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Disclaimer

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or
any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States
Government or any agency thereof.
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SUBTASK 6.6 - SIALON COATINGS FOR ALKALI-RESISTANT SILICON NITRIDE

1.0 INTRODUCTION

The efficiency of a gas turbine can be improved by increasing operating temperature.
Construction materials should meet both high-strength requirements and hot-alkali corrosion
resistance. Structural ceramics based on silicon nitride are promising candidates for high-
temperature engineering applications because of their high strength and good resistance to
corrosion. Their performance varies significantly with the mechanical properties of boundary
phases which, in turn, depend on their chemical composition, thickness of the amorphous phase,
and the deformation process. To make silicon nitride ceramics tough, SiAION ceramics were-
developed with controlled crystallization of the amorphous grain boundary phase. Crystallization of
the grain boundary glass improves the high-temperature mechanical properties of silicon nitride
ceramics.

Two SiAION phases, a- and B-, are isostructural with «- and B-silicon nitride' and offer a
unique combination of mechanical properties for silicon nitride-based ceramics that enhance their
performance in gas turbine applications.>* There is, however, a corrosion problem of Si;N, caused
by alkalies, especially under combustion conditions. Typical corrosion in gas turbine material has
been called Na,SO, attack and results from the formation of a sodium-silicate liquid phase at
temperatures above approximately 800°C, the eutectic temperature in the sodium-silica system.
Usually, Na,SO, is formed by the reaction of NaCl (both solid particles and vapor) with SO, when
the SO, content in flue gas is above the equilibrium of sulfur dioxide partial pressure over Na,SO,.
SiAION-Y ceramics offer more resistance in terms of hardness, elastic moduli, and corrosion. *
Oxidation of SiAION ceramics is lower by one order of magnitude than that of hot-pressed Si;N,
and in the same order of that of reaction-sintered Si,N,. It is recognized that the oxidation rate
decreases with increased of Al content.® Also, the addition of Y,0;, Nd,0,, La,0,, Sm,0,, and
CeO, as sintering aids to SiAION greatly reduces both its oxidation rate and its densification
temperature by forming a eutectic liquid phase.** It seems generally accepted that the oxidation
kinetics of both SiAION and Si,N, ceramics are strongly related to the rapid diffusion of oxygen
formed during corrosion of ceramics through the silicate melt, and this depends on both the volume
and the chemical composition of the intergranular phase(s).>" It has also been suggested that
SiAION ceramic may be used as an oxidation barrier on TiAI6V4 alloy.® 415

Thus, the knowledge of silicon oxynitride ceramics corrosion behavior in Na,SO, becomes
important for engineers in designing appropriate parts for turbines working at high temperatures.
So far there has been no report concerning alkalies attack of SiAION ceramics in the presence of
SO, and chlorine in flue gas. The goal of this project is to investigate alkali corrosion of SIAION-Y
structural ceramics under combustion conditions in the presence of sodium-derived components.

2.0 DESIGN OF EXPERIMENTAL PROCEDURE

Generally, the corrosion process of any material as well as structural ceramic is controlled by
the nature of the products produced by the chemical reactions between active components in the gas
(liquid) phase and the ceramic and by mass transport phenomena, both inward to and out from the
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Using the FACT code, we calculated the quantities of stabje alkali phases in vapor over an
ash (the composition is listed in Table 1) and pure components in the presence of SG, (1000 ppmy),
Cl, (100 ppm), and H,0 (15 vol % of total 8as) under combustion conditions. An example of
variation in quantities of alkalies in a vapor phase with temperature under combustion conditions is
presented in Figure 1. The six stable alkali phases showing the highest mole percent are KCI,
NaCl, KOH, NaOH, K,SO,, and Na,SO,. These phases by no means represent all possible active
components in the corrosion process of Si;N, and SiAION structural ceramics. Usually, sulfates
rather than chlorides and hydroxides are taken into account as active corrosion components.

