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Abstract

"

AD730® is a y — 7' polycrystalline superalloy whichy
has y/y’ been recently developed for future engine turbine
discs. The )" precipitation influences mechanical proper-
ties at the service temperature but also the kinetics of
recrystallization during forging process. Consequently, a
deep understanding and monitoring of y’ precipitation is
required at each stage of the industrial process. The
objective of this work is to understand the precipitation
mechanism, determine the evolution of )’ size during
cooling and isothermal heat treatments, and calibrate a
model for the nucleation and growth of 7y’ during the
ingot-to-billet conversion. The experimental analysis
showed that water quenching at a cooling rate of
100 °C/s after a solution treatment at 1160 °C led to a
fine and homogeneous 7’ precipitation for which the
average circle radius ranges from 10 to 20 nm. Then,
samples were heat treated between 1000 and 1080 °C
with various holding times to characterize and quantify
the size of precipitates. The results were compared to the
precipitation modeling using the in-house software
PreciSo, a multi-class, Kampmann-Wagner Numerical
precipitation model based on classical nucleation and
growth theories. Even if the simulations of precipitation
during isothermal heat treatments start with the correct
initial radius, coarsening appears to occur slower than
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predicted by the simulations. This discrepancy is
attributed to one simulation parameter, the diffusivity of
solute elements, which needs to be improved to obtain a
better fit with experimentations.

Keywords
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Introduction

To reduce the environmental impact of gas turbine engine,
the maximum service temperature needs to be increased. To
achieve these specifications, nickel-based superalloy
AD730®" has been recently developed to be used for the
future engine turbine discs. AD730® is a cast and wrought
superalloy which exhibits good strength, creep and fatigue
properties up to 750 °C [1]. AD730® is a y — §’ polycrys-
talline superalloy which could be manufactured at a lower
cost than powder metallurgy superalloys. ' precipitates
provide the mechanical strength at the operating temperature
and play a role on grain refinement during the forging pro-
cess. 7' precipitation controls the final grain size and can
slow down the kinetics of recrystallization due to the
occurrence of fine and dense precipitates [2]. Heterogenous
precipitation can lead to non-uniform grain distributions
which strongly affect ultrasonic inspectability [3] and fatigue
properties. To control the grain refinement, a deep under-
standing and monitoring of )’ precipitation is required at
each stage of the industrial process.

The mechanisms of y" precipitation during the first stages
were studied, at the beginning, for single crystal
nickel-based superalloys [4]. A schematic of the successive

' AD730% is a registered trademark of Aubert and Duval.
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shape changes encountered during the structural evolution of
a freely growing precipitate has been proposed by Grosdidier
et al. [4]. The nucleation and growth of precipitates are
driven by the reduction of global internal energy of the
system according to the classic nucleation theory. The free
growth of 7’ precipitates leads to the following sequence of
successive shape changes: sphere — cube — octocube —
octodendrite — dendrite [4]. For AD730, the precipitation
mechanisms and kinetics of )’ particles during cooling from
supersolvus and subsolvus temperatures were studied by
differential thermal analysis and secondary electron micro-
scopy by Masoumi et al. [5]. The y" morphology evolves
from a spherical shape at high cooling rates (120 °C/min) to
butterfly shapes at low cooling rates (10 °C/min) due to
strong interactions between precipitates and grain bound-
aries [6].

There is a strong coupling between )’ precipitation and
the recrystallization front which evolve simultaneously
during cooling. An interesting finding about this kind of
coupling is the dissolution of y’ precipitates by the recrys-
tallization front during post dynamic recrystallization [7].
More recently, the evolution of )" precipitates was studied
during the early stages of the industrial forging of AD730®
[2]. A mix of continuous and discontinuous precipitation
was observed and characterized after slow cooling at 10 °
C/h from 1160 °C. Interestingly, it was observed that dis-
continuous precipitates inhibit the mechanism of recrystal-
lization due to the small inter-precipitate spacing.
Consequently, the development of a precipitation model
could also help control recrystallization during the forging of
ay — 7' polycrystalline superalloy. This kind of model needs
to be implemented in a finite element framework to predict
grain evolution and help design new forging routes [8].

