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Abstract

In support of application of the DARPA-AIM methodgly to the
accelerated hybrid thermal process optimizatio8"bfjeneration
aeroturbine disc alloys with quantified uncertajngguilibrium
and diffusion couple experiments have identifiedaikable
fundamental thermodynamic and mobility databasesuéffcient
accuracy. Using coherent interfacial energies diietht by
Single-Sensor DTA nucleation undercooling measurgsye
PrecipiCalc™ simulations of nonisothermal precipitation in both
supersolvus and subsolvus treated samples show agreément
with measured’ particle sizes and compositions. Observed long-
term isothermal coarsening behavior defines remerdgs for
further refinement of elastic misfit energy andatreent of the
parallel evolution of incoherent precipitation atig boundaries.

Introduction

An important ongoing application of predictive swe-based
computational materials engineering is the acctdrahybrid
process optimization of dual microstructure aeiwing discs
fabricated from % generation high-refractory Ni-base
superalloys. In support of higher fidelity applicat of the
DARPA-AIM methodology previously demonstrated one th
IN100 and R88DT disc alloys [1,2], a collaboratiwvedel and
database validation study is supported by the NASAation
Safety Program to better quantify uncertainty amoprove
prediction  accuracy of the  QuesTek PrecipiCalc
multiphase/multicomponent  precipitation  simulationcode
developed as the primary engine of the AIM methogypl

Table 1 Nominal compositions (balance Ni) of theurfa3®
generation disc alloys studied under this program.

Cr Co Mo W Al Ti Nb Ta HF C B Zr

ME3 wt%[13.1 200 38 19 35 36 1.1 23 - 0.04 0.03 0.05
at%[14.5 195 23 06 75 43 07 07 - 0.19 0.16 0.03

LSHR wt%[13.0 210 2.7 43 35 35 15 16 - 0.03 0.03 0.05
at%[14.5 20.7 16 14 75 42 09 05 - 0.15 0.16 0.03
Alloy10 wt%[10.2 149 2.7 62 3.7 39 19 09 - 0.03 003 0.10
at%[11.5 148 16 20 80 48 12 03 - 0.5 0.16 0.07
RR1000 Wt%(15.0 18.5 5.0 30 36 20 0.5 0.030.015 0.06
at%[16.5 17.9 3.0 64 4.3 06 0.2 0.130.080 0.04

Four 3%generation nickel-based disk superalloys, inclgditE3
(also called Renél04), LSHR (Low-Solvus, High-Retvay
alloys developed by NASA), Alloy 10 (developed bgreywell),
and RR1000 (developed by Rolls-Royce) are beindietiuunder
this program, and their nominal compositions astedt in Table 1.
In the following sections, key results from th& year of this
NASA/QuesTek collaboration are provided.

PrecipiCalc Calibration and Validation Protocol

An initial objective of this NASA program is to delep a
standard PrecipiCalc calibration and validation protocol for
intragranulary precipitation. The protocol needs to employ
independent experimental measurements to decouptiora
minimize the cross interaction between model patarsg
allowing the determination of the model parameteith high
fidelity and minimum overfitting. The protocol muséquentially
address the foundational databases and model p@rantd the
PrecipiCalcmethod, which include:

e CALPHAD fundamental databases PrecipiCalc relies on
CALPHAD-based databases to capture fundamental
mechanistic features of multicomponent alloys. Ehes
databases and associated tuning parameters include:

o Thermo-Cal® [3] compatible thermodynamic databases
— representing bulk free energy with state varisitdech
as composition and temperature;

0 AE — a phase free energy shift in Thermo-Calc tallgc
tune equilibrium phase fractions;

o DICTRA [4] compatible mobility databases
representing atomic mobility and allowing calcudatiof
diffusivity when combined with the thermodynamic
database;

0 Dscale— diffusivity correction factor used biyrecipiCalc

to easily rescale the diffusivity matrix for loddting;

o0 Molar Volume — preliminary multicomponent molar
volume models were developed for bgtAndy under the
AIM program

« Material kinetic model parameters:

0 Ocoh — coherent surface energy, which is the key
parameter affecting the nucleation barrier whertiglas
are small and coherent with the surrounding matrix;

0 Gg| — elastic coherency (misfit) energy adds additional
energy penalty to the precipitation when the pkasiare
coherent with the matrix;

0 Oincoh— incoherent surface energy captures the increased
surface energy when the particles lose coherentty tive
matrix;

0o My — prefactor for the interfacial mobility term to
describe incoherent interfaces, while the corredpaon
activation energy is scaled to that for solvent diéfusion;

0 Rcohoincon — the characteristic particle size for
coherency transition.

The currentPrecipiCalc calibration and validation protocol is
summarized in Table 2. High-temperature long agsrapplied to
Ni-based superalloys to produce near equilibriurorastructures,

923 and matrix/particle compositions are measured by ARd EDS,

(see next section). The results help down-selectamdidate



thermodynamic database and determine potentiallsimpergy
corrections AE. Next, diffusion couples between Ni-based
superalloys and pure Ni with high temperature agirg used to
determine if there is a need to correct mobility indlividual
components or scale with a simple scaling factagc4ld to the
calculated diffusivity from databases. UltimatelRD can be
used to evaluate the importance of misfit and nyotie molar
volume models if needed.

