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Al4SiCy is one of the nanolayered-ternary compounds with excellent properties such as oxidation and corrosion
resistance at high temperatures, and we have paid attention to AlsSiC4 to be applied for ceramic matrix
composites (CMC) as novel materials for aircraft jet engines instead of SiC. In this study, oxidation test of
AlL4SiCs-based ceramics with SiC fabricated by hot-pressing was conducted at 1623K for 12-100 h in air, and
their oxidation behavior was investigated. After oxidation test, Al4SiC4-based ceramics had oxidation layer with
a dual-layered structure in 50vol% ALSiC4/50vol% SiC (AlsSiCs-50), four- and six-layered structure in
monolithic AL4SiC4 (AlsSiC4-100), and these oxidation layers contained Al,Os, SiO; and mullite. The thickness
of the oxidation layer in Al4SiC4-based ceramics increased with the oxidation time and the content of Al4SiCa,
and obeyed the parabolic rate law. The schematic models of oxidation behavior of AlsSiCs-based ceramics with
SiC were proposed based on the results of the oxidation test. In conclusions, the addition of SiC to Al4SiCy4
enhanced the formation of mullite, which would act as the protective layer, and Al4SiCs-based ceramics with

SiC are expected to be one of the promising materials instead of SiC.
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1. Introduction

Ceramics matrix composites (CMC) such as silicon
carbide fiber-reinforced silicon carbide matrix (SiC¢/SiC)
composites are lightweight and have excellent heat
resistance, mechanical and thermal properties and thermal
stability at high temperatures. CMC have been expected to
be applied in the acrospace industry as hot components for
aircraft jet engines [1,2]. CMC have been strongly required
to withstand corrosion and oxidation in dry air and steam
at high temperatures to apply for jet engines in actual
environments [3,4]. We focused on the nanolayered-ternary
compounds, that exhibit unique characteristics and properties
of both ceramics and metals such as excellent corrosion
resistance, heat resistance, thermal shock resistance and
machinability [5], as novel materials for CMC. We have
paid attention to Al4SiCs4, one of the nanolayered-ternary
compounds, because of its light weight, high melting point
(2353K), good mechanical properties, excellent oxidation
and corrosion resistance at high temperatures due to the
formation mullite (AlSi»O3) and alumina (Al,O3) [6-9].
In addition, it has been reported that AL4SiC4 was used as a
sintering aid for SiC and the addition of 10wt% Al4SiCs4 to
SiC achieved dense SiC by hot-pressing at 1973K [10,11].
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Considering the application of CMC for aircraft jet
engines, to understand the basic oxidation behavior of
Al4SiCy-based ceramics in dry air at high temperatures
becomes one of the important studies. Although the
oxidation behavior of each monolithic SiC and Al;SiCjy at
high temperatures has been studied [12-14], there are few
reports on the oxidation behavior of AlsSiCs-based
ceramics with SiC at high temperatures in dry air.
Moreover, there has been no report regarding the
fabrication of Al4SiC4/SiC ceramics with changing their
composition and their oxidation behavior at high
temperatures in air. In order to understand the basic
properties of Al4SiC4/SiC ceramics, we have fabricated
AlLsSiCy-based ceramics with SiC and investigated their
corrosion behavior against calcium-magnesium-alumino-
silicate (CMAS) at 1623K in Ar [15]. Test temperature
(1623K) for corrosion test was determined by considering
the expected operation temperature (material surface
temperature) for hot components of aircraft jet engines in
the range of 1573-1673K [16]. In this study, Al4SiCs-
based ceramics with SiC were fabricated by hot-pressing,
and oxidation test was conducted at 1623K for 12-100 h
in dry air, and their oxidation behavior was investigated.
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2. Experimental procedure
2.1. Preparation of AlsSiCs+-based ceramics by hot-pressing

ALSiC4 powder (Dso: 3.3 pum, Tateho Chemical Industries
Co., Ltd., Japan) and B-SiC powder (Dso: 0.5 um, Hoganis,
Sweden) were used as starting materials. These powders
were weighed as the volume ratio of Al4SiC4:SiC was
100:0 (denoted as Al4SiC4-100), 90:10 (AL4SiC4-90), 50:50
(ALSiC4-50), and 10:90 (ALSiCs-10). The starting powder
was mixed by wet ball-milling for 24 h. The mixed powder
was formed into the compact, and then hot-pressed at
2073K for 2 h in Ar at mechanical pressure of 40 MPa.
For comparison, commercially available o-SiC (Kyocera
Corporation, Japan; SiC-100) was used. Their bulk density
and open porosity were measured by Archimedes’ method.
Table 1 shows their relative density and open porosity.
Theoretical density of Al4SiC4 and SiC was assumed to be
3.03 g/cm? [7] and 3.21 g/cm? [17], respectively to calculate
the relative density. Except for AlsSiCs-10, their open
porosity was less than 0.4%, and their relative density was
over 90%, and the dense samples were achieved.

