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Abstract-A one-dimensional mathematical model for the development of an exudated layer and macro- 
segregation near a cast surface is established. While forced convection leads to a highly segregated layer at 
the surface of the casting and a solute depleted zone near the surface, solidification shrinkage induced flow 
makes the negative segregation within the casting less pronounced. Parameter studies reveal that the heat 
transfer coefficient for chill contact, the metallostatic head, and the criterion for onset of exudation, all 
have a major influence on the resulting macrosegregation. The mathematical model is used to estimate 
macrosegregation development in the direct chill casting of an A1-4.5% Cu rolling slab. It is found that 
both forced convection and shrinkage-induced flow have a significant effect on the macrosegregation near 

the cast surface. 

1. INTRODUCTION 

Macrosegregation formation close to and at the 
surface often reduces the quality of direct chill (DC) 
cast aluminium. Edge cracking during hot rolling of 
DC cast slabs is strongly related to the macro- 
segregation in the vicinity of the surface [ 11. Further- 
more, using ingots with pronounced macro- 
segregation near the surface for extrusion leads to 
large local variations in the extruded profiles. 

Solidification gives rise to transport of inter- 
dendritic liquid in order to feed shrinkage. This leads 
to a solute-rich region near the chill surface commonly 
referred to as inverse segregation. Another mechanism 
behind macrosegregation close to the surface, which 
is particularly operative during aluminium DC cast- 
ing, is related to air gaps between the semi-solid shell 
and the mould caused by solidification contraction. 
The metallostatic head will force the interdendritic 
liquid through the shell, past the original casting 
surface, and into the air gap. This flow phenomenon 
is referred to as exudation [2. p. 2521. The surface layer 
being formed by the exuding interdendritic liquid is 
highly enriched on alloying elements. While inverse 
segregation caused solely by solidification shrinkage is 
positive close the surface, the semi-solid shell through 
which exudation has taken place is depleted of alloy- 
ing elements. 

Several studies in which either inverse segregation 
or exudation have been treated separately have been 
carried out. Scheil [3] quantitatively described inverse 
segregation, and Kirkaldy and Youdelis [4] developed 
a one-dimensional macrosegregation model and 
measured inverse segregation in Al-Cu alloys. 
Flemings and Nereo [5] furthermore showed that the 

t Author to whom correspondence should be addressed. 

various types of macrosegregation can be quantitatively 
described by the same basic mechanism. Together 
with co-workers, Flemings et al. [6,7] obtained a good 
agreement between predicted and measured inverse 
segregation for Al-Cu alloys. More recent measure- 
ments of inverse segregation can be found in refs. [8- 
lo], and recent modelling studies can be found in 
refs. [ll-141. Work directed towards the exudation 
phenomenon can be found in refs. [15-20). MO et 
al. [21, 221 applied a one-dimensional model with a 
prescribed temperature field as input to predict the 
macrosegregation and surface layer due to exudation. 

Kaempffer and Weinberg [23] performed an exper- 
iment in which macrosegregation was caused by both 
solidification shrinkage and exudation. However, to 
the knowledge of the authors, there exists no model- 
ling studies quantifying macrosegregation close to a 
surface caused by the combined effect of solidification 
shrinkage and exudation. The purpose of the present 
work is therefore to model these two mechanisms 
simultaneously. 

Based on the general volume averaging approach 
[24, 251, a simplified one-dimensional model for the 
solidification of a binary alloy is presented in Section 
2. Section 3 is devoted to investigating how different 
casting parameters affect macrosegregation near a sur- 
face. Model predictions are furthermore compared 
with experimental results, and the model is applied in 
an example relevant to DC casting. 

2. MATHEMATICAL MODEL 

With reference to Fig. 1, a one-dimensional model 
describing the time evolution of solute concentration, 
temperature, liquid fraction, velocity and pressure 
along the x-axis is to be outlined. The solution domain 
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NOMENCLATURE 

solute concentration (mass fraction) 
specific heat 
secondary dendrite arm spacing 
acceleration due to gravity ; volume 
fraction (if subscript) 
metallostatic head 
partition coefficient 
permeability 
length of solution domain 
slope of the liquidus line 
function defining the mushy zone : 
M(g,) = 1 for 0 < g, < 1; 
M( g,) = 0 elsewhere 
liquid pressure 
interfacial area per solid volume 
time 
temperature 
superficial velocity 
casting velocity 
position. 

B solidification shrinkage factor 

(B = P,lPt- 1) 
Ah specific latent heat 
Ar thickness of exudated layer 
1 heat conductivity 

P dynamic liquid viscosity 

P density. 

