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Hot Tearing in Steels During
Solidification: Experimental
Characterization and
Thermomechanical Modeling
Hot tearing is a major defect in castings or semifinished cast products. It corresponds to
the opening of cracks in the mushy zone and, more precisely, in the areas with high
fraction of solid (typically 0.9 and beyond) when the material is subjected to deforma-
tions leading to local tensile stress. Various kinds of criteria have been developed to
highlight a risk of formation of hot tears. The aim of this study is to evaluate their
capability to predict the occurrence of hot tears correctly. In order to do so, two kinds of
tests have been analyzed with the use of a thermomechanical finite element model.
�DOI: 10.1115/1.2870233�

Keywords: steel, hot tearing, solidification test, finite element method
ntroduction
Hot tearing involves complex mechanisms during solidification.

his kind of defect is associated with incomplete liquid feeding
nd tensile stress generated in the coherent solid �1�. Indeed, liq-
id films act like a weak zone when the material is submitted to a
echanical loading. The behavior of the mush and the distribution

f the liquid phase compared to the solid one have a first order
nfluence with respect to crack initiation, together with the wetting
f the solid phase by the liquid one, which is controlled by surface
ension.

Many authors have observed that both strength and ductility
ecrease from just below the solidus temperature to the semisolid
tate �2�. Decultieux et al. also highlighted a sharp evolution in the
ode of fracture with the fraction of solid for aluminum alloys

3�. This low-ductility temperature range is a function of the alloy
omposition and microstructure.

Several tests have been developed to classify alloys in terms of
heir susceptibility to hot tearing �3–7�. In addition to these sus-
eptibility tests, two classes of experimental devices can be found
n the literature: isothermal tensile tests �8,9� and constrained so-
idification tests �3,4,6,7,10–13�. The two tests presented in this
tudy belong to this second class. Various kinds of criteria have
een developed to predict the formation or to highlight a risk of
ormation of hot tears. Two classes of models can be found in the
iterature: those based on mechanical analysis and phenomeno-
ogical ones. In this study, four hot tearing criteria proposed in the
iterature have been implemented in the numerical simulation
ode THERCAST®. The criteria of Prokhorov �14� and Won et al.
15� rely on purely mechanical analyses since they compare me-
hanical loading and strain capacity of the alloy in its brittle tem-
erature range �BTR�. The other ones are based on phenomeno-
ogical considerations. The Clyne and Davies criterion �16�
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mainly takes into account the time spent in the vulnerable tem-
perature range, whereas Rappaz et al. �17� proposed that hot tears
form when the local interdendritic liquid feeding is not sufficient
to compensate the opening of the dendritic network.

The design of a new constrained solidification test apparatus is
first presented. The experimental procedure and results are given
for 40CrMnNiMo8 and 100Cr6 steels. Simulations with a thermo-
mechanical model offer a first evaluation of the capability of each
criterion to predict the occurrence of hot tears. Then, the predic-
tions of the criteria are compared to experimental results obtained
from semi-industrial scale tests �10,11�.

Model Formulation
Finite element �FE� simulations are performed to analyze the

solidification of the alloy. The discretization of the part and mold
components is made of tetrahedral elements. In the simulation, a
coupled computation of the stress and temperature fields is per-
formed. Equations are solved iteratively using a prescribed time
step. A hybrid constitutive model is used to simulate the cooling
of the material from the liquid state to the solid state �18�. In order
to simulate accurately the liquid behavior, the Navier–Stokes
equation with temperature-dependent terms is used. The alloy in
the mushy state is modeled as a non-Newtonian fluid obeying a
thermoviscoplastic Norton–Hoff law,

�̄ = K��3�m+1�̇̄m

where �̄ is the equivalent von Mises stress, K is the viscoplastic

consistency, �̇̄ is the equivalent von Mises strain rate, and m is the
strain rate sensitivity. The strain rate tensor �̇ is split into an in-
elastic �non reversible� component and a thermal component.

