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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 tl
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 experimesntal finding
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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1. Introduction Mechanical loading, tensile or compressive, is caused by
restrained thermal contraction. Restraint is the consequence of
Once hottears occurin steel castings, they mustbe repaired lopres, geometry constraints and other factors, which act to resist
welding or the casting must be scrapped. Considerable effort ihe movement of the casting surface during solidification. To
spentto eliminate hot tears from castings. Hot tears are identifieeiccommodate the restraint of a surface, mechanical strains are
as cracks, either on the surface or internally in the casting. Theggenerated inside the casting. It is these mechanical strains and
cracks may be large and visible to the naked eye or small andot the thermal strain that can transmit the compressive or tensile
found only by magnetic particle inspection. They are caused by bads. In the mushy zone, the individual solid and liquid phases
combination of thermal effects, such as hot spot size and castiraye incompressible but the mixture is compressible, as noted by
restraint, such as cores in cylindrical castifigls In addition,  Martin et al.[4]. In compression, liquid is squeezed out. In ten-
composition can affect hot tearing tendeffi2y Physically, two  sion, liquid may be sucked in. If liquid is not available under
factors contribute to hot tearing in the mushy zone. Hot tears arensile loading, due to the feeding flow being cut off, additional
formed when the mushy zone is cut off from liquid feeding andporosity may form. This porosity forms late in solidification,
is under tensile loading]. along grain boundaries. It is the initiation site for a hot tear and
Liquid feeding flows are induced by the contraction of lig- is referred to in this study as porosity due to solid deformation
uid steel during cooling and shrinkage upon solidification. The(PSD).
friction that the liquid experiences, as it flows through the mush Experimental work by the Steel Founders’ Society of Amer-
creates a significant pressure drop, such that the pressure deéepa (SFSA)[5] demonstrated the effect of casting design on hot
inside the mushy zone is close to vacuum. Such a vacuum cdearing. By changing various section lengths and thicknesses of
also form inside a hot spot region, even if the solid fraction isa “T"-shaped steel casting, the effects of variation in hot spot
still small. If the pressure is sufficiently small, porosity can form. size and strain on hot tearing was investigated. It was concluded
In steel, the amount of dissolved gases is typically very smallthat hot tears could be avoided by using filleted corners, smaller
Therefore, any porosity formation will signal that the feedingsection size transitions and an unrestrained casting and gating
flow is cut off. layout. These methods enhance liquid feeding and reduce the
tensile strain in the casting.
Numerous hot tear indicators have been reported in the lit-
* Corresponding author. Tel.: +1 319 335 5681; fax: +1 319 335 5669. erature. Critical strain has been one measure of hot tearing
E-mail address: becker@engineering.uiowa.edu (C. Beckermann). susceptibility[6]. However, the critical strain is dependent on
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many other parameters, such as the availability of liquid metal The stress analysis in the second step is based on a standard
feeding and strain rate and cannot be used alone as an indicasmall-strain, thermo-elastic formulation that considers both the
of hot tearq7]. A recently developed, physically based indica- metal and the mold. This simulation yields the stresses and the
tor is the RDG criterion developed by Rappaz et[3]. The thermal and elastic strains and strain rates in the solidifying
RDG criterion is derived using a mass balance on a solidifycasting geometry. The neglect of inelastic contributions to the
ing mushy zone. The mass balance is solved for the maximurtotal strain is believed to be a reasonable approximation in the
sustainable strain rate. This is the strain rate beyond which capresent application, because the stresses encountered are small.
itation or porosity formation occurs. The authors show that thidn steel casting, the extent of the mushy zone is relatively short
criterion agrees with the well-knownt' curves” for hot tearing  and the thermal strains of the fully solid material (e.g., the shell)
from phenomenological models and experimental results. Thesmsntrol the deformations during solidification. Since the fully
“ A curves” are graphs of certain hot tear criteria against solutsolidified portions of a casting are much more rigid than the
concentration. A peak is observed at a composition close to thiguid or the mushy zone, the weaker areas will simply conform
maximum freezing range of an alloy. The model is developedo the thermal contractions of the adjacent solid. The mechanical
using a one-dimensional domain, across the mushy zone amaoperties of the mush are discussed later in this section.
is thus, not immediately applicable to three-dimensional situa- The above two-step method decouples the liquid and solid
tions. The RDG criterion also is sensitive to the definition of thephase movements inside the mushy zone. In the first step, any
coherency temperature, i.e., the temperature at which the deaffect that solid deformation may have on the flow of the liquid
dritic network can transmit stresses. In continuous casting, thig the mush and on the formation of porosity is neglected. In the
criterion is useful because the strain rate is directly related to theecond step, liquid flows and porosity formation are not consid-
casting speed. However, it is not clear how the RDG criteriorered when calculating the solid deformation. The coupling of
can be applied to shaped castings. all of these effects can be better understood by examining the

