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Introduction (1)

A rotor of a modern steam turbine,
used in a power plant [1]

[1] http://en.wikipedia.org/wiki/Steam_turbine
[2] http://www.handyharmancanada.com/TheBrazingBook/comparis.htm
[3] http://en.wikipedia.org/wiki/List_of_thermal_conductivities
[4] http://www.ttiinc.com/page/ME_Materials

• Why ferritic steels? Why not Ni-based alloys?
• 80% of all electricity generation in the world is

by use of steam turbines. Low cost materials
are required.

• The materials with good thermal conductivity
and low thermal expansion are preferable for
thick section components of the steam turbine.

Thermal Expansion 
Coefficient [2]

Thermal 
Conductivity [3]

Cost 
($/ton) [4]

Ferritic 
Steel 

1.0 × 10-5 K-1 50 W/(m·K) < $900

Ni-based 
Superalloy

1.8× 10-5 K-1 21 W/(m·K) > $40K

http://en.wikipedia.org/wiki/Steam_turbine�
http://www.handyharmancanada.com/TheBrazingBook/comparis.htm�
http://en.wikipedia.org/wiki/List_of_thermal_conductivities�
http://www.ttiinc.com/page/ME_Materials�


Introduction (2)

Phase Structure Lattice Parameter 
(nm)

α-Fe Body-
Centered-

Cubic (BCC)

0.28665

NiAl B2 (ordered 
BCC)

0.28864

FeAl B2 (ordered 
BCC)

0.289

Ordered B2 (Fe, Ni)Al-type precipitates can form in a coherent-coplanar 
orientation, providing the possibility of achieving a Fe-based analogue 
to the Ni-based superalloys. 

Range of Interest

Why (Fe,Ni)Al-strengthened ferritic steels?



Critical Issues

The creep strain reaches 5% after only 100 h

● Limited creep resistance at temperatures higher than 600 ºC
● Room-temperature ductility less than 1%

50 μm

The room-temperature ductility is less
than 1%, and the fracture mode is
cleavage.
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Objectives

● Prediction of slow diffusing species in the Fe matrix by first-
principles calculations.

● A steady-state creep rate of approximately 3 x 10-11 s-1 at a
temperature of 760 oC and a stress level of 35 MPa.

● A tensile ductility of ~ 10% at room temperature for sufficient
workability in as-cast and subsequent fabrication stages.

● Fundamental understanding of the effects of

(1) NiAl-precipitate microstructures (size, inter-particle spacing, and
volume fraction) and

(2) the compositions of both the precipitates and the matrix

on the creep resistance and ductility of the NiAl-strengthened
ferritic steel.



PROCESSING STRUCTURE PROPERTIES

AGING

HOMOGENIZATION

FORGING/ROLLING

MATRIX 
BCC Solid Solution of Fe

Lattice Parameter 
Solid-Solution Hardening
Diffusivity/Mobility (Hf, Ta, W, Zr, Mo)
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Inhomogeneity
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Systems-Based Materials Design
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PRIMARY MELTING



Computational Tools Used and to be Used in the 
Present Research

• Electronic Density-Functional Theory (DFT) code: Vienna
Ab Initio Simulation Package (VASP):
To calculate the total energy and electronic structure of
many-body systems.

• Alloy Theoretic Automated Toolkit (ATAT):
To compute free energies for partially-ordered compounds
and solid solutions.

• Thermo-Calc (TC):
To predict phase stability and phase equilibria as a function
of composition and temperature in multi-component alloys.

• DIffusion Controlled TRAnsformations (DICTRA):
To simulate diffusion-controlled transformations in multi-
component systems that involve multiple phases with simple
geometries.



