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ABSTRACT
Hot tearing represents a relevant limitation to castability, particularly in wrought alu-
minum alloys having a wide solidification range. To assess the alloy’s vulnerability 
to hot tearing, a variety of predictive models and testing methodologies have been 
developed. This study aims to validate the Kou model through the comparison of 
experimental data obtained using the Constrained Rod Casting (CRC) test on se-
lected 6XXX series Al alloys. Additionally, the investigations explore the influence 
of microstructural features and phase constituents on the formation of hot tears. 
The results indicate that the sensitivity to hot tears is higher in alloys with 0.2 wt% 
Fe and decreases by increasing iron content. The α-Al15(Fe,Mn)3Si2 phase appears 
to promote grain coalescence, facilitating bridging between primary dendrites and, 
thereby, improving the castability of the alloy. Furthermore, the study suggests that 
thermodynamic simulation and the application of Kou index can offer valuable in-
sights into the casting of alloys. These findings will contribute to the identification 
of optimized alloy chemistries suitable for producing near-net-shape components 
using casting techniques traditionally applied to Al casting.

1.	 INTRODUCTION
The automotive and aerospace industry is increasingly 

turning to aluminum alloys (Graf, 2021) for their favorable 
properties, such as high strength-to-weight ratio, good cor-
rosion resistance, easy formability and, theoretically, indef-
inite recycling capability (Van den Eynde, et al., 2022). This 
transition aligns with industry goals to reduce greenhouse 
gas emissions (Raabe, et al., 2022), dependence on critical 
raw materials (Ferro & Bonollo, 2023) and overall energy 
consumption (Cui & Roven, 2010). 

However, replacing steel with aluminum presents chal-
lenges, particularly because casting aluminum alloys often 
offer lower mechanical performance required for structural 
applications. This limitation has led to a growing interest in 
wrought alloys which offer superior mechanical properties 
and are now being considered for near-net-shape casting 
applications (Poznak, Freiberg, & Sanders, 2018). Howev-
er, using wrought alloys in conventional casting processes 
remains complex.

These alloys typically exhibit narrow compositional tol-
erances and broad solidification ranges (Phillion, Thomp-
son, Crockcroft, & Wells, 2008) both of which adversely 
affect castability, i.e. the ability to be successfully cast into 
complex shapes without defect formation (Eskin, Suytno, 
& Katgerman, 2004). Among the various solidification-re-
lated defects, hot tearing (also known as hot cracking) 

represents a relevant limitation to castability, particularly 
in wrought alloys having a wide solidification range which 
increases their susceptibility to thermal contraction. 

During the solidification process, these alloys can ac-
cumulate internal tensile stress and when the semi-solid 
metal cannot accommodate these tensile strains, inter-
dendritic cracking, or hot tearing, is likely to form (Dhale & 
StJohn, 1998). This phenomenon is considered to be one 
of the most critical and complex defect in casting, result-
ing from the interaction between multiple factors such as 
mass flow, thermal gradients, and fluid flow (Eskin, Suytno, 
& Katgerman, 2004), making analysis and prediction chal-
lenging. 

As described in the pioneering work of Rappaz and 
Drezet (Rappaz, Drezet, & Gremaud, 1999), hot tears occur 
especially due to the constrained contraction in the mushy 
zone, where the lack of liquid feeding can lead to materi-
al failure. When the solidification exceeds the dendritic 
coherence threshold, the primary aluminum phase forms 
an interconnected solid network, which incorporates liquid 
pockets within interstitial spaces. As this network solidi-
fies further, the permeability within the solid structure de-
creases, leading to the so-called interdendritic separation. 
Furthermore, shrinkage generates porosity, which acts as 
nucleation sites for hot tears (Uludag, Çetin, Dispinar, & 
Tiryakioglu, 2018).
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Industrial casting processes typically proceed under 
non-equilibrium solidification conditions, well described by 
the Scheil model (Scheil, 1942). Under these non-equilibri-
um conditions, micro-segregation areas and intermetallic 
compounds, which have a significant influence on material 
strength and susceptibility to hot tearing, are more likely to 
develop. This tendency is particularly pronounced in sec-
ondary alloys, which generally contain higher concentra-
tions of alloying elements and impurities. 