Mo et al.[8] recently developed a two-phase model for hotcomplete statement of continuity or mass balance for the mushy
tearing, where the energy, liquid and solid momentum and coreone. The mush is considered to be a mixture of three phases:
tinuity equations are solved simultaneously. Similar to the RDGsolid metal §), liquid metal {) and porosity g), such that the
criterion, a hot tear criterion based on the liquid pressure drop igolume fractions add up to unity, i.¢,*+ f; +f, = 1. The volume
used. However, this model also has limitations because porosigveraged mixture continuity equation is then given by:
formation is not considered. The authors demonstrate the sena-
sitivity of the liquid pressure drop to strain rate, solid to liquid - _
velocity coupling, solid constitutive equations, etc. (fsps + fior + fpop)+V - (fspsvs + fiovr + fpopvp) =0

In the following section, the present hot tear indicator for 1)
shaped steel castings is developed and the method used for cal-
culating the indicator as part of a casting simulation is describedvherer, p andv are time, density and velocity, respectively. Note
Then, the “T"-shaped castings from the SFSA experimfgits that the densities of the three phases are all different. Hence, Eq.
are simulated. The simulation results are compared to the meél) states that changes in the volume fractions of any of the three
surements. Also, the effect of feeding a hot spot on hot tearinghases inside a control volume can be balanced by mass fluxes

is demonstrated. of any of the three phases in or out of the control volume. If the
phase volume fractions do not change, solid deformatipg(
2. Method 0) can be accommodated by flow of liquid. This full coupling

of all effects cannot be accounted for with the present two-step

The present hot tear indicator is calculated from the results o3olution procedure.
relatively standard casting simulations in a two-step process. As Inorder to make progress, the above mixture continuity equa-
a first step, the equations for energy, liquid momentum, contitionis splitinto two parts: one thatis solved as part of the porosity
nuity and gas species are solved using the commercial softwaraodel of the first step and another one that only accounts for
package MAGMASsoft[9]. Second, the MAGMAstress mod- porosity formation due to solid deformation. This splitis accom-
ule, which uses temperature results from the first simulationplished by defining the total pore fraction to consist of two
is employed to model the deformation. The results from botttomponents:
of these simulations are then used to form the present hot tear
indicator. The advantage of this methodology is that it is straights/p = f + (2)
forward for industry to implement using available simulation
technology. The disadvantage is that it is only an approximat&@he first componentf’, is referred to as porosity or original
solution to this coupled problem. porosity and includes all contributions due to shrinkage and flow
The solution in the first step is based on the multi-phasef liquid. The second component,, is referred to as additional
model for porosity formation developed by Carlson et{&0] porosity or porosity due to the solid deformation and includes
and implemented within MAGMAsoft. This model calculates only contributions due to movement of solid. PSD is, thus, the
the porosity formation and final distribution in the casting dueporosity that is created or destroyed by solid deformation. It is
to volume changes, but considers feeding by the liquid phasthis additional porosity that constitutes potential initiation sites
only. The solid is assumed to be rigid and stationary. for hot tears.
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Substituting Eq4(2) into Eqg. (1) and neglecting the terms expression for PSD is given by:
associated with the pore density (i.,0,v, = 0 andf,p, =0), T-T.
I - S __ IOS S . .
Eq. (1) is rearranged as follows: PSD= f} = o /fé>0 [EM + gryr; +&Mdr 7)

