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Development of a hot tear indicator for steel castings
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Abstract

A hot tear indicator based on the physics of solidification and deformation is presented. This indicator is derived using available data from
computer simulation of solidification and solid deformation. Hot tears form when the mushy zone is starved of liquid feeding and deformed in
tension. The unfed tensile deformation causes a small additional porosity. A physical model based on a mass balance is developed to find the
additional porosity formed. This additional porosity or porosity due to solid deformation (PSD) is a locator for initiation sites for hot tears in the
casting, not a full tear predictor. Simulation results for various “T”-shaped steel castings show good agreement with previous experimental findings.
Reducing the strain in the casting and increasing the feeding of the section are found to decrease the hot tear tendency.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Once hot tears occur in steel castings, they must be repaired by
elding or the casting must be scrapped. Considerable effort is
pent to eliminate hot tears from castings. Hot tears are identified
s cracks, either on the surface or internally in the casting. These
racks may be large and visible to the naked eye or small and
ound only by magnetic particle inspection. They are caused by a
ombination of thermal effects, such as hot spot size and casting
estraint, such as cores in cylindrical castings[1]. In addition,
omposition can affect hot tearing tendency[2]. Physically, two
actors contribute to hot tearing in the mushy zone. Hot tears are
ormed when the mushy zone is cut off from liquid feeding and
s under tensile loading[3].

Liquid feeding flows are induced by the contraction of liq-
id steel during cooling and shrinkage upon solidification. The

riction that the liquid experiences, as it flows through the mush
reates a significant pressure drop, such that the pressure deep

nside the mushy zone is close to vacuum. Such a vacuum can
lso form inside a hot spot region, even if the solid fraction is
till small. If the pressure is sufficiently small, porosity can form.
n steel, the amount of dissolved gases is typically very small.

Mechanical loading, tensile or compressive, is cause
restrained thermal contraction. Restraint is the consequen
cores, geometry constraints and other factors, which act to
the movement of the casting surface during solidification
accommodate the restraint of a surface, mechanical strai
generated inside the casting. It is these mechanical strain
not the thermal strain that can transmit the compressive or te
loads. In the mushy zone, the individual solid and liquid ph
are incompressible but the mixture is compressible, as not
Martin et al.[4]. In compression, liquid is squeezed out. In t
sion, liquid may be sucked in. If liquid is not available un
tensile loading, due to the feeding flow being cut off, additio
porosity may form. This porosity forms late in solidificatio
along grain boundaries. It is the initiation site for a hot tear
is referred to in this study as porosity due to solid deforma
(PSD).

Experimental work by the Steel Founders’ Society of Am
ica (SFSA)[5] demonstrated the effect of casting design on
tearing. By changing various section lengths and thickness
a “T”-shaped steel casting, the effects of variation in hot
size and strain on hot tearing was investigated. It was conc
that hot tears could be avoided by using filleted corners, sm
herefore, any porosity formation will signal that the feeding
ow is cut off.

section size transitions and an unrestrained casting and gating
layout. These methods enhance liquid feeding and reduce the
tensile strain in the casting.

Numerous hot tear indicators have been reported in the lit-
e aring
s on
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rature. Critical strain has been one measure of hot te
usceptibility[6]. However, the critical strain is dependent
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many other parameters, such as the availability of liquid metal
feeding and strain rate and cannot be used alone as an indicator
of hot tears[7]. A recently developed, physically based indica-
tor is the RDG criterion developed by Rappaz et al.[3]. The
RDG criterion is derived using a mass balance on a solidify-
ing mushy zone. The mass balance is solved for the maximum
sustainable strain rate. This is the strain rate beyond which cav-
itation or porosity formation occurs. The authors show that this
criterion agrees with the well-known “Λ curves” for hot tearing
from phenomenological models and experimental results. These
“Λ curves” are graphs of certain hot tear criteria against solute
concentration. A peak is observed at a composition close to the
maximum freezing range of an alloy. The model is developed
using a one-dimensional domain, across the mushy zone and
is thus, not immediately applicable to three-dimensional situa-
tions. The RDG criterion also is sensitive to the definition of the
coherency temperature, i.e., the temperature at which the den-
dritic network can transmit stresses. In continuous casting, this
criterion is useful because the strain rate is directly related to the
casting speed. However, it is not clear how the RDG criterion
can be applied to shaped castings.