In the solid state, we assume a thermoelastic-viscoplastic be-
havior of Perzyna type

�̄ = �s + K��3�m+1�̄n�̇̄m

where �s is the yield stress, �̄ is the equivalent von Mises strain,
and n is the strain hardening coefficient. The strain rate tensor �̇ is

split into an elastic part, an inelastic part, and a thermal part.
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THERCAST® gives access to the temperature distribution in
he part and the molds. Phenomena such as the air gap between
he part and the molds and open shrinkage in the part can be

odeled. The variations of the heat transfer modes between the
art and the molds are taken into account by updating locally the
eat transfer coefficients at interfaces between part and molds
ccording to the local air gap thickness. Residual stresses and
trains in the casting result from the coupled thermomechanical
olutions.

ot Tearing Criteria
The implementation of four hot tearing criteria is described in

he following section. These are indicators that are expressed as
he hot cracking sensitivity �HCS�. They indicate the locations of
nitiation sites for hot tears in the casting and cannot be consid-
red as full tear predictors.

Clyne and Davies Criterion [16]. The hot tearing index pro-
osed by Clyne and Davies is based on the ratio of the vulnerable
ime period �tv� during which hot tearing may develop to the time
nterval during which stress relaxation can take place �tr�,

HCSClyne =
tv
tr

=
t99 − t90

t90 − t40

ndeed, this thermal criterion only takes into account the time
pent between threshold solid fractions fs �respectively, 0.9� fs

0.99 and 0.4� fs�0.9�. No mechanical aspect is considered.
imes t99, t90, and t40 are, respectively, the times when the volume
ractions of solid are 0.99, 0.9, and 0.4. The thermal computation
ives the fraction of solid for a given solidification time. In a FE
ethod, the value of the Clyne and Davies index can be expressed

t each mesh node at the end of the solidification.

Prokhorov Criterion [14]. Prokhorov proposed a hot tearing
riterion which is based on the BTR. Indeed, during solidification,
n alloy goes through a low-ductility range. This critical range is
ypically defined by fs� �0.8,0.99� for steel.

The criterion is based on the comparison between the strain rate
�̇� and the admissible strain rate of the solidifying metal ��̇adm

�Dmin /BTR��Ṫ��. Then, the initiation criterion is expressed as

�̇ �
Dmin

BTR
�Ṫ�

here Dmin is the minimum fracture strain in the BTR and Ṫ is the
ooling rate.

The thermomechanical computation provides �̇ and Ṫ in the
TR. Dmin and BTR are material data. Contrary to the Clyne and
avies criterion, the Prokhorov criterion is usually computed at

he center of each FE, as the strain rate tensor is calculated there
n THERCAST®.

In the present study, we take into account the component of the
train rate with regard to the local direction of the temperature

1∇
!

ig. 1 Definition of a „u,v,w… base embedded in the dendritic

icrostructure in order to deduce �̇̂ from the strain rate tensor
˙

radient, i.e., the dendrite growth direction �Fig. 1�. The strain rate
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tensor has been expressed in a plane ��� perpendicular to the

thermal gradient ��T�. So, a scalar �̇̂ that corresponds to the maxi-
mum principal positive strain rate in the ��� plane can be defined.
This scalar is the tensile strain rate perpendicular to the residual
interdendritic liquid films �initiation of interdendritic fracture in
Mode I�.

The HCS is then given at the center of each FE by

HCSProkhorov = max
T�BTR

��̇̂ −
Dmin

BTR
�Ṫ��

Won and Oh Criterion [15]. Yamanaka et al. �19� proposed a
hot tearing criterion, which considers a critical amount of accu-
mulated inelastic strain over a range of critical solid fraction. In-
deed, strain damage leading to cracks can accumulate over suc-
cessive loading periods; so, the mechanical history of the casting
should be evaluated. This criterion is expressed in terms of strain
contrary to the previous criteria, which are based on the strain
rate. Here, the local condition of hot tear occurrence is given by

�BTR� � ��c

where �BTR� is the accumulated inelastic strain over the BTR and
��c is the critical accumulated strain.

