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1 Introduction
Aluminum (Al) alloy castings have been widely used 
in automotive, aerospace, marine, and other structural 
component applications due to their low density, 
high specific strength, excellent corrosion resistance, 
and good recyclability[1]. Their capacity to produce 
complex, large-scale, or integrated components through 
various casting processes makes them highly attractive 
for both industrial mass production and advanced 
lightweight design[2]. However, casting is inherently 
prone to solidification defects, among which hot tearing 
(also referred to as hot cracking, hot shortness, or 
solidification cracking) is considered one of the most 
catastrophic and irreversible[3]. It typically comprises a 
primary tear accompanied by numerous minor branches 
that propagate along intergranular paths, with the 
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fracture surface exhibiting a dendritic morphology[4]. 
Despite continued alloying and process optimization, 
hot tearing remains a prevalent and unresolved issue. 
It severely compromises the structural integrity and 
production reliability of cast Al alloy castings, posing 
a major challenge to both industrial application 
and fundamental alloy design[5]. Therefore, a deep 
understanding of hot tearing mechanisms and the 
effective mitigation of hot tearing susceptibility (HTS) 
are imperative for improving the ultimate performance 
of cast Al alloys.

Hot tearing in cast Al alloys occurs during the late 
stages of solidification, within the temperature range 
above the solidus yet below the dendritic coherency 
temperature, wherein the alloy exists in a semi-solid 
state comprising a developing solid skeleton and 
interdendritic liquid[6]. As solidification proceeds, the 
semi-solid structure gradually acquires mechanical 
strength, making it vulnerable to thermally and 
mechanically induced strains/stresses arising from 
solidification shrinkage, thermal contraction, and 
external constraints. When these strains/stresses exceed 
the local mechanical limit of the semi-solid network, 
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cracks may initiate along interdendritic liquid films or at 
dendrite-bridging fracture sites[7]. Such cracks are most likely 
to form in regions where shrinkage is constrained, particularly 
at hot spots, areas that solidify last and experience significant 
thermal gradients. The subsequent evolution of cracks depends 
on the ability of the remaining liquid to compensate for local 
shrinkage and fill the developing cavities[8]. However, as 
permeability decreases and liquid feeding becomes insufficient, 
cracks cannot heal and become permanent[9, 10]. Therefore, HTS 
is thus governed by a complex interplay between the evolving 
mechanical integrity of the semi-solid skeleton and the 
feeding capacity of the interdendritic liquid, both of which are 
strongly influenced by alloy composition, grain morphology, 
solidification range, and cooling conditions.

Building upon the comprehensive reviews by Eskin[6] and 
Li[7], which established the foundational understanding of hot 
tearing in cast Al alloys, this review provides an updated and 
state-of-the-art perspective focusing on developments over the 
past decade. The current insights into hot tearing formation 
mechanisms and key influencing factors are systematically 
analyzed, the emerging research methods are summarized, and 
the latest hot tearing criteria are critically evaluated. Particular 
emphasis is placed on novel experimental and modeling 
approaches that enhance predictive capabilities. By integrating 
these developments, this review aims to bridge existing 
knowledge gaps and outline promising directions for future 
research in mitigating HTS.

2 Hot tearing mechanisms
2.1 Strength theory
Strength theory suggests that hot tearing occurs during the 
final stages of solidification, when a substantial solid skeleton 
has formed and begins to contract as temperature decreases. If 
this contraction is constrained by the mold, stresses or strains 
develop. Once these stresses exceed the mechanical strength 
or deformation limits of the alloy at the given temperature, 
cracks initiate to release the accumulated stress. Extensive 
studies have demonstrated that hot tearing arises in the mushy 
zone, where interdendritic liquid films coexist with a rapid loss 
of strength and ductility. Experimental observations indicate 
that the tensile strength and plasticity of semi-solid alloys drop 
sharply within a narrow temperature range above the solidus, 
creating a critical vulnerability window for cracking. Strength 
theory therefore highlights the interplay between stress 
accumulation from solidification shrinkage and the evolving 
mechanical limits of the semi-solid network, explaining why 
hot tearing predominantly initiates near or slightly above the 
solidus[11, 12]. Nonetheless, this theory has limitations: its reliance 
on a simplified critical strength threshold cannot fully capture 
complex stress states, and it overlooks microstructural features 
and the essential role of liquid feeding in hot tearing formation.

