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Increasing Efficiency: A-USC Plants

Source: Viswanathan, et al 2005

US-DOE Advanced Power System 
Goal: ~46% efficiency from 

coal generation
Steam condition: 760C - 35MPa

~5ksi

Plants operation above 22MPa at 538 to 565C are “supercritical”; above 565C are “ultra-supercritical” (USC) 
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Austenitic Alloy Attributes

• (+) Good Creep Properties
• (+) Good Oxidation/Corrosion resistance
• (─) Thermal expansion
• (─) Complex

o Chemistry
o Processing
o Heat treatment
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Strengthening Ni-Base Alloys

• Gamma Prime
• Gamma Double Prime

• Difficult to process
– High solution temperatures
– Fast precipitation kinetics
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Alloy Selection: A Balancing Act

• Creep strength
• Yield strength
• Fatigue
• Weldability
• Steam oxidation resistance
• Cost

• Age hardenable Ni-base alloys (Gamma prime)
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Example Components 

Valve Bodies Turbine Casing

• Castings
– 1-15 tons
– Up to 100mm in thickness

Courtesy Alstom
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Air Melt Considerations

• These alloys contain Al
– Losses during melting
– Resulting in inclusions and other defects
– Resulting in reduced strength

• Al is critically considered



8

Effect of Minor Alloying Elements
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Effect of Mn Level on Cr Retention

Weight Percent Mn
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Mn x-ray Map of Slag

Mn clearly 
migrates to the 
surface

This surface film of 
Mn-oxide may 
minimize Cr losses 
during air melting
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Challenges for A-USC Castings

• Alloys contain elements with high oxygen affinity 
such as Al and Ti

• Large pour weights (1-15T)
• Thick section components

– Slow cooling rates
– Segregation prone alloys

• Our approach is to examine a suite of traditionally 
wrought Ni-based superalloys cast under conditions 
designed to emulate the full sized casting.

• Traditionally wrought alloys are being considered 
due to proven weldability in thick sections.
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Alloys Under Consideration

Solid Solution Age Hardenable
H230 N105
IN617 N263
IN625 H282

IN740
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Our Model Casting Geometry

The actual 
component is 
nominally 4in 
thick and 
“infinite” in the 
other 
directions.

Our casting is 
nominally 4in in 
diameter and 4-
5in tall.
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“Enhanced” Slow Cooling

Our casting layout is 
shown schematically in 
cross section on the left.  
A permanent graphite 
mold was used.  This 
mold was surrounded by 
loose sand such that the 
top of the casting was 
below the sand line.  
This is our attempt to 
emulate the “semi-
infinite” plate model of 
the turbine casing.

Loose Sand

Ingot

Graphite Mold
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Model Casting Results

Photo taken 
moments after 
casting. The mold 
never showed any 
“color” which 
meant that the 
mold temperature 
stayed below 
about 550C.  This 
gave us some 
confidence that 
slow cooling was 
achieved.

Empty melt crucible.

Full mold 

(Ingot top is below 
loose sand line).
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Grain Etched Ingot Cross Sections

Ingots were sectioned to bisect the shrink cavity.  

In general, the ingots have a columnar outer band ~1/4-1/3 of 
the radius thick and an equiaxed core.  This is similar to the 
grain structure we would expect to observe in a large sand cast 
version of these alloys.  

N105 H230 N263

H282 IN617 IN625 IN740
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First Ingot Chemistries