Subscripts 
0 surroundings 
1 chill contact 
2 no chill contact 
e eutectic 
i initial 
1 liquid 
m melting point 
prev value from the previous iteration 
S solid. 

Superscripts 
* quantity related to the change in 

Greek symbols 
c( heat transfer coefficient ex 

boundary conditions at .X = 0 
exudated. 

1 

Fig. 1. The model problem 

is 0 < x < L, and H is the height of the liquid in the 
riser. The riser itself is not a part of the solution 
domain. 

The surface at x = 0 can either be in contact with 
the chill or there can be a situation in which the semi- 
solid shell has contracted from the chill. The heat flux 
at x = 0 is modelled by introducing an effective heat 
transfer coefficient which, during chill contact, is con- 
siderably higher than the coefficient in the situation of 
no chill contact. While chill contact implies that the 
liquid velocity is zero at x = 0, no contact is modelled 
by assuming that the pressure of the interdendritic 
melt at x = 0 is equal to the atmospheric pressure. 
The exudated layer which forms on the casting surface 
is usually very thin (- lo-’ m). It is therefore not 
included in the solution domain. 

At x = L, we assume that there is no heat flux 

caused by thermal diffusion. Due to shrinkage and 
exudation, mass (and energy) is transported from the 
riser into the solution domain. The velocity of the 
incoming liquid is implicitly given by the total mass 
feeding necessary to avoid pore formation (cf. 
assumption no. 6 below). The liquid which enters the 
solution domain has a temperature equal to the tem- 
perature at x = L. The liquid pressure at x = L equals 
the atmospheric pressure plus the metallostatic head 
in the riser. Although the metallostatic head will 
decrease slightly due to solidification shrinkage and 
exudation in an experimental situation similar to that 
in Fig. 1, we regard H as a constant in the parameter 
studies in Section 3.1. 

2.1. Governing equations 
The model is based on the general volume averaged 

conservation equations summarized in ref. [25, Table 
I], and the following simplifications and assumptions 
are imposed : 

(1) All transport processes are one-dimensional 
and horizontal. 

(2) The solid phase is stationary and rigid. 
(3) Thermophysical properties are constant within 

each phase. 
(4) The specific heat is equal in the solid and liquid 

phase. 
(5) The momentum equation for the liquid phase 

is modelled by Darcy’s law. 
(6) There is no pore formation. 
(7) There is no macroscopic diffusion of solute. 
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(8) The dispersion fluxes are neglected. meability of the dendritic network, and the pressure, 
(9) The alloy is binary. respectively. In the present work, the Kozeny-Car- 
(10) There is local thermodynamical equilibrium in man relation is employed for the permeability, i.e. 

the mushy zone. The lever rule is applied. 
(11) The liquidus and solidus in the phase diagram 

are straight lines. 
K= gi’ 

W( 1 -g,)l 
(4) 

The first of the above assumptions implies that nat- 
urally induced convection cannot be included in the 
model. The aluminium DC casting process is focused 
on in the present study, and we believe that solidi- 
fication shrinkage induced flow and interdendritic 
flow associated with exudation are the main mech- 
anisms behind the macrosegregation close to the DC 
cast surface. However, naturally induced convection 
can contribute to macrosegregation in central regions 
of the casting [2, p. 244-2521, and we refer to refs. 
[2634] for studies on macrosegregation caused by 
natural convection. Also assumption no. 6 is motiv- 
ated by the aluminium DC casting application. In 
this process shrinkage cavities hardly appear due to 
adequate feeding. Furthermore, the low hydrogen 
content and the relatively rapid cooling lead to little 
pore formation [35]. Neglecting the macroscopic 
liquid solute diffusion (assumption no. 7), which typi- 
cally is lo4 larger than solute diffusion in the solid 
phase, is motivated from the results in ref. [12], in 
which nearly identical inverse segregation profiles 
were obtained with and without solute diffusion in the 
liquid. 

where S is the solid-liquid interface area per solid 
volume. Following Asai and Muchi [27], we assume 
that S = 6/d, where d is the secondary dendrite arm 
spacing. The melt in the pure liquid zone is modelled 
as an ideal fluid with negligible inertial forces, imply- 
ing 3p/i3x = 0. This corresponds to the limiting 
form of equation (3) for gr = 1 (K -+ cc, wheng! + 1). 
Because the solid phase is assumed to be stationary 
and rigid, only the momentum conservation of the 
liquid phase needs to be considered. 

Energy conservation can be expressed in terms of 
the temperature by 

(5) 

where C, T, A,, I, and Ah are the specific heat, the 
temperature, the heat conductivities in the liquid and 
solid phases, and the latent heat, respectively. 