0 /)
—(fs(pos — — V. . - . .
o s(os = o)) + o1 = [0 + V- (fiprwr) Eq.(7) constitutes the present hot tear indicator. The integration

3, . of the strain rates over time in E()) shows that PSD is nothing
= g(fpm) — V- (fspsvy) (3)  butavolumetric strain. However, PSD is more than an indicator

o ] ) ] that is solely based on the notion of a critical strain for hot tear
A decoupling is now introduced by setting both sides of B).  formation[6,7]. Because the integration is started at the point

equal to 0. The left side of Eq3), equal to 0, is the mixture i, time when the regular porosity starts to forgt}, (> 0), PSD
continuity equation if the solid phase is assumed to be rigidyccounts for the effect of liquid feeding. This is critical for the
and stationary; this continuity equation is solved fras part  hrediction of hot tears in shaped castings. Since liquid feeding
of the multi-phase model for porosity formation in step one ofig affected by many factors, including the freezing range and the
the present solution procedure. Settl_n_g the left side equal to Bermeability of the musL0], PSD should yield predictions that
requires a balance between the additional porogitand the  5ra not dissimilar to the ones from the RDG criterion developed
sohdl mass qux_ on .the right side _of E(B). Th(_a consequence . Rannaz et a[3]. Note that Eq(7) does not explicitly contain

of this decoupling is that the solid deformation in the mushyyne coherency temperature, consideration of grain boundaries
zone has no effect other than to create or destroy additiong)y oiher effects associated with the structure of the mush; these
porosity, i.e., solid deformation cannot squeeze out or pull iny,rameters must generally be accounted for in the mechanical
liquid. This decoupling is believed to be a good approximationyoge| (j.e., the constitutive equation) for the mush that is used
for steel castings because hot tears form only when the liquigly - culate the strain rates in Hq)-

feeding flow is already cut off. _ It must be emphasized that the PSD found through(Ey.
Setting the left side of Eq3) equal to 0 and assuming, as a pgvides only an indication for the initiation of hot tears in the

first approximation that the liquid and solid metal densities arnushy zone. It does not predict tear or crack growth and the

constant, yields: extent of a hot tear in the solidified casting at room tempera-

0s ture. The appearance of a crack can change the course of stress

EV - (fsv) (4) development in the casting during cooling. For example, if a hot

tear develops at a certain location in a casting, stresses may be

Eqg. (4) must be integrated to find the porosity due to solidyelieved and hot tears may not appear in other areas of the cast-

deformation. The integration is started at the point in time whefng. However, the PSD indicator given by Ed) can provide the

the porosity increases from 0, i.gf;, > 0. This time indicates  injtiation sites for hot tears and the locations with the greatest

when the liquid feeding is cut off and the pressure is low enoughelative PSD percentages can be expected to have the greatest

to form a pore. When liquid feeding is still available, solid defor- potential for hot tears.

mation is not expected to create any porosity. The integration is The standard MAGMAstress module is used in the present

stopped at the point in time when the mush is locally solidified study to calculate the mechanical strain rates for use i{Bg.

i.e., T < Ty. Further crack growth and propagation in the fully This module requires the specification of the thermal expan-

solidified material are not modeled by this approach. Using thesgion coefficient and the mechanical properties as a function of

0 o
E(fp)_

integration limits, Eq(4) becomes: temperature throughout the casting process. Here, only the prop-
o [T<Ts erties for the mush are discussed. The thermal expansion coeffi-

PSD= f,=— /[ V- (fivs)de (5)  cientis found using the mixture density= fsps + (1 — f3)p1,
LI 1p>0 where the individual phase densities and the solid fraction are