Experimental Tools Used and to be Used in the 
Present Research

• High-Resolution Analytical-Electron Microscopy (HR-AEM)

• Scanning-Electron Microscopy (SEM)

• Transmission-Electron Microscopy (TEM)

• Ultra-Small-Angle Synchrotron X-Ray Scattering (USAXS)

• Atom-Probe Tomography (APT)

• Differential-Scanning Calorimetry (DSC)

• Electron-Backscatter Diffraction (EBSD)



First-Principles Calculations: Motivation

• Assist the alloy design of a creep-resistant ferritic 
superalloy for steam-turbine applications with service 
temperatures up to 760oC 

• Search for slow diffusers in the α-Fe matrix by first-
principles calculations

• Develop the reliable kinetic database in the bcc Fe 



Experimental Database

• Wide variation for several solutes (e.g., Mo and Cr)
• Experimental measurements lacking for most 5d elements
• Absence of apparent slow diffusers

T = 1,050 K



Diffusion Model

Harmonic Transition-State Theory
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Self Diffusion in α-Fe
,
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Correlation Factors
• Le Claire’s formalism [1]

• Input from first-principles calculations
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W 1.02
Mo 0.39
Zr 0.65
Hf 1.12

• Temperature dependencies of correlation factors 
are relatively weak

• The correlation factors for W and Hf are found to 
be very similar to those for the BCC lattice

[1] A. D. Le Claire, In: H. Eyring, editor. Physical Chemistry: An Advanced Treatise, vol. 10, Academic Press (New York), 1970, 
Chap. 5.

Solute

Vacancy
Fe

Impurity

t1: average cosine of the angles between the previous 
and the next jump vector, among various atomic jumps.



First-principles Calculations

• Vacancy Formation, Migration, 
and Binding Enthalpies

– Vienna Ab Initio Simulation Package 
(VASP), Projector Augmented Wave 
(PAW), Spin-Polarized generalized-
gradient approximation (GGA)

– 128-Atom supercells

• Entropies
– Harmonic vibrational contributions

• Direct force-constant approach using 
54-atom supercells

– Electronic contributions included

• Saddle-Point Geometry
– Mid-Point between Vacancy and 

Solute Neighbors Assumed
– Verified by Nudged-Elastic Band for 

W, Fe, and Hf

Fe

Vacancy

Solute

Solute Vacancy



Self Diffusivities

[1] R. J. Borg and C. E. Birchenall, Trans. Metall. Sot. A.I.M.E. 218, 
980 (1960). 
[2] F. S. Buffington, K. Hirano, and M. Cohen. Acta Metall. 9, 434 (1961).
[3] G. Hettich, H. Mehrer, and K. Maier, Scripta Metall. 11, 795 (1977).
[4] C. M. Walter and N. L. Peterson, Phys. Rer. 178, 922 (1969).
[5] D. W. James and G. M. Leak, Phil. Mag. 14, 701 (1966).
[6] Y. Iijima, K. Kimura ,and K. Hirano, Acta Met., 36, 2811 (1988).

[7] J. Geise and Ch. Herzig, Z. Metallk., 78, 291 (1987).
[8] D. Graham and D. H. Tomlin, Phil. Mag., 8, 1581 (1963).
[9] M. Lübbehusen and H. Mehrer. Acta Metall. Mater. 38, 
283 (1990).
[10] J. Kucera, B. Millien, J. Ruzickova, V. Foldyna, and A. 
Jakobova. Acta Met. 22, 135 (1974).



Diffusivities: W

[1] P. L. Gruzin, Dokl. Akad. Nauk. SSSR 94, 681 (1954).
[2] J. Kieszniewski, Pr. Inst. Hutn. 19, 253 (1967).
[3] J. Kucera, B. Million, and K. Ciha, Kov. Mater. 7, 9 (1969).
[4] P. J. Alberry and C. W. Haworth, Met. Sci. 8, 1269 (1974).



Diffusivities: Mo

[1] V. T. Borisov, V. M. Golikov, and G. V. Sherbedinskiy, Phys. Met. Metallogr. 22, 175 (1966).
[2] J. Kucera and B. Million, and K. Ciha, Kov. Mater. 7, 97 (1969).
[3] K. Nohara and K. Hirano, J. Japan Inst. Met. 40, 407 (1976).
[4] P. J. Alberry and C. W. Haworth, Met. Sci. 8,1269 (1974).
[5] H. Nitta, Acta Materialia 50, 4117 (2002).



