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Executive Summary 
 

 

 

This research is on the feasibility of extending the life of A-286 gas turbine 

wheels beyond its designed life for further continuation in service by suitable heat 

treatment  

 

Currently, the gas turbine users wish to run the A-286 turbine wheels even after 

200K hours of service rather than replacing it with new wheel. The OEM 

recommends replacing the A-286 wheel after 200k hours of operation. The 

replacement cost of the A-286 turbine wheel is 120K USD, which is not 

economical for the gas turbine users. The end users look forward for a solution to 

run the turbine wheel in service even after 200K hours. The end users think that if 

the wheel has not experienced any issues till 200k hours of operation, then it 

should be continued in service.      

  

This research addresses the concern of the end users and provides a solution to 

extend the life of serviced A-286 turbine wheel by rejuvenation heat treatment.  

There are several gas turbines operating with A-286 turbine wheel material in the 

Middle East and various other locations. The concern of the gas turbine users to 

operate the A-286 turbine wheel safely after the designed life was a starting point 

for this specific research. Life extension by non-destructive testing is a general 

method practiced by the industry. Life extension of components by heat 

treatments is a rare approach followed by the industry. Literature survey indicates 

that the gas turbine blades are heat treated as a part of repair works for 

continuation in service, but there has been no attempt to heat treat the A-286 

turbine wheel for life extension. The present research explores the possibility of 

extending the life of A-286 turbine wheels by heat treatment.     
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Over a period of time microstructural degradation occurs in A-286 turbine wheels 

as it approaches 200K hours. The extent of microstructural degradation may vary 

from case to case basis depending on the operating history of the turbine unit. 

Microstructural degradation of turbine wheels decreases the mechanical properties 

of the wheel. It is essential to rejuvenate the microstructure of the wheel to gain 

the required mechanical properties. The microstructure rejuvenation is possible by 

heat treatments. The microstructure of the turbine wheel can be altered by heat 

treatment and can be brought to as near to the microstructure of a new A-286 

turbine wheel. Considering this aspect, the life of the turbine wheel may be 

increased until the next inspection period.    

      

The present research work is purely an experimental research. Stress mapping was 

performed on the serviced A-286 turbine wheel to verify the different stress levels 

across the wheel. A section of serviced A-286 turbine wheel was obtained to 

study the microstructure and properties.  A new A-286 forged bar was purchased 

to study the microstructure and its properties. Heat treatments were performed on 

the sections of the serviced A-286 turbine wheel with variation in temperature and 

time. Microstructure and properties were studied after each performed heat 

treatment. A comparison of microstructure and properties was done after each 

heat treatment and was compared with the new A-286 forged bar. The mechanical 

properties studied and compared were room temperature tensile strength, high 

temperature tensile strength, stress rupture, Vicker’s hardness and Charpy impact 

strength. The best heat treatment was selected which imparted microstructure and 

properties as near to those of the new A-286 forged bar.      

 

The research findings and conclusions mate the required objectives. From the 

experimental research, it is concluded that the microstructural degradation can be 

eliminated and microstructure can be rejuvenated to restore the mechanical 

properties close to new A-286 material after the heat treatment. Thus, the turbine 

wheel can be continued in service for next 48,000 hours.      
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A life cycle management plan for the life extension of A-286 wheels is proposed. 

This involves inspection of the turbine wheel by replica metallography after 200K 

hours of service. The turbine wheel life can be extended by heat treatment, if there 

is any microstructural degradation.   
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950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original 

Magnification – 33x 
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4.73 SEM micrograph of fractured tensile sample  at 450 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original 

Magnification – 200x 
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4.74 SEM micrograph of fractured tensile sample at 450 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs); Original 

Magnification – 1000x 
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0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs); Original 

Magnification – 2000x 
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4.76 SEM micrograph of fractured charpy sample  (SA - 950 
0
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3 hrs + Age – 600 
0
C  x 4 hrs);  Original Magnification – 50x 
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4.77 SEM micrograph of fractured charpy sample  (SA - 950 
0
C  x 

3 hrs + Age – 600 
0
C  x 4 hrs); Original Magnification – 200x 

132 

4.78 SEM micrograph of fractured charpy sample  (SA - 950 
0
C  x 

3 hrs + Age – 600 
0
C  x 4 hrs);  Original Magnification – 

1000x 
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4.79 SEM micrograph of fractured tensile sample at 21 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 33x 
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4.80 SEM micrograph of fractured tensile sample  at 21 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 200x 

133 

4.81 SEM micrograph of fractured tensile sample  at 21 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); Original 

Magnification – 1000x 

133 

4.82 SEM micrograph of fractured tensile sample  at 21 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 2000x 
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4.83 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 33x 
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4.84 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); Original 

Magnification – 200x 
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4.85 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); Original 

Magnification – 1000x 
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4.86 SEM micrograph of fractured tensile sample at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 2000x 
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4.87 SEM micrograph of fractured charpy sample (SA - 950 
0
C  x 

3 hrs + Age – 600 
0
C  x 4 hrs); Original Magnification – 50x 
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4.88 SEM micrograph of fractured charpy sample (SA - 950 
0
C  x 

3 hrs + Age – 600 
0
C  x 4 hrs);  Original Magnification – 200x 
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4.89 SEM micrograph of fractured charpy sample (SA - 950 
0
C  x 

3 hrs + Age – 600 
0
C  x 4 hrs); Original Magnification – 

1000x 

135 

4.90 SEM micrograph of fractured tensile sample at 21 
0
C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs);  Original 

Magnification – 33x 

136 
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4.91 SEM micrograph of fractured tensile sample at 21 
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Magnification – 500x 
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C, (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs);  Original 

Magnification – 1000x 
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C, (SA - 
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0
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Magnification – 2000x 
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0
C  x 3 hrs + Age – 600 

0
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Magnification – 33x 
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4.95 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); Original 

Magnification – 500x 
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4.96 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs);  Original 

Magnification – 1000x 
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4.97 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); Original 

Magnification – 2000x 
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4.99 SEM micrograph of fractured charpy sample (SA - 950 
0
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hrs + Age – 600 
0
C  x 12 hrs); Original Magnification – 500x 
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0
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C, (SA - 
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0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs); Original 

Magnification – 500x 
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C, (SA - 

950 
0
C  x 3 hrs + Age – 640 

0
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Magnification – 1000x 
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C, (SA - 
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0
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Magnification – 2000x 
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Magnification – 33x 
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4.106 SEM micrograph of fractured tensile sample at 450 
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0
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Original Magnification – 500x 
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0
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Original Magnification – 1000x 

140 

4.108 SEM micrograph of fractured tensile sample at 450 
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0
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C  x 4 hrs);  

Original Magnification – 2000x 
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C  x 3 hrs + Age – 640 

0
C  x 4 hrs);  Original 

Magnification – 500x 
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4.111 SEM micrograph of fractured charpy sample (SA - 
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0
C  x 3 hrs + Age – 640 

0
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Magnification – 1000x 
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0
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Original Magnification – 33x 
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C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs); 

Original Magnification – 500x 
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C, (SA - 1120 

0
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0
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Original Magnification – 1000x 
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0
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0
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0
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0
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0
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SEM micrograph of fractured charpy sample (SA - 1120 
0
C  x 3 

hrs + Age – 640 
0
C  x 8 hrs);  Original Magnification – 50x 

144 

4.121 SEM micrograph of fractured charpy sample (SA - 1120 
0
C  x 3 
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0
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hrs + Age – 640 
0
C  x 8 hrs);   Original Magnification – 1000x 
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145 

4.124 SEM micrograph of fractured tensile sample  at 21 
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C, (SA - 
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0
C  x 3 hrs + Age – 640 

0
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Magnification – 500x 
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C, (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
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Magnification – 1000x 
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4.126 SEM micrograph of fractured tensile sample  at 21 
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C, (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs); Original 

Magnification – 1500x 
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1120 
0
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C  x 12 hrs);    Original 

Magnification – 35x 
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4.128 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 
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C  x 12 hrs);    Original 

Magnification – 1000x 
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0
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C  x 12 hrs);     Original 

Magnification – 2000x 
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C  x 3 
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1000x 
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Magnification – 33x 
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Magnification – 500x 
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C, (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs); Original 

Magnification – 1000x 
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1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs); Original 

Magnification – 2000x 
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1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original 

Magnification – 35x 
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4.139 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);  Original 

Magnification – 500x 
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4.140 SEM micrograph of fractured tensile sample  at 450 
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C (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original 

Magnification – 1000x 
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4.141 SEM micrograph of fractured tensile sample  at 450 
0
C (SA - 

1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original 

Magnification – 2000x 
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4.142 SEM micrograph of fractured charpy sample (SA - 1120 
0
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hrs + Age – 640 
0
C  x 4 hrs);      Original Magnification – 50x 
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4.143 SEM micrograph of fractured charpy sample (SA - 1120 
0
C  x 3 

hrs + Age – 640 
0
C  x 4 hrs);        Original Magnification – 500x 
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4.144 SEM micrograph of fractured charpy sample (SA - 1120 
0
C  x 3 

hrs + Age – 640 
0
C  x 4 hrs);      Original Magnification – 1500x 
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C, (SA - 

1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 33x 
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4.146 SEM micrograph of fractured tensile sample at 21 
0
C, (SA - 

1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original 

Magnification – 500x 
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1120 
0
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0
C  x 8 hrs);  Original 

Magnification – 1000x 
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Magnification – 2000x 
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0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); 

Original Magnification – 1000x 
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4.152 SEM micrograph of fractured tensile sample at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); 

Original Magnification – 2000x 
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4.153 SEM micrograph of fractured charpy sample (SA - 

1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);      

Original Magnification – 50x 
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4.154 SEM micrograph of fractured charpy sample (SA - 

1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);      

Original Magnification – 500x 
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4.155 SEM micrograph of fractured charpy sample (SA - 

1120 
0
C  x 3 hrs + Age – 600 

0
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Original Magnification – 1000x 
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4.156 SEM micrograph of fractured stress rupture sample 

(SA - 1120 
0
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0
C  x 8 hrs); 

Original Magnification – 50x 
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(SA - 1120 
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0
C  x 8 hrs);  

Original Magnification – 500x 
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(SA - 1120 
0
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0
C  x 8 hrs);  

Original Magnification – 1000x 
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4.159 SEM micrograph of fractured stress rupture sample 

(SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); 

Original Magnification – 2000x 
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0
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0
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C, (SA - 1120 

0
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0
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hrs);  Original Magnification – 500x 
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0
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0
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hrs);  Original Magnification – 1000x 
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Magnification – 500x 
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Magnification – 1000x 
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C  x 3 
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– 400x 

158 

4.173 SEM micrograph of fractured stress rupture sample (SA - 1120 
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500x 
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C  x 12 hrs);  Original Magnification – 

1500x 
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 MOTIVATION 

 Gas turbine is the versatile item of turbomachinery as of today and has a 

widespread application in several industries. Prime industries such as power 

generation, oil and gas, process plants, aviation use gas turbines. The first 

successful gas turbine was built in 1903, which comprised of a three-cylinder, 

multistage compressor, a combustion chamber and an impulse turbine [1].  The 

largest gas turbines today are over 200 MW (megawatts). The smallest capacity of 

gas turbine is as low as 50 KW (kilowatts). The demand for gas turbines has been 

escalating since last few years. It is interesting to know the region-wise gas 

turbine spread across the globe. As per the data published in October 2017, the 

population of gas turbines in Asia-Pacific region is 40%, 25% in Europe, 15% in 

Middle East and Africa, 15% in North America and 5% in Latin America [2]. 

United States, gas turbine market share is anticipated to expand over 8% by 2024. 

The Europe, United Kingdom gas turbine market size for 2015 was valued over

 USD 180 million.  The China gas turbine market is expected to exceed over 10% 

by 2024. The Indian gas turbine market is predicted to witness strong growth of 

over 12% by 2024. Saudi Arabia gas turbine market revenue was valued over 

USD 1 billion in 2015 [3]. Gas turbines are an essential part of distributed power 
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technologies, and the growth of distributed power systems will accelerate the 

demand for gas turbines in the coming years. The market research predicts the 

global gas turbine market trend is inclined to grow at a steady annual growth rate 

of 3% by 2020 [4].  

The gas turbine operating principle is easy to understand. Gas turbine 

continuously draws fresh air in and the drawn air is compressed to higher pressure 

in the compressor section. The compressor consists of a rotor with various stages 

of compressor wheels. Each stage of compressor wheel has blades mounted on it, 

which are known as compressor blades. In the combustion zone, fuel is added to 

compressed air and burnt to release its energy. The high-pressure, high-

temperature air is than directed to expansion turbine that converts gas energy to 

mechanical energy [5]. The turbine section consists of turbine wheels on which 

vanes are mounted. One of the most robust and heavy-duty gas turbines is the 

General Electric Frame 3002 and Frame 5002 models. The Frame 3002 and 5002 

gas turbines have twin shaft rotors. The turbine wheel is made up of A-286 alloy, 

which is iron-based super alloy [6].   

It is a routine practice in the gas turbine industry to carry out repairs on gas 

turbine components. The repairs include rejuvenation heat treatments on rotating 

gas turbine components such as vanes [7]. The vanes are mounted on the turbine 

wheels. Rejuvenation heat treatment is required as the microstructure of the vanes 

deteriorates after a long-term service (more than 48k hours of operation) leading 

to reduced mechanical and creep properties [8]. Thus, the rejuvenation heat 

treatment on the vanes recovers the original microstructure. On recovery of the 



Page 3 

 

original microstructure, the vanes can then be again continued in service [9]. 

Therefore, concisely the rejuvenation heat treatment essentially prolongs the life 

of the vanes, and hence the term “life extension”. Moreover, the replacement of 

the vanes is not economical, hence rejuvenation heat treatment provides a viable 

solution for continuation of vanes in service.  

Additionally, another industrial practice is to conduct condition assessment 

studies on gas turbine rotors [10]. Such studies comprise of non-destructive tests 

to assess the health of the rotor components [11]. Moreover, there have been 

demanding business challenges within the gas turbine industry. These challenges 

are as follows: 

 As per the Original Equipment Manufacturers (OEM) specifications, the 

A-286 material gas turbine wheels are decommissioned or replaced from 

service after 200k hours of operation [12].  

 Any unexpected outages due to any failures in gas turbine results in high 

costs for repair and replacement of the components. This reduces plant 

availability, eventually causing a loss in net revenue. Due to the forced 

outages, there is loss of man hours required to make the gas turbine 

available in service.  The potential cost to return a gas turbine unit back to 

service due to a particular outage event can be estimated. It is the product 

of the maintenance cost per event times the probability of the event 

occurring for a designated time period. Similarly, the risk of lost revenue 

due to an event can be estimated as the product of the lost revenue per 

event times its probability. The overall probable cost associated with that 
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event is the sum of the cost to return the unit to service, plus the lost net 

revenue [13]. 

 The gas turbine users have been strongly seeking a viable approach to 

continue the A-286 wheels in service beyond the prescribed 200k hours 

of operation. This is because the replacement cost of each wheel is about 

120K USD, which is not economical. The end users are interested to 

know, if these wheels could potentially be continued in service beyond 

200k hours of operation. The basis of continuation in service could be a 

methodological inspection and rejuvenation heat treatments [14, 15].  

In lieu of the above discussed daunting business and technical scenarios, it was 

thus hypothesized, that, the rejuvenation heat treatment approach might be applied 

to gas turbine wheels.  If the rejuvenation heat treatment works for the gas turbine 

vanes, it should as well work for the turbine wheels. Thus, this rejuvenation heat 

treatment would not only aid in life extension, but also could potentially save over 

300K  dollars and man hours. This forms the basis and prime motivation for this 

research. 

1.2 RESEARCH NEED 

The current industrial scenario and as explained in the earlier section thus 

demands an extension of the life of the gas turbine wheels beyond the designed 

life [16, 17].  Frame 3002 and Frame 5002 gas turbines can be classified as two-

shaft, heavy duty gas turbines which are designed for high operating efficiency to 

cover a broad range of speed and loading conditions [18]. The gas turbine wheels 
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for these machines are made of an A-286 material, which is an iron-based super 

alloy [19]. The chemical composition of A-286 alloy consists of Ni-26%, Cr-15%, 

Mo-1.3%, Ti-2%, Fe-54%, Mn-1.3%.  

Another pertinent interest of the end users being “Will there be any necessity of 

replacing the A-286 wheels after 200k hours, if they were maintained properly?” 

There may not be a need to replace the wheel, if the condition of the wheel is 

assessed and found to be good [20, 21]. This is because there are often damages 

that primarily occur in the A-286 gas turbine wheel due to microstructural and/or 

metallurgical transformations. The detrimental microstructural transformations in 

the form of creep voids, micro-cracks, formation of titanium or chromium 

carbides on the grain boundaries and formation of cellular phase could be 

evaluated [22]. In this way, the condition of the turbine wheel can be assessed, to 

ascertain any service damages incurred. Such assessments are routinely performed 

and are known as life extension studies. These life extension studies comprise of 

performing various non-destructive tests such as visual inspection, finite stress 

analysis, dye penetrant testing, ultrasonic flaw detection, eddy current test, replica 

metallography, on the wheel to check for any damages. Presently, the industry 

adapts the rejuvenation heat treatment as one of the Non-Destructive Testing 

approach to extend the life of the gas turbine components such as nozzles, 

transition pieces, liners and vanes.  

As hypothesized earlier, the microstructural properties of the wheel could be 

enhanced by heat treatments leading to the rejuvenation of the microstructures. 
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The rejuvenation heat treatments have been a standard practice in the gas turbine 

industry for repairing turbine vanes after the long-term service.  

The life extension of the turbine wheels by rejuvenation heat treatment is still an 

unexplored area. This area needs to be explored considering the potential business 

advantages and technical challenges. A thorough research is required to 

understand the nature of microstructural degradations, and the possible effects of 

various heat treatments on the microstructural improvement.  

The present research work focuses on the study of the rejuvenation heat treatment 

of the A-286 wheels after long-term service. Thus the research outcomes, if 

positive, will prove beneficial to the end users primarily in the regions mentioned, 

and elsewhere in the world as well.  

1.3 OVERVIEW 

The gas turbine industry is a diverse industry having around 300 gas turbines with 

A-286 wheels in the Middle East region primarily in the Saudi Arabia and the 

United Arab Emirates. The power/electricity, oil and gas, chemical and 

petrochemical, and aircraft industries employ gas turbines on a day-to-day basis. 

They are also used by small-scale industries primarily for in-house power 

generation.  The Frame 3002 and Frame 5002 heavy-duty gas turbines in the 

Middle East region are primarily used for power generation. The Frame 3002 gas 

turbines in total accounts for approximately 245 MW of power generation and 

Frame 5002 gas turbines accounts for approximately 6,937 MW of power 

generation [23].    
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1.3.1  GAS TURBINE WORKING PRINCIPLE 

 

Apropos to the earlier mentioned relevance, it is now important to understand the 

basics of a gas turbine.  A gas turbine can be classified as an internal combustion 

engine. The operating principle of a gas turbine is based on the Brayton cycle. In 

this cycle, fuel and compressed air are mixed together at a constant pressure and 

combustion takes place. At the room temperature, the air enters through the 

compressor end. In the compressor section, the pressure and temperature of the air 

is increased. The increase in air pressure and temperature depends on the capacity 

of the gas turbine. Then the high-pressure air passes through the combustion 

chamber, wherein the combustion of the fuel occurs at a constant pressure. Then 

the combustion gases present at high temperatures and pressures enter the turbine 

section. The combustion gases then expand to working pressures and emit energy 

or the required work [24].  A schematic diagram of the gas turbine is shown in 

Figure 1.1., and the working principle is explained in the next section. 

 

Figure 1.1: Schematic diagram of a gas turbine  
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1.3.2 CONSTRUCTION 

 

The gas turbine primarily consists of a compressor section, combustion chamber, 

and a turbine section (Ref Fig 1.1). The gas turbine commonly comprises of a 

single shaft onto which the compressor and turbine are mounted. The rotor 

consists of a set of compressor wheels on which the compressor blades are 

mounted.  This single shaft rotor normally rotates at 3,600-6,000 rpm [24].  Thus, 

a typical gas turbine consists of a generator, compressor, fuel injector, combustor, 

turbine and heat exchanger as shown in Figure 1.2.  

 

Figure 1.2: Different sections of gas turbine (Source: conservatoryhub.com) 

 

Furthermore, the turbine section consists of a turbine wheel, on which the  vanes 

are mounted as shown in Figure 1.3.  
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Figure 1.3: Various components of a gas turbine (Source: 

powerhousengineering.com) 

 

During the compression stage, the air enters the compressor section and gets 

compressed by the compression blades of the first stage compressor wheel. The 

approximate compression is 25 times that of the original volume.  This 

compressed air continuously propagates ahead to other stages and is further 

compressed to much lower volume (represented by dark blue in Figure 1.3).  As 

the air is further compressed to reduce volume, it takes the shape of the turbine 

(shown as yellow cone in Figure 1.3). This compressor end is often referred to as 

the cold section.  

While the compressor end forms the cold section, the hot section is the 

combustion area wherein the combustion takes place. The most common fuel used 

for combustion is the natural gas. The fuel burns in the combustion area/zone at a 

temperature in the range of 1000ºC to 1150ºC. The combustion gases are then 

allowed to expand and are directed towards the turbine vanes. A single shaft 
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connects both the compressor and the turbine sections. The energy that 

compressed the air in the compression section is actually the result of the force on 

the turbine section vanes. In most cases, the shaft on which the compressor and 

turbine are mounted is coupled to a generator for generating the electricity. 

At this stage, it is important to understand the configuration of the turbine rotor 

assembly, as the focus of this research is the life extension of the A-286 gas  

turbine wheel. The turbine wheel is a part of the rotor assembly. The rotor 

consists of a compressor end and the turbine end. The compressor end consists of 

a rotor and has different stages. Each stage consists of a compressor wheel and 

there are in total 16 such stages. The compressor wheels are normally made of Cr-

Mo steel or Ni-Cr-Mo steel. The compressor wheels have dove tail slots on which 

the compressor blades are mounted. The material of the compressor blades is SS 

403 (12% Cr, 0.15% C, 1% Mn, 0.05% Si, Balance Fe). The turbine section 

comprises of a turbine wheel, and is made of A-286 (25% Ni, 15% Cr) or M152 

(12% Cr, 2.5% Ni) material for Frame 3002 and Frame 5002 gas turbines. On the 

turbine wheel, vanes are mounted and that are made of GTD 111 or IN 738 (15% 

Cr, 9.5% Co, 3.85%W, Ni-balance) nickel based alloys. The Frame 5002 rotor 

assembly is shown in Figure 1.4.   
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Figure 1.4: A Frame 5002 rotor assembly (Source: Masaood John Brown Rotor 

Workshop, Dubai) 

1.4 IMPORTANCE OF LIFE EXTENSION 

All over the world, many industries containing turbines have been in operation for 

more than 30 to 40 years. These plants have critical components and have been 

operating beyond their designated lifetimes. Currently, most of the combustion 

turbines use oil or natural gas as fuel. Some turbines also have the capability of 

using both oil and natural gas as fuel. Over the past and even today, combustion 

turbines have been an attractive source of power generation for various utilities. 

This is because of many factors such as its cost (relatively inexpensive) and the 

ease of installation. The utility users and owners look at these factors as an 

advantage against the high lead times in setting up the steam turbine plants and  

the uncertainties in the load growth projection. The efficiency of the combined 

cycle plants has increased considerably resulting in fuel cost savings. Combined-

Turbine 

wheel 

Vanes 

Compressor 

blades 
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cycle power plant uses steam and gas turbines together to generate 50 percent 

more electricity from the same fuel as compared to a simple-cycle plant [25].  