An empirical equation has then been proposed by Won et al.
�15� in order to take into account the strain rate and the BTR alloy
influence onto the critical accumulated strain. For low alloyed
carbon steels, this strain limit is written as

��c =
�

�̇m*BTRn*

where �, m*, and n* are parameters obtained by a nonlinear fitting
method ��=0.02821, m*=0.3131, and n*=0.8638�.

In a similar way to the development described in the previous
section, the component of the strain rate with regard to the local
direction of the temperature gradient is considered in our imple-
mentation of this criterion. The following indicator is then calcu-
lated at the center of each FE

HCSWon and Oh = max
T�BTR

��BTR�̂ −
�

�̇̂m*BTRn*�
RDG Criterion [17]. The RDG criterion is based on the pres-

sure drop between the dendrite tips and roots. It accounts for the
tensile deformation of the solid skeleton �i.e., the dendritic net-
work� perpendicular to the growing dendrites and for the interden-
dritic liquid feeding. A crack is predicted if the interdendritic liq-
uid pressure falls below some critical cavitation pressure, which
corresponds to the fact that liquid feeding cannot compensate for
the cumulated effect of shrinkage and of an applied tensile strain
rate in the direction orthogonal to the dendritic growth. Combin-
ing the mass conservation equation with Darcy’s law and integrat-
ing both over the length of the mushy zone, the pressure at den-
drite roots is given by

pm −
180�l�T

G2	2
2 ��Ṫ�
A + �1 + 
�B�̇�T�

with

A =
1

�T	
Tend

Tmf fs
2dT

�1 − fs�2 , B =
1

�T	
Tend

Tmf fs
2Fs�T�dT

�1 − fs�3

Fs�T� =
1

�T	
Tend

T

fsdT

where �l is the dynamic viscosity of the liquid phase, 
 is the
solidification shrinkage factor, 	2 is the secondary arm spacing,

�T is the integration interval ��T=Tmf−Tend: Tend is temperature
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t which the bridging of dendrite arms between grains occurs, and
mf is the mass feeding temperature�, fs is the volume fraction of
olid, G is the norm of the thermal gradient, �̇ is the applied strain

ate, pm is the metallostatic pressure at dendrite tips, and �Ṫ� is the
ooling rate.

In our implementation of the RDG criterion, the thermome-

hanical computation gives the values of G, Ṫ, and �̇̂ at the Tend
emperature. pm is computed at the beginning of the simulation.
l, 
, 	2, and �T are material data. The two parameters A and B
epend only on the alloy composition and on its solidification
ath. They are considered as constant parameters since microseg-
egation is not taken into account in the thermomechanical com-
utations. The indicator of sensitivity is then written as

HCSRDG =
180�l�T

	2
2 � �Ṫ�

G2
A +
�1 + 
�B�̇̂�T

G2 � − pm

onstrained Solidification Test

Design of the Test. The new apparatus described in this paper
as been developed in order to be representative, in terms of de-
ormation and cooling rates, of the typical solidification processes
f interest. Furthermore, it allows a mechanical loading of the
ushy zone, with a realistic casting structure, when the material is

ulnerable to hot tearing �Fig. 2�. The continuous cooling hot
earing rig is such that the section of the specimen is bigger in the

old center in order to create a hot spot. This critical area is
ocated just below the feeder that is used to fill the mold. In
ddition, the mold is heated in this region by eight heating car-

