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Abstract

Cordierite/mullite (C/M) ceramic composites were corroded by NaCl and Na2SO4 at 1000
�C for 24 h. The predominant corro-

sion products in attack by the Na-salts were found to be nepheline and carnegieite for the cordierite and mullite component,
respectively. NaCl attacked both components with different corrosion rates, producing corrosion layers consisting of two distinct

regions where both cordierite and mullite were chemically attacked near the surface region and only the cordierite phase was damaged
in the succeeding inner part. In the hot corrosion by Na2SO4, on the other hand, only the cordierite component was severely attacked
in the composites, resulting in occurrence of selective corrosion. Thus, the corrosion of the C/M composites by the Na-salts proceeded
through the path of the less resistive cordierite component at 1000 �C in air.# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cordierite (Mg2Al4Si5O18) ceramics show several
superior high temperature properties such as excellent
thermal shock resistance and chemical stability at elevated
temperatures. Especially, the superior thermal shock
resistance property enables them to be applied as the filter
element of advanced power generation systems.1�3 How-
ever, the relatively poor structural durability of the cor-
dierite ceramics should be improved for reliable long-term
filter operation. A possible method for fulfilling this
requirement is to add a reinforcing phase and fabricate
a ceramic composite. Because mullite (Al6Si2O13) cera-
mics have a high melting temperature, good resistance
against creep deformation, and a moderate thermal
expansion coefficient, the combination of cordierite with
mullite (i.e. the C/M composite) would provide an
advanced filter element with less degradation of thermal
shock resistance property. Additionally, the elongated
mullite grains can be formed by the employment of an
appropriate fabrication procedure,4�9 which may cause
improved mechanical properties in the resulting C/M
composite ceramics.
For the practical usage of filter elements in a com-

bustion environment, it is very important to elucidate
their corrosion behavior at elevated temperatures. The

present authors have already reported the hot corrosion
of the cordierite ceramics attacked by NaCl, Na2SO4,
KCl and K2SO4.

10 For alumina–silica compositions
includingmullite, corrosion byNa andK salts was studied
under different conditions and the results were examined
on the basis of the Na2O–Al2O3–SiO2 phase diagram.

11�14

Compared with the extensive examinations on the inter-
action of the corrosive species and cordierite or mullite
ceramics, there is little information on the hot corrosion
of C/M composites. In the present study, C/M compo-
site bodies with different C/M ratios, which consisted of
elongated mullite grains, were fabricated from the cor-
responding mixtures of alumina and silica sols and
Mg(OH)2 powder. These ceramic composites were
heated in a concentrated NaCl or Na2SO4 atmosphere
at 1000 �C for 24 h and the corrosion characteristic was
examined for the C/M composite system.

2. Experimental procedure

2.1. Fabrication and characterization of C/M
composites

The C/M composites examined in this study were
those with molar ratios of C:M=8:2, 5:5 and 2:8 (here-
after they are abbreviated as C80, C50 and C20,
respectively). Starting materials used were commercially
available chemicals; alumina and silica sols (both from
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Nissan Kagaku) and Mg(OH)2 powder (Kojundo
Kagaku). Required amounts of the corresponding mate-
rials were weighed and treated in a following procedure to
obtain each starting powder having a fixed C:M compo-
sition. At first, both sols were well stirred and then a
Mg(OH)2 powder suspended in distilled water was
poured in the mixed sol. After adding an appropriate
amount of distilled water to adjust the viscosity of a
slurry, they were thoroughly mixed for several hours. In
the successive microwave drying process, most of water
contained in the slurry was removed to produce a dried
gel. The gel was ground and calcined at 1300 �C for 4 h,
which was followed by ball milling to obtain a fine powder
for sintering. Green compacts formed by uniaxial and
isostatic pressing were sintered in the temperature range
1445–1450 �C for 10 h. Sintered density was measured by
Archimedes method and the solid phases formed after
calcination and sintering were identified by XRD (X-ray
powder diffractometry). Mullite ceramics were fabricated
in the same procedure except for calcining and sintering
temperatures of 1100 and 1600 �C, respectively.
Composite samples thus obtained were characterized

