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Abstract Modelling approach

A numerical method for the simulation of microstructure-forl "€ microstructure evolution of an alloy is mainly deteretn
mation during the solidification and solution heat treattmgn PY three contributions. First the alloy constitution deirtiee
single crystal superalloys is presented. The method ischaBB2ses, their fractions and compositions; these are pyafer
on the phase-field method, coupled to thermodynamic calcig"iPed by thermodynamics and thus define the energy scale.
tion (CALPHAD) and kinetic databases. Simulations are petecond the diffusion of species determines the main cantrib
formed in a representative transverse section of a direatip 10N Of transport of matter and thus provides the time sdale.
solidified dendritic array. Calculated as-cast structdoesy nally the interface movement determines the morphology and
the bases for the subsequent solution heat treatment sim{il4S Sets the length scale of a microstructure. (For simplic
tions. The method is applied to simulate microstructurenfio 1ty We neglect convection in the melt.) These contributions
tion in a five component model Ni-base superalloy (Ni-5.8A&"€ modelled using CALPHAD [2, 3], kinetic [4] and phase
9.0Cr-7.9Ta-8.8W, wt.%). Experiments were carried out fif!d modelling [S]. The phase-field implementation in the- Ml
validation and good agreement with the model predictionsGRESS code was used for the simulations presented in this
observed. paper[6, 7, 5].

On the other hand the course of the microstructure evolution
is controlled by the process, characterized by the procass p
rameters solidification velocity and temperature gradiemt
ing solidifications, and temperature time profiles during th
. _ . _ heat treatment. Figure 1 illustrates the modelling apgroac
A r_nodelh_ng app_rqgch to the simulation (_)f microstructure-ev During the directional solidification of superalloys mushy
Iut|o.n during solidification and .homogemzanon heat neant zone lengths of 10th of millimetres are commonly observed.
of single crystal supgralloys Is presented. The approacrhlzfu” coverage of this in 3D, for technically relevant all®y
based on the phase field .method, coup!ed to _CALPHAD YR&00 challenging, even for todays high performance comput
calculations and allows microstructure simulations of pt&R < A more feasible approach is based on a simple analysis of

alloc)j/sl in tzvo and thr_ee d:cme]zc_nsionS. The appliga;[ion of t:ﬁndritic arrays. These are commonly characterised byrthe p
model to the processing of a ive component model supera ¥ry dendritic spacing, which correlates to the solidifica-

reveals a 900d response of thg rT‘F’de.' to changesin the: PHOGRSIT parameters, thermal gradiegrtand solidification velocity
ing conditions. Directional solidification and homogeniaa

heat treatment experiments were carried out in order te vali

date the simulations. The presented work was part of a larger
frame work, aiming at the development of an integrated simu-
lation approach for the manufacture and in service behaviouwith ¢ being a material dependent coefficient, which is ap-
of coated single crystal superalloys [1]. proximatly constant for most Ni-base superalloys [8]. The
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Figure 1: Overview of the modelling approach.

casting

W/ I
M\ g1/

dc
dt

heat treatment

/1NN

NNy

model takes into account the symmetries of directionalygr of the pair-wise interactions with all other phagd the case
ing dendritic arrays; a representative volume element is @éa double well potential):

fined in a transversal (isothermal) section according tgthe

mary dendritic spacing. Due to the dendritic symmetry, on%_

one forth of a dendrite transversal section has to be siedlat——" —
Thus the size of the represenative volume element is given Eff/
(0.5X1)2. This is also the distance solute has to travel during al

the solution heat treatment. This approach was first prapose Z Hij
by Ma et al [9]. The cooling rate is given iy = Gv and the

laij <¢iv2¢j — ¢, V2 + %fbi%‘(@ - ¢j)>
ij

J

initial temperature is the dendrite tip temperature, dakeul +£¢i¢jAGij] 2)
using a extended (multicomponent) marginal stability niode Mij
[10, 11].

