10HE, 300HE and 10YA before and after un
dergoing 200 h of water vapor corrosion at 1500°C under an atmo
sphere consisting of 90 H2O and 10 vol% air. A comparative analysis of 
the microscopic images of 10HE before and after water vapor test re
veals that 10HE undergoes only a macroscopic color transition from 
blue to pink, with no notable structural and morphological alterations 
observed. This phenomenon can be primarily attributed to the elim
ination of oxygen vacancies during the initial 50 h of exposure to water 
vapor at 1500°C, which has also been observed in GdAlO3/Al2O3/ZrO2 

DSE ceramic fabricated via laser 3D printing in previous studies [35]. 
Additionally, no significant macroscopic corrosion features were ob
served on surface of 10HE during the subsequent exposure period 
(50–200 h), as illustrated in Fig. 1(b-e). Likewise, no notable macro
scopic corrosion was detected on 300HE and 10YA, either before or 
after the entire water vapor corrosion testing process, as shown in 
Fig. 1(a-e). These results demonstrate that the REAG/Al2O3 DSE cera
mics maintain macroscopic stability under exposure to water vapor at 
1500°C, with no observable defects formation, such as cracks and holes, 
or structural collapse throughout the exposure period.

The time-dependent mass changes of 10HE, 300HE and 10YA samples 
were determined during exposure to water vapor corrosion at 1500°C, as 
illustrated in Fig. 2. The corresponding surface SEM micrographs of these 
samples before and after exposure to water vapor corrosion at 1500°C are 
also presented as insets in Fig. 2. It can be observed that the masses of 
10HE, 300HE and 10YA samples progressively decreased over time when 
exposed to a high-temperature gas environment containing 90 H2O and 
10 vol% air. Additionally, after 50 h of exposure to water vapor at 1500°C, 

Fig. 1. Macroscopic images of 10HE, 300HE and 10YA various samples after 
exposure to water vapor corrosion at 1500°C for: (a) 0 h, (b) 50 h, (c) 100 h, (d) 
150 h and (e) 200 h.
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three samples demonstrated a reduction in mass, primarily due to corro
sion and consumption of surface dark phase during initial 50-hour ex
posure period, as illustrated in the insets of Fig. 2. With prolonged ex
posure, dark phase on surface will continue to be consumed over time, 
which is accompanied by a further wight loss. Furthermore, the measured 
weight changes after 200 h of exposure were determined to be 
−0.00757 mg·cm−2·mg−1 for 10HE, −0.00708 mg·cm−2·mg−1 for 
300HE and −0.00730 mg·cm−2·mg−1 for 10YA, respectively. These re
sults demonstrate that 300HE exhibits the highest resistance to water 
vapor corrosion under testing conditions for up to 200 h. Subsequently, 
10YA follows, whereas 10HE demonstrates the lowest performance with 
the greatest weight loss. Nevertheless, the differences in weight loss among 
three samples (10HE, 300HE and 10YA) were not significant. What should 
be mentioned is that the 10HE sample exhibited the highest weight loss 
rate (1.74 ×10−5 g/(cm2·h)) among the three samples. However, this 
value remains significantly lower than that of Yb2Si2O7 (7.5 ×10−4 g/ 
(cm2·h)), which was exposed to a 1500°C environment with 30 wt% water 
vapor [36]. Importantly, the water vapor content in this environment was 
substantially lower than that in our experiment. These results demonstrate 
that REAG/Al2O3 DSE ceramics exhibit excellent resistance to water vapor 
corrosion at temperatures up to 1500°C.

3.2. Phase evolution

The XRD patterns of 10HE, 300HE and 10YA samples before and 
after exposure to water vapor corrosion at 1500°C for 50, 100, 150 and 

200 h are shown in Fig. 3. Prior to water vapor corrosion, the surface of 
10HE sample consists exclusively of peaks corresponding to (5RE0.2)AG 
phase and Al2O3 phase, as shown in Fig. 3(a). Following exposure to 
water vapor corrosion at 1500°C, the diffraction intensity of certain 
Al2O3 peaks demonstrates a significant reduction, including those cor
responding to (110) and (113) marked with a gray box in Fig. 3(a). 
When duration of water vapor corrosion reaches 200 h, 10HE sample 
still contains only diffraction peaks corresponding to (5RE0.2)AG phase 
and Al2O3 phase, with relatively low intensity of Al2O3 peaks, in
dicating a relatively low content of Al2O3 phase in 10HE sample sur
face. As illustrated in Fig. 3(b), only (5RE0.2)AG phase and Al2O3 phase 
are detected in 300HE sample before and after exposure to water vapor 
corrosion at 1500°C. Notably, (300) diffraction peak of Al2O3 phase in 
300HE sample exhibits the highest intensity and demonstrates a gra
dual decrease over time. Meanwhile, as presented in Fig. 3(c), only YAG 
phase and Al2O3 phase are detected before and after water vapor cor
rosion at 1500°C. These results indicate that no solid corrosion products 
are formed in REAG/Al2O3 DSE ceramics when exposed to water vapor 
at 1500°C.