- TABLE 1
Ash Composition (wt% expressed as equivalent oxide)
SiO, ALOQ, Fe,O, TiO, P,0O, Ca0O MgO Na,0 K,O
44.6 19.4 8.9 0.7 03 13.5 10.1 0.6 1.8

3.0 EXPERIMENTAL PROCEDURE

sintering powders of silicon nitride, aluminum oxide, aluminum nitride, and yttrium oxide at
1650°C for 5 hrin a nitrogen atmosphere with 2 vol% of hydrogen. The composition of SiAION-Y
Wwas restricted mainly to the composition of B-SiAION, of which the thermal expansion coefficient
(2 X 10°) deg™! is close to that of B-Si;N, ceramic (3 x 107 deg™").' The composition of the
starting powders expressed in a mole fraction is as follows: (A) SiN, = 0.23, AIN = 0.48, ALO,
= 0.26, Y,0, = 0.03 and (B) Si;N, = 0.306, AIN = 0.306, ALO, = 0.306, Y,0, = 0.08. The
equimolar amounts of Si;N,, AIN, and ALO, prepared prior to high-temperature sintering stabilize
the important single-phase B-SiAION.” The starting powders were carefully weighed and stirred in
water-free propanol using a blender for S hr. The mixture was then vacuumed-dried at 150°C
before sintering. The density of the sintered samples was determined by pycnometric technique.



Crystalline phases formed in the sintered SiAION-Y ceramics were identified by x-ray diffraction
(XRD) and scanning electron microscopy (SEM).

Prior to corrosion testing, the SLAION-Y ceramic bars were cut to 30- X 30- X 5-mm disks
using a diamond saw and were polished, cleaned in ethanol, and dried in air. Corrosion tests were
performed at 1100°, 1200°, and 1300°C for various time periods in both the sodium sulfate and
sodium chloride vapors. The sodium sulfate and chloride were vaporized at 800°C in separate
furnace and transported into the reaction section by a mixture of SG, (100 ppm) and air. The partial
pressures of Na,SO, and NaCl over pure substances at 800°C correspond to those above coal, as
indicated on Figure 1. Disks of SiAION-Y were weighed before and after corrosion tests.
Morphology tests and measurements of the thickness of the corrosion layers were performed on
cross-sectioned, polished samples using SEM sodium line scans.

Also, corrosion tests of SIAION-Y samples were performed in liquid Na,SO, and in a coal
ash slag (composition is listed in Table 2), at 1200°C as a function of time. These tests have
allowed comparison between the corrosion rate of SiAION-Y ceramics and similar corrosion tests
cited in the literature for other structural ceramics such as SiN,."* The corrosion kinetics of

SiAION-Y ceramics in liquid Na,SO, were determined from the thickness of the corrosion layers as
measured by SEM.
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Figure 1. Distribution of alkali chlorides, hydroxides, and sulfates in a vapor phase over ash as a
function of temperature in a combustion environment.
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Figure 2. X-ray diffraction patterns of SiAION-Y ceramic with diffraction lines of Si;AL,O;N; and
ALY,0,, phases indicated.
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TABLE 2

Ash Slag Composition (wt% expressed as equivalent oxide)
SiO, ALO, Fe,O, TiO, P,O, CaO MgO Na,0 K,O
28.1 14.4 10.1 2.7 0.4 27.3 5.7 10.1 1.2

4.0 EXPERIMENTAL RESULTS AND DISCUSSION
4.1 Structure and Morphology of SiAION-Y Ceramics

Figure 2 shows x-ray diffraction patterns of SiAION-Y ceramics after sintering at 1650°C for
5 hr. Two major phases are identified: silicon aluminum oxide nitride, S§ALO;N;, which
corresponds to B-SiAION® (Sis Al O, N,_, , where x = 3) and aluminum yttrium oxide (ALY,0,,),
respectively. The latter phase pertains to crystalline precipitates formed during the sintering process
(Figure 3). The densities of sintered SiAION-Y ceramics are for Ceramic A 2.828 (£0.004)-10°
kg/m’ and for Ceramic B 2.996 (+0.008)-10° kg/m®, which values are lower than the theoretical
density of the Si;AL,O,N; phase, 3.095-10° kg/m’, likely because of the presence of fine pores.'®
Fine porosity samples were lower than 3% as estimated using automated image analysis of
backscattered electron images by SEM. -

