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Potential Significance

= Develop a suitable HEA for steam and gas
turbine components operating at
temperatures higher than 760° C.

= Increase the thermal efficiency of steam
turbines and reduce the costs of fuel and
emissions.

= Apply a computer-aided
approach for designing
new types of alloys
applicable for the
development of other s
high-temperature e
materials. saud-arabla-boost-power-outputs
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Background and Unique Behavior

= Most alloy systems are based on a single principal
element to form the matrix.

= Multiple principal elements were expected to yield
many intermetallic compounds creating a complex
microstructure. (A) BCC (B) Fce

= However, simple face-
centered cubic (FCC) and
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body-centered cubic (BCC) A— DT ""';D']
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structures are possible and
thermodynamically
favorable.
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Background and Unique Behavior (Cont'd)
Compression behavior at elevated temperatures
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Background and Unique Behavior (Cont'd)
Good Fatigue Resistance of Al0.5CoCrCuFeNi
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Background and Unique Behavior (Cont'd)
In equimolar ratios,
AS .y =Ky In(Q) = Niln(N)NA =R-In(N)
A

k: Boltzmann's constant High entropy of mixing and
Q: Number of ways of mixing ~ sluggish  diffusion  yield
Ri Gas Constant stable FCC and BCC solid

N: Number of elements
Na: Avogadro constant

Stable phases have the lowest Gibbs Free Energy
AG = AH-TAS

solutions.

G: Gibbs free energy At high temperatures, HEAs

H: Enthalpy are stable and show great
T: Temperature high-temperature strengths.
S: Entropy
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Background and Unique Behavior (Cont'd)
Good Fatigue Resistance of Al0.5CoCrCuFeNi
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Liaw, Acta Materialia 60, 5723 (2012).




Project Objectives

= Perform fundamental studies on the
Al,CrCuFeMnNi high-entropy alloy (HEA)
system for use in boilers, and steam and gas
turbines at temperatures above 760°C and a
stress of 35 MPa.

Develop the thermodynamic database and
identify the potential HEAs within the Al-Cr-
Cu-Fe-Mn-Ni system for further experimental
investigation.

Optimize microstructures to identify the best
combined strength, ductility, and creep
resistance.
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Microstructures (Al0.8CrCuFeMnNi-HIP-899°C)
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Microstructures -

Atomic concentrations across the B2-FCC interface
Atom-probe tomography (APT)
Alloy composition: Al ;CoCrCuFeNi
o
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Preliminary Results - Alloy Fabrication (Cont’d)

“»Al0.8CrCuFeMnNi (Al0.8CrCuFeMnNi-HIP-899°C)
“® 25.4 mm (1 inch)X 762 mm (30 inch)
«“»Vacuum Cast mmmmp Hot Isostatic Pressing (HIP)
899 °C, 103 MPa, 2 h.

«Differential Thermal Analysis (DTA)

100 °C---1,600 °C

= No thermal transitions: 100 to around 980 °C.

= Three transitions occurred at 980 °C, 1,173 °C, and

1,358 °C.
= Discernible liquidus is not observed up to 1,600 °C.
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Microstructures (AlosCrCuFeMnNi-as-cast)

Atomic % Al cr Mn Fe Cu
Nominal 1379 | 1724 | 1724 | 1724 | 1724 | 17.24
Darkgreyarea(l) | 1484 | 1097 | 1791 | 2671 | 17.67 | 11.90
White-phase layer (ID | 13.18 | 1.4 | 2113 | 6.35 | 1537 | 4257

X-ray Diffraction Patterns
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Preliminary Results - Alloy Fabrication (Cont'd)

e For the same chemical composition,
Al0.8CrCuFeMnNi, another specimen
(Al0.8CrCuFeMnNi-as cast) was prepared by arc-
melting elemental Al, Cr, Cu, Fe, Mn, and Ni raw
materials in a water-cooled copper hearth. Its
dimension is 100 mm x 80 mm x 10 mm.

* To study the aluminum effect, two new
chemical compositions, Alo.1CrCuFeMnNi and
Alo3CrCuFeMnNi, are casted.