C Cr Mo Co Al Ti Cb Mn Si B W

Nimonic 105 0.15 14.85 5.00 20.00 4.70 1.10 0.50 0.50 0.05

0.16 14.61 5.02 20.04 4.43 1.10 0.51 0.51 0.05

Haynes 282 0.070 19.50 8.50 10.00 1.50 2.10 0.25 0.15 0.005

0.07 19.22 8.48 9.84 1.44 2.08 0.24 0.15 0.01

IN740 0.030 25.00 0.50 20.00 1.30 1.50 1.50 0.30 0.30 Fe: 0.70

0.04 24.71 0.50 20.03 1.24 1.48 1.50 0.30 0.31 0.57

Nimonic 263 0.070 20.00 5.80 20.00 0.35 2.10 0.50 0.35

0.07 19.68 5.74 19.89 0.40 2.04 0.50 0.34

Haynes 230 0.120 22.00 2.00 0.35 0.70 0.50 14.00

0.12 21.59 2.01 0.37 0.69 0.50 13.91

IN617 0.120 22.00 9.00 12.50 1.10 0.30 0.50 0.50

0.12 21.73 8.96 12.35 1.04 0.31 0.50 0.49

IN625 0.070 21.00 9.00 0.10 0.10 3.60 0.50 0.35

0.07 20.71 8.92 0.15 0.089 3.58 0.49 0.34

Aims

Results
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Casting the Plate For Welding Studies

Our casting layout is 
shown schematically in 
cross section on the left.  
A permanent graphite 
mold was used.  This 
mold was surrounded by 
loose sand such that the 
top of the casting was 
covered with sand.  This 
is our attempt to emulate 
the “semi-infinite” plate 
model of the turbine 
casing.

Loose Sand

Ingot

Graphite Mold
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Molding and Furnace Details
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Cast Plate Stock for Welding Studies

2in x 4in x 6in
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21—Plate Alloy Chemistries
Samples Mn Si Cr Co Mo Ti Al B C

wt% wt% wt% wt% wt% wt% wt% wt% wt%
H282-E 0.31 0.16 19.23 9.86 8.48 2.12 1.37 0.01 0.07

H282-E-R 0.28 0.15 19.09 9.78 8.39 2.09 1.30 0.01 0.07
H282-F 0.25 0.17 19.22 9.83 8.47 2.15 1.34 0.01 0.07
H263-C 0.49 0.34 19.67 19.93 5.78 2.11 0.37 -- 0.08
H263-D 0.50 0.33 19.68 19.93 5.78 2.12 0.35 -- 0.08

H263-B-1 0.49 0.34 19.70 19.92 5.72 2.11 0.39 -- 0.08
H263-B-2 0.48 0.34 19.69 19.73 5.79 2.09 0.37 -- 0.08
H263-E 0.50 0.33 19.67 19.92 5.77 2.16 0.38 -- 0.08
H263-F 0.50 0.34 19.66 19.92 5.77 2.13 0.40 -- 0.08
H263-G 0.50 0.30 19.64 19.96 5.77 2.13 0.39 -- 0.08
H263-H 0.51 0.32 19.69 19.92 5.79 2.09 0.38 -- 0.08

H282-D-1 0.26 0.15 19.22 9.89 8.43 2.02 1.41 0.01 0.08
H282-D-2 0.25 0.14 19.24 9.90 8.42 2.05 1.41 0.01 0.09
H282-G 0.24 0.11 19.21 9.83 8.47 2.18 1.44 0.01 0.08
H282-H 0.25 0.13 19.23 9.82 8.47 2.11 1.44 0.01 0.08
H282-I 0.25 0.15 19.24 9.84 8.45 2.08 1.49 0.01 0.08
H282-J 0.25 0.14 19.25 9.87 8.48 2.10 1.41 0.01 0.08
H263-I 0.50 0.78 19.62 19.84 5.74 2.09 0.41 -- 0.08
H263-J 0.50 0.30 19.67 19.96 5.77 2.12 0.37 -- 0.08
H282-L 0.24 0.14 19.21 9.83 8.48 2.17 1.39 0.01 0.08
H282-M 0.25 0.14 19.26 9.83 8.46 2.11 1.42 0.01 0.08
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Project Tasks

• Cast plates from selected alloys for weldability:
– Casting complete
– Evaluation underway

• Work with GE to develop a feature laden prototype 
casting to be cast at an outside vendor 
– Castings are too large for traditional investment 

casting vendors
– Majority of sand casting vendors cast iron and steel
– First vendor identified bowed out
– Second vendor identified and development continues
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Nimonic 105

As-Cast Homogenized

Qualitative Confirmation of the Effectiveness of the Homogenization Heat Treatment

