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Abstract

Y¥-Y,Si,07 is a promising candidate both for high temperature structural applications and as thermal barrier coatings due to its unique combination
of properties, such as high melting point, good machinability, high thermal stability, low linear thermal expansion coefficient (3.9 x 107¢ K,
25-1400°C) and low thermal conductivity (<3 W/m K above 300 °C). In this work, the hot corrosion behavior of vy-Y,Si,O; in strongly basic
Na,CO; molten salt at 850-1000 °C for 20 h in flowing air was investigated. In the employed conditions, multi-layer corrosion scales with total
thickness less than 90 wm were formed. At 850-900 °C, the outmost layer of the scale was composed of the reprecipitation of Y,Os3, the bottom of
a Si-rich Na,O-xSi0, (x> 3.65) melt layer, and the middle of a NaYSiO, layer. At 1000 °C, the corrosion products turned out to be a mixture of
NaYSigOy and Si-rich Na,O-xSiO, (x> 3.65). In all cases, a thin layer of protective SiO, formed under the Na,O-xSiO, melt and protected the

bulk material from further corrosion.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic materials exhibit numerous excellent properties,
such as good thermal stability, wear and corrosion resistance, etc.
Therefore, a great number of ceramics have been served in high
temperature and extremely corrosive environments. Such kinds
of applications include (a) refractories subjected to the action
of alkali vapors or slag in glass furnaces, blast furnaces and
stove construction, cement kiln linings, combustion chamber
boilers and town gas installations; (b) advanced high tempera-
ture coal conversion and combustion, heat exchangers, and other
energy systems. The great challenge to the reliability of struc-
tural ceramics in these environments is the requirement of good
resistance to the attack of alkalis. However, many ceramics can
be easily attacked by alkalis; thus, understanding of the attack
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mechanism and protection of ceramics from alkalis become an
important subject.’

Silicon-based ceramics, such as Si3Ng4, SiC and fiber-
reinforced SiC ceramic matrix composites (SiC/SiC CMCs),
all exhibit superior high temperature strength and dura-
bility, which enable the revolutionized gas turbine engine
technology.>? In combustion system, various compounds such
as NapCO3 and NapSOs may be generated in addition to
combustion gases.4 In these alkali environments, corrosion
of silicon-based ceramics is accelerated due to the fact that
the protective SiO; thin film formed on the surface of
silicon-based non-oxide ceramics would be dissolved in alkali
molten salt.'>~12 This result is undesirable for high tem-
perature engineering applications. In order to conquer this
shortcoming, some silicates have been considered as pro-
tective coatings on SiC or Si3N4 ceramics. These silicates
exhibit many attributes, like environmental stability, low coef-
ficient of thermal expansion (CET), chemical stability and
good adhesion with Si-based ceramics.? Recent investigations
have also demonstrated that the oxides with a general for-
mula of A;B»>07, in particular the rare earth disilicates, have a
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potential application as efficient environmental/thermal barrier
coatings.!?

Yttrium disilicate (Y,Si»O7), one of the most refractory sil-
icates with a melting point of 1775 °C, is a potential candidate
material for high temperature structural applications.'> When
Y,03 or Y203 +Si0; is used as the sintering aid for silicon
nitride (Si3N4), Y»2SioO7 forms as an intergranular phase and
plays an important role in the sintering of SizNy. If Y2Si207
was used as a sintering aid of Si3Ny directly, it could provide the
as-sintered SizNy with better high temperature properties.'+~16
Hence, the properties of Y2SioO7 have a strong influence on
the performance of Si3N4. Moreover, yttrium silicate/disilicate
has promising applications as oxidation protective coatings on
SiC/C composites.'’~1°

In our previous work, pure y-Y2Si; O7 bulk material has been
successfully prepared utilizing a pressureless sintering method
at arelatively low temperature and for a short holding time using
the powders synthesized by the solid/liquid reaction method
with LiYO, additive.?’ y-Y»Si,07 is a high temperature phase
among the six polymorphs of yttrium disilicate (y, o, 3, 7y, 9,
and properly z) and it is extremely stable in a wide tempera-
ture range. The thermal expansion of polycrystalline y-Y>SisO7
linearly changes with temperature from 25 °C to 1400 °C and
the linear thermal expansion coefficient is determined to be
3.9 x 107 K~!, which is close to that of SiC or SisN4.2! We
have also found that y-Y,Si,O7 has a low thermal conductivity
(<3 W/m K above 300 °C). The superior thermal transport prop-
erties guarantee y-Y,SipO7 to be a candidate as thermal barrier
coatings. In addition, y-Y,Si,O7 is readily machinable and can
be drilled easily by conventional cemented carbide tools.?? The
unique combination of the properties, such as machinability,
thermal stability, low thermal expansion coefficient, and low
thermal conductivity enable y-Y;Si,O7 a promising candidate
either in high temperature structural applications or as envi-
ronmental/thermal barrier coatings. Therefore, a comprehensive
understanding of the hot corrosion behavior of yttrium disilicate
is necessary.