Fig. 2 Layout of th

S 1

S 2

S 3

S 4

*+,

Fig. 3 „a… Schematic view of the location of the four th

setup with cradles that provide an additional loading.
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tridges �each of 800 W power�. In this test, asymmetric thermal
conditions are expected, given the geometry of the feeder. More-
over water-cooled chills are located at the two lateral ends of the
setup, so that solidification occurs first near the anchors. Then, it
proceeds toward the center with a growth direction that is or-
thogonal to the mold surface �i.e., in the radial direction as illus-
trated by the white arrows in the figure�. Constraining the ends of
the specimen means that the force is transferred to the material in
the hot spot, the mechanical loading being exerted orthogonally to
the dendritic growth. The hot spot can be more or less intense
according to the type of thermal contact between the liquid metal
and the mold �direct, ceramic fiber paper, etc.� and also according
to the material chosen for the central insert �see figure�, which can
be made of either steel or an insulating ceramic �the latter promot-
ing the formation of a central hot spot�.

Measurements. Due to the inhomogeneous solidification con-
ditions, this type of test is difficult to analyze. Therefore, we need
to know the temperature at various points throughout the sample
�four thermocouples S, Fig. 3�a�� and the mold �six thermocouples
K, not shown�. It is also necessary to measure the load on the
sample during solidification. Indeed, these continuous measure-
ments are useful in understanding how cracks nucleate and grow
and in having direct comparisons between numerical simulations
and experimental data. This second point is crucial because ex-
perimental boundary conditions have to be identified to perform
appropriate casting simulations.

A first configuration is the one with a load cell embedded in a
half mold and connected to the anchor. Then, the load level is
measured at the end of the cast specimen. Another possible con-

W"XVXWDGV6ED6WE gF D"G EGD1hZT

B#:4,% #/ $2% 0&+$()* T

MS= 0,O

H&++ #/ $2% 0&+$()* T

M5! 7*

E$'&() '&$% T

{ } !OP !=A!= −−−∈ )ε 

xperimental setup

*-,

ocouples inserted in the cast ingot. „b… Experimental
erm
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guration is the one with a displacement transducer; it gives ac-
ess to the displacement of the end of the sample. This test rig can
e used to test the effect of various parameters on HCS. More-
ver, this apparatus has been designed in order to apply an addi-
ional loading. Indeed, a motor driven mechanism can be used in
rder to create a displacement between the two half molds and
hen increase the distance between the anchors �Fig. 3�b��.

Experimental Results. Casting tests were performed without
dditional external loading: Thus, the load is only due to the con-
trained solidification. Some of these tests have led to the forma-
ion of a hot tear always located either at the center of the speci-

en or near the feeder, as illustrated in Fig. 4.
This test proved to be discriminating as the generation of hot

ears occurred depending on the configuration of solidification of
he part. Indeed, three main configurations of solidification have
een tested in this study �Fig. 5�. The first configuration is mainly
ue to the geometry effect �Fig. 5�a�� and left the material sound
uncracked�, whereas the second configuration, which incorpo-
ates a refractory insert, causes initiation of cracks in the center of
he specimen �Fig. 5�b��. The hot spot is well localized in the
enter of the part. The last configuration �Fig. 5�c�� represents an
ntermediate configuration. In these tests, tears develop in the cen-
er and also near the feeder. Finally, these configurations of solidi-
cation where shown to have a first order influence on the initia-

ion of cracks. These different risk configurations are compared to
redictions from the criteria.

The tortuous aspect of one of these cracks can be observed in
ig. 6. Figure 7 highlights that the tear is interdendritic, just below

he subsurface of the cast ingot. This is probably the initiation site
f the tear �Zone I�. In this zone, the crack seems to open accord-
ng to the direction of growth of columnlike dendrites. Zone II

ust be the place where the tear propagates.
In Zone II, the crack is very chaotic: The crack stops and starts

urther. We can suppose that the tear has developed through the
icrostructure in order to take the most favorable route. Traces of

ig. 4 Sketch illustrating the potential location of the cracks
longitudinal symmetry plane…

*+,

*-,

*.,

C!

