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Mechanical Behavior of Mushy Zone in DC casting using a Viscoplastic
Material Model

P. Pavan Kumar, A. K. Nallathambi, E. Specht, A. Bertram

Direct Chill (DC) casting is a semi-continuous metal marutifi@ing process for producing non-ferrous alloys such
as aluminum and magnesium. During the solidification of theyathere exists a semi-solid state of material
known as mushy zone which is more prone to hot tearing. Rreateling of hot tearing is the most challenging
task due to the interaction of many physical fields. The dedtion of the partially coherent solid strongly influ-
ences the hot cracking. This work focuses on the materia\behof the mushy zone which is the prerequisite
for the development of hot tearing criteria. The rate-degert nature plays a crucial role at higher temperatures.
Therefore, the viscoplastic material models with tempestependent coefficients are implemented for the char-
acterization of the mushy zone. The numerical integraticth® constitute equations are explained in detail. The
liquid flow is neglected, and the momentum and energy eqadite solved for the mushy and solid phases. With
the help of a viscoplastic material models, the stress araihstvolution in the mushy zone is captured. Itis found
that the state of stress in mushy region is tensile in naturighvis a favorable situation for the hot cracks. The
influence of the casting speed and secondary cooling on tsayrsiress state are analyzed in detail.

1 Introduction

The complete DC casting process can be divided into thregesta(a) start-up phase, (b) pseudo steady-state,
and (c) end phase. In the start-up phase, the bottom blogkngde the mold, and the liquid metal is poured
from the top through a distribution bag into the bottomlesddnThe level of liquid metal is maintained constant
in the mold by means of continuous addition of liquid metaheTold is supplied by a cooling water which is
known as primary cooling. The liquid metal rejects heat tigto metal-mold and metal-bottom block interaction.
A solidified shell is formed over the bottom block and along thold wall. As soon as the solidified shell is strong
enough to support the molten metal inside, the bottom bledkwered with certain velocity .This sequence of
processes are known as start-up phase. At the exit of the, mmbling water directly touches the billet, known
as secondary cooling. When the cooling water directly tosithe surface of the billet, the solidification process
becomes accelerated. After the start-up phase, a pseuattysttate is reached during which the thermal and
mechanical field quantities reach constant values. In gérduring this phase the velocity of the bottom block is
maintained constant. This phase is almost steady in timgasAtthe liquid metal feeding and the movement of
bottom block are stopped and the billet is kept for a certane tso that there is no liquid or semi-solid material
left. This phase is known as the end phase. Both the stamdipiad phase are transient in nature.

The simulation of phase-change problems is highly impéerf@anachieving a high quality casting and to avoid
difficult experiments. During the phase-change, the |aieat release introduces a severe non-linearity and a local
exchange of the field variables. Celentano et al. (1994)qweg a temperature-based FEM for the phase-change
problem which incorporates the latent heat release by mefaas additional phase-change matrix and a latent
heat vector. Fachinotti et al. (1999) followed the COQO’s penature formulation and introduced an element split
technique along with a line-search algorithm. Nallathagtlal. (2009) attempted to extend the suitability of the
temperature-based formulation even for high Stefan nusaber

It is mandatory to know the history of the residual stresaistdevelopment at every material point for the predic-

tion of cracks. Further, the rate-dependent effects daminahigh temperature regions. Therefore, the mechanical
behavior of the ingot is described by an elastic-viscoplantaterial model. Fjeer and Mo (1990) presented a DC
casting mathematical model using the finite element metfibey demonstrated the numerical method for com-