Mo et al. [8] recently developed a two-phase model for hot
tearing, where the energy, liquid and solid momentum and con-
tinuity equations are solved simultaneously. Similar to the RDG
criterion, a hot tear criterion based on the liquid pressure drop is
used. However, this model also has limitations because porosity
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The stress analysis in the second step is based on a standard
small-strain, thermo-elastic formulation that considers both the
metal and the mold. This simulation yields the stresses and the
thermal and elastic strains and strain rates in the solidifying
casting geometry. The neglect of inelastic contributions to the
total strain is believed to be a reasonable approximation in the
present application, because the stresses encountered are small.
In steel casting, the extent of the mushy zone is relatively short
and the thermal strains of the fully solid material (e.g., the shell)
control the deformations during solidification. Since the fully
solidified portions of a casting are much more rigid than the
liquid or the mushy zone, the weaker areas will simply conform
to the thermal contractions of the adjacent solid. The mechanical
properties of the mush are discussed later in this section.

The above two-step method decouples the liquid and solid
phase movements inside the mushy zone. In the first step, any
effect that solid deformation may have on the flow of the liquid
in the mush and on the formation of porosity is neglected. In the
second step, liquid flows and porosity formation are not consid-
ered when calculating the solid deformation. The coupling of
all of these effects can be better understood by examining the
complete statement of continuity or mass balance for the mushy
zone. The mush is considered to be a mixture of three phases:
solid metal (s), liquid metal (l) and porosity (p), such that the
volume fractions add up to unity, i.e.,fs + fl + fp = 1. The volume
averaged mixture continuity equation is then given by:
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ormation is not considered. The authors demonstrate the
itivity of the liquid pressure drop to strain rate, solid to liq
elocity coupling, solid constitutive equations, etc.

In the following section, the present hot tear indicator
haped steel castings is developed and the method used f
ulating the indicator as part of a casting simulation is descr
hen, the “T”-shaped castings from the SFSA experiment[5]
re simulated. The simulation results are compared to the
urements. Also, the effect of feeding a hot spot on hot te
s demonstrated.

. Method

The present hot tear indicator is calculated from the resu
elatively standard casting simulations in a two-step proces
first step, the equations for energy, liquid momentum, c

uity and gas species are solved using the commercial sof
ackage MAGMAsoft[9]. Second, the MAGMAstress mo
le, which uses temperature results from the first simula

s employed to model the deformation. The results from
f these simulations are then used to form the present ho

ndicator. The advantage of this methodology is that it is stra
orward for industry to implement using available simulat
echnology. The disadvantage is that it is only an approxi
olution to this coupled problem.

The solution in the first step is based on the multi-ph
odel for porosity formation developed by Carlson et al.[10]
nd implemented within MAGMAsoft. This model calcula

he porosity formation and final distribution in the casting
o volume changes, but considers feeding by the liquid p
nly. The solid is assumed to be rigid and stationary.
-
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∂

∂t
(fsρs + flρl + fpρp)+∇ · (fsρsvs + flρlvl + fpρpvp) = 0

(1)

heret,ρ andv are time, density and velocity, respectively. N
hat the densities of the three phases are all different. Henc
1)states that changes in the volume fractions of any of the
hases inside a control volume can be balanced by mass
f any of the three phases in or out of the control volume. I
hase volume fractions do not change, solid deformation (vs �=
) can be accommodated by flow of liquid. This full coupl
f all effects cannot be accounted for with the present two
olution procedure.

In order to make progress, the above mixture continuity e
ion is split into two parts: one that is solved as part of the poro
odel of the first step and another one that only account
orosity formation due to solid deformation. This split is acc
lished by defining the total pore fraction to consist of
omponents:

p = f l
p + f s

p (2)

he first component,f l
p, is referred to as porosity or origin

orosity and includes all contributions due to shrinkage and
f liquid. The second component,f s

p, is referred to as addition
orosity or porosity due to the solid deformation and inclu
nly contributions due to movement of solid. PSD is, thus
orosity that is created or destroyed by solid deformation.

his additional porosity that constitutes potential initiation s
or hot tears.
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Substituting Eq.(2) into Eq. (1) and neglecting the terms
associated with the pore density (i.e.,fpρpvp = 0 andfpρp = 0),
Eq.(1) is rearranged as follows:

∂

∂t
(fs(ρs − ρl) + ρl − f l

pρl) + ∇ · (flρlvl)