Microstructures mrUNIVERSITYo TENNESSEE UF xvoxvie

Alloy Compaosition: Al, ;CoCtCuFeNi

meUNIVERSITYo TENNESSEE UF enoxvmue
In-situ neutron-diffraction experiments

Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL)

The Nanoscale-Ordered
Materials Diffractometer
(NOMAD)

= Al,CoCrCuFeNi and Al MnCrCuFeNi specimens were
heated all the way to the molten state using the newly-
developed gas levitation and laser heating system

1
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Hot Compression Tests (Al0.1CrCuFeMnNi)
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Microstructure after Hot Deformation
Alo.sCrCuFeMnNi-as-cast

Grain size after hot deformation at
higher  temperatures  becomes
somewhat greater. Furthermore, the
degree of cavity increases at higher
temperatures. Thus, cavity is the main
fracture reason.
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Mn-X (X = Al,Cr,Cu,Fe,Ni) Binaries
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Hot Compression Tests (Al0.1CrCuFeMnNi)
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Development of Thermodynamic Database]

[ Collect experimental thermochemical and phase equilibrium data
and OK energy data from “first principles” calculations

i

[ Select thermodynamic models for each phase

[ Optimize model parameters ] —_—

]

Calculate phase equilibria and thermochemical values using the model
parameters and compare with experimental data

S
Yes
Accept the model parameters and extrapolate to a higher-order system J
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Hot Compression Tests (Al0.8CrCuFeMnNi-as-cast
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Constituent binary and ternary systems
of the Al-Cr-Cu-Fe-Mn-Ni system

* There are 15 constituent binary systems

* There are 20 constituent ternary systems

* The systems, which have been validated and reported are
highlighted in green

Mn-X (X = Al,Cr,Cu,Fe,Ni) Binaries

1600
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Cr-Fe-Ni Ternary System
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Lines are calculations of this work and symbols are experimentally
measured phase-boundary data in the literature




Cr-Fe-Ni Ternary System
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Lines are calculations of this work and symbols are experimentally
measured phase-boundary data in the literature
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Future Work

= Fabricate high-quality HEA alloys
= Characterize the mechanical properties of the refined
alloys
o Conduct nanoindentation experiments
oPerform compression tests
0 Analyze and model in-situ neutron levitation results
o Carry out creep tests ex-situ as well as in-situ neutron diffraction
oVerify creep behavior by crystal-plasticity finite-element
simulations.
= Study the performance of HEAs after aging
= Conduct experimental validation of the developed
thermodynamic database based on the experimental data
from both literature and our team members.
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Conclusions

< We have fabricated the Al0.1CrCuFeMnNi
alloy,  Al0.3CrCuFeMnNi alloy, and
Al0.8CrCuFeMnNi alloys.

« The AI0.1CrCuFeMnNi alloy has three
phases, FCC1, FCC2, and BCC. The
Al0.8CrCuFeMnNi alloys have the structure,
including three phases, disordered BCC1,
BCC2, and FCC phases.
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Hot Compression Tests
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Conclusions (Cont’d):

< As the aluminum content increases, the yield stress|
increases and plasticity ductility decreases.

< Al0.1CrCuFeMnNi shows good compression
plasticity at 700°C and 800°C.

< Continue analyzing and modeling in-situ neutron
levitation results.

< All binary and most of ternary systems have been
thermodynamically modeled.
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Preliminary Results - Alloy Fabrication
= Fabricate multiple alloy compositions belonging to

the Al,CrCuFeMnNi system varying the Al content
fromOto 2.

= Alloys sensitiveto ~ *=
impurities and v
defects introduced = _
during casting and £
processing ‘! -
= Reduce defects
during fabrication

L+

M. A, Hemphil T. Yuan, G. . Wang, . W. Yeh, C. . Tsai, A. Chuang, and P. K. Liaw, Acta Materialia
60,5723 (2012). s
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Background and Unique Behavior (Cont'd)
Compression behavior at room temperature
BCC + FCC matrix, heat-treatment effect

AlCoCrCuFeNi

._.._....
[EREAREAANN

=

Tres s
Compressive true stress—strain curves of AICOCrCuFeNi after heat
treatment for 5 h at different temperatures.

The mechanical properties of this alloy have a strong correlation with the
aging temperature.

L. H. Wen, H. C. Kou, J. 5. Li, H. Chang, X. Y. Xue, and L. Zhou, Intermetallics 17, 26|
2009). _
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PDF Studies at the SNS NOMAD
= Indications of a locally-strained crystal lattice

> The neutron-pair-
Aly (CoCrCuFeN e "
, 1y rrhadil ] fi (PDF)

Room temperaturs data and the calculated
PDF agree well at larger
distances.
L ! > As shown by the difference
—

curve, the agreement below

10 angstrom is worse.

— Enmeimodsid > This trend is  consistent
= with the expectation  that

. A HEAs are locally strained,
and yet, possess long-range
W T crystal order.
'

L.J. Santodonato, Y. Zhang, M. Feygenson, C. Parish, J. Neuefeind, R.J.R. Weber, M.C. Gao, Z.
Tang, and PX. Liaw, (in review, 2014).

