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Summary 
Sic samples coated with CMZP and Mg-AI2TiO5, respectively, were tested in a 

100-hour slagging combustion test at the Energy and Environmental Research Center 

at the University of North Dakota. The results of measurements and analysis indicate 

that CMZP and Mg-AI2TiO5 coatings improved the high temperature alkali corrosion 

resistance under coal combustion atmospheres. It is clearly shown that it is important 

to obtain a homogeneous and crack-free coating and good adhesion of the coating to 

the surface of the substrate for the best corrosion resistance. Some measures to 

improve the coating procedure are presented. 

1. Introduction 
The objective of this research is to apply CMZP and Mg-stabilized AI2TiO5 as 

coatings to SIC to improve corrosion resistance under coal combustion atmospheres 

as well as to improve high temperature mechanical properties. The research will not 

only develop and characterize CMZP and Mg-A12Ti05 coatings but will also strive to 

expand the existing knowledge of the mechanism of coal combustion corrosion of Sic 

in the temperature range of 1000-1 400°C. 

The Sic samples coated with CMZP and Mg-AI2TiO5, respectively, and 

uncoated samples were submitted for inclusion in the 100-hour pilot-scale test 

performed at the Energy and Environmental Research Center, the University of North 

Dakota, in June 1995 as part of the combustion 2000 project. The objective of this test 

is to examine CMZP and Mg-A12Ti05 coated Sic samples for improvement in corrosion 

resistance under coal combustion atmospheres at high temperature. 
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1. Experimental Details 

1. Coating Procedure 

(a) 
coated with CMZP were first washed with deionized water for 30 minutes 

in a solid state/ultrasonic container, then soaked in acetone for 1 hour, 

and dried at IOOOC for 2 hours. Next, the samples were washed with 

10% HF solution, rinsed with deionized water, dried at 100°C for 2 hours, 

and calcined at 12OO0C for 6 hours. Finally, the calcined samples were 

washed in 10% HCI solution, rinsed with deionized water, and dried at 

100°C for 2 hours. 

Substrate Pre-treatment. The Sic samples ( 6  x 2" x 0.5") to be 

The samples to be coated with Mg-AI2TiO5 were first washed with 

deionized water for 30 minutes in a solid state/ultrasonic container, then 

soaked in 1 :I HNO3 for 6 hours, washed with deionized water, dried at 

100°C for 2 hours, and calcined at 1200°C for 6 hours. Finally, the 

calcined samples were washed in 10% HCI solution, rinsed with 

deionized water, and dried at 100°C for 2 hours. 

(b) 

CaC12, Mg(Cl04)2*6H20,Zr(C3H70)4 and (C2H50)5P(O). The 

stoichiometric amounts of CaC12 and Mg(Cl04)2 were mixed in ethyl 

alcohol. The mixture was constantly stirred while HCI was added until a 
pH of between 2.0 and 4.0 was reached, then added to the mixture of 

Zr(C3H70)4 and (C2H50)5P(O) drop by drop. The concentration of CMZP 

solution was 0.1 mol/L, while the corresponding l i f t  rate of the samples 

Preparation of Solution$. The precursors for CMZP solution are 

was 6 cm/min. 
The precursors for Mg-A12Ti05 solution are Mg(N03)2-6H20, 

AI[C~HSCH(CH~)O]~ and Ti[CH3(CH2)30]4. The stoichiometric amounts of 

Mg( N03)2-6H20, AI[C2H5CH(CH3)0]3, and Ti[CH3(CH2)30]4 were first 
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weighted and homogenized by stirring. A solution of ethyl alcohol and 

HNO3 with resultant pH between 1 .O and 4.5 was added drop by drop to 

the mixture. The concentration of Mg-AIzTiOs solution was 1.2 mol/L 

while the corresponding lift rate of the samples was 6.5 cm/min. 

(c) Coati n a Tech n iq u e s . The pre-treated samples were soaked in the 

boiling CMZP solution for 30 minutes and remained in the solution while 

being cooled slowly to room temperature. The samples were withdrawn 

at a rate of 6 cm/min at room temperature. The coated samples were 

cured at room temperature for 72 hours at a relative humidity of 40-80%, 

then air-dried at room temperature for an additional 72 hours and dried at 

40-60°C for 48 hours, then finally heat treated at 400°C in air for 6 hours. 

The rates of increasing and decreasing the temperature were I"C/min 

and 5"C/min, respectively. The second coating was applied following the 

same procedure of the first coating. In order to obtain the pure CMZP 

phase, the samples were fired in large covered crucibles fully lined with 

CMZP powder at 1200°C for 24 hours. The rates of increasing 

temperature were 1 "C/min and 5"C/min, respectively, before and after 

4OO0C, while the rate of decreasing temperature from 1200°C to room 

temperature was 5"C/min. 

