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* Increasing efficiency require higher operating
temperatures, goal ~1300°C is very aggressive
— Loss in creep strength
— Dramatic Increase in oxidation rates

e Coal combustion environment
— Highly Variable
 H,0, HS, NO, etc.
 Particulate erosion
e Cost of materials
— Balance of down-time vs lifetime
e |.e., are Ni-based alloys worth the cost?
 Arethere better materials systems?

 Arethere more effective ways of tweaking existing
systems
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« Largeregion of the potential phase space
unexplored

— Edisonian approach is not an option

— Computational Thermodynamics

« Extrapolation of known thermodynamic data
— Can easily handle multidimensional phase space
— Large lead time for database development

— Ab initio

* Precise formation enthalpies
— At O K higher T's require more effort
— No entropic information

e Density of States
— What phases could form

 Need to know what compounds are of interest!

— Approximate methods
« Miedema
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« No one methodology will work in all
circumstances

— Utilize less rigorous computational methods as an
Initial screening tool

— More accurate methods as phase space is refined

« Respect the researcher’s intuition and
experience

o Utilized the existing knowledge base

e Critical metrics (experiments) are required
for validation
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Extent of the Opportunities: uwuwon

Number of elements | Possible combinations

3160
82160
1.58 x 106
2.40 x 107
3.00 x 108
3.18 x 10°
2.90 x 1010
2.32 x 101
1.65 x 1012
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Say, for a 4 element Ni-
Al based system, with
2 elements from TM
block — 406
combinations

5 elements — 3654
combinations

6 elements — 23751

Within these, there are
compositional
variations

Exploring a vast phase space using an
Edisonian approach is not efficient
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 Rapid Screening of potential systems

— High melting temperature
e |.e., high formation enthalpies

— Elements comprising the major weight
fraction should be low cost

— Matrix should be a refractory metal with
BCC or FCC
e Strength and ductility
— Contain a ‘reservoir’ for passivating
components
e Al, Cr, Si



FFFFFFFFFFFFFFFFFFFFFFFF

Hierarchical Evaluation o

[OWA STATE UNIVERSITY /\
Q

 Rapid approximant methods

—Less precise but quickly eliminate
most likely ‘dead-ends’

 Refining Steps
—Higher degree of precision
—Identify critical experiments

 Utilize relative strengths of many
techniqgues

—1l.e., ab initio and Calphad
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Initial screening: choice of base alloy

v

Preliminary studies on base alloy: flowing air
oxidation and phase equilibria

v

Choice of secondary
alloying additions

¥

Effect of alloying addition
on properties

v

Microstructural engineering
of base system

¥

l

Role of microstructure on
properties

Integrate the modified alloy system: studies on
fundamental issues (inter-diffusion, stability, etc)

v

Comprehensive environmental testing and
optimization
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FY 2009 FY 2010 FY 2011 FY 2012 FY2013
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1. Development of an
axtendad Miedema miodeal
and use it for initial screening

2a. Thermodynamic
modeling of prospective
svslems

2b. Preliminary experiments
for scale forming ability

3a. Studes on
Microstructural evolution and
optimization of base-alloy

3b. Ab-initio studies on effect
of manor alloving elements

da. Oxidation evaluation and
allov oplimization

4b. Mechamical properties
SCTESnIng

5. Environmental testing of
selected allovs

6. Studies on fracture
mechanmics and low cyvcle
fatiewe behavior
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* Alloy consists of two part

— Skeleton

e Strength and toughness
— BCCor FCC

« High melting T
— Creep strength

— Flesh

 Reservoir for passivating elements
— Al, Si, Cr
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e Alloy architecture based on Ni-based
superalloys

* Replace Ni matrix with more refractory metal
— V, Zr, Nb, Mo, Ru, Rh, Hf, Ta, W, Re, Os, Ir, Pt
 Retain NiAl for oxidation stability
— Assume Al-O as a primary passivating phase

 New matrix should not form compounds with Al
— Avoid Dbrittle intermetallics

e How to down-select?