There is an increasing trend towards the use of combustion turbines in combined-

cycle plants. It is also projected that during the next decade the usage of 

combustion turbines would be growing significantly.  The combined cycle plants 

and heat recovery system have critical components which have been in operation 

beyond their design life [26]. The critical components including gas turbines have 

aged and the plant owners and end users are significantly interested to run the 

critical components beyond their designed life. The replacement of components 

and purchase of critical components is not economical. Significant production 

losses are incurred due to the lead time of manufacturing and supply of new 

critical components.  The plant owners therefore will be glad to continue with the 

critical plant components even after the designed life, with the life extension 

approach [27]. Life extension approach is focused on assessing the current 

condition of the critical components. Based on the inspection findings of the 

component, a decision is taken whether to continue, scrap or repair the 

component.   

The life of the critical components could thus be extended beyond the designed 

life by condition assessment and life extension studies. Condition assessment and 

the remaining life analysis studies for rotating and stationary components of gas 

turbine comprise of non-destructive testing that are common in the industry [28]. 

A destructive test is recommended for a detail life assessment study, if there is a 

significant problem in the results of non-destructive testing.  



Page 13 

 

There are many turbines in service, having exceeded 50k hours of operation, and 

are further expected to operate reliably even beyond the original designed life. 

Thus, a proper planned life assessment study and refurbishment can help in 

extending the life of such turbines by another 10 to 20 years, and whereby major 

capital expenditures can be avoided [29].  Again, instead of continuing the 

operation of the turbine just after the life assessment studies, it is also possible to 

restore the properties of the critical components to reasonable extent by heat 

treatment alone. Even if 50-60% of the original properties are restored it may 

result in huge cost savings, production times and man power to the plant owners 

[30]. 

In general, the decision on the replacement of the turbine components is based on 

the original equipment manufacturer’s (OEM) recommendations. Many a times 

these recommendations are based on the OEM’s past experiences, and are 

generally not confined to the actual machine. Thus, the decision of suggesting 

replacements is quite not clear to both the operators and users. However, the end 

users prefer to assess the aged components by a third party or experts other than 

the original manufacturer. This has become a concern for the plant users as it is 

not economical to replace the parts. Over a period of years, there has been 

substantial increase in cost of the parts. This is because the turbine components 

comprise of super alloys, and their cost alone is 15 to 20 % of the turbine’s cost 

[26]. Besides this, the turbine operating practice also differs among the users and 

may tend to vary as compared with the manufacturers recommended practice. For 

example, operating the turbine at lower loads than the designed load is a common 
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practice. These cases of over and under design operations bear a detrimental 

effect on the critical components of the turbines.  Additionally, the turbine users 

ought to have the inspection techniques to assess the excess life of critical 

components.  From the assessments, it was concluded that the inspection 

schedules be increased to longer intervals to have major cost savings. Therefore, 

accurate planning of the inspection schedules will help to avoid any forced 

outages [31].  

Considering the fact that the end user needs to ensure the availability and 

reliability of the turbines, precise and improved life-assessment techniques were 

emphasized. There is a common trend to increase the turbine inlet temperature or 

the firing temperature to increase the turbine efficiency. However, these high 

temperatures pave the way for creep mechanism on the components which is a 

time dependent phenomena [32]. Additionally, the turbine components also 

experience other damaging phenomenon such as fatigue, thermal-fatigue, creep-

fatigue and high temperature erosion and corrosion.  Components such as 

combustion liners, transition pieces, nozzle segments, vanes, and turbine wheels 

operate in the creep regime. These components are in the hot gas path and 

experience high temperature damages, such as hot corrosion, creep and creep-

fatigue [7]. 

The safety of the plant components and the working personnel is of utmost 

importance [26]. This is because any failure of the turbine components will lead 

to severe consequential damage of other stationary and rotating parts resulting in 

catastrophic failure of the turbine. In this regard, there is a strong need to 



Page 15 

 

understand the prior operating history of the components before commencing the 

life extension studies.  Depending on the  prior history of the components, 

appropriate non-destructive or destructive testing may be employed. Thus, an 

accurate life assessment can conclude whether a particular component is fit for 

further service or needs a replacement or refurbishment. The plant users then can 

accordingly take a remedial action [33].  

 

1.5 RESEARCH OBJECTIVES 

The primary objectives of this research are mentioned below: 

1. To study the feasibility of extending the life of the A-286 gas turbine wheels 

beyond the Original Equipment Manufacturer (OEM) life. 

2. To study the microstructures and properties of a new A-286 forged bar and an 

ex-service A-286 wheel, and define the degradation of the material involved. 

3. To develop a rejuvenation heat treatment plan for an ex-service A-286 

turbine wheel for continuation in service after 200k hours by comparing the 

microstructures and properties of new and heat-treated ex-service A-286 

wheel material. 

4. To establish microstructure-properties dependence and life cycle 

management plan for the turbine wheels. 

1.6 RESEARCH METHODOLOY 

This is primarily an experimental research, wherein the experiments shall be 

conducted on a laboratory scale to get an idea of the microstructural 

transformations occurring in the turbine wheel after various heat treatments.  
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Keeping in mind the research objectives, this research primarily consists of  

experiments in terms of carrying out rejuvenation heat treatments and studying 

the properties of the material after each heat treatment. This will be followed by a 

comparison of the data to select the best properties of the material. The detailed 

research methodology is explained as below: 

 A new A-286 forged bar shall be purchased to study the microstructure 

and to evaluate the properties such as hardness, charpy impact strength, 

stress rupture test, room temperature and high temperature tensile 

strength. This bar would then serve as a representation of a new turbine 

wheel.  

 A gas turbine wheel made of A-286 material with more than 200k 

operating hours will be identified. This shall be followed by 

sectioning/dissecting of a portion of this wheel for further experimental 

purposes.  

 Finite element modeling shall be performed on the serviced turbine 

wheel, using the software, to map out the stresses at various zones. 

 Portable hardness survey, using a portable hardness tester  will be  carried 

out on the sectioned portion of the serviced wheel to check for any 

variations in hardness. 

 The dimensions of dissected/sectioned portions of the serviced wheel 

shall be measured. Marking will be done on the dissected portions for 

further sectioning. This is required to ensure that the samples meet the 

minimum length requirements of the laboratory for testing. 
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 Microstructural evaluation, hardness testing and Energy Dispersive X-ray 

Analysis (EDAX) shall be carried out on the serviced wheel section to 

study the transformations. 

 Pilot heat treatments will be conducted on the serviced turbine wheel 

sections. The pilot heat treatments will comprise of solution annealing at 

750ºC, 950ºC and 1120ºC respectively. Based on these results further heat 

treatments such as solution annealing and age hardening with variations 

in holding time shall be carried out. 

 After each individual heat treatment, the specimens shall be  taken for the 

various destructive testings. 

 The results after each heat treatment will be compared with the new 

forged A-286 bar results. The heat treatment with the best rejuvenated 

microstructure and properties shall be selected, after comparison. 

 The research methodology is outlined in Figure 1.5. 

 

 

 



Page 18 

 

 

 

Figure 1.5: Outline of Research Methodology 
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CHAPTER 2 
 

LITERATURE REVIEW  
 

An extensive literature survey of the gas turbine components to enhance their life 

extensions was carried out.  This survey containing various aspects and research 

gaps is classified into four segments and is explained below: 

2.1 COMBUSTION TURBINE DAMAGE MECHANISMS AND THE 

NEED FOR LIFE ASSESSMENT 

There are several combustion turbines having expensive components, and are in 

operation the world over. These turbines are used for generating electricity. 

During this generation, the utilities operate these turbines on base load 

continuously between the scheduled overhauls to meet the power supply 

demands. Many of these instances involve cyclic operation of the turbines to cope 

with the varying power load demands. There are however, many limiting factors 

during their operations such as rapid load fluctuations, start and shut downs 

resulting in thermal stresses and differential expansion of the components 

accompanied by vibrations of the rotor [34]. As mentioned in the introductory 

chapter, the turbine components made of super alloys are in the hot gas path and 

experience various damages [35]. Moreover, with cyclic loading these



 components over a long-term usage are subjected to damaging mechanisms such 

as creep, thermal-fatigue, hot corrosion, oxidation. Several other studies 

suggested that the most common damaging mechanisms such as fatigue, creep, 

hot corrosion, alloy deformation, erosion, stress corrosion cracking, thermal and 

creep fatigues for turbine components result in the failure of the components [36]. 

Earlier studies indicated that the hot gas turbine path components should have 

better oxidation and hot corrosion resistance, high thermal and fatigue resistance, 

creep resistance and long-term microstructure stability [37]. Some other 

components such as nozzles, transition pieces, combustion liners have a thermal 

barrier coating (10 to 12 mils) for protecting the base metal. Eventually, the 

coating while in service may be damaged affecting the base material [38]. There 

is thus a strong need to assess the condition of these hot gas components for 

continuity in service even after their design lives.  Proper understanding of the 

damage or degradation mechanisms in service of gas turbine components is one of 

the important aspects of life assessment studies [39]. Accurate life assessment 

techniques can help to conclude on the remaining life of the hot gas components. 

The life assessment techniques may include non-destructive and or destructive 

tests. The use of software for computing the remaining life can also be a valuable 

tool to extract more life from the aged components [40]. Proper modeling, 

laboratory studies and the study of turbine loading conditions as well aid in 

analyzing the remaining life of the hot gas components [41, 42]. 

The combustion turbines parts have a limited life due to the stresses experienced 

at varying temperatures. Stress corrosion and environment assisted cracking may 
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also occur due to combustion gases in the turbine. In addition, service life 

limitations occur due to the loading capability of the parts primarily exposed to 

high temperatures. Further, these components may fail within or before the 

anticipated designed life due to the manufacturing and service induced stresses. It 

was thus, concluded that periodic maintenance and inspections are required to 

avoid any un-excepted failure of the components [43-49].  

The existing power plants are old and are ageing faster. As replacement of the 

components in these plants is a costly affair, the life assessment of power plants 

has thus become extremely significant. The degradation of the material during 

service and the current condition of the components can be assessed by non-

destructive inspection techniques.  This provides an opportunity to the end users 

to arrive at a conclusion whether a particular component is fit for further usage or 

needs replacement. The prime objective of life assessment studies is to extend the 

life of the components, beyond their designed life [50-52].  

2.2 LIFE ASSESSMENT OF TURBINES 

Based on the degradation mechanisms of the turbine components, many authors 

have studied the life assessment of the turbines using non-destructive testing and 

finite modeling methods. 

Gas turbine rotor components such as turbine wheels, compressor wheels, 

distance piece shafts are in general designed for a safe operation of 200k hours. 

Taking into consideration that these components may fail prematurely, a margin 

of safety is provided by the design engineers [53-56]. In view of this, it was 
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recommended to replace these components at fixed intervals. However, 

considering the variations in operations based on the load demand, the 

components may undergo various stress levels inducing degradation in material 

properties. This may result in replacement of the components, even before their 

designed life or before the recommended replacement period.  Operational factors 

primarily being the loading and other issues such as frequent start and stops, not 

envisaged during the original design thus, resulting in premature failure of the 

components should be taken in to consideration. The operational factors can lead 

to early failures on account of creep or thermal fatigue. 

Life assessment programs can definitely prevent such premature failures and, thus 

can be useful in extending the life of the component even beyond its designed life. 

This will result in enormous cost cuttings. Various other non-destructive methods 

such as eddy current, ultrasonic examination and replica metallography were 

developed to assess the remaining life of the gas turbine units [57, 58]. 

An important parameter to assess the remaining useful life of the components is 

through microstructural evaluation. Many authors have concluded that the 

evaluation of microstructure of steam turbine components plays a prominent role 

in the determination of remaining useful life. This evaluation is usually done via 

replica metallography, wherein the microstructure is assessed without performing 

any sectioning. In this technique, the metallography polishing is performed on the 

component, and the microstructure is captured on a cellulose acetate tape known 

as replica. Replica microstructural studies have been conducted earlier on the 

turbine wheel and vanes, which have been in long-term service. The 
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microstructural evaluation concluded that the turbine wheel can be continued in 

service, but the microstructure needs to be monitored after four to five years of 

operation [59, 60]. 

In addition, there are life assessment studies such as hardness testing and creep 

models to evaluate and estimate the creep life prediction of the turbine wheels 

[61-63]. In this context, an interesting life assessment study was performed on a 

high-pressure rotor made of Cr-Mo-V steel to check for its material degradation. 

The rotor was in service for approximately 167,500 hours. The specimens of the 

rotor were collected from both the cold and hot sections. The results have shown 

the softening and temper embrittlement of the rotor material due to long-term 

service. Further, based on creep rupture data of the rotor material, it was 

concluded that the rotor material would not fail due to creep in future. This 

discrepancy was attributed to the uncertainties such as overheating, frequent starts 

and stops associated with the rotor operations. In view of these results, it was 

recommended that the rotor material’s inspection and evaluation should be carried 

out after 10 years of operation [64]. 

Another group of authors worked on a power turbine wheel to determine its 

remaining life. The objective of this specific study was to study the initial or 

original design calculations with the current computing techniques. The authors 

concluded that stress distribution pattern within the turbine wheel material can be 

determined and co-related with the material properties. The operating 

temperatures of the turbine wheel are known and with the observed stress pattern 

distribution within the wheel, the remaining useful life of the turbine wheel can be 
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determined [65].   Pertinent to these computing techniques, many authors have 

proposed methodologies using Finite element Analysis (FEA) and Computational 

Fluid Dynamics (CFD) models for life assessment of turbine wheels. The 

investigation on the failure mechanisms was performed under the operational 

parameters of high rotational speed in high temperature environments. The 

turbine wheels usually operate in the temperature range of 450
 o

C to 550
o
C. The 

increase in operating temperature thereafter, poses a threat to the life of the 

turbine wheels. Previously, methodologies utilizing creep life and low cycle 

fatigue life were used for evaluating the life of the high temperature components. 

These methods were sufficient to predict the remaining service life.  

In this particular case, the authors have demonstrated a practical methodology to 

predict remaining life of turbine wheels using a combination of (CFD, FEA and 

creep model). Based on the designs and operating conditions, a 3-dimensional 

CFD analysis was performed on the turbine wheel with the prime intention of 

capturing the thermal loads. The historical operating data plays a key role in 

determining the accuracy of this methodology [66, 67]. Further, FEA was 

performed on the turbine wheel, to unravel the stresses, which were then 

considered as inputs for the creep life modelling. It was concluded that this 

methodology is highly beneficial to calculate the remaining life analysis of the 

turbine wheels which were operating on high loads. 

Various studies for life predictions are available on advanced computational 

models that take into account fatigue and creep damage. It is to be noted that the 

gas turbine components often fail by fatigue and creep or due to a combination of 
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both. Researchers have conducted fatigue testing on the gas turbine components. 

Considering the operating conditions, simulation models were developed to 

reflect the true service conditions for particular components that are prone to 

failure by fatigue and creep.  These advanced simulation models are widely used, 

which can provide the probabilistic life of the particular gas turbine components 

[68-83]. 

A simulation model for the remaining life analysis of turbine wheel alloys such as 

GH4133 super alloy (Cr 22%, Ti 3%, and Ni– rest) was proposed. In this model 

cyclic hardening of the materials was taken in to account, and was developed on 

plastic strain energy density and energy based creep-fatigue parameter. Based on 

the plastic strain energy density, a generalized energy based fatigue-creep damage 

parameter was developed. The parameter accounted for the average strain or 

stress effects the creep damage in the low cycle fatigue region. It was found that 

this model predicts alloy’s fatigue behavior better as compared to other models, 

which use the plastic strain energy density methods alone. The conclusion was 

that a more reliable life prediction of GH4133 is obtained under the average mean 

strain conditions of the material. Therefore, using similar models, which consider 

the stress-strain conditions of the material, life of other components such as 

turbine combustion liners and high temperature components can be assessed [84-

86].  

The gas turbines vanes are made of nickel-based alloys such as Inconel 738 (15% 

Cr, 9.5% Co, 3.85%W and Ni-rest), GTD 111(15% Cr, 9.5% Co, 3.85%W and 

Ni-rest) and Udimet 500 (19% Cr, 19% Co, 4% Mo, 3% Ti, 3% Al, 4 % Fe and 
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Ni-rest). The, strategies for life prediction of these vanes was based on modelling 

and taking into account creep and fatigue.  It was notified that stress distribution 

pattern within the vane material is important and can help to understand the 

degradation mechanisms of the vane. Thus, by mapping the stresses within the 

vane material, it is possible to compute the remaining life. A finite element model 

was used to compute the stress distribution pattern and temperature profile of the 

first stage turbine vanes. Primarily, the effect of thermal transients and creep in 

allowing the re-distribution of the thermal stresses was considered. The 

application of the finite element model resulted in stress and temperature 

distribution patterns, which were used to estimate the damage accumulation in the 

material due to fatigue, creep and oxidation. Thus, the service damage 

mechanisms could be identified with the finite modelling. This model proves that 

the present damage in the vanes can be found, thus enabling to optimize the use of 

remaining vane life. The gas turbine users can thus be benefitted by saving the 

costs associated with the replacement of parts or refurbishment [87-91].   

The literature review further suggests that there are quantitative type risk-based 

life assessment models for risk-based maintenance and for predicting the 

remaining life assessment of gas turbines. Such models primarily use the 

operational data of the gas turbines, which includes any pervious failures, 

previous repairs, starts and stops and operating hours in total. Based on the 

operating data, the time of failure is modelled using Weibull distribution, which is 

a continuous probability distribution. The Weibull distribution is widely used in 

reliability and life data analysis due to its versatility. Depending on the values of 
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the parameters, the Weibull distribution can be used to model the life behaviors of 

gas turbines.  

It was concluded by the researchers that the risk estimation is possible considering 

the replacement, refurbishment, operating and the risk of failure of turbine as well 

after specific operation interval. Such models are effective tools to decide on 

maintenance strategy (repair or replacement) and for predicting the remaining life 

compared to the total accounted risk [92, 93]. Various computational models were 

developed by researchers to predict the remaining life of the coatings on the 

turbine vanes. The rotating components such as turbine vanes are coated with 

MCrAlY (M can be Nickel or Cobalt) or aluminide coatings. These coatings 

primarily protect the base material of the vanes from high temperature 

degradation. In the long-term service, the coatings degrade and affect the base 

material of the vanes. The models and software developed by the researchers can 

predict the remaining life of coatings, thus directly enhancing the life of the vanes 

[94].     

2.3 REJUVENATION HEAT TREATMENTS FOR LIFE EXTENSION 

Several research papers were reviewed on rejuvenation heat treatment of turbine 

components for repairs and further life extensions. The review concluded that the 

rejuvenation heat treatment has been successfully applied on gas turbine 

components such as vanes, nozzle segments, combustion liners and transition 

pieces for repairs and continuation in service [95-100].  
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Studies were conducted to evaluate the effect of re-heat treatment on serviced 

GTD 111 (15% Cr, 9.5% Co, 3.85% W and Ni-remaining) nickel based alloy used 

for turbine vanes. Various heat treatments were performed to investigate the 

microstructural transformations utilizing the scanning electron microscope and 

optical microscope.  It was concluded that sustainable recovery is possible after a 

solution annealing and ageing heat treatment [101-102]. Precipitated carbides and 

the coarse carbides were dissolved in solid solution matrix during the solution 

annealing heat treatment. The age hardening heat treatment resulted in uniform 

dispersion of precipitated gamma prime particles. This was uniform as compared 

to those in the long-term exposed microstructure. The resulting microstructure 

after the heat treatments had an adequate grain size, which imparts better material 

properties for continuation of vane in service. Hot isostatic pressing was done 

when there was a significant amount of casting porosity. The hot isostatic 

pressing is a kind of pressurized heat treatment, which minimizes the porosity and 

the life of the vanes could be extended. Therefore, the vanes can safely be re-used 

after the heat treatment, which effectively extends the life span [103-109]. 

Elsewhere, studies were conducted on IN-738 vane alloy (15% Cr, 9.5% Co, 

3.85%W and Ni-remaining)   after different rejuvenation heat treatments for the 

evaluation of the gamma prime phase (γ’) particles and the associated 

microstructural transformations [110]. The coarsening behavior of gamma prime 

particle after heat treatments at 900°C and 1000°C was studied through 

metallography. It was found that the gamma prime (γ’) particles were coarsened 

after heat treatment as compared to the original conditions. It was also found that 
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solution annealing at a lower temperature resulted in a high rate of gamma prime 

coarsening whereas solution annealing at higher temperature resulted in low rate 

of gamma prime coarsening resulting in small size gamma prime particles [111]. 

Thus, these studies concluded that the microstructure of the serviced IN738 

material vanes can be successfully rejuvenated by heat treatments [112-115].   

Literature suggests that material degradation is a prime concern for the retirement 

of the gas turbine components, which are in the hot gas path.  During long-term 

service, microstructural degradation is bound to occur under the normal operating 

conditions.  The microstructural evaluation can be done by microscopic and stress 

rupture tests. It is essential to know the operating history, and microstructural 

phase transformations before heat treatment. The as received microstructure of 

serviced components shall form the basis of selecting the successful rejuvenation 

heat treatment [116-119]. 

Literature on the heat treatment of austenitic Fe-Ni alloy highlighted the concern 

on determination of the microstructure and the creep resistance. Considering this, 

experimental heat treatments comprising of solution annealing followed by single 

step and two-step ageing were performed.   While, solution annealing was carried 

at 980°C, the ageing was performed at 715°C, 720°C and 650°C respectively.  

The heat-treated samples were found to have higher tensile and yield strength, 

especially the one which was heat-treated with a higher and lower temperature 

(two-stage) ageing process. Additionally, higher creep resistance was found in the 

sample with single stage ageing as compared with the two-stage ageing process. 

These authors have concluded that the Fe-Ni alloy with the rejuvenation heat 
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treatment of solution annealing and one stage ageing imparts much better 

properties to the material for continuation in service [120-124].   

Several authors have studied the types of carbides in the nickel alloys and its 

degradation. A study on primary metal carbide ( MC ) degeneration in a long-term 

serviced nickel based alloy K452 (Cr 21%, Co 11%, W & Ti 3.5%, Al 2.5%, Ni-

remaining) revealed that the degeneration was a diffusion-controlled process. The 

different transformed products were present in a sequence within the interfacial 

reaction, which occurs in service. It was concluded that the primary MC 

deterioration could lead to the formation of other chromium carbides such as 

Cr23C6.  Formation of such carbides along the grain boundaries can lead to 

cracking, while the material is in service [125-127].   

Research has been done on the first stage gas turbine nozzle segment to study the 

microstructural degradation occurring at high temperatures (800°C to 1050°C) in 

the nozzle material after long-term service. The first stage nozzle material is FSX 

414 (Cr 29%, Ni 10%, Co 52.5%, W 7.5% and Fe 1%), which is a cobalt based 

alloy. Investigations were performed to evaluate the effect of rejuvenation heat 

treatment on the microstructure and mechanical properties.  The long term 

operated nozzle segment revealed precipitated carbides at the grain boundaries 

due to the microstructural phase transformations. The carbides found were of 

primary and secondary types such as M6C and M23C6. Such precipitated carbides 

are detrimental to the life of nozzle segment as it reduces the toughness and 

ductility of the segment, which may serve as crack initiation sites while the nozzle 

segment is in service. It was concluded that the carbides transformation is 
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reversible and such precipitated carbides can be dissolved in the solid solution 

matrix by a rejuvenation heat treatment comprising of solution annealing and age 

hardening. In other cases where the trailing edge of the nozzle was damaged due 

to severe thinning, erosion, oxidation or deformation, a coupon replacement could 

be done [128-131]. The coupon replacement involves dissecting the entire trailing  

edge section and welding the new coupon on the nozzle.  