1100C/10,000s+1200C/remaining time

Patent Pending
Metall. Trans. B, 40B, (2009) 182.
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Solid Solution Alloys

All 800C

LM = T[K](C[20]+log(t))
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Gamma Prime Formers

All 800C

LM = T[K](C[20]+log(t))
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Cast Solution Treated + Aged Microstructures 
Original Chemistry versus New Chemistry

5 µmη-phase MC Carbide M23C6 Carbide

0.9 Al 2.0 Nb 1.8 Ti 1.3 Al 1.5 Nb 1.5 TiIN740
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H282 High Al or Ti

Gamma 
Prime

Mu

Gamma

Mu

M23C6
M6C

Gamma 
Prime

Gamma

M23C6
M6C

800C800C

16.8

1.27 Al 2.22 Ti 1.54 Al 1.94 Ti
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800C Creep Performance

Stress, MPa Minimum Creep 
Rate, s-1

Creep Stress 
Exponent

Time to 
Rupture, hours

H282-Ti

200 1.70 x 10-09

8.60

1,171

276 1.60 x 10-08 212

345 6.30 x 10-08 54

414 1.30 x 10-06 15

H282-Al

200 2.60 x 10-09

6.4

1,113

276 1.60 x 10-08 156

345 1.30 x 10-07 46

414 2.10 x 10-07 16

No Substantial Difference
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Remelt Stock and Fluidity Spiral

N263

H282

Fluidity 
Spiral
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Fluidity Spiral Castings

N263

H282

73                                        203

235                                      146
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Fluidity Spiral Results

Superheat (C)
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Chemistry Results

Al Ti
Aim 0.4 2.1

N263 1 0.29 2.0
2 0.26 1.9

Aim 1.5 2.1
H282 1 1.38 1.97

2 1.34 1.99
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Summary

• There is a backlog in power plant construction.
• If new plants operate under A-USC conditions enhanced 

efficiency and reduced pollution is anticipated.
• A-USC conditions will require advanced Ni-based alloys to 

operate.
• Small scale castings were made to evaluate the performance of 

cast forms of traditionally wrought Ni-based superalloys. 
• A computationally optimized homogenization heat treatment 

was developed to improve the performance of these materials.
• The performance of these alloys, especially creep, looks 

promising and is comparable to the wrought analogue.
• The alloys appear to have adequate fluidity for casting.
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Continuing Work

• Work with turbine manufacturers to 
produce/evaluate large scale castings of down-
select alloys.

• Work with ORNL to produce/evaluate smaller scale 
castings of microstructurally relevant down-select 
alloys.

• Continue alloy modification for improved castability
and cost improvement.

• Explore heat treatment modifications of the alloys.
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Casting the Future


	Addressing Materials Processing Issues for Steam Turbines: Cast Versions of Wrought Ni-Based Superalloys
	Increasing Efficiency: A-USC Plants
	Austenitic Alloy Attributes
	Strengthening Ni-Base Alloys
	Alloy Selection: A Balancing Act
	Example Components 
	Air Melt Considerations
	Effect of Minor Alloying Elements
	Effect of Mn Level on Cr Retention
	Mn x-ray Map of Slag
	Challenges for A-USC Castings
	Alloys Under Consideration
	Our Model Casting Geometry
	“Enhanced” Slow Cooling
	Model Casting Results
	Grain Etched Ingot Cross Sections
	First Ingot Chemistries
	Casting the Plate For Welding Studies
	Molding and Furnace Details
	Cast Plate Stock for Welding Studies
	21—Plate Alloy Chemistries
	Project Tasks
	Nimonic 105
	Solid Solution Alloys
	Gamma Prime Formers
	Cast Solution Treated + Aged Microstructures Original Chemistry versus New Chemistry
	H282 High Al or Ti
	800C Creep Performance
	Remelt Stock and Fluidity Spiral
	Fluidity Spiral Castings
	Fluidity Spiral Results
	Chemistry Results
	Summary
	Continuing Work
	Slide Number 35