In this work, we studied the hot corrosion of y-Y>Si,O7
in NapCO3 molten salt at various temperatures (850—1000 °C).
Compared with extensively studied Na;SO4, NayCO3 decom-
poses more readily and it is usually used to study the corrosion
under a strongly basic condition.

Na;CO3(l) = NayO(s) + CO2(g) ey

Almost all silicon-based ceramics are corroded severely in
Na;CO3 molten salt condition due to the dissolution of pas-
sive SiO; thin film in strongly basic molten salt.>7~1023.24 For
example, the hot corrosion study of Si3N4 in Na; CO3 molten salt
showed that a preferential attack of the grain boundary occurred
in Y,03-doped samples.>!%?* For other silicon-based ceramics,
such as SiC, a rapid alkali-assisted oxidation was observed in
Na,CO3 molten salt.”-10-23

This paper aims at determining the hot corrosion mecha-
nism of y-Y;Si,07 in strongly basic molten salt environment
at various temperatures. The result of this study will be help-
ful for the materials selection in high temperature and harsh

condition applications, or for choosing the candidate of envi-
ronmental/thermal barrier coatings.

2. Experimental procedure
2.1. Specimen preparation

Single-phase y-Y»SioO7 was pressurelessly sintered accord-
ing to the procedure described in our previous work.?? Briefly,
v-Y>SipO7 powders were synthesized at 1400 °C for 4 h using
SiO, and Y,03 as starting materials. And then, the bulk
material was obtained by pressureless sintering the synthe-
sized powders at 1200 °C for 80 min in air. The final density
of the samples used in this work was 3.80 g/cm® (94% of
the theory density). SEM observation showed that a trace of
amorphous SiO; presented as a secondary phase in grain bound-
aries.

Specimens for hot corrosion tests were cut to
8mm x 6.5mm x 1.4mm using a diamond wafer. The as-
cut specimens were ground on 1500 grid SiC paper and
ultrasonically cleaned in acetone and then dried. To increase
the wettability between the substrate and the salt coating,
no polish was performed. The specimens were cleaned in
a sequence of distilled water, acetone and alcohol, there-
after airbrushed with a saturated solution of Na,COj3 on a
250 °C hot plate. The amount of the salt was controlled to be
4.540.25 mg/cm?.

2.2. Specimen characterization

Hot corrosion experiments were carried out at 850 °C, 900 °C
and 1000 °C. Mass changes were monitored by a Setsys 16/18
thermogravimetric analyzer with an accuracy of +4 x 10~ g
(TGA; Setaram, Caluire, France), which was coupled with a
mass spectrometer (MS; Oministar, Asslar, Germany) to ana-
lyze the gas evolution during hot corrosion. The salt-coated
specimens were put in a platinum basket which was suspended
in TGA and the specimens were heated to the test tempera-
tures at a rate of 40 °C/min. Duplicate runs were carried out
to check the reproduction of tests. After the TGA tests, the
characterizations of the corroded samples were performed in
both the as-tested and the hot-distilled-water washed condi-
tions.

The phase compositions of the as-corroded and washed
specimens were identified by a step-scanning X-ray diffrac-
tometer with Cu Ka radiation (XRD; Rigaku D/max-2400,
Tokyo, Japan). The surfaces and cross-sectional morpholo-
gies were observed by a scanning electron microscope (SEM;
LEO SUPERA 35, Oberkochen, Germany) equipped with an
energy-dispersive spectroscopy. Cross-sections were prepared
by sputter plating ~1 wm of copper on the corroded samples,
mounting them in epoxy, and polishing to 2000 grid SiC paper.
The polished cross-sections were also examined with a scan-
ning electron microscope and electron microprobe (EMPA1610,
Shimadzu, Japan). For the EMPA measurements, NaAlSiO4 was
used as the standard reference of Si, Na and O, and yttrium metal
as the standard of Y.
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Fig. 1. Weight changes of y-Y,Si,O7 vs. time curves at different hot corrosion
temperatures.

