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ABSTRACT 

Hot-tearing is a major casting defect that is often difficult to characterize, especially 
for multicomponent Al alloys used for cylinder head castings.  The susceptibility of 
multicomponent Al-Cu alloys to hot-tearing during permanent mold casting was 
investigated using a constrained permanent mold in which the load and displacement 
were measured.  The experimental results for hot tearing susceptibility are compared 
with those obtained from a hot-tearing criterion based temperature range evaluated at 
fraction solids of 0.87 and 0.94.   The Cu composition was varied from approximately 
5 to 8 pct. (weight).  Casting experiments were conducted without grain refining.  The 
measured load during casting can be used to indicate the severity of hot tearing.  
However, when small hot-tears are present, the load variation cannot be used to detect 
and assess hot-tearing susceptibility.  
 
Notice: This submission was sponsored by a contractor of the United States 
Government under contract DE-AC05-00OR22725 with the United States Department 
of Energy. The United States Government retains and the publisher, by accepting the 
article for publication, acknowledges that the United States Government retains a 
non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the 
published form of this manuscript, or allow others to do so, for United States 
Government purposes. The Department of Energy will provide public access to these 
results of federally sponsored research in accordance with the DOE Public Access 
Plan (http://energy.gov/downloads/doe-public-access-plan). 

 
INTRODUCTION 

One of the challenges for the high-volume production of automotive cast metal parts is 
the reduction of casting defects.  Hot tearing is one of the most detrimental 
solidification casting defects [1]. The appearance of hot-tear defects depends on both 
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the local state of stress and interdendritic feeding. When the interdendritic liquid flow 
can feed local deformation regions, in which dendrite arms are pulled apart over a 
significant distance, the space between displaced dendrite arms is filled, and the hot 
tears are “healed”. As the solidification proceeds, the solid fraction increases, area 
open to interdendritic fluid flow decreases, and liquid feeding of solidification 
shrinkage and hot tears becomes more difficult. Thus, at high volume fraction of solid, 
when an opening of the dendritic network by tensile deformation remains unfilled, as 
liquid feeding is difficult, cracks nucleate and grow, causing a “hot tear” defect [2].  
Identifying criteria for hot-tear formation has been the subject of numerous studies [3, 
4].  For Al-Cu alloys, Campbell and Clyne  [5] found that the peak of the lambda 
curve for hot tearing susceptibility correlated with the non-equilibrium freezing range.  
Other criteria are based on the critical values for the strain, accumulated plastic strain, 
or strain rate [2].  One of the most recent criteria that was developed for solidification 
cracking in welding was also applied for estimating hot tearing during casting [6]. 
Most of the studies on hot-tearing of Al alloys were mainly dedicated to the DC 
casting [7].   Li et al. [8] reviewed hot tearing molds for permanent mold castings.  

In this study, Al-Cu multicomponent alloys  are considered [9].  The Cu 
composition was varied from approximately 5 to 8 pct. (weight). The susceptibility of 
four multicomponent Al-Cu alloys to hot-tearing during permanent mold casting was 
investigated using a constrained permanent mold in which the load and displacement 
were measured.  The experimental results for hot tearing susceptibilities were 
compared with those obtained from the hot-tearing criterion presented by [6].  This 
criterion was based temperature range evaluated at fraction solids of 0.87 and 0.94.    
 
SOLIDIFICATION CHARACTERISTICS FOR HOT TEARING CRITERIA 

The Cu content of the four alloys (DA1, DA2, DA6, and DA7), whose hot-tearing 
resistance was characterized in this study, was 4.95, 6.6, 7.3, and 8 wt%,	 respectively 
[9]. The microstructure model in ProCAST was used to conduct thermodynamic 
simulations for the four alloys considered based on the Scheil model.   The variation of 
the fraction solid (fs) as a function of temperature (T) is shown in Figure 1.  This 
fraction solid data can be used in different hot-tearing criteria [2, 6].   For reference, 
the fs data on 206 and A356 aluminum alloys was also presented.  The solidification 
characteristics can be used as a first-order estimate of hot-tear resistance.  For example, 
alloys that freeze over a larger temperature range with only a small amount of final 
eutectic liquid are expected to be less hot tear resistant [5, 10]. The freezing range is 
almost the same for all DA# considered (from a minimum of 108 oC for DA7 to 116 
oC for DA6).   Thus, based on freezing range alone, one would expect that DA# family 
would not be hot tear resistant.    
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 (a)  (b)  
Figure 1.  Calculated solid fraction using the Al material database Computherm and 

microstructure module in ProCAST for: (a) 206 and A356, and (b) four new alloys considered.  
 

