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g Alumina Scale Formation on Alloys
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Extrinsic Al,O4 scale growth desired for the protection against high
temperature corrosion

Gleeson, B. (2010). In Shreir’s Corrosion (pp. 180—194). Elsevier.
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Effects of Reactive Elements (RE) on Alumina
Scale Formation on Alloys

P.Y. Hou, “Impurity effects on alumina scale growth,” . Am. Ceram. Soc., 86 (2003) 660.

Oxygen
Al,O, scale growth is 0% *OIZ-
dominated by grain- gt
97 Al,O, Scale
boundary diffusion at the \
temperatures of interest A|g+ * A|I3+
Alloy
Effects on
Comparisons Outward Inference
Kp Grain size
transport
Fe, Ni-based RE reduces Dy" by 4x,
. . Down 2x Down 1.5-2x  Down 4x _ o
with R/E vs. Without has little effect on Dy

RE =Hf, Y, Zr, L3, ...



P LRSI
el
v ey
e
SBu

o J PennState

Isothermal Oxidation Kinetics at 1150°C
Single Doped : Hf vs. Y

Base composition (at.%): Ni-20Al-5Cr
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Thermodynamic considerations of

oxidation
1150% 3HF + 2A1,0, > 3HfO, + 4Al
-80 [~ 4
da|
AG? = -RT x InK,, and K = 3
CH;

ap =1 In order to suppress HfO,:

AG’, kcal/mol O,
— —
N o
o o
| |

aye =1 must have K <K,

I I I I
500 1000 1500 2000
Temperature, K

Large composition space of bond coat alloys: Ni-Al-Co-Cr-Si-Hf-Y
Control the Hf activity a,; in the alloys is key!
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Project Objectives

* Develop a thermodynamic database for accelerated
design of Ni-base alloys and coatings:

Ni-Al-Co-Cr-SI-Hf-Y

« Study effects of reactive elements on the phase stability
and oxide scale formation of bond coat alloys: Hf and Y
additions to Ni-systems

« Experimental verification of thermodynamic predictions

« Assist in the development of the automated
thermodynamic modeling tool (ESPEI)
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Modeling Approach - CALPHAD

Fewer data points supplemented by Experimental data plenty, hard to
first-principles calculations predict using first-principles
Thermochemical data: enthalpy, Phase equilibria data: liquidus,
entropy, heat capacity, activity... solidus, phase boundary/composition

\' Gibbs energy l/

(parameterized)  qumms  Practical
] applications

Phase diagrams,

http://www.calphad.org direct applicationS

Pure elements = Binary = Ternary = Multi-component
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First-principles methodology

o The CALPHAD framework requires data that is difficult to access with
experimental work (stable & unstable phases)

o First-principles couples with CALPHAD Naturally!

o Density Functional Theory (DFT) is an efficient way to calculate the
ground state energies of condensed matter systems

Input Output

Properties:
-Ground state
energy of a lattice
-Total energies of
different states
-Finite temperature
properties

approximates
Interactions

within the crystalline lattice
for calculations

Efficient! Fewer calorimetric experiments, access metastable states

Shang et al. (2010) Computational Materials Science
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Ni-Al-Cr-Co-Si-Hf-Y

Phase I

Ni-Si | Ni-Hf | Ni-Y -

Al-Si | Al-Hf | ALY - Cr-Si | Cr-Hf
Cr-Y | Co-Si - Co-Y | Si-Hf | Si-Y | HfY

Ni-containing ternary systems

| Ni-Co-Si - Ni-Co-Y

Prioritized systems to model for studying of the Hf and Y effect

Modeled, compatible descriptions No description available Modeled/Partly modelgsl
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« CALPHAD =) self-consistency and the possibility to
extrapolate to multicomponent systems

Ternary

Challenge
Revisions of lower order systems
—> re-modeling of higher order
systems

ESPEI

Extensible, Self-optimizing Phase
Equilibrium Infrastructure

Semi-automated model parameter
optimization
Statistical analysis of results

Reusable storage of “raw” data for
potential remodeling

Partly financed by DOE

S. Shang, Y. Wang, Z-K. Liu
Magnesium Technology (2010)
www.materialsgenome.com

11
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l. Thermodynamic modeling of Ni-Hf,
Ni-Al-Hf, and Ni-Cr-Hf

12
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o Phase stabilities in base alloys: Al-Cr-Ni + Hf additions

Objectives

T, B Sl T e e
"""""""""""

e T et e
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Al-Cr-Hf Al-Cr-Ni | : | Al-Hf-Ni | I [ Cr-Hf-Ni
“ ....................