3. Results

The plot of weight changes per unit area versus time at differ-
ent temperatures for Nap COz-coated y-Y7Si,O7 exposed in air
is presented in Fig. 1. The curves only recorded the variations
within the first 5 h because of a similar tendency thereafter. Com-
bined with the results of mass spectrometer, the major weight
loss at the initial stage was caused by the decomposition of
NayCOj3 into Nay O and CO; above 550 °C. This decomposition
reaction proceeded rapidly and completed within 1 h, after that,
the evolution of CO; gas could not be detected by mass spec-
trometer any more. At the isothermal stage, a linear evaporation
of NapO was observed at all test temperatures and the linear
evaporation rate constants are listed in Table 1. At 850 °C, the
evaporation of NayO was small and the linear rate constant was
only 3.3 x 10~ mg/(cm? h). While at 1000 °C, the evaporation
of Na, O increased obviously and the linear rate constant reached
4.8 x 1072 mg/(cm? h). The reliability values, R, as presented in
Table 1, which indicate that the linear fits of evaporation of Na; O
from the weight loss curves in isothermal stage in Fig. 1 were
perfect.

After removing the residual salt, corrosion products were
determined by XRD and the diffraction patterns are displayed
in Fig. 2. For the samples corroded at 850 °C and 900 °C, the
dominant crystalline phases were NaYSiO4 and Y,03. When
corroded at 1000 °C, however, different products were detected.
Two possible products, Y4,67(Si04)30 and NaY¢SigOgg, fit the
XRD peaks well. Assisted by the result of EDS spectra on the
corrosion surface, NaYoSigOr¢ was determined to be the major
product.

Table 1
Linear evaporation rate constants of Na,O molten salt at various temperatures
Temperature Linear evaporation rate R
°C) constants (mg/cm2 h)
850 33x1073 0.994
900 1.3 x 1072 0.997
1000 48x1072 0.998
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Fig. 2. XRD patterns detected from the y-Y,SioO7 surface after hot corrosion
tests at various temperatures: (a) 850 °C, (b) 900 °C, (c) 1000 °C.

Surface morphologies and cross-sections from the same piece
of specimen after NayCO3 hot corrosion are displayed in Fig. 3.
Before observation, all samples were treated in boiling distilled
water for 30 min to remove the residual salt. At 850 °C (Fig. 3a)
and 900 °C (Fig. 3¢), many white spots appeared on the corroded
surface. EDS analysis confirmed that the white spots were rich
in yttrium (Y: 37.83 at.%, Si: 6.9 at.%, O: the rest) but no sodium
was detected. Combined with the XRD pattern in Fig. 2, these
white spots were assumed to be Y,Os3. Besides the white spots,
a number of cracks and pores were also present on the surface.
The cracks might be caused by the thermal stress resulted from
the mismatch of thermal expansion coefficients between cor-
rosion products and the substrate. And the pores might be the
channels for the release of CO, gas. The cross-section images
of the 850 °C (Fig. 3b) and 900 °C (Fig. 3d) samples presented a
multi-layer corrosion scales: the top of the corrosion scale was
a white Y, 03 layer, the bottom was a dark layer of silicon-rich
product, and the middle was a gray NaYSiOy4 layer, accord-
ing to the XRD and EMPA results (Table 2). The surface of
the 1000 °C corroded specimen shows a “pin-like” morphol-
ogy (Fig. 3e). The corrosion product can be determined to be
NaYgSigOy6 combining the results of XRD and EMPA. It is
noted from the SEM image of the cross-section (Fig. 3f) that the
pin-like yttrium-rich NaYSigO»¢ was isolated from the molten
salt and left behind dark silicon-rich product. The summary of
scale thickness, EMPA elemental quantitative analysis and phase
identification of the corrosion scales are all listed in Table 2.

