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A b s t r a c t 

The prediction of the ingot deformation during direct chill 
(DC) and electromagnetic (EM) casting of aluminum 
alloy slabs would allow the optimization of the 
mold/inductor shape capable of producing flat ingots. 
The transient thermomechanical model presented here 
predicts the deformation and the temperature field 
evolution during DC/EM casting. Deformation in the 
solid is assumed to obey a viscoplastic law. The model is 
validated on the basis of the measurements presented in 
par t I. It enables to predict the influence of casting 
parameters on but t curl and swell, rolling faces pull-in 
and residual stress state for DC and EM-cast ingots. 

Introduction 

Direct chill casting (DCC) and electromagnetic 
casting (EMC) proceed in two main stages (1): the start 
phase , dur ing which the t empera tu re field, the 
solidification front, the ingot shape and the liquid metal-
air interface (meniscus) change with t ime (non-
stationary phase) and the pseudo-stationary phase. The 
deformations associated with the start phase, i.e. butt 
curl and butt swell, are due to the appearance of large 
thermal stresses which are induced when the but t 
enters the direct-chill zone. This non-stationary phase is 
critical because cracks can be initiated and the liquid 
metal must be confined a t any time, especially during 
EMC, even in the presence of fast changing conditions at 
the start of the drop (2). 

After about one meter of casting, a nearly steady-
state regime is established for the thermal field. Under 
pseudo steady-state conditions, the solidified shell 
contracts inwards (i.e. towards the liquid pool) but not 
uniformly throughout the ingot cross-section. 

If a rectangular mold/inductor is employed, the lateral 
faces of the resulting ingot are concave ("bone shape"). 
To compensate for the larger pull-in measured at the 
center of the rolling faces, the sides of the mold are 
designed with a convex shape, usually with three linear 
segments. Figure 1 shows a schematic top view of a 
typical mold shape used to produce flat rolling ingots. At 
the present time, the mold geometry is designed by a 
trial-and-error method. 

Quant i ta t ive predictions of the deformations 
which occur during both the start and stationary phases 
would help to optimize the casting conditions and mold 
design capable of producing flat ingots. 

Steadv-state inward pull-in of the rolling faces 

The deformation of the ingot cross-section during 
the stationary regime of semi-continuous DC-casting 
and the mold design required to produce flat sheet ingots 
have been studied by Weaver (3,4). Without giving a 
physically-based explanation of this deformation, 
Weaver proposed an empirical model based on casting 
trials to predict the cross-section changes of DCC ingots. 
Assuming tha t the heat extraction was radial (i.e., 
parabolic shape of the isotherms in the metal under the 
liquid pool), Weaver derived the relationship: 

MO(x) = KVT + K2(x)-lQ-V (1), 

where MO is the mold opening as defined in figure 1, x is 
the position on the longitudinal axis , T is the desired 
ingot thickness and V is the casting speed. The two alloy-
dependent constants, Κχ and Kz, have to be determined 
from experiments. Kj corresponds to a uniform thermal 
contraction and K2 is a pull-in function which depends on 
x. Weaver also showed that the mold design required to 
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produce flat ingots changed from a two-straight lines 
shape, to an almost sinusoidal shape and eventually to a 
three-straight lines shape when the aspect ratio of the 
ingot (width over thickness ratio) was increased (4). 

Thermomechanical models 

Modeling of thermal stresses during DC casting 
has been performed by Fjaer and Mo for aluminum 
billets (5). Theses authors developed the finite element 
model Alspen for the calculations of the thermally-
induced strains and stresses tha t develop during the 
casting process. This model assumes the metal to be an 
isotropic elasto-viscoplastic mater ia l with strongly 
temperature-dependent properties (6). Mariaux et al. (7) 
developed a model which couples thermal aspects with 
mechanical effects. They computed butt curl during the 
EMC start phase. Hannar t et al. (8) recently calculated 
the thermal stresses in DC casting of aluminum slabs 
with special emphasis on the induced stresses, which 
play a major role in the initiation of cracks. Their three-
dimensional t r ans i en t thermomechanical analysis 
allows the prediction of but t curl and stress building 
during the start phase of DC casting. 

However, in all these models, little attention was 
paid to the inward pull-in of the rolling faces which 
occurs in the pseudo steady-state regime of both DCC 
and EMC processes. This is precisely the goal of the 
present contribution. The model briefly described in 
section 2 will be validated in section 3 by comparison 
with the measurements presented in Part I. 

