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Abstract
Al4SiC4 shows excellent heat resistance, thermal shock resistance, machinabil-
ity, and oxidation resistance. We focused on Al4SiC4-based ceramics with SiC
as a non-oxide matrix for ceramic matrix composites for aircraft jet engines.
In this study, monolithic Al4SiC4 and Al4SiC4/SiC ceramics were fabricated by
hot-pressing, and a corrosion test against molten calcium-magnesium-alumino-
silicate (CMAS) was conducted at 1350◦C for 12–100 h in air, and their corrosion
behavior was investigated. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy results revealed that severe damage was not observed at the
interface between CMAS and the samples after the CMAS corrosion test. The
recession of Al4SiC4-100, -10, and SiC-100 after corrosion for 100 h was 80–90
µm, and that of Al4SiC4-50 was the highest of all samples and the value was
130 µm. The dissolution behavior of the oxidation layer into molten CMAS via
a corrosion reaction was dependent on the composition of both the sample and
the oxidation layer, the thickness, and themicrostructure of the oxidation layers.
The dominant mechanism of reaction between CMAS and Al4SiC4-100, -90, and
-50 samples was concluded to be the dissolution of the oxidation products, while
in SiC-100 and Al4SiC4-10 samples, the dominant reaction was determined to be
direct corrosion of the surface with CMAS.

KEYWORDS
aluminum silicon carbide, corrosion/corrosion resistance, oxidation, silicon carbide

1 INTRODUCTION

SiC fiber-reinforced SiC (SiCf/SiC) composites are one of
the representative ceramicsmatrix composites (CMC), and
they have been recognized as the next generation highly
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original work is properly cited.
© 2024 The Authors. International Journal of Applied Ceramic Technology published by Wiley Periodicals LLC on behalf of American Ceramics Society.

reliable heat resistant materials.1,2 CMC have light weight
and excellent heat resistance rather than metals and show
pseudo-ductile fracture behavior with complicated frac-
ture process, resulting in showing damage tolerance.2–4
SiCf/SiC composites have been expected to be applied as
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hot components for aircraft jet engines.4–8 When CMC is
used for jet engine components in actual environments,
dry- and wet-oxidation and corrosion resistance against
volcanic ash and sand at high temperatures are strongly
required in addition to excellent thermal and mechanical
properties.7–10
To prevent dry- and wet-oxidation and corrosion with

molten calcium-magnesium-alumino-silicate (CMAS), the
main chemical components of volcanic ash and sand, CMC
used for aircraft jet engines are commonly covered with
environmental barrier coating (EBC).7–11 To date, many
kinds ofmaterials have been studied for use as EBCs.Mate-
rials such as yttria-stabilized zirconia (YSZ), Gd2Zr2O7,
Yb2Si2O7, and Gd2SiO5 have been studied for use as an
EBC because these materials react with molten CMAS and
rare-earth-apatite phases are rapidly formed to minimize
the damage to CMAS penetration.12–15 However, when
EBC is damaged or peeled off, the environmental resis-
tance deteriorates, and the safety and reliability of the jet
engine components cannot be maintained. Furthermore,
the complicated fabrication process of CMC combined
with the EBC formation processmakes the fabrication pro-
cess more complex and causes high production costs. To
enhance the resistance to environmental effects, the CMC
can be developed with a matrix that has excellent oxida-
tion and corrosion resistance, which would result in lower
production costs and improved reliability.
The present authors have paid attention to the

nanolayered-ternary compounds, which show unique
characteristics and properties of both ceramics and
metals such as excellent corrosion resistance, heat resis-
tance, thermal shock resistance, and machinability.16,17
Aluminum silicon carbide, Al4SiC4, one of the
nanolayered-ternary compounds, has high oxidation
and corrosion resistance due to the formation of protective
layers by oxidation at high temperatures.18-22 In addition,
Lee et al. fabricated SiC ceramics with Al4SiC4 as a sinter-
ing additive by hot-pressing at 1700◦C, and it is suggested
that Al4SiC4 is effective in densifying SiC ceramics.23
Thus, we focused on Al4SiC4/SiC ceramics.
Considering the application of CMC for aircraft jet