puting the stress and strain using an axisymmetric cirdiliat. Drezet and Rappaz (1996) and Katgerman et al.
(1990) significantly contributed in the field of DC castingdedng. Williams et al. (2003) simulated the 3-D DC
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casting of AA1201 alloy using a commercial package ANSY Seyrhsed a modified Perzyna type viscoplastic
law for the prediction of the mechanical behavior of thedalhnd the mushy phases. Material hardening effects
and the initial free surface filling are not included in theiodel. They reported extremely high values of stresses
due to the inappropriate material model. Therefore, it iganant to incorporate a proper material model. Magnin
et al. (1996) performed tensile tests on an Al-4.5%Cu aliayrder to determine the rheology and ductility over a
wide range of temperature moving from room temperaturedaltndiritic coherency temperature. Based on their
experminetal observations they proposed an elasto-Vsstiplaw. Suyitno et al. (2004) used the same law for
the solid phase and proposed a different constitutive lashi® mushy phase which is similar to the Garafalo law.
However, they incorporated the solid fraction in the cdaostie law of the mushy phase which is not the case for
the Garafalo law. Drezet and Rappaz (1996) used the Gatafalior the solid phase and Norton-Hoff law for the
mushy phase. They investigated the AA1201 alloy and predittte butt curl, butt swell, and rolling faces inward
pull-in. M’Hamdi et al. (2003) used a complex viscoplastwlwith more material parameters. In this work, the
liquid phase is treated as a fictitious solid with a very srsi#finess since it can not accommodate stresses. Within
the mushy zone, there is a coherency point where the mastaids sustaining the mechanical loads. From the
coherency temperature to the solidus temperature, thean&et behavior of the material is modeled by Norton’s
viscoplastic law. The solid phase is assumed to behavedingaio Garafalo’s viscoplastic law. With these mod-
els, the stress-strain development near the mushy zoneefulta studied. The detailed literature review can be
found in Nallathambi et al. (2009).

2 Thermal Field

The energy balance for the phase-change heat conductingdamdbe derived based on the heat capacitance
method as (Nallathambi et al., 2009),

V- (kVO) + prqy = p (Cp + L 8550) 0 1)
wherek is the thermal conductivityd is the temperaturey is the density;y, is the heat generatiord,, is the
specific heat/ is the latent heat, anfl,. is the phase fraction. A linear phase-change function israsd in the
mushy region. A temperature-based fixed grid finite elemegihod (Celentano et al., 1994) yields the following
final form as

KO +CO+L =F 2)

whereK is the thermal conductance matrig, is the capacitance matrix, is the latent heat vectoF, is the
force vector, and is the nodal temperature vector. Further details about tineenical method can be found in
Nallathambi et al. (2009).

3 Mechanical Field

Small deformation theory is used to model the mechanicahlieh of the ingot. The contribution of the metal
shrinkage during solidification is neglected due to the tmtdiquid feeding within the mushy zone. The alloy
is allowed to contract as soon as it reaches the coherengyetatare (Drezet and Rappaz, 1996). The linear
momentum balance for the deforming body can be given as

V-T+b=0 (3)
subject to the boundary conditions
T =1ty (5)

whereT is the Cauchy stress tenst,is the body force vectofi; is the prescribed displacement vector, é’pdjs
the prescribed traction vector with unit outward normial

The total strairE can be additively decomposed into three components as
[Vi+ (Vi )'] =E°+E'+E (6)

whereE® is the elastic strain tensdg' is the thermal strain tensor, aBd? is the viscoplastic strain tensor. Using
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the elastic part of the strain tend6¥, stress tensof can be determined from the elastic law of the material as
T=C:E° @)
whereC is the fourth-order isotropic elasticity tensor defined as,
C =3kP; + 2uPy (8)

wherek is the bulk modulus, ang is the shear modulus which are both functions of temperancephase
fraction.P; andP; are the fourth-order volumetric and deviatoric projectespectively, defined as

(rel) ©)

1
]P’g:Hfg(I@@l) (20)
wherel is the second-order identity tensbis the fourth-order identity tensor, andis the tensor product.

The thermal strain tensor is defined as
E' = a0 — Orep) | (12)

whereq is the linearized coefficient of thermal expansiénandd,..; are the current and reference temperatures,
respectively.