By adding the solute conservation equations for the 
liquid and solid phases, we obtain 

Adding the mass conservation equations for the 
solid and liquid phases yields ~(Pr)+P,$4~ = 0 (6) 

where c = (g,p,c,+g,p,c,)/p is the total solute con- 
centration, and c, and c, are the solute concentrations 
in the liquid and solid phases, respectively. 

Solidification is modelled by the lever rule. Since g, 
equals zero below the solidus line and one above the 
liquidus line, we can express the assumption of local 
thermodynamical equilibrium by 

dP a ,,+dy(p,W =o 
3 , 

where p = gIp,+gsps is the density of the two-phase 
averaging volume, and g,, p, and gs, ps are the volume 
fraction and density of the liquid and solid phases, 
respectively. U, is the superficial liquid velocity and t 
is the time. It is seen from equation (1) that p, # ps 
gives rise to a non-zero liquid velocity. Proper model- 
ling of the densities, which depend on solute con- 
centration and temperature, is therefore expected to 
be crucial. However, Flemings et al. [6] showed that 
constant densities yield essentially the same shrinkage- 
induced velocity as if the densities were modelled as 
functions of solute concentration and temperature. 
Hence, we assume the densities to be constant and 
introduce the solidification shrinkage factor defined 
according to /I = ps/pI - 1. The mass conservation can 
then be rewritten in the form 

Momentum conservation for the liquid phase in the 
mushy zone is modelled by 

$“,+$O 
where p, K and p are the dynamic viscosity, the per- 

g,(c, T) = 

(0 if c < kc,(T) 

~s(c--c,(T)) 

c(~s-~,)+c,(T)(p,-k~,) 
if&(T) <c < c,(T) 

if c,(T) < c 

(7) 

k = q/c, is the partition coefficient, and c,(T) is given 
by 

c,(T) = (T- T,,,)/m (8) 

where T,,, is the melting point of the pure metal and 
m is the slope of the liquidus line. Since g, is zero below 
the eutectic temperature T,, relation (7) applies when 
the total concentration is less than kc,(T,). 

The physics of the boundaries have been discussed 
above, and can be formulated mathematically as 



1556 E. HAUG et al. 

[(I -k(l +B))T-(1 +/I)(* -k)TJg = ., ” 

u, = 0 (g,i.,+gJ,)$ cr,(T-To) 

if chill contact 
-_[y,+k(l+B)(l-_g,)l~-~(~,~) (14) 

by which the time derivative of g in the mushy zone 
P=Po (SlA +gJ,) g = %(T- To) is related to the time derivative of T. Inserting this 

if no chill contact 
equation into the energy equation (5) yields the fol- 
lowing temperature equation : 

(9 

i?T 
x=L: p=p(,+p,gH z=O. (IO) 

Here, cc, and CL* are the heat transfer coefficients cor- 
responding to chill contact and no chill contact, 
respectively. T,,, p0 and g are the temperature of the 
surroundings at x = 0, the atmospheric pressure, and 
the gravity constant, respectively. 

The initial conditions are a uniform temperature 
field (T = T,), liquid only (g, = 1), a uniform con- 
centration (c = c,), and no liquid velocity (U, = 0). 

Except for the momentum equation, which is not 
valid in the solid region, the governing equations are 
valid in the pure liquid, mushy and pure solid zones. 
When g, = 1, U, is constant, p = p(x = L), and since 
the liquid-mush interface moves from the left to the 
right in all the below case studies, it follows that c = c,. 
In the pure solid zone, fJ, = 0 and c is constant. Hence, 
only the temperature equation is to be solved every- 
where in the solution domain, 0 < x Q L. 

Quantities characterizing the exudation are the 
layer thickness, Ar, and the average solute con- 
centration in the layer, ten. These quantities are cal- 
culated by the relations 

Ar = - I/,(.x = 0, t) dt (11) 

p = _ - ;, ‘c,(s=O,t)u,(r=O,t)dt. 
s 

(12) 
0 

2.2. Solution procedure 
When there is chill contact, the velocity of the one- 

dimensional problem is determined solely from the 
mass continuity equation (2), since no pressure 
boundary conditions are then to be imposed. In the 
case of no chill contact we combine equations (2) and 
(3) and obtain a pressure equation of the form 

7 M(a)p,ANg,+4l +b’)(1 -_gJl CT 
C;(PT)- (I-k(1 +/l))T-(I +j)(l -k)T,,, c:r 

+ 
M(gJp& 

/‘I’- (l-k(l+p))T-(I+/?)(l-k)T, 1 
* 

x Y&T) =; (15) 

where M(g,) is equal to one in the mushy zone and 
zero elsewhere. M( g,) ensures the validity of equation 
(15) everywhere. 