Compilation of Calculated Diffusivities

• Correlation factors for Ta and Cr are assumed to be the same as Fe.

• Solutes calculated have higher diffusivities than for Fe self diffusion, mainly due 
to lower activation energies. 

Impurity diffusivities 
in Fe (present work)



Concentration Effect on Diffusivity

• Diffusivity of Fe is measured to increase with increasing Mo content, whereas that 
for Mo decreases [1]. A proper selection of Mo addition can slow the diffusion, as 
a guidance to the experimental alloy design.

• Future Work – to extend the current approach to study the concentration 
dependencies of diffusion coefficients for non-dilute Fe alloy compositions.

[1] H. Nitta, K. Miura, and Y. Iijima. Acta Mater. 54, 283 (2006).

Experimental [1]



Fabrication

Small ingots (120 g) was vacuum
arc-melted (VAR) and drop into a
Cu mold with a dimension of 12.7
mm × 12.7 mm × 76.2 mm. The
compositions were verified by wet
chemical analyses.

The alloy was solution-treated at
1,200℃ for 30 minutes, followed by
aging at 700℃ for 100 hours.

Composition (at.%) Fe Al Cr Ni Mo

Nominal 70.1 6.5 10 10 3.4

Actual 70.28 6.45 9.97 10.02 3.28

FBB-8



Composition of Fe β/β' (wt.%)
Alloy Purpose Fe Al Cr Ni Mo Hf Zr B Nb V C W Ti

FBB-1 Based Balance 10 10 10 - - - - - - - - -

FBB-2 Hf Balance 10 10 10 3.4 0.25 - 0.005 - - - - -

FBB-3 Zr Balance 10 10 10 3.4 - 0.25 0.005 - - - -

FBB-4 Carbides Balance 10 10 10 3.4 - 0.25 0.005 0.1 0.1 0.05 - -

FBB-7 Al effect Balance 8 10 10 3.4 - 0.25 0.005 - - - - -

FBB-8 Al effect Balance 6.5 10 10 3.4 - 0.25 0.005 - - - - -

FBB-9 Al effect Balance 5 10 10 3.4 - 0.25 0.005 - - - - -

FBB-12 Al effect Balance 4 10 10 3.4 - 0.25 0.005 - - - - -

FBB-13 Al effect Balance 3 10 10 3.4 - 0.25 0.005 - - - - -

FBB-17 Al effect Balance 6 10 10 3.4 - 0.25 0.005 - - - - -

FBB-8W1 W effect Balance 6.3 9.7 9.7 - - 0.23 0.005 - - - 6.3 -

FBB-8W2 W effect Balance 6.4 9.8 9.8 1.7 - 0.24 0.005 - - - 3.2 -

FBB-10 Mo effect Balance 6.5 10 10 2.0 - 0.25 0.005 - - - - -

FBB-11 Mo effect Balance 5.0 10 10 2.0 - 0.25 0.005 - - - - -

FBB-18 β' fraction Balance 6.5 10 15 3.4 - 0.25 0.005 - - - - -

FBB-19 β' fraction Balance 6.5 10 20 3.4 - 0.25 0.005 - - - - -

FBB-21 β' fraction Balance 5.6 9.7 14.8 3.6 - 0.25 0.005 - - - - -



USAXS:
- Measured Q range: 10-4 ~ 5 ×10-1Å-1

- Beam energy: 16.85 keV
- Beam size: 1.6 x 0.8 mm
- Foil thickness: ~ 50 μm

photodiode
detector

USAXS DEI
imager

1-D collimated USAXS camera at Advanced Photon Source, 32-ID-B

ion chamber

sample
Si (111) collimating
crystals

2D slits

Si (111) analyzer
crystals

I0

I

2θ

Schematic Diagram of USAXS



Theoretical Model for USAXS Data Analysis

Absolute intensity -- Fourier transformation of electron density

Non-dilute precipitation: Polydispersity + Interference
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p IAQQSQPnQI ++∆= −2|| ρ

Number density of precipitates

Difference in scattering-length 
density between two phases

Scattering from grain 
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Structure factor – inter-particle correlation