2.2 Liquid film theory
Liquid film theory posits that hot tearing occurs when 
interdendritic liquid films become increasingly constrained by 

the growing dendritic skeleton, which impedes liquid feeding 
and shrinkage compensation. At elevated temperatures, weak 
grain bonding causes localized tensile stresses to concentrate 
on the liquid films, leading to separation of adjacent grains 
and crack initiation. The cracking process can be divided 
into three stages: (1) Initially, small grains are surrounded by 
liquid films connected to the bulk liquid. (2) As grains grow 
and contact each other, liquid flow is restricted, and surface 
tension generates an additional pressure on the liquid films to 
counter external stresses. (3) When applied stresses exceed 
the maximum pressure sustainable by the liquid films, rupture 
occurs, grains separate, and cracks propagate. The thickness 
and persistence of the liquid film are influenced by low-melting
eutectic phases, and crack propagation depends on whether 
tensile stresses surpass the surface tension[13-15]. This theory 
systematically elucidates the role of the liquid films in hot 
tearing, emphasizing that restricted feeding and localized stress 
concentration are critical factors in crack formation. However, 
it neglects the mechanical behavior of the solid phase and 
oversimplifies the complex interplay of liquid feeding and 
shrinkage compensation.

2.3 Intergranular bridging theory
Intergranular bridging theory proposes that growing dendrites 
form bridges at grain boundaries near the end of solidification, 
establishing cohesion that can approach or match the intrinsic 
strength of the grains, thereby resisting hot tearing[16-18]. 
The solidification process is divided into four zones: the 
quasi-liquid zone, feeding zone, interdendritic separation zone, 
and interdendritic bridging zone. First, sparse dendrites exist 
in a primarily liquid matrix (quasi-liquid zone). As nucleation 
and dendrite growth progress, feeding occurs between grains. 
Further growth leads to interdendritic separation in poorly fed 
regions, while well-fed regions develop interdendritic bridges 
that enhance grain boundary cohesion, significantly increasing 
fracture strength beyond the critical stress predicted by liquid 
film theory. Hot tearing is thus attributed to the disruption of 
these bridges when solidification shrinkage is constrained. 
Faster dendrite growth and earlier grain contact promote 
extensive bridging, improving grain boundary strength and 
reducing HTS[15, 19-21]. However, this theory neglects the 
influence of liquid feeding during solidification shrinkage, 
and quantifying parameters such as bridge strength remains 
challenging.

2.4 Solidification shrinkage compensation 
theory

Solidification shrinkage compensation theory divides the 
solidification process into four stages: the quasi-liquid stage, 
feeding stage, non-feeding stage, and grain-bridging stage. 
During the quasi-liquid stage, the dendritic skeleton is minimal, 
resulting in low strength, high ductility, and efficient liquid 
feeding, making hot cracking unlikely. As solidification 
progresses into the feeding and non-feeding stages, the dendritic 
network develops, strength increases, and ductility drops to 
a minimum. During these low-plasticity stages, thermally 
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induced contraction and solidification shrinkage, when 
mechanically constrained, can lead to intergranular separation. 
If liquid metal flows in to heal microvoids, cracking is avoided; 
otherwise, microvoids grow along interdendritic liquid films, 
eventually forming hot cracks. At the final grain-bridging stage, 
continued cooling promotes grain contact and strengthens grain 
boundaries, increasing both strength and ductility. However, if 
the contraction stress exceeds the strength of these grain bridges, 
small interdendritic cavities can coalesce into continuous 
hot cracks[22, 23]. Despite its explanatory power, this theory 
oversimplifies the mechanisms of liquid flow and feeding, 
limiting its direct quantitative predictive capability.