= ∂

∂t
(f s

pρl) − ∇ · (fsρsvs) (3)

A decoupling is now introduced by setting both sides of Eq.(3)
equal to 0. The left side of Eq.(3), equal to 0, is the mixture
continuity equation if the solid phase is assumed to be rigid
and stationary; this continuity equation is solved forf l

p as part
of the multi-phase model for porosity formation in step one of
the present solution procedure. Setting the left side equal to 0
requires a balance between the additional porosityf s

p and the
solid mass flux on the right side of Eq.(3). The consequence
of this decoupling is that the solid deformation in the mushy
zone has no effect other than to create or destroy additional
porosity, i.e., solid deformation cannot squeeze out or pull in
liquid. This decoupling is believed to be a good approximation
for steel castings because hot tears form only when the liquid
feeding flow is already cut off.

Setting the left side of Eq.(3) equal to 0 and assuming, as a
first approximation that the liquid and solid metal densities are
constant, yields:
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expression for PSD is given by:

PSD = f s
p = ρs

ρl

∫ T<Ts

f l
p>0

[ε̇m
xx + ε̇m

yy + ε̇m
zz]dt (7)

Eq.(7) constitutes the present hot tear indicator. The integration
of the strain rates over time in Eq.(7) shows that PSD is nothing
but a volumetric strain. However, PSD is more than an indicator
that is solely based on the notion of a critical strain for hot tear
formation[6,7]. Because the integration is started at the point
in time when the regular porosity starts to form (f l

p > 0), PSD
accounts for the effect of liquid feeding. This is critical for the
prediction of hot tears in shaped castings. Since liquid feeding
is affected by many factors, including the freezing range and the
permeability of the mush[10], PSD should yield predictions that
are not dissimilar to the ones from the RDG criterion developed
by Rappaz et al.[3]. Note that Eq.(7)does not explicitly contain
the coherency temperature, consideration of grain boundaries
or other effects associated with the structure of the mush; these
parameters must generally be accounted for in the mechanical
model (i.e., the constitutive equation) for the mush that is used
to calculate the strain rates in Eq.(7).

It must be emphasized that the PSD found through Eq.(7)
provides only an indication for the initiation of hot tears in the
mushy zone. It does not predict tear or crack growth and the
extent of a hot tear in the solidified casting at room tempera-
t stress
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p) = ρs

ρl

∇ · (fsvs) (4)

Eq. (4) must be integrated to find the porosity due to s
eformation. The integration is started at the point in time w

he porosity increases from 0, i.e.,f l
p > 0. This time indicate

hen the liquid feeding is cut off and the pressure is low eno
o form a pore. When liquid feeding is still available, solid de
ation is not expected to create any porosity. The integrat

topped at the point in time when the mush is locally solidi
.e., T < Ts. Further crack growth and propagation in the fu
olidified material are not modeled by this approach. Using t
ntegration limits, Eq.(4) becomes:

SD = f s
p = ρs

ρl

∫ T<Ts

f l
p>0

∇ · (fsvs)dt (5)

Eq.(5)states that the local solid dilatation, after liquid feed
s cut off, will cause PSD formation. The local solid dilatat
ate is found from the stress analysis in the second step
resent solution procedure. As noted in Section1, the therma
ontractions of the mushy zone do not contribute to the d
ation of the solid, but only to liquid feeding. Therefore, o

he mechanical strains and strain rates are used in the ca
ion of PSD. The solid velocity multiplied by the solid fracti
s known as the superficial velocity. As a first approximat
he divergence of this superficial velocity is identified with
race of the mechanical strain rate tensor, i.e.,

· (fsvs) = trace(̇εm) = ε̇m
xx + ε̇m

yy + ε̇m
zz (6)

he superscript m denotes that only the mechanical contrib
f the strain is used. Substituting Eq.(6) into Eq.(5), the fina
s

e

e
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n

ure. The appearance of a crack can change the course of
evelopment in the casting during cooling. For example, if a

ear develops at a certain location in a casting, stresses m
elieved and hot tears may not appear in other areas of the
ng. However, the PSD indicator given by Eq.(7)can provide th
nitiation sites for hot tears and the locations with the gre
elative PSD percentages can be expected to have the g
otential for hot tears.