3.3. Surface microstructure

The morphologies of a presentive area on the surface of 10HE before 
and after exposure to water vapor corrosion at 1500°C are presented in 
Fig. 4. Specifically, Fig. 4(a) illustrates the microstructural character
istics of 10HE prior to water vapor exposure. The microstructure ex
hibits an irregular eutectic structure with a morphology resembling a 
“Chinese Script”. This structure is formed via mutually entangled and 
coupled growth of grey and black phases, attributed to Jackson factor of 
their constituent phases being greater than 5. EDS analysis reveals that 
the grey regions correspond to (5RE0.2)AG phase, with an approximate 
atomic ratio of RE:Al of 3:5.1; whereas the dark areas represent Al2O3 

phases, with an approximate atomic ratio of Al:O of 2:2.8. Fig. 4(b1-b4) 
provides a magnified view of the region marked by yellow dashed box 
(b) in Fig. 4(a) after water vapor corrosion at 1500°C for 50, 100, 150 
and 200 h, respectively. This region is situated near the center of 10HE 
surface. As shown in Fig. 4(b1), following initial 50-hour exposure to 
water vapor corrosion at 1500°C, the surface of 10HE sample exhibits a 
reduction in Al2O3 phase, formation of corrosion pits, and increased 
roughness within the coarse (5RE0.2)AG phase. A comparison of surface 
morphology of 10HE before and after exposure to water vapor at 
1500°C for 50–200 h, as shown in Fig. 4, reveals that corrosion of Al2O3 

phase results in a reduction in sizes (as indicated by light cyan boxes) or 
the formation of corrosion pits (as indicated by light green boxes). As 
highlighted in previous literature [37], Al2O3 can react with water 
vapor at elevated temperatures, leading to the formation of gaseous Al 
(OH)3 and subsequent material degradation, as described by following 
reaction: Al2O3(s)+3H2O(g)→2Al(OH)3(g). In contrast, (5RE0.2)AG 
phase remains relatively highly stability, maintaining two distinct 

Fig. 2. Mass change plots versus corrosion time of 10HE, 300HE and 10YA, 
together with the surface SEM micrographs of these samples before and after 
exposure to water vapor corrosion at 1500°C (insets).

Fig. 3. XRD patterns of surface of three different samples before and after exposure to water vapor corrosion at 1500°C for 200 h under an atmosphere composed of 
90 H2O and 10 vol% air: (a) 10HE, (b) 300HE and (c) 10YA.

C. Zhou, Z. Tian, L. Zheng et al.                                                                                                                                                              Extreme Materials 2 (2026) 58–68

61



regions following exposure to water vapor corrosion at 1500°C: a rough 
region (indicated by light purple boxes in Fig. 4(b1-b4)) at coarse 
(5RE0.2)AG phase and a smooth region (indicated by light orange boxes 
in Fig. 4(b1-b4) at fine (5RE0.2)AG phase. This suggest that at 1500°C in 
a water vapor environment, high-entropy (5RE0.2)AG phase underwent 
a re-sintering process. Additionally, corrosion pits associated with 
Al2O3 phase become progressively pronounced with prolonged ex
posure time from 50 to 200 h, as highlighted by light green boxes in 
Fig. 4(b1-b4). This indicates that under 1500°C water vapor environ
ment, Al2O3 phase in REAG/Al2O3 DSE ceramics is more susceptible to 
corrosion, whereas garnet phase demonstrates considerably better 
corrosion resistance.

Similarly, secondary electron images and EDS elemental mappings 
of selected area in 10HE surface before and after exposure to water 
vapor corrosion at 1500°C are presented in Fig. 5. These results indicate 
that five rare earth elements (Y, Gd, Ho, Er and Yb) are predominantly 
located within (5RE0.2)AG phase. To quantitatively assess influence of 
five rare earth elements during water vapor corrosion process at 
1500°C, EDS point analysis was conducted on sample surface before and 
after 200-hour corrosion period. These results reveal that, prior to 
water vapor corrosion, Gd content and total concentration of five rare 
earth elements in (5RE0.2)AG phase is 3.14 at% and 15.76 at%, re
spectively. Following water vapor corrosion at 1500°C, (5RE0.2)AG 
phase exhibits differentiation into two distinct regions: a rough region 
and a smooth region, as indicated by light purple and light orange 
boxed in Fig. 4(b1-b4). In rough region, Gd and the total rare earth 
elements contents are 4.14 at% and 17.34 at%, respectively. Whereas in 
smooth region, the corresponding values are measured to be 2.71 at% 