T h e mode l 

The aim of the present model is to assess 
precisely the influence of the process parameters 
(casting speed, mold shape, cooling conditions, etc.) and 
of the alloy composition on the ingot thermomechanical 
behavior. The model accounts for the coupled thermal 
and mechanical effects: the tempera ture gradients 
induce thermal stresses which deform the ingot and 
these deformations modify in counter par t the heat 
extracted through the bottom block or the contact with 
the mold. In order to predict the inward rolling faces pull-
in t ha t occurs in the pseudo steady-state regime, 
transient thermomechanical computations are carried 
out on a variable domain from the start phase to the 
pseudo steady-state regime. 

Computation domain 

Figure 2 shows the computation domain used for 
the study of the contraction of the rolling faces. Since 
three-dimensional t rans ien t computations are very 
intensive, the present investigation was limited in a first 
step to two dimensions. The computation domain shown 
on figure 2 corresponds to one of the plane of symmetry 
of the slab. Since this mid-plane section is perpendicular 
to the rolling faces, the heat flow is assumed to be two-
dimensional and mechanical aspects are reduced to a 
plane-deformation problem. The boundary conditions 
that are applied to DCC, are summarized in figure 3. 

Pull-in of the rolling faces MO(x): mold opening 

Ingot 

> x 

Mold/inductor contour (three segments) T: desired ingot thickness 

Figure 1: Schematic top view of the mod/inductor shape required to produce 
flat rolling sheet ingots. 
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Thermal aspects 

The thermal evolution is predicted by solving the 
heat conduction equation: 

p<*p BTIdt + div(k.gradT) = 0 (2), 

where k is the thermal conductivity, p is the density and 
T is the temperature field, cfp is the equivalent specific 
heat which accounts for the latent heat released during 
the liquid-solid phase transition. The thermal problem is 
solved in a two-dimensional domain which includes the 
ingot and the bottom block (see figure 3). The boundary 
conditions that are specified at the surfaces SI to S6 are 
as follows: 
- S I is adiabatic for symmetry reason; 
- the thermal fluxes through S2 and S3 are assumed to 
obey a Cauchy type law with a heat transfer coefficient 

of 5000 W/m2K and a sink temperature of 10° C; 
- a t t h e ingot-bot tom block interface S4, the 
corresponding boundary condition is ki 3T/9n = kb 3T/9n 
= - hgap (Ti-Tb) where Tj and Tb and ki and kb are the 
ingot and the bottom block surface temperatures and 
conductivities respectively; n is the normal to the 
boundary pointing outside the ingot. The contact quality 
and the gap opening calculated from the mechanical 
model influence the value of hgap very strongly (9); 
- S5 is the lateral surface of the ingot where the cooling 
is represented by a heat transfer coefficient depending 
on the position and on the process (DCC or EMC): 

- at the top of the mold where the alloy is in direct 
contact with the mold (DCC), the prescribed heat 
transfer coefficient is set to a given value until the 
ingot temperature is lower than the coherency 
tempera ture of the alloy corresponding to the 
temperature at which air gap forms (see par t I); 
this primary cooling is absent for EM casting; 

Z A 

Mold/inductor Symmetry axis 
z 
| new layer 

1 

Casting 
speed 

S1 

Bottom; 
block JB 

I S2 

t 

Secondary 
cooling: 
water jet 

S5 

IB 

S3 

Figure 2: Computation domain. 
Figure 3: Schematic representation of the 
calculation domain with the its boundaries. 
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- after the air gap has formed in DCC, the surface 
of the ingot is assumed to be almost adiabatic until 
the point of impact of the water cooling; 
- for the remaining par t of S5, the ingot is cooled 
down by water (jet or spray). The corresponding 
heat transfer coefficient depends on the ingot 
surface temperature and on the water flow rate; it 
was estimated using inverse modeling form the 
temperature histories recorded during casting (see 
Par t I); 

- S6 is the moving boundary of the domain. The incoming 
flow of liquid metal is modeled by the activation of 
successive layers of the enmeshment. The temperature 
of the new volume element is set to that of the incoming 
metal and the rate a t which new layers are introduced 
corresponds to the casting speed. 

Mechanical aspects 

Equations 

Wi th t h e a s s u m p t i o n of i n s t a n t a n e o u s 
equilibrium, the variation of the internal stress tensor, 
02, during a time interval, 5t, is obtained in terms of the 
external force field variation, 5f, by solving the following 
incremental equation: 

div 5s + δ£ = 0 (3). 

The incremental deformation tensor δ£ is assumed to be 
a superposition of elastic, thermal and viscoplastic 
components o£e . Sfith and $£vp (10): 

& = Sse + Seth + δ£υρ (4). 

