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Power Output: 375 MW

Land-based gas turbines

» drive to increase service
temperature to improve
efficiency; increase life; with
minimal increase in cost

> replace large directionally-
solidified Ni-base superalloys
with single crystal superalloys
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PROCESS STRUCTURE PROPERTIES PERFORMANCE

. Dendritic structure
. Composition: * Primary arm spacing
Ni, Co, W, Ta, Al, Cr,

) ¢ * Secondary arm spacing
Re, Ti, Mo, Hf, €, B, .. * Misorientation

Elastic Modulus

Maximum
Casting and Vacancy concentration Yield Strength Creep-Rupture Life
Solidification
vy andy’ phases
y * Shape Fracture -
i + Size Toughness Maximum
Solution Treatment  Nelume fraction Thermomechanical
i Fatigue Life
*  Mismatchy andy’ . 8
] Fatigue
Age Treatment Strength
Secondary y’ size
Minimal
Creep Rate Cost
Dislocations

Continuation of “Process” + Densityiny andy

During Service «  Configurations
* Distributions

CTE

Load profile
Other Features: Resistance to
e Crystal structure Environment
Temper.ature * APB Energy Degradation
proflle * Texture <001>
* Eutectic pools
Environment + Casting pores
profile * Freckles
k j * High angle grain boundaries
* Carbides




Institute
nology

Microstructure, Properties, & Performance

The George W. Woodruff School of Mechanical Engineering School of Materials Science and Engineering

PROCESS STRUCTURE PROPERTIES PERFORMANCE

— Dendritic structure
. Composition: * Primary arm spacing
Ni, Co, W, Ta, Al, Cr,

; * Secondary arm spacing
Re, Ti, Mo, Hf, C, B, .. » Misorientation Elastic Modulus

Maximum
A .
Vacancy concentration

. Creep-Rupture Life
Casting and Yield Strength p-Rup
Solidification ,‘7/
vy andy phases ' 4‘ I
. v racture
) Shape \" \ Maximum
i * Size Y Toughness
Solution Treatment X 4\‘ ' Thermomechanical
Fatigue Life

* Volume fraction

. \ X Va l.
J' *  Mismatchy andy’ ‘w~ \ timue
Age Treatment \ 'W Sir;r%gth

’ A Minimal

\
Secondary y’ size I \
I )”‘
. . « ” Dislocations
Continuation of “Process - Densityiny andy’ ) '

During Service «  Configurations

CTE
* Distributions
Load profile
Other Features: Resistance to
Temperature e Crystal structure Environment
. * APB Energy Degradation
pI’OfI|e * Texture <001>
* Eutectic pools
Environment + Casting pores
prof”e *  Freckles
k j * High angle grain boundaries
* Carbides




Institute
nology

The George W. Woodruff School of Mechanical Engineering School of Materials Science and Engineering

PROCESS STRUCTURE PROPERTIES PERFORMANCE

— Dendritic structure
. Composition: * Primary arm spacing
Ni, Co, W, Ta, Al, Cr,

; * Secondary arm spacing
Re, Ti, Mo, Hf, C, B, .. » Misorientation Elastic Modulus

A Maximum

Vacancy concentration . Creep-Rupture Life
Casting and 7 Yield Strength
Solidification '}//

y andy’ phases ’4 ‘
y * Shape ' Fracture \ -
. . aximum
Solution Treatment ° Size ‘ ‘(' — ’ Thermomechanical
A \

%
: Vqlume fraction ' \\‘9 Fatigue Life
Jv Mismatch y andy ’\ "‘v' Fatigue
Secondary y’ size "'}"\\( Strength _
— ) . e
Continuation of “Process” . Dfrl,zlif;?:(;nzndy' ) "

During Service - Configurations j—
¢ Distributions

Age Treatment

Load profile
Other Features: Resistance to
Temperature e Crystal structure Environment
. * APB Energy Degradation
pI’OfI|e * Texture <001>
* Eutectic pools
Environment + Casting pores
prof”e *  Freckles
K j * High angle grain boundaries
* Carbides