. Al-Cr-Hf-Ni )
Literature | v-m——————
DFT
N/A

13
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Ni-Hf thermodynamic re-modeling

* Built upon the previous modeling work by
Tao Wang et al. (2001) on Ni-Hf

 Remodeling with new data
 DFT data for B2 phase
PSU { * DFT data for intermetallic compounds
 DFT SQS data for fcc and bcc solid solution

« EPMA data for Hf solubility in Ni
Pitt 1 « EPMA data for phase stability of compounds

 Optical microscopy, DSC and XRD data on B2
Hf,Niz,

14



Q) rennstate Ni-Hf DFT calculations

Ni NigHf Ni, Hf, NiHf-LI2 | a-NigHf Ni, Hf,
Ni7H3 Ni |0Hf7 XI Hf|-B33 NiHf-B2 X| Hf2-C |6 BCC_A2
Hf
m i 1 1 1 L 1 1 1
Experimental Data: . .
24000 . Yeremenko et al. [6] Finite Temperature
Z Svechnikov et. al. [4]
2200+ ¥ Selhaoui et al. [10] : DFT
= +  Present Work
¥ 2000- Liquid OK DFT
g c(Hf)
g 18007  ni,HiR) _ i , .
E" 3 Nlﬁ!Hfs =z z A NO DFT
5] 1600 = ] A
=1 B A
1400 g
. ; hep(H)
200 f M el gl ® ﬂ
HEE EER: i '
1000+——— =L ZEl= =)
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of Hf

Previous modeling from Tao Wang et al. (2001) Z. Metallkd. 92 (2001) 5 15
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Enthalpy of Formation, J/mol-atom
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Ni-Hf: fcc phase

THERMO-CALC (2015.12.14:10.37) :

1 DATABASE:User data 2015. 4.22
N=1, P=1E5
6 1:FCC_A1#1
2:FCC_A1#2
[s)
£ 5- -
S~~~
-
o)
= 4] —
X =
> e
S ER 1122 -
o ® 3 =——=
> 3 {
= £ \\
I e i
= 2 \—
i |
v /// fcc+y!
1 — —
5 . DFT (0) - y
10° DFT-SQS (e) 10 /
6 0 T T \ T T \ \ T T

0 04 02 03 04 05 06 07 08 09 1.0

\ \ \ \ \ \ \ \ \
J\ 0 010203040506 07 0809 1.0 /A
Mole Fraction Hf

Mole Fraction Hf
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Ni-Hf: bcc phase
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Calculated Hf solubility in fcc Ni

1600 | | |
fcc \ fce+liquid
1500 -
© o — T — — — Previous
Z 1400 - L modeling in the
> 7 literature
W o~
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Ll
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J === Calculated Ni-Hf phase diagram
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New cast alloys - Ternaries

Micrographs, 1100 °C

Al-Hf-Ni

Cr-Hf-Ni
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1000 °C
1100 °C
1200 °C

0.1 0.2 0.3 0.4 0.5
Mole Fraction Hf

0 0.1 0.2 0.3 0.4 0.5 Model solubility of Ni,Hf,

Mole Fraction Hf 22
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T Rt Ni-Hf, new sublattice model to
iInclude Al solubility

Prototype Structure Space Group

Zr,Ni, C2/m

No [Atom |Multiplicity |Wyckoff
1 Ni
2 Ni
3 Ni
4  Hf
5

6

Ni

J
J
J
i
i
Hf i

>~ B B 00O 0O 0

New _SUbIattfce Model Assumption: all Al goes into the Ni site
(HE,Ni), (AL Ni); DFT endmembers:

T - o
Al Ni Interaction parameter (Hf),(Ni);, (Hf);(Al)7,(Ni),(Ni);, (Ni),(Al);

from experiments 23



D= calculated Al solubility in Ni,Hf,

Considering Al solubility in Hf,Ni, ™ Experimental

\ . .
By te-triangle

Not considering

1:L12_FCC#1
2:NI5HF1

1:L12_Fcc#1
2:NISHF1
4:L12_FCC#2 4:L12_FCC#2
6:H_L21
7:NI1OHF7
8:NITHF3

6:BCC_B2#2
7:H_L21
8:NITHF3

12:X1HF1

’,r d ::: ‘ |‘II: L . “"
WAN '. 4 w ¥ ' ‘I"-.‘
\ | . . \ N / _
L ﬁ 0 0.05 010 0.15 0.20 0. 0.30 0.35 0.40 045 0.50
Mple Fraction Hf Mole Fractio f