Subsequent to solidification, the homogenization heat-trea Here, i;; is the interface mobilityg;; the surface energy,
i the interface thicknesgy the number of coexisting phases

ment is simulated. The simulations start from the calcdlaté/ . ;
as-cast microstructure and simulate the equilibration Bf rﬁmdAG.ij thg driving force for the transformation between the
crosegregation and dissolution of interdendriticduring a ph:sgg ?ndt?' feat fth ltioh field del
non-isothermal temperature time profile. Multicomponéfit d ¢ (;shlnc |_vethea urel_o : (tahmg_ﬁ'p ase-fie t_moT(?m_pre—
fusion is taken into account by solving the multicomponeﬁ?n_f_} eze 'Sd kecfoup m_ggfo_ eh ! U_SIOE e(tq_]ua on. 30
Fick-Onsager equation, whereas the diffusion matrix iswcal positionsc;” andc; O SPecies: in phase and phasg are use

¢ Jo . .
lated from thermodynamic and kinetic databases. to determine the driving forcAG;; and the diffusion fluxes

instead of the overall compositiafi. These compositiong’

. . ) ) follow the relation
Multiphase-Field Model with CALPHAD Coupling Z dick = ok 3)

An outline of the model used for the simulations presented
in this paper is given here. More recent and more detailgditiphase diffusion for a compone#tis then given as the
description can be found elsewhere [6, 5]. sum of the fluxes in the individual phases which are calcdlate
from the composition gradienf€ct using only the diagonal
Multiphase-Field Model: In phase-field methods the boundtermsD; of the diffusivity matrix:
ary between two phases consists of a diffuse interface de- N
scribed by the phase-field parameter Several phase-field dch(z,t <Z ¢-D’?Vc’?>
=1

) _
models have been presented in literature which differ imser at v

of the free energy density in the interfacial region as weliha

how they were derived [12, 13, 14]. The following approach a| pHAD Coupling: The thermodynamic calculation needs
based on a multiphase-field concept which has been pUb“SE?Hrovide three inputs from the database

earlier [15, 16]. The development of the phase-field paramet

¢; of a phase in a multiphase system is described as the suma) the relation between the phase compositigins

(4)
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which are in contact, we obtain the extrapolated driving force Gij*, whefeis the
b) the thermodynamic driving fore&G;; for Eq. (2) and actual temperature:
¢) conditions for nucleation of secondary phases.

* tran eq
For diffusion-controlled processes a quasi-equilibrium a AGH; = —ASFNT - T55) ©)

proach is introduced. The driving forakG;; results from

a slight deviation from equilibrium. We define the quasHsing Eq.(8) and (3), finally the extrapolated local phase-co
equilibrium by the construction of parallel tangent plates Positions can be calculated:

the Gibbs energy functiong and f; :

0k 0kmk
ok — dfi _ 9f; (5) » k- > i <Cji —Cj mfj)

Bck ok 5)0’“ ok ¢ = (10)
' ’ Zj (bj

3

i

mk

k.
J

Wherea* denotes the slope of the tangeAt?; is then given

by the difference

AGij = fi — f; +a"(cf —c}) (6) Experiments

Equations (3), (5) and (6) are solved to get the quagis the paper focuses on the modeling aspects, the validation

equilibrium phase compositiong” and ¢# and the driving experiments are only briefly outlined. More detailed resati

force AG;; in a pair-wise manner for all phase interactionie experiments will be given in a future publication.

ij by use of the software package Themo-Calc [17] which hassamples of a five component model superalloy (Table 1)

been enhanced by an extra routine in order to meet also Eqs@)re directionally solidified using a number of differentfwi

Together With.a realistic database even complex multicemppawal speedsu( = 0.03 — 5.0mm/min) and temperature

nent and multiphase problems can be treated. gradients ¢ = 4 — 20K /mm). The critical G/v ratios for
the planar cellular@/v = 224.4Kminmm=2) and cellular

Multi-Binary Extrapolation: The above description providesiendritic (G/v = 126.3Kminmm™2) transitions were de-

a complete solution within the local quasi-equilibrium epp  termined from quenched samples. In the dendritic regime, mi

imation. However, applying that calculation for multicoop crostructures typically consist gfdendrites and interdendritic

nent alloys in each time step and for all interface gridpimt  ~’ (Figure 2 and Figure 3).