The standard MAGMAstress module is used in the pre
tudy to calculate the mechanical strain rates for use in Eq(7).
his module requires the specification of the thermal ex
ion coefficient and the mechanical properties as a functi
emperature throughout the casting process. Here, only the
rties for the mush are discussed. The thermal expansion c
ient is found using the mixture density,ρ̄ = fsρs + (1 − fs)ρl,
here the individual phase densities and the solid fractio
iven as a function of temperature. The relationship betwee
ensity and the thermal expansion coefficient is:

= −1

ρ̄

∂ρ̄

∂T
(8)

ull consideration of the complex mechanical behavior o
ush as a function of its structure and coherency[4] is beyond

he scope of the present study. As discussed in Section1, the
ush must generally be viewed as a compressible mixtu

tandard viscoplastic constitutive model for an incompres
aterial could not be used to describe the mechanical beh
f the mush, because it would yield a zero trace of the s
ate tensor and, hence, no PSD. In the MAGMAstress mo
tilized here, the same elastic model is used for the mu

or the fully solid regions. The elastic modulus for the mus
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assumed to obey a law of mixtures such thatE = fsEs, whereEs is
the elastic modulus at the temperatureTs (100% solid). In other
words, the mush is assumed to behave like a sponge where the
solid provides the stiffness and the liquid is allowed to flow in
or out. As the solid fraction approaches 0 and in the fully liquid,
a small minimum value forE is used to avoid singularities in the
stress calculations. A non-zero trace of the strain rate tensor is
obtained in an elastic analysis for a Poisson ratio that is different
from 1/2. This property of an elastic material is used here to
model the compressibility of the mush. The Poisson ratio is
simply assumed to be the same as for the fully solid. Due to this
very approximate treatment of the mechanical behavior of the
mush, the calculated trace of the strain rate tensor in the mush is
likely to be inaccurate. However, hot tearing susceptibility can
still be evaluated by comparing the relative magnitude of the
PSD values, as shown below.

3. Simulation setup

The present hot tear indicator is validated using the “T”-
shaped steel casting experiments of Ref.[5]. The composition
of the steel was 0.23% carbon, 0.5% silicon, 0.6% manganese,
0.028% sulfur and 0.016% phosphorus.Fig. 1shows a schematic
of the casting geometry. The two ends of the arm were mechani-
cally fixed in the mold, resulting in a zero displacement condition
at the ends. Due to the contractions during cooling of the cast-

ing, this creates a large amount of thermal strain in the arm. The
strain is concentrated in the center of the arm (i.e., at the mid-
length) by the addition of the leg. The leg creates an unfed hot
spot in the center of the “T”, such that any hot tears would be
expected at that location. In all cases, the thickness of the “T”
was 1.0′′ (2.54 cm).

Nine “T”-shaped castings were simulated with the follow-
ing changes in the geometry. The arm length was either 26′′
(66.04 cm) or 36′′ (91.44 cm); lengthening the arm increases the
amount of strain in the hot spot region. The arm width, dimen-
sion ‘C’ in Fig. 1, was increased from 0.5′′ (1.27 cm) to 1.0′′
(2.54 cm) and then to 2.0′′ (5.08 cm); this increases the strength
of the arm by providing more material to tear. The leg width,
dimension ‘E’ in Fig. 1, was increased from 1.0′′ (2.54 cm) to
2.0′′ (5.08 cm); this increases the hot spot size at the section
transition. These geometry changes constitute a total of eight
test cases, as summarized inTable 1. An additional test case
was created by placing a riser on top of the leg section of test
casting 8 (seeTable 1); this ninth case illustrates the effect of
feeding on hot tearing.

Fig. 2 shows the casting simulation geometry for the three
cases with a 36′′ (91.44 cm) arm length (cases 7–9). The castings
were gated at the end of the leg section using a runner that was
0.5′′ (1.27 cm) thick and 1′′ (2.54 cm) wide. At the end of the
runner, a small riser, 2′′ (5.08 cm) in diameter, was used to affect
the filling of the mold and create a connection to the atmosphere

of “T

T
S hape

N eg w

1 .0′′ (2
2 .0′′ (5
3 .0′′ (2
4 .0′′ (5
5 .0′′ (2
6 .0′′ (5
7 .0′′ (2
8
9

U
8
9

V

Fig. 1. Schematic

able 1
ummary of hot tearing predictions and experimental results for the “T”-s

o. Arm length Arm width, ‘C’ L

26′′ (66) 0.5′′ (1.27) 1
26′′ (66) 0.5′′ (1.27) 2
26′′ (66) 1.0′′ (2.54) 1
26′′ (66) 1.0′′ (2.54) 2
26′′ (66) 2.0′′ (5.08) 1
26′′ (66) 2.0′′ (5.08) 2
36′′ (91.4) 1.0′′ (2.54) 1