Figure 3 illustrates the microstructure of the B-SiAION-Y and B-Si;N, interface and
distribution of aluminum and silicate elements along the scan line as indicated on the
microstructure. Generally, the interface is enriched in aluminum yttrium oxide precipitates. This
indicates a high rate of diffusion of yttrium ions along grain boundaries into the interface during the
sintering process. The sintering of SiAION-Y starting powders with composition (B) and B-Si,N,
bars, purchased from Norton Company, was performed at 1650°C for 3 hr in a nitrogen
atmosphere with 2 vol% of H,. The results suggest that B-SiAION-Y ceramics create a good joint
with B-Si;N, bars without generating any cracks as the samples are cooled to room temperature.
This is highly significant information with regard to both joining silicon nitride bars to larger ones
and the formation of ceramic coatings.

4.2 Corrosion of B-SiAION-Y Ceramics in Sodium Sulfate and Chloride Vapor

Figures 4 and § illustrate corrosion mass change for two B-SiAION-Y ceramics at 1100°,
1200°, and 1300°C for up to 100 hr in Na,SO, NaCl vapor (about 10°¢ torr). Generally, the
corrosion process for these ceramics increases with temperature and is lower for SiAION, which
has higher yttrium content. The corrosion process decreases at 1300°C after 20 hr of sample
exposure to sodium sulfate and sodium chloride vapor, the result of an increase in crystalline
precipitate content for both Y,,Si;0,, and Y,,Al,0,, phases in the surface layers as identified from
XRD patterns and by energy-dispersive x-ray analysis coupled with SEM (Figure 6). The diffusion
of yttrium jons into the surface causes the formation of yttrium-rich oxide barriers to sodium
diffusion into the bulk of the ceramic, leaving a depletion zone of yttrium precipitates. The lower-
sodium aluminate, NaAlO,, and silica are also evident in the surface layers. No sodium silicate
phase has been noted in analyzed specimens.
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Figure 4. Corrosion mass change in B-SiAION-Y ceramic (Composition A) as a function of time at
various temperatures.
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Figure 7 shows secondary and backscattered images of the surface of selected B-SiALON-Y
ceramic with drops of sodium-rich silicate (a) and yttrium-rich phases beneath the drops (b),
respectively formed during the first hours of ceramic corrosion at 1300°C. The corroded surface
contains bubbles, most likely of nitrogen oxide(s), and this indicates that silicate melt formed
during the corrosion process had a higher viscosity.

The corrosion mechanism of B-SiAION-Y might be explained by the following chemical
reactions thought to occur between B-SiAION ceramics and sodium vapor:

28i,ALO;N; + 3Na,0 + 17.50, = 6NaAlO, + 6SiO, + 10NO, (1]
The above reaction can be also written in a more general way:
4SiAION + 2Na,0 + 90, = 4NaAlO, + 4Si0, + 4NO, [2]

Measurements of corrosion thickness on P-SiAION-Y ceramics using sodium line scanning
confirm the corrosion reduction at 1300°C above 20 hr (Figure 8) as previously presented in
Figures 4 and 5. The improved sodium corrosion resistance of B-SiAION-Y ceramics is caused by
the yttrium-rich phases formed during the corrosion process rather than silica, and these phases are
directly related to the yttrium content of the ceramics. Higher yttrium content corresponds to higher
corrosion resistance of B-SiAlION ceramics to alkalies. The depletion zone of yttrium and the
formation of corrosion-protective layers seem to be caused by a dissolution-reprecipitation
mechanism in yttrium-rich phases. At the present time, we do not know whether sodium dissolved
in the surface layers of B-SiAION-Y ceramics promotes the dissolution-reprecipitation mechanism
of yttrium-rich oxides.

