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One of the major problems during direct chill (DC) casting is hot tearing. These tears initiate during
solidification of the alloy and may run through the entire ingot. To study the hot tearing mechanism, tensile
tests were carried out in semisolid state and at low strain rates, and crack propagation was studied in situ
by scanning electron microscopy (SEM). These experimentally induced cracks were compared with hot
tears developed in an AA5182 ingot during a casting trial in an industrial research facility. Similarities in
the microstructure of the tensile test specimens and the hot tears indicate that hot tearing can be simulated
by performing tensile tests at semisolid temperatures. The experimental data were compared with existing
hot tearing models and it was concluded that the latter are restricted to relatively high liquid fractions
because they do not take into account the existence of solid bridges in the crack.
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1. Introduction

During direct chill (DC) casting of aluminum (Al) alloys,
the primary and secondary cooling cause strong thermal gra-
dients in the ingot that may lead to distortion of the ingot shape
(e.g., butt curl, butt swell, rolling face pull-in) and/or to hot
tearing and cold cracking. This study focuses on one of these
problems: hot tearing.

From many studies[1-9] starting as early as the 1950s and
reviewed in Ref. 10, it appears that hot tears initiate above the
solidus temperature and propagate in the interdendritic liquid
film. This results in a bumpy crack surface covered with a
smooth layer and sometimes with solid bridges, which connect
both sides of the crack.[8,9,11-17] During solidification, the liquid
flow through the mushy zone decreases until it becomes insuf-
ficient to fill initiated cavities, which allows the cavities to
grow further. The solidification process can be divided in four
stages, based on the permeability of the solid network:[3,6,9,18]

(1) mass feeding, in which both liquid and solid are free to
move; (2) interdendritic feeding, in which the remaining liquid
has to flow through the dendritic network; (3) interdendritic
separation, in which the liquid network becomes fragmented
and pore formation or hot tearing may occur; and (4) interden-
dritic bridging or solid feeding, in which the ingot has devel-
oped a considerable strength and further shrinkage is compen-
sated by solid-state creep. A large freezing range of the alloy
promotes hot tearing because these alloys spend a long time in
the vulnerable state in which thin liquid films exist between the
dendrites. The liquid film distribution is determined by the
dihedral angle �. With a low dihedral angle, the liquid will tend
to spread out over the grain boundary surface, which strongly
reduces the dendrite coherency. With a high dihedral angle the
liquid will remain as droplets at the triple points so that the
solid network holds its strength.

Apart from these intrinsic factors, the solidification shrink-
age and thermal contraction impose strains and stresses on the
solid network, which are required for hot tearing. It is argued
that it is mainly the strain and the strain rate that are critical for
hot tearing.[2,9] Stresses do not seem critical because the forces
available during solidification are very high compared with the
stresses a semisolid network can resist.[9]

Several hot tearing criteria have been developed in the past
decades. Feurer[5] used the fluid flow through a porous network
to calculate the afterfeeding by liquid metal. Hot tears will
initiate when this afterfeeding cannot compensate the solidifi-
cation shrinkage. Clyne and Davies[6] defined a cracking sus-
ceptibility coefficient (CSC) as the ratio between the time, tV,
during which the alloy is prone to hot tearing and the time, tR,
during which stress relaxation and afterfeeding can take place.
These times are defined as the periods during which the frac-
tion liquid is between 0.1 and 0.01 and between 0.1 and 0.6,
respectively. These criteria were combined with a heat flow
model describing the DC casting process by Katgerman.[19]

This enabled the determination of the cracking susceptibility
coefficient as a function of the casting parameters. Unfortu-
nately, the above criteria are restricted in their use because they
give only a qualitative indication for the hot tearing suscepti-
bility.