There are several ways to model the precipitation
depending on the time and lengths scales: Johnson—-Mehl-
Avrami-Kolmogorov equation [9], classical nucleation and
growth theories, phase field, molecular dynamics and
Monte-Carlo atomistic kinetic. This work focuses on a
multi-class precipitation model based on the classical nu-
cleation and growth theory [10—12] to reduce computational
resources in comparison to other modeling approaches.
Various investigations were conducted to model the )’ pre-
cipitation in y — 9’ polycrystalline superalloy. In the René 65
superalloy, a model was used to predict the size of secondary
y" precipitation in relationship with the final mechanical
properties [13]. A coarsening model was proposed by
Masoumi et al. for AD730® to predict the y’ volume fraction

Table 1 Chemical composition

o\ . Element Ni Fe Cr
of AD730™ billet material

Weight %  Bal 4 15.7

J. Blaizot et al.

and average size after various heat treatments [14]. This
model considers the agglomeration of precipitates which
plays an important role during the growth of )’ precipitates.
Recently, a mean field model of precipitate agglomeration
was proposed by Seret et al. [15] and used to predict the size
distribution of )’ during cooling for AD730® [16]. For
AD730%, it remains necessary to predict the distribution of 7’
precipitates for various heat treatments and a broad range of
precipitate sizes.

The objective of the present study is to understand the
precipitation mechanism and calibrate a model for the nu-
cleation and growth of y’ during ingot forging. The first step
is to characterize 7’ precipitates and determine the evolution
of the 9’ size during cooling and isothermal heat treatments.
The second step is to predict the evolution of )" precipitates
for various heat treatments and compare with experimental
results.

Material and Methods
a. Material and Experimental Plan

The material used in this study is a polycrystalline y — )’
nickel-based superalloy AD730®. The nominal chemical
composition of this alloy is provided in Table 1. The ingot
was triple melted by VIM (Vacuum Induction Melting), ESR
(Electro Slag Remelting) and VAR (Vacuum Arc Remelt-
ing) processes. It is then homogenized before the upsetting
and open die forging operations. Rectangular samples
(10 x 40 mm) were cut from the resulting billet of 204 mm
diameter.

In order to study the precipitation kinetics, a first solution
heat treatment (HT1) is necessary to fully dissolve the pre-
cipitates. It is followed by water quenching to cool the
samples as soon as possible. Then, isothermal aging heat
treatments (HT2) are done at various temperatures to
determine the nucleation and growth kinetics of precipitates
as a function of temperature. In this case, the first super-
solvus solution heat treatment (HT1) was done at 1160 °C
for 4 h. This temperature is higher than the solvus temper-
ature of )’ precipitates which is close to 1110 °C for
AD730® [14]. Then, isothermal aging heat treatments (HT2)
were done at 1000 °C, 1040 °C, and 1080 °C for various
holding times from 1 to 24 h (Table 2). The maximum
temperature deviation from the target is 10 °C for all heat
treatments.
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Gamma Prime Precipitation in Cast and Wrought AD730° Superalloy

Table 2 Isothermal heat treatments

First heat treatment (HT1)

Temperature (°C) Holding time (h)
1160 £+ 10 4

Cooling
Water quenching

Fig. 1 Geometry of the
rectangular sample used for the
heat treatments (longitudinal
median section)

[ Thermocouple

Second heat treatments (HT2)
Holding time (h)
1;2;4;24

Temperature (°C)
1000 £+ 10
1040 + 10
1080 + 10

Cooling
Air quenching

@ Surface—2mm

40 mm

10 mm

3 mm

-

1.5 mm

b. Heat treatments
i. Sample design

The design of the samples aims to minimize the thermal
gradient and control the cooling rate. To control the tem-
perature during heat treatments, the samples were drilled to
insert a thermocouple close to the center (Fig. 1). In a sec-
ond step, finite-element simulations were performed to
determine the thermal gradient and the variations of cooling
rate during water quenching after the first heat treatment
(HT1). These simulations were done with the FORGE®>
software to compare the temperature profile at the center and
at 2 mm below the surface.

ii. Finite-element simulations

For the water quenching model, heat transfer coefficients were
defined as a function of the surface temperature in order to
describe the main steps observed during calefaction, boiling,
and convection. These coefficients also depend on the sample
side considered: bottom, top, and lateral sides. The tempera-
ture profiles at the center and 2 mm from the surface were
calculated and plotted along the recorded data in Fig. 2.
Firstly, it can be observed from Fig. 2 that there is a good
agreement between the recorded and the simulated temper-
ature profiles. Secondly, the temperature evolution at the

2FORGE?® is a registered trademark of TRANSVALOR.