and 16.42 at%, respectively. These findings suggest that the other four 
elements (Y, Ho, Er and Yb) are more susceptible to corrosion, resulting 
in a higher concentration of Gd remaining in the rough regions. Among 
these (Fig. 5(a-e)), Y, Ho, Er and Yb elements exhibit a uniform dis
tribution both prior to and following high-temperature water vapor 
corrosion. When compared with other four rare-earth elements (Y, Ho, 
Er and Yb) in high-entropy (5RE0.2)AG phase, the pronounced enrich
ment of Gd element at corrosion surface and edge of high-entropy 
(5RE0.2)AG phase (Fig. 5) suggests that among five rare-earth elements, 
Gd possesses the largest ionic radius, resulting in the slowest diffusion 
rate. Consequently, during re-sintering and corrosion processes, it se
parates from (5RE0.2)AG phase at the slowest speed compared with 
other four rare-earth elements. Additionally, as evidenced by the dis
tribution patterns of Al and O in Fig. 5(a-e), Al2O3 phase undergoes 
progressive degradation over time. By combing EDS elemental map
pings of Al and O with secondary electron images, it is observed that 
regions initially dominated by Al and O elements are gradually replaced 
by corrosion pits. This result suggests a strong correlation between the 
formation of corrosion pits on surface of REAG/Al2O3 DSE ceramics and 
the presence of Al2O3 phase. Accordingly, Al2O3 phase and associated 
corrosion pits are collectively evaluated as an integrated entity, referred 
to as Al2O3/pits, on surface of REAG/Al2O3 DSE ceramics following 
exposure to water vapor.

As illustrated in Fig. 2, weight change of 300HE after being exposed 
to water vapor at 1500°C for 200 h is slightly lower than that of 10HE 
under identical conditions. Fig. 6(a) further presents the surface mor
phology of 300HE sample prior to water vapor exposure, along with 
magnified views of the region indicated by yellow dashed box (b) in 

Fig. 4. (a) Surface morphology of 10HE prior to exposure to water vapor at 1500°C; Enlarged views of surface morphology at center region of 10HE, corresponding 
to area marked by yellow dashed box in (a), after exposure to water vapor corrosion at 1500°C for: (b1) 50 h, (b2) 100 h, (b3) 150 h and (b4) 200 h.

Fig. 5. Secondary electron images and corresponding EDS elemental mappings of 10HE surface subjected to water vapor corrosion at 1500°C for varying durations: 
(a) 0 h, (b) 50 h, (c) 100 h, (d) 150 h and (e) 200 h.
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Fig. 6(a), captured before and after exposure to water vapor at 1500°C, 
with the objective of analyzing its behavior under these conditions. As 
shown in Fig. 6(a), the microstructure of 300HE exhibits an irregular 
“Chinese Script”-type eutectic structure composed of grey and black 
phases. According to EDS analysis, grey phase primarily consists of five 
RE elements, along with Al and O. The molar ratio of RE elements to Al 
is about 3:5.1, indicating that the grey phase corresponds to (5RE0.2)AG 
phase. Meanwhile the black phase is composed of Al and O with a molar 
ratio of 2:2.8, indicating it corresponds to Al2O3 phase. Initially, after a 
50-hour water vapor exposure (Fig. 6(b1)), the fine Al2O3 phase in 
300HE was nearly completely corroded, leading to the formation of 
corrosion pits. Additionally, coarse Al2O3 phase presented a decreasing 
trend. Meanwhile, the surface of (5RE0.2)AG phases in 300HE exhibit 
signs of corrosion accompanied by slight surface roughening, as de
picted by light purple boxes in Fig. 6(b1-b4). With the prolongation of 
corrosion duration, the extent of degradation within Al2O3 phase pro
gressively intensifies. Moreover, coarse Al2O3 phase demonstrates a 
gradually increasing degree of corrosion (as indicated by light green 
boxes in Fig. 6(b1-b4)).