Eq.(5)states that the local solid dilatation, after liquid feeding given as a function of temperature. The relationship between the
is cut off, will cause PSD formation. The local solid dilatation density and the thermal expansion coefficient is:
rate is found from the stress analysis in the second step of the 195
present solution procedure. As noted in Sectipthe thermal ¢ — —= 2 (8)
contractions of the mushy zone do not contribute to the defor- p T

mation of the solid, but only to liquid feeding. Therefore, only g consideration of the complex mechanical behavior of the

the mechanical strains and strain rates are used in the calculgy,sh as a function of its structure and cohereddys beyond

tion of PSD. The solid velocity multiplied by the solid fraction o scope of the present study. As discussed in Sedtitime

is known as the superficial velocity. As a first approximation, ;,ush must generally be viewed as a compressible mixture. A

the divergence of this superficial velocity is identified with the gangard viscoplastic constitutive model for an incompressible

trace of the mechanical strain rate tensor, i.e., material could not be used to describe the mechanical behavior
) _ my_.m _, .m _ :m of the mush, because it would yield a zero trace of the strain

V- (fvg) = trace€™) = ey + &y + & © rate tensor and, hence, no PSD. In the MAGMAstress module

The superscript m denotes that only the mechanical contributiontilized here, the same elastic model is used for the mush as

of the strain is used. Substituting H&) into Eq.(5), the final ~ for the fully solid regions. The elastic modulus for the mush is
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assumed to obey a law of mixtures such thatf;E;, whereE;is  ing, this creates a large amount of thermal strain in the arm. The
the elastic modulus at the temperatilifg100% solid). In other  strain is concentrated in the center of the arm (i.e., at the mid-
words, the mush is assumed to behave like a sponge where thength) by the addition of the leg. The leg creates an unfed hot
solid provides the stiffness and the liquid is allowed to flow inspot in the center of the “T”, such that any hot tears would be
or out. As the solid fraction approaches 0 and in the fully liquid,expected at that location. In all cases, the thickness of the “T”
a small minimum value foE is used to avoid singularities in the was 1.0 (2.54 cm).

stress calculations. A non-zero trace of the strain rate tensor is Nine “T"-shaped castings were simulated with the follow-
obtained in an elastic analysis for a Poisson ratio that is differering changes in the geometry. The arm length was eithér 26
from 1/2. This property of an elastic material is used here tq66.04 cm) or 36 (91.44 cm); lengthening the arm increases the
model the compressibility of the mush. The Poisson ratio issmount of strain in the hot spot region. The arm width, dimen-
simply assumed to be the same as for the fully solid. Due to thision ‘C’ in Fig. 1, was increased from 0'51.27 cm) to 1.0
very approximate treatment of the mechanical behavior of th€2.54 cm) and then to 2/05.08 cm); this increases the strength
mush, the calculated trace of the strain rate tensor in the mushdd the arm by providing more material to tear. The leg width,
likely to be inaccurate. However, hot tearing susceptibility candimension E’ in Fig. 1, was increased from 1'02.54 cm) to

still be evaluated by comparing the relative magnitude of the2.0” (5.08 cm); this increases the hot spot size at the section

PSD values, as shown below. transition. These geometry changes constitute a total of eight
test cases, as summarizedTiable 1 An additional test case
3. Simulation setup was created by placing a riser on top of the leg section of test

casting 8 (sedable J; this ninth case illustrates the effect of
The present hot tear indicator is validated using the “T"-feeding on hot tearing.

shaped steel casting experiments of R&f. The composition Fig. 2 shows the casting simulation geometry for the three
of the steel was 0.23% carbon, 0.5% silicon, 0.6% manganeseases with a 36(91.44 cm) arm length (cases 7-9). The castings
0.028% sulfur and 0.016% phosphorkig. 1shows aschematic were gated at the end of the leg section using a runner that was
of the casting geometry. The two ends of the arm were mechan®.5” (1.27 cm) thick and 1 (2.54 cm) wide. At the end of the
cally fixed in the mold, resulting in a zero displacement conditionrunner, a small riser,”25.08 cm) in diameter, was used to affect
at the ends. Due to the contractions during cooling of the casthe filling of the mold and create a connection to the atmosphere

17 (2.54cm) 26" (66 cm) & 367 (91.44 ¢cm)

> >

b
Fixed Fixed
vt \

47 (10.1 em)

l” £,

Gating

[— Leg

Y

Fig. 1. Schematic of “T"-shaped castiffj.