Consequently, despite the economic and environmen-
tal advantages of producing secondary alloys over primary 
routes, the use of secondary wrought aluminium alloys un-
fortunately still remains limited due to their high sensitivity 
to impurity levels introduced through recycling processes. 

To assess the vulnerability of an alloy to hot tearing, 
a variety of predictive models and testing methodologies 
have been developed. They serve as predictive tools to de-
sign casting processes and alloy compositions to minimize 
defect occurrence. These include both experimental tests, 
which directly evaluate cracking tendency under controlled 
conditions and theoretical or semi-empirical models, which 
are based on thermodynamic and kinetic simulations of al-
loy solidification behavior.

Due to its simplicity and ease of application, Kou’s cri-
terion is one of the most widely used theoretical approach 
(Kou, 2015): it proposes that hot tearing occurs when the 
tensile stress exceeds the combined resistance offered by 
grain growth and liquid feeding. The model introduces a 
Hot Tearing Susceptibility (HTS) index, defined by the slope 
of the temperature versus solid fraction curve (T vs fs), near 
the final stage of solidification (fs→1) : HTS = |∆T/∆(fs

1/2)|.
In a previous study (Giansante, Timelli & Fabrizi, 2024), 

the authors applied the Kou criterion to predict how varia-
tions in Si, Mg, Fe and Mn concentrations affect hot tearing 
in 6XXX series aluminum alloys. The current study extends 
this work by comparing these predictive results with experi-
mental data obtained through the Constrained Rod Casting 
(CRC) test, a widely used method to qualitatively assess 
castability and hot tearing tendency in both vertical and 
horizontal mold configurations.

The CRC test employs gravity casting into a mold with a 
series of horizontal arms of different lengths but constant 
diameters. This setup introduces controlled thermal and 
mechanical constraints that promote the formation of hot 
tears at specific locations, making it ideal for evaluating al-
loy performance under realistic conditions.

This study aims to validate the Kou model using CRC 
experimental results on selected 6XXX series Al alloys 
and to examine how microstructural features and phase 
constituents influence hot tearing behavior in functions of 
different alloy compositions. The findings will support the 

identification of alloy chemistries suitable for producing 
near-net-shape components using casting techniques tra-
ditionally applied to Al casting alloys.

Ultimately, this work contributes to a deeper under-
standing of the hot tearing phenomenon and provides guid-
ance for the development of casting processes that enable 
the use of high-performance wrought aluminum alloys in 
advanced structural applications.

2.	 EXPERIMENTAL PROCEDURE
2.1	Materials

Based on the findings of a previous work (Giansante, 
Timelli, & Fabrizi, Influence of Chemical Composition on 
the Hot Tearing Susceptibility of Wrought 6005 Aluminum 
Alloys, 2024), three experimental 6xxx series aluminum al-
loys with different concentrations of Si, Mg, and impurity 
elements (Fe and Mn) were selected for testing.

All three alloys were then produced using commercially 
pure aluminum as base material. About 5 kg of ingot piec-
es were charged into a SiC crucible and they were melt-
ed in an electrical furnace at 750±5°C. After melting, the 
surface oxide was skimmed and AlFe20, pure Si, pure Mg 
and AlMn25 master alloys in the form of waffle or wide rod 
were added to reach the desired chemical composition. Af-
ter the addition, the molten bath was held in the furnace 
for 40 minutes to ensure the correct dissolution and the 
homogeneity. To reduce hydrogen content and improve 
the quality of the molten bath, the metal was treated with 
a commercial salt flux. The bath was stirred prior to flux 
addition, after which the flux was allowed to react for 20 
minutes at the processing temperature. Additionally, a de-
gassing treatment was carried out by purging Argon gas 
through the melt for 20 minutes. The molten bath was then 
skimmed and stirred before checking the chemical com-
positions by optical emission spectrometer (Oxford Instru-
ments - Foundry Master Pro). The average concentrations 
of the chemical elements for the 3 alloys are listed in Table 
1. For each alloy, 2 ingots of 1.5 kg each were then cast and 
subsequently used in the CRC tests.

