
Single-Crystal Superalloys for Turbine Blade Applications

Learning outcomes:
• Explain how the processing and heat-treatment of 

polycrystalline superalloys produce optimised 
properties for the turbine disk.

• Explain the processing stages of single-crystal superalloys, 
for improved creep performance in turbine blades.

• Summarise the chemical additive trends in single crystal 
superalloys, for good turbine blade properties, and 
describe the importance of freckling and GB defects.

• Explain creep performance in terms of rafting, summarise 
the fatigue properties of single-crystal superalloys, and 
explain the reasons for turbine blade coatings and joinings.
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Turbine Disk – Hot Isostatically Pressed 
component, with polycrystalline 

superalloy microstructure.  

Course goal: Compare the processing stages and properties of polycrystal superalloys for turbine disk 
applications, and single-crystal superalloys for turbine blade applications. Understand creep and 
fatigue processes, and the importance of defects, in single-crystal superalloys.
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Superalloys for Turbine Disk Applications

• Fixture for fan blades, extract mechanical energy.

• Critical component of jet engine!

• Stresses ~ 1000 MPa at take-off.

• Working temperature ~ 650°C 
(lower than operating temperature of the           
fan blades in the hot gas stream).

• Tolerance to creep needed

• Tolerance to Low Cycle Fatigue (LCF) needed   
(more so than HCF).

Ti-64
α + β

T = 230°C

near-β near-α
Ti-6246 Ti-834 Ni-based

Superalloys
TiAl

T = 430°C T=730°C T=1230- 730°C T = 730°C

Turbine Disk – Hot Isostatically Pressed 
component, with polycrystalline 

superalloy microstructure.  
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Superalloy Turbine Disk Properties

Aims for processing of polycrystalline 
superalloy turbine disk…

1. Grain size ~ 40 μm
→ strength, resistance to fatigue crack 
initiation (↓ grain size)                                  
+ creep strength and resistance to fatigue 
crack growth (↑ grain size).

2. Uniform distribution of γ’ phase              
40% – 50% volume fraction                     
(Al, Ti, Ta additions and HT).                     
→ strength and fatigue resistance  

3. Boride (B) and carbide (C) precipitation    
→ grain boundary strengthening               
→ reduce creep and LCF.
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Processing of Superalloy Turbine Disks218 Superalloys for turbine disc applications

Vacuum induction melt Electro-slag refine Vacuum arc remelt

Anneal Upset and draw Forge

Fig. 4.1. The sequence of processes used for the production of turbine disc alloys by ingot
metallurgy. Adapted from ref. [3].

by the forgemaster. The first is conventional ingot metallurgy, which involves the thermal-
mechanical working of material produced by vacuum induction melting, electro-slag remelt-
ing and vacuum arc remelting [1]. Billets processed in this way are referred to as cast-and-
wrought product. A second route involves powder metallurgy. The choice of route depends
upon a number of factors, but is largely dictated by the chemistry of the chosen superalloy
[2]. Alloys such as Waspaloy and IN718 are generally prepared by ingot metallurgy, since
the levels of strengthening elements Al, Ti and Nb are relatively low, so that the additional
cost associated with powder processing cannot be justified. Figure 4.1 illustrates the various
steps taken in this case [3]. Vacuum induction melting is followed by electro-slag refining
and vacuum arc remelting; after annealing to improve the compositional homogeneity, the
billet is thermal-mechanically worked before undergoing a series of forging operations.
Unfortunately, ingot metallurgy cannot be applied to the heavily alloyed grades such as
Rene 95 and RR1000, since the levels of segregation arising during melt processing and the
significant flow stress at temperature cause cracking during thermal-mechanical working;
instead, powder-processing is preferred, see Figure 4.2 [3]. Here, vacuum induction melt-
ing (VIM) is used as before, followed by remelting and inert gas atomisation to produce
powder – this is then sieved to remove any large non-metallic inclusions inherited from
the processing. This step is important since it improves, in principle, the cleanliness of the
product. To prepare a billet ready for forging, the powder is consolidated by sealing it into a
can, which is then degassed and sealed, and hot isostatic pressing and/or extrusion follows.
In principle therefore the concentration of inclusions will be lower in the powder metallurgy