The viscoplastic strain rate tens@ {') can be written in terms of a scalar viscoplastic strain &te) as (Drezet
and Rappaz, 1996)

v 3., T _
E’ = 5 €7 = ¢’ N (12)
O off

whereN is the flow directiong.g is the von Mises equivalent stress, afidl is the equivalent viscoplastic strain
rate. The Norton-Hoff law is one of the simplest viscoplastiodel. The mechanical behavior of mushy phase can
be well modeled by this law.

&P =k (”“ﬁ)n (13)

0o
wherek, 5,, andn are the temperature-dependent material constants.

In DC casting, the solidified metal behaviour can be well niedl@sing the Garafalo law

&r = A [smh (‘i‘f“)r e () (14)

Oo

where A, ,, andn are the material-dependent constardjsis the apparent creep activation energyjs the
universal gas constant, afftis the absolute temperature.

By using the variational principles, for an arbitrary vatuisplacement field the mechanical equilibrium condi-
tion Eqg. (3) has to satisfy the following integral equation

/Q[V-TJFEf]-ﬁdQ:o (15)

By integrating the above equations, the final weak form of Giak be derived as

/T:EdQ:/{f-ﬁdrt+/5f-ﬁdQ (16)
Q T, Q

Following the standard FE technique, the algebraic fornmefabove equation is
KU =F a7

The FE equation is highly nonlinear and can be solved usintgaative scheme in which the total displacement
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at the current time-step and the current iteration is

Ut = Uttt + 60U (18)

The final form of mechanical equilibrium equation becomes

Kt gu = Frft — Rt (19)

The elemental forms of matrices and vectors are given as

Kertl = / e [BT cepf“B} Qe (20)
pertl = / | Wl st ] arg + / | wI B | ag (21)
I .
R = / [BTTe?Jrl} dQ° (22)
-

whereK is the global tangent stiffness matrix,is the global external force vectd®, is the global internal force
vector,C? is the elemental consistent elasto-viscoplastic opefedor the previous iteration. The determination
of the tangent stiffness matrix, internal reaction vecémr consistent elasto-plastic/elasto-viscoplastic aper
demands the integration of elasto-viscoplastic constéutlations. The fully implicit backward Euler integrauti
scheme is employed for the derivation of the necessary ieqsatThe stress update in the local integration point
level is stated as

T = T + AT (23)

whereT" is the known previous time-step equilibrium stress. Theemental stresAT can be expressed by the
thermo-elasto-viscoplastic constitutive relation as

AT = C(AE - AE' — AE") (24)

The viscoplastic strain can be approximated using the baak&uler time difference and substituting Eq. (12) as

)T (BT @) AEY g
vp — — — ~Up\T n+1
() iy A - @R (25)
whereN is flow direction vector. Therefore, the current stress bezn
T = T 4 C(AE- AR — At (7)™ N (26)

This equation is implicit in nature, therefore an iteratseheme is adopted. Keepirkigas the previous local
iteration counter, the residual can be stated as

R = Tt - - o (R am - ar et ) -
Thus, consider a first-order Taylor series expansion ofébilual vector

6RZ+1
oT !

Rpf = Ry o+ dT (28)

wheredT is the local iterative-increment of stress vector at iretign point. Forcingﬁﬁﬂ to reach zero

R+

—1
pn+l 715 n+1
GTZH} Rk = —-K Rk (29)

ar = - |
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where the Jacobian matri& can be derived from Eq. (27) as

oT aT

~ n+1
_ VP N
K =1 + (:At(a6 NT 4 e ) (30)
k

¢'r, andN are functions of current local iterative stress vedigr'. Therefore

devr |1 0P -
aT |, T O0es
ax | 3 2
— = P,L— = NN7T 1
aT 2 Oett ( ° 3 ) (31)
k
substituting Eq. (31) and Eq. (31) in Eq. (30)
B r up up . sup n+1
K= 1+ ounr| (222 0 &2 Loignr 4 2% p, (32)
L 80—6& Oeff 2 Oeft k
The iterative form of the stress update becomes
TP = TPt + dT (33)