The pre-treated samples were immersed in the unhydrolyzed 

Mg-AI2TiO5 solution and vibrated for 30 minutes. The dip coating 

withdrawal rate was 6.5 cm/min. Then the samples were put in a 

container with saturated humidity for 72 hours. Next, the samples were 

dried at 65°C for 12 hours. Finally, the samples were fired at 400°C in air 

for 6 hours. The rates of increasing and decreasing temperature were 

1 "C/min and 5"C/min, respectively. The second coating was applied 

following the same procedure of the first coating. The coated samples 
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were fired at 1300°C in air for 10 hours. The rates of increasing 

temperature were 1 "C/min and 5"C/min, respectively, before and after 

4OO0C, while the rate of decreasing temperature from 1300°C to room 

temperature was 5"C/min. 

The 100-Hour S a g g i n g  Combustion Test  Conditions 

The samples labeled with R-prefix, including CMZP and Mg-A12Ti05 

coated and uncoated samples, were embedded in the refractory wall of the 

main combustor near the furnace exit and cemented in place with Zircar 

alumina cement. The samples labeled with GI-prefix, including CMZP and 

Mg-AI2TiO5 coated and uncoated samples, were located just downstream of the 

Probe Bank One. Figure 1 shows the isometric drawing of the combustion test 

system. The samples were exposed for the entire length of the test. 

When the furnace exit temperature had achieved 131 5OC, firing natural 

gas since the unit started, problems were encountered with the coal feeder. 

When the coal feeder was operational and coal firing was initiated, the unit was 

fired with natural gas, and a furnace exit temperature above 1200°C was 

maintained for approximately 52 hours. Therefore, all samples were exposed to 

natural gas at these elevated temperatures for 52 hours followed by 95-1 00 

hours of coal firing. The radiant zone samples were exposed for the full test 

period, approximately 52 hours of gas firing followed by 95-100 hours of coal 

firing. After exposure, slag and ash buildup on the samples was excessive and 

cemented the samples to the duct. Samples with GI-prefix had to be removed 

with an air hammer. Most of the samples were broken in this removal process. 

Figure 2 shows the tested samples. 

During coal firing, the test furnace was fired at 750,000 Btu/hr, achieving 

a furnace exit gas temperature between 1340 and 1370°C using 15% excess 

air. Due to excessive slag formation in the refractory lined ductwork at the 
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furnace exit, the system was shut down periodically for cleaning. After cleaning, 

the system was brought back up to operating temperature using natural gas 

prior to switching to coal. 

The Illinois No. 6 coal was used for testing, which analyses are provided 

in Table 1. 

3. Measurements of €he Samples  

The XRD of the samples coated with CMZP and Mg-A12Ti05 were 

measured. Before the measurement, all loose slag was removed from the 

samples. 

The microstructure of the surface of the samples coated with CMZP and 

Mg-A12Ti05 was examined by ESM. The EDX analysis of the samples coated 

with CMZP and Mg-A12Ti05 (on the cross-section) was determined. 

1 1 1 .  Results and Discussion 

1 .  CMZP Coated Samples  

Figure 3 shows the SEM micrographs of the uncorroded and corroded 

areas of the CMZP coated samples. Figure 4 shows the XRD results of the 

uncorroded areas of the CMZP coated samples. The CMZP phase can be 

distinguished although there were some other phases which were from the 

slag. Figure 5 shows the EDX results of the uncorroded areas of the CZMP 

coated samples indicating the existence of elements Ca, Mg, Zr, and P. This 

proved the existence of the CMZP coating after the test in the coal combustion 

atmospheres at high temperature. It can be seen that the uncorroded Sic was 

coated while the corroded Sic did not have the coating on it. It is clear that the 

CMZP coatings improve the corrosion resistance under coal combustion 

atmospheres at high temperatures. It was noticed that the Sic substrate was 

corroded if there were defects in the CMZP coating; that is, the corroded areas 
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were originated by a crack or poor adhesion of the CMZP coating. So 

homogeneous and crack-free coating as well as enhanced adhesion of the 

coating are important for high quality coatings. There were also some corroded 

areas on the sample surface. It was difficult to distinguish the CMZP phase 

because of interference from the slag. Figure 6 shows the result of EDX 

analysis, indicating that the peaks of Ca, Mg, Zr, and P were weak. 

2. Mg=Al2TiO5 Coated Samples  

The SEM results (Figure 7) showed the uncorroded areas and corroded 

areas of the Mg-AI2TiO5 coated samples. The XRD results (Figure 8) showed 

the uncorroded areas of the Mg-A12Ti05 coated samples, indicating the 

existence of Mg-AI2TiO5 phase although there were some other phases from the 

slag. The EDX results (Figure 9) showed the existence of elements AI, Ti, and 

Mg, indicating the existence of Mg-AI2TiO5 coating after the test of coal 

combustion atmosphere at high temperature. It can be seen that, similar to 

CMZP coatings, the uncorroded Sic substrate had the Mg-A12Ti05 coating on it 

while the corroded SIC substrate did not have the coating on it. Also the Sic 

substrate was corroded if there were defects in the Mg-A12Ti05 coating; that is, 

the corroded areas were originated by a crack or poor adhesion of the coating. 