2.2. Oxidation test and characterization

The hot-pressed Al4SiCs-based ceramics were cut into
the plates with the size of 15 x 7.5 x 3 mm?, and their surface

Table 1.
oxidation layer with oxidation time.

was mirror-polished. The sample was put on a mullite
plate in an ALLOj3 crucible, and then placed in an air furnace.
The oxidation test was conducted at 1623K for 12, 24 and
100 h in air. The weight change of the samples before and
after the oxidation test was measured with an electronic
balance. The surface of the oxidized samples was covered
with a thin glass plate using resin. They were cut into
pieces and their cross-section was mirror-polished. The
mirror-polished surface was observed with scanning
electron microscope (JSM-7000, JEOL Ltd., Japan)
equipped with energy dispersive X-ray spectroscope
(EDS) to measure the thickness of reaction layer of the
samples after oxidation test and to analyze the element
distribution of the oxidized samples. In addition, the
crystalline phases of the samples at the surfaces after
oxidation test were analyzed by X-ray diffractometry
(Aeris, Malvern Panalytical Ltd., UK).

3. Results

3.1. Reaction products of AlSiCs-based ceramics after
oxidation test analyzed by XRD

Figure 1 shows XRD patterns of the samples after
oxidation test at 1623K for 12-100 h and the starting
materials. For SiC-100, cristobalite (SiO,) was formed
after oxidation, and the peak intensities for SiO, after

Volume ratio of starting materials, the relative density and open porosity of the samples, and change in thickness of the

ALSICy Relative density

Open porosity

Thickness oxidation layer (um)

Sample name (vol %) SiC (vol %) (%) %) Oxidation time
12h 24 h 100 h
Al,SiCy-100 100 0 91.0 0.30 20 28 (374_127)*
AlsSiC4-90 90 10 94.3 0.30 15 18 38
AlSiCy-50 50 50 93.2 0.38 10 13 24
Al,SiCy-10 10 90 87.4 391 0.7 0.5 0.8
SiC-100 0 100 98.4 0.16 0.6 0.6 1.0

*These values were the thickness of the oxidation layers with four- and six-layered structures, respectively.

Intensity (a.u.)
3

?

=

S
>

.
A i

e-24) 1
A

LLLe

o el

e-a) Al A
10 20 30 40 50 60 70
26 (deg) CuKa

@100 . " i“' otete i, 3 *o-Al,SiC,

Eqm - A t{ - v Y © la-AI?O3 .

(al2 iy - — g AlgSi,043-Mullite
5 ® a-SiC (6H)
§ ® B-SiC(3C)

2100 ‘iL - k{ -~ Lo sk c 4 SiO,-Cristobalite

-12) Y A N

2 A 10 30 40 50 60 70

20 (deg) CuKa

oL Y « A A Figure 1. XRD patterns of the samples after oxidation test at 1623K for
R — " - . 12-100 h and starting materials.
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The number and “a” after the alphabetical sample code represent oxidation
time (hours) and means as-prepared samples, respectively. The starting
materials; (f) Al4SiC, and (g) B-SiC.



230 A. Tanaka et al.

oxidation for 100 h became slightly higher than those after
oxidation for 12 and 24 h. In the case of Al4SiCs-100, o
Al O3, Si0O; and mullite were formed after oxidation, and
the peak intensities for AlLO3 and mullite after oxidation
for 100 h much increased. Al4SiCs-based ceramics after
oxidation contained Al,Os, SiO; and mullite. The XRD
results confirmed the amount of these products depended
on the composition of AlsSiCs-based ceramics. For
AlSiC4-90, AlSiCy4 decreased but Al,O; and mullite
increased with oxidation time. After oxidation for 100 h,
SiC decreased significantly, resulting in an increase in
Si0,. For Al4SiC4-10, diffraction peaks for A14SiC4 almost
disappeared after oxidation for 12 h, and the peaks for
mullite appeared. Whereas SiO, decreased after oxidation
for 100 h, Al,O3 and mullite increased. For Al4SiC4-50,
mullite increased with oxidation time although the amount
of Al,O3 and SiO; did not change with oxidation time. In
addition, Al4SiC4 and SiC decreased after oxidation for
100 h.