/!

ig. 5 Different configurations of solidification tested „loca-

ion of the cracks illustrated with white lines…
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solid skeleton deformation are generally observed in these zones
where the breaking patterns show not only interdendritic but also
numerous evidences of ductile deformation �Fig. 7�b��.

From these observations we assume that the initiation stage
takes place close to the surface �by excessive elongation of liquid
film� and that this stage is followed by a propagation one when the
solidification is in progress �breaking of the solid skeleton�.

Numerical Results. The preheating of the molds is first simu-
lated, and the resulting maps of temperature are used as initial
conditions for the thermomechanical simulation using the THER-
CAST® software. The predicted HCS distribution is then com-
puted for each criterion.

Experimental results show discriminating cases, given the ma-
terial choice for the mold insert �a steel insert results in no tear; on
the contrary, a refractory insert leads to cracked parts�. The first
comparison is then performed in a relative way between the cases
illustrated in Figs. 5�a� and 5�b� for a 40CrMnNiMo8 steel. Given
the symmetries, only one quarter of the setup has to be meshed.
Figure 8 shows the respective prediction of the criteria. Each in-
dex only indicates potential initiation site according to each crite-
rion. Three of these criteria �RDG, Prokhorov, and Won and Oh�
reproduce well the relative influence of the material used for the
mold insert. Only Clyne and Davies criteria do not match with
observations. The RDG, Prokhorov, and Won and Oh criteria in-
dicate similar locations where mechanical loading leads to a risk
of tearing during solidification. This comparison shows that me-
chanical loading—in terms of strain and strain rate—and its ori-
entation compared with the microstructure direction have to be
taken into account in a hot tearing criterion.

The reproducibility of the tests has been checked in order to
validate the apparatus and the quality of the measurements. Figure
9 shows thermal histories measured experimentally for the con-
figuration of Fig. 5�c�. Thermomechanical simulation appears to
reproduce well the experimental data.

The predicted HCS distribution is then represented in Fig. 10 in
the test configuration given by Fig. 5�c�.

The prediction of the initiation sites is correct with Prokhorov
and Won and Oh criteria. The other criteria are not in agreement
with experimental observations. These comparisons reveal that the
accumulated strain and strain rate in the BTR are key parameters
for hot tearing problems.

Ingot Bending Test

Description of the Test. This semi-industrial scale test consists
in bending a 300 kg steel ingot of section 250�150 mm2 during
its solidification. The ingot leans on fixed rolls �Fig. 11�a��. The
ingot, kept in vertical position during the test, is bent by the dis-
placement of a tool at a constant speed �between 0.2 mm /s and
5.5 mm /s�. The aim of the test is to obtain in the strain–strain rate
plane, the region corresponding to the initiation of hot tears. The
cracks are observed in the region represented in Fig. 11�b�. Each

test only provides one point in the ���̂ , �̇̂� plane and is supposed
to take place at a local constant strain rate. Figure 11�c� illustrates
a damaging loading path �black line� and an uncracked loading

ˆ ˆ̇

Fig. 6 Macroexamination around the tear in the transverse
symmetry plane. The lower surface of the part is on the left of
the picture.
path �gray line� with the resulting ��� ,�� points.
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Modeling. Given the symmetries, only one quarter of the setup
ay be meshed �Fig. 11�b��. The influence of the ingot mold

5 mm thick� has been neglected. A thermal simulation of the
olidification of the ingot in the mold has been performed in order
o obtain a temperature map corresponding to the initial condi-
ions of the test. This thermomechanical simulation begins for a
0 mm thick solidified skin �Fig. 11�b��. The boundary conditions
re a heat flux �identified to 150.000 W /m2� and a pressure equal
o zero for the free boundaries. A thermal contact resistance and a
liding contact for the regions in contact with the rolls are mod-
led.

