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Abstract 

 
Caterpillar has been collaborating with suppliers to analyze steel castings for the 

tendency to form hot tears using a newly developed damage-based model. The implementation 
and application of the damage-based hot tear model is presented. The implementation is through 
an uncoupled simulation of the solidification and deformation problems using commercial 
software with a user-defined constitutive model. However, the liquid feeding and shrinkage 
porosity information is coupled to the solid deformation constitutive model to calculate the 
material damage. Hot tears should then initiate at locations where significant damage is 
predicted. Two industrial case studies are presented that demonstrate the effectiveness of the hot 
tear model at predicting the locations where hot tears form. Good correlation with indications on 
castings is observed. Using this new model and collaborating with foundries, part geometry can 
be modified or casting process changes can be identified before designs are finalized and 
production begins, reducing the likelihood of hot tear issues occurring. 
 

1. Introduction 
 

For the past several years, Caterpillar has been attempting to collaborate more closely 
with its suppliers in the design and development of large steel castings. It is hoped that through 
collaboration, a knowledge-based casting design process can consistently be deployed to reduce 
develop time, while simultaneously achieving the highest quality. Caterpillar is also actively 
working with researchers to ensure that the latest modeling technologies are being utilized in the 
casting development process. Integrating the latest modeling technologies into the best design 
practices can result in better initial casting designs and faster process development and 
validation, benefiting the operations and overall business of Caterpillar and its casting suppliers. 
 

Hot tearing is one of the most common and serious defects encountered in large steel 
castings. Hot tear defects require extensive rework, which significantly increases costs. In some 
instances, several iterations of part inspection, repair and heat treatment can be required, which is 
both labour and energy intensive. Hot tear defects that are not properly repaired or are not 
discovered, can result in failure initiation sites during service. These troublesome defects can 
occur internally in a casting or on the surface of the casting. Hot tearing occurs as a result of 
tensile strains arising in the “mushy zone” of the casting in regions without sufficient feeding 
during solidification. The right conditions can occur from (1) casting design; normal contraction 
of thinner sections causing deformation or restraint of thicker sections which cool more slowly, 
or (2) bulk resistance of the mold and core, which prevents contraction of a casting, or (3) the 
rigging design, especially if feeding is marginal, by providing additional restraints or due to the 
high thermal gradients that are often needed to achieve directional solidification. In a complex-
shaped casting, tearing may occur as a result of the combined effect of the aforementioned 
causes [1].  Many researchers have been studying the mechanism of hot tearing and several 
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models or criteria have been developed to predict the hot tears in casting [2-5].  However, much 
of the hot tear research has only focused on the theoretical mechanism by using controlled 
casting conditions with a simple casting geometry. A few of the developed models have been 
validated with very limited application in foundries.  
 

Actual production of large steel castings is often very complicated. Many factors will 
influence the hot tear tendency in the casting, such as the alloy composition, casting geometry, 
riser and gating design, mold material, core material and core design, and pouring temperature. 
Due to these complexities, a model to correctly predict hot tearing requires both an accurate 
thermal simulation of the mold filling and solidification process and an accurate mechanical 
simulation of the stresses and strains that occur during solidification and cooling. Modeling all of 
these processes accurately requires extensive temperature dependent thermo-physical and 
thermo-mechanical material properties that are a function of the cast metal chemical composition 
and the locally growing microstructure and the sand-binder combination used in the mold and 
cores. This paper attempts to integrate all of the above process parameters in a modeling process 
to ultimately predict where hot tears may form. Two case studies are presented which were 
carried out on actual steel castings in collaboration with Caterpillar’s suppliers to study the 
effectiveness of predicting hot tears.  
 

In 2007, authors presented some applications of a hot tear prediction criterion, PSD, 
which calculated the porosity due to solid deformation [6]. This model was developed by 
Monroe and Beckermann [7] and considers all of the above process parameters in hot tear 
prediction for simulating hot tear conditions in real production parts. However, the PSD hot tear 
model was limited because it only used the elastic strain in the damage calculations. Recently, 
Monroe and Beckerman have developed a similar damage porosity model using the visco-plastic 
strain [8-9].  This paper uses this damage porosity hot tear criterion in the study of hot tears in 
actual industrial casting applications.   
 