Finally, the consistent tangent elasto-viscoplastic afgercan be derived directly from the integration scheme and
is defined as
c® — K 'c (34)

OnceC*, andT?+1 are determined, the tangent stiffness matrix and the rabidictor can be computed using

Eqg. (20). It is well known that the Newton-Raphson methodilgihits fast rate of convergence and stability
only when the trial is close to the solution. In reality, fdghly nonlinear problems the trial solution may be

far away from the real solution. Thus, by applying a full sggpe correction in the iteration, the updated vector
may actually be detrimental to the solution, causing cayeece difficulties. Therefore, a line-search algorithm
is implemented within each iteration to overcome the digagg difficulty. The line-search algorithm is well

explained in Nallathambi et al. (2009).

4  Thermomechanical Simulation

In this work, a cylindrical extrusion billet of radius 100 misconsidered for the study which is schematically
represented in Fig. 1. Due to the rotational symmetry, onlgcgangular domain is considered for the analysis.
Further, thes-axis represents the radial direction andgkexis represents the axial direction and axis of symmetry.
The height of mold is taken as 60 mm. The billet height is adergd as a function of time and increases imthe
direction according to the casting speed. The initial hiegghhe billet is taken as 10 mm with 2 rows of elements
which is the computational domain for the first time step. #ar next time step, an additional row of liquid
elements is added in thedirection. The element growth in thedirection represents the liquid feeding from the
furnace. Fig. 2 shows the computational domain at tiraed¢ + At.

The thermal boundary of the billet is divided into five reggowhich are non-overlappingl'; represents the
symmetry axis where the heat flux leaving in the normal dioacits considered as zero, i.e., insulated BG.
extends along with the element growthy is the temperature described essential BC which mimicsidjued
feeding. I'5 is assigned to the melt temperature which does not vary with.t The size of thd's BC is fixed
but it shifts in the positivey-direction along the element growth as shown in Fig. 2. Theraction of the billet
with the bottom block is represented throughconvection BC. The size df; is fixed and the HTC (heat transfer
coefficient) is assumed to vary with temperature. The airfgapation and water intrusion cases are imposed on
the HTC. Fig. 3(a) shows the bottom block HTC as a functioreafgierature which is taken from Williams et al.
(2003).T'4 represents the primary mold cooling regions with a fixed fliepghich moves upward in thedirection
during the element growth. This boundary condition is alsvesferred from the top of the melt. Fig. 3(b) shows
the bottom block HTC as a function of the air gap which is takem Drezet et al. (2000). A small portion of
size 10 mm is added along with the mold BC which representgdpebetween the mold and water impingement
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zone known as air cooling zone. The HTC of this air coolingezataken as 50 W/AK. The temperature of
the mold is taken as 10C. The secondary water cooling zones are representdd; which changes its size
during the element growth. Generally, in the simulation &f €asting, the secondary cooling boundary is the most
complicated one due to the high number of controlling patamesuch as water flow rate, surface temperature,
cooling water quality, etc. In this work, the secondary aapHTC is taken from Williams et al. (2003) and

shown in Fig. 4.
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Figure 1: Computational domain of DC casting billet withrthal and mechanical boundary conditions
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Figure 2: Computational domain of DC casting billet at titrend¢ + At

The mechanical boundary conditions can be classified imgeth(a) axisymmetric boundary conditions are as-
signed on thd"; regions, (b) to avoid the rigid body motion, the origin of thilet is fixed, and (c) to avoid the
penetration of the billet on bottom blocK; is fixed for the first 15 seconds and then released.The air gfayeken

the bottom block and the billet can be considered as thecetudisplacement of the nodes &y regions.The
computational domain includes the liquid metal, the musinez and the solid part. The material is assumed to be
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Figure 4: Secondary water cooling region HTC (Williaetsal. 20003) as a function of temperature

an AA1201 alloy. The thermophysical and thermomechanioaperties of the alloy are taken from Drezet and
Rappaz (1996).