Researchers have studied the microstructural degradations occurring in turbine 

vanes such as grain coarsening, carbide precipitation, grain boundary carbide 

precipitation, gamma prime coarsening and creep voids. In the long-term service, 

the vanes undergo decomposition of primary carbides and form detrimental 

chromium carbides. Due to the formation of these chromium carbides, the grain 

boundaries become brittle and may crack. The authors concluded that such type of 

microstructural degradation can be reversed by a rejuvenation heat treatment. The 

rejuvenated microstructure after the heat treatment can be as close to the 

microstructure of the new vane. The damages such as creep voids can not be 

totally recovered with a heat treatment alone, and hence the rejuvenation includes 

a combination of both; the hot isostatic pressing and the heat treatment. The 

rejuvenation heat treatment aids in dissolving the precipitated carbides in solid 

solution matrix, and imparts a uniform gamma prime distribution, thus enhancing 

the mechanical properties of the vane material [132].       

Apropos to the earlier mentioned studies, there are component and maintenance 

programs which continuously monitor the operation of gas turbines for reliability 
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and efficiency. Such programs serve as efficient tools to track any component 

failures and also, to plan scheduled outages [133]. 

2.4 STUDY OF A-286 ALLOY, MICROSTRUCTURE AND 

PROPERTIES 

The A-286 is an iron-based super alloy, and is used where high strength and 

corrosion resistance is required. The A-286 alloy can be used for temperature 

applications in the range of 480°C to 704°C, where a ductile and non-magnetic 

high strength material is required. The A-286 alloy is commercially available as 

plate, sheet, strip and rod forms and is normally produced by argon oxygen 

decarburization refining or vacuum induction melting. The A-286 alloy has a 

Nickel content of 24 to 27% and Chromium content in the range of 13.5 to 16%.  

These A-286 alloys have diverse applications in the gas turbine and aircraft 

industries [134-136]. The A-286 alloy exhibits better mechanical properties after 

solution annealing and age hardening, hence the gas turbine and aircraft industries 

use the A-286 alloy in the solution annealed and age hardened condition [137].  

An A-286 super alloy ingot was studied for microstructural heterogeneities by 

metallographic evaluation. It was shown, that the A-286 ingot contains 

heterogeneities and impurities such as segregation, laves and cellular phases. 

These heterogeneities have a detrimental impact on the properties of the A-286 

alloy. A series of experiments conducted by authors revealed that low Si and Ti 

contents are favorable for reducing the above-mentioned phases, which are 

normally observed in the inter-dendrites [138, 139].   
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Authors have studied and presented a model for steady state deformation of A-

286 alloy at high temperature. This model is based on the theory of thermally 

activate glide of dislocations within the material. Experiments were conducted to 

know the parameters such as free energy, threshold stress required, and the 

volume rate, all primarily to control the movement of dislocations. Creep tests 

were conducted on the A-286 alloy at stress levels in the range of 180-750 MPa 

and in the temperature range of 600°C to 700°C. The gamma prime size and 

average distance between the gamma prime (γ’) particles were determined using 

transmission electron microscopy.  The study concluded that a relationship exists 

between the gamma prime (γ’) particles and creep strength. The coarse gamma 

prime (γ’) particles can reduce the creep strength of the A-286 material [140, 

141].  

The microstructure and mechanical properties of an A-286 alloy were studied 

after different ageing treatments. The effect of age hardening treatment was 

examined on the creep behavior of the alloy at 640°C. The A-286 material was 

evaluated in the as –received state using micro-hardness test. It was concluded 

that the precipitation of the stable eta (η) phase degrades the mechanical 

properties of the A-286 alloy. This is supported by the creep rupture time, which 

could be further reduced by variation in the ageing temperature. The 

microstructures exhibited different precipitate morphology with variation in the 

ageing temperature and soaking period. The creep samples failed in an 

intergranular fashion. A Larson–Miller parameter was used to provide a 

correlation between the stresses, temperature and rupture times. Further, it was 



Page 34 

 

suggested that extrapolations to service conditions using this method must be 

considered with caution [142-147]. 

 The microstructural characteristics of the A-286 alloy second stage vanes were 

evaluated and the effect of re-heat treatment was studied.  The studies revealed 

that the A-286 alloy is more or less similar to the austenitic stainless steel.  The 

high temperature properties of the A-286 alloy are notably due to γ’ precipitates 

and uniform distribution of alloy carbides such as MC, M6C and M23C6 and the 

solid solution strengthening. Over a period in service, this alloy undergoes 

microstructural degradation in the form of carbide precipitation and η-phase 

formation. The presence of precipitated carbides and a large number of η-phases 

can have detrimental effect on the stress rupture properties of the material. The A-

286 alloy should have good creep resistance and dimensional stability at elevated 

temperatures to survive in the long-term gas turbine operations. The formation of 

the FCC γ’ precipitates imparts significant amount of high temperature strength to 

the A-286 vanes. It was observed that addition of aluminum and titanium play a 

key role in formation of the γ’ precipitates. The formation of detrimental η-phase 

results in depletion of γ’ particles. The study involved re-using the A-286 gas 

turbine components after extending the life beyond the covered warranty by 

suitable heat treatments. The rejuvenation heat treatment comprising of solution 

annealing and age hardening can restore back the microstructure to as 

manufactured condition, thus enhancing the properties and life of the material 

component [148-153].  
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Studies are available on the A-286 alloy to evaluate the effect of solution 

annealing and ageing heat treatments. A study was performed in which a 

commercial A-286 alloy was solution annealed and age hardened at 715
o
C with a 

soaking period ranging from 0.5 to 450 hours, including the peak strength age 

hardening for around 16 hours. The microstructural evaluation indicated that the 

eta ƞ phase was formed at grain boundaries after six hours of ageing and the 

fraction of eta ƞ phase increased as the duration of ageing was increased. The 

tensile tests performed after ageing revealed ductile type fracture by micro-void 

coalescence. It was also observed that the ductile fracture path changes with 

ageing time variations, and becomes intergranular after an ageing time of 50 

hours. It was noted that the presence of hydrogen decreased the ductility for 

samples, which were aged beyond 4 hours.  The loss of ductility was almost 

constant beyond 4 hours of ageing and was independent of the fracture path. The 

fracture nucleation by carbide inclusion with gamma prime particles was evident 

for samples aged from 4 to 16 hours. Fracture nucleation by grain boundary eta 

phase was observed for samples aged beyond 50 hours [154].   

Studies on the fatigue-crack propagation in A-286 alloy were conducted by 

comparison of crack growth rates. Depending on the cyclic stresses, the long and 

short crack growth rates were measured. It was concluded that microstructural 

phase transformations are responsible for crack growth within the material [155-

160].   

Interesting experiments were conducted to study the stress corrosion cracking 

behavior of the age hardenable Ni-Fe-Cr alloys such as X-750, IN 718 and A-286 
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alloy in flowing water reactor with pressure. It was concluded that A-286 alloy 

has a good stress corrosion cracking resistance in the age-hardened condition. The 

precipitates at the grain boundary have detrimental effect on fatigue and creep. 

The low cycle fatigue properties were enhanced with the improvised 

microstructure for A-286 alloy after age hardening heat treatment [161-164].    

There are studies on precipitated hardened A-286 alloy to verify the influence of 

eta (ƞ) phase and γ’ phase on the corrosion behavior of A-286 alloys, particularly 

utilizing the electrochemical potentio-kinetic reactivation and double loop 

electrochemical potentio-kinetic reactivation techniques. It was observed that with 

a given ageing temperature, the gamma prime (γ’) precipitates tend to form 

discontinuities in the passive layer, thus increasing the susceptibility to localized 

corrosion attack [165].  

2.5 LITERATURE REVIEW – KEY INFERENCES 

A detailed review of the literature spanning turbine damaging mechanisms, life 

assessment of turbines, rejuvenation heat treatments for life assessment, review of 

A-286 super alloy lead to key inferences. The key inferences being:  

 The turbine components operating at high temperatures are subjected to 

various kinds of damaging mechanisms such as wear, erosion, hot 

corrosion, stress corrosion cracking, thermal fatigue, creep, and creep-

fatigue [166]. Thus, the turbine components could experience premature 

failure in service due to any of the damaging mechanisms and can lead to 

heavy production, and subsequent economic losses. The life of gas turbine 
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components can be extended beyond the designed life for safe operation 

by condition assessment and remaining life analysis studies [167].  

 The life extension studies can assess the current condition of a particular 

component to conclude whether the component can be further continued. 

There are various methodologies for life assessment, which include non-

destructive testing such as replica metallography, portable hardness 

testing, ultrasonic flaw detection, eddy current testing, magnetic particle 

testing, dye penetrant testing, boroscopic inspection and visual testing 

[168]. The life assessment testing also includes finite element modelling, 

and concluding on life by high-end software. The use of software 

methodology for life assessment needs realistic inputs on the operational 

data and operating parameters [169, 170]. After such non-

destructive/destructive tests, and modelling approaches for life 

assessment, a decision can be taken on whether to replace or continue the 

component in service. Such an approach helps the end users to plan an 

appropriate maintenance/inspection schedule outages as required with 

considerable amount of cost savings [171].            

 The gas turbine components such as combustion liners, transition pieces, 

nozzle segments, shrouds are either refurbished or repaired after stipulated 

running hours. The primary objective is to assess the health of the 

components and decide if the components can be repaired or retired.  The 

components after a certain period of operation undergo microstructural 

degradation, which reduces the mechanical properties [172]. The 
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microstructural degradation can be corrected by heat treatment. Through 

solution annealing and ageing heat treatment, the microstructure can be 

restored to as manufactured condition [173-176]. The rejuvenation heat 

treatments on gas turbine components such as vanes is possible, and is 

successful in enhancing the mechanical properties of the component. This 

approach is regularly followed by the gas turbine repair industry. The 

vanes are heat treated by solution annealing followed by ageing and the 

microstructure is evaluated [177-179]. The observed microstructure 

determines the suitability of vanes and other components for continuation 

in service.  

2.6 LITERATURE REVIEW – IDENTIFIED GAPS 

The literature review leads to identification of the gaps, which are as follows:  

 There are life assessment methodologies, which consider the approach of 

non-destructive testing, finite modelling and destructive testing to assess 

the life of turbine wheels. The heat treatment approach to rejuvenate the 

turbine wheel material for continuation in service is not considered.  The 

heat treatment approach for life extension is practiced for the gas turbine 

components such as nozzle segments, combustion liners, transition pieces 

and vanes and has proven successful. In particular, the rejuvenation heat 

treatment for gas turbine wheels is not attempted to extend the life span. 

  Heat treatments comprising of solution annealing and age hardening have 

not been considered as an approach to extend the life of A-286 gas turbine 
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wheels after 200k hours of service.  The microstructure of gas turbine 

wheel experiences degradation in terms of carbide precipitation in the 

continuous service operation. The microstructure of the A-286 can be 

rejuvenated after 200k hours of service but not considered, primarily for 

life extension. There are approaches such as non-destructive techniques 

and fracture mechanics for life extension but enhancing the properties and 

extending life of the A-286 gas turbine wheel by heat treatments is not 

explored.  

 Microstructure and properties of A-286 gas turbine wheel after 200k hours 

of service have not been studied in depth and the effects of the degraded 

microstructure on the properties of the wheel material are not mapped.  

The microstructure of serviced gas turbine wheel consists of precipitated 

carbides and other phase. The mapping of the transformed microstructural 

constituents is not explored and in particular, the effect of the carbide 

transformation on the material properties has not been investigated. The 

effect of microstructural transformations on properties such as toughness, 

stress-rupture, hardness, high and low temperature tensile test properties 

have not been widely covered. This is primarily for the A-286 alloy wheel 

material, which has been in service for more than 200k hours.  

 A recent study on a serviced gas turbine A-286 wheel was conducted by 

group of authors. The turbine wheel had accumulated more than 200,000 

service hours. It was essential to know the condition of this wheel for 

fitness for service. The condition of this particular wheel was assessed by 
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microstructural study using replica metallography, which is a non-

destructive method. The microstructural findings revealed excessive 

carbide precipitation along the grain boundaries and the authors concluded 

that the wheel should be retired from service.  

 Earlier, in this section it was mentioned for the gas turbine vanes that with 

the rejuvenation heat treatment it is possible to restore the microstructure 

to as manufactured state. With this, if a rejuvenation heat treatment is 

performed on this particular A-286 wheel, it would have been possible to 

continue the wheel in service instead of retiring it from service.  This 

would have been certainly beneficial for the end users. 
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CHAPTER 3 
 

EXPERIMENTAL AND THEORETICAL WORK  
 
This research is a combination of both experimental and theoretical work. This 

chapter describes the various tests performed, applicable standards, 

instrumentation along with the principles and procedures involved. The 

experiments and tests were carried out at the following organizations and 

laboratories: 

 Masaood John Brown, Dubai, United Arab Emirates. 

 Lonestar Technical Services, Dubai, United Arab Emirates. 

 Incotest Laboratory, A Division of Special Metals, Wiggin Limited, 

Hereford, England. 

 Westmoreland Mechanical Testing & Research, Limited, Banbury, United 

Kingdom. 

3.1 CHEMICAL COMPOSITION 

A forged A-286 bar (henceforth referred to new or as purchased) was procured as 

a part of the research requirements mentioned in the preceding sections. 

The chemical composition of this new A-286 bar was analyzed to compare with 

the composition of serviced turbine wheel. The chemical composition was 
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analyzed at Lonestar Technical Services in Dubai, which is a UKAS accredited 

laboratory and approved by Dubai Accreditation Centre. The chemical 

composition was determined using an Optical Emission Spectrometer (OES) and 

X-Ray Fluorescence Hand Held Gun. 

3.1.1 OPTICAL EMISSION SPECTROMETER 

The OES is an analytical instrument used for elemental analysis of solid metallic 

samples. The OES operates on the principles of Inductively Coupled Plasma 

(ICP) as the excitation source, and is also known as ICP optical emission 

spectrometry [180]. The OES utilizes application of electrical energy, which is in 

the form of a spark. This method is primarily called as arc spark OES. The arc is 

generated between an electrode and the metal sample to be analyzed. The sample 

is vaporized at temperatures in the range of 4500oC to 6000oC by the arc spark 

discharge. The generated atomic vapor containing atoms and ions are further 

excited to emit radiations. The emitted radiations are propagated into the 

spectrometer through a bundle of optical fibres and then dispersed into the 

spectral components. Each element has its own spectrum and a certain 

wavelength, and this element spectrum is measured by a device known as charge-

coupled device (CCD).  The intensity of the radiation is proportional to the 

concentration of element in the sample. This is then internally re-calculated from 

the calibrated curves stored in the library and is directly displayed as elemental 

concentration in percentage [181, 182].  
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An OES, Make-HILGER Analytical, United Kingdom (Model Polyvac E982) was 

used. The calibration of the OES was done using the chromium and cobalt 

element blocks. A small piece (3 inch x 3 inch) from the new A-286 bar and the 

serviced turbine wheel was analyzed under OES in accordance to ASTM E1019 

“Standard Test Method for Determination of Carbon, Sulfur, Nitrogen, and 

Oxygen in Steel, Iron, Nickel, and Cobalt Alloys by Various Combustion and 

Inert Gas Fusion Techniques” and ASTM E353 “Standard Test Method for 

Chemical Analysis of Stainless, Heat-Resisting, Maraging, and Other Similar 

Chromium-Nickel-Iron Alloys”. On each piece, 3 sparks were taken and the 

average percentage of element was reported. The OES used to determine the 

chemical composition of the A-286 new bar, and the serviced turbine wheel is 

shown in Figure 3.1. 
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Figure 3.1: Optical emission spectrometer used for chemical analysis 

3.1.2 X-RAY FLUORESCENCE (XRF) 

The chemical composition of the new A-286 bar and the serviced turbine wheel 

was also determined by a hand held XRF gun. An XRF hand held gun has two 

major components: an X-ray tube and a detector. The primary X-rays are 

generated by the source and are directed at the sample to be analyzed.  These 

primary X-rays pass through a filter so that the X-ray beam is modified to a 

straight path. This beam then strikes the sample, and the secondary X-rays are 

emitted and collected for further processing by a detector. This is followed by the 

generation of a spectrum, which displays the X-ray intensity peak (Y-axis) against 
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the energy (X-axis) of a particular element. The elements present are then 

identified by the peak energy, which provides an indication of the amount of the 

element. This information is further used by the analyzer to calculate the element 

composition.  The chemical composition of the sample (metal) is displayed on the 

screen after pressing the XRF gun trigger [183, 184].  

The XRF gun used is Oxford make, X-Met 3000+. Prior to testing of the 

specimens, the XRF gun was calibrated with the test block of SS 304 (Cr 18%, Ni 

8 %). Total 3 sets of readings were taken on the samples of these materials and 

the average was reported. The photographs of the XRF analysis on the new A-286 

bar and serviced wheel section are shown in Figures 3.2 and 3.3. 

 

Figure 3.2: XRF analysis on a new A-286 bar 

 



Page 46 

 

 

Figure 3.3: XRF analysis on a serviced turbine wheel section 

3.2 FINITE ELEMENT ANALYSIS (FEA) 

Finite element analysis was carried out on the serviced turbine wheel. The aim 

was to verify and map the stress distribution patterns throughout the wheel. The 

finite element analysis was conducted in collaboration with PCI company, United 

Kingdom, which are experts in this field. Stress distribution patterns were mapped 

using high-end software, which is proprietary.  

3.2.1 FINITE ELEMENT ANALYSIS METHODOLOGY 

Most of the engineering problems in the industry are real-time and there are no 

readymade solutions available.  This is because of the fact that they are of 

complex nature involving mathematical equations, and or the problems that arise 

with the boundary and initial conditions. These problems can only be solved with 

simulations and numerical equations. Numerical solutions tend to approximate 

equivalent or exact solutions primarily at the discrete points to map the stress 

[185, 186]. These discrete points are called nodes. The basis of FEA Method is 



Page 47 

 

the principle of minimization of energy. This means that when a particular 

boundary condition is applied on a component, it can result in several different 

boundary configurations. Out of these several different boundary configurations, 

only one particular boundary configuration is possible based on the numerical 

methods. The first step of the numerical methods is discretization. In this method, 

the component to be mapped is divided into several sub-regions and nodes. The 

two most commonly used numerical methods being Finite Difference Method and 

Finite Element Method [187].    

Finite element analysis is a computational method that involves modelling, to 

predict real-time simulations to check for the component’s behavior while in 

service. This is done using a general purpose finite method software such as 

ANSYS [188]. In general, FEA modelling is used to predict how an individual 

component reacts in operation at a particular service condition through software 

simulations. The simulation is normally done to check the actual effects of 

stresses, forces, fluid flow, vibration and any other physical effects.  Finally, FEA 

analysis  utilizes numerical techniques and has applications in a variety of fields.  

3.2.2 FINITE ELEMENT ANALYSIS PROCEDURE 

The dimensions for the finite element model were primarily based on the 

measurements taken from the dissected section of the A-286 serviced turbine 

wheel. Considering the fact that the turbine wheel is aged in service, the wheel 

dimensions were adjusted with the nearest imperial dimensions to that of the 

wheel in as manufactured stage.   
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The basic material properties were based on the consensus values for alloy A-286: 

Density = 7940 kg/m
3
, Young’s Modulus = 201 GPa, Poisson’s Ratio = 0.3. The 

boundary conditions were applied as a lateral restraint in the axial direction 

considering the A-286 alloy data. The 2-Dimensional axisymmetric mesh was 

created using the ABAQUS pre-processor by taking linear quadrilateral elements 

(ABAQUS type CAX4R). This mesh was created to cover the entire area of the 

dissected wheel material as shown in Figure 3.4. 

 

Figure 3.4: Mesh of a turbine wheel created for finite element analysis 
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The boundary conditions were applied as a lateral restraint in the axial direction. 

The rotational speed of 4670 rpm was based on the normal operating speed value 

as supplied. The initial elastic analysis was run assuming no temperature gradient 

and thermal effects to inform the creep test conditions and identify the peak stress 

locations.    

3.3 PORTABLE HARDNESS TESTING 

The operating principle of portable hardness tester is based on the impact device. 

An impact device releases an impact body containing a permanent magnet and a 

hard indenter on the material to be tested. Impact body is released by the 

application of spring force on the test area/sample.  The hard indenter deforms the 

test material elastically and plastically. Once the impact body comes to halt, 

elastic recovery of the test sample and impact body occurs, which causes the 

impact body to rebound. The velocity of the impact body is recorded, and is 

converted to the hardness value. The hardness reading thus measured in the 

selected mode is displayed on the screen [189].  

The hardness survey was performed on the dissected turbine wheel to check for 

any hardness variations within the material from bore to dove tail areas. The 

hardness tester was calibrated using the calibration block and Surface preparation, 

in the form of grinding with a 400-grit silicon carbide wheel was done prior to 

portable hardness testing. Portable hardness test was carried out in accordance 

with ASTM A956 “Standard Test Method for Leeb Hardness Testing of Steel 

Products”. Starting from bore to dove tail area, hardness readings were taken at 
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every 1-inch interval.  At every location, 3 readings were taken and the average 

reading has been reported. The hardness survey was performed using an Equotip-

3 portable hardness tester from Proceq, Switzerland. A photograph of the 

Equotip-3, hardness tester is shown in Figure 3.5.  

 

Figure 3.5: Portable Equotip-3 hardness tester 

3.4  MICRO EXAMINATION (OPTICAL & SCANNING ELECTRON 

MICROSCOPE) 

Micro-examination was performed on the as new A-286 bar, serviced turbine 

wheel and the different specimens after heat treatments. The metallographic 

preparation was done in accordance with ASTM E3 – “Standard Guide for 
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Preparation of Metallographic Specimens”. The preparation techniques may vary 

to some extent for the super alloys for desirable results.   

The micro-examination was carried out using a standard metallurgical microscope 

and scanning electron microscope.  

3.4.1 METALLOGRAPHY PREPARATION  

Metallography samples with longitudinal and transverse sections were taken from 

new A-286 bar, serviced turbine wheel material before and after different heat 

treatments. The samples dissected for metallography were of 0.5” x 0.5” x 0.4” 

size.  For identification purposes, the specimens were given the laboratory sample 

numbers such as 1, 2, 3, 4. This identification was primarily to trace the samples 

at any given moment of time. 

The dissected samples were cleaned in an ultrasonic bath for 30 minutes for hot 

mounting. The hot mounting is a process where the samples to be 

metallographically polished are embedded in the resin, to obtain a mold of 25mm 

diameter for ease of polishing. After the ultrasonic cleaning, the samples were 

placed on a hot mounting stage. The hot mounting press used was Citopress from 

Struers, Denmark  as shown in Figure 3.6.  
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Figure 3.6: The hot mounting press - Citopress 

Two specimens, one with longitudinal section and other with transverse section 

were placed on the hot mounting stage. Multifast resin (from Struers, Denmark) 

was poured (around 2 spoons) over the sample stage. The mounting stage was 

then lowered and the start key on the machine was pressed. The Citopress was 

programmed for 2 minutes cycle (heating and cooling) for preparation of the 

mounts. On completion of the cycle, the alarm signal was displayed on the 

Citopress screen. The mounted sample was then again cleaned using acetone and 

water to get rid of any loose resin powder deposits. The representative hot mounts 

after mounting process are shown in Figure 3.7.  
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Figure 3.7: Prepared hot mounts 

After mounting, the metallographic polishing was required in order to acquire the 

desired finish, so that the samples could be readily observed under the 

microscope. The metallographic polishing was done using Struers Polishing 

Machine – Abraham, Denmark that is shown in Figure 3.8.  

 

Figure 3.8: Polishing machine “Abraham”, used for metallographic polishing 
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The samples for polishing were inserted in the fixture and placed on the polishing 

unit. The timer for polishing cycle was set for 2 minutes for each step. The 

polishing was done using silicon carbide grit papers of 220, 320, 500 and 1000.  

Fine polishing was done over a micro-cloth using 6 micron and 1 micron diamond 

suspensions. The final polishing was done using colloidal silica on a velvet cloth. 