—higher T, Is reflected In an increase In
enthalpy
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Initial screening of the base alloy

3 4 5 6 7 8 9 10 | 11 Look for a
Sc Ti Cr | Mn | Fe | Co | Ni TM whose
1539 | 1670 formation
Zr Rh | Pd enthalpy is
less
favorable
than Ni-Al
Possible choice of [ VAl
“backbone” metals: Hfof AH
Mo, Nb, W
Ni-Al
NiorM Al

%Al
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FY2009 — identified Mo-Ni-Al
Mo ° as a promising system for

investigation
* Mo has a high Tm and high

strength
‘H\{_,. « Ni-Al has good oxidation
¥ resistance
L -+ Mo has low solubility for Al or Ni
3,

.| 284 (on

\ '\fk High melting + poor oxidation

. Lowmelting + good oxidation

Mix of oxidation and melting

\ 20
\ X. Lu, Y. Cui, Z. Jin, Metallurgical
A and Materials Transactions A, Vol
_ \” 30, Issue 7 (1999) 1785 - 1795.
Y _ hxx_x J.f j T ‘\l
AT o BI & ‘5; Mi
Loblia iy Atamic Percent Nickel Ni
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Inhomogeneous
microstructures
obtained via arc-
melting / drop
casting

M0,oNI40AlLg .

CoEEkM L R1IBE 188Mm
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elemental powders
- Arc-melted and drop

- Pelletized from
cast
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Dry-pressed pellets
sintered at 1750°C for

1 hour
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Before annealing After annealing

Temperature — 1500° C
Time — 6 hours
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—— MoyoNigoAlgo
77777777 MosSiB) (steady state value)

Time (hours)

Interrupted flowing air oxidation of an arc-
melted and drop cast alloy (Mo,Ni Al )

at 1200°C

Bas:e‘al'loy' L r

 Oxide scale

'Cu plati.ng

Sub-surface Al
depletion

/%

Base alloy

Oxide scale

Cu plating

%1, 588  18m0mm 1z 28 BEC
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1.1 SEHTEEE 1Z 28 BEC

Maximum breakaway
oxidation length
observed so far iIs of
the order of 150-200

microns

ZHEL
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Mo+§02 — MoO,(9g) }

NiJr%O2 — NIO -

2A +§o2 — ALO,

NiO + AlLO, — NiAlO,

Mass loss at rapid rate

—  Slow mass gain

3NIO + 2Al = 3Ni + Al203 —

Hypothetically, the major factor behind possible failure of
these alloys would be the presence of interconnected Mo

g

rains
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1200 C 24 hrs

0.8-
0.74
0.6- —a— 50 microns
] —e— 100 microns|
0.54 —a— 200 microns

o
®©

HOEB  DERm

Allowable fraction of Mo
o
N

023

O
=

20 40 60 8 100
Grain size (microns)
(P,) =¢
I:)m — f(\/MO)

Repeat this
block k times
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20-

04
—~~ 1 e N"\

Q\| =204
= 20_ c
(&)
S 40 >
é -60- —a— 15 atom% é
9] T —eo— 20 atom% (7]
g 80 —a— 25 atome4 a3
@ _100_ —w— 35 atom?4 %
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o
ol
|_\
o

15 20



OF SCIENCE AND TECHNOLOGY

[OWA STATE UNIVERSITY /\
Q

Laser re-melted microstructureg o«

Under appropriate conditions, using a laser beam can
break down the Mo dendrites and yield relatively fine
nodular structure. Possibly good for oxidation resistance.
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Laser re-melted microstructures

A pulsed laser and a higher power density can result in
even finer microstructures
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High Energy ball-milling ~ wwoser

* X - Al
o0 - Ni
0 m - Mo
m X * - NiAl
5000 - ¥ A _WC
4000 _M— RSN I e
w N N
£
S 3000- _
£ ) ”
2 R O X
9 20004 S .
o
= ] o
N 0 0 Grain sizes of the order
] o ! Avcar
1000 | — of 25 nm (from TEM)
J ‘ X »
" ; A