engines, understanding the basic oxidation and CMAS
corrosion behavior of Al4SiC4-based ceramics in air at
high temperatures becomes one of the important stud-
ies. With regard to the oxidation of monolithic Al4SiC4,
Inoue et al. reported that monolithic Al4SiC4 ceramics
after oxidation at 1500◦C for 10 h consisted of the lay-
ered structure with different compositions such as SiC,
Al2O3, and 3Al2O3⋅2SiO2 (mullite).24 In our previous
study, Al4SiC4-based ceramics with SiC were fabricated
by hot-pressing at 1800◦C, and their oxidation behavior at
1350◦C in dry air was investigated.25 It has been reported
that Al4SiC4/SiC ceramics after oxidation at 1350◦C con-

TABLE 1 The composition of Al4SiC4/SiC ceramics and their
relative density and open porosity.

Sample
name

Al4SiC4
(vol %)

SiC
(vol %)

Relative
density
(%)

Open
porosity
(%)

Al4SiC4-100 100 0 91.0 0.30
Al4SiC4-90 90 10 94.3 0.30
Al4SiC4-50 50 50 93.2 0.38
Al4SiC4-10 10 90 87.4 3.91
SiC-100 0 100 98.4 0.16

sisted of the oxidation layers with SiO2/SiC, mullite, and
Al2O3, and the number of the oxidation layers tended
to increase with Al4SiC4 content and the oxidation time.
Furthermore, the thickness of the oxidation layer change
and the weight change obeyed parabolic rate law.25 How-
ever, there are very few reports on the corrosion behavior
against molten CMAS of monolithic Al4SiC4, monolithic
SiC, and Al4SiC4/SiC ceramics at high temperatures in air.
In this study, monolithic Al4SiC4 and Al4SiC4/SiC ceram-
ics were fabricated by hot-pressing, and a corrosion test
against molten CMAS was conducted at 1350◦C for 12–
100 h in air, and their corrosion behavior against molten
CMAS was investigated. In this study, the temperature for
the corrosion test was set as 1350◦C by considering the
expected operation temperature (material surface temper-
ature) for hot components of aircraft jet engines in the
range of 1300–1400◦C.26

2 EXPERIMENTAL PROCEDURES

2.1 Preparation of Al4SiC4-based
ceramics by hot-pressing

According to our previous study,25 monolithic Al4SiC4
and Al4SiC4/SiC ceramics were fabricated by hot-pressing
at 1800◦C for 2 h in Ar flow at mechanical pressure of
40MPa using Al4SiC4 powder (D50: 3.3 µm, Tateho Chem-
ical Industries Co., Ltd.) and β-SiC powder (D50: 0.5 µm,
Höganäs) as the starting powders. The volume ratio of
Al4SiC4 to SiC was 100:0 (denoted as Al4SiC4-100), 90:10
(Al4SiC4-90), 50:50 (Al4SiC4-50), and 10:90 (Al4SiC4-10).
For comparison with Al4SiC4-based ceramics, commer-
cially available α-SiC (Kyocera Corporation; denoted as
SiC-100) was used. Table 1 shows their relative density and
open porosity measured by Archimedes’ method. Their
relative density was calculated using the theoretical den-
sity of Al4SiC4 and SiC, which was 3.03 and 3.21 g/cm3,
respectively.19,27 The samples were almost fully densi-
fied under the present hot-pressing condition, and their
relative density was higher than 90% except for Al4SiC4-10.
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TANAKA et al. 3

F IGURE 1 DTA curve of calcium-magnesium-alumino-silicate
(CMAS) powder from room temperature to 1350◦C in air.