After the final polishing, the mounts were cleansed with water and acetone, and 

were dried-up with a hot gun dryer, manufactured by Struers, Denmark. The 

specimens were observed in the un-etched and etched conditions. The etching was 

done using Aqua Regia for about 30 seconds to reveal the microstructure. The 

etching solution was prepared by mixing of concentrated hydrochloric acid and 

concentrated nitric acid (HCl: HNO3) with ratio of 3:1. This entire etching process 

was done under a fume hood.  

3.4.2 OPTICAL MICROSCOPY  

An optical microscope also known as a light microscope, primarily utilizes the 

visible light and a system of lenses to magnify the images of the samples to be 

inspected [190].  The major parts of an optical microscope are the objective, 

eyepiece, focus knob, stage, condenser and light source. The magnified image of 

the sample is formed with the help of an objective lens and eyepiece by 

magnifying it, to observe the image with naked eyes through the eyepiece. The 

primary image (magnified image) of inverted real image is formed with an 

objective lens. The objective lens is a very high-powered magnifying glass having 

a very short focal length [191]. This was brought close to the sample under 

http://www.olympus-ims.com/microscope/terms/feature12/
http://www.olympus-ims.com/microscope/terms/feature12/
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examination, so that the light from the specimen comes to a focus of about 

160 mm inside the microscope tube. This creates an enlarged image of the sample 

subject. After focusing the bright-lighted sample, a highly enlarged image could 

be seen. It is the  image viewed by the eyepiece lens that provides further 

enlargement. The eyepiece was arranged in such a way that the primary image 

was located closer to the eyepiece than the anterior focal point to form an 

enlarged virtual image [192]. 

The mounted specimens were examined under the optical microscope in the un-

etched and etched conditions. The as polished and etched sections were examined 

at magnifications of 50x, 100x and 200x. A  CCD camera was attached on to the 

microscope to obtain the image on the computer screen. The images were 

captured using the PAXIT software. An Optical Microscope, Upright, Model- 

Axioskop, Carl Zeiss, Germany was used and is shown in Figure 3.9. 

  

Figure 3.9: Optical Microscope used for microscopic evaluation 

https://en.wikipedia.org/wiki/Real_image
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3.4.3 SCANNING ELECTRON MICROSCOPE (SEM)  

The mounted specimens were also observed under the Scanning Electron 

Microscope (SEM). The principle of SEM involves that the electrons are 

produced at the top of the column, accelerated down and passed through a 

combination of lenses and apertures to produce a focused beam of electrons, 

which strikes the surface of the sample. The sample was mounted on the stage in 

the chamber area and both the column and the chamber are evacuated by a 

diffusion pump. The level of the vacuum achieved was of 10
-3 

Pa.  The position of 

the electron beam on the sample was controlled by scan coils situated above the 

objective lens [193-195]. These coils allow the beam to be scanned over the 

surface of the sample. This beam rastering or scanning, as the name of the 

microscope suggests, enables information about a defined area on the sample to 

be collected. Due to electron-sample interaction, signals are generated and then 

detected by the appropriate detectors. The SEM produces images by scanning the 

sample with a high-energy beam of electrons. As the electrons interact with the 

sample, they produce secondary electrons, backscattered electrons and 

characteristic X-rays. These signals were collected by one or more detectors to 

generate images, which were then displayed on the computer screen. When the 

electron beam strikes the surface of the sample, it penetrates the sample to a depth 

of a few microns, depending on the accelerating voltage and the density of the 

sample. As a result of this interaction, secondary electrons, back scattered 

electrons, and X-rays are produced [196-198].   
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 The etched samples were examined under the SEM at magnifications varying 

from 500x to 2000x. The mounted samples were made conductive by wounding 

copper tapes before placing on to the SEM stage. A Scanning Electron 

Microscope, Model-JSM 6010LV, JEOL, Japan was used and is shown in Figure 

3.10.  

 

Figure 3.10: The Scanning Electron Microscope 

3.4.4 ENERGY DISPERSIVE X-RAY ANALYSIS (EDAX)  

During EDAX analysis, two different types of X-rays are produced depending on 

the interaction of the electron beam on the sample surface [199]. The atoms are 

ionized by the primary electron beam leading to holes generated on the core 

shells; following the ionization, the electrons from outer shells fill the holes and 

cause the emission of X-ray fluorescence lines [200-202]. The silicon-based 
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detector utilizes the energy of the incoming X-ray, which is dissipated by the 

creation of a series of electron-hole pairs located in the semiconductor crystal. A 

high bias voltage was applied across the crystal which causes electrons and holes 

to move towards the electrodes on the opposite sides of the crystal, producing a 

charge signal which is passed on to the pulse processor.  By measuring the 

amount of current produced by each X-ray photon, the original energy of the X-

ray can be calculated [203]. An EDAX spectrum is essentially a histogram of the 

number of X-rays measured at each energy. The EDAX spectrum displayed the 

elements present in the sample or phase analyzed [204]. 

The SEM was also equipped with an Energy Dispersive Analysis of X-Ray 

(EDAX) from Oxford, England. The EDAX was used for the elemental analysis 

of a particular phase or bulk of the sample. The carbide mapping on the serviced 

wheel sections was done using the EDAX.  The EDAX detector on the SEM is 

shown in Figure 3.11. 

 

Figure 3.11 – EDAX Detector on the SEM 
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3.5 MICROHARDNESS TESTING 

Microhardness testing is extremely useful to determine the hardness of a 

particular phase, carbides, and case or core hardness [205, 206]. The principle of 

any hardness tester lies in indenting the sample surface followed by measuring 

dimensions of the indentation (depth or actual surface area of the indentation).  A 

diamond indenter is used which creates a square type pyramid shape on the 

sample. The diagonal lengths of the pyramid are measured using the micrometer 

on the hardness tester. The measured lengths are converted to the Vickers 

hardness number using the conversion table at that respective load. The Vickers 

hardness is calculated by using the formula F/A, where F is force applied on the 

indent in kgf, and A is the surface area of the indent in mm
2
 [207, 208].  

The micro-hardness testing was performed on all the prepared metallographic 

samples. The micro-hardness testing procedure was in accordance with the ASTM 

E-384, EN ISO 6507, and ASTM E-92 standard specifications. The etched 

mounts were placed on the micro-hardness tester stage. A load of 300 gm was 

applied for a short period. The diagonal lengths of the pyramid were measured 

using the micrometer on the hardness tester by viewing through the eyepiece at a 

magnification of 500x. On each mounted section, 5 hardness readings were taken 

and average was reported. The Vickers Microhardness tester used to measure the 

hardness of the prepared samples was of Mitutoyo, Japan, and is shown in Figure 

3.12.  
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Figure 3.12: Microhardness tester used for hardness measurements 

3.6 DIMENSIONAL MEASUREMENT 

The portion available from the serviced A-286 turbine wheel for testing was 510 

mm in length and 125 mm in thickness. The dimensional measurements were 

taken on the dissected block in order to plan for the individual sections for heat 

treatments and to cover the sample availability for destructive tests. The 

dimensions were mapped with a measuring tape. The turbine block section along 

with dimensions is shown in Figure 3.13. 
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Figure 3.13: Dissected portion of turbine wheel 

The representative photographs of the dissected sections after wire cutting is 

shown in Figures 3.14 and 3.15.  

 

 

Figure 3.14 – Four different sections after further dissections 
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Figure 3.15: Section 10 near the dovetail area after further dissections  

 

Overall, 10 different sections were marked and obtained from the original turbine 

block. The individual sectioning was done using Wire cutting method for taking 

out different sections from the dissected wheel portion. Some of the sections were 

further dissected into two halves for pilot runs. These sections were denoted with 

A, B, C and D. For example, if sections were taken from primary section 9, these 

were marked as 9A and 9B.  

The detailed dimensions of the dissected sections are given in Table 3.1. 
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Table 3.1- Dimensions of the Individual Sections Obtained from the Block 

Section No. Length, mm Width, mm Height, mm 

1 175 50 125 

2 175 50 125 

3 175 50 125 

4 170 50 125 

5 160 50 125 

6 150 50 125 

7 135 50 125 

8 130 50 125 

9 110 50 125 

10 100 50 125 

 

3.7 HEAT TREATMENTS (SOLUTION ANNEALING & AGE 

HARDENING) 

Heat treatment experiments were conducted on the various dissected sections of 

the serviced turbine wheel. 

3.7.1 HEAT TREATMENT EQUIPMENT 

 All the heat treatments were carried out in a vacuum furnace ‘TAV, Vacuum 

Furnace Engineering Limited, United Kingdom. Model TPH 1200 S/N – 571’ at 

Masaood John Brown workshop in Dubai. A vacuum furnace enables to perform 

heat treatments in vacuum. Heat treatments for gas turbine components require 

vacuum, primarily to prevent any oxidation effect.  The vacuum furnace is also 

used to carry out the brazing operation [209].  
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The primary objective of vacuum heat treatment was to eliminate air and its 

reactive elements within the furnace zone. This was achieved by evacuating a 

tightly sealed heat-treating chamber by a vacuum pumping system. . An oil 

diffusion pump was incorporated along with the mechanical pumping system. The 

function of the diffusion pump was to remove the left out air in the heating 

chamber, thus providing a very clean atmosphere during the heat treatment 

process [210]. The bake-out cycle involves heating the empty furnace to a 

temperature of atleast 1000°C higher than its normal operating temperature and 

holding at that temperature for a period of up to 30 minutes [211]. The heat 

treatment cycle runs with a single push button. On completion of the heat 

treatment cycle, the buzzer goes on. The entire heat treatment program steps such 

as heating rate, cooling rate and the holding period are governed by the  software 

(2010) provided by TAV, United Kingdom.   

The maximum working temperature of furnace is 1300
o
C, and the hot working 

zone dimensions are 1200 mm width x 1200 mm height x 1200 mm depth. The 

final vacuum attained by furnace was of 10
-5

 / 10
-6

 millibar. The furnace was 

equipped with an argon gas fan for rapid quenching/cooling. All the samples to be 

heat treated were placed on the fixture inside the furnace. 

The vacuum furnace used is shown in Figures 3.16 and 3.17. 
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Figure 3.16 – Vacuum furnace used for heat treatments 

 

Figure 3.17 – Vacuum furnace showing the internal chamber  

3.7.2    HEAT TREATMENT CYCLES  

Initially the pilot heat treatments were carried out on the sections to include the 

lower and higher solution annealing temperatures as listed below: 
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 Solution annealing at 750
o
C  for 3 hours 

 Solution annealing at 950
o
C for 3 hours 

 Solution annealing at 1120
o
C for 3 hours 

Solution annealing heat treatment involved holding the wheel sections in furnace 

for the above specified temperature and time followed by rapid cooling. The 

graphical representation of pilot heat treatments is given in Figure 3.18. 

 

Figure 3.18 – Graphical representation of the pilot heat treatments 

 

The microstructure was evaluated after the pilot solution annealing heat 

treatments. Based on the observations of the pilot heat treatments, the remaining 

heat treatments were formulated/planned.  

The heat treatments performed on various sections of the serviced wheel are given 

in Table 3.2 and Table 3.3. 
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Table 3.2- Pilot Solution Annealing Heat Treatments 

Section Pilot Solution Annealing Heat Treatment 

Section 9C 750
o
C x 3 hrs 

Section 9A  950
o
C x 3 hrs 

Section 9B 1120
o
C x 3 hrs 

 

Table 3.3- Planned Solution Annealing (SA) and Ageing (Age) Heat Treatments 

Section Heat Treatment  Cycle 

Section 10 SA - 1120
o
C  x 2 hrs   +   Age - 720

o
C  x 16 hrs 

Section 2 SA - 950
o
C x 2 hrs       +  Age - 720

o
C x 16 hrs 

Section 9A SA - 950
o
C  x 3 hrs      +  Age - 720

o
C x 16 hrs 

Section 9B SA – 1120
o
C  x 3 hrs    +   Age - 720

o
C  x 16 hrs 

Section 8C-1 SA – 950
o
C  x 3 hrs     + Age - 600

o
C  x 4 hrs 

Section 8C-2 SA – 950
o
C  x 3 hrs     +  Age - 600

o
C  x 8 hrs 

Section 8D-1 SA – 950 
o
C  x 3 hrs     +   Age - 600  

o
C  x 12 hrs 

Section 8D-2 SA – 950
o
C  x 3 hrs     +   Age - 640

o
C  x 4 hrs 

Section 7.1 SA – 950
o
C  x 3 hrs     +   Age - 640

o
C  x 8 hrs 

Section 7.2 SA – 950
o
C  x 3 hrs     +   Age - 640

o
C  x 12 hrs 

Section 6 SA – 1120
o
C   x 3 hrs     +   Age - 600

o
C  x 4 hrs 

Section 5.1 SA – 1120
o
C  x 3 hrs     +   Age - 600

o
C  x 8 hrs 

Section 5.2 SA – 1120
o
C  x 3 hrs     +   Age - 600

o
C  x 12 hrs 

 

 



Page 68 

 

Section Heat Treatment  Cycle 

Section 4 SA – 1120
o
C  x 3 hrs     +   Age - 640

o
C x 4 hrs 

Section 3.1 SA – 1120
o
C  x 3 hrs     +   Age - 640

o
C  x 8 hrs 

Section 7.2 SA – 1120
o
C  x 3 hrs     +   Age - 640

o
C  x 12 hrs 

 

There was a need to program each heat treatment cycle and feed in the vacuum 

furnace operating system software, provided by TAV, United Kingdom, as, these 

heat treatment cycles were not available in the software. For this reason, 

individual heat treatment plots were drawn out as planned. The graphical plots for 

all the heat treatments performed are provided below: 

1. Pilot Heat Treatment Cycle – 1 (Section 9C) – Solution Annealing  
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2. Pilot Heat Treatment Cycle – 2 (Section 9A) – Solution Annealing 

 

3. Pilot Heat Treatment Cycle – 3 (Section 9B) – Solution Annealing 
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4. Heat Treatment Cycle – 4 (Section 10) – Solution Annealing + Ageing 

  

 

5. Heat Treatment Cycle – 5 (Section 2) - Solution Annealing + Ageing 

 

 



Page 71 

 

6. Heat Treatment Cycle – 6 (Section 9A) - Solution Annealing + Ageing 

         

 

7. Heat Treatment Cycle – 7 (Section 9B) - Solution Annealing + Ageing 
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8. Heat Treatment Cycle – 8 (Section 8C-1) – SA + Age 

 

 

 

9. Heat Treatment Cycle – 9 (Section 8C-2) – SA + Age 
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10. Heat Treatment Cycle – 10 (Section 8D-1) – SA + Age 

 

 

 

11. Heat Treatment Cycle – 11 (Section 8D-2) – SA + Age 
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12. Heat Treatment Cycle – 12 (Section 7.1) – SA + Age 

 

 

 

13. Heat Treatment Cycle – 13 (Section 7.2) – SA + Age 
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14. Heat Treatment Cycle – 14 (Section 6) – SA + Age 

 

 
 

15. Heat Treatment Cycle – 15 (Section 5.1) – SA + Age 
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16. Heat Treatment Cycle – 16 (Section 5.2) – SA + Age 

 

 

17. Heat Treatment Cycle – 17 (Section 4) – SA + Age 
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18. Heat Treatment Cycle – 18 (Section 3.1) – SA + Age 

 

 

 

19. Heat Treatment Cycle – 19 (Section 7) – SA + Age 
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After each heat treatment, furnace charts/graphs were examined to check if the 

temperature and the soaking period were accurate. Each heat treatment cycle was 

named in accordance with the identified dissected section.    

3.8 DESTRUCTIVE TESTS 

Destructive tests were performed on each section after the heat treatment, and on 

the serviced turbine wheel. The destructive tests performed are listed below: 

 Room Temperature Tensile Test 

 High Temperature Tensile Test 

 Stress Rupture Test  

 Charpy Impact Test  

The destructive tests were carried out at the laboratories in the United Kingdom. 

The specimens for testing were along the thickness of the turbine wheel, as the 

maximum stresses are in this direction. The destructive mechanical testing 

direction for the sample on the test blocks is shown in Figure 3.19.  
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Figure 3.19: Schematic of the A-286 turbine wheel section showing the dissected 

section and sample direction for mechanical tests 

  

3.8.1 TENSILE TESTING (ROOM TEMPERTAURE AND HIGH 

TEMPERATURE) 

Tensile tests were performed on the new A-286 bar and the serviced turbine 

wheel sections. Tensile tests were also performed on the sections after various 

heat treatments. Two samples were tested and the average readings were reported. 

These tests were performed at both the room and high temperatures of (450
o
C), 

primarily to assess the tensile properties after various heat treatments. The room 

temperature tensile test was in accordance with ASTM E8 – “Standard Test 

Method for Tension Testing of Metallic Materials”. The high temperature tensile 

test was in accordance with ASTM E21 – “Standard Test Methods for Elevated 

Temperature Tension Test of Metallic Materials”. The tensile testing was carried 

Test sample direction 
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out at Incotest and Westmoreland laboratories, United Kingdom. The tensile 

testing machine used were Instron 5582 (room temperature) and Instron 8561 

(high temperature) both of 100 kN capacity. The machines used for room 

temperature and high temperature tensile testing are shown in Figures 3.20 and 

3.21. 

 

Figure 3.20:  Instron 5582, room temperature tensile testing machine 
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Figure 3.21: Instron 8561, high temperature tensile testing machine 

 

 All the samples for tensile testing were machined to nominal diameter 4.0 mm 

and parallel length 25.0 mm respectively. They were marked with a 4D gauge 

length for determination of plastic elongation. The samples were gripped with a 

single channel extensometer and tested at room temperature and 450 
o
C (Heating 

time approximately 60 mins and soak time 30 mins approximately) respectively. 

The samples were tested with a controlled strain rate beyond the yield point of the 

material with the help of an extensometer. All the tensile calculations were done 

by Instron software. The stress strain plots are also generated by the software. 
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3.8.2 CHARPY IMPACT TEST 

The Charpy test is used to measure the impact energy required to break a material 

under certain impact load, normally at a predetermined temperature. Charpy 

impact tests were performed on the new A-286 bar and the serviced turbine wheel 

section before and after various heat treatments, in accordance with the ASTM 

E23 – “Standard Test Methods for Notched Bar Impact Testing of Metallic 

Materials”. The charpy impact testing was carried out at Incotest and 

Westmoreland laboratories in the United Kingdom on Satec Systems Impact 

Testing Machine, Capacity: 240 ft-lbs. The Charpy testing machine used in the 

present study is shown in Figure 3.22.  

 

Figure 3.22: Satec Impact Testing Machine 
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The Charpy impact test is primarily applied to know the material toughness or to 

determine whether the material is ductile or brittle [212]. On impact of the 

striking pendulum, the specimen absorbs energy until it yields. The specimen then 

starts to undergo plastic deformation at the notch. With the absorption of energy, 

the plastic zone at the notch work hardens. During this process and at a certain 

stage, the specimen would not be in a position to absorb any more energy, 

following which fracture occurs.  The impact energy was then calculated based on 

the height to which the striker would have risen, if no test specimen was in place, 

and is compared with the height to which the striker actually rises [213]. Tough 

materials absorb a lot of energy, while brittle materials absorb very little energy 

prior to fracture. Fracture toughness can be evaluated by examining and studying 

the fracture surfaces [214]. The schematic in Figure 3.23 explains the mechanism 

of impact on the specimen. 

 

Figure 3.23: Schematic showing the principle of Charpy impact test 

 

The samples were machined for testing as per ASTM E23 at room temperature. 

The specimen dimensions were 55 x 10 x 10 mm having a V notch. The V notch 
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is 2mm deep, with 45
o 
angle and 0.25 mm radius at base of notch. The notch in 

the specimen is a zone of stress concentration. Three specimens were tested and 

the average value was reported. 

3.8.3 STRESS RUPTURE TEST 

The stress rupture test is primarily conducted to determine the time required for 

rupture of the material specimen at constant load and constant temperature. In 

general, the stress rupture test measures the time to rupture and the effect of 

temperature on long-time load-bearing characteristics. Stress rupture testing is 

similar to creep testing, except the stresses are higher [215]. 

Stress rupture and creep is initiated by three principal deformation processes at 

elevated temperature: 

 Deformation by slip - More slip systems operate at high temperature, slip 

bands are coarser and widely spaced 

 Sub-grain Formation: Creep deformation produces in-homogeneity 

especially around grain boundaries, allowing dislocations to arrange 

themselves into a low-angle grain boundary. This becomes easier for 

metals with high stacking false energy 

 Grain boundary sliding: This is produced by shear process and promoted 

by increasing temperature/or decreasing strain rate. This results in grain 

boundary folding or grain boundary migration [216, 217]. 

Stress rupture testing was performed on the as new A-286 bar and the serviced 

turbine wheel section. Stress rupture tests were also performed on the sections 
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after various heat treatments, in accordance to ASTM E139 – “Standard Test 

Methods for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests of 

Metallic Materials”. Stress rupture testing was performed on one sample per 

section at two different set of parameters as mentioned below: 

520 MPa stress and 550
O
C temperature 

385 MPa stress and 650
O
C temperature 

These parameters were finalized after discussion with Masood John Brown, 

Engineering Department. The parameters were so chosen that the design and 

actual operating conditions of the turbine wheel were covered. Stress rupture 

samples were machined to 6.34 mm diameter for 25.4 mm gauge length to apply a 

static stress at a specific temperature for 100 hours. The stress rupture tests were 

carried out on Qualicreep testing machine of 100 kN Capacity at Incotest and 

Westmoreland laboratories, United Kingdom. Stress rupture testing machine used 

is shown in Figure 3.24.  

 

Figure 3.24: Stress Rupture Testing Machine 
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3.9 FRACTOGRAPHY USING SCANNING ELECTRON MICROSCOPE  

The study of fractures is known as fractography. The study of fracture surface of a 

material enables to determine the nature and type of failure.  Fractography or 

fracture analysis is important as it provides details on the nature and morphology 

of fracture including the origin of failure. Fracture morphology reveals important 

information whether the fracture is ductile or brittle by the modes such as dimple 

or cleavage. It can also provide valuable information such as breakage 

mechanism, direction of crack propagation and location of origin.  

The fractured samples of the tensile tests, Charpy tests and the stress rupture 

testes were examined under SEM to study the fracture morphology. The fracture 

samples were dissected and cut just below the fracture surface. The dissected 

samples were cleaned in an ultrasonic bath for 30 minutes and then mounted on 

the SEM holder after making conductive with copper tapes. Fracture modes were 

observed by varying the magnifications from 1000x to 5000x. This was followed 

by capturing the images of the fractured specimens. The fracture morphology was 

co-related with the test performed.  
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CHAPTER 4 
 

RESULTS  
 

This chapter consists of results from chemical analysis, finite element modelling, 

portable hardness test, microstructural analysis, micro-hardness testing, room 

temperature and high temperature tensile test, stress rupture test and charpy 

impact test. 

4.1  CHEMICAL COMPOSITION 

The chemical composition of new A-286 bar and the serviced turbine wheel as 

analyzed on the optical spectrometer is given in Table 4.1.  

 

Table 4.1- Chemical Composition by Optical Spectrometer 

 

Weight %  C Mn  Cr Ni Mo Ti V Al Si 

New A-286 

Bar 

0.036 1.2 14.9 25.1 1.2 2.4 0.4 0.23 0.17 

Serviced     

A-286 

Turbine 

Wheel 

0.039 1.2 14.8 25.1 1.3 2.4 0.39 0.23 0.17 

A-286 Alloy 

Limits 

0.08 

max 

2 max 13.5- 

16 

24-27 1-1.5 1.9- 

2.35 

0.1-

0.5 

0.35 

max 

1 max 

 

 

 



The chemical composition of the as new A-286 bar and the serviced turbine wheel 

as analyzed by X-ray Fluorescence (XRF) is given in Table 4.2. 

