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Abstract

A multi-scale approach for simulating hot tearing during the DC casting of aluminum alloys

is presented. The novelty of this approach lies in the combination of a macro-scale finite element

simulation of the DC casting process with direct prediction of hot tears via a meso-scale multi-

physics granular model. This approach is capable of simulating hot tearing initiation, growth,

and propagation within a representative volume element of the mushy zone. The change of cool-

ing conditions experienced by the DC cast billet as a result of variations in casting speed as well

as non-uniformity of heat extraction from different locations of the billet affect the deformation

state, cooling rate, and thermal gradient, which further influence the strain rate, grain size, per-

meability, and feeding coefficient. Considering all the mentioned parameters, the multi-scale

approach emphasizes the fact that hot tearing is a phenomenon resulting from the combination

of the tensile deformation and restricted feeding of the mushy zone. The developed hot tearing

formation maps identify the locations where hot tearing will occur as predicted by the multi-scale

approach for two alloys - AA5182 and AA3104 - thus demonstrating the approach’s sensitivity

to both processing parameters and alloy composition.

I. Introduction

Over the past few years, computer-based modeling has provided a valuable means

to improve the DC casting process of aluminum alloys in terms of process optimiza-



tion and prediction of defects. As the computational power increases, more process

details can be simulated (1). One of the most severe and unrecoverable defects encoun-

tered in DC casting operations, which has attracted considerable interest by industry

and researchers, is hot tearing. This defect is attributed to the combination of limited

feedability of the mushy zone with deformation of the semi-solid skeleton at high solid

fraction (2) and has been widely investigated by various methods both experimentally

and numerically. The experimental studies are limited due to the high temperature at

which hot tears form and the sensitivity of factors that cause hot tearing to the casting

geometry. As a result, the trend toward implementing computer simulations rather than

conducting experimental studies is increasing.

There are several parameters critical to the formation of hot tearing in DC casting.

Alloy chemistry determines the grain morphology and its size which directly affect

hot tearing propensity (3). Many studies suggested that grain refinement has a posi-

tive impact on hot tearing resistance in general. The study conducted by Warrington et

al. (4) on DC cast aluminum 7050 and 7010 alloys showed that the addition of grain

refiners changes the grain structure from columnar to equiaxed-dendritic grains and

consequently decreases hot cracking vulnerability. However, by adding too much grain

refiner, more cracks appeared, which was explained to be due to the decrease in the

permeability of the mushy zone (5). It has been also demonstrated that the microstruc-

ture in which the primary grains are surrounded by thicker eutectic phase exhibits more

hot tearing resistance (6) since the eutectic phase improves healing phenomenon or in

other words the liquid feeding between the grain (7). The amount of alloying elements

have a significant impact on the freezing range of binary alloys and as it becomes larger

the alloy spends a longer time in susceptible regions, which increases hot tearing ten-

dency (2). The most important processing parameters affecting hot tearing tendency

are casting speed, melt temperature, and cooling water flow rate since all these pa-

rameters influence melt flow and cooling conditions, which affect the stress induced

by thermal contraction and solidification shrinkage. Most researchers have agreed that

in aluminum alloys, high melt temperature increases the thermal gradient during the

solidification, which promotes the growth of columnar dendritic grains with lower hot

tearing resistance compared to equiaxed globular grains (8; 9). Larger casting speed
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provides higher solidification rate and deeper mushy zone; both increase the chance of

hot tearing initiation (10). High cooling water flow rate causes uneven thermal con-

traction, meaning that the surface cools down faster than the center which leads to

accumulation of stresses and strains and consequently hot tearing development (11).

From the available hot tearing criteria in the literature, it is noted that most only

qualitatively predict hot tearing, i.e. they cannot predict whether or not a crack actually

forms. This is because the criteria are not able to directly predict the distribution of

strain and localization of feeding at the grain boundaries, which both strongly influence

the hot tearing phenomenon (12). Therefore, the main concern of the casting industry,

i.e. quantitative prediction of hot tearing formation, remains.