Ni.Hf, T:1100 OC Ni,Hf,

12:X1HF1

26
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Phase compositions in NICrAl-Hf alloys
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Current thermodynamic modeling
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ll. Prediction of Hf tolerance In
NICrAl bond coat alloys

26
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Thermodynamic considerations of

oxidation
1150% 3HF + 2A1,0, > 3HfO, + 4Al
-80 [~ 4
da|
AG? = -RT x InK,, and K = 3
CH;

ap =1 In order to suppress HfO,:

AG’, kcal/mol O,
— —
N o
o o
| |

aye=1 must have K <K,

I I I I
500 1000 1500 2000
Temperature, K

Large composition space of bond coat alloys: Ni-Al-Co-Cr-Si-Hf-Y
Control the Hf activity a,; in the alloys is key!

27



=== Oxidation of NiCrAl-Hf alloys

HQ7  HQS8

Three Ni-Al-Cr + 0.1 at. % Hf alloys 1000 °C  y-y’ vy

Predicted HfO, formation “boundary” at 1000 °C 1100°C "y vy

1200 °C y Y Y
\ \

Cg 0.6 ,
E“. Calculated Al-Cr-Ni isothermal section
505 — Y[
© | —— B2+Y/
§ | 1100 °C

0.4 | -
"C':\, 23%AI | — B2+y
o
T 0.3 -
o @ |
Bool : o
c 0.2 \ 2L S 0.207
3 /E\\\ls)%ﬁl .
T 0.1 ///ik__\x[}_ 17%A 0.10

ﬁ\ — 13%Al 0.05
0 ] | | | 0 %y
0 5 10 15 20 25 30 A 0 00 02 03 04 05
Cr concentration, at.% Mole Fraction Cr
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Q Determination of whether Hf oxidized or not

* No Hf oxidation (traces present in middle of scale probably left from
transient stage)

5 um

* Localized Hf oxidation (this is a subjective call)

g Hf not Hf not
oxidized ‘ oxidized

5pm

* Hf oxidation

(oo e

31



= Oxidation of NiCrAl-Hf alloys

. I o)
Note: all three alloys contained 0.1 at. % Hf 1200 °C

Predicted HfO, formation “boundary” at 1200 °C

o 0.6
S, — v 7.5Cr-13Al
©
= O
o 0.57 —_— Y
*c"Eu ——— B2+Y
S 0.4 : B
S| ¥ 75Cr-17Al
S | :
= | A
0.3 g -
8 r;J 10 ym
= 7
8 0.2 i B
2 N oy e
O s
S T T 13Cr-17Al
T 0.1 ///ﬁ_\ L Tl ] HfO, pegs
s B S— il T
0 ] | |

0 5 10 15 20 25 30

Cr concentration, at.%
32
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« Effect of temperature: tolerance reduced (larger driving force
for HfO, formation) with increasing temperature

alloy HQ8 1100 °C 1200 °C
v s .
Y
10 um ity 10 um

less zones with no oxidation

alloy HQ9 1000 °C 1100 °C
¢ 0 > it
-y’ a4
10 um 10 pm

less zones with no oxidation 33
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« Effect of Hf (more Hf promotes HfO2 formation)

HQ10: Ni-8Cr-17AI-0.05Hf HQS8: Ni-8Cr-17AI-0.1Hf

1000 °C

’

v-v’ Y-Y

10 um

1100 °C

’

Y-y

10 um

1200 °C

10 um

34
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« Effect of Cr (prediction: Hf tolerance decreases when Cr increases) %ugs

HQS8: Ni-8Cr-17AI-0.1Hf HQ9: Ni-13Cr-17AI-0.1Hf

1000 °C

: vy’
v-y

10 um 10 um

1100 °C

v-yY’

10 um 10 um

m IR T

1200 °C

10 um 10 um

35
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Ill. Preliminary results on the
effect of Y

34
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Ternary Assessments of Y-containing
systems in Literature