Table 4.2- Chemical Composition by XRF 

Weight %  C Mn  Cr Ni Mo Ti V Al Si 

As New        

A-286 Bar  

- 1.2 14.9 25.1 1.2 2.4 0.4 0.23 0.17 

Serviced       

A-286 

Turbine 

Wheel 

- 1.2 14.8 25.1 1.3 2.4 0.39 0.23 0.17 

A-286 Alloy 

Limits 

0.08 

max 

2 max 13.5- 

16 

24-27 1-1.5 1.9- 

2.35 

0.1-

0.5 

0.35 

max 

1 max 

 

The alloying elements of the as new A-286 bar and the serviced turbine wheel as 

analyzed on spectrometer and by XRF gun are consistent with the compositional 

limit of A-286 alloy.        

4.2 FINITE ELEMENT ANALYSIS 

Finite element analysis was performed on the serviced A-286 turbine wheel. The 

dimensions for the Finite Element model were primarily based on the 

measurements taken from the dissected section of the A-286 turbine wheel. The 

boundary conditions were applied as a lateral restraint in the axial direction, as 

shown in Figure 4.1.  
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Figure 4.1: Boundary Conditions applied to Finite Element Model 

The peak hoop stress occurs in the bore as would be expected. The radial stress 

distribution is more complex with stress concentrations occurring over a number 

of locations. The stress across the wheel was in the range of 300-450 MPa. While 

the locations are expected, the values are more dependent upon the geometry, 

boundary conditions and applied (blade) load. Obviously, the 2-D axisymmetric 

model does not include the dovetail slots; and hence the stress distribution shown 

near the rim is not representative of the real component. The stress distribution 

pattern on the serviced A-286 turbine wheel is shown in Figure 4.2. 
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Figure 4.2: Stress Distribution Pattern in the serviced A-286 turbine wheel 

450 Mpa 
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4.3 PORTABLE HARDNESS TESTING 

The portable hardness testing was conducted on the dissected section of the A-286 

serviced wheel. The hardness measurement locations are shown in Figure 4.3. 

 

Figure 4.3: Portable hardness test locations on dissected section of A-286 test 

block 

 

The portable hardness readings are given in Table 4.3.  
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Table 4.3- Portable hardness testing readings of the serviced turbine block. 

Location 
Hardness                   

HV 

Average 

HV 

         
Location 

Hardness            

HV 

Average 

HV 

1 319, 321, 325 322 49 323, 322, 324 323 

2 323, 318, 316 319 50 325, 328, 329 327 

3 320, 315, 312 316 51 332, 329, 331 331 

4 313, 315, 318 315 52 333, 331, 335 333 

5 319, 318, 321 319 53 321, 324, 326 324 

6 317, 318, 316 317 54 324, 328, 329 327 

7 312, 318, 319 316 55 328, 330, 323 327 

8 318, 320, 322 320 56 326, 327, 324 326 

9 319, 320, 316 318 57 332, 331, 328 330 

10 316, 319, 320 318 58 322, 324, 327 325 

11 324, 323, 327 325 59 321, 322, 324 322 

12 322, 324, 320 322 60 319, 320, 323 321 

13 321, 323, 325 323 61 321, 324, 325 323 

14 322, 323, 325 323 62 322, 324, 320 322 

15 324, 322, 325 324 63 327, 325, 321 324 

16 326, 321, 328 325 64 323, 324, 327 325 

17 320, 324, 322 322 65 325, 323, 324 324 

18 327, 326, 325 326 66 321, 324, 326 324 

19 326, 324, 323 324 67 324, 325, 321 323 

20 325, 327, 326 326 68 326, 324, 325 325 

21 324, 323, 325 324 69 322, 326, 324 324 

22 329, 326, 327 327 70 331, 337, 334 334 

23 324, 328, 326 326 71 328, 329, 331 329 

24 329, 328, 325 327 72 325, 327, 329 327 

25 334, 327, 332 331 73 324, 328, 329 327 

26 330, 328, 329 329 74 330, 333, 334 332 

27 330, 327, 329 329 75 329, 330, 334 331 

28 330, 335, 333 333 76 329, 331, 333 331 

29 333, 329, 328 330  77 329, 333, 334 332 

30 335, 332, 327 331 78 329, 330, 333 331 

31 332, 331, 336 333 79 331, 329, 330 330 

32 335, 334, 333 334 80 324, 322, 329 325 

33 331, 330, 335 332 81 330, 325, 324 326 

34 333, 330, 332 332 82 303, 294, 306 301 
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Location 
Hardness                    

HV 

Average 

HV 

 

Location 
Hardness            

HV 

Average 

HV 

35 331, 335, 333 333 83 311, 305, 306 307 

36 332, 329, 331 331 84 317, 315, 312 315 

37 331, 330, 332 331 85 318, 319, 316 318 

38 331, 332, 333 332 86 323, 324, 321 323 

39 330, 331, 329 330 87 321, 319, 316 319 

40 330, 331, 336 332 88 314, 317, 311 314 

41 333, 334, 337 335 89 327, 326, 319 324 

42 333, 331, 334 333 90 326, 327, 328 327 

43 332, 334, 335 334 91 326, 323, 324 324 

44 331, 334, 333 333 92 323, 322, 321 322 

45 337, 332, 333 334 93 321, 323, 326 323 

46 331, 335, 332 333 94 330, 324, 328 327 

47 328, 327, 326 327 95 329, 326, 325 327 

48 323, 321, 327 324  

 

It could be noted that there is no significant variation in the hardness. The 

hardness varies in the range of 314 to 344 HV. 

4.4 MICROSTRUCTURE EVALUATION/ MICROEXAMINATION 

The microstructures were examined for the new A-286 bar, serviced turbine 

wheel and on the wheel sections after different heat treatments. This section 

documents the observations of the microstructural evaluation.  

4.4.1 MICROSTRUCTURES OF NEW A-286 BAR, SERVICED TURBINE 

WHEEL, PILOT AND PLANNED HEAT TREATMENTS 

The micrographs of the as new A-286 bar and serviced turbine wheel are 

presented in Figures 4.4 to Figure 4.7.  
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T  

Figure 4.4: Micrograph of as new A-286 bar; 

transverse  section showing the general microstructure; 

Etched;  Original Magnification – 200x (GS:6-7) 

Figure 4.5: SEM micrograph of as new A-286 bar, 

transverse section; Etched;  Original Magnification – 

500x 

 

  
  

Figure 4.6: Micrograph of serviced turbine wheel;  

transverse  section showing the general microstructure; 

Etched;  Original Magnification – 200x (GS:4-5) 

Figure  4.7: SEM micrograph of serviced turbine 

wheel; transverse section displays carbide network;  

Etched; Original Magnification – 500x 

  

The micrographs of the pilot solution annealing heat treatments are presented in 

Figures 4.8 to Figure 4.13. 
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Figure 4.8: Micrograph of Transverse section  after 

pilot HT (SA – 750 
0
C x 3hrs) showing the general 

microstructure; Etched;  Original Magnification – 200x 

(GS:4-5) 

Figure 4.9: SEM micrograph of Transverse section   

after pilot HT (SA – 750 
0
C x 3hrs) showing the general 

microstructure Etched;  Original Magnification – 500x 

                               

  
  

Figure 4.10: Micrograph of Transverse section after 

pilot HT (SA – 950 
0
C x 3hrs)  showing the general 

microstructure; Etched;  Original Magnification – 200x 

(GS:5-6) 

Figure 4.11: SEM micrograph of Transverse section 

after pilot HT (SA – 950 
0
C x 3hrs)  showing the 

general microstructure;  Etched;  Original 

Magnification – 500x 
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Figure 4.12: Micrograph of Transverse section after 

pilot HT (SA – 1120 
0
C x 3hrs)  showing the general 

microstructure;  Etched;  Original Magnification – 200x 

(GS:1-2) 

Figure  4.13:  SEM micrograph of Transverse section 

after pilot HT (SA – 1120 
0
C x 3hrs)  showing the 

general microstructure;  Etched;  Original 

Magnification – 500x 

 

The micrographs of the conducted heat treatments (solution annealing + ageing) 

are presented in Figures 4.14 to Figure 4.45. 

                                   

  
  

Figure 4.14: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 2hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure;  Etched;  Original 

Magnification – 200x (GS:1-2) 

Figure 4.15: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 2hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure;   Etched;  Original 

Magnification – 500x 
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Figure 4.16: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 2hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:4-5) 

Figure 4.17: SEM micrograph of Transverse section 

after  HT (SA – 950 
0
C x 2hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure;  Etched;  Original 

Magnification – 500x 

 

 

 
 

  

Figure 4.18: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:5-6) 

Figure 4.19: SEM micrograph of Transverse section 

after  HT (SA – 950 
0
C x 3hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure;; Etched;  Original 

Magnification – 500x 
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Figure 4.20: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x(GS:1-2) 

Figure 4.21: SEM micrograph of Transverse section  

after  HT (SA – 1120 
0
C x 3hrs & Age 720 

0
C x 16hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 500x 

 

                                     

  
  

Figure 4.22: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 4hrs)  

showing the general microstructure Etched;  Original 

Magnification – 200x (GS:4-5) 

Figure 4.23: SEM micrograph of Transverse section;  

after  HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 4hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 
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Figure 4.24: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 8hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x(GS:4-5) 

Figure 4.25: SEM micrograph of Transverse section 

after  HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 8hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 

 

 

  
  

Figure 4.26: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 12hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:5-6) 

Figure 4.27: SEM micrograph of Transverse section 

after  HT (SA – 950 
0
C x 3hrs & Age 600 

0
C x 12hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 
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Figure 4.28: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 4hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:5-6) 

Figure 4.29: SEM micrograph of Transverse section  

after  HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 4hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 

 

 

  
  

Figure 4.30: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 8hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:5-6) 

Figure 4.31: SEM micrograph of Transverse section 

after  HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 8hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 
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Figure 4.32: Micrograph of Transverse section after  

HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 12hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:6-7) 

Figure 4.33: SEM micrograph of Transverse section  

after  HT (SA – 950 
0
C x 3hrs & Age 640 

0
C x 12hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 

                                  

  
  

Figure 4.34: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 4hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:1-2) 

Figure 4.35: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 4hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 500x 
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Figure 4.36: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 8hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:2-3) 

Figure 4.37: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 8hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 500x 

 

 

  
  

Figure 4.38: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 12hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:2-3) 

Figure 4.39: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 3hrs & Age 600 

0
C x 12hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 
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Figure 4.40: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 4hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:1-2) 

Figure 4.41: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 4hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 500x 

 

                                  

  
  

Figure 4.42: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 8hrs)  

showing the general microstructure; Etched;  Original 

Magnification – 200x (GS:2-3) 

Figure 4.43: SEM micrograph of Transverse section 

after  HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 8hrs)  

showing the general microstructure;  Etched;  Original 

Magnification – 500x 
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Figure 4.44: Micrograph of Transverse section after  

HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 12hrs)  

showing the general microstructure Etched;  Original 

Magnification – 200x (GS:2-3) 

Figure 4.45: SEM micrograph of Transverse section  

after  HT (SA – 1120 
0
C x 3hrs & Age 640 

0
C x 12hrs)  

showing the general microstructure Etched;  Original 

Magnification – 500x 

 

4.4.2  MICROSTRUCTURE OBSERVATIONS NEW A-286 BAR AND 

SERVICED TURBINE WHEEL 

The microexamination observations for the as new A-286 bar and serviced 

turbine wheel is given in Table 4.4. 

Table 4.4- Microexamination Observations for as new A-286 bar, serviced   

turbine wheel, pilot heat treatments and conducted heat treatments   

 

Section Microstructure Observations  
ASTM 

Grain Size 

New A-286 Bar  
Uniform austenite grains with no 

carbides 
6 - 7 

Serviced Turbine Wheel 

Austenite grains with severe carbide 

precipitation along and within the 

grain boundaries 

4 - 5 
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Section Microstructure Observations  
ASTM 

Grain Size 

PILOT SOLUTION ANNEALING (SA) HEAT TREATMENTS 

SA – 750
o
C x 3hrs Uniform austenite grains. 

Carbides have not dissolved 
6 - 7 

SA   - 950
o
C x 3hrs Uniform austenite grains. Carbide 

dissolution is evident 
5 - 6 

SA - 1120
o
C x 3hrs Coarse austenite grains. Carbide 

dissolution is evident 
 1 - 2 

CONDUCTED HEAT TREATMENTS (SOLUTION ANNEALING + AGEING) 

SA 1120°C x 2hrs +  Age 720°C  x16hrs Coarse austenite grains. Carbides 

observed 
1 - 2 

 SA 950°C x 2hrs + Age 720°C  x 16hrs Uniform austenite grains. 

Carbides observed 
4 - 5 

SA 950°C x 3hrs +  Age 720°C x 16hrs Uniform austenite grains. Carbide 

dissolution is evident 
5 - 6 

SA  1120°C x 3hrs +   Age 720°C x 

16hrs  

Coarse austenite grains. Carbide 

dissolution is evident 
1 - 2 

 SA 950°C x 3hrs +   Age 600°C  x 4hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                      

Re-precipitated carbides observed 

4 - 5 

SA 950°C x 3hrs + Age 600°C x 8hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                      

Re-precipitated carbides observed 

4 - 5 

 SA 950°C x 3hrs +   Age 600°C x 12hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                              

Re-precipitated carbides observed 

5 – 6 

 SA  950°C x 3hrs + Age 640°C x 4hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                         

Re-precipitated carbides observed 

5 - 6 

SA  950°C x 3hrs + Age 640°C x 8hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

5 - 6 

 

 

 



Page 106 

 

 

 

Section Microstructure Observations  

ASTM 

Grain 

Size 

CONDUCTED HEAT TREATMENTS (SOLUTION ANNEALING + AGEING) 

SA 950°C x 3hrs + Age 640°C x 12hrs 
Uniform austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

6 - 7 

SA 1120°C x 3hrs + Age 600°C  x 4hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

1 - 2 

SA 1120°C x 3hrs + Age 600°C  x 8hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

2 - 3 

SA 1120°C x 3hrs +  Age 600°C x12hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

2 - 3 

SA 1120°C x 3hrs + Age 640°C  x 4hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

1 - 2 

SA 1120°C x 3hrs + Age 640°C x 8hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

2 - 3 

SA 1120°C x 3hrs + Age 640°C x 12hrs 

Coarse austenite grains. Carbide 

dissolution is evident.                        

Re-precipitated carbides observed 

to some extent 

 

2 - 3 
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4.5 ENERGY DISPERSIVE ANALYSIS OF X-RAY (EDAX) 

The EDAX mapping was performed on the microsections of the serviced wheel to 

determine the type of carbides. The results of the grain boundary carbides are 

given in Table 4.5.  

Table 4.5 - EDAX analysis of carbides of serviced turbine wheel 

Element %  C Si  Ti Cr Mn Fe Ni Mo 

Serviced 

Turbine 

Wheel    

Location 1 

4.83 1.10 2.37 13.97 1.33 50.51 25.80 - 

Serviced 

Turbine 

Wheel    

Location 2 

20.81 0.71 63.97 1.55 - 3.71 2.96 6.50 

 

The EDAX mapping of carbides along with the spectrum is shown in Figures 4.46 

and 4.47. 

It is observed that the carbides along the grain boundaries are rich in chromium 

and titanium. The carbides primarily mapped by EDAX are a combination of 

M23C6;   M6C; and MC type carbides. 

 

 

 

 

 



Page 108 

 

 

 

 

 

 

Figure 4.46: EDAX Analysis of carbides at location-1 in serviced turbine wheel 
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Figure 4.47: EDAX Analysis of carbides at location-2 in serviced turbine wheel 
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4.6 VICKERS HARDNESS SURVEY – MICROHARDNESS TESTING 

The hardness survey was performed on the microsections of the as new A-286 

bar, serviced turbine wheel, micro-sections after pilot heat treatments and the 

micro-sections after various heat treatments. The results are given in Table 4.6. 

Table 4.6- Microhardness Test Results  

Section 
Hardness Readings, 

Vickers (HV)  

Average 

Hardness 

Vickers (HV)  

As New A-286 Bar  
366, 363, 382, 388, 386, 

390, 381, 373, 366 

 

378 

Serviced Turbine Wheel  
350, 356, 340, 322, 342, 

337,334, 331, 339, 346 

 

340 

Pilot Heat Treatments 

SA – 750
o
C x 3 hrs 182, 190, 186, 179, 176, 

184, 194, 191, 180, 185 
185 

SA   - 950
o
C x 3 hrs 177, 172, 167, 169, 159, 

166, 171, 174, 165, 172 
169 

SA - 1120
o
C x 3 hrs 158, 157, 159, 162, 165, 

169, 170, 177, 157, 160 
163 

Conducted Heat Treatments 

SA 1120°C x 2hrs + Age 720°C  x16hrs 351, 334, 333, 346, 356, 

350, 348, 358, 361, 355 
349 

SA 950°C x 2hrs + Age 720°C  x 16hrs 356, 333, 343, 345, 342, 

358, 351, 350, 355, 340 
347 

SA 950°C x 3hrs + Age 720°C x 16hrs  361, 363, 366, 359, 351, 

343, 334, 340, 350, 368 
354 

SA 1120°C x 3hrs + Age 720°C x 16hrs  363, 366, 373, 336, 340, 

356, 359, 351, 361, 366 
377 

SA 950°C x 3hrs + Age  600°C  x 4hrs 213, 216, 207, 218, 203, 

226, 208, 223, 221, 215 
215 

SA 950°C x 3hrs + Age 600°C x 8hrs 234, 226, 232, 227, 224, 

230, 237, 243, 226, 237 
232 
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Section 
Hardness Readings, 

HV  

Average 

Hardness 

Reading, HV  

Conducted Heat Treatments 

SA 950°C x 3hrs +  Age  600°C x 12hrs 263, 268, 267, 264, 272, 

269, 271, 275, 270, 266 
269 

SA 950°C x 3hrs + Age 640°C x 4hrs 234, 249, 243, 254, 250, 

241, 235, 244, 247, 242 
244 

SA 950°C x 3hrs + Age 640°C x 8hrs 250, 263, 257, 264, 253, 

238, 244, 256, 262, 264 
255 

SA 950°C x 3hrs + Age 640°C x 12hrs 288, 303, 293, 283, 281, 

277, 311, 275, 294, 283 
289 

SA 1120°C x 3hrs +  Age 600°C  x 4hrs 207, 206, 201, 208, 202, 

198, 209, 193, 215, 205 
204 

SA 1120°C x 3hrs + Age 600°C  x 8hrs 189, 183, 196, 190, 174, 

170, 173, 177, 176, 179 
181 

SA 1120°C x 3hrs +   Age 600°C x12hrs 213, 216, 230, 211, 204, 

207, 208, 212, 198, 226 
210 

SA 1120°C x 3hrs + Age 640°C  x 4hrs 206, 196, 194, 197, 211, 

198, 208, 200, 218, 210, 
204 

SA 1120°C x 3hrs + Age 640°C x 4hrs 218, 226, 221, 244, 201, 

212, 218, 217, 222, 216 
220 

SA 1120°C x 3hrs + Age 640°C x 12hrs 247, 263, 246, 245, 251, 

244, 242, 250, 258, 262 
251 

 

The hardness of the new A-286 bar is found to be 378 HV. The average hardness 

of serviced turbine wheel is 340 HV. Hardness variations were also observed after 

different heat treatments. Hardness of 354 HV and 377 HV were observed after 

heat treatments of 950°C x 3hrs + 720°C x 16hrs and 1120°C x 3hrs + 720°C x 

16hrs. These hardness values are close to the hardness of as new A-286 bar, 

which indicates that the hardness has increased after these heat treatments. 
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4.7  TENSILE TEST (ROOM TEMPERATURE AND HIGH 

TEMPERATURE) 

The tensile testing was performed on the specimens of the new A-286 bar and 

serviced turbine wheel before and after various heat treatments at room 

temperature and high temperature of 450
o
C. The results are given in Table 4.7. 

Table 4.7- Results of Room Temperature and High Temperature Tensile Test 

Section 

Room Temperature (RT), 

Tensile 

High Temperature (HT)(450°C), 

Tensile 

Yiel

d 

Stre

ngth

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Sreng

th 

(UTS)

, MPa 

Perce

ntage(

%) 

Elong

ation 

Perc

enta

ge 

(%) 

Red

uctio

n 

Area 

Yiel

d 

Stre

gth 

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage(

%) 

Elong

ation 

Perc

enta

ge(

%) 

Red

uctio

n 

Area 

As new A-286 Bar  

 
769 1098 23.6 39.3 690 937 17.5 45.4 

Turbine Wheel - 

Serviced 
695 950 10.8 13.7 566 862 4.5 18.8 

SA 1120°C x 2hrs 

+Age 720°C 

x16hrs 

675 927 20.3 22.9 575 795 15.3 16.9 
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Section 

Room Temperature (RT), 

Tensile 

High Temperature (HT)(450°C), 

Tensile 

Yiel

d 

Stre

ngth

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Sreng

th 

(UTS)

, MPa 

Perce

ntage(

%) 

Elong

ation 

Perc

enta

ge 

(%) 

Red

uctio

n 

Area 

Yiel

d 

Stre

gth 

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage(

%) 

Elong

ation 

Perc

enta

ge(

%) 

Red

uctio

n 

Area 

SA  950°C x 2hrs 

+ Age 720°C  x 

16hrs 

745 1044 24.1 35.2 656 911 17.6 28.9 

SA 950°C x 3hrs +  

Age 720°C x 16hrs  
755 1051 25.5 42.5 667 922 16.8 38.6 

SA 1120°C x 3hrs 

+   Age 720°C x 

16hrs  

647 923 22.2 29.7 555 776 14.8 19.1 

SA  950°C x 3hrs 

+   Age 600°C  x 

4hrs 

381 

379 

808 

804 

48.2 

49.3 

55.2 

57.8 

307 

304 

633 

638 

52.9 

56.1 

54.1 

55.5 

SA   950°C x 3hrs 

+ Age 600°C x 

8hrs 

4134

14 

841 

841 

48.6 

48.2 

55.5 

50.5 

351 

357 

685 

682 

49.3 

50.4 

58.7 

58.3 
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Section 

Room Temperature (RT), 

Tensile 

High Temperature (HT) 

(450°C), Tensile 

Yiel

d 

Stre

ngth

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage(

%) 

Elong

ation 

Perc

enta

ge 

(%) 

Red

uctio

n 

Area 

Yiel

d 

Stre

ngth

(YS) 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage 

(%) 

Elong

ation 

Perc

enta

ge(

%) 

Red

uctio

n 

Area 

RA 

SA  950°C x 3hrs 

+   Age 600°C x 

12hrs 

413 

415 

837 

840 

47.6 

48.8 

54.1 

57.3 

362 

369 

679 

684 

48.4    

49.3 

53.4 

54.1 

SA  950°C x 3hrs 

+ Age 640°C x 

4hrs 

452 

449 

895 

892 

42.9  

42.8 

54.3   

51.3 

380 

380 

710 

705 

45.4 

44.4 

52.2 

49.6 

SA   950°C x 3hrs 

+ Age 640°C x 

8hrs 

501 

496 

944 

941 

40.1 

40.3 

51.8 

55.0 

436 

435 

758 

767 

43.6  

41.7 

53.4 

47.5 

SA     950°C x 3hrs 

+ Age 640°C x 

12hrs 

538 

532 

971 

973 

38.5 

37.6 

48.0 

47.6 

464 

461 

799 

790 

38.1 

42.1 

51.2 

48.8 
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Section 

Room Temperature (RT), 

Tensile 

High Temperature (HT)(450°C), 

Tensile 

Yiel

d 

Stre

ngth 

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage 

(%) 

Elong

ation 

Perc

enta

ge 

(%) 

Reu

dctio

n 

area 

Yiel

d 

Stre

ngth 

(YS)

, 

MPa 

Ultim

ate 

Tensil

e 

Stren

gth 

(UTS)

, MPa 

Perce

ntage 

(%) 

Elong

ation 

Perc

enta

ge(

%) 

Red

uctio

n 

Area 

SA   1120°C x 3hrs 

+ Age  600°C  x 

4hrs 

277 

293 

679  

685 

60.7 

62.1 

58.2   

53.2 

220 

224 

516   

516 

65.7  

70.2 

52.5 

58.5 

SA   1120°C x 3hrs 

+ Age 600°C  x 

8hrs 

308 

309 

691 

711 

62.2 

62.2 

49.1 

50.8 

250 

247 

546 

532 

55.8 

60.6 

48.2 

58.9 

 

The ultimate tensile strength (UTS) of the new A-286 bar at room temperature 

and at 450
o
C is found to be 1098 MPa and 937 MPa respectively. The UTS of the 

serviced A-286 turbine wheel at room temperature is 950 MPa and at 450
o
C is 

852 MPa. Variations in tensile values are observed after different heat treatments. 

Tensile strength after heat treatments of 950°C x 3hrs + 720°C x 16hrs is 1051 

MPa  (room temperature) and 922  MPa (high temperature) respectively. These 

tensile results are close to the tensile results of the new A-286 bar, which 

indicates that the tensile properties has improved after this heat treatment. 
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4.8 CHARPY IMPACT TEST 

The Charpy impact test was performed at room temperature on the A-286 bar and 

serviced turbine wheel before and after various heat treatments. The results are 

given in Table 4.8.    