2.2 Preparation of CMAS powder

CMAS powder was synthesized using CaO (Kanto Chemi-
cal Co., Inc.), MgO (Iwatani Chemical Industry Co., Ltd.),
α-Al2O3 (Taimei Chemicals Co., Ltd.), and SiO2 (Quartz,
FUJIFILMWako Pure Chemical Corporation) as the start-
ing powders. The starting powders were mixed at the
molar ratio of 25CaO-14.5MgO-10.5Al2O3-50SiO2. Many
researchers have been studying the corrosion behavior of
materials against CMAS with various compositions. The
amount of Ca in CMAS has been reported to affect cor-
rosion, and the effect of Ca on the corrosion behavior
is often discussed in terms of the Ca/Si ratio.11,28 In this
study, a Ca/Si molar ratio of 0.5 was used to achieve a
melting point below 1350◦C and was within the values of
0.4–1.7, as reported by Levi et al.29 According to the phase
diagram,30 the composition of CMAS was determined to
be 25CaO-14.5MgO-10.5Al2O3-50SiO2. CMAS powder was
synthesized by heat treatment at 1200◦C for 24 h in air,
followed by finely grinding using SiC mortar and pestle.
To confirm the melting point of the synthesized CMAS
powder, thermogravimetry and differential thermal analy-
sis (TG-DTA; 2020SA, Bruker AXS K. K.) were conducted,
and the CMAS powder was confirmed to bemelted around
1230◦C as shown in Figure 1.

2.3 Corrosion test with molten CMAS
and characterization of corroded samples

The hot-pressed Al4SiC4-based ceramics were cut into the
plates with the size of 15 × 15 × 3 mm3 and their surface
was mirror-polished using 1 µm diamond slurry. CMAS
pellets were formed using about 0.25 g of synthesized
CMAS powder in a mold (ϕ10) by uniaxial pressing at

F IGURE 2 The appearance of the samples after the
calcium-magnesium-alumino-silicate (CMAS) corrosion test.

the pressure of 470 MPa. The CMAS pellet was placed
on the top surface of the samples, and the sample with
the CMAS pellet was placed in an Al2O3 crucible in an
air furnace. The thermocouple (B-type in JIS, Pt-Rh30%)
was located near the Al2O3 crucible, and the tempera-
ture near the sample was measured. CMAS corrosion test
was conducted at 1350◦C for 12, 24, and 100 h in air. The
appearance of the samples after the CMAS corrosion test is
shown in Figure 2. After the corrosion test, the appearance
of molten CMAS on SiC-100, Al4SiC4-50, and Al4SiC4-
100was transparent, translucent, and opaque, respectively.
Molten CMAS spreadwidely on the surface of the samples,
and the present experiment had the validity to confirm
the reaction of the samples against molten CMAS. After
the CMAS corrosion test, the corroded surface of the sam-
ples was covered with resin, and then the specimens were
cut and their cross-section was mirror-polished with 1 µm
diamond slurry. Polished specimens were observed with a
scanning electron microscope (SEM, JSM-700, JEOL Ltd.,
and S-4800H, HITACHI, accelerating voltage: 15 kV) to
evaluate microstructural change and the reaction layer of
the corroded specimens with molten CMAS. Elemental
distribution of the specimens after the CMAS corrosion
test was analyzed with an energy-dispersive X-ray spec-
troscope (EDS, accelerating voltage: 5 kV) equipped with
SEM. The crystalline phases of the samples after the cor-
rosion test were analyzed by X-ray diffractometry (XRD,
Aeris; Malvern Panalytical Ltd.). The recession of the sam-
ples after the CMAS corrosion test was roughly estimated
by optical microscopy (ECLIPSE LV100ND, Nikon Corp.).
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4 TANAKA et al.

F IGURE 3 Cross-sectional SEM images of the samples after the calcium-magnesium-alumino-silicate (CMAS) corrosion test at 1350◦C
for 12–100 h in air. (A) Al4SiC4-100, (B) Al4SiC4-90, (C) Al4SiC4-50, (D) Al4SiC4-10, and (E) SiC-100. The number after the alphabetical sample
code represents corrosion time (hours).