Fig. 4 shows the EMPA X-ray elemental distribution maps
collected from the polished cross-section of 900 °C corroded
specimen. The corrosive Na species was detected across the
whole corrosion scale and at the grain boundary of the substrate
as well, as illustrated in the map for Na element. This implies
that Nay O had penetrated into the bulk Y;Si»O7 body. The out-
most of the corrosion scale should be a layer of Y,0O3 because
this region was rich in Y but deficient in Si and Na elements.
At the bottom, however, a small stripe, which was rich in Na,
Si and superposed with the Y-poor zone, was Nap O-xSi0,. The
elemental quantitative results of EMPA show that the value of
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Fig. 3. SEM micrographs of the distilled-water washed surfaces and cross-sections of hot corrosion specimens from 850-1000 °C for 20 h: (a and b) for 850 °C, (¢
and d) for 900 °C, (e and f) for 1000 °C.

x for Na; O-xSiO; was higher than 3.65 (Table 2). Moreover, a 4. Discussion
thin layer of SiO, existed under the NayO-xSiO> melt since the

Si-rich region was slightly thicker than that of Na-rich region Fig. 1 is the mass variation of Na;COsz-coated v-Y2Si»O7
for this stripe from Na-map and Si-map. with time at different temperatures. At the initial reaction stage,
Table 2
Summary of experimental conditions, corrosion thicknesses, chemical contents and identified phases at the corresponding positions in Fig. 3
Temperature (°C) Corrosion scale thickness (pm) Position number ‘WDS (at.%) Phases identification
Na Y Si (0]
1 - 37.83 6.90 55.27 Y,03
850 ~40 2 10.09 17.18 17.44 55.29 NaYSiOy4
3 13.58 8.89 20.37 57.16 Si-rich melt
1 - 41.51 - 58.49 Y203
900 ~60 2 11.44 18.23 18.20 52.13 NaYSiO4
3 10.65 7.83 25.58 55.94 Si-rich melt
1 2.41 26.26 17.20 54.13 NaYgSisOo6
1000 ~90 2 11.32 8.48 25.18 55.02 Si-rich melt

3 2.69 25.77 17.86 53.68 NaY9SigOas
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Fig. 4. SEM cross-section micrograph and the corresponding elemental distribution maps of the 900 °C hot corroded specimen.

the rapid weight change was caused by the release of CO; gas
which came from the decomposition of Na,CO3. While at the
isothermal corrosion stage, the slight weight loss was aroused
by the linear evaporation of Na;O. Because NayCO3 was totally
transformed to Na; O and COa, the hot corrosion of y-Y;Si;O7
was only induced by the strongly basic Na; O molten salt. Since
both the substrate and the salt were oxides, the hot corrosion
processes in this experiment were oxygen partial pressure inde-

pendent. Therefore, we can speculate on the corrosion paths as
follows.

In the as-received samples, a grain boundary phase SiO, was
observed. Thus, NayO melt attacked the grain boundaries first
and then penetrated into the inner part of the sample. The reaction
of Na,O with grain boundary phase SiO» is quite favorable>°:

NapO(1) 4+ xSiO2(s) = NapO0-xSiOz(1) 2)



264 Z. Sun et al. / Journal of the European Ceramic Society 28 (2008) 259-265

Thereafter, the melt surrounded the grains or collected grains and
then reacted with Y, Si»O7 (to simplify the reaction equation, we
take x=1 for NayO-xSi0»):

3Na,0(1) + Y,Si,07(s) = 2NaYO,(l) 4+ 2Na,0-SiOs(1)
or
30% 4 Y5Si,07 = 2YO, ™ +2Si03%~ 3)

During the hot corrosion process, Y2SipO7 reacted with
Na;O and YO, ™ and SiO3%~ ions formed at the substrate/salt
interface. Subsequently, the YO, ™ ions would diffuse outwards
due to the basicity (or NayO) gradient between the oxide/salt
interface and salt/gas interface.>>2° The salt/gas interface had a
relatively lower Nay O (or 0%7) concentration than the inner part
because of the evaporation of NayO and the flowing air atmo-
sphere. According to Rapp and Goto’s proposition,? a “negative
solubility gradient” for oxides would exist in the molten salt film
along with the basicity (or Na;O) gradient. The “negative solu-
bility gradient” favors dissolution of oxide at the substrate/salt
interface and reprecipitation of non-protective loose particles at
the salt/gas interface. Deanhardt and Stern measured the solu-
bility of Y203 in sodium molten salt.2” YO, formed at the
substrate/salt interface, which had a high NayO activity and
high YO, ™ solubility, would diffuse to the salt/gas interface and
reprecipitate as yttria.

2Y0, = Y,0; + 0% “)

On the other hand, 51032_ could not reprecipitate from the melt
since the solubility of SiO, was independent of NayO activity
under basic conditions.?8 Thus NayO-xSiO, was left and became
rich in the oxide/salt region.