   Table 4.8- Results of Room Temperature Charpy Impact Test        

Section 

Charpy Values, Joules at 20
o
C 

Reading 

1 

Reading  

2 

Reading 

3 
Average 

As new A-286 Bar 

 
58 57 58 57.6 

Turbine Wheel – Serviced 

 
17 18 16 17 

SA 1120°C x 2hrs +  Age 720°C  

x16hrs 

 

62 50 56 56 

SA 950°C x 2hrs + Age 720°C  x 

16hrs 

 

56 48 44 49.33 

SA 950°C x 3hrs +  Age 720°C x 

16hrs 

 

36 38 38 37.33 

SA 1120°C x 3hrs +   Age 720°C x 

16hrs  

 

58 57 60 58.33 

SA 950°C x 3hrs +  Age 600°C  x 

4hrs 

 

122 107.1 120.7 116.6 

SA   950°C x 3hrs + Age 600°C x 

8hrs 

 

99 97.6 97.6 98.1 

SA 950°C x 3hrs +  Age  600°C x 

12hrs 

 

96.3 93.6 92.2 94.0 
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Section 

Charpy Values, Joules at 20
o
C 

Reading

1 

Reading  

2 

Reading 

3 
Average 

SA 950°C x 3hrs +  Age 640°C x 

4hrs 

 

93.6 90.9 94.9 93.1 

 SA 950°C x 3hrs + Age 640°C x 

8hrs 

 

35.93 37.96 36.61 36.83 

 SA 950°C x 3hrs + Age 640°C x 

12hrs 

 

35.93 35.25 35.93 35.70 

SA 1120°C x 3hrs + Age 600°C  x 

4hrs 

 

246.76 256.25 192.53 231.84 

SA 1120°C x 3hrs + Age 600°C  x 

8hrs 

 

227.78 266.42 286.08 260.09 

 

The average Charpy impact value of new A-286 bar and serviced turbine wheel at 

room temperature is found to be of 57.6 Joules and 17 joules respectively. The 

impact value of the serviced turbine wheel is very low as compared to the new A-

286 bar. Variations in impact values are observed after different heat treatments. 

The Charpy impact value after heat treatment of 950°C x 3hrs + 720°C x 16hrs is 

found to be 37.33 Joules. This means that the toughness of the serviced turbine 

wheel has increased after the heat treatment. 
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4.9 STRESS RUPTURE TEST 

The stress rupture test was performed on the new A-286 bar, serviced turbine 

wheel before and after various heat treatments. The tests were performed at two 

sets of parameters; 520 MPa, 550 
o
C and 385 MPa, 650 

o
C. These test parameters 

were selected based on the lower and the maximum operating conditions of the 

turbine wheel, which also includes the material design conditions. The results are 

presented in Table 4.9.  

Table 4.9 - Results of Stress Rupture Test 

Section 

Stress Rupture 

Rupture Life, 

Hours                    

520 (MPa) 

550(
o
C) 

Rupture Life,      

Hours                   

385 (MPa)                           

650(
o
C) 

As new A-286 Bar 

 

993 

Discontinued 

993 

Discontinued 

Turbine Wheel – Serviced 

 
319                207                   

SA 1120°C x 2hrs +  Age 720°C  x16hrs 

 

350             

Discontinued 

350             

Discontinued 
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Section 

Stress Rupture 

Rupture Life, 

Hours                    

520 (MPa) 

550(
o
C) 

Rupture Life,      

Hours                   

385 (MPa)                           

650(
o
C) 

SA 950°C x 2hrs + Age 720°C  x 16hrs 

 

350             

Discontinued 

350             

Discontinued 

SA 950°C x 3hrs + Age 720°C x 16hrs  

 

300             

Discontinued 

300             

Discontinued 

SA 1120°C x 3hrs +  Age  720°C x 16hrs 

 

300             

Discontinued 

300             

Discontinued 

SA 950°C x 3hrs +   Age 600°C  x 4hrs 

 

100             

Discontinued 

100             

Discontinued 

SA 950°C x 3hrs + Age 600°C x 8hrs  

 

100             

Discontinued 

100             

Discontinued 

SA 950°C x 3hrs + Age 600°C x 12hrs 

 

100             

Discontinued 

100             

Discontinued 

SA 950°C x 3hrs + Age 640°C x 4hrs 

 

100             

Discontinued 

100             

Discontinued 

SA 950°C x 3hrs + Age 640°C x 8hrs 

 

100             

Discontinued 

100             

Discontinued 

SA 950°C x 3hrs + Age 640°C x 12hrs 

 

100             

Discontinued 

100             

Discontinued 

SA 1120°C x 3hrs + Age 600°C  x 4hrs 

 

0                       

Ruptured as the 

load was applied 

100             

Discontinued 

SA 1120°C x 3hrs + Age 600°C  x 8hrs 

 

0                       

Ruptured as the 

load was applied 

100             

Discontinued 

 

The stress rupture tests at the parameters of 520 MPa, 550°C and at 385 MPa, 650  

°C do not reveal any significant abnormality, for the new A-286 bar and serviced 

turbine wheel before and after different heat treatments. The stress rupture 

samples surviving for more than 100 hours indicates considerable amount of 
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stress rupture strength. The samples after solution annealing from 1120
0
C for 3 

hours and age hardening at 600°C for 4 hours and 8 hours experience failure 

immediately after loading the sample on to the stress rupture machine. This may 

be due to the machining problems or some test sample loading issues in the stress 

rupture machine.  

4.10 COMPILED MECHANICAL TEST RESULTS 

The mechanical test results performed on the new A-286 bar, serviced turbine 

wheel and on the sections after various heat treatments are compiled together. The 

combined test results of all the mechanical tests are presented in Table 4.10.  

Table 4.10 - Compiled Results of Mechanical Tests 
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4.11 FRACTURE MORPHOLOGY 

The fractured surfaces after the mechanical tests, such as tensile, charpy and stress 

rupture have been examined under scanning electron microscope to study the 

fracture morphology.  

Scanning Electron Microscope micrographs showing the fracture surface 

morphology are presented in Figures 4.48 to 4.211. 

  
  

Figure 4.48: SEM micrograph of as new A-286 bar 

fractured  tensile sample at 21
0
C; Original 

Magnification – 500x 

Figure 4.49: SEM micrograph of as new A-286 bar 

fractured  tensile sample at 450
0
C; Original 

Magnification – 500x 

 

  
  

Figure  4.50: SEM micrograph of as new A-286 bar 

fractured Charpy sample;  Original Magnification – 

500x 

Figure 4.51: SEM micrograph of serviced A-286 wheel 

fractured  tensile sample at 21
0
C; Original 

Magnification – 500x 
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Figure 4.52: SEM micrograph of serviced  A-286 

wheel fractured tensile sample at 450
0
C; Original 

Magnification – 400x 

Figure 4.53: SEM micrograph of serviced  A-286 

wheel fractured Charpy sample;  Original 

Magnification – 400x 

 

  
  

Figure  4.54: SEM micrograph of serviced  A-286 

wheel fractured stress rupture sample;  Original 

Magnification – 50x 

 

Figure  4.55: SEM micrograph of serviced  A-286 

wheel fractured stress rupture sample;  Original 

Magnification – 1000x 
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Figure  4.56:  SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 2 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 300x 

Figure 4.57: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 1120 

0
C  x 2 hrs + Age – 720 

0
C  x 16 hrs);  Original Magnification – 400x 

 

 

 
 

Figure  4.58: SEM micrograph of fractured charpy 

sample  (SA - 1120 
0
C  x 2 hrs + Age – 720 

0
C  x 16 

hrs);  Original Magnification – 400x 

  



Page 127 

 

  
  

Figure  4.59:  SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 2 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 500x 

Figure 4.60: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 950 

0
C  x 2 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 500x 

 

 
 

Figure  4.61: SEM micrograph of fractured charpy 

sample  (SA - 950 
0
C  x 2 hrs + Age – 720 

0
C  x 16 

hrs);  Original Magnification – 500x 
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Figure  4.62:  SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 500x 

Figure 4.63: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 500x 

 

 
 

Figure  4.64: SEM micrograph of fractured charpy 

sample  (SA - 950 
0
C  x 3 hrs + Age – 720 

0
C  x 16 

hrs);  Original Magnification – 500x 
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Figure  4.65:  SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 720 

0
C  

x 16 hrs);  Original Magnification – 400x 

Figure 4.66: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 720 

0
C  x 16 hrs);  Original Magnification – 500x 

 

 
 

Figure  4.67: SEM micrograph of fractured charpy 

sample  (SA - 1120 
0
C  x 3 hrs + Age – 720 

0
C  x 16 

hrs);  Original Magnification – 500x 
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Figure  4.68:  SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);  Original Magnification – 33x 

Figure 4.69: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);  Original Magnification – 200x 

 

  
  

Figure  4.70: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);   Original Magnification – 1000x 

Figure 4.71: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 2000x 
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Figure 4.72: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);  Original Magnification – 33x 

 

Figure  4.73: SEM micrograph of fractured tensile 

sample  at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);  Original Magnification – 200x 

 

  
  

Figure  4.74: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 1000x 

Figure  4.75: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 2000x 
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Figure 4.76: SEM micrograph of fractured charpy 

sample  (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 50x 

Figure 4.77: SEM micrograph of fractured charpy 

sample  (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs); 

Original Magnification – 200x 

 

 

 
 

Figure 4.78: SEM micrograph of fractured charpy 

sample  (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 1000x 
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Figure 4.79: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 33x 

Figure 4.80: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 200x 

 

  
  

Figure 4.81: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 1000x 

Figure 4.82: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 2000x 
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Figure 4.83: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 33x 

Figure 4.84: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 200x 

 

  
  

Figure 4.85: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 1000x 

Figure 4.86: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 2000x 
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Figure 4.87: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs); 

Original Magnification – 50x 

Figure 4.88: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 200x 

 

 
 

Figure 4.89: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs); 

Original Magnification – 1000x 
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T  

Figure 4.90: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 33x 

Figure 4.91: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 500x 

 

  
  

Figure 4.92: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 1000x 

Figure 4.93: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);   Original Magnification – 2000x 
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Figure 4.94: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs); Original Magnification – 33x 

Figure 4.95: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs); Original Magnification – 500x 

            

  
  

Figure 4.96: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 1000x 

Figure 4.97: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs); Original Magnification – 2000x 
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Figure 4.98: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); 

Original Magnification – 50x 

Figure 4.99: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); 

Original Magnification – 500x 

 

 
 

Figure 4.100: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); 

Original Magnification – 1000x 
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T  

Figure 4.101: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 33x 

Figure 4.102: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 500x 

 

  
  

Figure 4.103: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs);  Original Magnification – 1000x 

Figure 4.104: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 2000x 
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Figure 4.105: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs);  Original Magnification – 33x 

Figure 4.106: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs);  Original Magnification – 500x 

                   

  
  

Figure 4.107: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs);   Original Magnification – 1000x 

Figure 4.108: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs);  Original Magnification – 2000x 
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Figure 4.109: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);  

Original Magnification – 50x 

Figure 4.110: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);  

Original Magnification – 500x 

 

 
 

Figure 4.111: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs); 

Original Magnification – 1000x 
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T  

Figure 4.112: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 33x 

Figure 4.113:SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 500x 

 

  
  

Figure 4.114: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs);  Original Magnification – 1000x 

Figure 4.115: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 1500x 
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Figure 4.116: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  Original Magnification – 33x 

Figure 4.117: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  Original Magnification – 500x 

                   

  
  

Figure 4.118: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  Original Magnification – 1000x 

Figure 4.119: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  Original Magnification – 2000x 
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Figure 4.120: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  

Original Magnification – 50x 

Figure 4.121: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs); 

Original Magnification – 500x 

 

 
 

Figure 4.122: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);   

Original Magnification – 1000x 
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Figure 4.123: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 30x 

Figure 4.124: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs);  Original Magnification – 500x 

 

  
  

Figure 4.125: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 1000x 

Figure 4.126: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 1500x 
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Figure 4.127: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);    Original Magnification – 35x 

Figure 4.128: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);    Original Magnification – 1500x 

  

  
  

Figure 4.129: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);    Original Magnification – 1000x 

Figure 4.130: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);     Original Magnification – 2000x 
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Figure 4.131: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 12 

hrs);     Original Magnification – 50x 

Figure 4.132: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 12 

hrs);   Original Magnification – 500x 

 

 

 
 

Figure 4.133: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 12 

hrs);     Original Magnification – 1000x 
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Figure 4.134: SEM micrograph of fractured tensile 

sample at  21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 33x 

Figure 4.135: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 500x 

 

  
  

Figure 4.136: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 1000x 

Figure 4.137: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  

x 4 hrs); Original Magnification – 2000x 
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Figure 4.138: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original Magnification – 35x 

Figure 4.139: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);  Original Magnification – 500x 

   

  
  

Figure 4.140: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original Magnification – 1000x 

Figure 4.141: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);   Original Magnification – 2000x 
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Figure 4.142: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);      

Original Magnification – 50x 

Figure 4.143: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);        

Original Magnification – 500x 

 

 
 

Figure 4.144: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 640 

0
C  x 4 hrs);      

Original Magnification – 1500x 
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Figure 4.145: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 33x 

Figure 4.146: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 500x 

 

  
  

Figure 4.147: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 1000x 

Figure 4.148: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 2000x 
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Figure 4.149: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); Original Magnification – 35x 

Figure 4.150: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);  Original Magnification – 500x 

     

  
  

Figure 4.151: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs); Original Magnification – 1000x 

Figure 4.152: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 2000x 
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Figure 4.153: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);      

Original Magnification – 50x 

Figure 4.154: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);      

Original Magnification – 500x 

 

 
 

Figure 4.155: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 8 hrs);      

Original Magnification – 1000x 
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Figure  4.156: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 50x 

Figure  4.157: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 500x 

 

  
  

Figure 4.158: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs);  Original Magnification – 1000x 

Figure  4.159: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 8 hrs); Original Magnification – 2000x 
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Figure 4.160: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs); Original Magnification – 33x 

Figure 4.161: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 500x 

  

  
  

Figure 4.162: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 1000x 

Figure 4.163: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 2000x 
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Figure 4.164: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); Original Magnification – 35x 

Figure 4.165: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); Original Magnification – 500x 

           

  
  

Figure 4.166: SEM micrograph of fractured tensile 

sample  at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 12 hrs); Original Magnification – 1000x 

Figure 4.167: SEM micrograph of fractured tensile 

sample at 450 
0
C (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 2000x 
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Figure 4.168: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 12 

hrs);  Original Magnification – 50x 

Figure 4.169: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 12 

hrs);  Original Magnification – 500x 

 

 
 

Figure 4.170: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 12 

hrs);  Original Magnification – 1500x 
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Figure 4.171: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 50x 

Figure 4.172: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);   Original Magnification – 500x 

 

  
  

Figure 4.173: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 1000x 

Figure 4.174: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 12 hrs);  Original Magnification – 1500x 
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Figure 4.175: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);  Original Magnification – 33x 

Figure 4.176: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 500x 

 

  
  

Figure 4.177: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 1000x 

Figure 4.178: SEM micrograph of fractured tensile 

sample  at 21 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs); Original Magnification – 2000x 
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Figure 4.179: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original Magnification – 33x 

Figure 4.180: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original Magnification – 500x 

 

  
  

Figure 4.181: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original Magnification – 1000x 

Figure 4.182: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 1120 

0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  Original Magnification – 2000x 
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Figure 4.183: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 50x 

Figure 4.184: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 500x 

 

 
 

Figure 4.185: SEM micrograph of fractured charpy 

sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  x 4 hrs);  

Original Magnification – 1000x 
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Figure 4.186: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);    Original Magnification – 50x 

Figure 4.187: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);      Original Magnification – 500x 

 

  
  

Figure  4.188: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);    Original Magnification – 1000x 

Figure 4.189: SEM micrograph of fractured stress 

rupture sample (SA - 1120 
0
C  x 3 hrs + Age – 600 

0
C  

x 4 hrs);     Original Magnification – 2000x 

 

 

 



Page 163 

 

  
  

Figure 4.190: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 33x 

Figure 4.191: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 500x 

 

  
  

Figure 4.192: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 1000x 

Figure 4.193: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs); Original Magnification – 2000x 
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Figure 4.194: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs);   Original Magnification – 33x 

Figure 4.195: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs);   Original Magnification – 500x 

  

  
  

Figure 4.196: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs);   Original Magnification – 1000x 

Figure 4.197: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 8 hrs);   Original Magnification – 2000x 
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Figure 4.198: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  

Original Magnification – 50x 

Figure 4.199: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  

Original Magnification – 500x 

 

 
 

Figure 4.200: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 8 hrs);  

Original Magnification – 1000x 
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Figure 4.201: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 30x 

Figure 4.202: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 500x 

 

  
  

Figure 4.203: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 1000x 

Figure 4.204: SEM micrograph of fractured tensile 

sample at 21 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs); Original Magnification – 2000x 
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Figure 4.205: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs);  Original Magnification – 33x 

Figure 4.206: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs);  Original Magnification – 500x 

           

  
  

Figure 4.207: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs);  Original Magnification – 1000x 

Figure 4.208: SEM micrograph of fractured tensile 

sample at 450 
0
C, (SA - 950 

0
C  x 3 hrs + Age – 640 

0
C  

x 12 hrs);  Original Magnification – 2000x 
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Figure 4.209: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);    

Original Magnification – 50x 

Figure 4.210: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs);  

Original Magnification – 500x 

 

 
 

Figure 4.211: SEM micrograph of fractured charpy 

sample (SA - 950 
0
C  x 3 hrs + Age – 640 

0
C  x 12 hrs); 

Original Magnification – 1000x 
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The fracture morphology observations for the sections after heat treatments and 

testing are presented in Tables 4.11 and 4.12.  

Table 4.11- Fracture Morphology Details for Samples in as Received Condition 

and after Pilot Heat Treatments 

Section Fracture Morphology  

 RT Tensile HT Tensile Charpy Impact Stress 

Rupture 

New A-286 Bar  
Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

Serviced Turbine 

Wheel  

Dimple type 

with severe 

microvoid 

coalescence 

Dimple type 

with severe 

microvoid 

coalescence 

Quasicleavage 

with microvoids 

and cracks 

Cleavage type 

with 

significant 

microvoids 

PILOT SOLUTION ANNEALING (SA)  HEAT TREATMENTS 

SA 750 
o
C x 3 hrs 

Not Tested 

SA  950 
o
C x 3 hrs Not Tested 

   SA  1120 
o
C x 3 hrs Not Tested 
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Table 4.12 - Fracture Morphology Observations for Samples after Heat 

Treatments 

Section Fracture Morphology  

 RT Tensile HT Tensile Charpy Impact Stress 

Rupture 

SA  1120°C x 2hrs +   

Age 720°C  x 16hrs 

Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

SA  950°C x 2hrs +   

Age 720°C  x 16hrs 

Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

SA  950°C x 3hrs +   

Age 720°C  x 16hrs 

Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

SA  1120°C x 3hrs +   

Age 720°C  x 16hrs 

Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

SA  950°C x 3hrs +   

Age 600°C  x 4hrs 

Dimple type 

with microvoid 

coalescence 

Dimple type 

with microvoid 

coalescence 

Quasicleavage 

with microvoids 
Sample did not 

fracture 

SA  950°C x 3hrs + 

Age 600°C x 8hrs 

Dimple type 

with severe 

microvoid 

coalescence 

Dimple type 

with severe 

microvoid 

coalescence 

Quasicleavage 

with microvoids 

and cracks 

Sample did not 

fracture 

SA 950°C x 3hrs +   

Age 600°C x 12hrs 

Dimple type 

with  

microvoid 

coalescence 

Dimple type 

with severe 

microvoid 

coalescence 

Quasicleavage 

with isolated 

microvoids and 

intergranular 

cracks 

Sample did not 

fracture 

SA 950°C x 3hrs + 

Age 640°C x 4hrs 

Dimple type 

with  few 

microvoids 

Dimple type 

with few 

isolated 

microvoids 

Quasicleavage 

with isolated 

microvoids  

Sample did not 

fracture 

SA 950°C x 3hrs + 

Age 640°C x 8hrs 

Dimple type 

with isolated 

microvoids 

Dimple type 

with isolated 

microvoids 

Quasicleavage 

type fracture  
Sample did not 

fracture 
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Section Fracture Morphology  

 RT Tensile HT Tensile Charpy Impact Stress 

Rupture 

SA 950°C x 3hrs + 

Age 640°C x 12hrs 

Dimple type 

with isolated 

microvoids 

Dimple type 

with isolated 

microvoids 

Quasicleavage 

type fracture 

with 

intergranular 

cracks 

Sample did not 

fracture 

SA  1120°C x 3hrs           

+  Age 600°C  x 

4hrs 

Cleavage type 

with limited 

microvoids 

Cleavage type 

with few  

microvoids 

Cleavage with 

few 

intergranular 

cracks 

Cleavage type 

with 

significant 

microvoids 

SA   1120°C x 3hrs 

+ Age 600°C  x 8hrs 

Cleavage type 

with micro 

cracks 

Cleavage type 

with 

microcracks 

and voids 

Cleavage type 

with severe 

intergranular 

cracking 

Cleavage type 

with 

significant 

microvoids 

SA 1120°C x 3hrs +   

Age 600°C x12hrs 

Cleavage type 

with  

microvoids 

and cracks 

Cleavage type 

with 

microvoids 

and cracks 

Cleavage with 

few microvoids 
Cleavage type 

with cracks 

and significant 

microvoids 

SA 1120°C x 3hrs + 

Age 640°C  x 4hrs 

Cleavage type 

with micro 

cracks 

Cleavage type 

with  voids 

Cleavage type 

with cracks and 

voids 

Sample did not 

fracture 

SA 1120°C x 3hrs + 

Age 640°C x 4hrs 

Cleavage type 

with micro 

voids 

Cleavage type 

with  micro 

voids 

Cleavage type 

with 

intergranular 

cracks and voids 

Sample did not 

fracture 

SA 1120°C x 3hrs + 

Age 640°C x 12hrs 

Cleavage type 

with micro 

voids and 

crack 

Cleavage type 

with  isolated 

micro voids 

Cleavage type 

with 

intergranular 

cracks and voids 

Sample did not 

fracture 

 

In general, most of the fractured surfaces examined reveals cleavage and dimple 

type of fracture morphology. The cleavage type of morphology is typical for 

brittle fractures and dimple type of fracture is typical for ductile fractures.  
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The fractured surfaces of the tensile and Charpy specimens, exhibits dimpled and 

quasi-cleavage fracture morphology respectively.  While, the tensile fractured 

samples predominately exhibits dimpled fracture, the Charpy fractured surfaces 

exhibited a mixed mode of dimple and cleavage.       