3 RESULTS

3.1 SEM observation of Al4SiC4, SiC, and
Al4SiC4/SiC ceramics after CMAS corrosion
test at 1350◦C and their reaction layer
thickness

Figure 3 shows the cross-sectional SEM images of the
samples after the CMAS corrosion test at 1350◦C for 12–
100 h in air. Damaged layers were clearly observed in
SEM images of the samples after the CMAS corrosion

test. Damaged layers for all the samples were formed after
the corrosion test, and some parts of the damaged layer
were porous. The thickness of damaged layers was mea-
sured at five points or more in the region of 120–360 µm
of SEM images, and the average thickness was calculated.
The average thickness of the damaged layers is shown in
Figure 4.
The damaged layer in SiC-100 was extremely thin

regardless of corrosion time. Whereas the thickness of the
damaged layer of SiC-100 corroded for 12 h was less than 1
µm, that for 24 h was around 5 µm. However, the thickness
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TANAKA et al. 5

F IGURE 4 The average thickness of the damaged layers of the
sample after the calcium-magnesium-alumino-silicate (CMAS)
corrosion test. The bar for each plot shows the standard deviation of
the damaged layer thickness.

of the damaged layer of SiC-100 corroded for 100 h was
reduced to less than 1 µm. The thickness of the damaged
layer of Al4SiC4-10 after the corrosion test for 12 and 100 h
was very thin as well as SiC-100, which for 24 h was as
thick as 7 µm.
In the case of Al4SiC4-100, -90, and -50, the thickness of

their damaged layer increased with CMAS corrosion time
up to 24 h, and that was decreased after CMAS corrosion
for 100 h as well as Al4SiC4-10 and SiC-100. The thickness
of the damaged layer of Al4SiC4-50 after the CMAS cor-
rosion test for 24 h was around 25 µm and this value was
the thickest of all samples under the present experimen-
tal condition. The interface between molten CMAS and
the Al4SiC4-100, -90, and -50 after the corrosion test for
24 h was slightly rough rather than that of 12 h. The inter-
face of CMAS and samples after CMAS corrosion for 100 h
was relatively flat, and the samples seemed to be corroded
uniformly.

3.2 EDS analysis of the cross-section of
Al4SiC4-based ceramics after CMAS
corrosion test at 1350◦C

Figure 5 shows the EDS analysis (point analysis) of
Al4SiC4-100 after the CMAS corrosion test of 1350◦C for
100 h. The regions I, II, and III correspond to the inside
of the CMAS, the damaged layer, and the sample, respec-

tively. Ca and Mg were detected in the CMAS region
(Figure 5(I)), whereas they were not detected in the dam-
aged layer (Figure 5(II)) andAl4SiC4-100 (Figure 5(III)). Ca
and Mg were not detected in the region III of other sam-
ples. These results suggested thatCa andMgdid not diffuse
into the samples, and they did not contribute to the corro-
sion of the samples. Therefore, the EDS mappings of Ca
and Mg were excluded from the following explanation of
the results regarding EDS mapping.
The cross-sectional EDS mapping of the samples after

the CMAS corrosion test was exhibited in Figure 6 and
Figure S1. As observed in SEM images, severe damage was
not observed at the interface between CMAS and samples,
and there was no corrosion caused by the penetration of
CMAS, and this result differed from the candidate mate-
rials such as Y2Si2O7 and Gd2Zr2O7 for EBC that form
apatite phases by CMAS corrosion.12–15 In other words,
the Al4SiC4-based samples fabricated in this study did not
form an apatite phase.
The thickness of the damaged layers observed in SEM

images almost corresponded to the thickness of the reac-
tion layers in EDSmappings. Hereafter, the damaged layer
was denoted as the reaction layer.
In SiC-100, SEM observation revealed that the reac-

tion layer was very thin, the region corresponding to the
reaction layer was not detected by EDS, and the inter-
face between CMAS and SiC-100 after CMAS corrosion for
100 h was smooth rather than for 12 and 24 h. In the case of
Al4SiC4-100, the region corresponding to the reaction layer
observed by SEM mainly contained carbon (C), and the
reaction layer after the corrosion test for 12 h had the struc-
ture consisting of regions with high Al/O content and high
Si/C content. As well as Al4SiC4-100, Al4SiC4-90 had the
reaction layer containing C, and Si andAlwere observed in
the whole area of the EDS mapping, and Si and Al existed
withC in the reaction layer. In the case of the EDSmapping
of Al4SiC4-50, the reaction layer observed in SEM images
mainly contained C. Under the present experimental con-
dition, although this reaction layer became thick when
Al4SiC4-50 was corroded with molten CMAS for 24 h, its
thickness became thin after CMAS corrosion for 100 h. In
addition, Al was not detected in this region, and the dis-
tribution of Si gradually reduced from the bottom of the
reaction layer to the interface betweenCMAS and the reac-
tion layer for the Al4SiC4-50 corroded for 24 h. In the case
of Al4SiC4-10 after corroding for 12 and 24 h, the thickness
of the reaction layer observed in SEM images was in agree-
ment with the thickness of the C region in EDS mapping.
As the reaction layer of Al4SiC4-10 corroded for 100 h was
very thin in the SEM image as well as SiC-100, the region
corresponding to the reaction layer was not observed in
EDS mapping.
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6 TANAKA et al.