by microstructural observation and thermal expansion
property. Typical microstructure of the sintered C/M
composites are shown in Fig. 1, in which secondary elec-
tron images [SEI, (a), (c), (e)] and backscattered electron
images [BSE, (b), (d), (f)] are given. Elongated mullite
grains, which were expected to improve the mechanical
properties of the composites, can be seen in all the
samples fabricated. For the C20 composite [Fig. 1(f)], a
limited number of large mullite grains with large aspect
ratios existed in addition to a large number of very
small ones. Measured relative density of each composite
was 94.1, 92.8 and 90.8% for the C80, C50 and C20
samples, respectively. It was also evident that there were
comparatively large pores in the C80 and C50 compo-

sites. The thermal expansion coefficients of the compo-
site samples linearly changed with the C/M ratio from
9.5�10�7/K for C100 (cordierite ceramics) to 4.0�10�6/
K for C0 (mullite ceramics).

2.2. Hot corrosion

NaCl (mp 801 �C) and Na2SO4 (mp 884
�C) were used

as sources of corrosive species of sodium, chlorine and
sulfur. Interaction of sintered composites and each corro-
sive chemical reagent was conducted in an covered alu-
mina crucible in which a composite sample was placed on
a Pt-box with a surrounding powder bed of a corrosive
chemical. After each corrosion experiment, the as-cor-
roded sample was washed with distilled water to dissolve
solid materials deposited on the surface (NaCl or
Na2SO4). The outmost surface of each corroded sample
was characterized by XRD (X-ray diffractometry) and
SEM (scanning electron microscopy) attached with EDS
(energy dispersive X-ray spectroscopy) for the identifi-
cation of the solid phases formed and observation of
morphological change of the corroded surface. The dis-
tributions of specified elements in a cross-sectional area of
a corroded sample were analyzed with WDS (wavelength
dispersive X-ray spectroscopy). Further experimental
details can be seen in the previous study.10

3. Results and discussion

3.1. Base studies on hot corrosion of cordierite and
mullite ceramics by Na-salts

Prior to the hot corrosion of the C/M composites, the
individual corrosion behavior of the cordierite and
mullite ceramics was summarized.

Fig. 1. Microstructures of composites; (a) C80 (SEI), (b) C80 (BSE), (c) C50 (SEI), (d) C50 (BSE), (e) C20 (SEI) and (f) C20 (BSE).
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The cordierite ceramics were corroded by Na2SO4 at
1000 �C under a flowing oxygen environment.1 In the
first hour of the corrosive reaction, a solidified Na2SO4
layer was observed on the corroded surface. As the
reaction continued, Mg2SiO4 crystallites could be
clearly seen for the sample heated for 24 h. After 72 h of
reaction, X-ray dot maps of the polished cross-section
indicated that the corrosion layer consisted of the larger
NaAlSiO4 grains with an upper layer of Mg2SiO4. From
XRD analysis and microstructural observation of the
corroded samples, the overall reaction was suggested as
follows:

2Na2SO4ðlÞ þMg2Al4Si5O18ðsÞ !

4NaAlSiO4ðsÞ þMg2SiO4ðsÞ þ 2SO2ðgÞ þO2ðgÞ
ð1Þ

The hot corrosion of cordierite ceramics by NaCl and
Na2SO4 was also conducted in an alumina crucible in
the temperature range from 700 to 1200 �C.10 In case of
NaCl attack, the corrosion products at 1000 �C for 4 h
were identified with MgO, a-Al2O3 and a considerable
amount of nepheline (NaAlSiO4). The thickness of the
corroded region was estimated to be about 8 and 20 mm
for the samples heated for 4 and 24 h, respectively. The
surface of the latter was characterized with a number of
small idiomorphic MgO crystals. By the cross-sectional
WDX analysis, a Mg-enriched outer surface layer was
followed by a Mg-missing but Na-penetrating region.
The similar distribution map of the Mg and Na ele-
ments was observed for the cordierite ceramics attacked
by Na2SO4 at 1000