2. Numerical Approach 
 

 Ideally, solidification and deformation processes should be fully coupled in the 
calculation of hot tear formation. In this work, only a “one-way” sequential calculation of the 
solidification then deformation is performed. The calculation was carried out in two stages. First, 
the filling, solidification and cooling processes are simulated with the finite difference method 
(FDM) using the commercial software 
MAGMAsoft. Then the calculated 
temperature history and the feeding 
results (porosity) are mapped to the finite 
element (FE) model where the solid 
deformation is computed. The potential 
hot tear sites are identified using the 
damage based visco-plastic material 
model developed by Monroe and 
Beckerman [8-9]. This model is 
implemented in a user subroutine of 
ABAQUS. Figure 1 summarizes the 
analysis procedure in a flow chart.   
 

 
 
 
 

Figure 1. Flow chart modeling approach for hot tear 
prediction. 
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Damage porosity, dpg , , used for the prediction of potential hot tearing is calculated by 
the following equation 
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where sg is the solid fraction,  vp

xxε& , vp
yyε& , and vp

zzε&  are the visco-plastic strain rates. The integration 
starts at time, ft , when the feeding flow is cut off. The feeding results are incorporated into FE 
model through this feeding cut off time and the solid fraction. The solid fraction is calculated by 

sh,pg−1 , where sh,pg is the shrinkage porosity. Any feeding model can be used to calculate the 
feeding cut off time ft and sh,pg .  In this paper, when the solid fraction reaches 0.75, the feeding 
was assumed to be cut off.   
 

This equation calculates the volume fraction of porosity due to visco-plastic dilatation. 
This quantity is only significant in porous plasticity methods, because the von Mises plasticity 
model assumes that no volumetric deformation occurs.  

 
The temperature dependent properties for the cast alloy are needed from the fully liquid 

temperature to shakeout temperatures. The thermo-physical properties of the steel were 
calculated using JMatPro. The thermo-mechanical properties at low temperature (< 800oC) were 
also calculated using JMatPro, however at high temperature (>800oC) were determined from 
Monroe and Beckerman [8-9].  
 

The mold (core) materials are the strongest factor in causing hot tearing of the steel 
castings [10].  It is important to consider the interaction of casting and mold in the numerical 
simulation because of thermal contraction of the casting is hindered by the mold (core). The 
interaction between the casting and mold (core) is considered by using the model by Dantzig et 
al. [11-12]. This model uses a surface element (SANDSURF) to replace the sand mold. The 
SANDSURF element applies appropriate normal forces to the casting surface, depending on the 
normal nodal displacement. This approach can provide a good estimate for the displacement and 
equivalent plastic strain for the casting model, and reduce the computation time as well. 
However, this model does not consider temperature effects on the mold/core properties. The 
properties of the mold (core) are known to depend heavily on temperature due to the binder 
performance. However the influence of temperature on the mold/core properties was not 
considered in this paper. The temperature effect on mold properties and casting distortion will be 
studied in the future work.  
 

3. Application 
 
Case 1: Support Casting 
 

The support casting geometry and typical riser layout is shown in Figure 2. An internal 
core inside the casting provides restraint on the geometry during solidification and further 
cooling. After the initial casting trial for prototype parts, many cracks were found at internal 
corners of the casting after cleaning. The procedure shown in Figure 1 was used to calculate the 
solidification and solid deformation from pouring to shakeout. The damage porosity during 
deformation is used to evaluate the hot tearing potential for certain suspect locations. Figure 3 
shows the comparison of both simulations and the actual cracks found in casting. On the cope 
side of the casting, it can be seen from Figure 3a that the damage model predicted the hot tears 
around the corner as well as at some other locations. The only location where cracks were found 
in the actual castings was around the internal corners. The other locations in the simulation 
where high damage porosity is found were not evaluated closely with radiography or by other 
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method in the actual castings as they were already scrapped due to the visible cracks. In these 
locations, it is not known whether damage porosity over predicted the hot tear or if internal 
damage was sustained. The cope side shows similar agreement. Locations which seem to over-
predict hot tearing based on damage porosity may be caused by two factors. The first factor is the 
lack of evaluation of the actual casting in these locations. Second, the damage model can only be 
used to predict the initiation of hot tearing, not the entire crack extent. Some hot tears might not 
extend except under high stress. Figure 4 show predicted maximum tensile stress contour in the 
casting. The difference between hot tear initiation and crack extension remains to be examined in 
future work. However, it can be seen that the all crack locations have higher tensile stress than 
the other locations with indications of damage porosity. 
 