Table 2 Summary of calibration and validation pcoto

CALPHAD . L
. Material Kinetic
Experiments Fundamental
Model Parameters
Databases

Equilibrium Age
+ APT and EDS
Compositions
Diffusion Couple
+ Microanalysis
SSDTA + APT
Coarsening Age 4

SEM/TEM fory

size and fraction

XRD, TEM for
misfit

Thermodynamics,
AE

MOblllty, Dscale

Ocoh, Gel (est.)

Gincoh Mo

Molar Volume Gel, Reoh- incoh

For material specific model parameters of predigitakinetics,
nonisothermal nucleation experiments using SSDTée (kater
discussion) were identified to determine cohergntsurface
energy 6con and estimated elastic coherency energy)(Glext,
later stage coarsening experiments are used tandate the
incoherenty surface energy dincon and possible interfacial
mobility term (M). Finally, TEM study can be used to determine
the coherency transition size dff_incon). and to assist the
calculation of elastic coherency energwfjG

Ther modynamics

To assess equilibrium phase fractions and compasitiwater
guenched supersolvus treated samples of ME3, LSHIBy10

and RR1000 disc alloys are given 1000hr treatmeaits
temperatures of 1093°C (2000°F), 927°C (1700°Fy @60°C
(1400°F). Commercial thermodynamic databases cogdparthis
study, using Thermo-Calc [3] software, include Thetech Ni-
DATA versions 4 to 7 [5], Computherm PanNickel [BJi-NIST

[7] (not including Nb), and TCNI1 [8] (not includinMo, Nb and
Ta).

Alloy 10/ME3 Equilibrium Studies

Comparison in equilibrium phase compositions wadeutaken
with evaluation of the Alloyl0 and ME3 samples cehesd from
the 1093°C 1000hr age treatment. The high-temperatnatrix
composition of ME3 was determined by both EnerggpBisive
Spectroscopy (EDS) analysis conducted at NASA GRd a
Atom-Probe Tomography (APT) using an Imago Localcde
Atom Probe (LEAP) with new larger-FOV LEAP detectdrthe
Northwestern University Center for Atom Probe Tomaqny
(NUCAPT). In additiony composition was also successfully
measured by EDS for both alloys.
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A LEAP dataset with 2.2 million atoms and dimensioaf
36x37x60 nm was analyzed for the ME3 sample. No large
isothermally aged/ was detected in LEAP (the fing formed
during quench will be discussed later), and thesehtire LEAP
dataset represents the matrix during the high testpe age.
Table 3 summarizes both the quantitative APT anchi-se
quantitative EDS results, and a comparison with phedicted
high temperature matrix compositions using différen
thermodynamics databases. Based on the root meanrestRMS)
error of solute content relative to the APT measwaet, the Ni-
DATA 7 database gives the best agreement. In #tectdumn of
Table 3, an experimental phase fraction of 24.8% estimated
by mass balance using the APT measured matrix csitigro and
the Ni-DATA 7 predictedy composition, and again the Ni-
DATA 7 prediction provides the best agreement. Ghmparison
of predicted versus EDS measurgccompositions also confirm
the best agreement from the Ni-DATA 7 database.

Table 3 Comparison of the predictgdndy compositions and
Yy phase fraction in ME3 at 1093°C (2000°F) with the
experimental AP and EDSy andy compositions. Ni-
DATA version 5 (or 7) is abbreviated as Ni 5 (orifT)

the table.
Composition at 1093°C, at% %Yy
Ni Al Cr Co Ti Mo W Nb Ta C |RMS|fraction
APT (449 6.7 175217 35 34 1.0 05 05 0.04 248
20 |004 002 003 003 001 001 001 001 001 0002 15
EDS (461 6.6 16.6 22.7 3.3 30 13* 06 - -

y |Ni56(457 56 19.7 221 24 31 07 03 03 001|093 307
Ni7 |46.4 6.0 18.5 21.8 2.7 3.0 0.7 0.4 0.5 0.01|0.54| 255
Nian- |443 53 203 230 24 29 08 0.4 05 0.05/1.19| 323
NIST-Ni|44.7 51 19.9 238 24 32 08 0.2 144 294
EDS [584 129 41 128 89 05 0.3 0.6 14
Ni 5,6 (615 57 26 144 71 05 09 24 49 3.09

V Ni7 (602 120 2.8 13.0 8.8 0.3 0.3 1.3 1.2 0.63
Pan-

Nickel 618 123 22 12582 04 01 12 11 0.81
NIST-Ni|68.3 63 13 97 76 03 03 - 62 - |327

* value includes both W and Ta due to peak overla=DS.

High temperatureyand y compositions of Alloy 10 (1093°C
1000hr) were successfully measured by EDS, and amedpwith

several thermodynamic databases in Table 4. ComibilieTa

composition is reported for EDS due to peak over@yerall, Ni-

DATA 7 agrees the best with the semi-quantitativ®SE
measurement.