F IGURE 5 Energy-dispersive X-ray spectroscope (EDS) analysis (point analysis) of Al4SiC4-100 after
calcium-magnesium-alumino-silicate (CMAS) corrosion test at 1350◦C for 100 h in (I) CMAS region, (II) reaction layer, and (III) Al4SiC4-100.

3.3 Reaction products of Al4SiC4-based
ceramics after corrosion test with CMAS
analyzed by XRD

In order to identify the crystalline and non-crystalline
phases of the reaction layer by XRD, the CMAS-adhered
samples were gradually polished from the CMAS to the
region around the interface betweenCMASand the sample
until the diffraction peaks derived from CMAS disap-
peared as shown in Figure 7. CMAS region and the region
around the interface between CMAS and the sample were
analyzed, and the crystalline and non-crystalline phases
of the samples after the CMAS corrosion test for 100 h
were listed in Table 2. The major phases in Table 2 were
underlined, and original crystalline phases derived from
as-prepared samples are excluded from this table.
The composition of synthesized CMAS was decided

based on the composition of 58 mol% anorthite

(CaAl2Si2O8) and 42 mol% diopside (CaMgSi2O6), and
its melting point is lower than 1350◦C. The synthesized
CMAS powder at 1200◦C consisted of anorthite, diopside,
and quartz. The synthesized CMAS became amorphous
after melting at 1350◦C and the residual CMAS on
Al4SiC4-10 and SiC-100 after the CMAS corrosion test was
also amorphous. On the contrary, the residual CMAS on
Al4SiC4-100, -90, and -50 after the CMAS corrosion test
mainly contained anorthite, and the phases in the residual
CMAS changed with the sample composition.
The present authors reported that mullite, Al2O3, and

SiO2 (cristobalite) were formed inAl4SiC4-100 as oxidation
products after the oxidation test without CMAS, and SiC
was also formed by the following oxidation reaction25;

Al4SiC4(s) + 6O2(g) → 2Al2O3(s) + SiC(s) + 3CO2(g)

Al4SiC4(s) + 3O2(g) → 2Al2O3(s) + SiC(s) + 3C(s)
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TANAKA et al. 7

F IGURE 6 Energy-dispersive X-ray spectroscope (EDS) mappings of the cross-section of (A) Al4SiC4-100, (B) Al4SiC4-50, and (C)
SiC-100 after calcium-magnesium-alumino-silicate (CMAS) corrosion test at 1350◦C for 12–100 h in air. The number after the alphabetical
sample code represents corrosion time (hours).
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8 TANAKA et al.

TABLE 2 The crystalline and amorphous phases of the samples after the calcium-magnesium-alumino-silicate (CMAS) corrosion test at
1350◦C for 100 h analyzed by X-ray diffractometry (XRD).

Al4SiC4-100 Al4SiC4-90 Al4SiC4-50 Al4SiC4-10 SiC-100
CMAS region Anorthite

Spinel
Mullite
α-Al2O3
α-SiC
Cristobalite
Quartz

Anorthite
Mullite
Cristobalite

Anorthite
Diopside
Mullite
α-Al2O3
Cristobalite
Al4O4C
Spinel
Quartz

Amorphous Amorphous

The region
around the
interface
between
CMAS and
the sample

Mullite
Al4O4C
α-SiC

Mullite
α-Al2O3
Al4O4C
Spinel
Quartz

α-Al2O3
Al4O4C

α-Al2O3
Mullite
Cristobalite
Spinel
Diopside

Cristobalite
α-Al2O3
Mullite
Spinel
Diopside
Quartz
Carbon

F IGURE 7 Schematic illustration of polishing procedures of
the calcium-magnesium-alumino-silicate (CMAS)-adhered samples
after CMAS corrosion test for X-ray diffractometry (XRD) analysis.