3.2. Microstructure of oxidation layers after oxidation
test evaluated by SEM

The cross-sectional SEM images of the samples after
oxidation test at 1623K for 12-100 h were exhibited in
Figure 2. All the samples had reaction layers formed by
oxidation reaction at their surface (oxidation layer). The
oxidation layers of Al4SiCs-50, -90 and -100 became thicker
as the oxidation time increased, and these oxidation layers
consisted of porous and dense layers. Al4SiC4-50 after
oxidation had dual oxidation layers consisting of porous
and dense layers.

The number of oxidation layers in Al4SiC4-90 and
Al4SiC4-100 increased from two to four and from four to
six with oxidation time, respectively. For Al4SiCs-10 and
SiC-100, the thickness of oxidation layers was very thin.
Whereas the oxidation surface of SiC-100 was flat, that of
ALSiC4-10 and -50 was partially rough.

3.3. The change in the weight and the thickness of oxidation
layer of AlsSiCs-based ceramics with oxidation time

Figure 3 shows the weight change of the samples after
oxidation test at 1623K for 12-100 h. Except for Al4SiCs-
10, the weight of the samples increased with oxidation
time, and their weight change became larger as Al4SiCy
content increased. This weight change behavior followed
the parabolic rate law expressed as equation (1) [7] except
for Al4SiC4-10 and SiC-100, and rate-controlling step in
the oxidation reaction is considered to be the diffusion
reaction;

(AW =kt (1)

where AW is weight change per surface area of the sample,
¢ oxidation time, and k, parabolic rate constant. It has been
reported that the oxidation reaction of monolithic SiC
obeys the parabolic rate law [18]. In this study, however,
it was unclear whether the oxidation behavior of SiC-100
agreed with the parabolic rate law under the present
experimental condition or not. On the contrary, the weight
of Al4SiC4-10 after oxidation for 24 h decreased from the
initial weight, and its weight after oxidation for 100 h
increased almost to the initial weight.

Table 1 lists the average thickness of the oxidation layer
of the samples measured from SEM images, and these
values are plotted in Figure 4. For Al4SiCy4-50, -90 and -
100, their thickness of oxidation layers increased with the
oxidation time and the content of Al4SiCy4. The thickness
of oxidation layer in Al4SiC4-100 became approximately
twice from 20 to 40 um as the oxidation time changed from
12 to 100 h. The thickness of oxidation layers in Al4SiCs-
50 and -90 after oxidation for 100 h was about 24 um and
38 wm, respectively. The change in the thickness of oxidation
layer also followed the parabolic rate law expressed as
equation (2) [19] as well as the weight change behavior;

Figure 2. Cross-sectional SEM images of the samples after oxidation test at 1623K for 12-100 h.
(a) AlsSiC4-100, (b) Al4SiCs-90, (c) AlsSiCs-50, (d) AlsSiCs-10, (e) SiC-100. The number after the alphabetical sample code represents

oxidation time (hours).
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Figure 3. Weight change of the samples after oxidation test at
1623K for 12-100 h.
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where x is the thickness of oxidation layer of the sample.
The thickness of the SiC-rich samples (SiC-100 and
Al;SiC4-10) was less than 1 pum and did not change with
oxidation time.

3.4. EDS mapping of the cross-section of the samples
after oxidation test

Figure 5 shows EDS mapping of the cross section of
the samples after oxidation test. For SiC-100 after oxidation
for 12 h, Si and O were detected at its surface to the depth
of around 1 um, and this layer was considered to be SiO».
SiC-100 after oxidation for 24 and 100 h showed almost
the same element distribution as oxidation for 12 h.
AlsSiC4-100 after oxidation for 12 and 24 h had four-
layered structure, and both four- and six-layered structures
were observed after oxidation for 100 h. The four-layered
structure had alternate layers with higher concentration of
Al and O (Al/O layer), with Si, C, O and small amount of
Al (Si/O/C/(Al) layer), with Al, O and small amount of Si
(Al/O/(S1)) and with Si, O, C and small amount of Al
(Si/0O/C/(Al)) (Figure 5(a-100-1)). On the other hand, the
six-layered region consisted of Al/O, Si/O/C/(Al), Al/O/(Si),
Si/0/C/(Al), AI/O/(Si) and Si/O/C/(Al) layers (Figure 5
(a-100-2)). In addition, the six-layered structure was
thicker than the four-layered structure in the AL4SiC4-100
after oxidation for 100 h. The oxidation layer of A14SiCs-90
after oxidation for 12 h was dual-layered structure; one layer
with concentrated Al/O, and another with Si/O/C/(Al).
The AL4SiC4-90 after oxidation for 24 h had not only dual-
layered but also four-layered structures as the oxidation
layer, and the oxidation layer after oxidation for 100 h was
four-layered structure as the same as Al4SiCs-100. The
thickness of each layer in dual- or four-layered structure
increased with the oxidation time. In Al4SiC4-50 had a
dual-layer consisting of the upper layer with Al/O and the
lower layer with Si/O/C/(Al). In the Si/O/C/(Al) layer,
lower layer of the dual-layer, the concentration of C became
higher in the lower region whereas the concentration Al
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Figure 4. Oxidation layer thickness of the samples after oxidation
test at 1623K for 12-100 h.