A systematic underestimation of Ti in the calcullagenatrix was
also noted in QuesTek’s earlier simulations in EERPA-AIM
initiative on commercial Ni-base superalloys [1Hanay have to
be addressed later in this program.



Table 4 Comparison of the predictgdandy compositions at
1093°C and EDS measurement for Alloy 10 aged at
1093°C for 1000 hr.

Compositions, at%
Al Cr Co Ti Mo W Ta Nb
70 134 175 32 23 1.6 113
574 17.60 17.76 2.61 2.30 254 0.14 0.50
5.97 16.97 17.72 2.76 2.21 2.48 0.20 0.63

544 17.00 18.60 2.58 2.31 2.66 0.10

130 40 109 72 06 0.9
1202 2.82 11.01 8.42 0.24 0.93 049
1211 2.80 10.53 8.64 0.23 0.91 0.40

135 135 7.54 9.62 0.13 0.37 0.68

Ni RMS
53.8
50.8

51.1
513

62.3
62.2
64.1

66.8

EDS
Ni 5,6
Ni7
Ni-
NIS
EDS
Ni 5,6
Ni7
Ni-
NIS

1.75
1.49

1.68

1.3
1.89
1.73

0.80
0.83

1.93

Ni-Al-Cr(-X) (X=Re,W) Model Alloys

Table 5 Phase composition comparison of APT [9] dine
database predictions for a Ni-5.2Al-14.2Cr (at%pyal

at 600°C.
atv% APB [600C [ %
600T Ni Al Cr |RMS |(J/m2)|misfit % fracti\cfm
APT |8126 3.3 1561
" 26 | 018 0.08 0.18] 0.14
v Eq;‘}'gm’m Ni 5,6]8140 364 14.96[ 0.58
composition | i 7 |813¢ 362 1504/ 053
TCNIL|81.17 393 14.90| 0.76
Ni-NIST|80.60 5.20 14.20| 1.7
APT | 7653 1669 6.77 019 | 072 | 154
20 | 050 044 030|038 | 0.01 0.4
V' equilibrium| Ni 5,6 | 74.98 16.23 8.80| 147 | 019 | 06 | 124
composition | Ni7 |74.97 16.21 8.82| 149 | 019 | 06 | 124
TCNIL| 7559 14.55 957| 249 | 018 | 08 | 123
Ni-NIST|75.96 12.2511.79| 4.74 | 015 | 09 | 0.0
Y APT | 7240 1830 9.30 016 | 0.2
N 20 | 220 180 1.40| 161 | 0.03
Critical Y- 'G5 6 [74.91 1737 7.71] 130 | 020 | -05
nucleus .
composition | N1 7 | 7491 1740 769 130 | 020 | 05
TCNIL|75.36 1643 821| 153 | 020 | 0.6
Ni-NIST| No precipitation

Further comparison of thermodynamic databases @bled by
previous APT and ICP (Inductively Coupled Plasmanat-
emission spectroscopy measurement) studies at \Mesthrn
University of isothermaly’ precipitation in simple Ni-Al-Cr-X
model alloys [9-13]. The measured time evolutiorpafticle size
suggests the precipitation composition trajectay be modeled
as an unstable equilibrium with capillarity. Conipan of phase
compositions with the database predictions for éhaloys is
made in Tables 5-8. For the base Ni-Al-Cr alloy 6&@0°C,
measurement of the composition trajectory incluttes initial
critical nucleus composition. As metrics of relatiimpact of
phase composition error, Tables 5-8 include noy ahé RMS
solute concentration error angf phase fraction, but the
corresponding predicted error in thermodynamicetynputedy’
APB enthalpy [13], and the at-temperature interphstice-
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parameter misfit based on QuesTek's molar volumeeindhese
comparisons again support the Ni-DATA 7 databasemast
accurate, and suggest the corresponding error iB ARthalpy
and misfit is acceptable within current structurefgerty model
uncertainty.

While predicted phase fractions show good agreenweittt
experiment for the complex superalloy of Table & mote a
significant discrepancy for the simpler model afi@f Tables 5-8.
For these alloys AE shift in the relative free energy gfcould
be appropriate for further modeling of precipitataynamics.

Table 6 Phase composition comparison of ICP [10] #me
database predictions for a Ni-10Al-8.5Cr (at%) \aléd

800°C.
800C - avo % y
Ni Al Cr | RMS |fraction
ICP [8271 843 8.86
y equilibrium 20 | 024 0.16 0.18| 0.17
matrix Ni 5,6 (8293 8.32 8.75| 0.11
composition Ni7 |8293 8.32 8.75| 0.1
Ni-NIST|81.90 9.76 8.34| 1.01
ICP |76.60 17.41 5.99 14.6
Y equilibrium | 20 | 036 034 012] 025 | 03
precipitate | Ni 5,6 | 7552 18.64 5.84| 0.88 | 13.9
composition Ni7 |75.52 18.64 5.84| 0.88 | 13.9
Ni-NIST| 76.47 17.40 6.13| 0.10 | 0.0

Table 7 Phase composition comparison of APT [11d &me
database predictions for a Ni-Al-Cr-Re alloy at 800