Generally, the corrosion-protective layers formed on metals and alloys are controlled by the
lattice diffusion of atoms or ions of the reactants or the transport of electrons through the scales.
This type of transport process is parabolic with time and takes place because of the presence of
point defects. Our preliminary calculations for P-SiAION-Y ceramic using the Wagner theory”:

x} = 2k, +C (3]
and/or
(Am/S)? = 2k, +C [4]

where x denotes the thickness of a corrosion layer, Am/S represents weight gain per unit of
surface, k,’ is the parabolic rate constant, and C is the integration constant, exclude a parabolic
corrosion mechanism. This conclusion is consistent with that previously derived by Persson et al. in
the discussion of the oxidation mechanism of B-SiAION-Y.?

4.3 Corrosion of B-SiAION-Y Ceramics in Sodium Sulfate and Chloride Melt

Corrosion of B-SiAION-Y ceramic in a molten Na,SO, and NaCl mixture at 1200°C does
not significantly vary from that in a vapor phase. Figure 9 illustrates variation in corrosion
thickness with time compared to that for p-SiAION-Y ceramics exposed to the vapor phase.
Generally, the corrosion rate in P-SiAION-Y ceramics observed in a melt is higher. Also,
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higher porosity is observed in the corrosion layers as a result of more nitrogen oxide gas being
given off as one of the corrosion products. In samples exposed for a longer time to liquid salt, the
corrosion layers partially delaminate and spall during cooling to room temperature (Figure 10).
Na,0-AL0;-SiO0, silicates are formed on the surface as a corrosion product. Thus, the deleterious
reaction of sodium with SiAION-Y in the presence of sulfur and chlorine may become possible
through the formation of cracks as a result of localized stress gradients, likely generated by both
silica and silicate content. This corrosion mechanism was already recognized in both silicon carbide
and nitride ceramics."” Usually, the corrosion of silicon nitride by molten salts occurs in three
stages: 1) formation of sodium silicate, lasting only minutes, 2) inward diffusion of molecular
oxygen to the silicon nitride surface layers, forming silica, and 3) oxygen diffusion in silica.

4.4 Corrosion of B-SiAION-Y Ceramics in Ash Slag

The corrosion mechanism of B-SiAION-Y ceramic in ash slag does not vary from that
discussed above at 1200°C and is also related to the diffusion of both sodium and potassium into
the samples bulk. Figure 11 illustrates the B-SiAION-Y/slag interface, and Table 3 lists atom
percent of major elements near the interface. Generally, yttrium content increases at the interface
as a result of the precipitation of yttrium-rich phases, which creates barriers to sodium and
potassium atom diffusion into the bulk of the B-SiAION ceramic and simultaneously increases its
resistance to alkali corrosion. Practically, the B-SiAION-Y ceramic is not significantly affected by
ash slag.
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‘TABLE 3

Atomic Percent of Major Elements Near the B-SiALON—Y-Slag (B) Interface*

Bulk of Bulk SiAION-Y/ SiAION/
Element SiAION-Y SiAION Interface Slag Interface Bulk Slag
Na 0.0 0.3 0.3 ' 3.6
K 0.0 0.2 0.1 0.4
Mg ' 0.0 0.0 0.5 2.7
Al » 64.0 15.6 15.7 9.8
Si 22.5 49.5 14.9 14.9
Ca 0.0 0.0 6.5 7.4
Ti 0.0 . 0.0 0.0 0.3
Fe 0.0 0.2 ’ 0.6 2.2
Y 0.7 5.3 0.0 0.0

*Oxygen and nitrogen are not included. Corrosion conditions: 1200°C and 100 hr.

5.0 CONCLUSIONS

It has been demonstrated that yttrium-rich phases precipitated at the surface of B-SiAION-Y

ceramics increase their corrosion resistance to an alkali environment at high temperatures. The
corrosion behavior is nonparabolic, likely, as a result of the dissolution—reprecipitation process of

13

R




the yttrium-rich phases and/or the formation of high-viscosity silicate melt within the corrosion
layers, in which the diffusion of corrosion-active components cannot be described by the parabolic
rate law.
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