20 mm

center and at 2 mm from the surface exhibits the same slope.
Therefore, the cooling rate is close to 100 °C/s for both
positions in the precipitation temperature range (1050-850 °
C). This hypothesis is consistent with the Biot number that
can be estimated to be between 0.1 and 1.0. The Biot number
is the ratio of the thermal resistance for conduction inside the
sample to the resistance for heat transfer at the surface of the
sample. A Biot number lower than 1 means that the thermal
gradient is low.

c. Quantitative analysis of precipitates

There are several ways to determine quantitatively the size
of 7' precipitates by scanning electron microscopy (SEM).
The objective is to obtain high-contrast images between the y
matrix and the )’ precipitates without deteriorating the
precipitation.

To study the 7’ precipitation after water quenching from a
super-solvus heat treatment (HT1), the samples were elec-
trochemically polished under 35 V for 8 s in a methanol
solution containing 10 vol. % of perchloric acid. y" precip-
itates were characterized by High Resolution Scanning
Electron Microscopy (HR SEM) operating at 5 kV and using
secondary electron contrast (SE).

To quantify the )’ precipitation after isothermal heat
treatments (HT2), the samples were prepared with a final
polishing step using a colloidal silica suspension. )’ pre-
cipitates were characterized by HR SEM using backscattered
electron contrast (BSE).
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Fig. 2 Temperature profile 1200 l
during water quenching from
1160 °C (center of the sample in 1100
blue and 2 mm from the surface
in red) 1000
Air Water
900 transfer quenching
o ——
o 800
S
S
-
© 700
o
Q
§ 600
= EXPERIMENTAL - Temperature - sample center
500 === MODELING - Temperature - sample center
400 ~——— MODELING - Temperature - surface-2mm - AVERAGE
300

2 4 6 8 10 12 14
Time since furnace opening (s)

Experimental Results

1050 and 850 °C) generated a fine and homogeneous pop-
ulation of y’ precipites with an average circle radius ranging
between 10 and 20 nm (Fig. 3). The finest )’ precipitates

a. Characterization of y' precipitates after water quenching with a radius below the equipment resolution (5 nm) were

from super-solvus temperature

excluded from the analysis. The quick cooling leads to a
very fine and dense precipitation because the density of

After full y’ precipitate dissolution at 1160 °C for 4 h, the precipitates is important (see section “Results and Discus-
microstructure is composed of equiaxed grains of 500 um. sion”b). At very low precipitate size, the spherical mor-
Water quenching at a cooling rate of 100 °C/s (between phology is observed to minimize the interfacial energy [4].

Fig. 3 HR SEM micrograph
using secondary electron (SE) of
7' precipitates after a solution heat
treatment at 1160 °C for 4 h
followed by water quenching
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Gamma Prime Precipitation in Cast and Wrought AD730° Superalloy

Fig. 4 HR SEM observations of
y' precipitates after heat treatment
at 1040 °C (BSE)

Table 3 Average circle radius of

X Temperature (°C)
7" (nm) for the isothermal heat

treatments
1000 % 10 495
1040 £ 10 68 £5
1080 + 10 88 £ 13

b. Quantification of ' precipitates during isothermal heat
treatments

The size and morphology of vy’ precipitates were character-
ized after heat treatment between 1000 and 1080 °C. 9’
precipitates initially have a spheroidal appearance (Fig. 4a)
that slowing transitions to cuboidal (Fig. 4b, c, and d). The
transition from spherical to cubic morphology is due to the
competition between interfacial and elastic contributions. As
the precipitate volume increases, the elastic contribution
becomes predominant consequently the cubic morphology is
preferred [4]. The average circle radius was calculated after
image analysis of at least four pictures using Imagel
(Table 3). The average equivalent circle radius of 7’

Holding time (h)
1

2 4 24
60 + 6 78 £ 7 130 + 13 Average circle radius (nm)
82 +5 103 £ 6 184 £ 17

115 £ 10 145 + 11 229 £+ 16

precipitates will be compared with simulation results and
literature data in section “Results and Discussion”c.