Institute

nology IGT Applications

The George W. Woodruff School of Mechanical Engineering School of Materials Science and Engineering

CMSX-8: 1.5% Re "alternative 2"d gen alloy" replacing 3.0% Re
containing alloys (e.g., CMSX-4, PWA1484)

Alloy Cr Co Mo W Al Ti Ta Re Hf C B Zr Ni
Mar-M247LC-DS 84 100 0.7 100 55 10 30 - 1.5 007 0015 0.05 Bal
CM247L.C-DS 81 92 05 95 56 07 32 - 14 007 0015 001 Bal
CMSX-4 65 90 06 60 56 10 65 30 0.1 - - - Bal
SC16 16 017 30 016 35 35 35 - - - - - Bal
PWA1484 50 100 20 60 56 - 90 30 0.1 - - - Bal
CMSX-8 54 100 06 80 57 07 80 15 02 - - - Bal
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[Wahl and Harris, 2012]
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« Creep-fatigue interaction experiments on
CMSX-8

* Influence of aging on microstructure and
creep-fatigue interactions

« Microstructure-sensitive, temperature-
dependent crystal viscoplasticity to capture
the creep and cyclic deformation response
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Experimentally establish the creep-fatigue interactions in a single-crystal Ni-base superalloy that
is being targeted for use in industrial gas turbines (CMSX-8)

» Characterize creep-fatigue interactions on CMSX-8
» Creep-fatigue
» Thermomechanical fatigue
» Creep (either tension or compression) followed by fatigue
» Fatigue followed by creep

» Characterize the influence of aging on microstructure and creep-

fatigue interactions TME life: R = 0 (IP) vs. R = -1 (OP)
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R =0, T=1100°C, Ac = 0.8% R = -», T = 1100°C, Ae = 0.8%
N, = 1420 N; = 980
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i I I | | 6 Ostergren Lifetime Model
107 ¢
R? =0.62

* Energy-based life prediction model based on 8
the net hysteretic energy. e
* Accounts for the mean stress and cycle time 3
(frequency) effect.
e The accuracy of prediction relies on precision 10" .
of inelastic strain measurement. 10 10° 10° 10° 10°
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[Ostergren, 1976]
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 Zamrik and Renauld Model

Zamrik Lifetime Model

10°F
R“ =0.33
* Introducing hold-time and elevated temperature 10°
function to account for creep effect and "
exponentially increasing creep/or environmental T 04t
damage with increasing temperature, %
respectively. g 10% ¢
z
* Substituting inelastic strain with maximum 10
tensile strain range. 1
10 ' ' ' ‘
Waam 10° 102 10° 104 10°
.g o ' B ¢ C Q N-predicted
ten max h -
N=A 1+—) exp
&f Oy tc R(Tmax — To) 1
0.001 0.01 0.1 1 10 100
O max : Maximum tensile stress in mid-life hysteresis loop Thousands
0.1
Eten : tensile strain range in mid-life hysteresis loop for which the stress is tensile g ® o o0
@©
g, : ultimate strength measured under monotonic tensile loading E ....i ¢ Y
& : elongation to failure measured under monotonic tensile loading 0.01 °
ty: length of compressive hold-time ® €F - <00i> ¢ (i
@ LCF - <001> ® Y
t.: length of total time including hold-time 0.001

Cycles to failure
Q: activation energy for high temperature damage [Zamrik and Renauld, 2000]
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T