X XY [AlCo-Y  Al-Cr-Y [AlNiSY  Co-Cr-Y | Co-Ni-Y | Cr-Ni-Y
XXy AlCo-Hf  [AICRHE | A-NiHf [CO-CrHf | Co-Ni-Hf Cr-Ni-Hf
X,-X,-51 Al-Co-Si  AI-Cr-Si Co-Cr-Si  Co-Ni-Si | Cr-Ni-Si |
XY ARHEY  Co-HEY  CrHEY  NiHERY

X,-Hi-Si Al-Hf-Si Co-Hf-Si Ni-Hf-Si

Xp=5iY  [AISiEY  Co-Si-Y  Cr-Si-Y  Ni-Si-Y

- Assessment available - Good from binaries

Assessment not found - Assessment under investigation
35
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| | |

2000 1:L12_FCC#1
2:M17M5YX#1
1800 43 3LIQuiD#
3 3 7T AM1TMBYX#2
\ L 3 3 5:M4AY#1
1600 — =>—56"3 P — E:M7Y2#1
3 7:M3Y#1
— 7 / 8:M2Y#1
¥ 1400 —8 3 — 9MY#1
jv’ 3 , . 10:M2Y3#1
S 1200 | f— 3 12 15 Heh Ag
© | ——1C 11 13:BCC_B2#1
2 1000, 2 } -
S < |
3] 4
= 800 B -
B
V4
600 T g -
| 8 :
400 9 10 11 -
200 | | | | | | | | |
ﬁ O 0102 03 04 05 06 0.7 08 09 1.0
Ni Mole Fraction Y Y

Du, Z., & L, D. (2005). Thermodynamic modeling of the Co—Ni-Y system. Intermetallics, 13(6),



IQ pennstate Y Solubility in Ni

\ \
1800 B 1:L.12 FCC#1
o 3:LIQUID#1
—_—
\
1600 —
fcc L
% 1400 // ~ Interactions in the fcc
g phase from Huang et al.
S 1200 _ (2015).
= fcc + Y, Ni
E e LNy More work needs to be
1000 ~ done to determine the
Ni-Y interaction in fcc
8001 _ phase.
600 | | | | | | | | |
A 0O 2 4 6 8 10 12 14 16 18 20
4
Ni 10 Mole Fraction Y

Huang, J., Yang, B., Chen, H., & Wang, H. (2015). Journal of Phase Equilibria and Diffusion,
36(4), 357-365.

Beaudry, B. J., Haefling, J. F., & Daane, A. H. (1960). Acta Crystallographica, 13(9), 743—
744,
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Stability of Y,O,

10%| x=0.1
x=0.25
10
10 Alloy+A1,0.+ Ni-10Cr-xAl-zY
. 1000°C
Hf tolerance
10% concept not present:
e X701 Y,0; always more
I low P
- Alloy+ stable at low P,
x=0.25
1040
10-42 “X
104
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
N(Y)

N(Ni) + N(AD + N(Cr) + N(Y)

38
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Oxidation of Ni-Al-Cr-Y Alloys at 1200 ° C:

Wt% Y

possible correlation between oxide scale
formation and vyitrrides formation

0.7 —@
0.6 1.6 wt percent Cr -
9 wt percent Cr
A Improved scale growth
0.5+ (0 Nominal scale growth -
0.4- -
0.3 (] -

ZiLR

Wit% Al

Yittrides tolerance

curves

15
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=

.6 -
Mi-Cr-Al-xY )
Mi-3Cr-&Al
] .4 | e __'_'_-:-
COTY |
" 12 ] -:lj
E AT 7 000SY
E I _,.-'"'-l.... - - o
= I~ o~ -
g 0 /,f vy ~03Y(26&Cr)
= Py i _ R
<08 A
. - e~ O.1Y
I i ._f' __,.d" __!___ —s— E—
@ o8l S o
Lk L L -
= I
0.4 /,/‘" CXIDIZED AT 1200°C
Fior=Po, =760 torr
0.2
L - ——
4] [+ 20 30 40
TIME, HOURS

Kvernes, I. A. (1973). Oxidation of Metals, 6(1), 45-64.
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Future Works in Phase Il

« Continue to investigate the Y and Si effects on
oxide scale formation in Phase Il

« Study the Hf+Y co-doping effects on oxide scale

* Planned publications so far:
1. Hf-Ni Binary thermodynamic modeling
2. Al-Hf-Ni, Cr-Hf-Ni Ternaries thermodynamic

modeling
3. AI-Cr-Hf-Ni prediction + Oxidation experiments

* The further development of ESPEI for
automation of thermodynamic modeling

40
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