In the mushy zone, where both solid and liquid coexist, a great variety of grains

having different morphologies (columnar dendritic, equiaxed dendritic, and globular)

can nucleate and grow. The distribution of grain morphology, and localized nature of

grain boundaries, must be taken into account to improve defect prediction (13). Re-

cently, researchers have proposed the use of multi-physics models that can directly

investigate the simultaneous effect of both deformation and fluid flow on the solidifi-

cation behavior at the mesoscopic scale. In this regard, different granular mechanics

approaches have been suggested to link the semi-solid mechanical behavior of a do-

main with equiaxed globular microstructure to the evolution of solid-liquid interface

and fluid flow as a result of deformation and shrinkage.

In an early model, Lahaie and Bouchard (14) used an idealized 2-D microstructure

to simulate the response of a semi-solid to an applied strain rate taking into account

liquid feeding. In this model, the solidification of all grains occurred at the same rate;

all solid grains were in the shape of hexagons and the intergranular liquid was dis-

tributed uniformly between the grains before the deformation was applied. Although

the authors claimed that the results of their model are in agreement with experimental

observations, in reality, the solidification of grains is neither at the same rate nor in 2

dimensions. More recently Vernède et al. (15) developed a 2-D granular model that

simulates the mechanical behavior of the mushy zone within a random arrangement of

grains created via a Voronoi tessellation. This model was capable of simulating the

grain structure at a given solid fraction, localization of fluid flow and the forces caused
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by liquid feeding and deformation. Despite the progress made by 2-D techniques that

take into account the random distribution of grains, the description of solidification pro-

cess in the scale of grains remained imperfect due to the 3-D nature of both semi-solid

deformation and fluid flow between the grains (16). To address this need, Sistaninia

et al. (17) developed a meso-scale 3-D granular hydro-mechanical model that predicts

the constitutive behavior of a semi-solid considering fluid flow between the grains, per-

colation, bridging of the solid grains and hot tearing formation. In this model, it was

assumed that equiaxed solid grains surrounded by liquid films are randomly distributed

in a representative volume element. Comparing X-ray images taken during the experi-

mental trial with the simulation results, Sistaninia et al. concluded that the model offers

a good insight into the prediction of hot tearing (18; 19).

In order to utilize the meso-scale 3-D granular hydro-mechanical model developed

by Sistaninia to directly predict hot tearing during DC casting, knowledge of the ther-

mal and mechanical fields experienced by the casting is required. Such data can only

be acquired by modelling the thermal conditions and corresponding stress and strain

evolution during the DC casting process. In this study a macro-scale thermomechani-

cal model for the DC casting of aluminum alloys (20), which is capable of predicting

the evolution of stress, strain, strain rate, temperature, etc. at different locations of the

casting for different casting speeds, is coupled with Sistaninia’s meso-scale model to

demonstrate a multi-scale approach for quantifying the severity of hot tears and predict

where they occur in the DC cast billet. This research thus develops a bridge linking

the macro- and the meso- scale models and explains how the two models are cou-

pled together in order to quantify hot tearing predictions. The model is applied to two

important wrought aluminum alloys, AA5182 and AA3104. In the next section, the

methodology used to investigate the problem of hot tearing in DC casting of aluminum

alloys will be presented. Henceforward, Sistaninia’s meso-scale model and the ther-

momechanical model of the DC casting process will be called “the meso-scale model”

and “the macro-scale model”, respectively.
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II. Numerical Methods

The flow chart of the coupling procedure between the thermal and mechanical fields

provided by the macro-scale model with the semi-solid cracking predictions provided

by the meso-scale model is presented in Fig. 1. A pore fraction model (21) is used to

identify the locations within the DC billet where hot tears are most likely to form.

a. The Meso-scale Model

The meso-scale model is an in-house C++ software developed by Sistaninia and

colleagues (17; 22). The model consists of four separate modules: (1) the solidifica-

tion module to create the solid-liquid geometry at any solid fraction, (2) the fluid flow

module for simulating liquid pressure within the intergranular channels, (3) the semi-

solid deformation module to model the semi-solid mechanical behavior, and finally (4)

the failure module to simulate crack initiation and propagation. Since hot tearing for-

mation is the result of both a lack of liquid feeding and deformation of the alloy in

the semi-solid region, the fluid flow, semi-solid deformation, and failure modules are

coupled together. The input geometry for the solidification module is created using the

open source library Voro++. For the fluid flow calculations, a purpose-written finite

element code solves the assumed Poiseuille Flow problem. The semi-solid deforma-

tion simulations are performed using the commercial finite element package ABAQUS