A two dimensional Car tes ian model wi th p lanar 
deformation , i.e. δεχχ = 5eXy = δ ε χ ζ = 0 has been used. 
The elastic deformations are related to the internal 
stresses by Hooke's law δ£ = (D) · δ£β, where (D) is the 
stiffness matr ix defined in terms of the Young and 
Poisson modules, E and v. The thermal deformations are 
related to the local temperature variation, δΤ, through 
the equation 5eij = α · δΤ · 5ij where a is the linear 
expansion coefficient and 5ij is the Kronecker symbol. 
The model for viscoplastic deformations is presented in 
more details in a separate section. 

Boundary conditions 

The bot tom block is a s sumed to deform 

elastically; the central part of S2 is mechanically fixed, 
whereas the remaining part is free. At each point P of 
the boundary S4, the contact between the ingot and the 
bottom block is characterized by a separation distance 
d; if d is larger than 100 μπι, the gap is considered open 
and the heat transfer is set to its lower value. Friction is 
neglected and a no-penetration condition is imposed at 
this interface. The points located on the boundaries S5 
and S6 are free to move, whereas these on SI are free to 
slide along the z-axis. 

Thermoelastic behavior 

The computation domain includes the liquid metal, 
the mushy zone, the solid and the bottom block. The 
liquid metal is assumed to be incompressible and fluid 
motion is neglected. The temperature dependence of the 
Young and Poisson modules and of the dilatation 
coefficient are taken into account (11,12). In the mushy 
zone, these pa ramete r s are l inearly interpolated 
between their values in the liquid and solid. The 
contribution of the metal contraction during solidification 
is neglected owing to the constant liquid feeding within 
the mushy zone to compensate for the density variation 
(13). 

Viscoplastic behavior 

The t ime dependence of the viscoplast ic 
deformations usually shows three distinct stages: a 
primary creep phase during which the creep rate rapidly 
decreases, a secondary phase with a nearly constant 
creep rate and finally the stage just before rupture (14). 
At high temperature, the primary stage is neglected and 
the viscoplastic behavior of the solid is assumed to be 
given by the Garafalo law (15): 

devp I dt=A-(sinh(avmlao)) n■ exp(-QIRT) (5). 

In the mushy zone, the Norton law is used: 

deopl dt = A' -(συτηΐσθ·) n' ■ exp(-Q'/ RT) (6). 

övm is the equivalent stress of Von Mises and the 
incremental viscoplastic deformation tensor is given by: 

δ&ρ = 3/2-(άευρ/ dt) ■ sd/ovm ■ 9t (7), 

where the deviatoric stress tensor is defined by 2d = 2 -
t r ( 2 ) - M / 3 . 
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The coefficients A and A' , the stresses σο and σο', the 
creep activation energies Q and Q' and the exponents n 
and n' have been fitted using creep measurements (16) 
and indentation tests in the semi-solid state (17) for the 
alloys AA1201 and AA3104. The values for pure 
aluminum were taken from the work of Wong et al. (18). 

calculations were performed until a pseudo steady-state 
was reached, from both a thermal and a mechanical 
point of view. In order to obtain such conditions, it was 
found tha t a cast length of a t least 1.5 m had to be 
modeled. For precaution, the results presented here are 
for 2.2 meter final length castings. 

Numerical procedure 

The finite element program ABAQUS has been 
employed to perform the numerical computations. It 
allows the user to specify complex viscoplastic behavior 
of materials and flexible boundary conditions through 
user-subroutines (19). Successive layers of elements 
can be added to simulate the evolution of the casting 
shape. The fully coupled heat transfer/stress analysis is 
performed using 4 nodes quadrilateral elements, bilinear 
in displacement and temperature. The non-linearities 
introduced by the material properties (creep and latent 
heat) and by the contact have been t rea ted by a 
Newton-Raphson integration scheme: at each time step, 
i t e r a t i ons , wi th an u p d a t i n g of the ma te r i a l 
characterist ics, are made unt i l both thermal and 
mechanical equi l ibr ium are reached wi th in the 
tolerances set by the user. An implicit integration 
scheme was used and the typical time step is of the 
order of 0.1 sec. The computation time was about 24 
hours on a HP-735 workstation for a domain including 
2000 nodes and for about 1.5 hour of casting. 