plies tremendous calculation times. Therefore, togethigr w

the equilibrium calculation the slopes}; andm?; of the lig- N Cr T W NI
uidus (solvus) and the solidus plane in the directions of ev- at% 13.06 1049 266 292 bal
ery componentk are extracted at the equilibrium compasitio Wi% 580 898 7094 884 bal

c?"k and c?’k, respectively. By this procedure we get a lin-
earized phase diagram for each interface cell in the cdlonla Tapje 1: Composition of the model superalloy in at.% and
domain. These phase diagrams are additionally shifteddy {{.9s).

temperature equivaler:ttTi‘}ff of the calculated equilibrium de-

viationAG;; from Eq. (6), Wherexsgf”‘”sis the transformation

entropy : AC, The primary dendritic spacing was measured (Figure 4)and

Aﬂ%ﬁ = AS";J“S (7) the coefficient in equation 1 was determinedcas: 1915 -

ij 1079 m3K055s=0-25  Microsegregation of the alloying ele-

From the local phase diagrams we get a good extrapolatiom@fnts was characterised by wavelength dispersive X-ray spe
the thermodynamic behavior. Time-consuming real equilittescopy (WDX) elemental mapping. The velocity depen-
rium iterations have to be done only from time to time, whatence of the mushy zone length and phase appearance was
local compositions or the temperature show considerabfie deletermined from longitudinal sections of quenched samples
ation from the conditions at the last linearisation. Fromék- (compare figure 2).
trapolation of the equilibrium temperatures from the It Previously directionally solidified samples were ho-

plane mogenised at285°C and1295°C for up to four hours. Sam-
No1 ples were fast cooled to room temperature after differera-du
T = TiO_,eq + T;;ff + Z mfj( ck — c?’-k) (8) tion an(_j the area fraction of the interdendritiavas measured

J J ' ~ " J from micrographs.
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Figure 2: Longitudinal section of directionally solidifieshd
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guenched samples G=20 K/mm and v=0.8 mm/min) revealing

outside the image (right hand side).

Figure 3: The microstructure of directionally solidifieddan

solidification parameters thermal gradigrtand withdrawal
ratev.

temperature gradients, which were in the same range the ex-
periments. Simulations were done for the alloy composti®n
given in table 1, and the thermodynamic and kinetic database
published by NIST were used [18, 19].

Figure 5 shows the microstructure evolution during solid-
ification (G = 20K/mm, v = 5.0mm/min); Al, Cr and
Ta enrich in the melt while W enriches in the dendrite core.
In the early stages the initially round dendrite tip breaks u
and forms its characteristic fins, which evolve into a typica
dendritic cross section. After solidification the microstiure
consists ofy dendrites and interdendriti¢’. The latter can
be identified as yellow spots in the Al and Ta fields, and blue
spots in the Cr and W fields. Nucleation of the interdendritic
~" occurs at the dendrite-liquid interface, as described @j.[2

Figure 6 show element composition maps for Ta and W, ob-
tained from a simulation (left hand side) and WDX measure-
ment (right hand side). The color bars represents the same
value range for the simulation and the measurement. The in-
terdendriticy’ can be identified, as described for figure 5. Due
to the assumptions made for the representation of the dindri
array the dendritic morphology is less complex in the simula
tion, but the influence of the dendrite arms on the segregatio
pattern becomes visible.

A kinetic phase diagram (Figure 7) was obtained from sim-

guenched samples G=20 K/mm and v=0.8 mm/min) reyeatlations and experiments. It correlates the transitiorptem

dendrites and interdendritig.