and O gradually decreased from the upper to lower region
in this layer. EDS mapping also revealed that the thickness
of the oxidation layer increased with the oxidation time.
While Si and C existed entirely in Al4SiCs-10, Al was
detected partially. This result showed that AlLSiC,
partially existed in Al4SiC4-10. The thickness of the O-
rich layer in the Al4SiCs-10 after oxidation for 12-100 h
was almost the same as that in the SiC-100, but this layer
contained not only Si, O but Al, and Al-rich layer was
clearly observed in the Al4SiCs4-10 after oxidation for 100 h.

4. Discussion

Figure 6 shows the schematic models of oxidation
behavior of AlsSiCs-100, -50 and SiC-100. The Gibbs
energy at 1623K for each reaction were calculated based
on the thermodynamic databases (MALT and Fact Web).

SiC are known to be passively oxidized in air (high
oxygen partial pressure) at high temperatures expressed as
the following reaction [3];

SiC (s) +3/2 02(g) — SiO2(s) + CO (g) (3)
A GO1623K = - 828.357 (kJ/mol)

In this study, passive oxidation occurred in SiC-100,
and SiO, (cristobalite) was formed. It is reported that SiO,
formed by passive oxidation acts as a protective layer
against the oxidation [20], and our results agreed with this
oxidation behavior.

The oxidation reaction of Al4SiCs-100 would occur
according to the reactions (4) [12] and (5) [14], and Al,O3
and SiC were formed. Furthermore, the SiC was also
oxidized as SiO; according to the reaction (3). These oxides
would form mullite according to the reaction (6) [14];

AlSiCy (s) + 601 (g)
— 2AL,05 (s) + SiC (s) + 3CO; (g) “4)
A Gk = - 3473.165 (kJ/mol)
ALSICs (s) + 30, (2)
— 2AL0;s (s) + SiC (s) + 3C (s) ®)

A G01623K = -2283.449 (kJ/l’l’lOl)
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3AL0; (s) + 25810, (s) — AleSi2013 (s) (6) time, but their change became small after the oxidation

A Gk = -24.654 (kJ/mol) time of 24 h, and it obeyed the parabolic rate law. This

result suggested that the Al,O3, SiO; and mullite would act

The change in the weight of the samples and the as the protective layers against oxidation. The oxidation
thickness of the oxidation layer increased with oxidation mechanism of Al4SiC4-100 can be proposed as shown in
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Figure 5. EDS mapping of the cross-section of the samples after oxidation test at 1623K for 12-100 h.

(a) AL4SiC4-100, (b) ALSiC4-90, (¢) AlsSiC4-50, (d) ALSiC4-10, (e) SiC-100.
The number after the alphabetical sample code represents oxidation time (hours).
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Figure 6(2); in the early stage, Al,O3 and SiC were formed,
followed by the formation of SiO», and it reacted with
Al O3, resulting in the formation of mullite. As oxidation
time extends, oxygen diffuses inward the sample and
further oxidation proceeds at the interface between the
oxidation layer and Al4SiC4, and the oxidation reactions
occur repeatedly. As the number of layers increases by
oxidation, these layers, i.e. mullite, Al,O3 and SiO; act as
the protective layers against the oxidation and they inhibit
the diffusion of oxygen, resulting in lower oxidation rate.
The thickness of the oxidation layer would be saturated as
the oxidation time increased under the present oxidation
condition. In the case of A14SiC4-50, both oxidation of SiC
and Al4SiC4 occurred. The layer formed by the oxidation
of Al4SiC4 was thicker than that formed by the oxidation
of SiC. Furthermore, Al4SiC4 had much larger grain size
than SiC. As a result, Al,Os layer was formed on the whole
surface of the sample. Not only SiC formed by oxidation
of Al4SiC4 but also SiC initially existed in the sample were
oxidized to form SiO,, which reacted with Al,Os, and then
mullite was formed at the interface between SiO» and
ALOs. Since these oxides act as the protective layers for
AlLsSiC4 against oxidation, Al4SiC4 would still exist in the
layer containing SiO, and SiC. AlLSiC4-90 had the
oxidation layer with almost the same structure as Al4SiCs-
100. SiC in AlsSiCs-90 was oxidized as SiO,, and it
enhanced the formation of mullite rather than Al4SiCs-100.
As a result, the mullite would act as the protective layer
against oxidation, and thus the thickness of the oxidation
layer was thinner than that of ALSiC4-100.