A constant casting speed of 120 mm/min is investigated.Vakigon of radial, axial, and circumferential stresses
at the center and the subsurface (90 mm from center in thalmidection) of the billet are plotted in Fig. 5. Near
the bottom of the billet, the influences of boundary condii®very high. Therefore, the cross-section considered
for the analysis is taken at 50 mm from the bottom. Due to thensgtry, the radial and circumferential components
of stresses are equal at the center. In the center, all th&sstomponents are tensile in nature. However, near the
subsurface, the axial and circumferential stresses arg@masive. It can be seen that stresses become constant
after certain time. The higher value of tensile stresses tieacenter of the billet can easily open the existing
cracks.

The circumferential stress and circumferential viscajdestrain as a function of temperature are plotted in Fig. 6.
Three locations are selected such as the center of the &illtart-up phase (1), center of the billet at pseudo
steady state (2), and subsurface of the billet at pseuddysgtate (3). Until the coherency temperature, there is no
accumulation of stress and viscoplastic strain at all tkations. From the coherency to the solidus, the location
(1) which corresponds to the start-up phase, the stressiaodplastic strain are tensile in nature. However for
the location (2) and (3), the nature of stress and strain amgpressive in the mushy state. Below the solidus
temperature, the nature of stress and strain at the losaf{ignand (2) are tensile but for the location (3), it is
compressive. Overall, the start-up phase stress and str@ihigher when compared to the steady state for all
temperatures. This tensile nature of stress and straineiniiishy zone is the most favorable situation for the
development of hot tear.

The contours of radial, axial, and circumferential stregheing the steady state casting are shown in Fig. 7. It can
be perceived that the stresses start developing in the nagsteyin the vicinity of the coherency. The radial stress
is tensile at all positions except a smaller region nearleywhater impingement. The axial and circumferential
stresses are compressive close to the edge and tensilederitex of the billet. In the water impingement zone,
the axial stress is relatively higher and tensile in natitearby the solidus, the stress state is tensile which is in
good agreement with Suyitno et al. (2004).

The contours of radial, axial, and circumferential visegpic strains during the steady state casting are shown in
Fig. 8. The radial viscoplastic strain is compressive nearsubsurface of the billet and tensile in the center. In
contrast to the axial stress, the axial viscoplastic sissd@mpressive near the center and tensile at the edge which
is in good agreement with Suyitno et al. (2004). The circuetigal viscoplastic strain is compressive near the
edge of the billet and tensile in the center of the billet. Tadial and circumferential viscoplatic strains in the
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Figure 5: Casting speed 120 mm/min: evolution of stress rieceand a radial distance of 90 mm (50 mm from
bottom)

mushy state close to the solidus and nearby the center aiteterinereas it becomes compressive near the edge.
However, the axial viscoplastic strain behaves oppositely

5 Influence of Casting Speed

The influence of casting speed is studied by consideringiffiereint casting speed profiles which are given as a
function of the billet height as shown in Fig. 9. In all the easduring the steady state condition, the casting speed
is maintained constant. However, the start-up phase cespi@ed is different for all the cases. The circumferential
component of stress and viscoplastic strain at the solielupérature vs. billet height at the center are shown in
Fig. 10 for the different casting profiles. In all cases, theximum tensile stress occurs at a height of 48-54 mm
which corresponds to the start-up phase. However, for thkesc and 6, the stress becomes compressive after
the peak and remains compressive during the steady statentrast to case-5 and case-6, in all other cases, the
nature of steady state stress is tensile which is favorabliaé growth of the existing crack or hot tear. For case-3,
not only in the start-up phase, during the steady state lacksrmay form due to relatively higher tensile stress.
The strain concentration nearby the bottom block zone ig kigth. Therefore, for plotting the viscoplastic strain,
35 mm from bottom is omitted (Fig. 10(b)). For the cases 1 tthd,start-up phase strains are tensile and then
remain tensile for the cases 3 and 4 during the steady sthtest€ady state strains are compressive for the cases

1, 2, 5, and 6. In contrast to the stress behavior near theyragte during the start-up phase, the viscoplastic
strains are compressive for the cases 5 and 6. Finally, timgia same as before.

