- T e SHEIC tOnvection in the boundary layer mode is called "fin " Fi i
gers.” Fingers in aqueous
. ,!a{pe;:le:: bi?f?ﬁ-: ::;I:lzfquf.;? but when d;’i channels and their plumes cle\.re]opg the ﬁn:ers disal;l;le‘a?
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mechanism involving a large reduction of ili :
for stabilizing the internal channels. permeability at the wall of the channel might be responsible
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MODELING OF THE MUSHY ZONE EVOLUTION
DURING DIRECTIONAL DENDRITIC GROWTH
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ABSTRACT

Based on an analytical approach for describing the solute diffusion in the course of
columnar dendritic growth, a numerical simulation of the mushy zone evolution
during the autonomous directional single crystal solidification have been attempted.
Assuming a cylindrical geometry, the longitudinal and the radial growth of the
dendrites has been modeled simultaneously. Cooling curves, fraction solid, and the
temperature distribution within the casting are calculated for various conditions. The
influence of different temperature gradients on the mushy zone evolution during
autonomous directional solidification has been assessed.

INTRODUCTION

In order to predict the microstructure formation of equiaxed solidification M. Rappaz
and P. Thévoz 1987 have proposed an appropriate model (1). In contrast to previous
work (2, 3, 4) they consider the solute diffusion at the scale of a grain, which they
assume to be spherical. Based on the overall thermal and solutal balance their
model predicts cooling curves including recalescence, the time evolution of radial
concentration profile, and the increase in fraction solid within the dendritic grain
volume. In a further paper they simplify the model resulting in a relation between the
internal fraction f;and the supersaturation @ (5). This simplified version couid be
easily implemented in FEM temperature solvers (8).

At the Foundry-Institute in Aachen single crystal turbine blades made of superallioys
have been produced by the so-called autonomous directional solidification (ADS)
(Z). In this technique a single crystal solidifies from an undercooled melt, resulting in
a columnar dendritic structure with dendrites more than 100 mm in length (8). Thus,
the assumption of spherical grains can not be used in this case. In the present paper
a suitable model for describing the structural evolution and the thermal history

during the ADS process is proposed.
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For the autonomous directional solidification process, shell molds which are made of
Si0z-free ceramics covered inside with a nucleation inhibiting amorphous layer are
used. After casting the melt into the shell mold, the heater device is switched off. The
temperature of the melt decreases, and, due to the amorphous front layer, the
nucleation is delayed, leading to a substantial undercooling. The isolated water
cooled chillplate at the bottom of the shell mold ensures a longitudinal temperature
gradient within the melt and the nucleation to occur at the coldest position within the
foot of the specimen. The isolation between the metal and the chillplate is realized
to the thickness of this plug the termperature gradient
can vary between nearly zero and more than 1 K/mm. Both limiting cases can lead to
a single crystal solidification (g). Figure 1 shows the geometry of a cylindrical sample
solidified as a single crystal by ADS with the corresponding cooling curves
measured at various positions. The cooling rate within the melt is about 7= 0.25 K/s
and the temperature gradient is G = 0.82 K/mm. The solidification starts at the bottom
of the specimen with an undercooling of about aTy, = 30 K.

g;—JF 1500
| e
CMSX-6 | w0
Superalloy /l s
3 >
s
2 d
g
1 w
=+
Ceramic Plug S = 1200 T T 7T 7T T T T T T
17 0 400 800 1200

- Time [s}

Figure 1: Specimen geometry of a single crystal produced by ADS and cooling
curves measured at different positions.

The single crystal produced by ADS consists of several large columnar dendrites
(9). Within the present model, it is assumed that the dendritic growth is parallel to the
specimen axis and that the same growth conditions can be applied for each
dendrite. The longitudinal and the lateral growth is considered separately. Because
of the geometry of the problem cylindrical coordinates are used.

According to W. Kurz and D.J. Fisher 1989 (10) the following relation between the
growth rate v and the undercooling at the dendrite tip AT* has been used:

vV = L AT@ (1)
7:2[‘kATa
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where D is the diffusion and I"the Gibbs-Thomson coefficient, k is the distribution
coefficient and AT, the solidification interval.