4.12 LABORATORY TEST REPORTS  

The typical laboratory test reports for chemical composition, room temperature 

and high temperature tensile test, charpy impact test and stress rupture test are 

given in Appendix 1. 
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CHAPTER 5 
 

DISCUSSION  
 

The primary objective of this research was to study the feasibility of increasing 

the life span of the serviced turbine A-286 wheel by heat treatment. As a part of 

this research, several experiments were conducted on the serviced turbine wheel. 

These experiments consisted of various heat treatments with varying temperatures 

and soaking times to rejuvenate the microstructure and restoring the mechanical 

properties, and thereby increasing the life span. This chapter in particular covers 

the history and background of the serviced turbine wheel, and discusses at length 

the results and observations of the conducted experiments. 

5.1 BACKGROUND OF THE A-286 TURBINE WHEEL 

The turbine wheel on which this research was conducted, was received at 

Masaood John Brown, Dubai workshop for detailed inspection.  

 The turbine unit details and the operating history of the wheel are tabulated in 

Table 5.1 
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Table 5.1- Operating History of the A-286 Turbine Wheel 

Turbine Wheel Frame 5002, Gas Turbine 

Unit Number 24KT101 

Fuel Fired Gas 

Material A-286 (Cr 14.8%, Ni: 25.1%, Mo: 

1.3%, Ti: 2.4%, Mn: 1.2%) 

Operating Temperature 450 to 560
0
C 

Revolutions per Minute (RPM) 4,670 

Starts and Stops Not Available 

Running Hours 233,111 

Wheel Dimensions Outer Diameter (OD) - 48.05” 

Thickness – 14.5” 

 

As a part of inspection, non-destructive testing such as XRF, Eddy current test, 

Ultrasonic flaw detection and Replica metallography were performed on the 

wheel to assess the condition after 233,111hrs of operation. The XRF analysis 

revealed that the material of the wheel was A-286 having composition of Cr 

14.8%, Ni: 25.1%, Mo: 1.3%, Ti: 2.4%, Mn: 1.2%. The eddy current and 

ultrasonic flaw testing are widely accepted industrial practices to detect cracks 

[218]. We have applied these techniques on the as received serviced turbine 

wheel. The Eddy current inspection was performed to check for any surface 

cracking, and the ultrasonic flaw detection was performed to check for any 

internal flaws/defects. Eddy current and ultrasonic flaw detection performed on 
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the wheel did not reveal any flaws. Replica metallography, a widely accepted 

non-destructive technique to assess the life of aged components was performed on 

the turbine wheel in the assembled condition at four different locations to examine 

the microstructure [219]. The replica locations  are shown in Figures 5.1 and 5.2. 

 

Figure 5.1: Replication Locations at Dove Tail areas shown by arrows 

 

Figure 5.2: Replication Location at the Bore area shown by arrow 
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 The replica evaluation of the A-286 turbine wheel at the dovetail area and the 

bore area revealed significant amounts of carbide precipitation, primarily along 

the grain boundaries. The representative optical microscope micrographs and 

scanning electron micrograph showing carbide precipitation are shown in Figure 

5.3 and Figure 5.4  

  
  

        Figure  5.3:  Micrograph of the replica at bore    

        area showing carbide precipitation;  Original   

        Magnification – 500x 

       Figure  5.4: SEM micrograph of replica at the    

      dove tail area showing significant carbide   

       precipitation;  Original Magnification – 1000x 

 

 As described earlier that carbide dissolution is possible for gas turbine 

components with a proper solution annealing heat treatment [101-103, 109], a 

portion of this wheel was retained for the purpose of this research, i.e., to check 

the feasibility of extending the life span of A-286 wheel.    

5.2 STRESS MAPPING OF THE A-286 TURBINE WHEEL 

The turbine wheel in general, rotates at a speed of 4.670 rpm in the hot  zone of 

the turbine. Here, the turbine wheel experiences combination of loads such as 

surface loads, centrifugal loads and thermal loads. The surface loads acting on the 

turbine wheel were due to the forces resulting from the flowing of hot gases on to 

the surfaces of the blades. The centrifugal load on the turbine wheel is the most 
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critical load acting on the turbine wheel, as it can lead to deformation of the 

wheel. Centrifugal loads are due to the mass of the rotating disc and the turbine 

buckets fixed on the wheel. It is important to know that centrifugal stresses play a 

critical role in the turbine wheel. The distribution of centrifugal stresses across the 

turbine wheel should be uniform, else there are chances of bending or deflection, 

overloading and ultimately fracture of the turbine wheel. It was thus important to 

understand the stresses acting on the turbine wheel at various locations. The 

turbine wheel is manufactured by forging and due to the dimensional complexity 

of the turbine wheel, the stress distribution pattern in the wheel can vary. Through 

finite element analysis, it was evident that the highest stress was at the bore area 

(450 MPa) and at the radius areas of dovetail. High stress as expected in the bore 

area and radius areas of dovetail can be attributed to the forging process and 

temperature excursions in service. The same pattern of stress distribution can be 

co-related with the earlier studies performed by others [220-222].  

5.3 CHEMICAL COMPOSITION 

Historically, the A-286 alloy was known as modified austenitic stainless steel. 

With the changing times, the A-286 alloy is now called as iron-nickel based super 

alloy. The A-286 alloy contains major alloying elements such as Nickel (24-

27%), Chromium (13.5–16%), Molybdenum (1-1.5%) and Titanium (1.9-2.35%), 

Vanadium (0.1-0.5%), Aluminum (0.35% maximum), Silicon (1% maximum) 

[223]. It is therefore important to understand the role of each alloying element in 

this alloy. 
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The carbon in the A-286 alloys is present to a maximum extent of 0.08 weight 

percentage. In the steel making process, iron combines with carbon and increases 

the hardness and strength. The variations in carbon composition renders a range 

of hardness and strength to the A-286 alloy.  However, a very high carbon is not 

desired as this will form detrimental carbides, which in turn will affect the 

strength of the A-286 alloy.  

The manganese in the A-286 alloys is present to maximum of 2.0 weight 

percentage. The presence of manganese improves the hot working properties and 

increases the strength, toughness and hardenability. Besides, manganese also 

stabilizes the austenite phase.  

The chromium content in the A-286 alloys is in the range of 13.5 to 16.0 weight 

percentage. The chromium increases the resistance to oxidation at high 

temperatures. Additionally, chromium also imparts corrosion resistance, as it 

forms a self-repairing passive layer of chromium oxide on the surface. However, 

chromium combines with carbon to form carbides.  

The nickel in the A-286 alloy is present in the range of 24.0 to 27.0 weight 

percentage. Nickel is an austenite phase former and stabilizes the austenite phase. 

Thus, addition of nickel increases the toughness, impact strength at high and low 

temperatures. Nickel also imparts high temperature oxidation and corrosion 

resistance.  

The molybdenum in the A-286 alloy is present in the range of 1.0 to 1.5 weight 

percentage. Molybdenum in the presence of chromium and nickel imparts 
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resistance to high temperature corrosion and oxidation. It is thus beneficial as it 

adds to the strength of the A-286 alloy. 

The titanium in the A-286 alloy is in the range of 1.9 to 2.35 weight percentage. 

The titanium stabilizes the carbides in the A-286 alloy. Titanium also combines 

with carbon to form hard carbides, which are difficult to dissolve in a solid 

solution matrix. It also increases the intergranular corrosion resistance and 

prevents cracking due to excessive chromium carbides.  

The vanadium in the A-286 alloy is in the range of 0.1 to 0.5 weight percentage. 

Though the addition of vanadium is only to a  small extent, it however contributes 

in strengthening the alloy. The addition of vanadium also resists the grain growth 

at high temperatures as it refines the grains.  

Aluminum is present in the A-286 alloy to a maximum extent of 0.35 weight 

percentage. Aluminum enhances the high temperature corrosion/oxidation 

resistance, and is responsible for strengthening the core matrix to good extent. 

Aluminum also helps in re-precipitation of the carbides during the age hardening 

process, and in controlling the inherent grain size. 

Finally, silicon is present in the A-286 alloy to maximum extent of 1.0 weight 

percentage.  It is primarily a de-oxidizing agent used during manufacturing 

process. It is useful as it further contributes to the strengthening of the A-286 

alloy. The silicon content was 0.17% and it enhances the tensile strength of this 

particular alloy [224].  

The chemical composition of the new  A-286 bar and the serviced turbine were in 

accordance to the standard A-286 alloy. It was found that the major alloying 
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elements such as nickel, chromium, molybdenum, and titanium were in the 

specified limits of an A-286 alloy. The minor alloying elements such as 

Aluminum, Vanadium and Silicon are as well in the specified limits of an A-286 

alloy. Thus, it was confirmed that the purchased new forged bar and the serviced 

turbine wheel were made of A-286 alloy.  

5.4 PORTABLE HARDNESS SURVEY 

The portable hardness survey, performed on the dissected wheel section of the 

serviced turbine wheel did not reveal any significant difference throughout the 

wheel. In general, the hardness on the wheel was in the range of 314 to 334 HV. 

The hardness levels were found to be consistent with a typical A-286 serviced 

wheel after solution annealing and age hardening. The slight variation in the 

hardness levels is attributed to the variations in carbide distribution across the 

wheel. The A-286 serviced turbine wheel contains chromium rich and titanium 

rich carbides. The hardness may vary depending on the type of carbide 

distribution within the wheel. These carbides have different hardness due to the 

respective elements in that particular carbide phase. The co-relation of hardness 

with respect to carbide distribution has been studied earlier [225, 226]. 

 The hardness throughout the wheel is likely to vary from manufacturing stage 

itself due to dimensional configuration of the wheel. With ageing of the wheel in 

service, there is possibility of significant hardness variation within the wheel 

material. In case, hardness in particular area on the wheel displays significant 

variations, than that particular area of the wheel would need a critical 



Page 181 

 

examination.  Therefore, the portable hardness survey forms a strong base for 

further destructive testing. 

5.5 MICROSTRUCTURES OF NEW A-286 BAR AND SERVICED  

TURBINE WHEEL 

The microstructure of the new A-286 bar was used as a reference for comparison 

after the heat treatments.  

In order to get an idea of the initial microstructure by the chemical constituents, 

the Schaeffler Diagram was used. The Schaeffler diagram represents the effect of 

the composition of the alloy and proportion of two elements on the microstructure 

after heat treatments [227].  The Schaeffler diagram for an A-286 alloy is shown 

in Figure 5.5. 

 
 

Figure 5.5: Schaeffler diagram for A-286 alloy  
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This particular Schaeffler diagram displays the limits of phases such as austenite, 

ferrite and martensite in relation to the chromium and nickel equivalent. The 

chromium and nickel equivalent is calculated by the equations below: 

 • Cr equivalent = (Cr)+2(Si)+1.5(Mo)+5(V)+5.5(Al)+1.75(Nb)+1.5(Ti)+0.75(W) 

• Ni equivalent = (Ni)+(Co)+0.5(Mn)+0.3(Cu)+25(N)+30(C)  

All the elements quoted are in weight percentages. The Schaeffler diagram does 

not determine the composition and volume of the carbide phase [228]. The 

chromium equivalent for an A-286 alloy material was 20.15% and the nickel 

equivalent was 29.40%. Thus with the aid of the Schaeffler diagram, the 

microstructure of the A-286 material was found to be wholly austenitic.   

The microstructure of the new A-286 bar displayed austenite grains, with grain 

sizes in the range of 6-7. No carbide precipitation was observed. The 

microstructure of the serviced turbine wheel also displayed austenite grains, with 

grain sizes in the range of 4-5. Significant amount of carbide precipitation was 

evident along the grain boundaries and within the grains. In comparison to the 

new bar microstructure, which resembles to the microstructure of new wheel, the 

serviced turbine wheel displayed the following: 

• Change in grain size 

• Carbide precipitation within and along the grain boundaries 

The carbides mapped by EDAX were of type M23C6, M6C and MC. These 

carbides were rich in chromium and titanium. During the long-term service 

exposure, the primary carbides (MC) rich in titanium were reduced  to  secondary 

carbides such as M23C6 and M6C.  
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5.6 HEAT TREATMENTS AND ROLE OF CARBIDES 

The microstructure of the new A-286 turbine wheel consists of austenite grains 

with dissolved carbides of MC, M6C, and M23C6 type and other phases within the 

grains and along the grain boundaries. In the representation of carbides, M 

represents the particular alloying element and C represents the carbon. The 

formation of cellular eta (ƞ) phase is also likely to occur at higher temperatures.  

In the A-286 serviced turbine wheel material, MC carbide is of predominantly 

titanium carbide (TiC). This type of carbide exists over a wide range of titanium 

within the material. The MC or TiC carbide is a globular, irregularly shaped 

particle, which appears grayish in color when examined under an optical 

microscope. These carbides normally form during the solidification processes. 

The MC type carbides generally are script like or blocky type in appearance and 

primarily form at the grain boundaries [229]. The composition of the MC carbide 

and its morphology depends on the solidification rate of the alloy during 

production.   

The M6C carbides primarily contain heavy elements such as molybdenum and 

tungsten, although there is some solubility for chromium, nickel, and cobalt. The 

M6C type of carbides are stable at high temperatures and could be present in the 

as cast condition. Under the optical microscope, these carbides have no 

distinguished characteristics and are randomly distributed in the matrix of the as-

cast alloys. M6C type of carbides have a complex cubic structure, and usually 

form when the high concentration of refractory metal is present in the alloy. These 
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carbides may form at high temperature as discrete particles or they may also form 

by the reaction of MC carbides with the alloy matrix [230]. 

M23C6 are primarily rich in chromium. M represents primarily chromium, but may 

also contain nickel, molybdenum or iron.  M23C6 type of carbides are known as 

low temperature form of carbides and these types of carbides primarily form at 

the grain boundaries. M23C6 type of carbides are dissolved in the solid solution 

matrix above 950
0
C, but the temperature range of its existence varies with the 

alloy. At high temperature solution annealing, the carbon in the carbide dissolves 

in the solution, but is re-deposited at the grain boundaries at lower temperatures. 

The precipitated M23C6 carbides at the grain boundaries impart embrittlement and 

low ductility to the alloy. There are several studies, which conclude that the 

precipitation of M23C6 at the grain boundaries lowers the ductility and can lead to 

creep-fatigue cracking of the material. M23C6 can precipitate as films, globules, 

platelets, lamellae, and as cellular growth. The globular form of M23C6 is 

generally thought to be the "least undesirable" form as this imparts more ductility 

by reducing the length of micro cracking at the grain boundaries. Studies also 

revealed that the globular or blocky form of   M23C6 carbides can improve stress 

rupture life, but the continuous precipitated films of carbides along the grain 

boundaries cause embrittlement resulting in cracking along the grain boundaries 

[231-233]. This cracking over a period of time can result in catastrophic failure of 

the turbine wheel. The formation of massive carbides and un-desirable phases 

such as M23C6 reduce the mechanical properties of the turbine wheel.   
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The heat treatment cycles consisted of solution annealing and ageing to dissolve 

the grain boundary carbides, the cellular eta (ƞ) phase and to re-precipitate the 

carbides respectively to strengthen the mechanical properties of the wheel. The 

schematics in terms of microstructure and the effect of rejuvenation heat 

treatment is shown in Figure 5.6. 

 

Figure 5.6: Schematic showing the carbides and restoration of microstructure 

after reujenation heat treatment in A-286 alloy  

 

The solution annealing heat treatment takes the precipitated carbide back in the 

solution matrix. Solution annealing involves heating the material in a furnace at 

the specified solution annealing temperature for some hours followed by rapid 

quenching. Once the material is heated to a high temperature and soaked at that 

particular temperature, the precipitated carbides tend to dissolve in the solution 
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matrix. With rapid cooling, there is no chance for the carbides to precipitate, and 

thus the carbides remain dissolved in the solid solution matrix [234].  

The initial pilot solution annealing heat treatments, at 950 
0
C and 1120 

0
C 

followed by rapid cooling dissolved the precipitated grain boundary carbides in 

the solid solution matrix. These particular solution annealing temperatures were 

high enough to increase the solubility of carbon in the austenite phase matrix.  

 The microstructures examined after solution annealing heat treatments at 

temperatures of 950 
0
C and 1120 

0
C exhibited carbide dissolution, but with 

varying differences in un-dissolved carbides with respect to the soaking period. 

The soaking time plays a major role in dissolution of carbides at that respective 

temperature. Increase in soaking period provides more time for dissolution of 

carbon in the austenite phase, thus leads to complete dissolution of carbides. The 

solution annealing at 950 
0
C with a soak period of 3 hours resulted in a complete 

carbide dissolution as compared to the solution annealing at 950 
0
C with a soak 

period of 2 hours with fine recrystallized austenite grains. The solution annealing 

at 1120 
0
C with a soak period of 2 and 3 hours resulted in complete carbide 

dissolution, but resulted in coarse grains. The grain size with 950 
0
C solution 

annealing was observed to be in range of 5-6 (ASTM grain size) and with 1120 
0
C 

solution annealing was observed to be in range of 1-2 (ASTM grain size). The 

higher solution annealing temperature leads to increase in grain size. This is due 

to the crystal growth, which is a part of annealing process.  As the annealing 

temperature increases, the larger grains become bigger at the expense of smaller 

grains, by Oswald ripening mechanism. 
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Primarily it is a function of the surface area to volume ratio. In a material, the 

crystals will occur in varying size from very small to very large. Surface area to 

volume ratio will be high for the smallest crystal. As their surface area is high, it 

is possible that they will dissolve (melt) with increasing temperature. The 

dissolved mass then gradually deposited on the remaining crystals in the matrix, 

which are initially bigger. The larger crystals grow further at the expense of the 

small crystals, which keep on getting smaller (or disappearing altogether). This is 

how the grain growth occurs in the material with increase in solution annealing 

temperatures.   

The solution annealing heat treatment at 950 
0
C dissolved the carbides and 

retained the required grain size of 5 -6. This can be attributed to the solubility of 

the carbon in the austenite matrix at 950 
0
C. 

Age hardening is the process of precipitating coherent precipitates from a 

supersaturated solid solution.   The prime intention in age hardening is to nucleate 

maximum precipitates and at the same time, avoid them from growing. The 

precipitates that are formed inhibit the movement of dislocations or defects in the 

metals crystal lattice. At the particular ageing temperature, the metal is soaked for 

several hours for the precipitation to occur hence, the process is called age 

hardening. Tensile strength and yield strength of the material are increased by the 

age hardening process; this increase in strength is governed by the formation of 

small precipitates during ageing.  

 The age hardening treatment with variation in temperatures from 600 
0
C to 640 

0
C and with varying soak periods of 4, 8 and 12 hours resulted in non-uniform re-
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precipitation of the carbides, which is undesirable for the A-286 wheel material.   

The age hardening performed at 720 
0
C for 16 hours resulted in uniform amount 

of re-precipitation, which is desirable for enhancing the properties of the A-286 

wheel alloy. 

5.7 MECHANICAL PROPERTIES 

Mechanical properties such as tensile strength, yield strength, percentage 

elongation and hardness are affected by the heat treatments. During heat 

treatments, changes in temperature and soaking period can also have an adverse 

effect on the mechanical properties. This is due to the changes in microstructure 

such as grain size and carbide dissolution [235, 236]. This is because of the 

movement and interaction of the dislocations along the grain boundaries. The 

grain boundaries obstruct the movement and gliding of dislocations along the slip 

planes.  This results in piling up of dislocations at the grain boundaries, as they 

move along the same slip plane.. As the number of dislocations increase along the 

grain boundaries, the stress on the grain boundaries also increases.  Dislocations 

piling will be more in the coarse or larger grains. In general, a fine grain size of 

the material imparts good mechanical properties, as the yield strength will 

increase if the grains are fine [237, 238]. 

The lower tensile strength and hardness after solution annealing at 1120 
0
C can be 

attributed to coarse grain microstructure. The increase in tensile and yield strength 

after solution annealing from 950 
0
C is attributed to the finer grain size. 
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The gamma prime (γ′) precipitate after age hardening also affects the mechanical 

properties such as tensile strength and yield strength. It was evident that age 

hardening from temperatures 600 
0
C  to 640 

0
C with varying soak periods of 4, 8 

and 12 hours resulted in non-uniform re-precipitation of the carbides. This leads 

to lower tensile and yield strength, as compared to the required strength of the 

new A-286 bar. The age hardening performed at 720 
0
C for 16 hours resulted in 

uniform and sufficient re-precipitation, thus increasing the tensile and yield 

strength of the serviced wheel, as close to that of new A-286 bar.  

The room temperature ultimate tensile strength for the as new A-286 bar was 

1098 MPa and the yield strength was 769 MPa. Similarly, at 450 
0
C

 
 the ultimate 

tensile strength of new A-286 bar was 937 MPa and yield strength was 690 MPa. 

The percentage elongation and reduction in area for the new A-286 bar at room 

temperature was 23.6% and 39.3% respectively. At 450
 0

C, the percentage 

elongation for new A-286 bar was 17.5% and the reduction in area was 45.4%. 

From this, it was quite evident that tensile properties of the new A-286 bar, which 

resemble the new A-286 turbine wheel, were superior at both room  and at high 

temperatures. This fairly high ductility of new A-286 bar at 450 
0
C indicates that 

the as manufactured turbine wheel (resembling new A-286 bar) has good ductility 

at 450 
0
C.  

The room temperature ultimate tensile strength for the serviced wheel was 950 

MPa and the yield strength was 695 MPa. Similarly, at 450 
o
C the ultimate tensile 

strength of serviced wheel was 862 MPa and yield strength was 566 MPa. 
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The percentage elongation and reduction in area for the serviced turbine wheel 

were 10.8% and 13.7% respectively at room temperature. At 450 
0
C, the 

percentage elongation for serviced turbine wheel was 4.5% and the reduction in 

area was 18.8%. It is clear that the tensile strength for serviced wheel has not 

significantly degraded at room temperature and at high temperatures. The 

reduction has occurred primarily in ductility for the serviced turbine wheel at 

room temperature and even at high temperature, as it is evident that percentage 

elongation is less. A comparison of the tensile properties with the new A-286 bar 

suggests that the tensile strength and yield strength is moderately low, but the 

percentage elongation, meaning room temperature ductility and high temperature 

ductility is quite low. This reduction is attributed to the grain size variation and 

the carbide precipitation in service. The acicular type carbides M6C, M23C6 and 

carbide envelopes/chain will lead to decrease in ductility of turbine wheel. The 

effect of carbide precipitation on ductility in similar alloy has been studied by 

other researchers [239].  Solution annealing at 1120 
0
C resulted in coarse grains, 

which resulted in lower tensile strength and hardness as compared to solution 

annealed samples at 950 
0
C. 

Tensile tests were performed on  various specimens after different solution 

annealing at 950 
0
C and 1120 

0
C, and ageing at 720 

0
C, 600 

0
C and 640 

0
C

 
with 

variations in soaking period.  The room temperature ultimate tensile strength after 

950 
0
C x 3 hours solution annealing + 720 

0
C x 16 hours was 1051 MPa, yield 

strength was 755 MPa and at 450 
0
C the ultimate tensile strength was 922 MPa, 

yield strength was 667 MPa. The percentage elongation and reduction in area 
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were 25.5% and 42.5 % respectively at room temperature. At 450 
0
C, the 

percentage elongation after this particular heat treatment was 16.8% and the 

reduction in area was 38.6%. 