2.2	Evaluation of Hot Tearing Susceptibility
2.2.1	Kou criterion 

The HTS index for each alloy was initially evaluated us-
ing Kou’s predictive criterion on the solidification curves, T 
vs fs, generated through ThermoCalc™ (Andersson, Heland-
er, Höglund, Shi, & Sundman, 2002), a commercial thermo-
dynamic simulation software. The solidification paths were 
computed using Scheil’s non-equilibrium model based on 
data from the TCAL 7.1 aluminum database (TCAL7 Tech-
nical Information, 2020). Each simulation started at the 
temperature of 750°C with a computing step of 1°C.

Alloy Si Fe Mn Mg Others Al

1 1.35 0.24 0.00 0.83 (0.2) Bal.

2 1.28 0.22 0.00 1.12 (0.2) Bal.

3 0.60 0.86 0.63 0.39 (0.2) Bal.

TABLE 1: Chemical composition of the experimental alloys (values in wt. %).
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In the present investigation, the ∆T/∆(fs
1/2) approxima-

tion index within the solid fraction range of 0.87<fs<0.94 
was used to calculate the HTS values, as this interval was 
reported to correlate well with experimental observations 
in aluminum alloys (Kou, 2015). 

2.2.2	CRC test
To experimentally assess hot tearing susceptibility of 

the three alloys, the Constrained Rod Casting (CRC) mold 
in Figure 1 was used. The mold design was adapted from 
various models reported in the literature; Rajagukgug et 
al. (Rajagukguk, et al., 2024) higlighted the differences 
between horizontal and vertical CRC molds. A similar ap-
proach was used by Liang et al. (Liang, et al., 2024) in their 
investigation of the influence of chemical composition 
and grain refiners on aluminum alloys. Furthermore, Cao 
& Kou (Cao & Kou, 2006) conducted the CRC test on Mg-Al 
binary alloys while Uludag et al. (Uludag, Çetin, Dispinar , & 
Tiryakioglu, 2018) chose this approach to assess the cor-
relation between the hot tearing and melt quality. The CRC 
mold consists of four rods with a diameter of 9.5 mm and 
variable lengths. Each rod terminates in a ball end, which 
serves to prevent free contraction due to shrinkage during 
solidification. The mold design used in this study includes 
a pouring basin to minimize turbulence during casting, 
as well as a thermocouple positioned at the intersection 
point between the sprue axis and the bottom rod axis, al-
lowing for accurate monitoring of mold temperature. The 
mold was coated with a graphite-based solution. Prior to 
casting tests, the previously prepared ingots were melted 
in a crucible at a furnace temperature of 760±5°C. After 
approximately 60 minutes, the melt was poured into the 
CRC mold preheated at 220±5°C and the final castings 
were removed from the mold after 5 minutes. At least 
three castings were carried out for each alloy, following 
the same procedure.

Hot tears in the castings were inspected by eye and the 
HTS index according to the CRC test was calculated using 

the following equation (Liang, et al., 2024):
HTS = ∑i(wi*fi*Li) 					    (1)
where wi,fi and, Li are factors for crack severity, crack loca-
tion and rod length, respectively. More in details, wi repre-
sents the so-called weighted index, i.e., a severity index for 
cracks ranging from 1 for hairline cracks to 4 in cases of 
complete separation of the involved parts, fi denotes the 
crack location index and can assume values of 1, 1.5, or 2, 
depending on whether the crack appears near the sprue, on 
the ball end, or in the middle of the rod, respectively. Lastly, 
Li accounts for the rod length index, which takes the value 
of 1 for the longest branch and increases up to 4 for the 
shortest one. 