OF SCIENCE AND TECHNOLOGY

IOWA STATE UNIVERSITY /\
Q

Develop | ng core-s he” Stru Ctu [ {5 E-ABORATORY

Back to basics —
Mo for mechanical properties, NiAl for

oxidation
- “Failures are the pillars of success”

Putting Mo clustering to good use ...
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Developing core-shell structures >«

2B ki 1 BB B E 1= 28 EBEC Z8ku HKZSB88 TBwm 1= T& BEC

Z B kol xDEE S8 km 1238 BEC ZBkL e, Baa 1B 1= 38 EBEC
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Part Il: additions to oxidation
resistant phase
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Need to Increase Operating T onthe
Oxidatively Stable Phase

The highest oxidation temperature was 1200°C,
although the target temperature is 1300°C.

0.5-
| 7 >
NAOO/ ----- . SN
RN
Key impediment: 3 °° o
. (o -\l
Spallation of the 8.1 N
oxide scale o Cyclic oxidation
é -1.54 behavior of NiAl at \-
1300°C .,
2.0-
o 5 _ 10 15 20

Time (Hours)
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« Use the Miedema model to find elements that increase the
formation enthalpy (makes it more negative) when added to Ni-
Al, but does not increase the formation enthalpy when alloyed
with the refractory metal matrix

 Find the enthalpy minima when the 4th element is substituted
for Ni (Mo-Al-Ni-X)

 Possible quaternary additions: Pd, Pt, Rh (these increase the
enthalpy and have the same crystal structure as nickel)
« Augment semi-empirical with more accurate ab initio
— Need for more precise enthalpies
— Specific limits of solid solutions
— Don’t need a database!
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 Choice of alloying additions to NIAI —
enthalpy criterion

3 /4565 6 | 78 |9 |10 11

Red colors indicate elements most likely to alloy w/ Ni-Al and not Mo
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List of favorable elements

Sc, T, Y, Zr, La, Hf, Pd, Pt, Rh, Nb, Ta

Finer screening
 Eliminate alloying additions that stabilize the liquid
 Eliminate alloying additions that tend to form porous non-

volatilizing oxides (e.g. Nb)
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e Ab-initio calculations and site
preference

 Thermal stability — ultra high temp DTA

e Oxidation resistance as a function of
temperature (flowing air and cyclic
tests)

e Studies on the oxide scale
 Mechanical strength
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 Ab-initio studies using VASP
with GGA potentials, NiAl (B2)

e 54 atom unit cell used for all the
calculations

« Calculations carried out by
substituting ternary alloying
element for Ni and Al
— Substitute 1, 2,4 0r 6

 Test both Ni and Al sites

— Y, Hf, Zr, Rh, Pd, Ru, Ti, Pt, Nb, Ru,
Sc 3x3x3 unit super-cell
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 Rose-Ferrante relation for melting — based on the
universal binding curve

3a00
; 1800
- | ocCH
mw{ T =0.0302 E/Kg | Oos o 4 - Ni-Al-Rh ,
r=0.899 | ecE 5 1780- /
2500 | IS ] i
CrBe; 8 1760-
& o) = ]
E 204 Alloys containing’ 2 1740,
- c) ||
E divalence metal . E _ ] /
2 0. ‘T 1720
3 = | Ni-A-Pd
-- 3 . AR
1000 % = 1700+ °
o b 3 o |
| o 3 1680
© 000 002 004 006 008 010 0.12
] - - . - - - - T .
0 00 20 20 m 0 a0 0 0 Atom fraction Rh

Cohesive Energy

Ternary addition

Reference: Li et. al., J Phys Chem Sol 64(2003) 201 should increase T,
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 Tested NIAI+TM, both Ni and Al sites