Non-linear least-squares fitting for 8 parameters: np|Δρ|2, IINC, A, R, δ, L, σ, b 

One population 
of precipitates



USAXS Interpretations vs. TEM Results
Dark-Field Image by 100B2 reflection

Q (Å-1)

Parameters USAXS TEM
Diameter of precipitates (2R) 129.8 nm 130 nm
Standard deviation of diameter (2δ) 30.0 nm 25 nm
Inter-particle spacing (L) 175.0 nm 211 nm
Standard deviation of spacing (σ) 101.7 nm 37.5 nm

Structure factor



Schematic Diagram of APT

2 μm

D. J. Larson and T. F. Kelly, Imago Scientific
Instruments Corporation, Madison, WI, USA



Primary and Secondary Precipitates

Al
Ni
Mo
Cr

Morphology of secondary 
precipitates

Atom map of a selected 
secondary precipitate

10 nm

2 nm

15 at.% Al iso-concentration 
surface

Mo-atom map Cr-atom map Al-atom map

Primary

Secondary

Precipitate

Matrix

Denuded zone

FBB-8 (6.5Al)



Concentration Profiles

APT revealed duplex precipitation of NiAl particles: primary with an diameter
of 130 nm (Ni41.2Al43.6Fe12.7Cr0.8Mo1.4) and secondary with an diameter of 3 nm
(Ni26.3Al41.6Fe26.9Cr3.3Mo1.7).



Creep Behavior
Design of a series of alloys with comparable or superior creep
resistance than the other ferrite-based candidate materials for
steam-turbine applications.

▲

FBB-8
FBB-21
FBB-18

FBB-8:   Fe-10Al-10Cr-10Ni-3.4Mo-0.25Zr-0.005B (wt.%)
FBB-21: Fe-5.6Al-9.7Cr-14.8Ni-3.6Mo-0.25Zr-0.005B (wt.%)
FBB-18: Fe-10Al-10Cr-15Ni-3.4Mo-0.25Zr-0.005B (wt.%)

T (25 + log t)/1000 (T in K, t in h)
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•Single slope behavior with very high apparent stress exponents
•Reduction of strain rates with addition of  W
•Almost the same stress exponents with additions of Mo and W

50 60 70 80 90 100 110 120 130140150160
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n = 7.6
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Creep Behavior: Effects of W



Ductility: Unrolled Material

Bending ductility reaches 5% when the precipitate volume fraction is
lowered to 7%.

( ) )//ln( nBV
C

επε +−= 3261
2

ε: ductility,
VB2: precipitate volume fraction,
εn: void nucleation strain.

FBB-13 (3Al) The relationship between ductility
and VB2 can be expressed as:

Brown LM, Embury JF. The
microstructure and design of alloys:
proceedings of the third
international conference on the
strength of metals and alloys 1973;
1:164.

CleavageMixture



Tensile ductility is ~ 10% after hot rolling 80% at 750oC and the main
factor contributing to the ductility improvement is the formation of
subgrains with a size of about 1 μm.

Ductility: Hot-rolled Material

FBB-8 (6.5Al)

Tensile Strain (%)
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15 μm

EBSD map



Conclusions
 First-principles calculations of diffusivities compare favorably with

experiments for Fe, W, and Mo at high temperatures. Calculations are
being refined to check convergence of the vibrational entropy. Search
for slow diffusers continues…

 The designed alloy shows duplex precipitation of NiAl particles:
primary with an average diameter of 130 nm and secondary with an
average diameter of 3 nm. Based on APT, the primary and secondary
precipitates have compositions of Ni41.2Al43.6Fe12.7Cr0.8Mo1.4 and
Ni26.3Al41.6Fe26.9Cr3.3Mo1.7, respectively.

 A series of alloys with comparable or superior creep resistance
relative to the other ferrite-based candidate materials, for steam-
turbine applications were developed. Addition of W can significantly
reduce the secondary creep rates.