Ingot Metallurgy

• Hot Working (Rolling, Forging) 1100-1200°C 

• Solutionise: 4hrs at 1175°C (super-solvus) 
or 1100°C (sub-solvus)                
(Homogenize remnant cast structure,                     
dissolve carbides, grain size development) 
– Cool 

• Intragranular Strengthening Precipitation : 
4hrs at ~ 1000°C (γ’ or γ”) 
– Air Cool 

• Grain Boundary Carbide Precipitation :      
16-40hrs at ~ 900°C (Thermally treat) 
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Processing of Superalloy Turbine Disks218 Superalloys for turbine disc applications

Vacuum induction melt Electro-slag refine Vacuum arc remelt

Anneal Upset and draw Forge

Fig. 4.1. The sequence of processes used for the production of turbine disc alloys by ingot
metallurgy. Adapted from ref. [3].

by the forgemaster. The first is conventional ingot metallurgy, which involves the thermal-
mechanical working of material produced by vacuum induction melting, electro-slag remelt-
ing and vacuum arc remelting [1]. Billets processed in this way are referred to as cast-and-
wrought product. A second route involves powder metallurgy. The choice of route depends
upon a number of factors, but is largely dictated by the chemistry of the chosen superalloy
[2]. Alloys such as Waspaloy and IN718 are generally prepared by ingot metallurgy, since
the levels of strengthening elements Al, Ti and Nb are relatively low, so that the additional
cost associated with powder processing cannot be justified. Figure 4.1 illustrates the various
steps taken in this case [3]. Vacuum induction melting is followed by electro-slag refining
and vacuum arc remelting; after annealing to improve the compositional homogeneity, the
billet is thermal-mechanically worked before undergoing a series of forging operations.
Unfortunately, ingot metallurgy cannot be applied to the heavily alloyed grades such as
Rene 95 and RR1000, since the levels of segregation arising during melt processing and the
significant flow stress at temperature cause cracking during thermal-mechanical working;
instead, powder-processing is preferred, see Figure 4.2 [3]. Here, vacuum induction melt-
ing (VIM) is used as before, followed by remelting and inert gas atomisation to produce
powder – this is then sieved to remove any large non-metallic inclusions inherited from
the processing. This step is important since it improves, in principle, the cleanliness of the
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4.1 Processing of the turbine disc alloys 219
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To vacuum
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Fig. 4.2. The sequence of processes used for the production of turbine disc alloys by powder
metallurgy. Adapted from ref. [3].

product than in that produced by ingot metallurgy, although this is achieved at greater cost
and by a processing route which is significantly more complex.

Regardless of the route to be employed for the processing of the turbine disc material,
VIM is used as the standard melting practice for the preparation of the superalloy stock.
Vacuum metallurgy dates from the 1840s, but considerable advances were made in Germany
during World War I when Ni–Cr alloys were produced as alternatives to platinum-based
thermocouple alloys. The first commercial application of the superalloys came in the 1950s
with the production of 5 kg heats of Waspaloy; each heat was forged to a single turbine blade.
The success of the industry can be judged by noting that worldwide production has expanded

Ingot Metallurgy Powder Metallurgy

• Hot Working (Rolling, Forging) 1100-1200°C 
• Solutionise: 4hrs at 1175°C (super-solvus) or 1100°C (sub-solvus)   
(Homogenize remnant cast structure, dissolve carbides, grain size development) 
– Cool 
• Intragranular Strengthening Precipitation : 4hrs at ~ 1000°C (γ’ or γ”) 
– Air Cool 
• Grain Boundary Carbide Precipitation : 16-40hrs at ~ 900°C (Thermally treat) 
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Superalloy Turbine Disk Precipitation

• Alloy contents are designed to be in the g-g’ phase field

• Chemical segregation must be reduced during solidification        
to optimise properties

• Solutionising → material is taken back up into the single phase g 
(super-solvus), or two-phase g-g’ (sub-solvus)

• Intragranular precipitation occurs as solid solution is cooled into 
the more extensive two phase region.