Equations (2), (3), (6). (13) and (15) have been 
discretized by an implicit control-volume-based finite 
difference procedure. The resulting set of difference 
equations has been solved sequentially, and the 
implicit solution has been obtained by iterating on 
each time step. The solution procedure at any new 
time step is : 

(1) T is updated by equation (15). in which the 
previous values forg, and U, are inserted. The equation 
is linearized by applying the previous value of Tin the 
coefficients. 

(2) g, is updated from equations (7) and (8) in 
which T from step 1 and the previous value for (’ are 
inserted. 

(3) U, is updated by solving equation (2) in the case 
of chill contact. When there is no chill contact, we 
solve equation (13) for p and then equation (3) for U,. 
In either case we use g, from step 2. 

(4) In order to update the total solute con- 
centration c, we use equation (6) with equation (8) 
inserted. Here we use T from step 1, g, from step 2 
and U, from step 3. 

These four steps are repeated until 

max(IT-T,,,,l) + maxtIc-c,,,,I) 
max T max c 

+ max(191-g~,,revI) < 1o_3, (,6) 

maxg, ’ 
* 

; Kg = -p@ ,c .) (13) 
Depending on how fast (slow) the above iteration 

procedure converges, the time step size is increased 
(decreased). A small step size is typically needed when 

which is to be solved in the mushy zone. solidification starts or when the boundary conditions 
It turned out that treating the latent heat term in are changed. 200 grid points have been used in the 

equation (5) as a source term resulted in convergence parameter studies in Section 3.1. Conservation of total 
problems. We therefore combine equations (2), mass, species mass and enthalpy has been checked, 
(6) and (8) along with c, = kc,, and obtain for and the relative error in these global quantities is less 
O<g,<l than 0.01%. 
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Table 1. Thermophysical data for Al-4.5% Cu and casting 
conditions in the reference case 

Symbol Value 
_ 
C+ 1060 .I kgg’ Km’ 
d 40 pm 
k 0.17 
m -339 K 
L 821 K 
p’;’ 0.065 933 K 

Ah 400x JO3 J kg’ 
A, 83Wm-‘Km’ 
& 192 W mm’ Km’ 
1’ 3xlO~‘kgm.‘s-’ 
PI5 2480 kg mm3 
/LB 2641 kg mm’ 
c, 4.5% 
.y: 0.19 
H 0.08 m 
L 0.2 m 
To 293 K 
T, 973 K 
aI 1OOOWm ‘Km’ 
m2 300 W m-’ K-’ 

t Cf. assumption no. 4 in Section 2.1. 
$ /3 has the value for pure aluminium. 

Reference 

1381 

[391 
[391 
[391 
[391 
[401 
[381 
1381 
[381 
[381 
[40, 411 

WI 

§p, corresponds to a copper concentration of 4.5% at 
933 K. pq is defined as p, = (1 +b)p,. 

The solution algorithm has been implemented in 
MATLAB [36], and the CPU time for each of the 
modelling cases in Section 3.1 is less than 1 h on a 
Hewlett-Packard-9000s735 workstation. 

3. RESULTS AND DISCUSSION 

3.1. Parameter studies 
Reference case. The modelling example referred to 

as the reference case is defined as follows. For 
0 < t < t* the liquid-mush is in contact with the chill, 
and at t = t* the chill is removed allowing exudation 
to occur for t > t*. t* is the time when the liquid 
fraction at x = 0.45 cm becomes less than some critical 
value gffor the first time. This criterion for change in 
the boundary conditions corresponds to that used for 
air gap formation in studies of the DC casting process 
[15, 22, 371. As in ref. [22], we have chosen g:to be 
0.19, which leads to t* = 30.4 s. The calculation is 
terminated when the solid-mush interface reaches 
.Y = 8 cm. The alloy is A14.5% Cu and thermo- 
physical data is displayed in Table 1 along with the 
casting conditions. 