Modeling of y’ Precipitation

Precipitation was modeled using the inhouse software Pre-
ciSo [11, 12], a multi-class, Kampmann-Wagner Numerical
(KWN) precipitation model [10] based on the classical nu-
cleation and growth theory (details of the implementation in
[17]). The methodology adopted in this work will be first
explained. Then, the origin of all input parameters will be
presented. Finally, modeling and experimental results will be
compared and discussed.
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c. Classical Nucleation and Growth Theories

Nucleation

The nucleation rate dN/dt is the number of precipitates
reaching the critical size r* above which they are stable and
grow:

dN *

A
E:NOZ[))* exp [— kBGT]I(t) (1)

where Ny is the nucleation site number density, Z the Zel-
dovich factor, f* the condensation rate, AG* the nucleation
energy barrier, kp the Boltzmann constant, 7' the temperature
(in Kelvin) and I(z) the incubation time (/(0) =0 and
I(0c0) = 1). The nucleation energy barrier is the result of
conflicting precipitate/matrix interfacial energy y and pre-
cipitate driving force Ag (for spherical precipitates):

16 3
AG" =—n-"— 2
3 nAgz @)
The driving force Ag is computed from the solubility
product K(T') (a constant for a given precipitate in a given
matrix depending only on temperature T):

Ag = kBTlog {W}

Vin K(T)

(3)

where X; is the solute content of element i in the matrix, v¢/
is the atomic volume of the matrix, exponent ¢; is the
amount of element i in the precipitate (e.g. ¢,; = 3 for Ni3
(Ti0.5, Al0.5)).

Growth

The growth rate dr/dt is the stationary solution of the first
Fick’s diffusion law. For each diffusing chemical species i:

dr raXt —X¢(r)
where D; is the diffusion coefficient of element i in Ni, X; the
far field mole fraction of element i, oo = v%/ v;’ is the ratio of
matrix to precipitate atomic volume, X? is the mole fraction
of element i in the precipitate and X{(r) is the equilibrium
fraction of element i at the interface between matrix and
precipitate.

Additionally, these equilibrium fractions X¢(r) are con-
nected via the so-called Gibbs—Thomson equation, to the
solubility product K of the precipitate and its radius r:

J. Blaizot et al.

o) Yypat
H (X;z)(/’i _ K(T)exp{ (Z (pz)/ p:| (5)

r

Mass Balance

After the nucleation and growth stages, the mass balance is
performed on all alloying elements, assuming that what
remains in solid solution is the difference between alloying
element content (X?) and what is involved into precipitates:
0 P
Xi — ofX;

X, = 1= of (6)

where f is the precipitate volume fraction.

Implementation

At each time step of the simulation, a new precipitate class j
is created with population N; = (4¥)Ar and radius R; = r*.
All existing precipitate classes grow according to
Ri(t+ Ar) = Rj(t) + (dr/dt)At, where dr/dt is the solution
of the non-linear system formed by egs. 4 and 5. Time step is
adjusted to ensure smooth evolution of all simulation
parameters and classes are managed to keep an accurate
description of precipitate size distribution.

b. Modeling methodology

The aim of this approach is to model the evolution of y/
precipitates assumed to be Ni3(Al0.5, Ti0.5) as a prelimi-
nary step. Carbides experimentally observed are assumed to
be (Ti0.8, Nb0.2)C [14]. Chemistry of )/ and carbides is very
close to thermodynamic calculations using Thermo-Calc
with TTNIS database. For 7/, the number of elements is
limited in the composition to reduce the calculation time.
Then, Nb is not considered in 9/ as its amount is lower than
for Al and Ti.

Three modeling stages were used to reproduce experi-
mental features (Fig. 5):

Stage i: this stage is an isothermal treatment of 109 s at
1160 °C. It is performed to ensure full precipitation and
coarsening of (Ti0.8,Nb0.2)C carbides up to a radius of
approximatively 5 um. These carbides have to be accounted
for because they use part of Ti available for precipitation of
7'. They will remain active in stages j and k during which
they will be able to grow or shrink, but no further nucleation
will be allowed. This stage was done only numerically to
take in consideration the MC carbide precipitation which
appears during the solidification of the alloy.
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Fig. 5 Modeling methodology.
Stage 1: precipitation of carbides
at 1160 °C; stage ¢: cooling at

different cooling rates; stage k: 1200

iso-thermal 7" precipitation =
£1000 ,
S Carbide
S 800 HEGEEIERT
©
@
2 600
= 10%s
o
— 400

200

(2)

Y’ precipitation

Stage j: this stage is a continuous cooling from 1160 °C
to room temperature at various cooling rates (from 100 to 1 °
C/s). This stage is performed to study the effects of cooling
rate on )’ precipitation (HT1).