0,
800G . at% APE; 890_@0 % Y
Ni  Cr Al Re |RMS |(J/m2)|misfit %ifraction
| APT |81.07 10.04 6.74 2.15
Equiibrium| 95 | 046 004 008 002] 005
y| matrix .
composition| Ni7 [8055 8.94 8.35 2.16| 1.13
Ni-NIST| 80.22 8.79 8.87 2.12 | 1.42
APT (7617 4.97 18.05 0.81 019 | -0.71 | 24.8
Equilibrium| 20 | 0.26 0.10 0.18 0.04 | 0.12 | 0.00 02
composition| Ni7 |75.29 5.68 18.80 0.23 | 0.68 | 0.20 | -0.68 | 15.9
Y Ni-NIST| 75.82 6.13 17.65 0.39 | 0.75 077 | 72
at 80% | 20 | 0.30 0.16 0.26 0.08|0.18 | 0.00 0.2
completion| Nj7 7522 5.56 18.99 0.23 | 1.35 | 0.20 128




Table 8 Phase composition comparison of APT [12A] #me
database predictions for a Ni-Al-Cr-W alloy at 8G0°

0, 0,
800C ' at% API23 8(.)0‘? % V
Ni Cr Al W |RMS |(J/m?)|misfit % [fraction
iibri APT (8131 583 1152 1.34
Yequilbrium o5 1 907 0.04 005 002004
matrix Ni7 |81.44 6.22 10.53 1.80 | 0.67
composition |, . : : : : :
P Ni-NIST| 80.48 857 8.84 2.11|2.26
v equilibrium APT |76.30 17.00 3.91 2.80 021 -049 | 379
q.. 20 | 0.08 0.07 0.04 0.03]0.05 | 0.00 0.0
precipitate -
" Ni7 |75.39 18.00 4.20 2.42| 0.64 | 0.22 | -0.36 | 32.1
composition | .
Ni-NIST[75.87 16.61 6.42 1.09| 1.77 -0.61 | 18.7

Misfit Estimates

Comparison of relative interphase misfit also pdeg a useful
metric of database accuracy for the complex disysl Figure 1
summarizes the predicted equilibrium at-temperayigé misfit
for disc alloys, taking into account the presen€equilibrium
carbides, using phase compositions predicted byNiHRATA 7
database. The alloys fall into 2 groups of reldyivégh and low

misfit. Of the 3 generation disc alloys, only the RR1000 alloy is

predicted to maintain the low misfit of the IN108daRené88DT
alloys. In support of this prediction, Figure 2 quares they

microstructures of supersolvus treated (1193°C/Atigy10 and
RR1000 after long-term aging at 1093°C for 1000While the
fine intragranular precipitates in Alloyl0 show theiboidal
morphology and ordered arrays consistent with thedipted

higher misfit, they' in RR1000 shows a spheroidal morphology

and disordered spatial distribution consistent with predicted
low misfit. The combination of thermodynamic datsdéaand
misfit model thus appears to give a reasonableimgndf relative
misfit between alloys. However, the higher misfitlues appear
susprisingly large and XRD studies are plannedalibate the
molar volume model. Elastic energy based misfiinestes from
relative nucleation undercoolings are discussest.lat
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Figure 1 Summary of predicted equilibrium at-tenapeare y/ y
misfit for disc alloys, taking into account the geace

of equilibrium carbides, using phase compositions
predicted by the Ni-DATA 7 database and the

preliminary molar volume model.
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M obility

To assess accuracy of available atomic mobilityalieses for
combination with thermodynamic databases in ordepredict
multicomponent diffusivities, a linear diffusion trtiple” was

prepared at NASA GRC. A 5mm (0.2-inch) thick disgare Ni

was diffusion bonded by hot pressing to a 3.2mmi2B-inch)

thick disc of ME3 on one side and to a 3.2mm (C-it2h) thick

disc of Alloy 10 on the other, for 4 hours at 8771%10 °F) in
vacuum. After the initial bond was formed, the alfibn couple
was subjected to additional annealing in a horionbe furnace
in an argon atmosphere at two temperatures, 1088927°C for
100 or 300 hours.

DICTRA [4] simulations with Ni-DATA 7 and the NISmobility
database [14] of the diffusion multiple at the potssing
temperature 877°C predicted no significant diffasidherefore,
subsequent simulations ignored the hot-pressing ste

(b)

30.0um

Figure 2 Comparison of thg¢ microstructures of (a) Alloy 10
and (b) RR1000 (courtesy of L. Birrell at Univeysdf
Cambridge)

Next, the NIST mobility database employed in théAproject

was compared with the Thermo-Calc MOB1 database
combination with various thermodynamic databasesorter to
compare microprobe analyses of the diffusion midtipvith

DICTRA simulations, the average Matano interfacefified as
the interface across which equal number of atoree keossed in
both directions) was equated to the origin of tlecuated

profiles, and simulations assumed tlfaprecipitates act only as

sink or source of solute for diffusion, i.e. nofd#ion throughy'.



reveals that these adjustments do not affectyth@recipitation
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an;nAAmAnggmMMAA . . X i
*‘*AgAAA Furthermore, as seen in the micrograph of Figubg, 4fe width
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Figure 3 Comparison of microanalysis (discrete {®inand

developed at Ohio State University [15]. From natiten theory,
the most important material parameters affectirg niacleation
rate are driving force (which is determined by thealk

DICTRA (curves) predicted composition trace of (a)
ME3/Ni diffusion couple aged at 1093°C for 300 hr,
and (b) AlloylO/Ni diffusion couples aged at 1093°C

thermodynamics), surface energy and elastic cobgrenergy. In
this section, utilizing the Ni-DATA 7 and NIST mdiby

for 100 hr.