(v.2019). The mesh of the solid grains and fluid channels is created from the output

of the solidification module. Finally, by considering a failure criterion, the fluid flow,

semi-solid deformation, and failure modules are coupled through the pressure in the

liquid and opening at the grain boundaries. Through the use of a control file that speci-

fies the input parameters, simulation of the meso-scale model, which takes into account

the simultaneous effect of fluid flow between the grains and deformation on hot tear-

ing, can be performed. The output of this model is the simulated tensile behavior of

an RVE with constant grain size and solid fraction. The reader is referred to Refs (18),

(23), and (22), respectively, for additional information on each of the sub-modules of

the meso-scale model.

To simulate semi-solid deformation via the meso-scale model, proper fluid and

mechanical boundary conditions must be assigned to all surfaces of the RVE. Fig. 2 (a)
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shows a schematic of an RVE at solid fraction of 0.98. In terms of mechanical boundary

conditions, (1) the surface x = Lx is joined to a reference node, which is displaced at

a constant bulk strain rate taken from the macro-scale model; (2) symmetry planes are

assigned to the surfaces x = 0, y = 0, and z = 0; and (3) the surfaces z = Lz and y = Ly

are free to move. In terms of fluid flow, a Robin boundary condition is imposed on the

surface x = 0 in order to account for the fact that the liquid feeding the semi-solid RVE

must take into account all the flow through the mushy zone to reach that point. This is

expressed as:

ql = F(pl � pm); (1)

where ql is the microscopic flux (mm.s�1), F is the feeding coefficient, pl is the liquid

pressure and pm is the metallostatic pressure. It has been shown by Sistaninia et al. (18)

that F can be defined as:

F =
ql

pl � pm
=

1R T
Tl

ml(1�gs(T ))

K(gs)G dT
; (2)

where ml is the liquid viscosity, G is the thermal gradient, gs is the solid fraction,

and K is the permeability of the mushy zone. The remaining surfaces of the RVE are

considered to be closed to fluid flow.

b. The Macro-scale Model

The DC casting process of a round billet (320 mm diameter � 800 mm length) is

simulated in the general purpose finite element (FE) software package ABAQUS ver-

sion 2019 using an axisymmetric geometry as shown in Fig. 2 (b). To simplify the

problem, the interactions of the billet with the mold and the bottom block are taken

into account by applying relevant boundary conditions. 2-D coupled temperature-

displacement elements, 4 mm in height � 5 mm in width, are used to mesh the com-

putational domain. The increase in the casting height as a result of the downward

movement of the bottom block is simulated such that the bottom block and the billet

remain in a fixed position and the billet height grows in vertical direction by addition

of horizontal layers incrementally. Accordingly, the thermal boundary condition is

moving upward at a rate consistent with the casting speed. To calculate the evolution
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of stress, strain, and temperature as a function of position in the billet and time, the

solidification and constitutive models are implemented through a user subroutine.

Two alloys have been studied in this research. The first is an aluminum AA5182

alloy (Al-0.35Mn-4.5Mg, wt.%) (20), which has a large non-equilibrium freezing range

(DT = 130�C) (24). The second is an aluminum AA3104 alloy (Al-0.88Mn-1.15Mg,

wt.%) (25), which has a shorter freezing range (DT = 70�C) (24). In a comprehensive

study by Lin et al. (26), the hot tearing susceptibility of these two alloys were ranked as

AA5182<AA3104. Moreover, grain refinement has been found to be highly effective

in reducing hot tearing susceptibility in AA5182 but less so in AA3104. This last point

is attributed to the large freezing range of AA5182.

In order to solve the heat transfer equations during casting, it is necessary to spec-

ify initial thermal conditions as well as proper heat transfer coefficients with the envi-

ronment. The initial temperatures are set to 650�C and 670�C, which are the typical

pouring temperatures of AA5182 and AA3104, respectively, while the ambient temper-

ature is assumed to be 25�C. The details on different thermal heat transfer coefficients

on surfaces G1-G5 are described in Ref. (20). It is also necessary to apply mechanical

boundary conditions to avoid convergence issues associated with rigid body motion.