To quantitatively analyze the distribution of the five rare earth 
constituent elements during water vapor corrosion, EDS analysis was 
performed on (5RE0.2)AG phase at surface of 300HE specimens before 
and after exposure to water vapor at 1500°C. The results show that 
atomic concentrations of Gd and the total of five rare earth elements in 
(5RE0.2)AG phase are 3.23 at% and 15.78 at% before corrosion, and 
3.80 at% and 15.25 at% after 50 h of water vapor corrosion at 1500°C, 
respectively. A slight increase in Gd content within (5RE0.2)AG phase 
following 50 h of water vapor exposure at 1500°C suggests minor 

corrosion and volatilization of other four rare earth elements (Y, Ho, Er 
and Yb) present in surface (5RE0.2)AG phase. Furthermore, EDS ele
mental mapping results were performed on 300HE specimens before 
and after exposure, with results presented in Fig. 7. Fig. 7(a) reveals 
that the five RE elements are predominantly distributed within 
(5RE0.2)AG phase, but with distinct distribution patterns. Specifically, 
Y, Ho, Er and Yb exhibit a relatively uniform distribution, whereas Gd 
demonstrates localized segregation within certain coarse (5RE0.2)AG 
phase. Subsequently, as corrosion duration increased, the distribution 
of Gd elements within (5RE0.2)AG phase gradually became more 
homogeneous, with only slight segregation observed at interface re
gions, as shown in Fig. 7(b-e). Therefore, interfacial regions of 
(5RE0.2)AG phase are most susceptible to severe corrosion under water 
vapor exposure at 1500°C, as evidenced by slight Gd segregation at 
interfacial region of (5RE0.2)AG, a behavior consistent with that ob
served in 10HE sample. The remaining four RE elements retained a 
uniform distribution following high-temperature water vapor corro
sion, as depicted in Fig. 7(b-e). It is noteworthy that, according to 
elemental distribution maps of O and Al, after 50 h of water vapor 
corrosion (Fig. 7(b)), Al2O3 phase on surface of 300HE was largely 
consumed. Upon extending corrosion duration to 100 h, Al2O3 phase 
became nearly undetectable, indicating that the extent of corrosion had 
exceeded detection depth of the EDS analysis.

Fig. 8 presents the surface morphologies of 10YA before and after 
water vapor corrosion at 1500°C. As illustrated in Fig. 8(a), 10YA 
sample displays a “Chinese Script”-like microstructure characterized by 
intertwined and coupled growth arrangement of grey and black phases. 
EDS analysis reveals that grey phase contains Y, Al and O elements, 

Fig. 6. (a) Surface morphology of 300HE prior to exposure to water vapor at 1500°C; Enlarged views of surface morphology at center region of 300HE, corre
sponding to area marked by yellow dashed box in (a), after exposure to water vapor corrosion at 1500°C for: (b1) 50 h, (b2) 100 h, (b3) 150 h and (b4) 200 h.

Fig. 7. Secondary electron images and corresponding EDS elemental mappings of 300HE surface subjected to water vapor corrosion at 1500°C for varying durations: 
(a) 0 h, (b) 50 h, (c) 100 h, (d) 150 h and (e) 200 h.
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with a Y-to-Al atomic ratio of 3:4.8, which aligns with stoichiometric 
composition of YAG phase. Besides, the black phase consists exclusively 
of Al and O, with an atomic ratio of 2:2.8, confirming its identification 
as Al2O3 phase. From magnified images of central regions of 10YA 
sample surface (Fig. 8(b1-b4)) marked by yellow dashed box (b) in 
Fig. 8(a), it is evident that Al2O3 phase underwent progressive corrosion 
with increasing exposure time (as indicated by light green boxes), while 
YAG phase exhibited only a slight degree of roughness (as indicated by 
light purple boxes). Upon comparing the surfaces of 10HE, 300HE and 
10YA samples after their exposure to water vapor corrosion at 1500°C, 
as depicted in Figs. 4, 6, and 8, it can be observed that the surface of 
single-component YAG phase is smoother than that of high-entropy 
(5RE0.2)AG phase. This finding indicates that the corrosion and re-sin
tering process of single-component YAG phase in a 1500°C water vapor 
environment is more uniform when compared to that of high-entropy 
(5RE0.2)AG phase.

Additionally, the average widths of REAG lamellar and Al2O3/pits in 
central regions of three samples 10HE, 300HE and 10YA, before and 
after exposure to water vapor corrosion at 1500°C for varying dura
tions, was quantitatively determined using MIPAR (v5.0.0) image 
analysis software, as summarized in Table 1. This analysis aimed to 
further investigate water vapor corrosion behavior of REAG/Al2O3 DSE 
ceramics. The average widths of (5RE0.2)AG lamellar and Al2O3 la
mellar in 10HE sample prior to water vapor corrosion were determined 
to be 15.79 μm and 12.75 μm, respectively. Besides, the average width 
values of (5RE0.2)AG and Al2O3/pits in 10HE sample after exposure to 
water vapor corrosion for 50 h, 100 h,150 h and 200 h were determined 
to be 17.71 μm and 9.75 μm, 19.35 μm and 9.03 μm, 20.42 μm and 8.43 
μm, as well as 21.26 μm and 7.99 μm, respectively. Moreover, the 
average widths of (5RE0.2)AG lamellar and Al2O3 lamellar in 300HE 
sample before experiment of water vapor were measured as 3.44 μm 
and 2.77 μm, respectively. Subsequently, the average lamellar widths of 
(5RE0.2)AG and Al2O3/pits in 300HE sample, after undergoing water 
vapor corrosion for 50, 100,150 and 200 h, were measured to be 6.34 