Curve 1 in Fig. 2 represents the inverse segregation 
situation at t = 30 s just before exudation starts. 
Curves 2 and 3 in Fig. 2 for t = 50 and 100 s, respec- 
tively, show that the flow driven by the metallostatic 
head leads to a decrease in the positive segregation 
close to the surface as well as a further solute depletion 
in the already negative segregated part of the mushy 
zone. There is a clear minimum in the final solute 
content (curve 4) at x Z 1 cm. Figure 2 furthermore 
reveals that the final solute concentration is higher 

c [“h] 

4.9 

4.7; 

~~~~ 

3.9~ 5 4 : solidified 
5 : solidified ( p = 0 ) 

3'70L 1 2 3 4 5 6 7 
x [cm1 

Fig. 2. Evolution of the solute concentration distribution in 
the reference case. The final distribution when solidification 

shrinkage is neglected (fl = 0), is also shown. 

than the solute concentration at 100 s (curve 3). The 
reason for this is that the shrinkage-induced flow is 
larger than the flow caused by the metallostatic head 
during the last stage of solidification. The forced con- 
vection through the mushy zone is then small because 
g, has a low value. On the other hand, flow due to 
solidification shrinkage does not depend on the actual 
value of the liquid fraction, but on the rate of change 
of g, [cf. equation (2)]. 

Figure 3(b) displays the time evolution of the thick- 
ness of the exudated layer Ar. The main contribution 
to Ar comes in the time interval 30 5 t 5 150 s. This 
is related to the decreased heat transfer coefficient, 
which leads to reheating near the surface [cf. Fig. 
3(a)]. At x = 0, the liquid fraction increases from 0.12 
at t = t* to 0.25 at t z 50 s (see curve 3 in Fig. 5). It 
then follows from the Kozeny-Carman relation (4) 
that the permeability increases by a factor 12. For 
150 2 t 5 300 s, the liquid fraction becomes smaller. 
and the velocity at x = 0 approaches zero. Since the 
forced convection is negligible when 300 6 t 2 550 s 
and solidification still induces a flow in order to avoid 
pore formation, mass is transported from the surface 
and into the mushy zone. This positive velocity at 
x = 0 is very small, and it leads to the small decrease 
inArseeninFig.3(b).Forta550sg,iszeroatx=O 
and Ar does not change. 

It is seen from Fig. 3(c) that the average solute 
concentration in the exudated layer ceX, decreases 
strongly in the first 20 s during exudation and then 
increases slightly. From equation (12) it follows that 
changes in the temperature at the surface are reflected 
in cex since c, is a function of the temperature. The 
change in thermal boundary conditions leads to a 
temperature increase at the surface of more than 20 
K [cf. Fig. 3(a)], which implies the decreasing crX. The 
surface temperature decreases when t 2 70 s, which 
results in the increase in ceX. 

It should be noted that the macrosegregation influ- 
ences the liquid fraction due to so-called constitutional 
solidification (or remelting). For example when 
T = 890 K, a solute concentration of 4.5% cor- 
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a) TlKl 

1 :x=20 mm 
2:x=10 mm 
3:x=4.5mm 
4:x=0 mm 

b) Arbml 1.0 

18 

‘2b I 
100 200 300 400 500 600 

t [sl 

Fig. 3. Time evolution in the reference case : (a) temperature 
at four x-positions; (b) thickness of the exudated layer; 

(c) average solute concentration in the exudated layer. 

responds to a g,-value of 0.23, while it is 0.19 for 

c = 4.1%. Severe exudation therefore leads to a 
decrease in the liquid fraction. which in turn leads to 
reduced exudation. 

E_~udution only. Only the metallostatic head was 
considered as the driving force for the interdendritic 
flow in refs. [21,22]. This corresponds to setting /3 = 0 
in the present model and leads to the final macro- 
segregation represented by curve 5 in Fig. 2. Com- 
paring curve 5 with curve 4 (which is the final macro- 
segregation in the reference case) reveals that the 
solidification shrinkage-induced flow decreases the 
solute depletion caused by the forced convection. 

Even though there is no shrinkage effect tending to 
increase the solute content near the surface when 
b = 0, there is also in curve 5 (as in the other curves 
in Fig. 2) a minimum in the solute concentration at 
some distance from the chill. In order to explain this, 
we combine equations (2), (6) and (8) and obtain for 
p=o 

Table 2. Data for the exudated layer 

Case study Ar [mm] cc1 [% Cu] 

Reference case 
Exudation only, /I = 0 
r,=300Wm-‘K ’ 
r,=600Wm ‘K ’ 
H = 0.05 m 
H=O.llm 
g:= 0.09 
g:= 0.24 
DC casting case, b = 0.065 
DC casting case, /I’ = 0 

1.8 12.9 
1.7 12.7 
0.20 16.3 
0.89 14.6 
I.2 13.0 
2.3 12.7 
0.56 15.7 
2.6 II.7 
0.75 15.2 
0.73 14.8 

(17) 

from which we see that G/at@) is proportional to 
the superficial velocity times the temperature gradient. 
c?7’/ax is largest close to the surface, except when 
remelting occurs, as revealed by the distance between 
the temperature curves in Fig. 3(a). The minimum in 