For this purpose, an axisymmetric boundary condition is applied to the axis of rotation

(x = 0) to restrict the deformation of the centerline in radial direction. In addition,

the bottom node at the centreline of the billet is constrained in radial (x) and axial (y)

directions to suppress the separation of the bottom block and the billet at the centerline.

Finally, to perform a fully coupled thermo-mechanical analysis, a complete set of

temperature-dependent thermal and mechanical properties are required. With respect

to semi-solid deformation and hot tearing, the liquidus temperature (Tliq), the mechan-

ical coalescence temperature (Tcoh), and the solidus temperature (Tsol) are critical. In-

cluding the mechanical coalescence temperature in the calculations is of importance in

order to identify the point at which the semi-solid material starts developing strength

and exhibits contraction. The temperature for mechanical coalescence was considered

to be 602�C for AA5182, and 620�C for AA3104. More information on the applied

thermophysical properties of the AA5182 and AA3104 alloys and constitutive models

used to describe the inelastic behavior of the billet are provided in Refs. (20; 25). Since

7



a constitutive model which can predict the behavior of AA3104 alloy above solidus

temperature and input to the macro-scale model was not available in the literature, the

model proposed by Phillion et al. for AA5182 alloy was used (27).

c. Identifying regions of high hot tearing susceptibility

The simulation output of the macro-scale model provides the evolution in tempera-

ture, cooling rate, thermal gradient, grain size, and different states of stress and strain.

However, such outputs do not tell anything about hot tearing tendencies. Therefore, a

hot tearing criterion is required to predict regions at risk of hot tearing formation. The

thermal and mechanical conditions experienced by these regions will then be trans-

ferred to the meso-scale model to quantify the occurrence of a hot tear.

The hot tearing criterion used in this work is the pore fraction hot tearing model

first proposed by Monroe and Beckermann (28), and later developed by Dou and

Phillion (21). This model is based on the idea, beyond a critical solid fraction, i.e.

gs;cr = 0:98, fluid flow ceases and thus all the shrinkage and deformation must cause

porosity thus increasing hot tearing susceptibility. The amount of porosity as a result of

deformation, called “deformation pore fraction” can be defined in two directions, i.e.

parallel ( fp;de;ex) and perpendicular to the thermal gradient ( fp;de;ey) as shown below:

fp;de;ex =
ėpxDTf

Ṫ

Z gl;cr

0
(1 �gl)

dq

dgl
dgl ; (3)

fp;de;ey =
ėpyDTf

Ṫ

Z gl;cr

0
(1 �gl)

dq

dgl
dgl ; (4)

where gl;cr = 1�gs;cr is the critical liquid fraction, ėpy is the strain rate perpendicular to

the thermal gradient, ėpx is the strain rate parallel with the thermal gradient, DTf is the

freezing range, Ṫ is the cooling rate, and q equals T�Tsol
DTf

. By applying the pore fraction

hot model, the pore fraction distribution and hence the hot tearing susceptibility during

the DC casting process is calculated.

d. Multi-scale Approach to Hot Tearing

To implement the multi-scale approach by utilizing the tools outlined above, the

following steps as outlined in Fig. 1 are taken:
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1. Using the macro-scale model, the temperature and stress/strain evolution during

DC casting is predicted.

2. The cooling rate, strain rate parallel to the thermal gradient and strain rate per-

pendicular to the thermal gradient are output from the macro-scale model at gl;cr

corresponding to T = 546�C and T = 591�C for AA5182 and AA3104, respec-

tively, via a Python script run in ABAQUS.

3. The distribution of pore fraction in the DC cast billet are calculated using the

output of the previous step. With this knowledge, the locations most susceptible

to hot tearing are identified.

4. Additional characteristics of locations having the highest hot tearing suscepti-

bility, i.e. grain size (d), thermal gradient (G), and bulk strain rate (ėv), are

extracted from the macro-scale model and used as input parameters by the meso-

scale model to simulate semi-solid tensile behavior and consequently predict the

occurrence of hot tears.

5. Hot tearing maps, which show the locations within the DC casting billets where

hot tears occur with respect to the multi-scale approach for different macro-scale

simulations, are generated.