The first two-phase model, which takes into account both
fluid flow and deformation of the solid network, is the Rappaz-
Drezet-Gremaud (RDG) hot tearing criterion.[20] The RDG cri-
terion is formulated on the basis of afterfeeding, which is lim-
ited by the permeability of the mushy zone. At the
solidification front the permeability is high, but deeper in the
mushy zone the permeability is restricted. A pressure drop
along the mushy zone exists that is a function of this perme-
ability and the strain rate. If the local pressure becomes lower
than a critical pressure, a cavity is initiated. The model is
implemented in a thermomechanical model for DC casting by
Drezet et al.[21] to predict hot tearing during billet casting. The
hot tearing susceptibility is found to be higher during startup of
the casting and in the center of the billet, which agrees with
general casting practice.

An additional development of the RDG criterion is carried
out by Braccini et al.[22] They included plastic deformation of
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the solid phase and a criterion for the growth of a cavity. They
based their model on two simplified geometric models, one for
a columnar dendritic structure and one for an equiaxed den-
dritic structure. Explicit relations are developed for critical
strain rates and they indicate that the critical strain rate de-
creases with increasing solid fraction.

Many studies have used tensile testing at semisolid tem-
peratures to study hot tearing either by in situ solidification
experiments[11-13,18,23-25] or by reheating specimens from room
temperature.[15,24,26-28] Both techniques led to the following
general results. In several Al alloys, it is observed that both
strength and ductility strongly decrease from just below the
solidus temperature to the semisolid state, whereas the fracture
surface changes from rough, related to the ductile behavior, to
smooth, related to the presence of a liquid film. Furthermore,
cracks initiate at micropores or molten inclusions and continue
along grain boundaries.

The prediction of hot tears during DC casting is complicated
because of the complex cooling conditions and subsequent de-
velopment of thermal stresses. Models developed for this pur-
pose require a detailed knowledge of the process conditions
and hot tearing mechanisms. Therefore, a microstructural in-
vestigation of hot tearing in an AA5182 alloy was carried out
in two ways: tensile specimens were deformed at various tem-
peratures above the solidus and under different loads, which for
certain conditions led to fracture. Furthermore, crack propaga-
tion was studied in situ at 500 °C. In both cases, the fracture
surfaces of the specimens were investigated by scanning elec-
tron microscopy (SEM). The results of the tests were compared
with a hot tearing surface in an industrial AA5182 ingot and
current hot tearing criteria were evaluated.

2. Experimental

2.1. Material

The material investigated is an AA5182 alloy. It was
sampled from a rolling slab, which was DC cast at an industrial
research facility. The composition in wt.% was Mg, 3.6; Mn,
0.16; Si, 0.21; Fe, 0.26; Al, bal. The slab was not heat treated.

2.2. Tensile Tests

The experiments were carried out with a Gleeble 3500 ther-
momechanical simulator (Duffers Inc., Poestenkill, NY). The
specimens with the same shape as reported earlier[29] were
tested with their tensile direction parallel to the casting direc-
tion. They were heated as fast as possible (50 °C/s) by Joule
heating to the semisolid temperature to minimize changes in
the as-cast structure, and under argon atmosphere to prevent
oxidation of the fracture surface. The tensile tests were carried
out in force control and at low strain rate (<3 × 10−3 s−1). At the
moment the force was seen to decrease, which was interpreted
as crack initiation, the specimen was quenched with water to
preserve the microstructure at the time of fracture. Nonfrac-
tured specimens were quenched immediately after the tensile
test. The material was tested at temperatures from 500-580 °C
and at stress levels between 0.8 and 10 MPa. The fraction
liquid was calculated with the Alstruc model.[30-32] After the
tests, selected nonfractured specimens were cut parallel to the
tensile direction and studied by optical microscopy. The grain

size was determined with the line interception method. Frac-
tured specimens were studied by SEM.

2.3. In Situ Cracking Observation

In a SEM equipped with a hot stage, polished flat speci-
mens with a V-notch (Fig. 1) were heated and deformed in

Fig. 1 Schematic drawing of specimen used for in situ observations.
Dimensions are in mm. Thickness is 1.5 mm.