R e s u l t s 

The results of the temperature and deformation 
field computation are presented in this section for two 
alloys, AA1201 and AA3104, and for pure aluminum. 
The calculated pull-in of the rolling faces are compared 
with the measurements presented in P a r t I. The 

casting process 
nominal ingot 

cross section (mm2) 
mold opening in the center 

alloy 
casting speed 

initial melt temperature 
cooling time after casting 

Casel 
DC-casting 

1860 »510 
550 mm 
AA1201 

70 mm/min 
670°C 
1 hour 

Case 2 
EM-casting 

1645*500 
546 mm 
AA3104 

65 mm/min 
670°C 
1 hour 

Comparison with experiments 

Two calculations were first carried out for 
comparison with the measured pull-in (see Par t I). The 
casting conditions are given in Table 1. In the first case 
(DCC), the liquid level was 65 mm below the top of the 
mold and in EMC (case 2), the distance between the 
meniscus and the electromagnetic screen was 6 mm. 
Figure 4 shows the temperature profile of the ingot just 
at the end of casting, i.e., as the metal feeding is stopped, 
and a map of the y-displacement (see figure 3) after 

620°C 

540°C 

460°C 

300°C 

220°C 

140°C 

■2.2 cm 

■1.8 cm 

■1.4 cm 

■1.0 cm 

-0.6 cm 

Table I: Casting conditions of case 1 and 2. 

-0.2 cm 

Figure 4: Temperature field (left) a t the end of casting 
and y-displacement map (right) after cooling (case 1). 
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complete cooling, which clearly demonstrates tha t a 
s ta t ionary regime had been reached. The surface 
temperature and contraction profiles are reported in 
figure 5 a t the end of casting and after cooling. The 
calculated and measured ingot profiles along the z-
direction after cooling are compared for both DCC (figure 
6) and EMC (figure 7). As can be seen, the agreement is 
qui te good, considering t h a t the model is two-
dimensional. 

Influence of the alloy composition 

Figure 12 compares the sump depth and the 
s teady-s ta te rolling faces pull-in calculated after 
complete cooling as a function of the solidification range. 
As can be seen, pure aluminum deforms much less than 
the alloys AA1201 and AA3104. 

Influence of the mold opening 

Influence of the casting speed 

Figure 8 shows the pull-in profile of a DC-cast 
AA3104 ingot just a t the end of casting for three casting 
speeds. Figure 9 presents the same profile after 
complete cooling. Finally, Figs. 10 and 11 compare the 
calculated and measured rolling face pull-in as a function 
of the casting drop for the two alloys AA3104 and 
AA1201, respectively. These values correspond to the 
s teady-s ta te pull-in obtained after cooling. The 
measured and calculated sump depth are reported in the 
same diagram. Again, a good agreement is found. 

The influence of the mold opening, and 
consequently of the ingot thickness, on the steady-state 
rolling faces pull-in and sump depth is shown in figure 13 
for the alloy AA1201 DC-cast at 70 mm/min. The ingot 
width has been kept constant (1860 mm). 

Residual stresses 

The residual stresses Oyy, Ozz and Oyz calculated 
for the DC-cast ingot after complete cooling are shown in 
figure 14. The ingot surface is in compression (Oyy, σΖζ) 
whereas the hear t is in tension; this is in accordance 

-0.025 

100 n 

1000 1500 

Ingot height (mm) 

Figure 5: Ingot surface temperature and rolling face pull-in (DCC.case 1). 
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Figure 6: Comparison between measured and calculated ingot profile for DCC (case Ί ) 
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with the work of Fjaer and Mo (5,6). The shear stress 
σ ν ζ is almost zero in the center part of the ingot. Such 
results can be very useful to optimize the temperature 
and the holding time necessary to relieve the thermal 
stresses before rolling. 

Discussion 

The agreement between calculated and measured 
ingot profiles is very satisfactory for both DCC (figure 6) 
and EMC (figure 7). As shown in Part I, most of the ingot 
contraction occurs below the mold/inductor as a result of 
large thermal gradient induced upon cooling. In DCC, the 
cooling can be subdivided in two steps, the first one being 
associated with the contact with the mold and the 
second one arising when the water je t strikes the 
surface. Although the measured pull-in clearly reveals 
these two stages (see Par t I), the contraction of the 
ingot at the exit of the mold only represents 9 % of the 
total pull-in after cooling. In EMC, there is only one 
cooling associates with the water spray and the 
contraction is continuous. 

The calculation presented here also show tha t 
most of the contraction is induced by the cooling of the 
solid ingot. In figure 5, it is seen tha t the last solid to 
have formed at the end of the casting has about the size 
fixed by the mold opening (i.e., contraction equals zero at 
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Figure 7: Comparison between measured 
and calculated ingot profile for EMC (case2). 