Al4SiC4-10 had SiO; layer on its surface as well as SiC-
100. XRD patterns suggested that the oxidation of SiC and
Al4SiC4 occurred, and ALOs;, SiO; and mullite were
formed, i.e., these oxides were considered to partially
exist because AlsSiC4-10 contains 90vol% SiC, and
AlLSiCy4 was partially distributed inside the sample. The
oxidation of SiC was dominant in Al;SiC4-10, and the
thickness of the oxidation layer in Al4SiC4-10 was almost
the same as that in SiC-100. On the other hand, the weight
loss of Al4SiC4-10 took place up to the oxidation time of

The schematic models of oxidation behavior of (a) AlsSiC4-100 and (b) -50, (c) SiC-100.

24 h. The volume change was larger for Al4SiC4-50, -90
and -100, and smaller for Al4SiCs-10. The density change
was negatively larger for Al4SiCs-10 than for Al4SiCs-50,
-90 and -100. This means that the weight loss by oxidation
was dominant in Al4SiCs-10. The weight loss occurred in
AlsSiC4-10 by oxidation was caused by promoting the
oxidation of Al4SiC4 by CO formed by the oxidation of
SiC expressed as reaction (7) [21]. Although this reaction
would occur for all the samples containing Al4SiCy, the
content of SiC in Al4SiCy4 probably affects the promotion
of this reaction, i.e. higher SiC content like Al4SiC4-10
could enhance this reaction. The oxidation of SiC
produced in the reaction (7) also formed CO, and the CO
would further promote the reaction (7). In addition, C
formed by the reaction between AlLSiC4 and CO was
oxidized to CO or CO,, the oxidation of C would cause
the weight loss of AlSiC4-10. When this reaction
proceeded, the oxidation of SiC would be dominant, and
thus the weight gain occurred. Another reason why this
weight gain occurred after oxidation test for 100 h was
that the weight loss related to reaction (7) would be
suppressed because AlLO; and SiO, formed by the
oxidation of Al4SiC4 and SiC, respectively, acted as the
protective layer and CO produced by the oxidation of C
was reduced.

AlsSiCy (s) +6CO (g)
— 2AL0s (s) + SiC (s) + 9C (s) (7)
A GO1623K = -757.435 (kJ/mol)

In conclusions, the addition of SiC to Al4SiC4 enhanced
the formation of mullite, which would act as the protective
layer, and Al4SiCs-based ceramics with SiC are expected
to be one of the promising materials instead of SiC.

5. Conclusion

Oxidation test of Al4SiCs and AlsSiC4/SiC ceramics
was conducted at 1623K for 12-100 h in air, and their
oxidation behavior was investigated. The oxidation layer
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formed in Al4SiCs-based ceramics with SiC after oxidation
contained Al,O3, SiO,, and mullite. The thickness of the
oxidation layer increased with the oxidation time and the
content of Al4SiCs, and obeyed the parabolic rate law. The
schematic models of the oxidation behavior of AlsSiC4-100,
-50 and SiC-100 were proposed based on the results. Whereas
SiC-100 had SiO; layer as oxidation layer, Al4SiCs-based
ceramics with SiC had complicated oxidation layers such
as dual-, four- and six-layered structures. These oxidation
layers observed in Al4SiCy-based ceramics with SiC act as
the protective layers against oxidation. The addition of
SiC to AlsSiC4 enhanced the formation of mullite, which
would act as the protective layer. It is concluded that
AlsSiCy-based ceramics with SiC are expected to be one
of the promising materials instead of SiC.
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