Fig. 2 SEM micrograph of fracture surface of tensile specimen, frac-
tured at 560 °C. (a) Grains covered with a (solidified) liquid film. SB1,
remains of fractured solid bridges; SB2, solid bridge still intact. (b)
Side crack, not fully separated. (c) Separated grains with some remain-
ing liquid which forms a capillary meniscus (C)
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tension. The specimen was mounted on a heating element and
heated to 500 °C in 2 min. The specimen was then deformed at
a speed of 0.2 �m/s and crack propagation was studied. The
tensile direction was normal to the casting direction and par-
allel to the rolling face of the slab.

2.4. Observation of Hot Tear Surface in an Industrial Ingot

Samples from casting experiments with AA5182 at an in-
dustrial research facility were selected and hot tears were in-
vestigated by SEM. The location of the samples was in the
steady-state part of the ingot at circa 10 cm from the crack
initiation point. The samples were etched to remove the oxide
layer on the hot tearing surface.

3. Results

3.1. Tensile Tests and Microstructural Observations

The resulting strain rate and strain of the tensile tests are
summarized in Table 1. Also indicated are the liquid fraction fL
and whether the specimen fractured.

Optical microscopy on the uncracked specimens and on an
as-cast specimen showed that all specimens had a similar grain
size (110-120 �m), had Al6 (Mn, Fe) and Al3Mg2 as constitu-
ent particles, and contained some porosity. No crack initiation
phenomena were observed in the strained specimens. Thus, no
major differences between the strained specimens themselves
or with the as-cast specimen were observed.

SEM observations were made of the fracture surface of the
specimen fractured at 560 °C and � � 0.005. Figure 2 shows
grains, which are covered with a smooth layer that was liquid
at the time of fracture. Where the gap between two grains
became too large, holes developed in the liquid film. In some
parts, the two crack sides were still connected by solid bridges,
which are solid connections between dendrite arms. Evidence
for this is seen in the rough surface in Fig. 2 at location SB1

where solid-state rupture has taken place. Solid bridges still in
place are also present, as can be seen at location SB2. Figure
2(b) shows in detail one of the many side cracks in its final
stage before decohesion. It is partly filled with solidified liquid.
Figure 2(c) shows two separated grains with some remaining
liquid. In this case, the liquid metal pressure was not high
enough to feed the entire crack and a capillary meniscus re-
mained.

3.2. In Situ Cracking Observation

Figure 3 shows two still photographs from the video of the
in situ deformation in the SEM at 500 °C. The crack started at
the notch of the specimen, but after some deformation, cracks
also initiated at grain boundaries and pores. These separate
cracks grew to each other to form the final crack. They mainly
followed the grain boundaries, and because of the different
crack initiation locations, the final crack has a meandering
form. Although the grain boundaries were clearly the weakest
part of the structure, the occurrence of slip lines (Fig. 3b)
indicated that the grains themselves also deformed. Side cracks

Table 1 Experimental Parameters for the Hot Tearing
Simulations With AA5182 and Resulting Strain Rate
and Strain

T, °C fL �, MPa �
.
, s−1 � Remark

500 0.00 8 2.7 × 10−4 0.005
500 0.00 8 3.3 × 10−4 0.016
510 0.00 4 4.4 × 10−5 0.007
510 0.00 8 2.1 × 10−4 0.020
520 0.01 6 1.5 × 10−4 0.004
520 0.01 3 8.2 × 10−5 0.006
530 0.02 3 4.8 × 10−5 0.006
540 0.02 4 1.9 × 10−4 0.004
540 0.02 4 2.5 × 10−4 0.004
540 0.02 2 5.2 × 10−5 0.006
540 0.02 10 2.5 × 10−3 0.013 Cracked
540 0.02 10 2.7 × 10−3 0.014
550 0.03 1 3.3 × 10−5 0.004
550 0.03 3 1.6 × 10−4 0.004
550 0.03 5 8.0 × 10−4 0.008 Cracked
556 0.04 3 1.5 × 10−4 0.002
560 0.04 2 9.0 × 10−4 0.001 Cracked
560 0.04 2 6.5 × 10−4 0.005 Cracked
580 0.07 0.8 5.0 × 10−4 0.003 Cracked
580 0.07 0.8 3.3 × 10−4 0.005 Cracked
580 0.07 0.9 4.0 × 10−4 0.010 Cracked