Homogeneous and crack-free coatings as well as enhanced adhesion of the 

coatings are clearly important for high quality coatings. At the corroded areas of 

the samples the Mg-AI2TiO5 phase can not be distinguished from the covering 

slag. The EDX showed the existence of the elements AI, Ti, and Mg; however, 

the peaks were weak (Figure 10). 

3.  Improving the Coating Procedure 

Based on the analysis above, it is important to have a homogeneous and 

crack-free coating before the heat treatment for maximum corrosion resistance. 

The results of our current research indicate that the quality of double coating is 
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influenced by the thicknesses of first and second coatings. For example, in the 

case where the total thickness of the double coating is 8 pm, the thickness of 

first and second coatings is 2 pm and 6 pm, respectively. This is better than the 

thickness of first and second coatings being either 4 pm and 4 pm or 6 pm and 2 

pm. This result applies to both CMZP and Mg-AI2TiO5 coatings. Therefore, a 
more dilute solution of CMZP and Mg-A12Ti05 should be used for the first 

coating while a more concentrated solution should be used for the second 

coating. The dilute solution for the first coating improves the adhesion of the 

CMZP coating to the Sic surface. 
The heat treatment schedule for Mg-A12Ti05 included decreasing the 

furnace temperature from 1300°C to room temperature at a rate of 5"C/min. The 

results of current research indicated this rate should be lowered to 2"C/min to 

decrease the cracks created in the cooling process. 

To increase the adhesion of CMZP and Mg-AI2TiO5 coatings to the 

surface of the Sic substrate, pre-treatment of the substrate must be improved. 

Aging is a possible way to prolong the life of the CMZP and Mg-AI2TiO5 coatings 

and will be examined shortly. 

Conclusion 
1. 

temperature alkali corrosion resistance under coal combustion atmospheres. 

2. , Homogeneous and crack-free coatings as well as enhanced adhesion of 
CMZP and Mg-AI2TiO5 coatings to the surface of the substrate are important for 

successful corrosion resistant coatings. 

3. 

substrate surface, obtaining more homogeneous and crack-free coatings and 

enhancing the adhesion of the coating to the surface of the substrate. 

The Sic samples coated with CMZP and Mg-A12Ti05 improved the high 

The coating procedure needs to be improved by pre-treatment of the 
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Table 1. The Properties of the Illinois No. 6 Coal 
AF-CTS-7 11 Test Number: 

Date Sampled: 
Sample Number: 
Proximate Analysis, % 

Moisture 6.30 
Volatile Matter 
Fixed Carbon 

Ultimate Analysis, % 

3/14/95 

As-Fired Moisture-Free 
95-0254 

-- 
39.3 1 41.96 
43.95 46.89 

Ash 10.45 ' ' 11.15 

5.04 4.63 
69.97 

Hydrogen 
Carbon 65.55 

1.24 1.33 
3.46 

Nitrogen 
3.24 

9.47 
Sulfur 

14.49 
10.45 11.15 Oxygen 

Ash 
Moisture 6.30 -- 

Heating Value, Btu/lb 
Sulfur Input, lb SO,/MMBtu 
Ash Input, lb/MMBtu 

Sieve Analysis 

% by Weight <200 Mesh 

Ash Analysis, wt% 
SiO, - 
A1203 

TiO, 
W ,  
CaO 
MgO 
Na,O 
K20 

. so3 

Fe203 

Total 

11,676 
5.55 
8.95 

Sieve Mesh NO. 
100 
140 
200 
230 
270 
'325 

< 325 

% bv Weieht 
48.20 
18.51 
18.01 
0.77 
0.54 
4.65 
1.15 
3.55 
1.70 
2.92 

85.49 

12,464 

petained. wt % 
4.50 

10.88 
12.38 
7;69 
6.38 
8.44 

49.72 
72.23 

% $02-Free 
49.65 
19.07 
18.56 
0.80 
0.55 
4.79 
1.18 
3.65 
1.75 

91.08 
--- 

ReducinP 
2047 
2192 
2213 . 

L33L 2324 ' Fluid 

Oxidizing ReducinP 
2307 2047 
2359 2192 

Ash Fusion Temperatures, "F 
Initial Deformation 
Softening Hemispherical 2409 2213 . 
Fluid 2532 2324 ' 
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Figure 1. Isometric drawing of the combustion test system. 
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Figure 4. X-ray diffraction of the uncorroded areas of the CMZP coating (1) 
and the sample before the corrosion test (2). 
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Figure 5. EDX spectrum on a cross-section of the uncrorroded areas of the CMZP 
coating. 
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Figure 6. EDX spectrum on a cross-section of the corroded areas of the CMZP 
coating. 
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Figure 7. SEM micrographs of uncorroded areas (1) and corroded areas (2) of the 
Mg-AI2Ti05 coated samples. 
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Figure 8. X-ray diffraction of the uncorroded areas of the Mg-AI2Ti05 coating (1) 
and the sample before the corrosion test (2). 
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Figure 9. EDX spectrum on a cross-section of the uncorroded areas of the 
Mg-AI2TiOs coating. 
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Figure 10. EDX spectrum on a cross-section of the corroded areas of the 
Mg-AI2TiOs coating. 