36′′ (91.4) 1.0′′ (2.54) 2.0′′ (2
36′′ (91.4) 1.0′′ (2.54) 2.0′′ (2

sing coherency temperature integration limit
b 36′′ (91.4) 1.0′′ (2.54) 2.0′′ (2
b 36′′ (91.4) 1.0′′ (2.54) 2.0′′ (2

alues in parentheses are in cm.
”-shaped casting[5].

d steel castings of Ref.[5]

idth, ‘E’ PSD average (%) Casting result[5]

.54) 2.247 Heavy tear

.08) 1.724 Tears

.54) 0.742 Untorn

.08) 1.334 Untorn

.54) 0.762 Untorn

.08) 1.087 Untorn

.54) 0.923 Untorn
.54) 1.530 Heavy tear

.54) w/riser 0.780

.54) 1.589

.54) w/riser 1.564
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Fig. 2. Casting and gating geometry for a 36′′ (91.44 cm) arm length and leg
widths of: (a) 1.0′′ (2.54 cm); (b) 2.0′′ (5.08 cm); (c) 2.0′′ (5.08) with riser.

surrounding the sand mold. The runner freezes off within a short
time after filling, such that the riser at the end of the runner plays
no role in the feeding of the “T” section. The riser on top of the
leg in case 9 (Fig. 2c) is, however, intended to feed the hot spot
at the center of the “T” section.

4. Results and discussion

An example of a predicted porosity distribution from the first
step of the present simulation methodology is shown inFig. 3a.
This porosity, denoted asf l

p in Section2, is solely due to solid-
ification shrinkage and the lack of feeding. As expected, a large
amount of porosity, up to about 30%, can be observed in the leg
section at the location of the hot spot. In addition, strong cen-
terline porosity is present throughout the arm. Recall that the
local time when this porosity starts to form during solidifica-
tion constitutes the lower integration limit for calculation of the
present hot tear indicator, PSD, as given by Eq.(7). An example
of the predicted deformation from the second step of the present
method is shown inFig. 3b. This result corresponds to the point
in time when the casting is just solidified. The deformation is
magnified by 20 times to highlight the deflections. The predicted
distortion pattern shows that the area of the bar near the hot sp
is in tension due to the convex bending. In the following, the
calculated PSD results are presented for each of the cases

Fig. 3. Predicted MAGMAsoft results for a 36′′ (91.44 cm) bar length and leg
width of 2.0′′ (5.08 cm) at fully solid: (a) distribution of porosity,f l

p, neglecting
solid deformation and (b) deformation magnified by a factor of 20.

Table 1and compared to the corresponding casting experiments
from Ref.[5].

4.1. Effect of geometry changes

Example casting trial results are provided inFig. 4for cases 7
and 8. The photograph shows that a heavy hot tear developed in
the hot spot of the casting with the larger leg width (case 8, top),
while the casting with the smaller leg width (case 7, bottom) is
untorn. The formation of the hot tear can be explained by the
fact that the large leg in case 8 keeps the center section partially
liquid for a longer time than in case 7. During this time, the arm
experiences a large strain at the location of the hot spot, which
leads to the hot tear.

The corresponding simulation results for cases 7 and 8 are
shown inFig. 5. This figure is an X-ray view showing only
indications of PSD that are 0.5% and greater, cut at mid-plane.
The scale in figure is 0–6% PSD. It can be seen that for case

F 0
(
s 1.0
(

ot

in

ig. 4. Example casting trial results for a 36′′ (91.44 cm) arm length and 1.′′
2.54 cm) arm width; the casting at the top with a leg width of 2.0′′ (5.08 cm)
hows a heavy tear, while the casting at the bottom with a leg width of′′
2.54 cm) is untorn[5].
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Fig. 5. Predicted PSD distribution for a 36′′ (91.44 cm) arm length and 1.0′′
(2.54 cm) arm width, with 2.0′′ (5.08 cm) (a) and 1.0′′ (2.54 cm) (b) wide legs;
the two X-ray views are cuts at the mid-plane and only show PSD percentages
greater than 0.5%.