μm and 2.43 μm, 8.15 μm and 1.97 μm, 12.66 μm and 2.16 μm, as well 
as 14.04 μm and 1.95 μm, respectively. Additionally, in 10YA sample, 
the average lamellar widths of (5RE0.2)AG phase and Al2O3 phase were 
4.18 μm and 3.38 μm before water vapor corrosion, and 5.05 μm and 
2.93 μm after 50 h water vapor corrosion, 8.00 μm and 2.62 μm after 
100 h, 8.09 μm and 2.37 μm after 150 h, 8.19 μm and 2.10 μm after 
200 h, respectively. Following exposure to water vapor at 1500°C for 
200 h, the average lamellar widths of garnet phase in 10HE, 300HE and 
10YA samples increased by 34.7%, 308.8% and 96.2%, respectively. 
This observation suggests that during the 1500°C water vapor corro
sion, garnet phases (including both high-entropy (5RE0.2)AG phase and 
YAG phase) demonstrate not only surface roughening but also sig
nificant grain growth. Notably, under these conditions, the high-en
tropy (5RE0.2)AG phase exhibits significantly more pronounced grain 
growth compared to YAG phase. These results suggest that after cor
rosion exposure to 1500°C water vapor environment, the high-entropy 
(5RE0.2)AG phase underwent a more pronounced re-sintering and 
higher degree of grain growth in comparison with YAG phase. Mean
while, within 200 h of water vapor corrosion at 1500°C, the average 
width of Al2O3 phase decreased by 37.3%, 29.7% and 37.7%, respec
tively, indicating a significant reduction in Al2O3 phase. The variation 
trend in the average size of Al2O3 phase across the three samples was 
found to be consistent with their respective weight loss. Therefore, a 
positive correlation exists between the dimensional change of Al2O3 in 
REAG/Al2O3 DSE ceramics and their weight loss during water vapor 
corrosion process.

As demonstrated in Figs. 6–8, the differing corrosion rates of garnet 
and alumina phases on the REAG/Al2O3 surface led to progressively 
increasing surface roughness as high-temperature water vapor corro
sion progresses. To quantitatively characterize the disparity in corro
sion loss between garnet and Al2O3 phases, we conducted a compara
tive analysis of surface roughness variations across three samples 
(10HE, 300HE and 10YA) using laser scanning confocal microscopy, 
and the results are presented in Fig. 9. It is seen that the surfaces of 

Fig. 8. (a) Surface morphology of 10YA prior to exposure to water vapor at 1500°C; enlarged views of surface morphology at center region of 10YA, corresponding to 
area marked by yellow dashed box in (a), after exposure to water vapor corrosion at 1500°C for: (b1) 50 h, (b2) 100 h, (b3) 150 h and (b4) 200 h.

Table 1 
The average widths of REAG/Al2O3 lamellar in 10HE, 300HE and 10YA before and after exposure to water vapor at 1500°C. 

Time (h) Average lamellar width (μm)

10HE 300HE 10YA

Garnet Al2O3/Pits Garnet Al2O3/Pits Garnet Al2O3/Pits

0 15.79 12.75 3.44 2.77 4.18 3.38
50 17.71 9.75 6.34 2.43 5.05 2.93
100 19.35 9.03 8.15 1.97 8.00 2.62
150 20.42 8.43 12.66 2.16 8.09 2.37
200 21.26 7.99 14.04 1.95 8.19 2.10
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10HE, 300HE and 10YA appeared essentially flat following grinding 
and polishing and prior to exposure to high-temperature water vapor 
corrosion, with no significant surface undulations observed, as pre
sented in Fig. 9(a1-c1). Upon prolonged exposure to water vapor cor
rosion, all samples, including 10HE (Fig. 9(a2-a5)), 300HE (Fig. 9(b2- 
b5)) and 10YA (Fig. 9(c2-c5)), exhibited a marked increase in surface 
undulation. A comparison of surface topography of three samples under 
identical water vapor exposure conditions, as depicted in Fig. 9(a2-c2), 
(a3-c3), (a4-c4) and (a5-c5), reveals that surface undulation was most 
pronounced in 10HE (Height differential before and after water vapor 
corrosion Δh=26.56 μm), followed by 10YA (Δh=19.09 μm), while 
300HE (Δh=16.06 μm) exhibited the least degree of surface undula
tion. This trend is consistent with the weight loss results shown in 
Fig. 2.