6/6/2014

meUNIVERSITYo TENNESSEE UK knoxviLLe

Thank You!
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Background and Unique Behavior (Cont'd)

The AlxCrCuFeMnNi system is good for high-temperature
applications

The AlxCrCuFeMnNi
system is a mix of
FCC and BCC phases.
Al=0,03
FCCI+FCC2+BCC
Al=05,08
FCC+BCC1+BCC2
Al=1

BCC1+BCC2

2 (cogroas )

H. Y. Chen, C. W, Tsai, C. C. Tung, J. W Yeh, . T. Shun, C. C. Yang, and S K. Chen, Annales De Chimie-Science
Des Materiaux 31, 685 (2006). 5

PDF Studies at the SNS NOMAD

= Molten sample

Al CoCrCuFeMi
At 1,400 °C, the observed . Msltan sampe 1 1,400 °C
PDF  shows short-range it
order, consistent with a
liquid phase, and agrees _ g
roughly with a model based
upon local structures (less 5 i
than  20A  diameters) & i ...,__-“""‘"
composed B2 and FCC cells e k|
s
4 L] L] °
Ay

LJ. Santodonato, Y. Zhang, M. Feygenson, C. Parish, J. Neuefeind, R.J.R. Weber,
M.C. Gao, Z. Tang, and PK. Liaw, (in review, 2014).




AIMD S tu d ieS e UNIVERSITY0 TENNESSEE UF moxvms

= Asnapshot of the liquid structure, at 1,400 °C, was
created using ab- molecular-dynamics (AIMD)
simulations.
Al CoCiCuFet

L.J. Santodonato, Y. Zhang, M. Feygenson, C. Parish, J. Neuefeind, R.J.R. Weber,
M.C. Gao, Z Tang, and P, Liaw, (in review, 2014).
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Mn-X (X = AlL,Cr,Cu,Fe,Ni) Binaries (Cont'd)

-
1100 & Exporimentaldata oI 1957Helawol]

@ Experimental dataof (1957 Hellawol]
W Experimental data of [1943Troiano]
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Ternary System: AI-Cr-Ni (Cont’d)

Liquidus Projection

AIMD Stud | es mUNIVERSITYS TENNESSEE UF pnoxvms

= The observed (blue) and AIMD-simulated (red)
PDFs show reasonable agreement at 1,400 °C.

Al CoCrCuFeNi

002, Maiten sampieat 1,600 °C

G A

Al

LJ. santodonato, Y. Zhang, M. Feygenson, C. Parish, J. Neuefeind, R.J.R. Weber,
M.C. Gao, Z. Tang, and P.K. Liaw, (in review, 2014).
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Mn-X (X = AlLCr,Cu,Fe,Ni) Binaries (Cont'd)

[ e oot All 15 constituent binary
systems  have  been

thermodynamically

modeled.
g . Experimental validation of
these Constituent binary
- systems are done!
-
O o N

Mn-Ni binary phase diagram 5
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Ternary System: Al-Cr-Fe

Isothermal Section
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@ mar

6/6/2014

Mn-X (X = Al,Cr,Cu,Fe,Ni) Binaries (Cont’d)|
1100 s
w0
gm
50
- -,
P —
passsiv i thadantt
v o 0 0
Q cu X(Mn) Mn 57

Ternary System: AI-Cr-N

Isothermal Section
3

N e
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Ternary System: Al-Cr-Fe (Cont’d)

Liquidus Projection




Ternary System: Al-Cr-Fe (Cont’'d)

o L) an Ll £ o o
1000 k)
Comparison of the and ther
activities of Al, Cr, and Fe in the alloy with target composition of Fe-
19,91 _
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Al-Cu-Ni Ternary System

Isothermal section at 500°C

Literature data Calculation of this work
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Al-Fe-Mn Ternary System

Isothermal section at 800°C

Fo T um

Fe

B

= 5

e I

AT D e R e w Al XM M
Literature data Calculation of this work
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Al-Cu-Ni Ternary System (Cont’d)

Liquidus projection

A X9(Ni) Ni

Literature data Calculation of this work
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Simple Binary System: Ti-V

Liquid, bcc, hep:

disordered solution phases

1800

bee

Temperature (K)

00 o0z o4 05 08 10

TV

Gibbs Energy Funcf»h’ﬁVHflTWTENNESSEE O enoxvme

Substitutional Solution Model

G=Xp Ga? +Xg Gg? +RT - (Xs IN X4 +Xg INXg) + G
Xa, Xg ———mole fractions of component Aand B.
G3?,Gg¥ ———Gibbs energy of pure A, and B with ¢ structure.
R —~~Gas constant.
T ———Temperature.
n
G™ =XpXg 24+ (Xp—Xg)'
i=0

Regular solution model : G™ = 4; - X, - Xg
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Al-Fe-Mn Ternary System (Cont’d)
Liquidus projection

imrape
& tiuious

0

A
&

- X%(Mn)
Literature data Calculation of this work
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Alloy System

G, = f(x;;T; parameters)