Stage k: this stage is an iso-thermal treatment of various
duration (from 1 to 24 h) at temperatures of 1000, 1040, or
1080 °C. It is performed to compare precipitate size distri-
bution evolution during experimental HT2 treatments.

At the end of each stage, precipitate size distributions (for
carbides and y/) are saved and used as initial distributions for
the following stage.

c. Input parameters

For the modeling of y’ precipitation, some necessary data are
quite difficult to measure for example, the diffusion coefficient
of y' -former elements in the y matrix and the composition of
the different phases at the target temperature to calculate the
solubility product. For the present study, these data were
obtained through calculations with the Thermo-Calc software
(2023b release) and the TTNi 8 database [18].

Input parameters of the precipitation model are given in
table 4. The solubility product for y’ phase and carbides is
dependent on the concentration in the y matrix of 7' -former
and carbide-former elements respectively. Solubility product
of carbides and )7 has the form:

log,,K(T) = % —1% +B (7)
where A, B, and C are constant derived from thermodynamic
calculations using Thermo-Calc and the TTNI8 database.

The diffusion coefficients of all alloying elements are
expressed through Eq. 8 [19]:

Time

Table 4 Input parameters of precipitation model

Elements Value Unit Ref.

Dol 7.441 x 1074 m?/s MOBNI5

Onl 276.0 kJ/mol MOBNI5

Dor; 1.004 x 107 m?/s MOBNI5

Ori 258.6 kJ/mol MOBNI5

Doxp 1.070 x 107* m?/s MOBNI5

Ono 260.9 kJ/mol MOBNI5

Doc 1.076 x 107* m?/s MOBNI5

Oc 172.4 KkJ/mol MOBNI5

Matrix

v = 1/Ng 1.147 x 1072 m’

Carbides

y 0.22 J/m? Fitted

Ve 2278 x 1072 m’

A 2.698 x 10* K TTNI8

B —5.793 - TTNI8

c —2.633 x 10° K2 TTNI8

')}/

y 0.12 J/m? Fitted

v 1.136 x 1072 m’

A 1.349 x 10* K TTNIS

B 4.065 TTNI8

c 2.962 x 10° K2 TTNI8
D; = Dy;exp [— RQ_]I"] (8)

where R is the ideal gas constant, Dy; (the pre-exponential
factor) and Q; (the activation enthalpy) are constant derived
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Fig. 6 Evolution of the volume

Precipitate volume fraction - 1°C/s

Number density versus time - 1°C/s
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from calculations using Thermo-Calc with the MOBNIS
mobility database.

In this approach, the interfacial energy between y and }7 is
the only fitted parameter and set to 0.12 J/m® to get the
correct radius after the rapid cooling at 100 °C/s represen-
tative of HT1 cooling (Fig. 7). The fitted interfacial
energy of y’ is close to values reported in literature for
nickel-based superalloys (between 0.060 and 0.090 J/m? for
nickel-based superalloys) [20]. The carbide interfacial
energy is set to 0.22 J/m? in order to match the experi-
mental size of carbides at the end of stage 0. Note that
the matrix/carbide interfacial energy has almost no effect
on all results since carbides do not evolve during stages 1
and 2.

Note that approximations are made on the stoichiometry
and composition of the precipitated phases (y' and carbides)
and on the diffusion coefficients, which are considered fixed
during the entire isothermal treatment. The reality is that

chemical diffusion coefficients vary with changes in the
matrix composition occurring during the growth of 7
precipitates

Results and Discussion
a. Carbide precipitation at 1160 °C.