Additionally, the surface roughness of all three samples was quan
titatively evaluated by calculating both the arithmetic average rough
ness (Sa) and root-mean-square roughness(Sq), and results are sum
marized in Fig. 10. The magnitudes of these two indicators are directly 
correlated with the degree of surface roughness. Smaller values of Sa 

and Sq indicate smoother microscopic undulations on object’s surface 
and lower roughness; conversely, larger values of Sa and Sq signify more 
intense microscopic undulations on surface and higher roughness. As 
evident from the data, both parameters exhibited comparable trends 
during the corrosion process, showing an increasing tendency with 
prolonged exposure duration. Consequently, in subsequent analysis of 
roughness variations, Sa was selected as representative parameter for 

discussion. As shown in Fig. 10(a), after 50 h of exposure to water vapor 
corrosion at 1500°C, surface roughness of 10HE increased significantly 
from 0.113 μm to 1.966 μm, representing an approximate 17.4-fold rise. 
Subsequently, during corrosion periods from 50 to 100 h, from 100 to 
150 h, and from 150 to 200 h, surface roughness further increased to 
3.373 μm, 4.537 μm and 5.017 μm, respectively, corresponding to ad
ditional increases by factors of 1.7, 1.3 and 1.1. These findings indicate 
that over 200-hour water vapor corrosion period, Al2O3 phase in 10HE 
underwent progressive degradation, with the most substantial dete
rioration occurring within initial 50 h. Additionally, initial surface 
roughness of 300HE (Fig. 10(b)) was measured at 0.104 μm. After 50 h 
of exposure to water vapor corrosion, the surface roughness increased 
to 0.691 μm, representing a 6.6-fold increase. Between 50 and 100 h of 
corrosion, surface roughness further rose to 1.241 μm, indicating an 
additional increase of 0.550 μm. However, from 100 to 150 h, a slight 
reduction in surface roughness was observed, returning to 1.207 μm. 
Finally, within time range from 150 to 200 h, surface roughness in
creased further to 1.253 μm. These findings suggest that the con
sumption of majority of surface Al2O3 phase in 300HE occurred within 
100 h. In subsequent stages of water vapor corrosion (from 100 h to 
200 h), surface alterations became increasingly stable, resulting in only 
minor fluctuations in surface roughness, which remained essentially 
unchanged. For 10YA sample (Fig. 10(c)), surface roughness progres
sively increased over four-time intervals, namely 0–50 h, 50–100 h, 
100–150 h and 150–200 h. It increased from 0.044 μm to 0.652 μm, 
from 0.652 μm to 1.090 μm, from 1.090 μm to 1.100 μm, and further to 

Fig. 9. Laser scanning confocal microscope images obtained from water vapor corrosion tests conducted at 1500°C for three different samples over various exposure 
durations: (a1-a5) 10HE, (b1-b5) 300HE and (c1-c5) 10YA; where (a1-c1) correspond to 0 h, (a2-c2) to 50 h, (a3-c3) to 100 h, (a4-c4) to 150 h and (a5-c5) to 200 h of 
exposure time.

Fig. 10. Surface roughness of REAG/Al2O3 DSE ceramics following water vapor corrosion testing at 1500°C for various durations: (a) 10HE, (b) 300HE and (c) 10YA. 
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1.130 μm, representing approximately increases of 14.8-fold, 1.8-fold, 
1.0-fold and 1.0-fold, respectively. These results indicate that 10YA 
exhibits significant corrosion primarily within 100 h when it is exposed 
to a high-temperature water vapor environment. Moreover, based on 
the surface roughness data presented in Fig. 10, it can be inferred that 
after water vapor corrosion at 1500°C for 200 h, the 10HE, 300HE and 
10YA samples exhibited surface roughness increases to 44.4, 12.0, and 
25.7 times their initial values, respectively.