ASSESSMENT OF HOT-TEARING RESISTANCE BASED ON VISUAL 
INSPECTION OF CASTINGS 

The casting experiments to assess the hot-tear resistance were conducted using an 
instrumented constrained rod mold, which was developed by WPI and CANMET [8] 
to measure the load and/or temperature during solidification for a restrained casting. 
The casting consists of two tapered arms that emerge from the bottom of the riser.  
Three types of castings were made for each alloy, temperature measurement (TM), 
load measurement (LM), displacement measurement (DM).  In the TM castings, the 
temperature was measured with two thermocouples, whose tips are indicated by 
arrows in Figure 2. If the front view of the casting is considered to be on the vertical 
casting surface in which the thermocouples are placed, then the LHS (left-hand-side) 
arm will have its end fixed for all casting types and most measurements will be taken 
from the right-hand-side (RHS) arm. In this section, pictures taken of the casting 
surface in each arm-riser joint region, where hot tearing is expected to occur, were 
presented to assess the level of hot tearing resistance.  
 

(a) (b)  
Figure 2.  Picture of mold setup for load measurement type castings showing: (a) mold cavity 

for the RHS arm with the location of two thermocouples. The thermocouples were intentionally 
inserted in the mold cavity to their location for the temperature measurement castings, and (b) 

mold cavity for the LHS arm with the bushing used to fix the arm end.   
 
The pictures of the RHS arm can always be identified by the thermocouple indent 
mark near the joint transition. Due to the fact that the end of the LHS arm is always 
fixed, while the RHS arm has a more relaxed geometric constraint at its end, hot 
tearing defects are expected to appear more pronounced on the LHS arm than on the 
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RHS arm.  The castings were visually inspected and the severity of cracking was 
ranked according to the classifications considered in Table 1.  For reference, Kamga et 
al., [11] used four hot tear classifications, which correspond to SH, LH, S, and C in 
Table 1. For the sake of simplicity, images for representative LM castings are 
presented in Figures 3, 4, 5, and 6 for the DA1, DA2, DA6, and DA7 alloys.  The 
figures 3 and 4 indicate that severe hot tearing is seen for DA1 and DA2 castings.  The 
hot-tearing defects were found to be limited to very thin hairline cracks for the DA6 
and DA7 castings.  The summary of the visual inspection ranking of hot-tearing 
severity is shown in Table 2.   
 

Table 1.  Assigned Visual Hot-Tearing Indicator (VHTI) for different types of hot-tears. 
VHTI Label Description 

0 None No hot tearing 

1 Very short hairline tear (VSH) hairline tear near the surface; length less than 
1/4 the circumference of the arm 

2 Short hairline tear (SH) hairline tear near the surface; length less than 
1/2 the circumference of the arm 

3 Long hairline tear (LH) hairline tear near the surface; length approx. 
the entire circumference of the arm 

5 Medium tear (M) deep tear that extends over the entire 
circumference of the arm 

8 Severe tear (S) wider tear than medium tear that extends over 
the entire circumference of the arm 

10 Complete tear (C) partial or complete separation of the arm 
 

(a) (b)  (c)  (d)  
Figure 3.  Pictures of the DA1 alloy load measurement castings, showing hot tearing in: (a) L4 

left arm, (b) L4 right arm, (c) L5 left arm, and (d) L5 right arm. 
 

(a) (b)  (c) (d)  
Figure 4. Pictures of the DA2 alloy load measurement castings, showing hot tearing in: (a) L3 

left arm, (b) L3 right arm, (c) L4 left arm, and (d) L4 right arm. 
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(a)  (b)   (c)  (d)  (e)  (f)  
Figure 5. Pictures of the DA6 alloy load measurement castings, showing: (a) L1 left arm, (b) L1 

right arm, (c) L2 left arm, (d) L2 right arm, (c) L3 left arm, (d) L3 right arm. 

 

(a)  (b)  (c)  (d)  
Figure 6.  Pictures of the DA7 alloy load measurement castings, showing: (a) L1 left arm, (b) L1 

right arm, (c) L2 left arm, and (d) L2 right arm. 

Table 2. Summary of hot-tearing defects in LM castings based on visual inspection. 
Alloy No. LHS arm VHTI LHS arm RHS arm VHTI RHS arm 

DA1 L4 S/C (9) 9.5 C (10) arm SH (2) 6.5 L5 C (10) LH (3) 

DA2 L3 M (5) 7.5 LH (3) 2.5 L4 C (10) SH (2) 

DA6 
L1 None (0) 

1 
VSH (1) 

2 L2 None (0) SH (2) 
L3 LH (3) LH (3) 

DA7 L2 VSH (1) 0.5 None (0) 0.5 L3 None (0) VSH (1) 
 