Table 1

Summary of hot tearing predictions and experimental results for the “T"-shaped steel castingd5f Ref.

No. Arm length Arm width, C' Leg width, ‘E’ PSD average (%) Casting res{
1 26’ (66) 0.8 (1.27) 1.0 (2.54) 2.247 Heavy tear
2 26’ (66) 0.8 (1.27) 2.0 (5.08) 1.724 Tears

3 26’ (66) 1.0 (2.54) 1.0 (2.54) 0.742 Untorn

4 26’ (66) 1.0 (2.54) 2.0 (5.08) 1.334 Untorn

5 26’ (66) 2.0 (5.08) 1.0 (2.54) 0.762 Untorn

6 26’ (66) 2.0 (5.08) 2.0 (5.08) 1.087 Untorn

7 36" (91.4) 1.0 (2.54) 1.0 (2.54) 0.923 Untorn

8 36’ (91.4) 1.0 (2.54) 2.0 (2.54) 1.530 Heavy tear
9 36" (91.4) 1.0 (2.54) 2.0 (2.54) wiriser 0.780

Using coherency temperature integration limit

8b 36’ (91.4) 1.0 (2.54) 2.0 (2.54) 1.589

9b 36 (91.4) 1.0 (2.54) 2.0 (2.54) wiriser 1.564

Values in parentheses are in cm.
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POROSITY
[%]
Empty
34.02
31.60
29.18
26.77
24.35
2193
19.51
17.09
14.68
12.26
984
742
5.00
259
017

8

(b)

(b) L
X

Fig. 3. Predicted MAGMAsoft results for a 3§91.44 cm) bar length and leg
width of 2.0’ (5.08 cm) at fully solid: (a) distribution of porosityz',, neglecting
solid deformation and (b) deformation magnified by a factor of 20.

(c) Table 1land compared to the corresponding casting experiments
X from Ref.[5].
Y

Fig. 2. Casting and gating geometry for &'381.44cm) arm length and leg 4 ;. Effect of geometry changes
widths of: (a) 1.0 (2.54 cm); (b) 2.0 (5.08 cm); (c) 2.0 (5.08) with riser.

Example casting trial results are providedrig. 4for cases 7
surrounding the sand mold. The runner freezes off within a shoiind 8. The photograph shows that a heavy hot tear developed in
time after filling, such that the riser at the end of the runner playshe hot spot of the casting with the larger leg width (case 8, top),
no role in the feeding of the “T” section. The riser on top of thewhile the casting with the smaller leg width (case 7, bottom) is
leg in case 9Kig. ) is, however, intended to feed the hot spotuntorn. The formation of the hot tear can be explained by the

at the center of the “T” section. 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
4. Results and discussion experiences a large strain at the location of the hot spot, which

leads to the hot tear.

An example of a predicted porosity distribution from the first 1" corresponding simulation results for cases 7 and 8 are
step of the present simulation methodology is showRign3a. ~ Shown inFig. 5. This figure is an X-ray view showing only
This porosity, denoted @% in Section2, is solely due to solid- |nd|cat|ons_of PSD t_hat are 0.5% and greater, cut at mid-plane.
ification shrinkage and the lack of feeding. As expected, a largd "€ scale in figure is 0-6% PSD. It can be seen that for case
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 &Y.An example

of the predicted deformation from the second step of the present *

—
o~

method is shown ifrig. 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.