In the present result of Al4SiC4-100, the CMAS region
and the interface between CMAS and the sample con-
tained mullite, Al2O3, SiO2 (cristobalite), and SiC. Mullite
and Al2O3 were the main products after the CMAS cor-
rosion test, except for anorthite, the crystalline phase of
CMAS. In addition, Al2O3 and SiO2 (cristobalite) existed
in the CMAS region. These oxides formed as the oxidation
products on Al4SiC4-100 would be dissolved into molten
CMAS. These oxides were detected in the CMAS region
due to the rough interface between the sample and molten
CMAS. In the case of Al4SiC4-90, mullite was a major
phase (around 50wt%) in theCMAS region except for anor-
thite, and mullite and Al2O3 were detected at the interface
between CMAS and the sample. In the case of Al4SiC4-50,
mullite and Al2O3 were detected in the CMAS region as
well as Al4SiC4-100, and Al2O3 was detected at the inter-
face betweenCMASand the sample. Furthermore, Al4O4C
and spinel and SiO2 (cristobalite) could also form as minor
phases in Al4SiC4-100, -90, and -50.
All the reaction products in Al4SiC4-10 and SiC-100

would exist in the region around the interface between
CMAS and the sample because the residual CMAS on

TABLE 3 The recession of the samples after the
calcium-magnesium-alumino-silicate (CMAS) corrosion test at
1350◦C for 12, 24, and 100 h.

CMAS corrosion time at 1350◦C
12 h 24 h 100 h

Sample name The recession of the sample (µm)
Al4SiC4-100 20 30 90
Al4SiC4-90 0 10 110
Al4SiC4-50 0 20 130
Al4SiC4-10 20 50 90
SiC-100 10 40 80

Al4SiC4-10 and SiC-100 after the CMAS corrosion test was
amorphous, and anorthite was not detected. The prod-
ucts around the interface between the CMAS region and
Al4SiC4-10 formed by the CMAS corrosion test were the
same as those in other samples containing Al4SiC4. As for
SiC-100, a small amount ofAl2O3 andmullitewere formed,
but SiO2 (cristobalite), an oxidation product of SiC, was
formed by the CMAS corrosion test. The CMAS corrosion
mechanism based on the dissolution of the oxidation layer
into CMAS on the samples was discussed in section 4.

3.4 Recession of Al4SiC4-based ceramics
after CMAS corrosion test

Figure 8 and Table 3 show the change in the recession
(reduction thickness) with CMAS corrosion time roughly
estimated by optical microscopy. The recession of all sam-
ples was approximately linearly increased with corrosion
time. As for all samples after CMAS corrosion for 100 h,
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TANAKA et al. 9

F IGURE 8 The change in the recession of the samples with
calcium-magnesium-alumino-silicate (CMAS) corrosion time.

their recession ranged from 80 to 130 µm, and the recession
proceeded by the reaction with molten CMAS. The reces-
sion of SiC-100, Al4SiC4-10, and−100 was almost the same
as 80–90 µm, and that of Al4SiC4-50 was 130 µm and this
value was the highest under the experimental condition in
the present study.

4 DISCUSSION

First, the corrosion behavior of Al4SiC4/SiC ceramics
against molten CMAS at 1350◦C was discussed based on
their oxidation behavior. Figure 9 shows the TG curve
of Al4SiC4-100 from room temperature to 1350◦C in air.
The TG curve of Al4SiC4-100 showed a small weight
loss up to around 600◦C, and then the weight drastically
increased from around 800◦C. Above 1150◦C, the weight
gradually increased. Yamamoto et al. reported that the
marked mass gain by oxidation of Al4SiC4 was observed
with the formation of Al2O3 and SiO2 in the tempera-
ture range of 850–1150◦C, and the weight slightly increased
above 1150◦C.31 This oxidation reaction agreed with our
result (Figure 9), and the oxidation of Al4SiC4-100 started
from 800◦C. DTA result in Figure 1 suggested that CMAS
melted around 1230◦C. This means that firstly the oxida-
tion of the samples containing Al4SiC4 occurred followed
by themelting of CMAS, resulting in taking place the reac-
tion between the oxidation layer and molten CMAS. DTA
experiment was conducted to confirm the chemical reac-
tion between oxides and Al4SiC4/SiC at the temperature
below themelting point of CMAS.Al4SiC4/SiCwithCMAS
powder was heated up to 1220◦C without holding time in

F IGURE 9 Thermogravimetry (TG) curve of Al4SiC4-100 from
room temperature to 1350◦C in air.