The first stage of these simulations aims at forming primary
carbides with a radius of approximatively 5 um. For that
purpose, an isothermal simulated treatment of 109 s at
1160 °C was performed on a sample containing all alloying
elements in solid solution. As expected, no precipitation of
y! was observed during this treatment because 1160 °C is
higher than the solvus temperature. This precipitation state
will serve as input precipitation state for the stage ¢: cooling
at room temperature.
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Fig. 7 Experimental and simulated }/ precipitate size distribution after
rapid cooling at 100 °C/s

b. Cooling at room temperature

Starting from the previous precipitation state (5 pm carbides
and 7/ solutionized), cooling at different cooling rates (1, 10
and 100 °C/s) were simulated and compared. As explained
before, a cooling rate at 100 °C/s from 1160 °C was used.
The transfer time between the furnace and water tank is not
considered for the simulation; consequently the simulation
time (Fig. 6) is not the same as the experimental time
(Fig. 2). The temperature decreases from 1160 °C to room
temperature at a constant cooling rate in the simulation
(Fig. 6). Whereas carbides do not evolve during cooling,
massive precipitation of y/ occurs. The lower is the cooling

Mean radius vs time at 1000°C

Mean radius vs time at 1040°C

rate, the more )/ precipitation occurs. This is due to the
competition between driving force (that increases when
temperature decreases) and diffusivity (that decreases when
temperature decreases). At a low cooling rate (1 °C/s), the
volume fraction of y/ increases steadily (Fig. 6a) since the
precipitation occurs in four stages (Fig. 6d). The volume
fraction of y/ increases sharply during cooling at 10 °C/s
(Fig. 6b) and abruptly during cooling at 100 °C/s (Fig. 6c).
Precipitation occurs in three stages at 10 °C/s (Fig. 6e) and
in two stages at 100 °C/s (Fig. 6f). At approximatively
1000 °C, a first population of precipitates appears (low
driving force and therefore large size). In the case of fast
cooling, this first population constitutes the majority of
precipitate volume fraction (Fig. 6¢). Then, at lower tem-
perature (between 800 and 600 °C), remaining solute atoms
precipitate in the form of very numerous tiny precipitates
(Fig. 6f).

The multi-stage precipitation leads to a bi-modal size
distribution at 100 °C/s, as represented in Fig. 7. Simulated
distribution resulting from fast cooling at 100 °C/s is com-
pared to the experimental one resulting from cooling at the
same rate. We can observe a good agreement between both
distributions. Therefore, this distribution (in addition to the
existing carbides that did not evolve during cooling) will
serve as the initial distribution for the isothermal treatments
performed in the next stage.

c. Isothermal precipitation treatments

After rapid cooling, the resulting carbide and y/ precipitate
size distribution is loaded as initial state and isothermal
treatments are performed at 1000, 1040, and 1080 °C.
Figure 8 shows the evolution of precipitate mean radii
(carbides and 7") versus time. After a transient time of
approximately 1-10 s (depending on temperature), precipi-
tates start to coarsen following a typical R o r'/3 behavior.

Mean radius vs time at 1080°C
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Fig. 8 Evolution of precipitate mean radii (carbides and y/) versus time for isothermal treatments at 1000 °C (a), 1040 °C (b), and 1080 °C (c)

424
425
426
427
428
429
430
431

432

434
435
436

437

438

439

440

442
443
444

445



S
)
o
~
S
=
=
=
<<

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

Layout: T3 Grey

m
™

Book ID: 627986_1_En

Book ISBN: 978-3-031-63936-4

Chapter No.: 72 Date: 28-6-2024 Time: 8:04 pm Page: 10/12
10 J. Blaizot et al.
F!g..9 l?rempltate size ~  1e27 1000°C-2h 2 1e26 1080°C-2h
distribution at 1000 °C (a: 2 h, b: E S S € 1.0
4 h, ¢: 24 h) and at 1080 °C (d: e d S‘E"r‘d B
2h,e:4h, f:24 h) g z
c =
S, 3
2 2
o 19 v
5 3
=3 a
g o . . : o
=0 1 2 3 4 s % o0 1 2 3 4 5
a) Radius (m) le-7 > d) Radius (m) le-7
z le27 1000°C-4h ~  1e25 1080°C-4h
= . &
¥ 1251 ; :.[n; :
E 1.00 ?
c o 1 -
$ 3
3 0.75 3
5 £
2 0.50 1 F
g v
2 0.254 e
< =
v
£ 0.00- ‘ . . g
0 1 2 3 4 5 0 1 2 3 4 5
b) Radius (m) le-7 e) Radius (m) le-7
Z 1026 1000°C-24h = 1e24 1080°C-24h
~ g
2,25 -
g z
<€ 1.00 c
S k]
£ 0.75 1 3
£ E
2 0.50 - 2
2 8
£ 0254 8
= a
o
£ 0.00- $ o4
1 2 3 4 s %9 1 2 3 4 5
Radius (m) le-7 Radius (m) le-7
c) f)