 

  
Front view Rear view 

  
Top view Iso view 

  Figure 2 Chicken casting geometry and riser arrangement.  
 
 

  

 

  

 

(a) Cope side (b)Drag side  
Figure 3 Hot tears and damage porosity in the chicken casting 
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Cope side Drag side  

Figure 4 Maximum tensile stress  
 
 
 

(a) Element 738 (b) Element 41231 
Figure 5 Tensile stress, damage indicator, and solid fraction variation with time at the hot tear 
locations.  
 

E738 

E41231 
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In order to understand the hot tearing mechanism, the variations of the tensile stress, 
damage indicator and solid fraction at elements 738 and 41231, as shown in Figure 4, have been 
plotted in Figure 5. Both elements were sampled at the actual crack locations. It can be seen in 
the variation of the solid fraction, for element 738 as shown in Figure 5a, as the time increases 
(i.e., the temperature decreases), liquid metal starts to solidify at about 60 seconds. As the 
material solidifies, deformation begins to occur causing some nominal stresses shortly after 250 
seconds. Liquid metal still can feed at early times and the damage porosity can be fed, therefore 
it is still zero until 320 seconds. Once the feeding is cut off at 0.75 solid fraction, then damage 
porosity begins to accumulate. Throughout the solidification, the stress is small (>50 kPa). 
Because liquid cannot feed deformation, the void grows during the solid deformation. From 
significant regions of damage porosity, hot tears form. These tears will extend to form cracks 
under high stress.  
 

The damage porosity at element 41231 is higher than that at element 738, even though 
the longer solidification at element 738, as shown in Figure 5b. This is the result of the fact that 
the damage porosity is the integration of the visco-plastic strain rate through the time since the 
feeding cut off. The tensile stress and strain rate at the element 41231 are higher than that at 
element 738, as shown in Figure 5, and therefore the total damage porosity accumulated is also 
higher.    
 
Case 2: Corner Casting 
 

The corner casting geometry is shown in Figure 6. This casting also has a core that causes 
restraint internally. Cracks were found at many locations after shakeout and shot blasting to 
clean the surface. The comparison of the cracks and the damage porosity is shown in Figure 7. 
The casting contracts after solidifying and in the meantime the internal core is heated and 
expands by the hot metal. These two effects will cause tension deformation in the casting. It 
should be noted that the tear locations for both (a) and (b) in Figure 7 are in between the two 
risers, which causes this region to be hot and weak. The crack occurrence indicated that these 
regions were not fed very well even though they are close to risers. This is because that this area 
were heated up by the risers and solidified simultaneously with risers, which causes significant 
tensile deformation. This interaction of feeding should be studied further near risers and chills. In 
Figure 7c, the actual crack is more extensive than the prediction. More investigation of the core 
restraint, feeding, and material deformation is needed to understand this location.  
 
 

 
 

External view Internal view 
Figure 6 Corner casting geometry 

 
 
 

334



 

 

 

 
 
 
 
 
 
 
 

      Cracks in casting Simulation results 
Figure 7 Hot tear prediction in corner casting 

 
 

4. Conclusions 
 

The numerical procedure for a hot tear criterion based on the volumetric visco-plastic 
deformation, called damage porosity, has been discussed. The entire procedure includes the mold 
filling, solidification, cooling, and the thermal stress with damage porosity has been employed to 
simulate the two real castings. The simulation results show the damage porosity model can 
predict some the potential hot tear locations in castings.  In both applications, the non-uniform 
liquid feeding on the hot tear indications has not been considered which has important influence 
on the hot tear formation. However, the predicted locations are not expected to change with 
enhanced feeding. Instead, the magnitude of the damage indications alone would change. Further 
studies of the feeding influences are undergoing. The damage porosity prediction seems to yield 
useful agreement with the hot tear locations in real casting geometries. 
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