curve 5 is therefore a result of a maximum in c'T/?r 
at some distance from the chill combined with a rela- 
tively large velocity U, during the period of remelting. 

While the thickness of the exudated layer is 1.8 mm 
in the reference case, it is 1.7 mm when b = 0. This 
indicates that the exudation is mainly due to the flow 
driven by the metallostatic head. The 0.1 mm thinner 
layer for b = 0 is a result of the lower solute con- 
centration for fi = 0, which leads to a lower liquid 
fraction, and thereby lower permeability. 

The hear tram-j& coefjcient. The heat transfer 
coefficient has a pronounced influence on the exu- 
dation and macrosegregation. As summarized in 
Table 2, CI, = 600 and 300 W m-* Km’ reduce the layer 
thickness by approximately 50% and 90%, respec- 
tively, compared with the reference case. When 
LX, = 300 W mm2 Km’, curves 1 and 2 in Fig. 4 further- 
more reveal that the final macrosegregation becomes 
almost equal to the inverse segregation profile, this 
being the result if no exudation were present. These 

1 2 3 4 5 6 7 
x Icml 

Fig. 4. The final solute distribution for different choices of 
the heat transfer coefficient during chill contact. Also the 
inverse segregation profile obtained for rl = 300 W mm’ Km ‘, 

when there is no exudation, is shown. 
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;:,::I 
3 : a,= 1000 W m”K-’ (referencecase) 

0.6 

91 0.5 

0 1M) 200 300 400 500 600 
t [sl 

Fig. 5. The liquid fraction at x = 0 for different choices of 
a,. The thick labels at the time axis indicate the time at which 

exudation starts for each choice of a,. 

results are due to the reduced remelting when tl, is 
reduced, as shown in Fig. 5. Since the permeability is 
very sensitive to changes in g, at low liquid fractions, 
the relatively small differences in liquid fraction cor- 
responding to the different values of tl, lead to con- 
siderable differences in the permeability, and thereby 
differences in the thickness of the exudated layer and 
the final solute distribution. 

The results in Table 2 indicate that cex increases 
with decreasing CI,. Even though the surface tem- 
perature and thereby the concentration of the exuding 
melt is approximately the same when exudation starts, 
there is less reheating for LX, = 600 and 300 W mm2 
K-’ compared with the reference case and conse- 
quently less exudation at higher temperatures. Hence, 
the material exuded at lower temperatures is weighted 
more in the calculation of the average solute con- 
centration. 

Metallostatic head. The effect of varying the 
metallostatic head W is summarized in Table 2 and 
Fig. 6. It is seen that Ar and the solute depletion 
increase with the metallostatic head, since H is pro- 
portional to the driving force for exudation. Because 
cex is related to the temperature at which exudation 
occurs and because this temperature is nearly inde- 
pendent of the metallostatic head, the solute con- 

EJ---- 

4”kw/l :H= 5cm 
3.9 

t 
w 2 : H = 6 cm (reference case) 

3:H=ll cm 
I 

3’70 
I 

1 2 3 4 5 6 7 8 

x [cm1 
Fig. 6. The final solute distribution for different choices of 

the metallostatic head H. 

c ph] 

3.9 ‘iii 2 : g; = 0.19 (reference case) 
3 3 : g; = 0.24 

3’70 1 2 3 4 5 6 7 
x [cm1 

8 

Fig. 7. The final solute distribution for different choices of 
the parameter g: in the criterion for air gap formation. 

centration in the exudated layer is nearly independent 
of H. 

It can be seen from the governing equations that H 
has the same influence on the solution as the square of 
the secondary dendrite spacing, d. Figure 6 therefore 
reveals that the final solute distribution is strongly 
dependent on the characteristic microscopic length d. 

Mushy shell thickness. In the criterion for the for- 
mation of an air gap between the casting and the chill 
we have followed refs. [15, 22, 371. When the liquid 
fraction at x = 0.45 cm exceeds the critical value g,+, 
we assume the mushy shell to be thick enough for an 
air gap to form. The thickness of the mushy shell when 
exudation starts strongly affects the final macro- 
segregation. We have therefore in Fig. 7 displayed the 
final solute distribution for g: equal to 0.09, 0.19 
(reference case) and 0.24. We see that an increase in 
g: leads to a more pronounced negative segregated 
zone, which reflects the decrease in the value of t* 
when exudation starts. We furthermore note from the 
results in Table 2 that an increased g: corresponds to 
a thicker exudated layer. 

It can be seen that curve 1 in Fig. 7 exhibits a local 
maximum at x x 2.3 cm wheng: = 0.09. The position 
of this concentration peak corresponds to the position 
of the liquid-mush interface at t = t*. As pointed out 
in a study of segregated bands by Diao and Tsai [ 141. 
the peak reflects the increase in shrinkage-induced 
flow due to the reduction in heat transfer coefficient 
and solidification rate. The local maximum is most 