TG-DTA. As a result, it was confirmed that Al4SiC4 formed
some oxides on its surface by its oxidation, but CMAS
powder did not melt and did not react with Al4SiC4.
As described in the introduction, the results in the pre-

vious oxidation test indicated that Al4SiC4/SiC ceramics
after oxidation at 1350◦C consisted of oxidation layers with
SiO2/SiC, mullite, and Al2O3, and the number of the oxi-
dation layers tended to increase with Al4SiC4 content and
the oxidation time.
Based on the results described above, the reaction layer

thickness of the sample after the CMAS corrosion test was
discussed to be compared with the oxidation layer thick-
ness formed by the oxidation test. Hereafter, the reaction
layers have been distinguished from each other and named
four kinds of layers; “the oxidation layer” is in our previ-
ous oxidation test, “the corroded layer” is formed by the
reaction with the samples and the oxides in CMAS during
CMAS corrosion test, “initial oxidation layer” is formed by
initial oxidation below CMAS melting point and “residual
oxidation layer” is residual “initial oxidation layer” after
corrosion by CMAS.
There are two possible corrosion reactions between

molten CMAS and the samples; (1) oxidation products
on the samples formed by oxidation dissolve into molten
CMAS, and (2) molten CMAS corrodes the sample directly
and a corroded layer is formed. EDS mapping of the reac-
tion layer in Al4SiC4-100 after CMAS corrosion test for 12
and 24 h showed the region with higher Al/O (Al2O3) con-
tent and higher Si/C (SiC) content and this composition
in the reaction layer was different from that in the oxi-
dation layer observed after oxidation test without CMAS.
These results suggested that the oxidation layer would dis-
solve into molten CMAS, the oxidation layer still remains
as the residual oxidation layer, and the dissolution of the
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10 TANAKA et al.

oxidation layer intomoltenCMAS could be dominant. Fur-
thermore, XRD results indicated that the composition of
molten CMAS was changed after the corrosion test, and
the results supported the dissolution of the reaction layer
on the sample surface into molten CMAS. On the other
hand, in SiC-100 and Al4SiC4-10, the corrosion of the sam-
ples with molten CMAS could be dominant because of the
following reasons; (1) the oxidation layer thickness of these
samples observed in the oxidation test without CMAS was
very thin, (2) the region corresponding to the reaction layer
was not observed by EDS, and (3) the recession of SiC-100
and Al4SiC4-10 after CMAS corrosion test for 100 h was
around 80 and 90 µm, respectively.
In order to discuss and confirm the chemical composi-

tional change of CMAS and the dissolution of the samples
into molten CMAS, the following experiment was con-
ducted; the synthesized CMAS powder was once melted
at 1350◦C for 12 h, and the CMAS powder was crushed into
the powder. Subsequently, 5 mol% Al2O3, mullite, or SiO2
were added to the CMAS powder, and the melting point of
the CMAS with each oxide was measured by TG-DTA and
phases formed after heating in CMAS at 1350◦C for 12 h
was identified by XRD. While as-synthesized CMAS pow-
der melted at 1227◦C, CMAS powder mixed with 5 mol%
Al2O3, mullite, and SiO2 melted at 1210, 1203, and 1200◦C,
respectively, and the melting point of CMAS mixed with
SiO2 became lower than that of others. With regard to
phases formed after heating at 1350◦C, CMAS with 5 mol%
SiO2 addition became amorphous as well as the synthe-
sizedCMASaftermelting. The phase ofCMASwith 5mol%
Al2O3 or 5 mol% mullite addition after melting was anor-
thite, and its content was around 80 wt%. This result also
suggested that Al2O3 andmullite, which containAl, would
promote the change of crystalline phases of molten CMAS.
The crystalline phases of the residual CMAS on Al4SiC4-
100, -90, and -50 after the CMAS corrosion test were
anorthite, and that on Al4SiC4-10 and SiC-100 after the
CMAS corrosion test was amorphous. These results would
be reasonable. It is revealed that the oxidation layers such
as Al2O3, mullite, and SiO2, of the samples could dissolve
into CMAS, and the composition of CMAS was changed.
According to the ternary phase diagram of anorthite, diop-
side, and quartz, the ternary eutectic composition is 30wt%
quartz, 33 wt% diopside, and 37 wt% anorthite at 1200◦C,32
and it suggests that the reaction of SiO2 into synthesized
CMASmakes its melting point lower. As the melting point
of CMAS becomes lower, the samples with oxidation layers
would contact molten CMAS for a longer time, resulting in
possibly promoting the dissolution of oxidation layers into
molten CMAS.
Then, the reason why the recession of Al4SiC4-50 after