Simulations

Solidification

atures and the sequence of phase formation during solidifica
tion with the solidification parameters. The diagram in Fig-
ure 7 was determined for a constant temperature gradient of
G = 10K/mm. In this graph solid lines without symbols
were derived using analytical models, dashed lines arerath
speculative, lines with open symbols were obtained fron sim

Simulations were carried out for the five component model su-
peralloy using different combinations of withdrawal speed
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Figure 5: Evolution of the morphology and microsegregatioring solidification; the colors denote the atomic fractof Al,
Cr, Ta and W, respectively. The yellow (Al, Ta), respectMalue (Cr, W) spots indicate the location of the interdeticlr’.

ulations and with lines with closed symbols from experinsentation interval increases with the solidification velocifyhis

In the planar solidification front regime < 0.045mm/min) corresponds to an increase of the mushy zone length, which
the transition temperatures are given by the equilibriumseh were experimentally determined from longitudinal secdiof
diagram; the solid-liquid interface moves at the solidus-te quenched samples (figure 7 closed square symbols). From
perature [21] and the crystal is microsegregation free. sThhese also the temperatureydformation was determined (fig-

~" forms only in a solid state reaction at thé solvus tem- ure 7 circlular symbols). The formation of interdendriticis
perature and below. An increase of the solidification véjocionly observed above a threshold velocityof 0.3mm/min
above the planar front stability limit, leads to the formati and~’ forms at a temperature approximall§K higher than

of cellular growth morphologies, the solidified crystal ébits predicted by Scheil. The’ formation temperature is inde-
microsegregation. Above > 0.08mm/min the solidification pendent from the solidification rate, in both experimentd an
front exhibits dendritic morphologies. The dendrite timte simulations. This effect occurs due to backdiffusion in the
perature defines the liquidus line in the diagram. The délidisolid. The kinetic phase diagrams obtained from experiment
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Figure 6: Comparison of composition maps for Ta and W, cal-
culated (left hand side) and measured by WDX (right hand
side). Solidification paramters we@ = 4.0K/mm and

v = 3.0mm/min

and simulations are in good agreement, especially above th 0.6
~' formation threshold. Less good agreement below this poini
is due to the fact that the growth morphology is rather cattul
dendritic than fully dendritic, but the model was develofad

dendritic structures.

1400

5.0

4.0

3.0

3.0

0.2

The presented model provides a tool to investigate mi-
crostructure formation during solidification with modeét e
ford. As the solidification parameters thermal gradiérand
solidification velocityv are transformed into the model param-
eters primary spacing;, cooling ratel” and initial tempera-
ture, the response of the model to changes in the soliddicati
parameters is not quite obvious.

Figure 8 show results of a systematic variation of the so-
lidification parameters, respectively the model paransetad
their effect on they’ fraction. Each symbol in the graphs
stands for one simulation. Thg fraction is plotted over the
primary spacing. It is found that thg fraction is not a unique
function of the primary spacing. Different combinations(of
andw yield similar primary spacings, but differemt fraction.
Changes in the process parameters are not entirely compen-
sated by changes in the primary spacing, as one might Igitial
expect.
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Figure 8: Phase fraction of as functions of the dendrite spac-

| m . Solidis | I'iqu'id' K ing for different thermal gradients and solidification etees.
| @ Exp.y
- g g:m ioﬁdus h The the strength of the phase-field approach is, that simu-
_ i ' / liquid +y ] lations are not restricted to 2D. A simple 3D the unit-ceth ca
2 1350 ! A be derived by giving the 2D representative volume element a
E ‘ thickness, which itself is given by the secondary dendrite a
g spacing).. In this case the interdendriti¢’ forms between
5 Y the secondary dendrite arms (Figure 9). The interdendyitic
+~ 1300 |- . . . .
fraction is slightly lower than in the 2D case, due to enhdnce
backdiffusion. However, the 3D extention increases the CPU
time of the simulations by approximatly a factor of 30.
- planar | cells dendrites ~ G=10Kimm ] For larger calculation domains more than one dendrite can
0.01 0.1 1 10 be modelled (figure 10). The primary spacing condition it ful
Velocity [mm/min] filled if the number of dendrites is adjusted to the size of the
calculation domain. The condition to be fullfilled is the:
Figure 7: The kinetic phase diagram as obtained from simula- A
tions and experiments. A= \/j (12)
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Solution Heat Treatment