2.2 meters when this par t has jus t solidified). After 
cooling to room temperature , this par t of the ingot 
experiences a 24 mm pull-in, i.e., about 10% contraction. 
As shown in Ref. 13, the ingot pull-in is affected by the 
shape of the liquid pool and by the horizontal component 
of the thermal gradient. The thermomechanical and 
thermophysical properties of the alloy being given, it is 
expected tha t the pull-in increases with the sump depth 
(see ref. 13). This t rend is reflected in Figs. 9 to 11. As 
the casting speed is increased, the liquid pool becomes 
deeper and the thermal gradient near the cooling water 
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Ingot height (mm) 
Figure 8: Effect of casting speed on the rolling 
face profile at the end of casting for a DC-cast 

AA3104 ingot. 
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Figure 9: Effect of casting speed on the rolling 
face profile at the end of casting for a 

DC-cast AA3104 ingot. 
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is more horizontal. As a result, the pull-in increases. The 
same trend is predicted when changing the mold opening: 
the ingot being thicker, the sump is deeper and the final 
pull-in is increased (figure 13). 

The influence of the alloy composition is not as 
straightforward because both the thermomechanical 
and the thermophysical properties change. Under 
identical thermal conditions, the creep behavior of the 
ingot definitely changes the final pull-in as the material 
flows to accommodate the the rma l s t resses ; for 
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Figure 10: Comparison between calculated and 
measured sump depth and rolling face pull-in 
after cooling (AA3104, DCC, steady-state). 
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Figure 11: Comparison between calculated and 
measured sump depth and rolling face pull-in 

after cooling (AA1201, DCC, steady-state). 

example, pure aluminum and AA1201 (see figure 12) 
have comparable thermal conductivity, thus showing 
approximately the same sump depth, but contract 
differently due to their respective mechanical behavior. 
However, the thermophysical properties also play a role. 
The thermal conductivity is highest for pure aluminum, 
whereas the specific heat and latent hea t are almost 
unaffected by the alloy composition. Therefore, the 
sump depth is smaller for pure aluminum in comparison 
with the alloy AA3104, and so will be the final ingot 
contraction as can be seen in figure 12. 

As can be seen, the final shape of DC and EM-
cast ingots is a resu l t of several in te rp laying 

0 10 20 30 40 
Solidification range (K) 

Figure 12: Calculated steady-state rolling 
face pull-in and sump depth as a function of the 

solidification range (DCC, 60 mm/min). 

23 

22 -■ 

E 
£ 2 1 

c 
± 20 
3 
Q. 

-o 19 
4-1 

re 
3 18 
_y 
re 
<-> 17 

16 

r I \y^~^r^ ■ 

75 

70 Q 

65 ST 
fl> 
a. 

60 w 

55 w 

50 H 
o 

45 3 

240 250 260 270 280 290 300 

Half mold opening (mm) 
310 

40 

Figure 13: Rolling face pull-in and sump depth 
for the alloy AA1201 DC-cast at 70 mm/min as 

a function of the mold opening. 
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phenomena. However, the present study has clearly 
shown tha t most of the pull-in is associated with 
thermal stresses induced upon cooling of the solid and 
tha t the contraction at the exit of the mold/inductor is 
only a minor part of the overall pull-in. The horizontal 
component of the thermal gradient, which is reflected by 
the liquid pool profile, plays a key role in the deformation 
of the ingot. Good agreement can be found with the 
e x p e r i m e n t p r o v i d i n g t h e m e c h a n i c a l a n d 
thermophysical properties of the alloys are known up to 
the coherency temperature and the thermal boundary 
conditions are well characterized. 

Conclusion 

The two-dimensional thermomechanical model 
p resen ted he re h a s been va l ida ted us ing the 
experimental results of par t I. Mechanical properties 
have been measured independent ly and the rmal 
boundary conditions were adjusted to the measured 
cooling curves. The model is able to predict with a good 
accuracy the steady-state rolling faces pull-in as a 
function of the casting conditions (casting speed, ingot 
size) and alloy composition for both DCC and EMC. The 
assumption of plane deformation appears to be valid for 
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Figure 14: Residual stresses in the DC-cast AA1201 ingot (70 mm/min, case 1) 
after complete cooling (1 a y, 2 = z). 
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the mid-plane section of the casting. However, an 
optimization of the mold bow would clearly require the 
use of a three-dimensional model, the short sides of the 
ingot having a much smaller contraction. The extension 
to three dimensions is limited only by the computing 
power of the workstations and the present contribution 
is a l ready very valuable in assess ing the key 
parameters controlling the rolling faces pull-in. For 
example, we clearly demonstrated that the large pull-in 
is not explained by the liquid-solid contraction (about 6% 
in volume for aluminum) but by the cumulated and 
associated bending of the solid shell under the high 
thermal gradient (13). Three dimensional computations 
a re under way us ing the same model, boundary 
conditions and thermophysical properties. 
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