clearly seen for low g:-values because flow associated 
with exudation then is small. A similar peak can be 
seen in curve 1 in Fig. 6, representing the lowest 
metallostatic head. 

3.2. Comparison with experiments 
Our model predictions are qualitatively in cor- 

respondance with Kaempffer and Weinberg’s [23] 
experimental results. Both a segregation profile with 
a clear minimum at some distance from the chill and 
a highly enriched exudated layer were measured in 
these experiments on a Cu-8% Ag alloy. However, in 
an attempt to model these experiments quantitatively, 
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Fig. 8. The thickness of the exudated layer as a function of 
time when the metallostatic head is zero. Otherwise the cast- 

ing conditions are the same as in the reference case. 

we were not able to reproduce the experimental tem- 

perature histories. We believe this discrepancy to be a 
result of our simplified, one-dimensional model 
concept. There furthermore seems to have been some 
uncertainty in the position at which the temperature 
was logged. 

Ohm and Engler [20] have reported experiments 
similar to those in ref. [23]. More specifically, they 
qualitatively observed that the exudation due to 
remelting and the associated volume expansion of the 
mushy shell is considerably less than the exudation 
due to forced convection driven by metallostatic head. 
In their experiment, exudation associated with the 
metallostatic head was suppressed by balancing the 
metallostatic head with a gas pressure at the surface 
of the casting. In order to isolate the effect of partial 
remelting of the mushy shell in our model, we have 
set H = 0 and otherwise used the same data as in the 
reference case.t The time development of Ar for this 
case is shown in Fig. 8. It is seen that the expansion 
of the semi-solid shell associated with the remelting 
leads to a maximum in Ar of approximately 0.03 mm 
at t z 50 s. In accordance with the experimental 
results in ref. [20], this value of Ar is very small com- 
pared to the thickness of the exudated layer in the 
reference case (1.8 mm). The time evolution of Ar 
can be explained by considering Fig. 9, in which the 
velocity distributions at five different times are 
displayed. Curves 1 and 2 represent the classical 
inverse segregation case at 15 and 30 s, respectively. 
At 35 and 40 s (curves 3 and 4, respectively), the 
remelting leads to a negative velocity at the surface 
and the exuded layer increases. After the remelting 
ends at t z 50 s, the solidification shrinkage gives rise 
to a positive velocity at x = 0 (curve 5), which in turn 
leads to the decrease in Ar seen in Fig. 8. The fact 
that Ar becomes negative indicates that solidification 

t Although the effective metallostatic head is zero (H = O), 
the experimental situation of a 10 cm metallostatic head 
being balanced by a gas pressure implies that the model 
assumption of no pore formation is sound. 

2 3 4 5 6 7 6 

x [cm1 

Fig. 9. The velocity distributions at five different times when 
the metallostatic head is zero. Otherwise the casting con- 

ditions are the same as in the reference case. 

shrinkage alone does not lead to any net exudation 
on the resulting casting. 

There is a fairly good agreement between Flemings 
and Nereo’s [7] measured inverse segregation (no exu- 
dation present) and predictions obtained by our 
model. This is revealed in Fig. 10, and it might be of 
interest to note that our simplified model yields results 
which fit the experimental results in ref. [7] almost 
equally as well as the more elaborate two-dimensional 
model predictions carried out by Diao and Tsai [ 121. 
We refer here to Fig. 12 in ref. [12], in which the 
solidification shrinkage factor was chosen as high as 
0.104. Diao and Tsai [ 121 furthermore reported simu- 
lation times of about 100 h CPU, whereas solving the 
equations in the present model requires less than I h 
CPU (on a comparable workstation). 

3.3. DC cushy relewmt exumple 
We finally apply the model for making an estimate 

of the exudation and macrosegregation development 
close to the surface during the DC casting of an Al- 

4.5% Cu rolling slab. In accordance with ref. [22], we 
neglect all transport processes which are not per- 
pendicular to the casting surface, and, as indicated in 

::r!m.i-l 
4.9 /I/ R. Diao and Tsai [i 2, Fig. 121 1 

(0=0.104\ I 

I __- 
4.6 ! 

4.so; 
I 

2345678 
x [cm1 

Fig. 10. Inverse segregation predicted by the model when 
c(, = 400 W m-’ Km ‘. Experimental results reproduced from 
ref. [7, Fig. 31 and model predictions reproduced from ref. 
[12, Fig. 121 in which fl = 0.104, are also shown. The nominal 

solute concentration is 4.6%. 
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Line of material 

the casting speed 

Fig. 11. The region near the mould in the DC casting process. 
The line of material points moving with the casting speed 