Fig. 3 Tensile deformation (direction: ↕) in SEM at 500 °C. (a)
Cracks initiate at different locations and grow towards each other.
Square: detail shown in Fig. 4. (b) Slip lines (SL)
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were also formed, but they stopped growing when the stress
was relieved by propagation of the main crack. No liquid is
present at 500 °C, but when a crack is formed, solid bridges
initially form the connection between the sides of the crack and
they flow in a ductile manner during separation (Fig. 4).

3.3. Observation of Hot Tears in an Industrial Ingot

The cracking surface of hot tears in one of the AA5182
ingots of the industrial casting experiments was investigated by
SEM. The grain size is ca. 135 �m. Many side cracks are
present and the hot tear follows the grain boundaries (Fig. 5).
Part of the grain boundary surface was liquid at the time of
fracture, as indicated by the smooth dendrite arms. The same
figure shows that the grain boundary surface was not com-
pletely covered by a liquid film. The irregular marks on the
grains show evidence of solid-state deformation in places
where the grains were still connected.

There are large similarities between the fracture surface of
the tensile specimens (Fig. 2) and the ingot hot tears (Fig. 5).
Both have a similar grain size and show intergranular fracture,
solid bridges, and dendrite arms covered with a liquid layer.
There are also similarities between the in situ specimens and
the ingot hot tears, because both show intergranular fracture
and solid bridges.

4. Discussion

4.1. Hot Tearing Observations

In the tensile tests, it was observed that apart from liquid
film separation, ductile failure occurred locally where solid
material formed bridges across the liquid film (Fig. 2). Thus,
the material behaves in a brittle manner on the large scale,
whereas locally it behaves in a ductile manner. These obser-
vations are similar to the results of tensile loaded specimens of

AA2024[15] and AA6063.[12] Furthermore, the data summa-
rized in Table 1, although too limited to make a complete
ductility curve, give the general picture of a steeply decreasing
ductility just above the solidus temperature, a minimum around
a fraction liquid of 0.04 (560 °C), and a slight increase again at
higher temperatures. This is consistent with literature
data.[12,14,15,24,26]

The in situ SEM observations are especially suited to study
crack propagation. They show intergranular cracking and the
development of solid bridges (Fig. 3 and 4). They also show
that grain boundary separation occurs in three stages, as shown

Fig. 4 SEM micrograph of fracture surface of in situ specimen.
Square in Fig. 3 indicates location.

Fig. 5 SEM micrograph of the hot tear surface (in plane of paper).
(a) Marks (M) on surface indicate solid state rupture. (b) Side crack
with marks and capillary meniscus (C) of remaining film
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schematically in Fig. 6. Where grain boundaries are perpen-
dicular to the tensile direction, the crack grows by opening the
grain boundary as a wedge (Fig. 6a). Upon reaching a grain
boundary more or less parallel to the tensile direction, the crack
arrests briefly (Fig. 6b), and then continues along one of the
grain boundaries by a sliding motion (Fig. 6c).

Observations on the hot tear surface of the industrial ingot
show that many features such as side cracks, liquid films, solid
bridges, and grain size are similar to features observed on the
fracture surfaces of the tensile specimens and the in situ SEM
specimens. This indicates that tensile experiments at the semi-
solid state such as carried out in this study can be used to study
hot tearing and to evaluate existing hot tearing criteria.

Few studies investigated hot tear surfaces in an industrial
billet. In AA6063, it was shown that the fracture surfaces
were covered by a fluid film and �- and �-AlFeSi particles.[13]

No evidence for solid-state rupture was reported, and it was
concluded that hot tearing occurred during the �- to �-phase
transition. In the current study, precipitates were also ob-
served on the crack surface, but no correlation was found be-
tween nature or number of the precipitates and tendency of
cracking.