Please note that: (1) The grain size d is estimated following Easton et al.’s ap-

proach (29) that considers the cooling rate (Ṫ ), grain refiner addition ([TiB2]), and

alloy composition as controlling parameters:

d(mm) =
1

1:4(1 � e�0:569Ṫ 0:685
)[TiB2]1=3

+(281 +
381
Ṫ 0:5 )

1
Q

; (5)

where Ṫ is calculated from the macro-scale simulation at a temperature just below

Tliq, it is assumed that the alloys are grain-refined with 0.005 wt.% [TiB2], and the

effect of alloy composition is quantified through the growth restriction factor (Q =

åi mi c0;i(ki � 1) with mi being the liquidus gradient, c0;i the composition, and ki the

binary partition coefficient for each element i in the alloy). (2) The thermal gradient is

calculated from the temperature field evolution given by the macro-scale simulation, at

a temperature just above Tsol . (3) The bulk strain rate ėv is calculated as 3 � ėpx.
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III. Results and Discussion

Three different macro-scale simulations, each using a different casting speed (Case

A - 66 mm.min�1; Case B - 56 mm.min�1; Case C - 46 mm.min�1), were performed

for both of the studied alloys. Since the main challenge in this coupling is to determine

when and how to apply the meso-scale model to optimize the computational costs,

first, the results of the pore fraction model for the three simulation cases for AA5182

are presented in Section ??. Then, the characteristics of the locations in the AA5182

macro-scale simulations exhibiting the highest susceptibility to hot tearing with respect

to the pore fraction model are discussed in Section ??. After that, in Section ??, the

focus is placed on examining the tensile behavior of the AA5182 meso-scale RVEs

possessing characteristics of the locations with the highest risk of hot tearing based on

the pore fraction model. Finally, the hot tearing maps for AA5182 and AA3104 ob-

tained from the multi-scale approach are compared and discussed against the available

hot tearing models in the literature.

a. Hot Tearing Susceptibility as Predicted by the Macro-scale Model

In order to explore hot tearing susceptibility of AA5182 during DC casting, the dis-

tributions of the total deformation pore fraction ( fp;de = fp;de;ex + fp;de;ey) for simula-

tion cases A, B, and C are analyzed. Fig. 3 shows the variation of the total deformation

pore fraction as a function of distance from the bottom block along the centerline of

the billet at gs;cr for all three cases. As can be seen, the pore fraction is an increasing

function of the distance from the bottom block until it reaches a peak value at a few

millimetres above the bottom surface of the billet, which indicates the susceptibility of

the billet to hot tearing in the start-up region. As the casting speed increases, the peak

value of the deformation pore fraction also increases and shifts to lower heights in the

billet such that it occurs at the height of 12 mm, 16 mm, and 24 mm above the bot-

tom block for Cases A, B, and C, respectively. After the peak value has been attained,

the pore fraction shows a decreasing trend until 50-100 mm above the bottom block

depending on the casting speed. For case C, the pore fraction becomes zero above 90

mm from the bottom block, meaning that there is no vulnerability to hot tearing; how-

ever, for case A and B, the pore fraction starts to increase after 80 and 100 mm above
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the bottom block, respectively in such a way that for case A at the height of 350 mm,

it even becomes larger than the peak value. The finding that hot tearing susceptibil-

ity increases above approx. 80 mm from the bottom block contradicts with industry

experience where there is little risk of hot tearing in the steady state regime (30).

As shown in Eq. 3 and Eq. 4, the pore fractions fp;de;ex and fp;de;ey are strong

functions of ėpx and ėpy. Fig. 4 (a) and (b) show the variation in the strain rate parallel

(ėpx) and perpendicular (ėpy) to the thermal gradient along the centerline of the billet

as a function of the distance from the bottom block. By comparing the two figures,

it is noted that the evolution of the deformation pore fraction in the start-up and the

steady state regimes is controlled by ėpx and ėpy, respectively. Therefore, the increase

in the deformation pore fraction for case A in the steady state region is the result of the

increase in ėpy as shown in Fig. 4 (b), which implies higher hot tearing susceptibility in

the steady state region. However, as shown in Fig. 5, the total strain perpendicular to

the thermal gradient along the centerline of the billet becomes negative above 32 mm

from the bottom block, meaning that the strain is compressive which not only does not

cause cracking, but can also heal small hot tears by pushing liquid into regions where

feeding is difficult.