The corresponding tip radius R is given by (10)

R = 27:(—QLl . @)
ATokv

The longitudinal growth of the dendrite tip is followeg _byt thaetégtzl;alagg%vgguc;faigg
i dial growth is tre -
dendrite arms. In the present model t_he ra e
ified 2-dimensional Rappaz-Thévoz mode
B B eaas dijthe ) i hed radially, it is assumed that the
out. Because most of the rejected §olut_e is pus ; g
i itudi be neglected. Thus the
transport in longitudinal dlreqtlon can 1 :
rd;;ztsrisbutionspwi'(hin a transversal section may be said to be independent of the

neighboring sections.

i indri i ius R¢and a thickness of unity,
i a cylindrical volume element with a radu.gs. : )
g: nssr:garrlln?n Fig. 2, the radial fraction of the dgndrltlc evolut:f)n fz and the solid
fraction f; may be related to the corresponding radii Rg and A by:

2
Ay 2 f = &) 3 ©)
g = ——Fl,) and s R

Based on similar assumptions as ma_d_e py M Rgppaz and P. tThrgv(c;fz ﬁc;ng:r:aei:‘e
mixing of solute within the interdendritic I|_qU|d, uniform temperatu o e same'
etc.) the solutal balance within the cylindrical volume elemeqt ll’esu d
expressions for the internal fraction f; and for the solute layer thickness 3.

-

01y fofg 1

Figure 2: Schematic of the longitudinal and the transverse section of a dendrite with

the corresponding solute distribution.
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e Tolowing difterences to the
~ Based on the expression for so

Rg+8
(c*-c)z(R;? - RY) =I c—:scﬂ(ﬁg-l-ﬁ-r)é‘mdr @

fy'is related to £, by:
5

with

fo'is defined in Fig. 2 (R is the
and fy is sligthly different to that

Another difference appears in th
_ € energy equation.
conduction of heat between the various cyligdrical Vi

included. Thus the energy equat

2
27rRIQ+7rR,2}Lﬁ = nRf pcp£+Léf—s) @

in which Qs the external heat flow in lateral

the volumetric specific heat, L

temperature within the time ste
_ p at. For re
AQ to AT the foliowing expression is used:

Based on the above equations
fung:tion of the solidification time
_;adlus A:. To describe dendritic
Increase as soon as the bounda

has been implemented into the model.

The advance of the dendrite in longitudinal direction is calculated by using the |

simple relation:

:rhere X%and x" is the old and th
o : } H
en calculated using equation (1) by considering that the tip undercooling aT*is

estimated by a linear interpolati
transversal sections.

the evolution of T, fg and £ can be calculated as a

Rappaz and Thévoz model have i
lutal conservation: PeSINESSniD Gt

"

= f . =
- 9(2) fg(1+2+%22), (5)

Z=9_
R, ©)

corresponding radius). This relationship betw. {
‘ _ ee
obtained in the spherical growth model F()5). "fe

In the present paper the

he vari olume elements h
ion is given by: as been

X At At
direction, 2 the thermal conductivity, pcp

the volumetric latent heat and AT the change in
lating the change in the supersaturation

AT = mAc” = AQ(KAT,) ®)

lunti! the radial solute layer reaches the total lateral
impingement the solute concentration at R, has to
ry layer approaches R An appropriate description

X0=x9 4+ v . At (9)

e new tip position, respectively. The velocity has

on between the temperatures of the neighboring
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It is assumed that the solidification starts at the bottom of the specimen (first volume
element) at an undercooling of ATny = 15 K with a nucleus, Ayy =5 - 106 um in size.
The nucleation conditions for the further cylindrical volume elements are assumed to
be:

i) AT due to the temperature of the considered volume element which is reached
by the longitudinal growth.

ii) Ry due to the radius of the corresponding dendrite tip.

As in the other models the presented algorithm originates from describing the
microstructure evolution of binary alloys. To apply the algorithm in the case of
superalloys the multi-component system has been reduced to a quasi-binary alloy
(11). On this score the diffusion coefficient D is estimated by applying the

constitutional undercooling criterion (12):

T
o8

where (G/v).is the critical G over v value for the appearence of constitutional
undercooling. G is the temperature gradient at the liquid/mushy interface. The
distribution coefficent k is approximated as:

‘e (1)

sk

in which v, and v; are the critical velocities for the morphological transition planar-
cellular and cellular-dendritic (13).

The values of (G/v)e, ve and v; for the superalloy CMSX-6 have been previously
estimated by D. Ma 1990 (14). The resulting D and k together with other relevant
physical properties of the superalloy CMSX-6 are listed in Table 1.