To further investigate the corrosion behavior of REAG/Al2O3 DSE 
ceramics under water vapor exposure at 1500°C, the crystallographic 
orientations of the surface before and after exposure were analyzed 
using electron backscatter diffraction. Fig. 11 presents the re
presentative EBSD patterns of garnet phase on surface of REAG/Al2O3 

DSE ceramics before and after exposure to water vapor at 1500°C. It 
should be noted that after exposure to water vapor at 1500°C, Al2O3 

phase on surface of REAG/Al2O3 DSE ceramics was nearly entirely 
consumed, as evidenced by Figs. 4, 6 and 8. Consequently, EBSD 
characterization of corroded surface failed to detect the presence of the 
Al2O3 phase after high-temperature water vapor corrosions. Therefore, 
this section focuses solely on orientation evolution of garnet phase, 
while analysis of orientation changes in Al2O3 phase is discussed in 
Section 3.4. As illustrated in Fig. 11(a1-a2), (5RE0.2)AG phase in 10HE 
exhibits a preferred orientation along <  111  >  direction both before 
and after exposure to water vapor corrosion at 1500°C. In contrast, 

(5RE0.2)AG phase in 300HE predominantly displays a preferred or
ientation along <  110  >  direction before and after water vapor cor
rosion (Fig. 11(b1-b2)). Additionally, YAG phase in 10YA maintains its 
preferred orientation along <  111  >  direction following high-tem
perature water vapor corrosion (Fig. 11(c1-c2)). These findings indicate 
that water vapor corrosion at 1500°C does not significantly alter the 
crystallographic orientation of garnet phase in REAG/Al2O3 DSE cera
mics, implying that garnet phase experiences minimal water vapor 
corrosion preferentially along its original orientation.

3.4. Cross-sectional microstructure

Corrosion of Al2O3 phase under water vapor environment at 1500°C 
resulted in the formation of corrosion pits, which facilitated a pro
gressive inward advancement of corrosion front. After 200 h of ex
posure to water vapor, surface corrosion interface became indis
cernible. To further investigate the characteristics of corrosion interface 
under water vapor conditions, three samples 10HE, 300HE and 10YA 
were sectioned at their central position and subjected to cross-sectional 
analysis. Fig. 12 illustrates cross-sectional microstructures of 10HE, 
300HE and 10YA following exposure to water vapor at 1500°C. More
over, Fig. 12(a1-c1) provides magnified views of central regions marked 
in corresponding full cross-sectional microstructures. As illustrated in 
Fig. 12(a-c), the maximum corrosion depths of corrosion pits for 10HE, 

Fig. 11. Representative surface EBSD analysis of garnet on sample surfaces: (a1-a2) 10HE, (b1-b2) 300HE and (c1-c2) 10YA, conducted (a1-c1) prior to and (a2-c2) 
following exposure to water vapor corrosion at 1500°C.

Fig. 12. Cross-sectional microstructures of (a) 10HE, (b) 300HE and (c) 10YA after exposure to water vapor at 1500°C; (a1) magnified view of central region marked 
in (a), (b1) magnified view of central region marked in (b), and (c1) magnified view of central region marked in (c), respectively.
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300HE and 10YA are approximately 42.94  ±  0.41 μm, 29.18  ±  1.05 
μm and 33.27  ±  0.72 μm, respectively. A comparison of corrosion 
depths in conjunction with average lamellar widths of Al2O3 phase 
presented in Table 1 indicates that extent of corrosion is influenced by 
widths of Al2O3 lamellar, revealing a nearly linear positive correlation 
between average lamellar widths of Al2O3 phase and maximum corro
sion depth. To be more specific, the corrosion depth of sample surface 
increases progressively with average lamellar widths of Al2O3 phase. 
Moreover, linear fitting was performed on data related to change in sur
face roughness and maximum corrosion depth. The calculated coefficient of 
determination (R2) attains value of 0.9, suggesting a positive correlation 
between change in surface roughness and maximum corrosion depth. Fur
ther observations of magnified views of central region in 10HE 
(Fig. 12(a1)), 300HE (Fig. 12(b1)) and 10YA (Fig. 12(c1)) reveal that cor
rosion-affected areas predominantly consist of garnet phase. The corrosion 
interface is composed of either garnet phase or a residual trace amount of 
Al2O3 phase, which means garnet phase serves as structural framework 
responsible for maintaining structural integrity of REAG/Al2O3 DSE cera
mics under high-temperature water vapor conditions.

To investigate the evolution of crystallographic orientation of the 
REAG and Al2O3 phases in cross-sectional samples, EBSD was also 
employed to analyze the crystallographic orientation of cross sections 
after exposure to water vapor at 1500°C, and the results are shown in 
Fig. 13. The garnet phase in the 10HE, 300HE, and 10YA samples ex
hibits a consistent crystallographic orientation from matrix to corrosion 
front. The preferred orientations along growth direction are <  111  >, 
<  110  >, and <  111  >, respectively. While Al2O3 phase in corre
sponding regions of all three sample groups consistently displays a 
stable < 1010 >  preferred orientation along growth direction. It should 
be noted that green and blue colors in Al2O3 phase, corresponding to 

< 1010 >  and < 0110 >  crystallographic orientations, respectively, 
represent two twin-related variants that are not strictly equivalent, 
however, EBSD is unable to distinguish between them [38]. These 
findings indicate that water vapor corrosion at 1500°C does not sig
nificantly alter crystallographic orientations of garnet and Al2O3 phase 
in REAG/Al2O3 DSE ceramics.