• Quench and step-wise heat treatments can be conducted to 
generate primary, duplex, and tertiary distributions of g’
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Typical Polycrystalline Superalloy Microstructure

• Intragranular γ′ is coherent with γ and has a 
simple cube-cube ([001]||[001]) relationship. 
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Sub-solvus and Super-solvus Heat-treatment
• Super-solvus heat treatment can improve high temperature properties, 

such as creep…

Sub-solvus heat treatment Super-solvus heat treatment
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Effect of Cooling Rate on γ’
1 K/min 10 K/min

100 K/min 360 K/min

• Faster cooling rate                  
→ finer γ’ phase distribution 
(diffusion kinetics)
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Effect of Cooling Rate on γ’
1 K/min 10 K/min 100 K/min 360 K/minFaster 

cooling rate 
↓

Restrict 
elemental 
diffusion

+
Minimise
chemical 

partitioning
↓

Alter   
lattice misfit
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Learning outcomes:
• Explain how the processing and heat-treatment of 

polycrystalline superalloys produce optimised properties 
for the turbine disk.

• Explain the processing stages of single-crystal 
superalloys, for improved creep performance in 
turbine blades.

• Summarise the chemical additive trends in single crystal 
superalloys, for good turbine blade properties, and 
describe the importance of freckling and GB defects.

• Explain creep performance in terms of rafting, summarise 
the fatigue properties of single-crystal superalloys, and 
explain the reasons for turbine blade coatings and 
joinings.

11

The move to using single-crystal superalloys for turbine 
blades has improved their high temperature creep 

properties, allowing them to withstand higher 
temperatures in the hot-gas stream of the jet engine.

Course goal: Compare the processing stages and properties of polycrystal superalloys for turbine disk 
applications, and single-crystal superalloys for turbine blade applications. Understand creep and 
fatigue processes, and the importance of defects, in single-crystal superalloys.
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Turbine Blades 3.4 Turbine blading: design of size and shape 201

Fig. 3.81. Photographs of turbine components for the CFM-56 engine: (a) guide vanes (stators) in
low-pressure turbine section, and (b) spool of high-pressure turbine blading.

Low pressure turbine

High pressure turbineSingle-pass cooling       Multi-pass cooling 

• High temperatures ~ 1500°C in hot gas stream! 
Stress ~ 180 MPa.

• Blades expected to last ~ 3 years.
• Alloys optimised for high temp. creep            

strength and high cycle fatigue (HCF).
• Alloys are not optimised for LCF.
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Processing of Turbine Blades3.1 Processing of turbine blading 123

Fig. 3.1. Illustration of the various stages of the investment casting process. (Courtesy of Mr Frank
Reed.)

Fig. 3.2. The Trent 800 high-pressure turbine blade at different stages of its production by
investment casting. Left: wax model containing ceramic core, ready to receive the investment shell.
Centre: finished casting with pig-tail selector removed. Right: finished blade, after machining.

When investment casting was first applied to the production of turbine blading, equiaxed
castings were produced by the ‘power-down’ method, which involved the switching off of
the furnace after pouring of the molten metal [3]. However, it has been found that the creep
properties are improved markedly if the process of directional solidification is used – these
methods were pioneered by Versnyder and co-workers at the Pratt & Whitney company in
the 1970s, leading to the introduction of directionally solidified blading cast from PWA1422
in the 1980s. After pouring, the casting is withdrawn at a controlled rate from the furnace –
as in the conventional Bridgman crystal-growing method. A speed of a few inches per
hour is typical – so that the solid/liquid interface progresses gradually along the casting,
beginning at its base. This has the effect of producing large, columnar grains which are

• Produced by investment casting, also 
called ‘lost-wax’ process

1. Production of wax model, wax will set 
around ceramic cores for cooling 
passages

2. Model is dipped into ceramics slurries 
consisting of binding agents and mixture 
of zircon (ZrSiO4), alumina (Al2O3) and 
silica (SiO2)