Numerical Results. The thermomechanical simulation predicts
he mechanical loading in the zone of interest during the test. The

ˆ̇ scalar �the largest tensile principal strain rate in the plane per-
endicular to the thermal gradient� proves that there is a damaging
oading �opening in Mode I� in the cracked region. There is a slow

volution of the strain rate ��̇̂� with time, while the accumulated

*+,

*-,

Fig. 7 Characteristic hot cracking fractogra
the cast ingot „Zone II…

HC
*+,

*.,

Fig. 8 HCS from the expression of „a… Clyne and
criteria. For each criterion, the left picture corresp

sponds to the refractory insert.

ournal of Engineering Materials and Technology
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strain ���̂� constantly rises. The loading path is represented in
Fig. 12�a�.

The results demonstrate that the Clyne and Davies criterion is
not suited to the prediction of hot tearing in industrial conditions.
The other criteria are in good qualitative agreement with experi-
ments �the higher HCS zone corresponds to the location where
cracks are observed�. However, the predictions using the criteria
expressed in terms of strain rate �RDG and Prokhorov� are unable
to reproduce experimental observations �the longer the bending
test is performed, the higher the risk is�. The evolution given by
the Yamanaka criterion is more realistic, but it cannot provide
critical values and does not take into account the influence of
strain rate. The Won and Oh criterion permits a direct comparison
with experimental curves. Indeed, in the case of a steel grade with
a similar composition to the 40CrMnNiMo8 �steel grade 6, Fig.
12�b��, we notice that the Won and Oh prediction is quite close to
experimental results.

„a… subsurface zone „Zone I… and „b… inside

h *-,

*',

w

ies, „b… Prokhorov, „c… Won and Oh, and „d… RDG
s to the steel insert while the right picture corre-
ph:
S
Hig

Lo

Dav
ond
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ig. 9 Thermal evolution in the cast part. Comparison be-
ween experimental results „continuous lines… and thermome-

hanical simulation „dot lines….

the grade 6….

21018-6 / Vol. 130, APRIL 2008
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*+,

*.,

*-,

*',

Fig. 10 Expression of HCS given by „a… Clyne and Davies, „b…
Prokhorov, „c… Won and Oh, and „d… RDG criteria in the configu-

ration given by Fig. 5„c… for a 100Cr6 steel grade
*+, *-, *.,

Fig. 11 Bending test of partially solidified steel ingots. „„a… and „b…… Schematics of the test.
„c… Evolution of critical strain with respect to strain rate.
No crack

Crack

*+, *-,

Fig. 12 Critical curves in the „��̂ , �̇̂… plane. „a… Loading path for a 1 mm/s tool speed „thermomechanical simulation….
„b… Critical curves for different steel grades „comparison with the expression of Won and Oh criterion in the case of
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onclusion
An experimental setup has been developed and used in order to

tudy how cracks occur and propagate during the solidification of
teel. These defects, observed in cast ingots, are quite similar to
hose detected in industrial processes. The tears initiate in subsur-
ace zones of the hot spot and propagate or not as solidification
roceeds. This study only focuses on the initiation stage of tearing
o be predicted using hot tearing criteria. The ability of the tear to
ropagate depends on further conditions that we neglected here.

Different configurations of solidification were tested with this
ew experimental setup. This apparatus has been shown to be
iscriminating in terms of crack initiation. The Prokhorov and
on and Oh criteria agreed well with the experimental observa-

ions.
Another evaluation has been performed on a semi-industrial

cale test, which consists of bending a partially solidified steel
ngot. This kind of test is easier to interpret since it has a greater
hermal inertia and therefore remains less dependent on the sud-
en variation of the loading. This new comparison reveals, once
ore, that the Clyne and Davies criterion is not suited to predict

ot tearing. Moreover, accumulated strain has proven to be a key
arameter; the Prokhorov and RDG criteria are then inappropriate
o accurately describe initiation conditions while Won and Oh’s
riterion still provides the best prediction. These comparisons
ave to be extended to other steel grades.
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