In order to study the hot tearing propensity in the radial direction, the evolution

of deformation pore fraction as a function of distance from the centerline of the billet

for cases A, B, and C at three different heights of 12 mm, 16 mm, and 24 mm above

the bottom block is plotted in Fig. 6. For each case, the height is chosen based on

the location of the peak value in Fig. 3. It can be observed that the deformation pore

fraction generally decreases as one approaches the surface of the billet, implying that

the hot tearing susceptibility decreases in radial direction. Therefore, from the results

of applying the pore fraction hot tearing criterion to the macro-scale model, it can

be concluded that there is a risk of hot tearing formation near the center of the billet

and as the casting speed increases, the distance between the point with the highest

vulnerability to hot tearing and the bottom surface of the billet decreases. Moreover,

there is no risk of hot tearing near the surface of the billet.
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b. Characteristics of Susceptible Locations

Although the risk of hot tearing initiation has been investigated so far, the question

whether or not hot tears will initiate still remains. To answer this question, it is required

to identify the location within the billet demonstrating the highest risk of hot tearing

formation according to the pore fraction model for each simulation case. Such loca-

tions, listed in Table 1 are named X, Y, and Z for the AA5182 simulation cases A, B,

and C. At these locations, the grain size, strain rate, and thermal gradient are extracted

from the macro-scale model and used as inputs, along with the corresponding feeding

coefficient F , to create the meso-scale simulations for the AA5182 alloy. The values

for each simulation are listed in Table 2.

Fig. 7 plots the above-mentioned parameters as a function of position along the

billet’s radius at the critical heights above the bottom block from Table 1 in order to

gain an understanding of their variation in a DC cast billet. Beginning with Fig. 7 (a) the

grain size is shown to decrease towards the surface of the billet, as expected due to the

higher thermal gradients, Fig. 7 (b). The effect of casting speed is seen to be negligible

except right near the billet’s surface. The bulk strain and strain rate are defined as

the volumetric deformation and the rate of such deformation. However, the strain rate

parallel to the thermal gradient that causes cracking in the start-up region as explained

by the pore fraction model, is an axial strain rate. Fig. 7 (c) plots the bulk strain rate ėv

in the radial direction assuming that this quantity can be calculated as 3 � ėpx. It can

be seen that the bulk strain rate increases with the casting speed and decreases in radial

direction. Finally, Fig. 7 (d) shows the variation in F with solid fraction for thermal

gradients of 2500, 3500, and 5500 K.m�1 assuming a constant viscosity of 0.0015 Pa.s

and a grain size of 220 mm. As can be seen, as the solid fraction increases and the

thermal gradient decreases, the feedability of the mushy zone decreases.

c. Meso-scale Model Predictions of Semi-solid Deformation

With the model inputs shown in Table 2, the meso-scale model can be applied for

the AA5182 alloy. Figs. 8 (a) and (b) represent the average stress and the average liquid

pressure of the RVE as a function of strain over the surface x = Lx at gs;cr for locations

X, Y, and Z. As can be seen in Fig. 8 (a), the stress increases with the strain for all three
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locations until it reaches a maximum value, which can be called the failure stress, then

no further increase is observed in the stress evolution. Moreover, the strain at which

the failure is achieved varies in such a way that for X it is almost twice as large as that

for Z. However, the failure stress does not considerably vary for these three locations.

As illustrated in Fig. 8 (b), by applying tensile deformation to the RVE, the liquid

pressure decreases from an initial value that is assumed to be zero. For each location,

the strain at which the maximum liquid pressure drop and the maximum stress are

achieved represents the onset of cracking. For location Z, the crack initiation happens

at a smaller strain but larger liquid pressure drop in comparison to locations X and

Y. This can be explained in terms of the smaller feeding coefficient (F) used for Z,

which causes more restricted liquid feeding between the grains and consequently a

larger pressure drop as the deformation proceeds. However, since the strain rate for

each simulation case is different, it is not possible to give a clear statement about the

effect of liquid feeding and also strain rate on the tensile behavior of the RVE.