�C for 24 h, the surface of which was
covered with plate-like Mg2SiO4 (forsterite) particles.
Since XRD results of the corroded samples showed
small peaks of nepheline and cristobalite, the hot cor-
rosion by Na2SO4 less proceeded than NaCl attack
under the same experimental conditions.
Jacobson et al. studied corrosion of mullite ceramics

by molten salts of different Na2O activities.
14 The Na2O

activity was set by using thin films of Na2CO3 and
Na2SO4 and the corresponding overpressure of CO2(g)
and SO3(g). The corrosion product was Al2O3 in a lower
activity of aNa2O=3.6�10

�12 (acidic molten salt) at
1000 �C. With an increasing Na2O activity (more-basic
molten salts), various Na2O–Al2O3–SiO2 compounds
were additionally produced. After 24 h of reaction in the
activity of 8.1�10�7 (at 1000 �C), a product layer �15
mm thick formed and the composition of the product was
determined to be Na2O–Al2O3–SiO2.
The following are the results of the hot corrosion of

mullite ceramics by NaCl and Na2SO4 obtained in the
present study. Fig. 2 shows XRD patterns of corroded
surfaces of mullite ceramics by NaCl at 1000 and 1200 �C.
Small peaks of carnegieite appeared after heating at
1000 �C for 4 h, and gradually intensified with pro-
longed heating. Mullite peaks on the surface almost
disappeared in a sample heated at 1000 �C for 24 h,

indicating the progression of the corrosion by NaCl.
The depth of Na penetration in the bulk samples cor-
roded for 24 h was evaluated to be about 10 mm from
the cross-sectional Na map given in Fig. 3(a). As clearly
seen in Fig. 2(e), the hot corrosion of mullite ceramics
by NaCl was remarkably enhanced at 1200 �C, in which
the corrosion layer with more than 20 mm in thickness
[Fig. 3(b)] was found to be composed of several solid
phases of carnegieite, b-alumina, nepheline etc. When
the mullite sample was attacked by Na2SO4, on the
other hand, only the carnegieite phase was detected as
corrosion product. The intensities of the carnegieite
peaks were very weak after corrosion at 1000 �C for 24
h. However, enhanced corrosion was observed after
attack by Na2SO4 at 1200

�C.
NaAlSiO4, which was formed as the corrosion pro-

duct in the present study, shows four types of modifica-
tion. The low temperature a-nepheline (hexagonal)
transforms to the b-nepheline (orthorhombic) at 900 �C
and successively to b-carnegieite (cubic) at 1250 �C.15,16

When a derivative such as NaAlO2 coexists, solid solu-
tions of NayAlySi1�yO2 (0.54y41) can be formed
between NaAlO2 and NaAlSiO4. The incorporation of
NaAlO2 into carnegieite can stabilize the high tempera-
ture form. On cooling, the stabilized b-carnegieite
transforms at a substantially lowered temperature of
687 �C to a-carnegieite. This phase relation explained
the different crystalline phases of NaAlSiO4 observed for
the hot corrosion of the cordierite (nepheline) and mul-
lite (carnegieite) ceramics. The basic corrosion reactions

Fig. 2. XRD patterns of (a) as-sintered mullite and mullite ceramics

corroded by NaCl at 1000 �C for (b) 4 h and (c) 24 h, and at 1200 �C

for (d) 4 h and (e) 24 h. (M: mullite, C: carnegieite, N: nepheline, B:

Na-b-alumina, !: NaCl and X: unknown.)
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occurring between the host ceramics and corrosive NaCl
at 1000 �C are as follows:
for cordierite

Mg2Al4Si5O18ðsÞ þ 4NaClðlÞ þO2ðgÞ !

4NaAlSiO4ðsÞ þ SiO2ðsÞ þ 2MgOðsÞ þ 2Cl2ðgÞ
ð2Þ

for mullite

2Al6Si2O13ðsÞ þ 8NaClðlÞ þO2ðgÞ !