106 -
R? = 0.95
* The model is based on Zamrik model and the
energy density term includes: 2
£
- Zamrik damage parameter E’_
- Inelastic strain range 5
- Stress range =
- Arrhenius term
— B 1 L 1 ]
Ne = A|Ao,. Al Wygm. exp | — 10’ 102 10 0t 10°
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L
WKuI
1
0.001  0.01 0.1 1 10 100
* The goodness of fit plot shows majority of life
. . . . . L 0.1 Thousands
predictions using Kulawinski model lie within the E .
®
scatter band of factor two. =001 .:: o ®
®
. . o - o
* 95% of the variance of the low cycle fatigue 0.001 €A - 001> o ® ° ¢
(LCF) and creep-fatigue (CFl) life data is captured ® LCF - x001> o
by this lifetime model. 0.0001

o Cycles to failure
[Kulawinski et al., 2015]
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« Creep-fatigue interaction experiments on
CMSX-8

* Influence of aging on microstructure and
creep-fatigue interactions

« Microstructure-sensitive, temperature-
dependent crystal viscoplasticity to capture
the creep and cyclic deformation response
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As-built

CMSX-4 via Scanning Laser Epitaxy (SLE)

SXHeugh{f Wﬂ YZWWW w/ r‘,(,JF ’ ﬂWW Ww- I ‘{WW,‘ Deposit Height
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| L]

500 nm ————
After Heat Treatment

[Basak and Das (Georgia Tech), 2017]
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Physical aging models
|

| ® Experimental data points|

Directional coarsening (Rafting) | _ Isotropic Coarsening
. Q—UT).o E o Lifshitz-Slyozov-Wagner (LSW)
W(T; U) = A. exp _T ;5 model:
3
() (o) = Kt
u(T) = Ur(T —To)" 0 K=K exp( Qcoar)
=K, —

[Epishin et al., 2008] U[Mg;(] et MO0 1200 RT

Temperature [ °C]

Qcoar (CMSX — 8) = 269.4 kJ /mol

o'

1120° C

High-throughput

<
E 102 b e L LD DD o0 ,
@ experimental = °_ Experimental data points
= . 57 0.9
8 400} 950° C technique ] LSW Model
E W ED 8
5} o . . | 3
£ 10+f 5 Stress gradientin | & 2o
= / longitudinal g
5 . direction resulting 2%
@ 3 .
E O Experimental data points CMSX-8 in morph0|ogy s
Model . .
.| = cMSx-4 [Epishin et al., 2008] | , . evolution gradient 5
106
] 50 100 150 200 250 300 350 400 O o
Stress [MPa] 102 fme ]ma ot
ime [Ars

[Gorgannejad, Estrada Rodos, and Neu, Materials at High Temperature, 2016]
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Y Thermo-Calc

DICTRA
Databases: TCNi5 / MOBNi2

Composition sensitive diffusivity parameter Composition segregation
Thermo-Calc

i . .o ! i 80.000
1 Aging behavior i i Tempergture-dependent l my channel
““““““““““ ! constitutive models | 70.000 .
P M y' precipitate
60.000
LSW model Y g\t 50.000
3 3 — 74 = [ _u _u_ a _ a
rP-r’=K(t-1) g goQ(T)<Da> EXP{Bo<Da> }sgn(t c?) E 40.000
30.000
2
_ 64D rrCo00() _ O, 20.000
- 9RT Q(T) - eXp(— —)
l RT 10.000 - I I
Qefr e 0.000 - J__- || :
Deff = DO eff (_ ) Diffusivity parameter | & | Co | Mo W Al | T Ta Re Hf Ni
’ RT My channel | 10.82(20.31 1.260 16.52  2.080 0.170 0.940 3.520 0.012 44.38
l Wy precipitate| 1.610 | 2.690  0.130 | 2.030 | 8.230 | 1.070 | 12.93 | 0.110  0.330 | 70.87

Coarsening effective diffusivity
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« Effective diffusivity of system is equivalent | D = Dy €XP| — Qe
to effective diffusivity in y channels. ' KT
- Diffusivity of Ni-m binary systems computed P = N Qut = CoQuiin
from mobility databases using DICTRA from " . [Al et al. 2015]
Thermo-Calc. Dy = —————
€ Cm
mD.
[Mushongera et al. 2015] 0.Ni=m
-30 4510_23
=T —0% Re
ol 390 |—1.5%Re
3+ |—3% Re
a5t —6% Re