3. Mould is baked at low temperature to 
melt out the wax

4. High temperature to fire the ceramic 
mould

5. Pre-heating, degassing followed by 
vacuum pouring of molten superalloy
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Directional Solidification
• Directional solidification by removing heat from one direction in                                                  

a controlled manner (crystal growth is 2-3 cm per hour)

• When adding a ‘grain selector’ to the base of the wax mould, a single grain can be grown
• <001> growth direction is chosen

124 Single-crystal superalloys for blade applications

Fig. 3.3. Various designs of grain selector, for the production of the investment castings in
single-crystal form.
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Fig. 3.4. Two configurations by which turbine blading can be grown in single-crystal form using the
seeding technique. (a) Molten metal enters via a downpole, with an ingate at the base of the casting.
(b) Downpole at the top in a so-called ‘top-pouring’ configuration.

elongated in the direction of withdrawal, so that transverse grain boundaries are absent [5].
In a variant of this process, the grain boundaries are removed entirely. Most typically, this
is achieved [6] by adding a ‘grain selector’ to the very base of the wax mould, typically in
the form of a pig-tail-shaped spiral; see Figure 3.3. Since this is not significantly larger in
cross-section than the grain size, only a single grain enters the cavity of the casting, which
is then in monocrystalline form. Alternatively, a seed can be introduced at the base of the
casting (see Figure 3.4); provided the processing conditions are chosen such that this is
not entirely remelted, growth occurs with an orientation consistent with that of the seed.
In Figure 3.5, a high-pressure turbine blade casting is shown, with pig-tail grain selector
still in place. Figure 3.6 shows a close-up of the base of the casting. Note, in particular, the
columnar grain structure in the region below the grain selector.

Pig-tail style grain selectors

124 Single-crystal superalloys for blade applications

Fig. 3.3. Various designs of grain selector, for the production of the investment castings in
single-crystal form.
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Fig. 3.4. Two configurations by which turbine blading can be grown in single-crystal form using the
seeding technique. (a) Molten metal enters via a downpole, with an ingate at the base of the casting.
(b) Downpole at the top in a so-called ‘top-pouring’ configuration.

elongated in the direction of withdrawal, so that transverse grain boundaries are absent [5].
In a variant of this process, the grain boundaries are removed entirely. Most typically, this
is achieved [6] by adding a ‘grain selector’ to the very base of the wax mould, typically in
the form of a pig-tail-shaped spiral; see Figure 3.3. Since this is not significantly larger in
cross-section than the grain size, only a single grain enters the cavity of the casting, which
is then in monocrystalline form. Alternatively, a seed can be introduced at the base of the
casting (see Figure 3.4); provided the processing conditions are chosen such that this is
not entirely remelted, growth occurs with an orientation consistent with that of the seed.
In Figure 3.5, a high-pressure turbine blade casting is shown, with pig-tail grain selector
still in place. Figure 3.6 shows a close-up of the base of the casting. Note, in particular, the
columnar grain structure in the region below the grain selector.

Two configurations for growing single crystals

Dendrite growth from longitudinal 
and transverse sections
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Directionally Solidified Turbine Blade

• Final 
machining to 
achieve 
accurate shape 
tolerance.

3.1 Processing of turbine blading 123

Fig. 3.1. Illustration of the various stages of the investment casting process. (Courtesy of Mr Frank
Reed.)

Fig. 3.2. The Trent 800 high-pressure turbine blade at different stages of its production by
investment casting. Left: wax model containing ceramic core, ready to receive the investment shell.
Centre: finished casting with pig-tail selector removed. Right: finished blade, after machining.