 Grain-size refinement and precipitate-volume-fraction reduction are
effective approaches to improve the ductility of the NiAl-strengthened
alloys at room temperature.
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Future Work (1)

 TEM characterizations of tensile-crept alloys interrupted during
the secondary-creep regime (dislocation-particle interactions,
grain-boundary structures, and other minor phases).

 Effects of Mo and W additions on FBB8 (6.5Al). New phase?
Misfit? Partitioning? Diffusion?

 Evaluation of creep properties and microstructures of FBB8
aged and crept at 760oC

 Lattice-strain measurements during in-situ creep by neutron
diffraction



Future Work (2)

 Search for slow diffusers by first-principles calculations
continues (calculations of other candidates: Nb, Ti, etc.)

 First-principles calculations of Fe/B2 interfacial energies.

 Determination of the alloys with optimal combined ductility and
creep resistance.

 Creep studies on the hot-rolled materials.

 Oxidation and corrosion investigations in a mixture of air and
water vapor at 700oC and 760oC (Collaboration with Dr. Peter
Tortorelli and Dr. Bruce Pint at ORNL, or Dr. Wu Kai at National
Taiwan Ocean University ).



Effects of Al% and Dislocation-Particle Interactions

• Dramatically and slightly decreased spacing and diameter reflect that a higher volume 

fraction is responsible for the enhanced creep resistance. Dislocation motion is 

inhibited by Orowan bowing (dislocation loops) and dislocation climb mechanisms. 

• However, such correlation is not valid for FBB7 (8% Al) and 3 (10% Al), indicating that 

precipitates are not likely to be the reason for inferior creep properties.

red: Orowan bowing;  blue: dislocation climb

L
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creep

Tertiary 
creep

Al%    spacing



First-principles Calculation of Fe/B2 Interfacial Energy

Computational Tools and Resources

Computational resources:

First-principles electronic structure code: VASP 
(http://cms.mpi.univie.at/vasp/vasp/)

Hardware: PSC SGI Altix 4700 
(http://www.psc.edu/machines/sgi/altix/pople.php) and NICS Cray XT5 
(http://www.nics.tennessee.edu/computing-resources/kraken)

Computational Methodology

Supercell Method:

Supercells of different sizes are constructed with {100}, {110} and {111} habits

Convergence of calculated interfacial energy is checked w.r.t. supercell size

Calculated interfacial energy (γ) is defined as

  
γ = (EFe/B2[nFe,nB2]−0.5(EFe[2nFe]+EB2[2nB2])) / 2A

where the supercell contains n unit cells of Fe (nFe) and B2 (nB2) phases, E is the 
corresponding total energy, and  A is the interfacial area interfacial energy



First-principles Calculation of Fe/B2 Interfacial Energy
Computational Results

Fe/NiAl and Fe/CoAl Interfacial Energies

Further Work in Progress

Supercell Method:

Calculations of Fe/FeAl interfacial energies

Convergence of {100} interfacial energies in all cases



Theoretical Model for USAXS Data Analysis

A: scattering amplitude for grain-boundary scattering

R: average radius of precipitates

δ: standard deviation of average radius

L: average inter-particle spacing 

σ: standard deviation of average inter-particle spacing

b: fractal parameter of grain-boundary surface



To be calculated: 

1) Correlation factors for solutes

2) Vacancy formation, migration, and vacancy-solute binding 
enthalpies

3) Electronic entropies and vibrational entropies through 
vibrational frequencies
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Magnetic Effects on Activation Energy

• α quantifies the effect of 
magnetization on Q in 
ferromagnetic phase.

• Linear empirical relation 
between α and induced 
magnetization was found.
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Fabrication

Small ingots (120 g) was vacuum
arc-melted (VAR) and drop into a
Cu mold with a dimension of 12.7
mm × 12.7 mm × 76.2 mm. The
compositions were verified by wet
chemical analyses.

The alloy was solution-treated at
1,200℃ for 30 minutes, followed by
aging at 700℃ for 100 hours.

Composition (at.%) Fe Al Cr Ni Mo

Nominal 66.1 12.7 10.2 9.0 1.9

Actual 66.3 12.6 10.1 9.0 1.8

FBB-8
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