Based on the aforementioned discussions regarding weight loss, corro
sion surface and corrosion cross-section, a simulation analysis of water 
vapor behavior of the exposed surface of high-entropy (5RE0.2)AG/Al2O3 

DSE ceramics at 1500°C is further conducted. Prior to conducting water 
vapor corrosion experiment, the surface of high-entropy (5RE0.2)AG/Al2O3 

DSE ceramic was ground and polished to achieve a smooth and flat finish. 
(5RE0.2)AG phase and Al2O3 phase exhibited a uniform and irregular eu
tectic morphology, forming an interpenetrating network structure in three- 
dimensional space, as depicted in Fig. 14(a). After subjected to water vapor 
corrosion, both (5RE0.2)AG phase and Al2O3 phase on the surface reacted 
with water vapor to generate gaseous hydroxide products. Owing to the 
higher reaction rate of Al2O3 phase with water vapor compared to that of 
(5RE0.2)AG phase, the majority of Al2O3 phase on surface was completely 
corroded, leaving only (5RE0.2)AG phase. Simultaneously, the re-sintering of 
high-entropy (5RE0.2)AG phase resulted in an increase in surface undula
tion, as shown in Fig. 14(b). Furthermore, as corrosion time prolonged, 
surface Al2O3 phase undergoes further corroded over time. Meanwhile, re
maining (5RE0.2)AG phase can maintain structural stability, as demon
strated in Fig. 14(c).

4. Conclusions

This study investigates corrosion behavior of REAG/Al2O3 DSE 
ceramics, including high-entropy (5RE0.2)AG/Al2O3 DSE ceramics fab
ricated at growth rates of 10 mm/h and 300 mm/h, and YAG/Al2O3 

DSE ceramic grown with 10 mm/h, under a water vapor environment 
consisting of 90 H2O(g) and 10 vol% Air(g) at 1500°C over exposure 
durations ranging from 50 to 200 h. The key findings of this research 
are summarized as follows: 

(1) The REAG/Al2O3 DSE ceramics demonstrated excellent resistance to 
water vapor corrosion after exposure at 1500°C for 200 h. The amount 
of Al2O3 phase on surface gradually decreased over time. 
Consequently, mass loss gradually increases as time progresses. When 
time reaches 200 h, mass loss of three samples (10HE, 300HE and 
10YA) range from 0.00708 mg·cm−2·mg−1 to 0.00757 mg·cm−2·mg−1.

(2) Under the water vapor corrosion at 1500°C, Al2O3 phase serves as 
corrosion-susceptible component in REAG/Al2O3 DSE ceramics, 
whereas garnet phase acts as corrosion-inert and structurally stable 
phase. The extent of water vapor corrosion in REAG/Al2O3 DSE 
ceramics is strongly correlated with eutectic microstructure like 
interspaces and the widths of eutectic lamellar, exhibiting a nearly 
linear positive relationship between maximum corrosion depth and 
lamellar widths of Al2O3 phases.

Fig. 13. Representative EBSD analysis of cross-section for (a1-a2) 10HE, (b1- 
b2) 300HE and (c1-c2) 10YA after exposure to water vapor at 1500°C; (a1-c1) 
(5RE0.2)AG and (a2-c2) Al2O3.

Fig. 14. Schematic illustration of time-dependent water vapor corrosion behavior on high-entropy (5RE0.2)AG/Al2O3 DSE ceramic at 1500°C. 
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(3) The multiple rare-earth elements in high-entropy (Y0.2Gd0.2 

Ho0.2Er0.2Yb0.2)3Al5O12 exhibit variations in corrosion resistance at 
1500°C, with Gd demonstrating the slowest diffusion rate among 
other four elements. Nevertheless, the preferred orientations of 
garnet phase in 10HE, 300HE and 10YA samples remain consistent 
at <  111  >  , <  110  >  and <  111  >  , respectively. This in
dicates that the crystallographic orientation stability of garnet 
phase is preserved under water vapor exposure at 1500°C, sug
gesting that controlling crystallographic orientation can enhance 
the resistance of REAG/Al2O3 DSE ceramics to high-temperature 
water vapor corrosion.
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