represents the solution domain 0 < x < L in the case study 

in Section 3.3. 

Fig. 11, follow a horizontal line of material points 
moving with the casting speed V equal to 0.75 x 1O--3 
m s-‘. This line represents the solution domain 
0 < x < L. The position x = 0 is situated at the cast- 
ing surface, and x = L corresponds to the centre of 
the casting. 

The condition for the formation of an air gap is the 
same as in the reference case. However, because the 
mushy shell thickness will decrease during remelting, 
mould contact is restored if the semi-solid shell cannot 
withstand the metallostatic pressure acting on it. We 
address this mechanism as in refs. [15, 22, 371, and 
assume restored contact when g, at x = 0 exceeds 
g: = 0.19. The heat transfer coefficients a, and a2 cor- 
responding to mould contact and air gap, respectively, 
have the same values as in the reference case, and a2 
is increased linearly to 15 000 W m-* K-’ from 200 
to 230 s in order to accommodate the direct water 
impingement below the mould. Assuming the line of 
material points to start at the top of the liquid pool at 
t = 0, the metallostatic head is Vt at x = L, reflecting 
that the material line moves downwards. Otherwise, 
the boundary and initial conditions are as described 
in Section 2, and thermophysical data and L are the 
same as in the reference case (cf. Table 1). 

Figure 12 shows the temperature development in 

T VI 

1 :x=20 mm 
2:x=10 mm 

3:x=4.5mm 
4:x=0 mm 

Fig. 12. Temperature as a function of time in four x-positions 
in the DC casting example. Direct water impingement starts 

at t = 200 s. 

1 : solidiied, B = 0.065 I 

Fig. 13. Solute distribution after complete solidification and 
just before the direct water cooling impingement in the DC 
casting example. Also the macrosegregation obtained when 
the solidification shrinkage has been neglected (B = 0) is 

shown. 

some chosen positions. The oscillatory temperature 
development reflects the repeated formation of air 
gaps and mould contact in correspondence with the 
temperature modelling results in ref. [15]. Contact 
with the mould is not restored anymore for t 2 75 s, 
since the solidifying alloy then no longer possesses 
enough energy to remelt. 

The solute distribution just before the direct water 
impingement (t = 200 s) and the final macro- 
segregation are displayed in Fig. 13. We see that the 
solidification shrinkage induced flow caused by the 
water cooling reduces the negative segregation and 
makes the depleted zone larger. The small spatial vari- 
ations in curves 1 and 2 in Fig. 13 are a result of the 
oscillatory boundary conditions at x = 0. 

Table 2 displays data related to the exudated layer, 
and it is seen that Ar after complete solidification is 
0.75 mm, which corresponds to observations on real 
castings. The final value of cex is 15.2% Cu. 

In their study of exudation in the DC casting 
process, MO et al. [21,22] neglected flow due to shrink- 
age. In Fig. 13 and Table 2 we have therefore included 
the final solute distribution, and the thickness and the 
concentration of the exudated layer, respectively, for 
a case study in which /l = 0 (the other modelling par- 
ameters correspond to those above). While the shrink- 
age has very little influence on Ar and ceX, we see 
that the difference in solute concentration within the 
casting is significant. The solidification shrinkage- 
induced flow can in other words have a pronounced 
influence on the macrosegregation close to the surface 
even in cases where the exudation is severe. 

4. CONCLUSION 

Macrosegregation development in an Al-4.5% Cu 
alloy caused by the combined effect of solidification 
shrinkage and exudation has been studied by means 
of a one-dimensional mathematical model. 

?? While exudation leads to a thin, solute rich surface 
layer and a negative segregated zone close to the 
casting surface, it has been shown that the solidi- 
fication shrinkage makes the negative segregated 
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zone less pronounced. The thickness and the con- 
centration of the exudated layer are, however, 
mainly due to the flow associated with the metallo- 
static head. 
A minimum in the solute concentration at some 
distance (- 1 cm) from the cast surface has been 
predicted. 
The exudation and associated macrosegregation 
become less severe when the difference between the 
heat transfer coefficient for chill contact and for air 
gap is reduced. Also the metallostatic head, the 
characteristic microscopic length scale, and the cri- 
terion for formation of an air gap have a significant 
influence on the final solute distribution. 
In a modelling example relevant to DC casting of 
rolling slabs, it has been found that both shrinkage- 
induced flow and forced convection have a sig- 
nificant influence on the macrosegregation close to 
the casting surface. 
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