4NaAlSiO4ðsÞ þ 4Al2O3ðsÞ þ 2Na2OðsÞ þ 4Cl2ðgÞ
ð3Þ

Al2O3ðsÞ þNa2OðsÞ ! 2NaAlO2ðsÞ ð4Þ

It is definitely evident that the stabilized b-carnegieite
is formed in the hot corrosion of mullite, although no
NaAlO2 phase was detected by XRD analysis.

3.2. Corrosion behavior of C/M composites at 1000 �C

3.2.1. Attack by NaCl
XRD profiles of the composite surfaces corroded by

NaCl at 1000 �C for 24 h are revealed in Fig. 4. The
diffraction pattern of the C80 sample is very similar to
that of cordierite, with the major corrosion products of
cristobalite (marked by Cr in Fig. 4), nepheline (N) and
MgO (P). For the C50 composite, carnegieite (C) can be
additionally detected with an decreasing intensity of
nepheline. The C20 and mullite samples show relatively
simple XRD profiles in which only carnegieite appears
as the corrosion product.
Figs. 5 and 6 show the results of X-ray elemental

analysis conducted for the polished cross-sections of the
C80 and C20 composites, respectively. As can be seen in
the Mg map in Fig. 5, the corroded region of the C80

Fig. 3. Na dot maps of polished cross-section of mullite samples cor-

roded by NaCl for 24 h at (a) 1000 �C and (b) 1200 �C.

Fig. 4. XRD patterns of (a) mullite, (b) C20, (c) C50, (d) C80 and (e)

cordierite samples attacked by NaCl at 1000 �C for 24 h. (Co: cor-

dierite, M: mullite, C: carnegieite, N: nepheline, Cr: cristobalite, P:

MgO, A: a-alumina, S: spinel and F: forsterite.)
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composite consisted of an outmost surface layer with a
high Mg concentration (corresponding to MgO), which
was abruptly followed by the Mg-deficient part. The
corrosive Na species clearly penetrated into the compo-
site body and distributed uniformly until the Mg ele-
ment could be detected with an appreciable level again.
The depth of the Na penetration corresponded to the
Mg-deficient region. Accordingly, the thickness of the
corroded region was estimated to be about 20–25 mm for
the C80 composite. This characteristic Mg distribution
was also observed in the hot corrosion of the cordierite
ceramics by NaCl.10 In addition, the Na penetration
similarly extended to about 20 mm depth from the sample
surface at 1000 �C for 24 h.
On the contrary, somewhat different X-ray elemental

maps are shown for the C20 sample in Fig. 6. (In Figs. 6
and 9, the Mg signals of the C20 sample were enhanced
using a software package.) The segregation of Mg on the
outmost surface was less than that of the C80 sample,
which was due to the smaller content of the cordierite
phase. However, the Mg-deficient region considerably
extended into inner part of the sample (ca. 40 mm from

the surface). Additionally, the Na map revealed that
there was a boundary from which the Na concentration
substantially changed. The Na-enriched region extended
up to 20 mm from the surface, which was followed by
the region with a very low Na concentration through
the Mg-deficient part. The Al and Si maps similarly
consisted of two parts with the correspondingly differ-
ent concentrations. The BSE (COMPO image) in Fig. 6
shows that the composition of the Na-enriched region is
definitely different from that of the Na-poor part.
Probably, both the cordierite and mullite phases were
severely corroded in the Na-enriched region whereas
only the minor cordierite component was attacked in
the inner Na-poor part. The schematic presentation of
this situation can be seen in Fig. 7.
Comparing the Na distributions between Figs. 5

(C80) and 6 (C20), the C80 composite showed homo-
geneous distribution of the Na element through the Mg-
dificient region. This might be explained by the mullite
content in the composite. Because it was much smaller
for the C80 composite than for the C20 one and addi-
tionally cordierite shows less corrosion resistance