To more clearly demonstrate the tensile behavior of the RVE, contour maps of

the maximum principal strain at three strain values (e1 = 0:0133, e2 = 0:0163 and

e3 = 0:0174; markers (a), (b), and (c) in Fig. 8 (a), are shown in Fig. 9 (a),(b), and (c).

In Fig. 9 (a), which is one increment before the maximum stress, the strain is localized

between the grains, but there is no sign of a crack. Crack initiation and growth are

clearly visible in Fig. 9 (b) and (c), which correspond to one and two increments after

the maximum stress is obtained. The increase in the liquid pressure after the maximum

pressure drop is reached is due to the fact that the crack growth causes the associated

liquid channels to become dry and its remaining liquid is sucked into other regions of

the RVE. The corresponding liquid channels are then eliminated from the fluid flow

and deformation calculations.

Fig. 10 plots the stress-strain behaviour of five meso-scale model simulations for

the AA5182 alloy with a constant grain size of 220 mm in order to investigate the

effects of bulk strain rate (ėv) and the feeding coefficient (F) on the tensile behavior

of the mushy zone. As can be seen, the decrease in F and increase in ėv results in a

higher resistance to tensile deformation or in other words higher stiffness. However,

determining which parameter controls the tensile behavior of the RVE depends on their
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values. A comparison between the green curve (F = 0:01 mm.Pa�1.s�1 , ėv = 0:0017

s�1) and the blue curve (F = 0:007 mm.Pa�1.s�1 , ėv = 0:0012 s�1) indicates that

ėv is the controlling parameter, while comparing the green curve with the red curve

(F = 0:007 mm.Pa�1.s�1 , ėv = 0:0015 s�1) shows the opposite. With this information,

F is thus the controlling parameter in Fig. 8 (a), meaning that although ėv increases with

casting speed, the increase in F results in lower stiffness for location X.

Although the grain size was almost constant for the three locations X, Y, and Z

at 220 mm (see Table 2), it generally varies with location in the billet as shown in

Fig. 7 (a). To study the role of grain size, a number of meso-scale simulations were

performed considering a constant F = 0:007 mm.Pa�1.s�1 and various ėv and d with

the results summarized in the contour map shown in Fig. 11. It is worth mentioning

that large values for ėv were used deliberately to force cracks to form within the RVE.

It is clear that the stress at fracture decreases with grain size. However, for a constant

grain size, the variation in ėv does not significantly affect the stress at fracture. This

observation is consistent with the results given in Fig. 8 (a). Hence, it can be deduced

that regardless of the applied bulk strain rate, as the grain size decreases (e.g. via grain

refining), the crack initiation requires a larger stress which implies lower propensity to

hot tearing formation.

d. Quantitative Prediction of Hot Tearing

As explained so far, the multi-scale approach can provide detailed knowledge of the

mechanical behavior of the mushy zone at different locations and consequently predict

crack initiation and growth considering the liquid pressure drop between the grains as

a result of deformation. This approach can be used to generate a Hot Tearing Map for

AA5182 that defines locations within a DC cast billet where hot tearing formation most

likely occurs. To create such a map, the data required for the meso-scale model was

extracted from all nodes from the macro-scale model. First, nodes having lower strain

rates, higher feeding coefficients, and smaller grain sizes than the three sets of condi-

tions shown in Table 2 that resulted in hot tearing formation were eliminated from the

list. Second, the meso-scale simulation was carried out for the remaining nodes. The

resulting hot tearing formation maps generated for the macro-scale simulation cases A,
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B, and C can be seen in Fig. 12 (a1), (b1), and ( c1); the red dots represent locations in

the macro-scale simulation domain in which hot tears were predicted to occur by the

meso-scale model. As can be seen, and as expected, larger casting speeds result in an

increase in the number of red points.

But, is this approach sensitive to alloy composition? As outlined in Section 2,

a similar macro-scale model was created for the AA3104 alloy. This has a shorter

freezing range than AA5182, but is known to be quite sensitive to hot tearing; perhaps

because early grain coherency due to large grains prevents the flow of interdendritic

liquid into the central dendritic network. Fig. 12 (a2), (b2), and (c2) show the Hot

Tearing Maps for this alloy, also with casting speeds of 66 mm.min�1, 56 mm.min�1,

and 46 mm.min�1. Although AA3104 has a smaller freezing range, It can be seen that

for a constant casting speed the number of locations identified as ”hot tear predicted”

is much higher in this alloy as compared to AA5182. Therefore, it can be inferred

that a combination of different parameters affects hot tearing formation. In terms of

process parameters, the main difference is the pouring temperature, as the macro-scale

simulation for AA3104 used a value of 670�C, which is 20�C larger than for AA5182.