Complicated Binary System: Ni-Al

Disordered solution
phases:

Liquid, fcc (y)
Stoichiometric phases:
AlgNi, AlyNig,

Ordered intermetallic
phases:

AlNiy, B2,
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Other Model Types (1)

Stoichiometric
Phase:

G=X,Gh? +%:G37 +AG;
AG; =a+b-T+c-T-INT+--
ab,c,---: parameters

Compression Tests rUNIVERSITYoTENNESSEE Ul pvorvus

2x107s! 2% 105! 5x10s!
“Aly CrCuFeMnNi [n 041 037 036
K (MPa) 498 567 584
‘Aly;CrCuFeMnNi [n 040 034 0.44
K (MPa) 596 633 550
Al gCrCuFeMnNi |n 0.23 0.22 0.24
K (MPa) 1043 1054 1043

3000
Avsminum

Magratiuan
AACICuFebon
A0 3ICCuF e

"
Callister, Jr,, William D (2005), Fundamentals of Materials Science and Engineering (2nd.
ed.) pp: 152,
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Results-Nanoindentation (aio.scrcuremnni-Hip-gss-C)

Load-displacement curves of the Al0.8CrCuFeMnNi at different
indentation loading rates

4-sided i i
pyramid :: :m
indenter _ 80 — 10 mNss
=
E & Al0.8CrCuFeMnNi
=
=
S5 %
20
0 L " s L
200 400 600 800 1000
Depth (nm)

TrUNIVERSITYS TENN

Other Model Types (11)

Ordered Intermetallic
Phase:

Ye

Syp=1 (Ya+¥e=D
P=AB

G =G(x,y,T, parameters)

nUNIVERSITY0 TENNESSEE UF rorvaus
Background and Unique Behavior (Cont'd)

The AIxCrCuFeMnNi system is good for high-temperature
applications

The AIXCrCuFeMnNi has greater hardness values than its counterpart,
AIxCrCuFeCoNi

Mn :BCC stabilizer mp increased
hardness.

The chromium-high manganese
austenitic stainless steels work
hardens more than Type 304
steel. This phenomenon is due
to the deformation-induced
austenite-to-martensite
transformation and twinning- —
induced plasticity  (TWIP) -
effect.
H. Y. Chen, C. W. Tsai, C. C. Tung, J. W. Yeh, T. T. Shun, C. C. Yang, and S. K. Chen, Anna
De Chi Science Des Materiaux 31, 685 (2006).
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Ab-initio Molecular-dynamics (AIMD) Studies

« Selected partial-pair-
correlation  functions,
(1), indicate that some
pairs (e.g., AI-Ni, Cr-Fe,
and Cu-Cu) are much
more likely to be found
as nearest neighbors than
others (.g., Al-Al and Cr-
Ni).
Such preferred nearest-
neighbor pairing inthe
liquid phase is consistent
with the formation of a
B2-orders
colution primary phase,
which s supported by the
presence of
superstructure peaks in i)
high-temperature
diffraction data

Al CoCrCuFeNi

LJ. santodonato, Y. Zhang, M. Feygenson, C. Parish, J. Neuefeind, R.J.R. Weber,
M.C. Gao, Z. Tang, and P.K. Liaw (in review, 2014).
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Other Model Types (1)

Cr=2 Zy.‘y" +F?T[—p > Iny.'Jr—‘1 Yy
PO p+a5s
+ ZYAYBYHZ(YA ¥8) Laes + ZY.IYL'Y'E'Z(YL' ~¥8) Line
&5

+yAysy,!I Yalnsas
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In-situ neutron-diffraction

= small-contrast B2 sample (Al1.3CoCrCuFeNi)

= high-contrast B2 sample (Al1.3MnCrCuFeNi)
BCC

BCC
A1, CotrCuFeNi AIL3MACrCuFeNi

82

r—

Compression Tests e UNIVERSITYo TENNESSEE UF svomvms
uon) —osec |As  the aluminum  content
oo — 7o0°c| increases,

) —890°C| O Yield stress increases
- Al GrCuFeMnNi Q Compression plasticity
) swainRate: 2x 10957 | decreases
) 700°C
- | This phenomenon s due to the
- increased ~strengthening effect of
lattice strains caused by the lattice-
w sites occupation of Al
s i
e pr T -
| ral i

g x|
- |

{ ) nl

3w |
=

A L e an
[
2. Tong, M. C. Goo, H.Diso, T Yang, . Li, T 2u0, Y. han, 2 L, Y. Cheng, . Zhang, K. A.
Dahmen, P. K. Liaw, and T. Egami, JOM, 65, 12 (2013). -




Compression Tests

‘Strain Rate: 2 X 103 571

As the aluminum content

increases,

QYield stress increases

QCompression plasticity
decreases
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