Fig. 5. SEM image (SEI) and X-ray elemental dot maps for polished cross-section of C80 composite corroded by NaCl.
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against NaCl attack than mullite (Fig. 4), selective cor-
rosion would be emphasized for the C20 composite. The
occurrence of selective corrosion in the C80 composite
was supported by the microstructure of the corrosion
layer where elongated mullite grains could be still
observed in inner part (Fig. 5). Thus based on the Mg
and Na maps, the thickness of the corrosion layer could
be estimated to be about 40 mm for the C20 sample,
which was considerably larger than that of the C80

composite. Sintering temperature employed in fabricat-
ing the C/M composites in this study was determined to
be 1445–1450 �C at which fully densified cordierite
ceramics was obtainable without decomposition of the
cordierite phase. However, for the mullite particles,
substantial neck growth between particles hardly occurs
at the temperature range. The extremely different den-
sification characteristics between the cordierite and
mullite components caused the lowering in the sintered

Fig. 6. SEM images and X-ray elemental dot maps of C20 composite corroded by NaCl.
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density of the C20 composite. In addition to the visible
pores in micrometer size, it should definitely contain a
lot of invisible unconnected areas between mullite par-
ticles. These invisible voids served as penetration routes
of corrosive species more deeply into the interior of the
corroded sample. Thus the specified sintering character of
the C20 composite may be responsible for the extended
corrosion by NaCl.

3.2.2. Attack by Na2SO4

Fig. 8 shows XRD results of composite surfaces cor-
roded by Na2SO4 at 1000

�C for 24 h. The corrosion
products of the C80 and C50 composites were basically
similar to those detected in the chemical attack by
NaCl. This result definitely indicated that the cordierite
component was severely corroded by both NaCl and
Na2SO4 at 1000

�C. However, substantially different
corrosion behavior was observed in the C20 composite
between NaCl and Na2SO4 attacks. Intensified mullite
peaks are clearly seen in the XRD pattern of the C20
sample corroded by Na2SO4, suggesting that mullite
showed superior resistance against Na2SO4 attack at
1000 �C. Besides, XRD peaks of nepheline detected in
the C20 composite clearly indicated that only the cor-
dierite component was corroded by Na2SO4 at 1000C in
C/M composites, because the chemical attack by Na-
salts in air for cordierite and mullite ceramics caused the
formation of nepheline and carnegieite as the pre-
dominant corrosion product, respectively. Therefore it
was concluded that the mullite component possessed bet-
ter corrosion resistance against Na2SO4 than cordierite at
1000 �C.
Cross-sectional Mg and Na maps are revealed in Fig. 9

for the corroded C80 and C20 samples. In the hot cor-
rosion by Na2SO4, the Mg-enriched surface layer and
successive Mg-deficient region can be similarly observed
in both composites. This characteristic distribution of the
Mg element was necessarily observed in the cordierite-

containing materials corroded by Na-salts under condi-
tions examined in this study. Concerning the Na map of
the C20 sample, it should be noted that the corrosive Na
species homogeneously distributed through the cor-
roded region. These results substantially different from
those obtained in the hot corrosion of C20 sample by
NaCl, in which the Na map consisted of two distinctive
parts corresponding to the severe corrosion of both com-
ponents and the selective corrosion of the cordierite com-
ponent, respectively. The homogeneous Na distribution in
the C20 sample (Fig. 9) supported the occurrence of the
selective corrosion of the cordierite phase in the C/M
composites by Na2SO4 attack. Therefore, in the C20
composite containing cordierite as a minor phase, only
the cordierite component was predominantly and ser-
iously attacked by Na2SO4 to form nepheline as corro-
sion product. For all the composites corroded in the
present study, no appreciable amount of chlorine nor
sulfur was detected by X-ray elemental analysis.

3.2.3. Mg compounds formed on the corroded surfaces
Figs. 10 and 11 show the surface morphology of the

composites corroded by NaCl and Na2SO4, respectively,
with the associated EDS results of the marked particles
(or regions). In case of NaCl attack, idiomorphic MgO
particles were predominantly observed for the C80
composite, which was consistent with the XRD result.
The growth of idiomorphic MgO particles associated
with the characteristic Mg distribution in the corroded

Fig. 7. Schematic presentation of cross-section of C/M composite

attacked by NaCl.