When investment casting was first applied to the production of turbine blading, equiaxed
castings were produced by the ‘power-down’ method, which involved the switching off of
the furnace after pouring of the molten metal [3]. However, it has been found that the creep
properties are improved markedly if the process of directional solidification is used – these
methods were pioneered by Versnyder and co-workers at the Pratt & Whitney company in
the 1970s, leading to the introduction of directionally solidified blading cast from PWA1422
in the 1980s. After pouring, the casting is withdrawn at a controlled rate from the furnace –
as in the conventional Bridgman crystal-growing method. A speed of a few inches per
hour is typical – so that the solid/liquid interface progresses gradually along the casting,
beginning at its base. This has the effect of producing large, columnar grains which are

3.1 Processing of turbine blading 125

Fig. 3.5. Rolls-Royce Trent 800 high-pressure
turbine blade casting, after removal of the
investment shell.

Fig. 3.6. Details of the starter block and
pig-tail grain selector from the Trent 800
high-pressure turbine blade casting.

Wax 
model

Finished 
casting with 

grain selector 
removed

Finished 
blade after 
machining

Finished 
casting with 

grain selector
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Creep Strain Comparison

130 Single-crystal superalloys for blade applications
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Fig. 3.10. Variation of the creep rupture properties of the superalloy CMSX-4 at 850 ◦C, measured
on specimens with a single grain boundary of misorientation, θ , introduced. Note the very great
reduction in performance caused by the presence of the grain boundaries. (Courtesy of Bob
Broomfield.)

Fig. 3.11. Evolution of creep strain with time for the superalloy Mar-M200 under loading of
206 MPa and 982 ◦C, in the conventionally cast (equiaxed) state, the directionally solidified
(columnar) state and the single-crystal form [8].

result is a reduction in the number of grain boundaries and the establishment of a strong
〈001〉-orientated texture.

3.1.2 Analysis of heat transfer during directional solidification

In practice, directional solidification requires careful control of the rate of heat removal
from the casting. Mathematical analysis of the heat transfer processes is therefore useful,
since it provides insight into the effects occurring.

• Superalloy Mar-M200 produced by conventional casting, directionally solidified 
(columnar grains) and single crystal

• Creep performance 
cast < directionally solidified < single crystal
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Learning outcomes:
• Explain how the processing and heat-treatment of 

polycrystalline superalloys produce optimised properties 
for the turbine disk.

• Explain the processing stages of single-crystal superalloys, 
for improved creep performance in turbine blades.

• Summarise the chemical additive trends in single 
crystal superalloys, for good turbine blade properties, 
and describe the importance of freckling and GB 
defects.

• Explain creep performance in terms of rafting, summarise 
the fatigue properties of single-crystal superalloys, and 
explain the reasons for turbine blade coatings and joinings.

17

Course goal: Compare the processing stages and properties of polycrystal superalloys for turbine disk 
applications, and single-crystal superalloys for turbine blade applications. Understand creep and 
fatigue processes, and the importance of defects, in single-crystal superalloys.

Freckling defect in single-crystal turbine blade, 
caused by chemical partitioning during solidification.
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Good Single Crystal Properties
1. High proportions of γ’ 

elements (Al, Ti, Ta)         
→ γ’ fraction ~ 70%
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Good Single Crystal Properties
1. High proportions of γ’ 

elements (Al, Ti, Ta)           
→ γ’ fraction ~ 70%

2. Less importance to surface 
degradation

3. Small γ/γ’ misfit to limit       
γ’ coarsening                      
→ small particles (vary 
composition, temperature)

4. Re, W, Ta, Mo, Ru for 
creep strengthening and 
HCF, but limit TCP phases

→ Coatings

“Ruthenium-effect” ?

Al
Re

CoTa + W

Cr

1. High proportions of γ’ 
elements (Al, Ti, Ta)         
→ γ’ fraction ~ 70%
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Single Crystal Defects – Freckling
• ‘Single crystal’ materials composed of dendrites.

• Freckling – thin chains of equiaxed grains from chemical composition heterogeneity 
(Al, Ti, Ta, Nb partitioning)

• Any grain boundaries reduce          
creep tolerance of ‘single crystal’

Dendrites from longitudinal and transverse direction
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Single Crystal Defects – Orientation
• Optimum yield stress, creep rupture life and fatigue 

strength for [001] along blade tensile axis.