These indices are designed to reflect the susceptibility 
of a specific rod or areas to crack formation. 

The index values are weighted based on the analysis 
of temperature variations and the resulting thermal strains 
across different regions of the mold, which show the higher 
probability of crack formation in the longer branches.

2.3	Microstructural analysis
Microstructural investigations were conducted on 

specimens drawn from the cross-section of the longest rod 
of the castings. The specimens were embedded in acrylic 
resin at room temperature and prepared following standard 
metallographic procedures, which included grinding with 
SiC abrasive papers and polishing with a 6 μm diamond 
paste, followed by final polishing using a colloidal silica 
suspension.

For grain size evaluation, samples were electrochem-
ically etched using Barker’s reagent, and the resulting mi-
crostructures were examined using an Optical Microscope 
(OM) with polarized light; grain sizes were then determined 
by the linear intercept method. Additionally, the polished 
samples were examined by Scanning Electron Microscope 
(SEM) equipped with Energy-Dispersive X-ray Spectros-
copy (EDS) to characterize the morphology and chemical 
composition of intermetallic phases.

3.	 RESULTS AND DISCUSSION 
Figure 2a illustrates the simulated solidification curves 

for the three investigated alloys. The curves corresponding 
to Alloy 1 and Alloy 2 are nearly identical, whereas Alloy 3 
exhibits a distinct solidification path. This difference can be 
attributed to the lower Si and Mg contents and significantly 
higher Fe and Mn concentrations in Alloy 3 compared to the 
other two alloys, which are chemically similar. All curves 
display variations in slope, marked by knee points, particu-
larly near the final stages of solidification. The presence of 
such knee points indicates the precipitation of secondary 
phases in addition to the primary α-Al phase.

HTS indices were calculated from the solidification 
curves using Kou’s model and the resulting values are 
presented in the histogram in Figure 2b. Among the three 
materials, Alloy 1 exhibits the highest vulnerability to the 
hot tearing. To validate the predictive HTS indices, at least 
three experimental tests were carried out with the CRC 
mold and the representing castings of the experimental FIGURE 1: Design and dimensions of the CRC mold.
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alloys are shown in Figure 3. From the visual inspection, it 
resulted that cracks tend to form across multiple branch-
es for all the experimental alloys. In particular, for Alloy 1, 
all tests showed a complete ball separation in rod 1. As 
shown in the magnified views in Figure 3a, hairline cracks 
frequently appear at the ball end of rod 2, as well as the 
occurrence of severe cracks at the sprue area. In addition, 
light cracks were also detected at the sprue of rod 3. In 
Alloy 2 (Figure 3b), which registers a higher magnesium 
content, a slight improvement in crack resistance was ob-
served. In all the castings from Alloy 2, a complete separa-
tion was noted near the ball end in rod 1 while severe crack 
occurred at the sphere of rod 2, while the sprue was always 
intact. Branch 3 also exhibited light cracking similar to that 
observed in the casting from Alloy 1. The best results were 
achieved with the castings produced using Alloy 3 (Figure 
3c). In this case, cracks appeared primarily in the middle 
of branch 1, and light cracks observed at the sprue area of 
rod 2. Moreover, hairline cracks were found on the sprue of 

branch 3. No cracking was observed in rod 4, regardless of 
the alloy used.

The HTS values calculated in accordance with equation 
(1) are reported in the Figure 4 and analytically confirm the 
trends observed during visual inspection.

A comparative analysis of the histograms in Figure 2b 
and Figure 4 highlights a close match between the HTS val-
ues predicted using Kou’s criterion and those experimen-
tally determined from the CRC tests. This strong correla-
tion validates the applicability of Kou’s model as a reliable 
method for predicting the hot tearing susceptibility in alu-
minum alloys.