Fig. 8. XRD patterns of (a) mullite, (b) C20, (c) C50, (d) C80 and (e)

cordierite samples corroded by Na2SO4 at 1000
�C for 24 h. (Nota-

tions are the same as those in Fig. 4.)

J. Takahashi et al. / Journal of the European Ceramic Society 22 (2002) 1959–1969 1965



region (Fig. 5) might be explained by some mechanism
by which Mg-related species should be transported up to
the surface of a corroded composite. Possible reactions
occurring at corrosion front were

Mg2Al4Si5O18ðsÞ þ 4NaClðlÞ ! 4NaAlSiO4ðsÞ

þ SiO2ðsÞ þ 2MgCl2ðlÞ
ð5Þ

Mg2Al4Si5O18ðsÞ þ 4NaClðlÞ þO2ðgÞ

! 4NaAlSiO4ðsÞ þ SiO2ðsÞ þ 2MgOðsÞ þ 2Cl2ðgÞ ð6Þ

Using reported data,17,18 the free energy change of
each reaction at 1000 �C was calculated to be �425
and�443 kJ for the reaction (5) and (6), respectively. It
was obvious that each of these reactions thermo-
dynamically proceeded at 1000 �C. If the MgCl2 species
were substantially formed as a result of NaCl attack, it
was likely for a number of the MgCl2 molecule to dif-
fuse towards the sample surface as vapor phase (vapor
pressure of MgCl2 is 2.6 kPa at 988

�C) or soluble spe-
cies in the corrosive NaCl melt (eutectic temp. is 450 �C
at 48 mol.% MgCl2 in the system NaCl–MgCl2).

19 On

Fig. 9. Cross-sectional Mg and Na dot maps for (a) to (c) C80 and (d) to (f) C20 composites attacked by Na2SO4.
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the outmost surface, the MgCl2 species reacted with
oxygen to produce the MgO particles. Alternatively, the
formation of the MgO species [Eq. (6)] might also be
one of the possible reactions in the NaCl attack. Con-
cerning the diffusion of the MgO species up to the outer
surface, however, transportation of the MgO species
either as gas phase or soluble species hardly occurred
because of its very low vapor pressure (about 1�10�6

Pa at 1400 �C in PO2=20 kPa
20) and a very limited

solubility of MgO in molten NaCl (the solubility of
MgO in molten NaCl is 0.0010 mol.% at 1000 �C21).
Therefore, the formation of MgCl2 based on Eq. (5) and
the successive diffusion of the species up to the outer
surface would be a favorable process in case of NaCl
attack at 1000 �C.
In the C20 sample showing very strong XRD peaks of

carnegieite [Fig. 4(b)], relatively large idiomorphic par-
ticles of forsterite were detected [designated by (f) in
Fig. 10]. Since this composite contained a smaller
amount of the cordierite component, the number of the
MgCl2 species formed was reduced. Under this chemical
environment, the following reaction might preferably
take place because a corrosion product, SiO2(s), should
provide reaction site.

2MgCl2ðl orgÞ þ SiO2ðsÞ þO2ðgÞ ! Mg2SiO4ðsÞ

þ 2Cl2ðgÞ : �G�
½Eq: ð7Þ
 ¼ �79 kJ at 1000 �C

ð7Þ

As can be seen in Fig. 10(b), both the MgO and
Mg2SiO4 particles were simultaneously observed in the
C50 composite.
In the hot corrosion by Na2SO4, both the idiomorphic

MgO and forsterite particles were observed irrespective
of the sample compositions (Fig. 11). This slightly dif-
ferent result from that obtained in case of NaCl attack
may be due to a somewhat different situation that only
the cordierite phase was severely attacked by Na2SO4 at
1000 �C. To consider the formation mechanism of both
idiomorphic particles on the corroded surfaces, similar
reaction processes to those described in NaCl attack,
which should require the transportation of some kind of
the Mg-related species to the outmost surface, could be
applied for Na2SO4 attack. Under corrosive Na2SO4
environment in a crucible, the cordierite component
directly reacted with molten Na2SO4 to produce MgSO4
or MgO according to the following reactions. [The for-
mation of Na2O was not favorable because the free
energy change of the reaction Na2SO4ðlÞ ! Na2OðsÞ þ
SO2ðgÞ þ 1=2O2ðgÞ is + 349 kj/mol at 1000 �C.]