The observations in the current study are based on data from
reheating tests, whereas in situ solidification tests might be
more appropriate in relation to the DC casting process. These
tests were described in Refs. 8, 11, 12, 14, and 25. In both the
in situ solidification test and the reheating test, the microstruc-
ture will be different from that in the DC cast ingot during
casting. In the in situ test, cooling conditions will be different
from the conditions during DC casting, whereas in the reheat-
ing test, the cooling conditions are the same (till the test tem-
perature), but changes may occur during cooling to room tem-
perature, during storage, and/or during reheating. These
differences will affect grain size, macrosegregation, dendrite
shape, and liquid film morphology. A lower ductility is re-
ported for in situ solidified specimens, which is attributed to
the existence of thicker liquid films that persist longer because
of the latent heat evolution associated with solidification.[14]

Rogberg[8] observed that cooling after casting of carbon steel
leads to a different macrostructure, diffusion of the low melting
phases away from the grain boundaries, and equalization of the
originally dendritic grain boundaries. Despite these differences
between in situ solidified and reheated material, the differences
with the material during DC casting are not clear. Because in
situ solidification tests produce many experimental difficulties,
it was decided to use the reheating tests in the current study.

4.2. Hot Tearing Criteria

Figure 7 shows the strain versus strain rate of the specimens
tested in a semisolid state. It indicates that tendency for crack-
ing is mainly a function of strain rate. This is recognized by a
recent hot tearing model of Rappaz et al.[20] They calculate the
pressure drop caused by separation of the dendrite arms and
lack of afterfeeding caused by the restricted permeability of the
mushy zone, and assume a critical pressure for cavity nucle-
ation. Unfortunately, it is not possible to calculate the critical
strain rate to attain a certain cavitation pressure, which makes
it difficult to compare the model quantitatively to experimental
data. The model is further developed by Braccini et al.[22] to
include crack growth and deformation of the solid network.
This modification makes it possible to calculate directly the
strain rates at which nucleation or cavity growth occurs, which
allows comparison with the experimental data. They apply a
series model based on two simplified geometrical models: one
for a columnar dendritic structure and one for an equiaxed
dendritic structure. For an equiaxed structure, which corre-
sponds best to the microstructure in our specimens, the follow-
ing expressions were derived:

�̇ = �1 −
e

h� �� − a

� �2�3pc − pm

K�T, fS�
��1�m

+
e

h

2�

�� − a�2

pc

�L
(Eq 1)

with

� =
e2

32
�1 − fS� �f S

c − fS�
1.3 (Eq 2)

where �̇ is the critical strain rate for hot tearing, e is the liquid
film thickness, h is the gauge length, � is half the grain size, a
is the length of the tear, pc is the cavitation pressure, pm is the
metallostatic pressure, K is a constitutive parameter that is a
function of the temperature T and the fraction solid fS, m is the
strain rate sensitivity, � is the permeability of the mushy zone,
�L is the viscosity of the liquid, and f c

S is the solid fraction at
which the liquid network becomes disconnected. The right-
hand side of Eq 1 is divided in two parts, the first describing the
behavior of the solid skeleton and the second describing the
liquid flow, calculated with Darcy’s law. The parameters used
are given in Table 2. Instead of assigning to h a macroscopic
quantity (gauge length), we prefer to take a microscopic quan-
tity corresponding to the distance where the local disturbance

Fig. 6 Schematic drawing of three stages of grain boundary separation (tensile direction: ↕). (a) Separation by a wedge. (b) Crack arrest. (c) Sliding
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vanishes and estimate the distance equal to three times the
grain radius. The metallostatic pressure is set equal to zero
because there is no macroscopic afterfeeding in the experi-
ments. With hot tear length a equal to zero, Eq 1 gives the
critical strain rate for hot tear nucleation. For a certain hot tear
length a, Eq 1 gives the minimum strain rate at which the hot
tear will propagate. For K we used the constitutive description
for the mushy zone, which is based on tensile tests and takes
into account the liquid film geometry,[33] whereas in Ref. 22
the constitutive equation was based on shear experiments.