The agreement with the experimental microanalyessilts is best
using Ni-DATA 7 and NIST mobility databases. Howewvhere
are two discrepancies: (1) with the exception of, Ahe
experimental data does not confirm the predictecongt
nonmonotonic profiles near the interface, and (2@ tctual
diffusion of Nb, Ta, Al, and Ti is less than preeit. Using the
NIST mobility database with minor adjustments te thffusivity
prefactors of Cr, Nb and Ti (by factors of 1.4, ®.&8nd 0.70,
respectively), the predicted DICTRA composition files agree
reasonably well with the microanalysis, as shownwno of the
selected examples in Figure 3. However, comparaiivellations
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database, we present the results of calibratingtiniace energy,
while initially ignoring the coherency elastic eggr

The transformation onset temperaturegngE) from the SSDTA

experiments were determined from SSDTA data praugss
software, which takes the measured temperaturaivense, fits
the baseline prior to the transformation with aichaf function
suitable for describing cooling, and then determitiee departure
point of measured data from the fitted functione ™alibration of
the SSDTA thermocouples has shown an accuragy &°C [16]
in the relevant temperature range. To determine dheet
temperature from PrecipiCalc simulation with physically



equivalent interpretation as closely as possiblegh® SSDTA Figure 5 summarizes the interfacial energy calédt&recipiCalc

results, the following summarizes our procedure. results and comparison to the SSDTA measurgget for all 4
alloy samples. We varied the surface energy withid225 to
* Process SSDTA measured temperature profiles toverine 0.0325 J/rfy and Figure 5 shows the best fit surface energly an
latent heat contribution; Tonset results with minimum RMS of the difference between
+ Calculate material compositions relevant to thg prediction and measurement. Except LSHR (which bélifurther

precipitation from matrixy phase — the high temperature discussed later), the optimized interfacial energief the
phases (borides, carbides and undissoly®dare removed remaining three alloys are similar and agrees with value of
with equilibrium calculations at highest SSDTA measl interfacial energy, 0.022~0.023 F/meported by Sudbracét.al.

temperatures using the Ni-DATA 7 database. [9] for the Ni-Al-Cr ternary model alloys.

« PerformPrecipiCalcsimulations using Ni-DATA 7 and NIST
mobility databases, with estimated surface energy; The experimental uncertainty ofsetassociated with SSDTA is

+ Collect time (or temperature) evolution resultsybtolume represented by error bars in Figure 5. PecipiCalcpredictions
fraction, and compositions of matrix agigd compute the time with optimized interfacial energy agree with SSDiiesults well,
(or temperature) evolution of molar enthalpy; and mostly fall within the experimental uncertainfote that the

e Compute temperature derivatives of the molar epghalith Tonset temperatures, both measured and predicted, do not
respect to temperature, dH/dT; monotonically decrease with the average cooling tagtween

» Determine the transformation onset temperature evbiey/dT 1125 to 1160°C. If the temperature followed lineaoling, Tonset

changes by more than 10% of average dH/dT valuéh, w

> should have decreased monotonically with higherliegorate.
decreasing temperature.

The actual local temperature profile clearly aféecthe measured
Tonset and PrecipiCalc predictions capture the non-monotonic

We note the difference of calculategnhteivalues with the above behavior very well.

enthalpy change approach and a simple approackimg a small

y volume fraction of 0.1% is within the SSDTA aceuay. Due to a furnace temperature limitation of the S&DT
experiment, Alloyl0, having the highest predictgd solvus
1160 temperature, contains undissolved layges confirmed by SEM
SSDTA: Open Symbols with +4.5C Error Bars (Figure 6). The observed amount is in good agreéméth
PpC: Small Solid Symbols with Lines predicted equilibrium y fraction at the highest sample
temperature in the furnace. The calculateghsEt of Alloyl0
1150 7 Allo presented in Figure 5 was based on the assumptiah t
5=0.025 undissolvedy’ does not grow during the quench, allowing us to
remove the largg completely in thePrecipiCalcsimulations. To
1140 1 test this assumption, we performed an Alloyl0 satioh
allowing primaryy growth during the quench, which resulted in a
%) small reduction of nucleation onset temperatureobly 1.6°C.
g Hence, we conclude the assumption to remove langkéssolved
5 1130 ME3 Yy in SSDTA Alloy 10 quench simulation is reasonable
s 0=0.0275
Qo
5 LSHR
* 1120 | 0=0.0315
g
o
RR1000
11101 0=0.0225
1100 ‘ ‘ ‘ ; ; ; ; ; ; < .
25 30 35 40 45 50 55 60 65 70 75 e T T e
J281-A10 20.0kV 12, 1mm x2.00k GWBSE 11/27/2007 20.0um
Average Cooling Rate (T/sec) . .
Between 1160 and 1125C Figure 6 NASA SEM ob_servatlon of_an Alloy1l0 SSDTample.
Yy volume fraction was estimated to be around 9.5%,
Figure 5 Summary of SSDTA results afttecipiCalc (PpC) which is compatible with Ni-DATA 7 equilibrium
predictions with calibrated coherent interfaciakrgy prediction of 8.4% phase.