LOAD MEASUREMENT DURING CASTING SOLIDIFICATION 

The load measurements during casting in the WPI mold can be used to obtain 
quantitative data on the hot-tearing defects, as it was shown for A356 and 206 alloys  
[8] by correlating the load variation with the solidification behavior.  Specifically, Li 
et al. [8] correlated sudden changes in the load rate with onset of hot-tearing and crack 
propagation.  The “zero” time origin was selected for both the TM and LM castings to 
be that instant at which molten metal enters the right casting arm, i.e., as evidenced by 
the initial rise in the measured temperature on the riser side. The raw data for 
measured load, i.e., unsmoothed by any data post processing algorithm, is shown in 
Figure 7 as a function of time during casting solidification for the four new alloys 
considered. For each LM case, the load onset time (i.e., cross-over from the initial 
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negative values to positive values) is marked on each figure.  As shown in Figure 7, 
the lowest and highest load levels were measured for DA1 and DA7, respectively.  
DA1, DA2, and DA6 were found to exhibit a wide range load variation while the load 
measurement for DA7 showed very good reproducibility.   

(a) (b)  

(c)	 (d)  
Figure 7.  Measured load during casting for alloys: (a) DA1, (b) DA2, (c) DA6, and (d) DA7.  	

The variation in the load rate was found to be very important by Li et al. 
(2011) for the WPI castings. The 7-point moving-average data for load rate is shown 
in Figure 8 as a function of time during casting solidification for the four new alloys 
considered. Li et al. (2011) indicated that a “V” like signature of the load rate variation 
was found to occur for hot-tearing, the left-top point on the “V” indicating the “crack 
onset” and the end of the “V” indicating the end of the “crack propagation”.  This “V” 
signature was identified for each of the LM data presented in Figure 8. The typical “V” 
signature for hot-tearing can be easily observed for DA1 castings (Figure 8a).  For 
DA2, only the L3 casting shows the hot-tearing signature (Figure 8b).  The L4-DA2 
casting does not exhibit the “V” hot-tearing signature, indicating that for the short 
hairline tear (SH) (Figure 4d for the right arm), the load measurement is not sensitive 
enough to identify this type of very small hot-tearing.  This is also evidenced for the 
L1-DA6 and L2-DA6 load data, i.e., a “V” shape in the load variation could not be 
noticed to characterize the Very short hairline tear (VSH) and Short hairline tear (SH) 
seen in Figure 5b and 5d, respectively.  On other hand, the Long hairline tear (LH) 
seen in Figure 5f, which is actually extended over the entire arm circumference unlike 
the SH tear seen in Figures 5b and 5d, exhibits the typical “V” shape signature in the 
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load variation (Figure 8c). The load rate exhibited the most consistent variation for the 
DA7 castings (Figure 8d).  

(a) (b)  

(c) (d)  
Figure 8.  Calculated load rate during casting solidification for alloys: (a) DA1, (b) DA2, (c) 

DA6, and (d) DA7. 

DISCUSSIONS AND CONCLUSIONS 

The susceptibility of multicomponent Al-Cu alloys to hot-tearing during permanent 
mold casting was investigated using the WPI constrained permanent mold in which the 
load and displacement were measured. First, it has to be mentioned that the alloys with 
7.3 and 8 wt. Cu were found to be the most hot-tear resistant. Second, the data for the 
hot-tearing indicator introduced by Kou [6], which is based on variation of 𝑇 𝑓  
between fs=0.87 and fs=0.94, is compared directly with the hot-tearing indicator 
evaluated from the visual inspection of the WPI castings (Table 2). It has to be noted 
that it is more convenient to use Kou’s hot-tearing indicator (KHTI) rather than 
conduct casting experiments, as KHTI can be obtained solely from thermodynamic 
simulations. For the data shown in Table 3, the VHTI was calculated by averaging the 
VHTI for the left arm and right arm (Table 2). The values of the Kou’s hot-tearing 
indicator (KHTI) based on temperature slope in the 𝑇 𝑓  curve indicate that DA2, 
DA6, and DA7 are expected to be hot-tearing resistant alloys while the VHTI data 
indicate that DA7 and, to some extent DA6, are hot-tear resistant alloys.  The ranking 
of the hot-tear resistance of the least hot-tear resistant alloy, DA1, and the most hot-
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tear resistant alloy, DA7, are in good agreement between the KHTI and the 
experimental VHTI.  However, the DA2 alloy, which experimentally is shown to have 
a poor hot-tear resistance, the KHTI predicts a very high hot-tear resistance. This 
comparison between experimental and computational data is very important, as 
provides more information that can be used to assess the range of applicability of the 
KHTI criterion to accurately predict hot-tearing resistance of Al alloys.  

Table 3.  Comparison between hot-tearing indicators based on thermodynamic data and 
experimental data.  