6 Influence of Secondary Cooling

At present, the influence of secondary cooling is not wellaratbod in the DC casting research community. This
is mainly due to the insufficient experimental techniqueddscribe the boiling curve. Apart from the experimen-
tations, the inverse nature of this problem increases th@atational difficulty. The exact relation between the
major controlling variables such as the water flow rate, matelity, surface roughness, thermo physical proper-
ties of the casting materials is not yet well establisheceré&fore, a theoretical study is conducted to establish the
influence of secondary cooling. To achieve this motive, trevipusly mentioned secondary HTC is multiplied
by a factor which varies from 0.5-2 with an increment of 0.heTesulting HTC profiles are shown in Fig. 11.
Here, it should be noted that the Leidenfrost point, maxintinC temperature intervals, and nucleate boiling start
temperature are not changed. Only, the existing HTC prdfigdlowed to shrink or enlarge by a factor. A constant
casting speed of 120 mm/min is employed. Other casting tiondiare the same as before. The case-B corre-
sponds to a factor of 1 which is the standard case becausegbksrare already discussed in the above section.
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The evolution of stresses during the start-up phase is cadpar case-A and case-D as shown in Fig. 12. Two lo-
cations at the start-up phase are selected such as the aedtsubsurface at 90 mm from center. In both locations,
all components of stresses are lower for case-A than ca3é&dcircumferential component of stress is consider-
ably reduced in case-A when compared to axial and radial coemts. The axial stress at the subsurface changes
its nature from tensile to compressive in case-D, but ssirggly in case-A the nature of stress is monotonically
compressive. Generally, during the time of water starkisig, the axial stress becomes tensile and in later stages
it turns into compressive. This behavior is missing in cAs@herefore, the chances of quench crack formation at
the surface is lower for case-A.

The circumferential stress and viscoplastic strain as etiom of temperature is shown in Fig. 13 for three different
locations such as the center at 50 mm from bottom, the ceh&teady state, and the subsurface of 90 mm from
center at steady state. For case-D, only during the staphage, the stresses are higher, but during the steady
state the stresses are lower than case-A. Further, in cageAubsurface stress during the steady state turn into
tensile at 570C but in case-D, it remains compressive. If the stress is @lithecfactor, the chances of developing
cold cracks are higher for case-A than case-D. However, riblegpility of hot tear formation for case-D is higher
than case-A. A similar behavior is observed for the viscsidastrain except the subsurface at steady state where
case-D dominates than case-A. The compressive natureegssind strain are highly preferred to the tensile one
at the vicinity of cracks. With this notion, case-D is betfeain case-A at the center during the steady state, but in
the subsurface the situation is complicated due to the djgpasture of stress and strain.

The complicated behavior of stress and strain restrictpdissibilities to make any such conclusions. Further the
complexity increases if the axial component of stress amaihsare taken into account. This study reveals the fact
that through the controlled cooling, the pattern of evolutof stress and strain can be changed. With a proper
optimization, it may be possible to reduce the probabilith@t or cold cracking. At this moment, it is not possible
to conclude which cooling strategy is the better one.

7 Summary and Conclusions

The start-up and steady state phases of DC casting is modkiledfound that all components of stresses and
viscoplastic strains are maximum at the billet center. lantthe nature of stresses and strains at the center are
tensile and its maximum occurs during the start-up phaseptxbe axial viscoplastic strain. Tensile nature of
stress and strain at the end of the solidification is a faversituation for the development of hot tears. From the
above observations, it can be concluded that the start-apepis the most critical phase in DC casting. And also
the hot tearing most likely occurs during the start-up ptiaaa the steady phase. It is found that the vulnerability
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Figure 10: Influence of casting speed profile: circumfeedrstiress and viscoplastic strain at solidus temperature
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Figure 13: Influence of secondary cooling profile: circurafdial stress and viscoplastic strain as a function of
temperature