In the 850 °C and 900 °C corroded specimens, as mentioned
above, Y,0j3 was observed on the corrosion surface (as the white
spots on the surfaces in Fig. 3a and c¢). And a continuous loose
Y>03 layer presented at the 900 °C cross-section (Fig. 3d). The
yttria was the resulting product of dissolution and then reprecipi-
tation of YO, ™. Atthe bottom of corrosion scales for all corroded
specimens, a dark region rich in Na and Si was shown in Fig. 3b,
d and f. Though a little yttrium element was detected, this Si-rich
product should be Nay O-xSi0O, as indicated by the EMPA results
in Table 2. The increasing of silicon content in this compound
corresponded to a shift toward the silica-rich phase according
to the NayO-SiO, phase diagram.?” It was reported that once
the liquid Na;O-xSi0; (x=3.65) was approached, a silica layer
would form beneath the silicate melt due to the decomposition
of sodium silicates and eventually seal off the bulk material from
further corrosion.>”2? In this work, the molar ratio of SiO; to
NayO exceeded 3.65 based on the EMPA analysis. Therefore, a
silica layer should form under the Si-rich sodium silicate melt.
From the Na and Si maps in Fig. 4 we observed that a layer of
Si0; appeared under the silicate melt. This thin layer of SiO; iso-
lated the substrate from corrosive melt and provided protection
to the material.

At high temperatures, the well mixed YO, and Si032~
tended to react with Na* and formed a new compound. At 850 °C
and 900 °C, the product was NaYSiO4 according to the XRD

analysis.

Nat + YO, ™ + Si03%~ = NaYSiOq4(s) + 0>~

or

NaYO(l) + NayO-SiOs() = NaYSiOy4(s) + NayO(l)  (5)

When the corrosion temperature increased to 1000 °C, the
corrosion products were different from those corroded at 850 °C
and 900 °C as shown in the XRD patterns. At the initial stage
of corrosion, reactions (2) and (3) took place and Y>Si, Oy
dissolved into molten salt in the form of YO~ and SiO32~.
And YO, ions would also move to the outmost of the scale
to form Y,0O3. However, at such high temperature, Y03 was
more likely to react with Si-rich melt and led to the formation
of NaYg Si60262

9Y,05(s) + 2Nat + 12Si03%~ = 2NaYoSigO(s) + 110>~
(6)

Some residual Y,Os3 particles were still observed at the top of
corrosion scale (corresponding to the white spots at the top of
corrosion scale in Fig. 3f). Moreover, the YO, ™ ion would also
react with Si-rich melt to form NaYgSicO¢ during the trans-
portation process.

Nat +9Y0, ™ + 6Si03>~ = NaYoSigOx(s) + 100>~  (7)

As a result, the pin-like NaY9SigOog crystal was precipitated
from the melt as the major corrosion product at 1000 °C and the
Si-rich phase was left behind (Fig. 3f).

In general, y-Y2Si,0O7 can be corroded under the extremely
strongly basic Na,CO3 molten salt. However, the thicknesses of
the corrosion scales were less than 90 pm after 20 h exposure.
This was attributed to the formation of a thin layer of protective
SiO; formed under the Nay O-xSiO» melt scale, which protected
the bulk material from further corrosion.

5. Conclusions

We investigated the hot corrosion behavior of NayCOs-
coated y-Y»SipO7 exposed in flowing air at 850-1000 °C for
20 h. Multi-layer corrosion scales less than 90 wm were formed
on the specimens. At 850-900 °C, the outermost of the corrosion
scales was a loose film of Y503 particles due to the “negative
solubility gradient”. The bottom was a Y-deficient layer since
Y element moved to the top of the scale in the form of YO, ™.
The middle layer was a layer of Si-rich melt corresponding to
Na0-xSiO; (x> 3.65). In the case of 1000 °C, the main corro-
sion product was pin-like NaY9SigOy¢ interlaced with sodium
silicate (NapO-xSiOy (x>3.65)). The (NayO-xSiOy (x> 3.65))
melt in all specimens provided protection against a further cor-
rosion due to the fact that a silica layer could grow from this
silicon-rich melt and seal off the bulk material. During the hot
corrosion processes, a linear evaporation of NapO molten salt
was observed and the linear evaporation rate constants were
obtained by fitting the weight loss curves at the holding stage.
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