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Ni-Based Superalloys for Turbine Disks
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Motivation for Mechanistic
Studies

- Material advancements are
required to accommodate the
higher compressor exit
temperatures in jet turbine

engines (>700°C near the Temperature A
rotor rim) for improved Capability Aves
efficiency and pollution 690MPa/1000h 700 - LR
reduction. (Celsius) R M feress I Aoy 0
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- New deformation mechanisms will - e v
become dominant at these higher o =
operating temperatures along with a need *Nﬂsp'ovl : : : | IDuaI Mta
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disk alloys.

- New understanding and materials will
be needed for future advancements

800

Progress in Turbine Disk Alloys

750 +

Targeted new
capability range
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Deformation Mechanisms in Superalloys

Disk
Alloys
T<700° C

Epishin and Link (2008)

Phillips (2009)
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Athermal y' shearing
by 1/2<110>
dislocations
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of y’ by individual
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Deformation Mechanisms in Superalloys

Phillips (2009)
— T | - T
Disk i Athermal y' shearing
Alloys : by 1/2<110>
T<700° C . A dislocations
t? UU
Novel mechanisms: . .
Diffusion

« Stacking Fault Cutting
* Microtwinning
« Stacking Fault Ribbons

mediated creep
deformation
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1/2<110>
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Segregation along Stacking Faults

E-Beam
Holes

Segregation along superlattice stacking faults has been
observed in numerous Ni and Co-based superalloys.
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Phase Transformation Strengthening
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New insight into alloy
effects:

» Segregation of y formers
in ME3 promotes
microtwinning

» Formation of n phase at
faults in ME5O01 inhibits
microtwinning and
improves creep strength

Smith, et al. Nature Communications, 2016
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Phase Transformations along SISFs

Local phase transformations Y Stress: 414-552MPa
in Ni-base superalloys Y Temperature: 760°C
SSF
n phase y phase X phase
transformation transformation transformation
Y Y y
Y Y Y
Improves Diminishes
Creep Creep ? ? ?
Properties Properties
SESFs SESFs + SISFs SISFs

Does the observed x (Co;W) or y phase
transformations along SISFs have any

impact on creep properties? CMSX-4 (high W content)*

2nm
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Material Preparation

Average Alloy Composition in Weight Percent

Alloy | Cr Co Al Ti Nb Mo Ta W Zr B C Ni
LSHR| 125 | 204 | 3.5 3.5 1.5 2.7 1.5 4.3 | 0.05 | 0.03 |0.045| Bal
ME3 | 13 21 3.4 3.8 0.8 3.7 2.4 2.1 [ 0.05] 0.02 | 0.05 [ Bal

ME3 Average Grain Diameter = 59.2 ym
LSHR Average Grain Diameter =59.9 ym

Alloy Secondary y' Tertiary y' Total y Average Average
VF VF VF Secondary y' Tertiary y'
Size Size
ME3 4397+ .6 265+.4 | 46.61+1.0 135 nm 15.4 nm
LSHR 4352 +1.7 227+.1 | 4580+1.8 154 nm 15.9 nm

The two alloys are
microstructurally comparable!

WWW.Nnasa.gov
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Creep Testing of ME3 and LSHR

Creep Curves
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LSHR has consistently performed better in creep compared
to MES3 in this temperature regime. Why?
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STEM Character

|

BT xS

No notable differences in active deformation modes could be
discerned between the two alloys.

www.nasa.gov 11




WWw.nasa.gov 12

S FAPARSRT P RE A > TR R E X
ERT TR B LR A R AR R TR
LR R v * b e LA R ‘B AR TR TN R R
A SAREs L FEEE REE B AS 2 -
. . » I ] e EAR T RS AWriI¥as
A A AL L EELE R ES R RN NPT E S LA
Le kv S AAELE AER R PR L RE L :
A A ' ER LR IR L PE TR B REET L L
A A LR RN ) T L ET 5 s rare 2T e
LA N AR < e A F A AR ¥ FN
. » . s R
AR R I BB Fane LY
E e LA BT SV
YT R, : T L.
) AT eAN  Sanr
tRan sV sdree
A AR AT TLA T - EETE NS
. pANFY 20 pharree
. TS SR ARATAT AR LY R B
i .- Lew R LR L BR Y
"Lre  EERE LD EEEAXT
"SRRI R TR R AN FEYF aa L3 L LR B
) T T L AT IS AR R R R A T
- 2R Y TRALLE,
AR EFETA R AN

>4 .

.
' 8

Segregation along SISFs in ME3 and
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Segregation along SISFs in ME3 and
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Segregation along SISFs — ME3

. Line Scan Across SISF

Confirmed y phase nucleation Co, CrISegr:egation
- Ni, Al D ti
along SISFs in ME3 b AL DEpieton
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Segregation along SISFs - LSHR

: Line Scan Across SISF
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Stacking Fault Ribbon Formation

T
.al6<112> .. al6<112> Y

(@) 'L....QISF. L. _._APB_ _ _. ) . 0l6<112>

. al6<1125 ~al3<112>
L. CISF_. ——————_LL_APB_,
(b) —pg | _CISF O SESF 1 APB O

Vorontsov et al. Acta Materialia. 2012

a a a a
3 <112> (SISF) + =< 112> (APB) + = < 112 > (SESF) + 7 <112 >=a <112 >

Stacking Fault ribbons are a major source of primary creep
strain in this temperature regime for single crystal superalloys

C.M.F. Rae and R.C. Reed. Acta Materialia. 2007

What effects will y or x phase formation along SISFs have
on this shearing process?

www.nasa.gov 16
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DFT Measurements

(a) 3 Defect away fr?m APB 3 (b) Defect on ,lAPB
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Ni;Al y' cells with an APB were created to explore the effect
SISF segregation has on the formation of the trailing APB.

Relaxed energies were compared when a W, Mo, or Cr
atom were away from the APB or on the APB.

www.nasa.gov 17
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Phase Transformation Softening —y Phase
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Y phase formation along SISF promotes stacking fault ribbon shear
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Phase Transformation Strengthening — x phase
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X phase formation along SISF inhibits stacking fault ribbon shear
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Conclusions

« Significant differences between ME3 and LSHR creep strain rates exist even
though the microstructural differences between the two alloys are negligible.

« Slight differences in overall chemistry between the two alloys can result in
notable differences in stacking fault segregation. LSHR displayed the formation
of Co;W x phase along intrinsic stacking faults in y' precipitates. In contrast,
ME3 displayed the formation of a Co and Cr-rich y phase along the same fault

type.

« This formation of the Co;W phase along these intrinsic stacking faults
represents a novel phase transformation strengthening mechanism, by
inhibiting the shear of a<112> stacking fault ribbons.

« Alloy design is alive and aided by advanced characterization and modeling
techniques.

 Future work: Can the strengthening n and x phase transformations be
optimized and combined in future Ni-base disk alloy compositions?
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