The effect of alloy composition is seen through the growth restriction factor resulting

in a much larger grain size for AA3104 than for AA5182. The higher hot tearing

susceptibility of AA3104 in comparison to AA5182 as predicted by the multi-scale

approach is in agreement with the observations of Lin et al. (26), which underlines the

importance of the grain size for hot tearing susceptibility in casting of an alloy with

large nonequilibrium freezing range and the grain size above 200 mm.

IV. Summary

A multi-scale approach for simulating hot tearing during the DC casting of alu-

minum alloys has been presented for two alloys, AA5182 and AA3104. The novelty of

this approach lies in the combination of the macro-scale simulation of the DC casting

process with the direct prediction of hot tears via a meso-scale multi-physics granular

model. This approach is capable of simulating hot tearing initiation, growth, and prop-

agation within a representative volume element of the mushy zone as a function of alloy
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composition. The change of cooling condition experienced by the DC cast billet as a

result of the variation of casting speed as well as non-uniformity of heat extraction from

different locations of the billet affect the deformation state, cooling rate, and thermal

gradient, which further influence the strain rate, grain size, permeability, and feeding

coefficient. Considering all the mentioned parameters, the multi-scale approach em-

phasizes the fact that hot tearing is a phenomenon resulting from the combination of

the tensile deformation and restricted feeding of the mushy zone. The developed hot

tearing formation maps demonstrate the locations where hot tearing will occur as pre-

dicted by the multi-scale approach; these maps are sensitive to both alloy composition

and processing parameters. The predictions are in good agreement with the results of

prior experimental and numerical investigations (e.g. M’Hamdi et al. (31), Jamaly et

al. (20), and Lin et al. (26)), that have shown that hot tearing susceptibility increases

with an increase in the casting speed and grain size. Finally, it should be noted that

the accuracy of the multi-scale approach highly depends on the availability of the ther-

mophysical properties and constitutive equations explaining the alloy’s behavior in the

semi-solid region.
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VI. Tables

Table 1: Locations within the billet for which the semi-solid geometries are generated for the AA5182

alloy; x is the distance from the centerline and y is the distance from the bottom block.

Simulation case Identifier x (mm) y (mm)

A (66 mm.min�1) X 15 12

B (56 mm.min�1) Y 15 16

C (46 mm.min�1) Z 20 24
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Table 2: Characteristics of nodes demonstrating the highest deformation pore fraction at solid fraction

of 0.98 for the AA5182 alloy

Simulation case X Y Z

d (mm) 220 220 220

ėv (s�1) 0.0017 0.0015 0.0012

G (K.m�1) 3000 2850 2700

F (mm.Pa�1.s�1) 0.008 0.007 0.006

VII. Figure Headings

Figure 1: Flow chart of the multi-scale approach.
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Figure 2: Schematic of (a) the computational domain in the macro-scale model, (b) a representative

volume element (RVE) at gs = 0:98.

Figure 3: Evolution of the deformation pore fraction along the centerline of the billet at solid fraction

of 0.98 for the AA5182 macro-scale simulation cases A, B, and C.
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Figure 4: Evolution of (a) the strain rate parallel with the thermal gradient ( ėpx), and (b) the strain

rate perpendicular to the thermal gradient (ėpy) along the centerline of billet at solid fraction of 0.98

for the AA5182 macro-scale simulation cases A, B, and C.
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Figure 5: Variation in the strain perpendicular to the thermal gradient as a function of distance from

the bottom block along the centerline of the billet at solid fraction of 0.98 for the AA5182 macro-scale

simulation cases A, B, and C.

Figure 6: Evolution of the deformation pore fraction as a function of distance from the centerline of

the billet at solid fraction of 0.98 for the AA5182 macro-scale simulation cases A, B, and C.
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