Table 1: Physical properties used in the calculation for the superalioy CMSX-6

liquidus temperature TL=1336°C

diffusion coefficient D=29x10°9m?3s

distribution coefficient k=0.31

solidification interval ATp=100K

heat of fusion L=15x10%J/m3

Gibbs-Thomson coefficient =107 Km

heat capacity pCp=9.17 x 108 J/(m3K)

heat conductivity 1 =30 W/Km
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Figure 3 shows the calculated cooling curves and the solid fraction vs. time curves at
various positions within a cylindrial specimen similar to that in Fig. 1. A cooling rate
of 7 = 0.25 K/s and a temperature gradient of about G = 1.2 K/mm have
been applied. The undercooling at the onset of solidification has been assumed to
be aTny = 15 K. Due to this undercooling the cooling curve, calculated at the bottom
of specimen, has a remarkable recalescence. At higher positions the solidification
starts with smaller undercooling, and thus the recalescence is less pronounced. This
result is in good agreement with the experimental measurements (Fig. 1).
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Figure 3: Calculated cooling and sofid fraction curves corresponding to the
thermocouple locations 1, 2 and 3 in Fig. 1.

Figure 4 shows the calculated temperature distribution and the corresponding solid
fraction curves within the cylindrical sample for two different initial temperature
gradients. With a large gradient of G = 1.2 K/mm the initial undercooling of about
ATy =15 K is restricted to a small area at the bottom of the specimen (Fig. 4a). A
recalescence can only be determined within this region (compare curve 1 in Fig. 3).
Unless this initial transient the solidification rate is governed only by the heat flow -
the growth condition emerge to directional solidification. As the release of latent heat
reduces the temperature gradient in the mushy region, the expression v=T/G gives
only an upper limit for the solidification rate. In Fig. 4a the growth rate v is about 0.19

mm/s whereas T/G is 0.21 mm/s. The solid fraction increases monotonously due to
the advance of the liquid/mushy interface (Fig. 4b).

Applying a small gradient of about G = 0.01 K/mm (Fig. 4b) a quasi homogeneous
undercooling within the entire s

pecimen can be achieved before the onset of

solidification. This results in uniform growth conditions along the specimen (constant

growth rate, equal recalescence and uniform solid fraction evolution). The

solidification rate is determined by the growth into the undercooled melt. According

to equation (1) v is about 0.8 mm/s. After the longitudinal growth the entire specimen
240

has become a homogeneous mushy zone in which the termperature as well as solid
fraction are uniform.
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Based on the solid diffusion model by M. Rappaz and P. Thévoz 1987 an approach
has been made to study the lateral growth of the dendrite arms in the mushy zone
during autonomous directional solidification. A modified cylindrical model was
proposed in which the longitudinal growth of the dendrite axis and the heat
accumulation in longitudinal direction was considered. The calculated cooling

curves at various locations show different depth of recalescence which is also
observed in the measurements.
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ABSTRACT

; incation |

A model for the prediction of microsegregation during sw:i:tyﬂ hsn:::; ‘s:;i:;ﬁ:d:?#s;m'

developed which includes all known kinetic‘ effects on solute i o

rrm:»:lndmr A D dpnm?ry pgfatuarg? "I“ahe numerical procedure is

i ction of the intesface tempe 5 o B

g‘Lﬁlinedylim;ﬁaLx?r::le. the magnitude of the vanous feﬁecﬁgo:na :2: %r:o{g::m ne

" -1wi%Si alloy for a wide range of cooli /T

demoq?ar?::wc!?dri:fs»:r;v:onparedywim experimental results for two aluminium alloys (Al

numer ie n ¥

1vi%Si and Al-4.9wl%Cuj showing the good performance of the model.

INTRODUCTION

i ation in binary alloys due to Sche_i! (6))]
T e apzrt?:nc:lmt: tm?mr\?;m;ﬁgﬂy with respeat to boundary o:ggl{;&n;
and fpllmyedﬂmyme most advanced models ( Brody and Flemings (2), Clyne@ ek
e kr_nmenc e and‘Evans (4), Feest and Doherty (5), Roész et al (6), Basharar:n (D, R
(3‘)(., KlExner (8), Battle and Pehlke (9), Sameal and Abbaschian (10) one or
following effects are still neglect.ed :
- back diffusion in the solid phase

rite arm coarsening o . -
- :Tic"c::dwa&::g:le tip undercooling ( solutal and kinetical undercooling, curvatu

effect, thermodynamical correction of interface temperature )
- eutectic undercooling.

i i i tributions for
In this presentation we will show a model in which we consider ali these con
steady state dendritic growth.

THE MODEL

used i i The
i list al the end of this paper.

i e following are defined in the ; g

Lie Syr_nbOis iderlsn :;ndrilic solidification atl a conslant' temperature gra:itlercl)tesd e tin

ca_lculahc;nenc:;:se tip which moves with a constant velocity v into the melt.
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