Mg2Al4Si5O18ðsÞ þ 2Na2SO4ðlÞ ! 4NaAlSiO4ðsÞ

þ SiO2ðsÞ þ 2MgSO4ðsÞ
ð8Þ

Mg2Al4Si5O18ðsÞ þ 2Na2SO4ðlÞ ! 4NaAlSiO4ðsÞ

þ SiO2ðsÞ þ 2MgOðsÞ þ SO2ðgÞ þO2ðgÞ
ð9Þ

Fig. 10. Surface morphologies of (a) C80, (b) C50, (c) C20 composites corroded by NaCl with EDS results of (d), (e), (f) particles and (g) region.
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The free energy change of the former reaction was
estimated to be �463 kJ and the latter �190 kJ at
1000 �C, indicating that both reactions were thermo-
dynamically favored under the present conditions. As
shown in the phase diagram of the Na2SO4–MgSO4 sys-
tem,22 solid MgSO4 can melt in molten Na2SO4 to form
homogeneous liquid at 1000 �C. Therefore, the upward
diffusion of the MgSO4 species through liquid phase
would be possible during hot corrosion. On the outmost
surface, the following reactions might take place:

MgSO4ðlÞ ! MgOðsÞ þ SO2ðgÞ

þ 1=2O2ðgÞ : �G�
½Eq: ð10Þ
 ¼ þ3 kJ at 1000 �C

ð10Þ

2MgSO4ðlÞ þ SiO2ðsÞ ! Mg2SiO4ðsÞ þ 2SO2ðgÞ

þO2ðgÞ : �G�
½Eq: ð11Þ
 ¼ �55 kJ at 1000 �C

ð11Þ

If the corrosion by Na2SO4 was dominated by the
reaction (9), the diffusion process of the MgO species up
to the outer surface, which was similar to that described
in case of NaCl attack, was necessarily required.
Because the solubility of MgO in molten Na2SO4 is also
very small (0.013 mol.%) at 1000 �C, it was unlikely
that the MgO species formed by the reaction (9) was
transported as soluble species through molten Na2SO4.
From the above discussion, Eqs. (5) and (8) may be the

fundamental chemical reaction occurring at corrosion
front in case of NaCl and Na2SO4 attack, respectively.

4. Conclusions

Cordierite/mullite (C/M) composites with the C:M
molar ratios of 8:2 (C80), 5:5 (C50) and 2:8 (C20) were
fabricated from the corresponding mixtures of silica and

alumina sols and Mg(OH)2 powder. Sintered compo-
sites were then heated at 1000 �C for 24 h in the con-
centrated NaCl and Na2SO4 atmospheres. For all the
composites corroded in this study, a characteristic Mg
distribution in which an extending Mg-deficient inner
region followed a Mg-enriched surface layer was
observed. In the hot corrosion by NaCl, nepheline and
carnegieite were detected as the predominant corrosion
products for the C80 and C20 composites, respectively.
The cross-sectional X-ray elemental analysis and
microstructural observation with SEM showed that the
corroded layers consisted of two distinct regions where
both cordierite and mullite were chemically attacked
near the surface part and only the cordierite phase was
damaged in the succeeding inner one. On the contrary,
the corrosive Na2SO4 preferably attacked the cordierite
component in the C/M composites, resulting in the for-
mation of nepheline as the corrosion product for any
compositions. Thus, in the C/M composites, the mullite
component showed a better corrosion resistance against
NaCl and Na2SO4 than cordierite at 1000

�C in air.
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