. . Fig. 4. Example casting trial results for a”3@1.44 cm) arm length and 1.0
.dlsltortlon.pattern shows that the area f)f the bar near th? hot sp .954 cm) arm width; the casting at the top with a leg width of’ZH08 cm)
is in tension due to the convex bending. In the following, théshows a heavy tear, while the casting at the bottom with a leg width 6f 1.0

calculated PSD results are presented for each of the cases @54 cm) is untoris].
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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

bSD PSD values above 0.5% over the entire casting. Thus, only the

[%] PSD values visible in the X-ray views &fig. 5 (and similar
Ervipiy figures for the other cases) are used in forming the average.
6.000 Table 1provides the average PSD values for all cases. It can be
(@) S8 seen that PSD averages above approximately 1.5% correspond
4.714 to castings with hot tears, while for PSD averages below that
g:gg? value, no hot tears were observed in the casting experiments.
g-ggg It is emphasized that the actual magnitude of the PSD average
2,571 has no physical significance; only their relative values are of
3 importance here. As shown ffable 1 there are three castings
B éssg that showed hot tears. Two of the castings (cases 1 and 2) have
0.429 the smallest arm width of 0’51.27 cm). The small arm width
: 000 causes the accumulated strain to be larger than in the other cases.
M , Ultimately, the arms with the smaller cross section will yield

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
Fig. 5. Predicted PSD distribution for a’3§91.44 cm) arm length and 7.0 leg width increases the hot spot size and thus, the time over
(2.54cm) arm width, with 20(5.08 cm) (a) and 1:0(2.54 cm) (b) wide legs;  \yhjch the critical area is vulnerable to hot tearing. All of these

the two X-ray views are cuts at the mid-plane and only show PSD percentageéffectS appear to be captured by the present hot tear indicator
greater than 0.5%. :

more easily and form a crack. The third casting that tore in
(b) A
Y

4.2. Effect of feeding
8 (Fig. 5a), a large region of PSD is predicted at the location
of the hot tear in the corresponding casting experimeigt. @). Cases 8 and 9 illustrate the effect of feeding on the PSD
Fig. 5 shows that a region of PSD is also predicted for casgredictions. In case 9, a riser is added on top of thé @ide
7, but the PSD values are much smaller than in case 8. Thigg of case 8 (se€ig. 2). The resulting PSD predictions are
indicates that lower PSD values do not lead to hot tears. Noteompared irFig. 6a (case 8) an#ig. 6¢c (case 9). As expected,

PSD
[%]

Empty
6.000

5.571
5.143
p 4.714
4.286
3.857

(a) (b) 3.429
3.000
2.571
2.143
1.714
1.286
0.857
0.429
0.000

“ .

(©) (d)
¥

Fig. 6. Comparison of predicted PSD distributions for: (a) case 8; (b) case 8b; (c) case 9; (d) case 9b; cases 8b and 9b (right panels) use a carataney temp
integration limit that does not consider liquid feeding; cases 9 and 9b (lower panels) use a riser on top of the leg section as indicated by tHewirkleagnl
views are cuts at the mid-plane and only show PSD percentages greater than 0.5%.
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the feeding of the hot spot area by the riser significantly reducesmetric mechanical strain rate after liquid metal feeding is cut
the PSD predictions relative to the case without a riser. Theff. The PSD indications are initiation sites for hot tears. PSD
present hot tear indicator can predict this effect because the stramdemonstrated to be sensitive to some known factors affecting
rates are only integrated, when the feeding flow is cut off (i.e.hot tearing. The indications increase for increasing strain and
fI’7 > 0). Table 1shows that the average PSD value due to thaunfed hot spots.
addition of the riser decreases from 1.53 to 0.78%. This indicator can be used in defect analysis for simu-
To further demonstrate the importance of including the feedtated casting geometries and careful attention should be paid
ing effect in the present hot tear prediction, another two simto regions containing significant PSD. This porosity due to solid
ulations (cases 8b and 9b) were performed, where the loweateformation is a physically sensible explanation for hot tears
integration limitin Eq(7) (i.e., f,’, > 0) was replaced by alimit and may lead to a development of a reasonable prediction of hot
that is based on a critical mush coherency temperature. The neearing of steel castings.
lower integration limit is the time at which the local temperature
reaches the coherency temperature, T.€.7coherent fegardless  Acknowledgements
of the availability of liquid feeding. The coherency temperature
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