• Small deviations from [001] can reduce creep life.

Creep 
rupture 

life

Young’s 
Modulus
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Single Crystal Defects – Grain Boundaries
• Optimum yield stress, creep rupture life and fatigue 

strength for [001] along blade tensile axis.

• Small deviations from [001] can reduce creep life.

Creep 
rupture 

life

Young’s 
Modulus

Grain boundary 
misorientation

• Any low angle grain boundaries could reduce creep 
rupture properties… 
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Learning outcomes:
• Explain how the processing and heat-treatment of 

polycrystalline superalloys produce optimised properties 
for the turbine disk.

• Explain the processing stages of single-crystal superalloys, 
for improved creep performance in turbine blades.

• Summarise the chemical additive trends in single crystal 
superalloys, for good turbine blade properties, and 
describe the importance of freckling and GB defects.

• Explain creep performance in terms of rafting, 
summarise the fatigue properties of single-crystal 
superalloys, and explain the reasons for turbine blade 
coatings and joinings.
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Course goal: Compare the processing stages and properties of polycrystal superalloys for turbine disk 
applications, and single-crystal superalloys for turbine blade applications. Understand creep and 
fatigue processes, and the importance of defects, in single-crystal superalloys.

Single crystal microstructure with initial γ/γ’ 
microstructure (a), and fully rafted microstructure 

after applied loading at high temperature (b).
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Creep Performance
• Creep is a life-limiting factor, eventually blades 

lengthen and must be removed.

• Different creep regimes depending on 
operating temperature and stress

• Primary → non-uniform shape change of 
anisotropic single-crystal, γ’ shearing.

• Tertiary  → cross-slip in γ channels   
(thermally activated).

• Rafting → γ’ preferential directional 
coarsening 
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Rafting
• At high temperatures γ’ coarsen,       

γ-γ’ lattice misfit gives a directional 
dependence to coarsening.

• Lattice misfit can either be +ve or –ve
- dependent on alloy content and chemical

partitioning

• Material diffuses from compressive to 
tensile locations.

γ’ γ’

γ’ γ’

γ’ γ’

γ’ γ’

+ve misfit

Te
ns

ile
 s

tre
ss

 in
 [0

01
]

Formation of γ’ 
rods accelerate 

creep rate

Formation of γ’ 
rafts reduce 
creep rate

- "#$ > "# → +ve misfit → γ’ in compression 
and γ (near interface) in tension

- "#$ < "# → -ve misfit → γ’ in tension          
and γ (near interface) in compression

-ve misfit
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Rafting

→ fully 
rafted 
state 
(with     
-ve

misfit)
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Fatigue Performance

• Fan blades susceptible to HCF           

→ initiation sites for localised plastic 

deformation. 

(Note, LCF is propagation rather than initiation)

• Fatigue initiates in surface pits, oxide 
cracks, carbides, eutectic γ’, …
→ slip bands                                       

→ shearing of γ’ particles.

• Fatigue strength of <001>                     

is highest, elastically softer with               
higher yield stress

001

111

011
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The Need for Coatings
→ reduce oxidation and corrosion
→ increase hot gas entry temperature beyond Ni melting point.

• Diffusion coatings → overlay coatings → thermal barrier coatings
(Can be used in combination)

• Applied by electron beam physical vapour deposition (EB-PVD), 
plasma spraying (PS), chemical vapour deposition (CVD)

• Spallation in-service is an issue. Possible to combine thermal 
barrier coatings with bond coating for higher temperature 
coating…?

Coating life, temperature enhancement
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Joining Superalloys
• Due to creep accumulation and fatigue cracking it is necessary to 

completely remove or repair components.

• Repair easier for wrought polycrystalline alloys (welded zones could easily be 
solutionised and heat treated to restore γ’ properties of the original material).

• With single crystal this is more problematic, any GBs will destroy properties.

• Transient liquid phase (TLP) bonding → epitaxial regrowth of solid state 
across melted zone (requires good crystallographic alignment!).