8 (Fig. 5a), a large region of PSD is predicted at the location
of the hot tear in the corresponding casting experiment (Fig. 4).
Fig. 5b shows that a region of PSD is also predicted for case
7, but the PSD values are much smaller than in case 8. Thi
indicates that lower PSD values do not lead to hot tears. Note

that the PSD indications will not look like the final hot tear from
the experiment. This is because PSD is only an initiation site
locator for hot tears and not a crack prediction.

In order to characterize and rank the PSD predictions for each
simulation, an average PSD value is calculated by integrating all
PSD values above 0.5% over the entire casting. Thus, only the
PSD values visible in the X-ray views ofFig. 5 (and similar
figures for the other cases) are used in forming the average.
Table 1provides the average PSD values for all cases. It can be
seen that PSD averages above approximately 1.5% correspond
to castings with hot tears, while for PSD averages below that
value, no hot tears were observed in the casting experiments.
It is emphasized that the actual magnitude of the PSD average
has no physical significance; only their relative values are of
importance here. As shown inTable 1, there are three castings
that showed hot tears. Two of the castings (cases 1 and 2) have
the smallest arm width of 0.5′′ (1.27 cm). The small arm width
causes the accumulated strain to be larger than in the other cases.
Ultimately, the arms with the smaller cross section will yield
more easily and form a crack. The third casting that tore in
the experiments was case 8 with the longest arm length (and
intermediate arm width) and largest leg width. As mentioned
before, the long arm length causes a large strain, while the large
leg width increases the hot spot size and thus, the time over
which the critical area is vulnerable to hot tearing. All of these
effects appear to be captured by the present hot tear indicator.

4

PSD
p
l re
c d,

F se 8b cy temp
i wer p l
v than
ig. 6. Comparison of predicted PSD distributions for: (a) case 8; (b) ca
ntegration limit that does not consider liquid feeding; cases 9 and 9b (lo
iews are cuts at the mid-plane and only show PSD percentages greater
s

.2. Effect of feeding

Cases 8 and 9 illustrate the effect of feeding on the
redictions. In case 9, a riser is added on top of the 2.0′′ wide

eg of case 8 (seeFig. 2). The resulting PSD predictions a
ompared inFig. 6a (case 8) andFig. 6c (case 9). As expecte

; (c) case 9; (d) case 9b; cases 8b and 9b (right panels) use a coherenerature
anels) use a riser on top of the leg section as indicated by the circle; al four X-ray
0.5%.
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the feeding of the hot spot area by the riser significantly reduces
the PSD predictions relative to the case without a riser. The
present hot tear indicator can predict this effect because the strain
rates are only integrated, when the feeding flow is cut off (i.e.,
f l

p > 0). Table 1shows that the average PSD value due to the
addition of the riser decreases from 1.53 to 0.78%.

To further demonstrate the importance of including the feed-
ing effect in the present hot tear prediction, another two sim-
ulations (cases 8b and 9b) were performed, where the lower
integration limit in Eq.(7) (i.e.,f l

p > 0) was replaced by a limit
that is based on a critical mush coherency temperature. The new
lower integration limit is the time at which the local temperature
reaches the coherency temperature, i.e.,T < Tcoherent, regardless
of the availability of liquid feeding. The coherency temperature
is defined here as the temperature where the solid fraction is
equal to 0.82; it can be expected that approximately at this solid
fraction the dendritic network begins to transmit stresses[3].
By changing the integration limit as described above, the strain
rate may be integrated when feeding is still available and the hot
tear may be healed; furthermore, integration will not start until
the coherency temperature is reached even if feeding is already
cut off. Fig. 6 shows that the change in the lower integration
limit has little effect on the PSD predictions in the absence of
the riser (compareFig. 6a and b). This simply indicates that in
the absence of the riser the time at which the coherency tem-
perature is reached is approximately the same as the time when
p ce o
t t has
a .
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5

oach
i vol-

umetric mechanical strain rate after liquid metal feeding is cut
off. The PSD indications are initiation sites for hot tears. PSD
is demonstrated to be sensitive to some known factors affecting
hot tearing. The indications increase for increasing strain and
unfed hot spots.

This indicator can be used in defect analysis for simu-
lated casting geometries and careful attention should be paid
to regions containing significant PSD. This porosity due to solid
deformation is a physically sensible explanation for hot tears
and may lead to a development of a reasonable prediction of hot
tearing of steel castings.
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