The room temperature tensile and high temperature tensile properties after 950 
0
C

 
 

x 3 hours solution annealing + 720 
0
C

 
x 16 hours resulted in values very close to 

those of the newly forged A-286 bar. The ductility at room and at high 

temperatures have increased as well.  The tensile properties were lower as 

compared to the new A-286 bar for the other specimens, solution annealed at 950 

0
C

 
and 1120 

0
C, and aged at 720 

0
C, 600 

0
C and 640 

0
C with varying soaking 

period. The increase and decrease in tensile properties is attributed to the variation 

in re-precipitated carbides after age hardening. 

The fractured surfaces of the new A-286 bar and of heat treated specimens after 

tensile test (room and high temperature) exhibited dimple type fracture with 

microvoid coalescence. This is consistent with a ductile mode of failure. The 

dimple type rupture is associated with microvoid coalescence. Dimple type 

fracture/rupture occurs primarily due to overload on the material. A particular 

steel or alloy when no longer can withstand the loading capacity due to stress, 

fracture occurs. The overload fracture is due to microvoid coalescence. 

Microvoids start nucleating at the localized regions of strains within the material. 

The regions of localized strain could be inclusions, grain boundaries, and 

dislocations in a line or second phase particles. Due to overload, such as in tensile 

testing the strain in the material begins to increase. With increasing strain in the 

material, the microvoids grow and coalesce. Further, the microvoid coalescence 
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results in formation of micro crack resulting in macro crack and a continuous 

fracture surface. Due to the microvoid coalescence, this type of fracture exhibits 

numerous cuplike depressions known as dimples. The resultant fracture mode is 

thus, known as dimple type rupture.   

5.7.1 CHARPY IMPACT TEST 

The Charpy impact test measures the toughness of a particular material. The 

average Charpy impact value for the new bar was 57.6 Joules and for the serviced 

turbine wheel was 17 Joules respectively. A comparison clearly shows that the 

impact values were very less for the serviced turbine wheel as compared to the 

new A-286 wheel in the same heat-treated condition. This means that the 

toughness has decreased a lot for the serviced turbine wheel after operating hours 

of more than 200K hours. The decrease in toughness can thus, be attributed to the 

microstructural transformations such as grain size variation and significant 

carbide precipitation, which occurred during the extended service period of the 

wheel. The co-relation between toughness and various microstructural 

transformations within various steels and alloys have been studied by other 

researchers [240, 241]. The increase or decrease in Charpy values is related to the 

grain size. Fine or small grain size will obstruct the dislocation movement more as 

compared to the coarse or large grains. This is due to large number of grain 

boundaries per unit area. Internal stresses are developed due to the piling up of 

dislocations at the grain boundaries. As the internal stresses increases, a large 
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force has to be applied to cause the material flow i.e. to overcome dislocation 

pile-up stresses and because of this, the material toughness increases.  

The heat treatment cycle of 950 
0
C x 3 hours solution annealing + 720 

0
C x 16 

hours resulted in an average Charpy value of 37.33 Joules. It was found that the 

toughness increased after this particular heat treatment and was close to the 

toughness of the new A-286 bar. There is an increase or decrease in the Charpy 

values for the other specimens of the serviced wheel which were solution 

annealed at 950 
0
C and 1120 

0
C

 
followed by ageing at 720 

0
C, 600 

0
C and 640 

0
C

 
. 

The low temperature ageing at 600 
0
C resulted in a very high Charpy value but 

with decrement in the tensile values.  

The fractured surfaces of the new A-286 bar and serviced turbine wheel after 

Charpy impact test revealed quasi-cleavage mode of fracture, which is typical of a 

mixed mode of ductile and brittle fracture. The fractured surfaces of heat treated 

specimens after Charpy impact test displayed quasi-cleavage mode with 

microvoids or intergranular cracks. 

Fracture surfaces that display morphology or features of both dimple and cleavage 

type are called as quasi-cleavage fractures. In general, the quasi-cleavage fracture 

surface will have a combination of severe plastic deformation and brittle mode.  

This type of fracture often initiates at the central cleavage facets, and as the crack 

radiates, the cleavage facets blend to dimple rupture and the cleavage steps appear 

to be as tear ridges [242].  
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5.7.2 STRESS RUPTURE TEST 

The stress rupture test was to determine the rupture time at higher stress than the 

actual service stress at particular temperatures. The stress rupture test results; 

primarily the time to rupture depends on the applied stress and temperature during 

the testing. Stress rupture testing is much similar to creep testing, but the stresses 

are higher in stress rupture test, and are used in remaining life analysis [243]. 

The parameters for stress rupture were 520 MPa, 385 MPa stress and 550 
0
C and 

650 
0
C temperatures. The stress rupture hours for the new A-286 bar and the 

serviced turbine wheel lasted for more than 100 hours. From this, it could be 

concluded that the microstructural changes such as carbide precipitation did not 

have any adverse effect on the stress rupture strength of the A-286 wheel. The 

stress rupture results after different solution annealing and age hardening heat 

treatments did not reveal any significant difference. The samples sustained the 

minimum requirement of 100 hours.     

Literature suggests that A-286 alloy may have problem of notch sensitivity.  This 

can have an effect on the stress rupture property [244]. The other factors which 

can affect the stress rupture properties are microcracks or crack growth, 

deformation due to slip band both homogeneous and non-homogeneous, ductility, 

environment, intergranular oxidation, chromium content, incipient melting of  

phases and carbides, microstructure and grain boundary morphology [245, 246]. 

All these could form a weak link within the material, leading to early stress 

rupture failure.  All the stress rupture samples survived the minimum requirement 

of 100 hours. This suggests that the A-286 turbine wheel material do not have any 



Page 195 

 

direct effect of the carbide precipitation on the stress rupture property.  The stress 

rupture fractures after solution annealing at 1120 
0
C x 3 hours and ageing at 600 

0
C for 4, 8 and 12 hours displayed cleavage type mode of failure with microvoids.   

5.7.3 VICKERS HARDNESS SURVEY 

The average Vickers hardness of the new A-286 forged bar was 388 HV. The 

average Vickers hardness of the serviced A-286 turbine wheel was 334 HV. It 

was evident that for the serviced turbine wheel the hardness has reduced 

approximately by 50 HV, as compared to the new A-286 bar which was solution 

annealed and age hardened. The reduction of hardness in the serviced wheel can 

be attributed to the changes in microstructure and reduction in tensile properties. 

The pilot solution annealing heat treatments at 750 
0
C, 950 

0
C, and 1120 

0
C, 

resulted in low hardness values of 181 HV, 170 HV and 167 HV respectively. 

This is due to the dissolution of the carbides and material softening and in 

agreement with the result of earlier studies on nickel base alloys by other 

researchers [247].  

Experiments revealed variations in microhardness after various heat treatments. 

The variation in hardness is primarily due to age hardening treatment, which tends 

to increase or decrease the re-precipitates depending on the temperature and 

soaking time. The solution annealing heat treatment at 950 
0
C with a soak period 

of 3 hours followed by age hardening heat treatment cycle at 720 
0
C resulted in a 

hardness of 357 HV. The hardness after this particular heat treatment was most 

near to the hardness of the new A-286 bar, amongst all the heat treatments 



Page 196 

 

performed.  It was evident that the age hardening temperatures of 600 
0
C and 640 

0
C did not impart hardness more than 298 HV. The age hardening heat treatments 

at 720 
0
C resulted in hardness value of more than 300 HV.  This can be attributed 

to the uniform re-precipitation of the carbides at 720 
0
C as compared to ageing at 

600 
0
C and 640 

0
C. 

5.8 SELECTION OF OPTIMIZED HEAT TREATMENT 

The various heat treatments consisted of the pilot solution annealing heat 

treatments at 750 
0
C, 950 

0
C and 1120 

0
C with a soak period of 3 hours.  The 

microstructural evidence displayed carbide dissolution at 950 
0
C and 1120 

0
C, but 

the microstructure revealed coarse grains (ASTM 1-2) for solution annealing at 

1120 
0
C as compared to the desirable grain size (ASTM 5-6) achieved by solution 

annealing at 950 
0
C. There is concrete evidence that solution annealing at 950 

0
C 

for 3 hours resulted in total dissolution of carbides and resulted in the desired 

grain size, hence this solution annealing temperature was selected. A similar 

evidence regarding dissolution of carbides was observed in a study conducted on 

Alloy 718 by other researchers [248]. 

 On finalization of the solution annealing temperature, it was essential to select 

the desirable age hardening heat treatment. Age hardening at temperature 720 
0
C 

for 16 hours produced optimum desired results. A complete cycle consisting of 

solution annealing and age hardening was selected.  Microstructure displayed 

dissolution of grain boundary carbides after the heat treatment 950 
0
C x 3 hours 

solution annealing + 720 
0
C

 
x 16 hours. The mechanical properties with this 
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particular heat treatment were significantly better as compared to the mechanical 

properties with other heat treatments performed. With the observed results, this 

particular heat treatment will definitely increase the life of the wheel for another 

cycle of 48,000 hours. The experimental work has successfully demonstrated that 

the detrimental carbides in the long-term serviced A-286 gas turbine wheels can 

be dissolved in solid solution matrix with 950 
0
C

 
x 3 hours solution annealing heat 

treatment. The age hardening heat treatment at 720 
0
C x 16 hours serves to impart 

the necessary re-precipitates to restore the required properties. Thus, this 

particular heat treatment comprising of solution annealing and age hardening 

restores the microstructure back to a near new microstructural state. 
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CHAPTER 6 
 

CONCLUSION  
 

The present study was started with several objectives, primarily to develop a 

rejuvenation heat treatment for life extension of A-286 turbine wheel beyond its 

designed life of 200k hours as recommended by OEM.  

The research work comprises the study of the microstructural transformations in 

the A-286 turbine wheel, which had been in service over a period of 200k hours. 

Further, the research focusses on rejuvenating the degraded microstructure and 

restoring the mechanical properties as close to the new turbine wheel. The 

rejuvenation was done with particular set of heat treatments, which consist of 

solution annealing and age hardening. The objectives of the research work were 

accomplished as the microstructure could be rejuvenated with improved 

mechanical properties. This chapter outlines the conclusions drawn from the 

present research study. The main conclusions drawn are as follows:   

1. Stress mapping using Finite Element Analysis reveals a complex 

distribution of radial stress across the wheel with stress variation in the 

range of 300- 450 MPa. Highest stress of 450 MPa is at the bore area and 

at the radius areas of dovetail. High stress in the bore area and radius areas 

of dovetail can be attributed to the surface loads due to flowing of hot 

gases over the blades, centrifugal force due to mass of blades and wheel 
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rotating at high speed, forging process and temperature excursions in 

service. 

2. No significant variation is observed in hardness as the hardness values 

vary in the range of 314 to 334 HV across the wheel. The slight variation 

in the hardness levels is attributed to the type of carbide distribution across 

the wheel as carbides have different hardness due to the respective 

elements in that particular carbide phase. 

3. Schaeffler diagram indicates the microstructure of A-286 alloy to be 

wholly austenitic. The microstructure of the new A-286 bar, which 

resembles a new A-286 turbine wheel exhibits carbide free fine austenite 

grains with grain size in the range of 6 to 7 ASTM No. whereas the 

microstructure of serviced A-286 turbine wheel exhibits slightly coarser 

austenite grains of 4 to 5 ASTM No. with significant amount of carbide 

precipitates within the grains and along the grain boundaries. Grain 

coarsening and presence of carbides may be attributed to long-term high 

temperature exposure during service. 

4. EDAX analysis confirms that the carbides present in the microstructure of 

serviced turbine wheel are a combination of MC, MC6 and M23C6 type 

carbides rich in titanium and chromium. During high temperature 

exposure over long period, primary carbides (MC) rich in titanium get 

reduced to form secondary carbides (MC6 and M23C6) through 

morphological transformations. 
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5. Carbide dissolution is found to be dependent on solution annealing 

temperature and soaking period. Higher solution annealing temperature 

and long soaking period help in dissolution of carbides as solution 

annealing at 1120 
0
C x 3 hours and at 950 

0
C x 3 hours results in complete 

carbide dissolution whereas solution annealing at 720 
0
C x 3 hours does 

not dissolve any carbide. At the same time, solution annealing at 1120 
0
C  

x 2 hours and at 950 
0
C

 
x 2 hours results in partial dissolution of carbides. 

The carbide dissolution at high temperature and long soaking period may 

be attributed to increase in solubility of carbon in austenite with increase 

in temperature and availability of more time to dissolve carbon 

respectively,    

6. The solution annealing heat treatment at 950 
0
C x 3 hours and at 1120 

0
C x 

3 hours results in complete dissolution of detrimental carbides in serviced 

turbine wheel but with varying grain size. Solution annealing at 950 
0
C x 3 

hours produces desirable ASTM Grain size of 5 to 6, which is close to the 

new A-286 bar whereas solution annealing at 1120 
0
C x 3 hours produces 

coarse ASTM Grain size of 1 to 2. It was hence concluded that solution 

annealing from 950 
0
C is satisfactory as compared to solution annealing 

from 1120 
0
C. The higher solution annealing temperature provides higher 

crystal growth rate to produce coarse grains as the larger grains become 

bigger at the expense of smaller grains by Oswald ripening mechanism. 

7. Size, distribution and coherency of re-precipitated carbides in the 

recrystallized microstructure is found to be dependent on ageing 
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temperature and time. Lower ageing temperature of 600 
0
C and short 

ageing time of 4 & 8 hours do not support the re-precipitation. Medium 

ageing temperature of 640 
0
C and moderate ageing time of 12 hours 

results in non-uniform re-precipitation of very fine coherent carbide 

particles whereas higher ageing temperature of 720 
0
C and long ageing 

time of 16 hours results in precipitation of uniformly distributed but 

slightly larger and semi-coherent carbide particles.  Uniform distribution 

of re-precipitated carbide particles may be attributed to increase in 

nucleation sites with increasing temperature.  

8. The average Vicker’s hardness of serviced A-286 material is found to be 

10% less than that of new A-286 material primarily due to change in 

microstructure and precipitation of detrimental massive carbide particles 

after long-term high temperature exposure during service. The average 

Vicker’s hardness shows small variation with annealing temperature and 

soaking period. Hardness decreases with increasing annealing temperature 

for same soaking period due to the dissolution of the carbides and material 

softening but increases with increase in soaking time at same temperature. 

Hardness shows variation with ageing temperature and time. It increases 

with ageing temperature and ageing time. Average hardness of serviced A-

286 material increases after heat treatments at higher annealing and ageing 

temperature. Hardness varies in the range of 347 to 377 HV (close to 378 

HV of new A-286 material) with annealing at 1150 
0
C or 950 

0
C for 2 

hours or 3 hours followed by ageing at 720 
0
C for 16 hours. Hardness of 



Page 202 

 

serviced A-286 material gets reduced after all other heat treatments 

conducted. The increase in hardness values after these treatments may be 

attributed to more uniform re-precipitation of the carbides at 720 
0
C as 

compared to ageing at 600 
0
C and 640 

0
C.  

9. Long-term exposure to high temperature during service imparts reduction 

in tensile properties of A-286 material. Room temperature yield strength 

and ultimate tensile strength reduce to 695 MPa from 769 MPa and 950 

MPa from 1098 MPa respectively. High temperature (450 
0
C) yield 

strength and ultimate tensile strength reduce to 566 MPa from 690 MPa 

and 862 from 937 MPa respectively. Decrease in strength values at room 

temperature and high temperature after long term exposure to high 

temperature may be attributed to grain coarsening and presence of 

incoherent and massive carbide particles within the grains and along the 

grain boundaries, The detrimental effect of coarse grains and carbide 

particles is evident from the fractured surface morphology as the fractured 

surface of serviced A-286 material exhibits severe micro-void coalescence 

while fractured surface of new A-286 material exhibits normal micro-void 

coalescence.   

10. Room temperature and high temperature strength values are found to vary 

with annealing temperature, soaking time, ageing temperature and ageing 

time.  In general, room temperature and high temperature strength increase 

with increase in soaking period when annealed at lower temperature but 

decrease with increase in soaking period for higher annealing temperature 
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followed by same ageing process in all cases. Strength values increase 

with increase in ageing temperature and ageing time after same annealing 

process. The room temperature and high temperature strength of serviced 

turbine wheel are increased after heat treatments consisting of “Solution 

Annealing at 950 
0
C x 2 hours + Age Hardening at 720 

0
C x 16 hours”   

and “Solution Annealing at 950 
0
C x 3 hours + Age Hardening at 720 

0
C x 

16 hours” whereas these are decreased after all other heat treatments 

conducted in the present study. The high strength values at lower 

annealing temperature and higher ageing temperature may be attributed to 

fine recrystallized grains with complete dissolution of carbides and 

uniform distribution of coherent re-precipitated carbide particles.  

11. Other tensile properties like percentage elongation and percentage 

reduction in area are greatly affected by the long-term high temperature 

exposure during service as the values decrease from 23.6% to 10.8% & 

39.3% to 13.7% at room temperature respectively whereas these decrease 

from 17.5% to 4.5% & 45.4% to 18.8% respectively at high temperature. 

This reduction in properties may be attributed to the grain size variation 

and the carbide precipitation during service and their effect is evident from 

the severe micro-void coalescence exhibited by the fractured surface.  

12. All the heat treatments conducted in the present study brings significant 

improvement in percentage elongation and percentage reduction in area. 

The effect of annealing temperature, soaking time and ageing time is 

marginal but effect of ageing temperature is very significant. Though the 
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ageing treatment at lower temperature improves these properties 

drastically however, the values obtained after heat treatment consisting of 

“Solution Annealing at 950 
0
C x 3 hours + Age Hardening at 720 

0
C x 16 

hours” are closest to that of new A-286 material. The improvement in 

these properties after heat treatment is attributed to grain refining, 

dissolution of carbides and re-precipitation of coherent carbide particles. 

13. Long-term exposure to high temperature during service affects the 

toughness of the material to a great extent due to coarsening of the grains 

and precipitation of incoherent carbide particles within the grains and 

along the grain boundaries. The average Charpy impact strength decreases 

to 17.0 Joules for serviced A-286 material against 57.6 Joules for new A-

286 material. The detrimental effect of grain coarsening and presence of 

incoherent carbide particles is evident from the quasi-cleavage type 

fracture with presence of micro-voids and cracks under tri-axial stress 

condition in Charpy impact test as exhibited by the fractured surface.  

14. All the heat treatments conducted in the present study brings significant 

improvement in Charpy impact strength. Average impact values decrease 

with increase in soaking period when annealed at lower temperature but 

increase with increase in soaking period for higher annealing temperature 

followed by same ageing process in all cases. Average impact values 

increase with increase in ageing temperature and ageing time after same 

annealing process at lower temperature. The increase or decrease in 

Charpy values primarily depends on the grain size. Fine or small grains 
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leads to high Charpy values.  Highest values are obtained at higher 

annealing temperature with lower ageing temperature and short ageing 

time. It is very unusual and needs further study since higher annealing 

temperature results in coarser grain.   

15. The stress rupture tests at two different sets of stress and temperature 

combination i.e. 520 MPa, 550
o
C and 385 MPa, 650 

o
C do not reveal any 

significant abnormality for the new A-286 bar and serviced turbine wheel 

before and after different heat treatments. None of the samples fails after 

100 hours duration in stress rupture tests (except samples after solution 

annealing at 1120
0
C for 3 hours and age hardening at 600

0
C for 4 hours 

and 8 hours which fail immediately after loading due to the machining 

problems or some test sample loading issues) indicating considerable 

amount of stress rupture strength. The microstructural changes such as 

grain coarsening and carbide precipitation do not have any adverse effect 

on the stress rupture strength of the A-286 wheel. 

16. Comparison of the microstructures and mechanical properties reveals that 

the heat treatment consisting of “Solution Annealing at 950 
0
C x 3 hours + 

Age Hardening at 720 
0
C x 16 hours” results in most desirable 

combination of microstructure and mechanical properties (close to new A-

286 material) among all the heat treatments conducted in the present 

study. It is therefore, concluded that the life of serviced turbine wheel may 

surely be extended to a reasonable extent after above-mentioned 

rejuvenation heat treatment.   
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17. Based on improvement in the mechanical properties, the present research 

work suggests a life extension of further 48k hours to the A-286 turbine 

wheel after the rejuvenation heat treatment. The gas turbine users have a 

scheduled major outage after 48,000 hours. During the major outage, there 

is an opportunity to check the microstructure of the same rejuvenated 

turbine wheel, primarily for any carbide precipitation. The microstructure 

evaluation can be done by replica metallography, which is non-destructive 

method. If there is any alarming situation, found in microstructure after 

48k hours, it can be communicated to the end users and appropriate 

measures to run or replace the wheel can be taken. . Thus, a detailed life 

cycle management plan can be established for the continuation of A-286 

gas turbine wheels after 200k hours. 

6.1 LIFE CYCLE MANAGEMENT OF TURBINE WHEELS 

A life cycle management plan is essential for the long-term performance of the A-

286 turbine wheels. From, the experimental research it is concluded that the life 

of A-286 turbine wheels can be increased by rejuvenation heat treatment.  

Replacement of the turbine wheel is not economical but heat-treating the turbine 

wheel is certainly an economical option. The rejuvenation heat treatment of 

turbine wheel will serve as a cost effective solution to utilize heat treatment 

approach for life extension and reliable operation of gas turbines after 200k hours 

of operation. The research data will serve as a guideline or model for similar fleet 
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of A-286 turbine wheels for estimating the remaining life, which will lead to 

considerable amount of cost savings.  

The rejuvenated turbine wheel can be continued in service for 48k hours.  

Microstructure can be monitored for any further transformations during the outage 

by replica metallography. 

 

The life cycle management plan for the turbine wheels based on the research 

observations and results follow: 

1. Data collection in terms of turbine operational history needs to be 

collected.  The operational history will provide an overview of the 

temperatures experienced by the turbine wheel in service, number of starts 

and stops, and any other modification if done in the turbine unit. 

2. Examine the turbine wheel after removal from turbine non-destructively. 

The non-destructive tests shall include replica metallography to evaluate 

the microstructure, eddy current testing for surface and subsurface cracks. 

If required, a dimensional check can also be performed depending on the 

integrity of the turbine wheel.    

3. The replica metallography evaluation will provide vital information 

regarding any microstructural transformations. Microstructure should be 

examined for grain boundary carbide precipitation, microvoids and 

microcracks, detrimental phases such as eta phase. Microstructure should 

be checked by replica metallography at different locations on the turbine 

wheel for carbide dissolution. 
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4. In case, the microstructure displays evidence of significant grain boundary 

carbide precipitation, solution annealing and ageing heat treatment should 

be performed on the turbine wheel. To assure, the carbides have dissolved 

in solid solution matrix replica metallography needs to be performed on 

the turbine wheel after solution annealing and heat treatment.   

5. If carbide dissolution is to satisfactory extent after rejuvenation heat 

treatment, the wheel can be continued further in service. 

6. The turbine wheel can be in service until another inspection cycle, which 

is normally 48,000 hours.  

7. On completion of the 48,000 hours, the turbine wheel needs to be 

inspected for any cracks and carbide precipitation. 

 

The life cycle management flow chart for the turbine wheel is presented in Figure 

6.1. 
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Figure 6.1: Life Cycle Management of Turbine Wheel - Flow Chart  
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6.2 FUTURE SCOPE OF WORK 

The present research concluded that it is possible to extend the life of A-286 gas 

turbine wheels by rejuvenation heat treatment. Various experimental heat 

treatments and the evaluation of microstructure and mechanical properties suggest 

that the properties are improved. Further work on this research is outlined below:   

1. Determination of creep and fatigue properties on the A-286 serviced wheel 

after rejuvenation heat treatment.  

2. Study of carbide precipitation mechanism in A-286 serviced turbine 

wheel.  

3. Microstructural and mechanical property evaluation of Cr-Mo-V turbine 

wheels. 

4. Development of a similar rejuvenation heat treatment for Cr-Mo-V steel 

turbine wheels, which has crossed 200k hours of service. 
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