Alloy DA1 DA2 DA6 DA7 
Cu wt. [%] 4.95 6.6 7.3 8 

KHTI - ∆𝑇 ∆ 𝑓 between fs=0.87 and fs=0.94 620 61 126 66 

Expected hot-tear resistance based on KHTI Very low High High High 
VHTI (scale 0-10) 8 5 1.5 0.5 

Hot-tear resistance based on VHTI Very low Low Low-High High 

 
Third, in an attempt to correlate the hot-tearing with the quantitative variables related 
to load and load rate values, the VHTI for the right casting arm (Table 2) are shown in 
Table 4 together with load at solidus point and load rate average. It has to be 
mentioned that when small hot-tears are present, the load variation cannot be used to 
detect and assess hot-tearing susceptibility. Although it is not a strong correlation, it 
can be seen from the data shown in Table 4 that the higher the load at solidus 
temperature, the lower the hot-tearing indicator.  Excluding the L1-DA6 data on 
average of the load rate, it was found that there is a relatively strong correlation in the 
average of the load rate and the hot-tearing indicator, i.e., the higher the average of the 
load rate the lower the hot-tearing indicator.  The data also show that at higher VHTI 
values larger crack growth times were observed.  Thus, load at solidus point and load 
rate average over the freezing range, which were obtained from the measured load data, 
can be used to indicate the hot tearing resistance of the Al-Cu multicomponent alloys.  

Table 4.  VHTI for the right casting arm (Table 2), load at solidus and load rate average. 

Alloy LM 
No. 

VHTI  for 
RHS arm 

Load at 
solidus [N] 

Load rate 
average [N/s] 

DA1 L4 2 141 45.7 
L5 3 63 28.4 

DA2 L3 3 166 46 
L4 2 125 75 

DA6 
L1 1 153 31.5 
L2 2 283 59.6 
L3 3 196 54.7 

DA7 L2 0 246 76.6 
L3 1 252 79 

 



The Minerals, Metals & Materials Society, TMS 2017 146th Annual Meeting & 
Exhibition Supplemental Proceedings, The Minerals, Metals & Materials Series,  pp. 

465-473, DOI 10.1007/978-3-319-51493-2_44 

	
	

9 

ACKNOWLEDGEMENTS 

This work was performed under a Cooperative Research and Development Agreement 
(CRADA) with the Nemak Inc., and Fiat Chrysler Automobiles (FCA)	for the project 
"High Performance Cast Aluminum Alloys for Next Generation Passenger Vehicle 
Engines.” Research sponsored by the U. S. Department of Energy, Office of Energy 
Efficiency and Renewable Energy, Vehicle Technologies Office, as part of the 
Propulsion Materials Program under contract DE-AC05-00OR22725 with UT-Battelle, 
LLC.  

REFERENCES  
1. Campbell J., 1991, “Castings,” Butterworth and Heineman, Ltd.  
2. Rappaz, M., J.-M. Drezet, and Gremaud, M., 1999, “A New Hot-Tearing 

Criterion,” Metall. and Materials Trans., Vol. 30A, pp. 449-455. 
3. Feurer, U., 1976, Giesserei Forsch., Vol. 2, pp. 75-80. 
4. Clyne, TW. and Davies, GJ., 1981, “The Influence of Composition on 

Solidification Cracking in Binary Alloy Systems,” Brit. Foundryman, Vol. 74, pp. 
65-73. 

5. J. Campbell and T.W. Clyne: Cast Metals, 1991, vol. 3 (4), pp. 224–26. 
6. S. Kou, A criterion for cracking during solidification, Acta Materialia, 2015, 

Volume 88, pp.  366-374. 
7. Davidson C, Viano D, Lu L, St John D., 2006, Observation of crack initiation 

during hot tearing, International Journal of Cast Metals Research, Vol. 19, pp. 59-
65. 

8. S. Li, K. Sadayappan, D. Apelian, Characterization of Hot Tearing in Al Cast 
Alloys: Methodology and Procedures, Int. J. Cast Metals Res. 24(2), 2011, pp.88-
95(8). 

9. A. Shyam, J.A. Haynes, P.J. Maziasz, A.S. Sabau, D. Shin, Y. Yamamoto, C.R. 
Glaspie, J.A. Gonzalez-Villarreal, S. Mirmiran, A.F. Rodriguez-Jasso, S. Roy, J. 
Talamantes-Silva, and L. Zhang, “Aluminum Alloy Compositions and Methods of 
Making and Using the Same,” Non-Provisional Application Filed; U.S. Patent 
Application No. 15/160,926; ORNL Ref. No. 3569.0, Filled on May 20, 2016. 

10. Rosenberg, RA, Flemings, MC, and Taylor, HF, 1960, “Nonferrous Binary Alloys 
Hot Tearing,” AFS Trans, Vol. 58, pp. 518-528. 

11. H.K. Kamga, D. Larouche, M. Bournane, A. Rahem, Hot tearing of aluminum–
copper B206 alloys with iron and silicon additions, Mat. Sci. and Eng. A, Vol. 
527, 2010, pp. 7413-7423. 
 