The minimum strain rates for both nucleation and growth
are given in Fig. 8. Except for the highest solid fractions, the
result is dominated by the liquid flow part in Eq 1. The critical
strain rate for growth is higher than for nucleation, which
means that the first is important for hot tearing. The critical
strain rate increases with increasing liquid fraction because of
the higher permeability of the mush.

The experimental data from Table 1 are also shown in Fig.
8. It is observed that there is a one to four orders of magnitude
difference between the model and the experimental data. Fur-
thermore, in contrast to the model, the experimental data show
a decreasing strain rate with increasing liquid fraction. These
differences are explained as follows. First, the model is highly

sensitive to some parameter values used. For instance, uncer-
tainties in the chosen fraction solid at which the liquid network
becomes fragmented (f S

c) strongly influence the maximum
solid fraction at which the model is valid. Second, in the tensile
test, macroscopic feeding is not provided and local flow is
restricted. Therefore, the critical strain rate will be lower. Be-
cause the strength of the solid network is measured rather than
the effect of feeding, the critical strain rate will decrease with
increasing liquid fraction. Both the RDG model[20] and the
series model of Braccini[22] take into account the deformation
of the solid phase, but the critical strain rate in both models is
almost exclusively determined by afterfeeding. In future mod-
els, solid bridges should be better accounted for, e.g., by using
a parallel model rather than a series model for the microstruc-
ture. The experimental setup should have the possibility for
afterfeeding, such as in an apparatus recently developed by
Instone et al.[25] In addition, the model does not account for
healing mechanisms other than fluid flow. For instance, diffu-
sion is very fast in the liquid film and will contribute to strain
accommodation in the final stage of solidification.

Despite the difficulties in linking the existing models with
the experimental data, both give information relevant to hot
tearing during DC casting. The model indicates the importance
of fluid flow, whereas the experiments illustrate the role of
solid bridges. It is concluded that with the current knowledge,
it is possible to rank alloys with respect to their tendency for
hot tearing but there is still no constitutive description of the
hot tearing mechanism.

5. Conclusions

Microstructural investigations of cracking induced in the
semisolid temperature range indicate that cracking in AA5182
starts at any weak spot such as a pore or partially liquid grain
boundary, follows almost exclusively the grain boundaries, and
occurs by a combination of fluid film separation and rupture of
solid bridges. This leads to brittle behavior on the large scale,

Table 2 Parameters Applied in Eq 1 and 2 for the
Calculation of Cavity Nucleation and Growth in AA5182

Parameter Value/Expression Applied Reference

e fL 	 � [22]
h 350 �m (3 × grain size)
� 60 �m
a 0 �m, 30 �m
pc 4/e cos(�)
LV [22]
� 6° [22]

LV 0.914 J/m2 [22]
pm 0 Pa
K Calculated from constitutive parameters [33]
m 0.3 [33]
�L 0.001 Pa.s [22]
fs Calculated from Alstruc [30-32]
fs

c 0.98 [20,22]

Fig. 7 Strain versus strain rate of specimens tested in semisolid state:
(�) nonfractured specimens, (�) fractured specimens

Fig. 8 Comparision of experimental data with the model for cavity
nucleation (···) and growth (– – –) in AA5182 with an equiaxed struc-
ture. Nonfractured specimens (�) and fractured specimens (●). Range
of relevant strain rates during DC casting is indicated.
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although locally, deformation can be very ductile. Similarities
between hot tears in the industrial ingot and cracked specimens
indicate that important aspects of hot tearing during casting can
be simulated by tensile experiments at semisolid temperatures.

The validity of the current hot tearing models is restricted to
relatively high liquid fractions (fL > 0.1) because the models do
not take into account the presence of solid bridges. Experi-
ments indicate that hot tearing occurs at a strain rate of about
10−3 s−1. This value should be regarded as a minimum value for
hot tearing because during casting, afterfeeding will (partly)
compensate the straining of the mush.
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