— TM =Zr, Y, Hf, Rh and Pd
 Arc-melted in a 2-stage process
 Drop-cast to obtain cylindrical samples
 Annealed at 1300°C for 6 hrs
e Characterization — SEM, XRD

— Single phase?
e Further testing, Rh and Pd

— flowing air oxidation
hardness
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12 =8 BEC ZEKL e, SEE S birn

NiAl without any addition Ni,,AlgoRhg
(1150C, 25hrs) (1150C, 25hrs)
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., 1 cycle =
1 h @ 1150°C + 0.5 h @ ambient

Mass change per unit area (mg/cm’)

No 1.2-
No NE | ’_Bil:.j
\\. o 0.9 0’0/0;979 0—0—
-0.5- —o— Rh additions e 2 1 s -
e Pd additions N = 064  gete "
., \o © /q .\
— = |r additions O\ ) 1 & *
'1.0‘ @© 0.3‘ '// \.
T T T T T T T T T 1 > g .\
0 100 200 300 400 50 g >OF ~ N
Number of cycles Q03] —e— Rhadditions N
Y 2 0'3_ —o— Pd additions N
£ o6l — = Ir additions \.\
] U) - '
- Iris good : 00T 10 20 30 400 500
1 4 5
- Rh can be good too

Number of cycles
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. . L Isothermal oxidation
Ni,,Al-nRh. — cyclic oxidation @ 1150°C
4450 Mg — CY @ 1300°C for 24
m R Ay B hours for Ni,,Al;,Rh, +
—+ 0.05% Hf " Hf
. 084 ——010%H .
5 e 0.00 -1.08
(@) _
£ 08 0.05 0.46
Q
% 0 0.10 0.47
< 0.25 0.48
3 0.2- 0.50 0.54
=
0.0 | | - Hf is beneficial for Rh
0 100 200 300 400 500 additions as well, but does
Number of cycles not help much beyond a
Hf helps at 1150°C !! certain extent
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Cyclic oxidation

NizAl5oXs
2_
] —o—|r
0- —=— Rh
. ] —o— NIA
e -2 —a—Pd
S
8) ]
S
£ ]
o 8-
a ]
= 104
‘12 T T T T T T T T T T T 1
0 20 40 60 80 100 120

Time (Hours)

Mass change (mg/cn)

/o\
at 1 3 O O © C AMES LABORATORY

Niz1Al5oXg

o r
25 —=—Rh
‘ —o— NiAl
01 ——Pd
24
4]
64
8
10-
-124 T T T T T T T T T T T 1
0 20 40 60 8 100 120

Time (Hours)
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Started from scratch and
down-selected a base alloy
system using semi-
empirical approaches

Y

Oxidatively Stable Phase
1.TM additions prefer Ni site
2.Few additions yield single

phase
3.Ir and Rh help cyclic oxidation
4.Ir looks promising at 1300° C

Base Alloy Development
1.Arc-melting
2.Liquid phase sintering
3.Laser re-melting
4.High energy ball milling
5.Induction melting
Studied the oxidation behavior

and found a strong f
mlcrostrugteur:n/daellr?g/ chemistry The way ahead is to combine
P y both the base alloy and the

| modified Ni-Al, although both
these areas in themselves are still
open areas of research
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* Yiying Ye
— Ab Initio calculations

e Sumohan Misra
— XRD, powder and single crystal

o Kevin Severs
— Sample preparation

 This work was supported by DOE-FE (ARM
program) through Ames Laboratory contract
number DE-AC02-07CH11358
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2.935+
29301 e Linear increase in
x izi lattice parameter
g 2:915_' e 2" phase formation
S 5010 when Pd/Rh is
g 2.905, substituted for Al
§ 29009 e ab initio calculated
289 lattices (dashed)
2.890 : ! : ! - ! - . - !

X (atom percent Pd)
single crystal XRD
e Confirms Pd/Rh substitutes Ni

 Occupancies in good agreement with target
compositions for single phase alloys
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