50k

Ln DNi,i

55}

GO LE

0.5
_.55 I 1 L I 1 I L
0.7 0.8 0.9 1 11 12 1.3 14 15 0 i i I i I
1T [1/K] x107 600 610 620 630 640 650

T[°C]

[Estrada Rodas, Gorgannejad, Neu, et al., Superalloys 2016]
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Process — Structure

Relation
o
Aging e  Spatial dlstrlt_)utlon
Variables *  Volume fraction
« Size

Prunsisrenune - Morphology and shape

\, V.
Experimental Discretizing Quantg;catlon Dimensionality Model
Database the Database Microstructure Reduction Construction

A database comprising of coarsened and rafted (P-type and N-type)
—*® microstructure as a result of various aging histories is generated
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The 2-point statisical correlation is a
rigorous quantification method that 3
describes spatial correlation and ?ﬁ.:.‘g:;qu-%:\-a.iﬁg;:ﬁi R
critical structural information with "'":"gg""ﬂ"' s
microstructure reconstruction

capability.

As-received <001>

It is computed based on the
probability density associated with
finding an ordered pair of specific
phase at the head and tail of a
randomly placed vector 7 into the
microstructure.

n--v Eghas
3.5"' “ JPII

." .l-

v,

'-- A 3’." ' Large Dimensional Dataset generated by
MIRA3 TESCAN 2-point statistical spatial correlation
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« Application of PCA to the high dimension 2-point spatial « PCAis a linear approach to dimensionality
correlation results in a reduced-order representation of reduction by coordinate transform.

microstructure ensemble.
» The axes are defined by the directions of
« The axes are ordered descendingly by the extent of the highest variance
variation each explain.

» Powerful classification and visualization tool:
Micrographs with similar microstructures are grouped in PC space automatically. The ones

W|th S|gn|f|cant dlfferent structures are Iocated far from each other ® AR
04F O O = . ® O AF1
@) O ~ ® AC1
| i @ @ AT1-1
0.2 Qg. ® 0
<
O o) 9 .. @ ,‘.' '0 ® AT1-2
0r 7 o® © AT2-1
o ® 04 Q @ AT2-2
%' °e o © ° o &% e
-o.2l_m ‘ | | | i ®

-0.6 .4 0.2 0.4 0.6 0.8 0.2+
PC2 ﬂ P o % n
| |

Sample ID  Temperature Stress[MPa] Dwell time

PC3
o
|

['C] (min, max) (h) 0.2 -
AR 23 0 0 4 )
AT1-1 1120 95 50 04 e
AT1-2 1120 30 50 ® -2
AT2-1 950 206 450 0.6 - 0
AT2-2 950 112 450 | | | )
AC1 900 -208 850 0.5 0 0.5 PC1

AF1 950 0 940 PC2
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Room o °
Temperature (LN 1100 C

* The primary *  Material exhibits its *  The dominated
mechanism is the highest strength at mechanism is cross slip
dislocation ribbons this temperature and thermally assisted
shearing through the glide and climb of
Y precipitates dislocations in y

channels

<111>

\&j . RT

CMSX™-8 TENSILE PROPERTIES
(WITHIN 10° OF (001))
SOLUTIONED + DOUBLE AGED

<111>
Slip plane
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Il as-heat-treated

Bl Pre-aged
g =Pre-crept
= CFI - 3 minutes hold time ) )
KT Creep-Fatigue Interaction
o) (3 minutes hold time)
P 150 . . .
@ —+CFI-R =-00
< R=-wo -
c>>~ 100 - CFI-R=0
(T,
o = p
’C_J [« 50t
2 =
: P
Z g 0
prwr)
n
c
©
[2)
=