CMAS corrosion for 100 h became the highest was dis-
cussed based on the reaction layer and the recession.

In the oxidation test in our previous study, whereas the
Al2O3 layer in Al4SiC4-100 was as thick as the SiO2 layer
containing SiC, the SiO2/SiC layer containing Al4SiC4 in
Al4SiC4-50 was much thicker than Al2O3 layer, and it sug-
gested that the oxidation layer of Al4SiC4-50 had high SiO2
content. In addition, initially, SiC in Al4SiC4-50 and SiC
formed by the oxidation of Al4SiC4 would be present in the
sample at 1350◦C in air, and those SiC was oxidized to the
SiO2. Thus, the SiO2/SiC layer ofAl4SiC4-50would become
much thicker than the Al2O3 layer, resulting in high SiO2
content in the oxidation layer of Al4SiC4-50. Besides, the
residual reaction layer after the CMAS corrosion test con-
tained Si/O/C (SiO2/SiC), and the layer was porous as seen
in the SEM images (Figure 3), and the porous layer was
assumed to be dissolved easily into molten CMAS due to
its higher surface area.
From these results, the dissolution behavior of the oxida-

tion layers intomoltenCMASwas considered to depend on
the composition of both the sample and the oxidation layer,
the thickness, and the microstructure of the oxidation
layer. In consideration of the reactions between themolten
CMAS and the sample under the present experimental
conditions, the dissolution of the oxidation products on the
samples intomolten CMAS could be the dominantmecha-
nism in Al4SiC4-100, -90, and -50, and the direct corrosion
of the samples with molten CMAS could be dominant
mechanism in SiC-100 and Al4SiC4-10.
It is concluded that Al4SiC4/SiC ceramics are expected

to be one of the promising materials as a novel non-oxide
matrix for CMC as an alternative material to SiC.

5 CONCLUSION

The corrosion test of monolithic Al4SiC4 and Al4SiC4/SiC
ceramics against molten CMAS was conducted at 1350◦C
for 12–100 h in air, and their corrosion behavior was
investigated.
From the SEM and EDS results, severe damage was not

observed at the interface between CMAS and the samples.
The recession of all samples was approximately linearly
increased with corrosion time. The recession of Al4SiC4-
100, -10, and SiC-100 after corrosion for 100 h was almost
the same as 80–90 µm, and that of Al4SiC4-50 was the
highest of all samples and the value was 130 µm. The dis-
solution behavior of the oxidation layer intomolten CMAS
as a corrosion reaction was considered to depend on the
composition of both the sample and the oxidation layer,
the thickness, and the microstructure of the oxidation
layer. Based on these results, the dominant mechanism of
reaction between the molten CMAS and the Al4SiC4-100,
-90, and -50 samples was concluded to be the dissolu-
tion of the oxidation products, while in the SiC-100 and
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TANAKA et al. 11

Al4SiC4-10 samples, the dominant reaction was deter-
mined to be direct corrosion of the surface with molten
CMAS. It is concluded that Al4SiC4/SiC ceramics are
expected to be one of the promising materials as a novel
non-oxide matrix for CMC as an alternative material to
SiC.
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