Ocon (values in J/rf). The data are plotted with respect
to average cooling rate from measured temperature
profiles.

The relative ranking of best-fitting interfacialezgies in Figure 5
ranks with the relative experimental nucleation ensdolings.
This in turn ranks with the relative predicted migRR1000
lowest, LSHR highest). Incorporation of a cohererawgstic
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energy Gy in further modeling will likely reduce the rangéthe

coherent values. Using the surface energy of 0.0225 Jiound
for RR1000 and assumed to correspond to zero mieitreran
PrecipiCalc for ME3, LSHR and Alloy 10 for SSDTA
simulations with the same surface energy and tistimated the
coherency elastic energy@y fitting to the measured nucleation
onset temperature. Table 9 summarizes the resurts,also the
corresponding at-temperature misfits based on teoretical
elastic strain energy of inclusions [17]. Accordioghis analysis,
LSHR corresponds to the highest misfit, followed M§3 and
Alloy 10, in a similar ranking but at about 1/3thé misfit values
of the model prediction in Figure 1. These mis§timates will be
validated against ongoing XRD experiments. In sqbsat
PrecipiCalc simulation to be discussed here, the surface &terg
in Figure 5 are used.

Table 9 Elastic energy based misfit estimate fro®@DEA
nucleation onset temperatures and RR1000 surface

energy.
Estimated G Misfit

(J/mole) (%)

RR1000 0 0
Alloy 10 30 0.5
ME3 50 0.61
LSHR 80 0.8

Y Microstructure in SSDTA Samples

The well-defined thermal history of the SSDTA saesplalso
provides an excellent opportunity for experimentalidation of
PrecipiCalc simulations of nonisothermal precipitation. Using
LEAP APT, we analyzed the ME3 Ar gas-quenched sampl
(ME3-1Ar) from the SSDTA experiment. In total, 32illian
atoms were analyzed. The overall bulk composit®rery close
to the expected composition. Larggr precipitates, about 40-
60nm in diameter, were observed together with fiteay
precipitates, about 5nm or less in diameter.

High-resolution SEM (HR SEM) analysis was also agridd on
the same ME3-1Ar SSDTA sample, as well as an LSHRyas-
quenched sample (LSHR-2Ar). Consistent results éetwthe
APT and SEM for ME3-1Ar are shown in Figure 7. Aswn by
the higher magnification views at the bottom offeg 7, finey
formed at lower temperature during SSDTA coolingsvwaso
observed in both ME3-1Ar LEAP APT and HR SEM.

Table 10 shows a summary of measured layysize and also
PrecipiCalc predictions using the measured SSDTA temperature
profiles. PrecipiCalc provides reasonable estimates with the
approximations employed thusfar. Figure 8 showssaeable
agreement in particle size histograms between HR/I SHd
simulation for the LSHR-2Ar sample. In RR1000-3Hte (gas-
quenched) LEAP study, fraction of 35% was deterahirier
largesty’, which agrees well witliPrecipiCalcs 37.6%.

As in the case of the model alloy of Table 8, th®TA
measurements in the ME3-1Ar sample show W partitgim the
direction of thermodynamic prediction for the large’
population. However, the W profiles observed foe thitrafine
population suggest solute trapping of the slowestusing
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components may be occurring during precipitatiorthat lowest
temperatures.

LEAP
APT

@

)

HR SEM

(©

40nm

Figure 7 Characterization of/ microstructure in ME3-1Ar
SSDTA sample. Left (a,c) figures from LEAP APT and
right (b,d) figures from HR-SEM are compared at two
different length scale — (a) and (b) at smaller
magnification, showing largey, and (c) and (d) at
slightly higher magnification showing very firye
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Figure 8 Comparison of particle size histogramPoécipiCalc
(3D results) and HR SEM with an observation ofy30
particles in an LSHR-2Ar SSDTA sample.