To further investigate the different behavior of the 
three alloys, microstructural analyses were conducted. 
Representative micrographs of the three alloys are report-
ed in Figure 5. In all cases, the microstructures exhibit 
equiaxed dendritic grains with average grain sizes rang-
ing from approximately 110 to 155 µm, as summarized in 
Table 2.

FIGURE 2: a) T vs. fs solidification paths calculated by Scheil’s model; b) hot tearing susceptibility as predicted by Kou’s model.

FIGURE 3: Castings from the CRC mold: a) Alloy 1; b) Alloy 2 and c) Alloy 3; in the inset, the close-up views of the tears near the sprue and 
ball-end of the rod.

a) b)
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Nevertheless, no significant correlation was identified 
between grain size within this dimensional range and HTS 
values, suggesting that grain size is not a critical parameter 
in controlling hot tearing behavior. Consequently, more in-
depth microstructural investigations were carried out. 

Figure 6 presents SEM micrographs acquired in Z-con-
trast mode. EDS analyses (not shown) revealed the pres-
ence of β-Al5FeSi as needle-like or plate-like brighter phas-
es, and Mg2Si, appearing as darker phases in Alloys 1 and 
2 (Figure 6a and Figure 6b), both containing high levels of 
Si and Mg.

It is worth noting that Alloy 2, with a slightly higher Mg 
concentration than Alloy 1, exhibited a greater density of 
these intermetallic compounds with a finer distribution. 
Additionally, Alloy 2 displayed a visibly smaller secondary 
dendrite arm spacing (SDAS) compared to Alloy 1.

Alloy 3, characterized by a high content of Fe and Mn 
and significantly lower concentrations of Si and Mg com-
pared to the other two alloys, showed a high density of 
Chinese-script α-Al15(Fe,Mn)3Si2 intermetallic compounds 
(Figure 6c), with no evidence of other phases. The addition 
of Mn in this alloy has induced a morphological transfor-
mation of the acicular β-Al5FeSi phases, previously ob-
served in the Mn-free alloys, into the more branched and 
interconnected α-Al15(Fe,Mn)3Si2 structures. Moreover, Al-
loy 3 appears to exhibit even lower SDAS values than Alloy 
2, further suggesting a refined solidification structure that 
may contribute to its lower hot tearing susceptibility.

Based on the SEM observations, it can be concluded 
that the reduction in hot tearing susceptibility may also be 
attributed to the size, morphology and solidification se-
quence of Fe-based intermetallic and eutectic phases. In 
particular, the α-Al15(Fe,Mn)3Si2 phase seems to promote 
grain coalescence, facilitating bridging between primary 
dendrites and enhancing the structural integrity during 

FIGURE 4: HTS values from the experimental CRC tests.

Alloy Grain size (μm)

1 111 ± 7

2 154 ± 11

3 136 ± 10

TABLE 2: Average grain size.

FIGURE 5: Optical micrographs showing the grain structure of a) Alloy 1, b) Alloy 2 and c) Alloy 3.

a) b)

c)
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solidification and, finally, improving the castability of the 
alloy.

4.	 CONCLUSIONS
The castability of the 6XXX series alloys depends on 

their chemical composition. CRC testing has shown that 
the sensitivity to hot tears is higher in alloys with 0.2 wt% 
Fe and decreases with increased iron content. Improve-
ments in hot tearing resistance are also associated with 
the presence of manganese, which changes the shape of 
iron rich intermetallic compounds promoting the formation 
of the α-Al15(Fe,Mn)3Si2 phase. This phase acts as a rein-
forcement for the aluminum matrix and can enhance the 
bridging between grains.

Furthermore, the study suggests that thermodynamic 
simulation and the use of the Kou index can provide valu-
able insights into the casting of alloys. Experimental test-
ing clearly matches the preliminary simulation results and 
shows the power of the proposed predictive model. 
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