No notable microstructure influence 0 200 400 600 800 1000
when RS = - . Number of Cycles

Fatigue-environment interaction likely
explanation when R, = - oo.
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R As-heat-treated Pre-aged Pre-crept
&

Crack
propagation

Necking: 20% reduction Necking: 25% reduction
In area at fractured point in area at fractured point

Nf = 1197 Nf = 1376
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=0, strainrate =1 x 103 1/s
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1.4 ) “\\ \’ - LCF — As-heat-treated microstructure
_ 1.2 ) U o - I LCF - Aged microstructure
§ 1100 c \"‘\A 730 C e LCF - Crept microstructure
g 1 o EE . PaA—2AA—4T] CEl —Virdin mi
p= ——Tr —1 : ] — Virgin microstructure
S RT
< 08 g
‘©
e
»w 0.6

0.4 . ;

100 1000 10000 100000
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Low Cycle Fatigue at Room Temperature

As-heat-treated Pre-crept

Low Cycle Fatigue at 750 ° C
As-heat-treated Pre-aged
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« Creep-fatigue interaction experiments on
CMSX-8

* Influence of aging on microstructure and
creep-fatigue interactions

* Microstructure-sensitive, temperature-
dependent crystal viscoplasticity to capture
the creep and cyclic deformation response
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Microstructure Evolution
Dominant Regime
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[Reed, 2006; Ma, Dye, and Reed, 2008; our CMSX-8 Data]

<111>
Slip plane

Tertiary — dislocation activity restricted to
a/2<110> form operating on {111} slip planes
in the y channels

Ny

Primary — v’ particles are sheared by
dislocation ribbons of overall Burgers vector
a<112> dissociated into superlattice partial
dislocations separated by a stacking fault;
shear stress must above threshold stress
(about 550 MPa)
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Tertiary creep: 950 °C, Stress =400 MPa  Primary creep: 750 °C, Stress = 680 MPa
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Deformed Configuration (B)
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Inelastic Velocity Gradient
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Temp = 950[°C], Stress = 250[MPa]
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Very good agreement predicting TMF



Institute
nology

The George W. Woodruff School of Mechanical Engineering School of Materials Science and Engineering

Since Re segregates almost exclusively in the y channels, the Activation energy in
the y phase can be modified to account for Re content as follows:

| Olﬁlo N ""‘Tm) L@ o ‘ gl @ @ “
;;:/s'ﬂ(a) =0 ‘ r ’ p(a'):/ b ﬁ‘?{’a}FarmckSign (1-(05) * r(a)mis o Z(Q) )exp ) d - kT J /I ‘
(|7t @ ‘_ (@ ‘;r(a)
(e o o o o) - Zslip \ v Ll pass APB
/le () _](_)( )b/{v( )FaffaCkSan(r( ) _ 2/( ))exp J . 7 2 ‘
If we considering activation energy for plastic flow Q, a function of %Re, the diffusivity
parameter could take the form of:
T 2 \ T
©(T)=exp 9 forT>-2 Q( ) exp Q [ ]+l for7 <=
RT 2 k 2T 2

[Miller, 1976; Shenoy et al., 2005]
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Creep-Fatigue Interaction

Microstructure-sensitive Crystal Viscoplasticity (CVP) Model to
Determine Service “Process”-Structure-Property Linkages

Experiments and Lifetime Models
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Experiments & Models (both physically-based and
data analytics) to Predict Current State of

Microstructure (Service Process-Structure Linkages)
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Established Method to Determine Sensitivity of
Local Composition on Diffusivity for Input in Aging
and Viscoplasticity Models

Thermo-Calc
DICTRA
Databases: TCNi5 / MOBNi2

Thermo-Calc

= Composition segregation in y and y’

Software
phase
= Determination of composition ;
sensitive effective diffusivity to
characterize aging activation energy Y |
and diffusivity parameter in . /

viscoplasiticity models
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