Simulations are compared with experimental values resulting
from SEM image analysis. Even if the simulations start with
the correct initial radius (Fig. 8), coarsening appears to occur
slower than predicted by the simulations. Therefore, simu-
lated distributions for various temperatures and times are
larger than experimental ones (Fig. 9). The same trend is
also observed for experimental results published in the lit-
erature [21]. Experimental coarsening appears to occur more
slowly than predicted.

The only fitted parameter is the interfacial energy
between 7 and y/ which was adjusted to 0.12 J/m? to obtain a
good agreement between the experimental and simulated )7
distributions after water quenching (HT1). The interfacial
energy strongly influences nucleation which mainly occurs
during cooling but has little impact on the growth rate of y7
precipitates during isothermal heat treatments compared to
the diffusivity of solute elements as can be seen in Eq. 4.
The solute element diffusivity is the main parameter that can

explain the discrepancy between simulations and experi-
mentations during isothermal heat treatments. In order to
validate this assumption, the diffusion coefficients of Al and
Ti were multiplied by a factor 0.2 (by trial and error) and
isothermal simulations were re-run. The evolution of the
simulated radius at 1040 °C is similar to the values obtained
experimentally (Fig. 10a). Moreover, a very good agreement
between simulated and experimental )/ precipitate distribu-
tions is obtained at 1040 °C (Fig. 10b and c). This leads to
the conclusion that lowering the diffusivity of solute ele-
ments is necessary to get a better agreement on coarsening
kinetics in this study.

Reasons for the deviation between experimental and
simulated results may be due to approximations made for the
input parameters, especially about the stoichiometry and
composition of the precipitates. As a reminder, the )/ pre-
cipitate composition was simplified, accounting for Ni, Al
and Ti only but not Nb. The Nb content may play an
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Fig. 10 Evolution of mean radius at 1040 °C and comparison between simulated and experimental )/ precipitate distribution after multiplying the

diffusion coefficient of Ti and Al by a factor 0.2

important role on their growth, as its diffusion coefficient is
lower than Al and slightly lower than Ti according to the
MOBNIS database. Other elements could also have an
influence on their growth, and if we go further, interstitial
elements (like O, N, C) could lower the diffusion coefficients
of Al, Ti and Nb [22]. For now, interstitial elements are not
considered for the calculation of diffusion coefficients.

Conclusion

In this study, y/ precipitation was characterized between
1000C and 1080 °C after cooling at 100 °C\s from 1160 °C.
The size evolution of y/ precipitates was quantified by HR
SEM at various holding times from 1 to 24 h. Carbide and )7
precipitations were modeled using inhouse software PreciSo
to simulate the precipitation during the water quenching and
the coarsening. The main conclusions are:

e Water quenching leads to a fine and homogeneous 7/
precipitation (between 10 and 20 nm for average circle
radius).

e Precipitates coarsen following a typical R o '/3 behavior
during isothermal heat treatments. A transition from
spherical to cubical morphology is observed at 1040 °C.

e In this approach, the interfacial energy of y’ is the only
fitted parameter and set to 0.12 J/m* to get the correct
radius after the water quenching.

e The simulated growth rate of j/ precipitates is
over-estimated for each temperature which could be due
to the diffusivity of solute element. A very good agree-
ment between experimental and simulated results is
obtained after dividing the diffusivity of solute element by
a factor 5.

Deviation between experimental and simulated results
may be due to approximations made for the input parame-
ters, especially about the stoichiometry and composition of
the precipitates. Isothermal simulations need to be rerun to
investigate the influence of Nb element on the coarsening
kinetics of y/ precipitates. According to the several experi-
mental results, this element would play an important role on
the y/ precipitation [21, 23]. Kinetics of nucleation and
coarsening of )/ can be also influenced by microsegregations
of alloying elements which is not included in the current
model.
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