Starting from the calculated as-cast structure the saoluteat
treatments are simulated. An initial fast ramp is followed b
a simple isothermal holding d285°C (figure 11). The as-
cast structure was taken from the simulation shown in figure 5
The elements Al and Cr diffuse almost an order of magnitude
faster than Ta and W. After the ramp Al and Cr are almost ho-
mogeneous (30 min.). Depleted spots appear in the Al and Cr
fields (1 hour), which shift their location towards the detedr
core (2 hours). This effect is due to the cross diffusionatffe
the gradients in the W field drive the diffusion of Al and Cr.
Thus the the overall homogenization is controlled by W diffu
sion, after a certain point the other elements only follofieA
10 hours of heat treatment the degree of microsegregation is
significantly reduced, but some interdendriticemains.
Isothermal solution heat treatments were simulated for
Figure 9: Result of a 3D simulation illustrating the denlrit 275°C, 1285°C, 1295°C' and1305°C'. Figure 12 show the
morphology, location of interdendriti¢’ and W mapping at calcglatedw’ fractlon as func_uons of time (lines). The
the bottom of the calculation domain. The morphology is rifctions obtained from experiments conductet6°C' and

vealed by plotting an appropriate W concentration isoserfa 1295°C are given as symbols. The error bars indicate the stan-
dard deviation of the measurement. At first glace the errar ba

appear hugh, but it should be noted that the overdiaction
_ _ _ _ is rather low (around 1.5%).
with A being the area of the calculation domain anthe  The simulation results show an increase ofthéraction at
number of dendrites. The other conditions, cooling rate agpg early stages of the simulatiot2(5°C' and1285°C). As
initial temperature, remain the same as outlines in the mq;zl—can only form during solidification, the matrix can not de-
elling section. If dendrites with different orientatioreanod- compose into &/~ mixture (secondary’ formation). Thus
elled, the formation of a grain boundary can be simulated (fig sufficiently low temperatures the interdendriticgrowths
ure 10). instead, although slowly. However, this indicates thathat t
given temperaturesl275°C' and 1285°C) the interdendritic
v - ~" should be surrounded by g/+" mixture, which itself is
‘ { stabilised by the presence microsegregation. After seffity

long time microsegregation get homogenised by diffusiah an
the interdendriticy’ starts to dissolve. This can be regarded
as an incubation time for the’ dissolution. The experiment
at 1285°C shows the same incubation time. Increasing tem-
peratures shorten in the incubation time, until it become ab
sent ((295°C and 1305°C)). For these temperatures thé
fraction decreases right from the start of the hold. Agai th
experiment shows similar behaviour.

Summary and Discusion

A L
A model for the simulation of microstructure evolution dgi
directional solidification and homogenization heat treatin

Figure 10: Simulation result obtained for a larger simolati .

domain. Two grains with different orientations form a graiI h%r(;?gjgﬂsar;i:‘gglfndéor: f:ﬁigﬁgﬁfgigfﬁ:i:jﬁqﬂirtauzog
boundary. The W composition map is shown, blue spots in P (2D)

cate interdendritie’ (G — 20K /mm, v — 5.0mm,/min). or an directionally solidified dendritic array.

As-cast structures are calculated and compared to experi-
mental ones. Generally good agreement is found. Despite
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10 hour

12 14 16 18 20 22 4 6 8101214 3.0 40 50 6.0 1.0 20 3.0
Al [at%] Cr [at%)] Ta [at%] W [at%]

Figure 11: Evolution of the spatial element distributionidg the solution heat treatment, isothermal holding285°C. The
as-cast microstructure is the same as in figure 5.

its simplicty the model reproduces the complex interagion The calculated as-cast structure is used as the startinti-con
which lead to the solidification velocity dependent mushyezotion for the homogenization heat treatment simulation. &fxp

length and sequence of phase formation. It is demonstrataedntally observed behaviour is well reproduced by the simu
that the method can be easily extended to 3D. lations. They’ dissolution kinetics during solution heat treat-
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