Table 10 Comparison of the larggétmean diameters between Table 11 Comparison of measured nanoscaleparticle and

two SSDTA samples anBrecipiCalc simulation using matrix compositions in ME3 with corresponding
the coherent interfacial energies discussed preigou PrecipiCalcsimulations.
LEAP PrecipiCalc Compositions, at%
HR SEM g
APT Predictions MES TN A O Co T Mo W Nb Ta|RWS
ME3-1Ar 40-60 nm 53.8 nm 41 nm Subsolvus
LSHR-2Ar - 50.1 nm 45.6 nm
RR1000-3He | 20-45nm | 31.8nm | 20.5nm y | APT [425 49 213 237 23 36 10 04 03
PpC |35.0 2.82 27.3 27.7 0.51 5.28 1.30 0.07 0.08| 2.80
Yy Microstructure in ME3 Water Quenched Samples ATP |556 93 73 175 61 21 08 04 08
v PpC 161.3 128 2.1 122 82 042 052 12 1.2 |3.07
LEAP APT microanalysis was conducted on ME3 samplater Supersolvus
guenched from both subsolvus treatment at 109300Qr) and
supersolvus treatment at 1200°C (1hr). For thersaopaus treated y APT 1405 48 225 238 20 42 08 06 05
sample, a LEAP dataset containing 8.7 million atevithin a box PpC (39.2 3.00 24.6 27.5 0.74 3.94 0.87 0.08 0.13] 1.71
of 128x55x54 nmwas collected. The LEAP data analysis shows APT 1565 12.0 35 136 89 19 05 10 16

nanoscale/ precipitates of about 15~30nm in diameter, whigh Y PpC [62.2 124 1.94 11.9 850 0.32 0.34 1.0 1.3 | 1.01
in good agreement with otrecipiCalc prediction of 30nm with
an estimated cooling temperature profile. TEM watkNASA
GRC indicates a larger mean diametey @t 44nm.

Yy Microstructure in Furnace Cooled Samples

Supersolvus treated ME3, LSHR and Alloy1l0 sampt#owed
by instrumented furnace cooling were characterizeder SEM.
The cooling rate between 1160 and 1125 °C is ar@usdC/sec,
which is about two orders of magnitude slower ttta SSDTA
and water quench experiments. These experimergs gfowth-
dominated conditions for calibration of interfaciahobility.

For the 1093°C subsolvus treated ME3, the LEAP enpmnt
used to obtain 1093°C matrix composition (Tablends further
analyzed for fine quencly. An estimated 10-20nm effective
diameter from LEAP APT is in reasonable agreemeith the
predicted 29nm diameter frofRrecipiCalc simulation with an
estimated cooling temperature profile. A proximitistogram of PrecipiCalc simulations were conducted using the coherent
the subsolvus LEAP sample summarizes the measuredg tace energies determined from the SSDTA study tre
partitioning of solutes between th@ndy phases in Figure 9. As  jnqividually measured temperature cooling profiles each
summarized in Table 11 for both subsolvus and sepers samples. ThePrecipiCalc 3D results converted to 2D are in
treated samples, the partitioning is again in thection of reasonable agreement with the SEM results, as shoWable 12.
thermodynamic prediction, with the notable exceptis the flat Unlike the finery particles formed during SSDTA fast cooling

W profile offering further evidence that the slowekffusing (see Figure 8) whcih were etched to reveal 3DssizeSEM.,y

component exhibits solute trapping at extreme egotionditions. particles here are much larger and should be cc&dpnrtheYZD
Further study will address whether solute trappimged be results. As shown in Figure 10, we observe readersdreement
considered for industrially-relevant processingaioans. between simulation and exper,imental size distribbutior these

N growing supercritical y particles, showing sharper size

'Y PEEN y' distribution than that from coarsening theory. Ntbte truncation
u_——._.C.Q%\\ of the calculated 2D distribution is 10nm, which dbout the
"’“CL"*‘“\ resolution of SEM and image analysis.
10%
M i ThesePrecipiCalcsimulations were carried out with cohergyt
surface energy and without interfacial dissipatidm, term in
W Table 2). Though thesg particles are significantly larger than
those found in SSDTA and water quench experiménése is no
1% W indication that they are incoherent with the matkbowever, it is
WW possible that they are semi-incoherent and ardenprocess of
W losing coherency.
Table 12 Comparison of the largegt mean sizes (diameters)

Nb between furnace cooled samples aRdecipiCalc
0.1% simulations.
PrecipiCalc Results
S 1 2 HR SEM con?/erted to 2D
LLbizmos (i ME3 430 nm 348 nm
Figure 9y and fine quenchy compositions (in atomic %) LSHR 408 nm 402 nm
analysis of LEAP experiment on ME3 1093°C/1000hr Alloy 10 376 nm 396 nm

isothermal hold sample.
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growth leads to the sharper size distribution ajuFé 10. The
good agreement with average size in Table 12 stgygésit
interfacial dissipation can be negliected for méetisize up to the
500nm scale.

Coar sening Experiments

ME3, LSHR and Alloyl0 samples were supersolvustébat
1193°C for 1 hr, water quenched, and then agediffareht

conditions, followed by a water quench. The agimpditions
selected are 1093°C for 20 and 1000 hr, 927°C @®@01hr, and
760°C for 1000 hr. The samples were then analyzettiuTEM

or SEM, depending on the size scaleyoparticles. For higher
temperature aging, both intragranularand grain boundary’

particles are monitored as represented in in Fig2reSimilar to
Alloy 10 in Figure 2a, the intragranulgt in ME3 shows an
ordered alignment, indicating coherency basedielageraction.