of the start-up phase can be minimized by a proper rampingepioe. Further, ramping delays the time and
increases the billet height to reach the steady state.ség@sd strains in the mushy zone increase with increasing
casting speed and they are maximum in the start-up phase.piRgmreduces the start-up phase stresses and
strains. Reduced secondary cooling reduces the start-agepiresses and strains. However, during the steady
state, increased cooling decreases the stresses and stréie mushy. Therefore, the secondary cooling has to
be decreased to reduce the chances of hot crack formatiomdbe start-up phase. Similarly for the steady state,
an increase in secondary cooling reduces the hot crackafewent. Even though the pattern of stress and strain
evolution changes for different cooling strategies, duthéocomplex nature of residual stresses and strains, there
is no specific conclusion made in this regarding

References

Celentano, D.; Orate, E.; Oller, S.: A temperature-basechditation for finite element analysis of generalized
phase-change problemiaternational Journal for Numerical Methods in Engineeg;i37, (1994), 3441-3465.

Drezet, J. M.; Rappaz, M.: Modeling of ingot distortionsidgrdirect chill casting of aluminum alloy$4etallur-
gical and Materials Transactions A: Physical MetallurgycdaMaterials Science27, (1996), 3214-3225.

Drezet, J. M.; Rappaz, M.; Grun, G. U.; Gremaud, M.: Deteation of thermophysical properties and boundary
conditions of direct chill-cast aluminum alloys using irse methodsVietallurgical and Materials Transactions
A: Physical Metallurgy and Materials Sciencl, (2000), 1627-1634.

Fachinotti, V. D.; Cardona, A.; Huespe, A. E.: A fast conargand accurate temperature model for phase-change
heat conductioninternational Journal for Numerical Methods in Engineagjd4, (1999), 1863—-1884.

Fjeer, H. G.; Mo, A.: ALSPEN-A mathematical model for thernsalesses in direct chill casting of aluminum
billets. Metallurgical Transactions B21, (1990), 1049-1061.

Katgerman, L.; Flood, S. C.; Langille, A. H.: Modelling of ©. casting of aluminium alloy$roduction, Refining,
Fabrication and Recycling of Light Metalpages 96-110.

Magnin, B.; Maenner, L.; Katgerman, L.; Engler, S.: Dutfiland rheology of an Al-4.5% Cu alloy from room
temperature to coherency temperatiaterials Science Forup217-222, (1996), 1209-1214.

M’Hamdi, M.; Benum, S.; Mortensen, D.; Fjeer, H. G.; DrezetMl: The importance of viscoplastic strain
rate in the formation of center cracks during the start-ugsehof direct-chill cast aluminum extrusion ingots.
Metallurgical and Materials Transactions A: Physical Mitegy and Materials Science34, (2003), 1941—
1952.

356



Nallathambi, A. K.; Specht, E.; Bertram, A.: Computatioagpects of temperature based finite element technique
for the phase-change heat conduction probléomputational Materials sciencd?, (2009), 332—-341.

Suyitno; Kool, W. H.; Katgerman, L.: Finite element methaehslation of mushy zone behavior during direct-
chill casting of an Al-4.5 pct Cu allowetallurgical and Materials Transactions A: Physical Mitegy and
Materials Science35-A, (2004), 2917-2926.

Williams, A. J.; Croft, T. N.; Cross, M.: Modeling of ingot delopment during the start-up phase of direct chill
castingMetallurgical and Materials Transactions B: Process Méatayy and Materials Processing Scien@&z,
(2003), 727-734.

Address:P. Pavan Kumar, A. K. Nallathambi, E. Specht, A. BertrampQ@tin Guericke University Magdeburg,
39106 Magdeburg, Germany
email: pavan. penunakal a@t . ovgu. de, ashok. nal | at hanbi @vgu. de

357