Figure 10 Comparison shows good agreement betweenA consistent image processing technique was usétetdify the

experimental SEM (bars) anrecipiCalc simulated
(converted to 2D, solid line) and normalized péetic
size distributions for LSHR furnace cooled samgle.
coarsening size distribution is shown in a dasé. lin

1.E-06
T 3
£ 1.E-07 1 LSHR-FC
N
% 1508 SHR-2Ar

1.E_09 T T T T

1100 1110 1120 1130 1140 1150

(b) SHR-2Ar
1.E-08 + LSHR-FC

d<R>/dt (m/s)

1100 1110 1120 1130 1140 1150

<R>/Rc
o)

LSHR-2Ar

0 E——

1100 1110 1120 1130 1140 1150
T(T)

Figure 11 Comparison oPrecipiCalc simulatedy (a) mean
radius (<R>), (b) growth rate and (c) mean radiver o
critical radius (R) ratio with respect to temperatures
for both LSHR furnace cooled (FC) and SSDTA (2Ar).
In this temperature range, only the figsdistribution
is formed in these two calculations.

Figure 11 compares thHerecipiCalcsimulatedy size and growth
rate evolution of fast cooled SSDTA and slow fumawoled
LSHR samples. In these two very distinct coolingesay
nucleates at similar sizes within a narrow tempeeatwindow
(1140~1142°C). In the slower furnace cooled caseHR-FC),
nucleatedy particles can grow to much higher multiples of
critical size (Figure 11c), despite the slower gitowate (due to
lower supersaturation in slower cooling) comparethe fast cool
at temperatures below 1130°C (Figure 11b). Thisidante of
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grain boundaryy and to obtain the sizes and fractions of both
types ofy particles for all ME3, LSHR and Alloy 10 samplesl

of these heat treatment and experimental analysis wonducted
at NASA GRC.
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Figure 12 SEM image (processed to show differeatufes) of
ME3 supersolvus treated and then aged at 1093°C for
1000hr. Intragranular and grain boundayy are
represented as black and grey, respectively.

Table 13 summarizes the measuyesizes in these heat treatment
conditions. The grain boundary particles are typically larger
than the intragranulaf particles by a factor of 1.5 to 2. Between
ME3, LSHR and Alloy 10, there are no consistenhdsein the
relativey sizes. We note that the TEM and SEM measuredssize
correspond to the mean 3D and 2D sizes, respectivel

The PrecipiCalc modeling of coherent intragranulgr in these
isothermally aged coarsening experiments is ongoRrggram
plans include the modeling of incoherent grain lwawgy using
PrecipiCalcs heterogeneous grain boundary nucleation model.
The grain boundary growth simulations will include effects of
grain boundary diffusion and possibly interfaciabbility to
account for incoherent interfaces.



Table 13 Summary of experimental measwegiean equivalent
diameters |fm) of isothermally aged samples.
Intragranular (G)y and grain boundary (GBYy, when
observed, are reported separately.

Agi.n.g Exp ME3 LSHR Alloy 10
Conditions G GB G GB G GB
Before Aging | TEM | 0.044 - 0.028 - 0.044 -
1093C-20h |SEM| 0.510 0.810 | 0.504 0.984 | 0.546 1.084
1093C-1000h | SEM | 1.380 2.840 | 1.420 2996 | 0.894 2.618
927C-1000h |SEM| 0.584 0.758 | 0.598 0.954 | 0.670 1.224
760C-1000h | TEM | 0.058 - 0.062 - 0.062 -

Conclusion and Summary

Measuredy- y phase compositions in equilibratetf eneration
disc alloys and reported phase compositions in IsitNpCr-Al-X
model alloys show best agreement with the ThernhotdéieData
version 7 thermodynamic database. In the content
multicomponent disc alloys, the assessed sengitbfippredicted
phase fractions, APB enthalpy and interphase ntisfineasured
composition error is judged as acceptable withinrrent
structure/property model uncertainty. Prediction aofrelatively
high misfit in the high-refractory '8 generation alloys is
supported by microstructural evidence, but pregsedictions
will require further misfit model calibration. Compson of
measured composition profiles in diffusion couptésME3 and
Alloy 10 with pure Ni against DICTRA multicomponediffusion
simulations indicates the combination of the Ni-DXVersion 7
thermodynamic database with the NIST mobility datsbgives
sufficient accuracy to supportPrecipiCalc simulation of
diffusional precipitation without diffusivity modiation. The
SSDTA measurement of critical nucleation undercmsidefines
reasonable values of coherent interfacial enerdremrporation
in PrecipiCalc simulation of nonisothermal precipitation for both
supersolvus and subsolvus treated materials gives ggreement
with observed particle sizes and compositions. ARdroanalysis
shows some evidence of solute trapping of W, thmvesbt
diffusing component, in fine precipitates forming extreme
cooling rates. Further modeling of measured lomgrteoarsening
behavior requires refinement of coherency elastiwergy
estimates and treatment of the parallel evolutibrinooherent
precipitation at grain boundaries. The accuracypddictions
validated so far indicates that available fundasmlet@tabases and
precipitation models offer sufficient fidelity foreffective
application of the AIM methodology to the acceledat
optimization of hybrid thermal processing of? 3yeneration
aeroturbine disc alloys.
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