Beyond the four classical theories, alternative models, 
including impact stress, cohesion loss, and percolation theories, 
have been proposed to explain hot tearing[24-26]. Fundamentally, 
hot tearing involves a two-stage process: first, thermal and 
solidification shrinkage stresses exceed the mechanical limits 
of the mushy zone’s solid skeleton, leading to micropore 
nucleation; second, the propagation or healing of these 
micropores depends on the efficiency of interdendritic liquid 
feeding[27]. The dominant cracking mechanism also varies with 
alloy composition: higher-solute alloys typically fail via liquid 
film rupture, whereas lower-solute alloys fail through solid 
bridge fracture, which exhibits mixed brittle-ductile features. 
Consequently, crack propagation is governed by solid fraction, 
microstructure, and alloy composition. Collectively, these 
theories provide a comprehensive framework for understanding 
the formation of hot tearing in casting processes.

3 Key factors determining hot tearing
3.1 Alloy composition
Pure metals are generally resistant to hot tearing because 
they solidify almost isothermally. In contrast, alloys exhibit a 
finite solidification temperature range. The wider this range, 
particularly during the final stages of solidification, the longer 
the alloy remains in a semi-solid state, thereby increasing the 
susceptibility to hot tearing[6]. For simple binary alloys, the 
HTS typically follows a characteristic “Λ-shaped” dependence 
on solute content, which is closely associated with the freezing 
range and the amount of eutectic liquid[2, 28], as illustrated 
in Fig. 1(a)[2]. At low solute concentrations, HTS rises with 
increasing solute content due to the extended freezing range. 
However, as solute content further increases and eutectic 
phases form, the residual liquid generated at the late stage 
of solidification can compensate for shrinkage and heal 
micropores, while the enhanced melt fluidity also contributes 
to reducing HTS[29, 30]. Since eutectic reactions occur nearly 
isothermally, alloys with eutectic compositions usually show 
very low HTS. More recently, Hu et al.[31, 32] reported that 
in dual-ternary eutectic systems such as Al-6Mg-xSi and 
Mg-4Ce-xAl, the combined effects of dual-ternary eutectic 
react ions and secondary phase evolut ion resul t in a 
double-peak hot tearing trend, as these alloys experience 
two distinct eutectic reaction plateaus during solidification. 

This finding further substantiates the relationship among 
the freezing range, residual liquid, and hot tearing behavior. 
For ternary and more complex multi-component alloys, the 
dependence of HTS on composition is often represented by 
contour maps generated using specific criteria or indicators, 
where multiple susceptibility peaks may emerge[33-35].

In addi t ion to these composi t ional effec ts on the 
solidification range and eutectic reactions, the solidification 
shrinkage coefficient is another crucial thermophysical factor 
governing HTS. The shrinkage coefficient, which quantifies the 
volumetric change during the liquid-to-solid transition, varies 
significantly among different Al alloy systems. For instance, 
Al-Si alloys exhibit relatively low solidification shrinkage 
(~3% for Al-7Si at 600 °C) due to the high Si content and 
eutectic solidification behavior, whereas Al-Cu and Al-Li 
alloys experience pronounced volumetric contraction (~7.5% 
for Al-4Cu and ~7% for Al-3Li at 600 °C, respectively) owing 
to the large density difference between the solid and liquid 
phases[2, 3]. A larger shrinkage coefficient increases the feeding 
demand and intensifies tensile stress accumulation within the 
semi-solid network, thereby aggravating HTS, while smaller 
shrinkage values, typical of high-Si or eutectic-rich alloys, 
help alleviate feeding deficiency and mitigate cracking[6]. 
Therefore, variations in shrinkage coefficients among different 
alloy compositions provide an important thermophysical 
explanation for their distinct HTS.

The solute equilibrium partition coefficient (k) plays a 
fundamental role in solute segregation during solidification. 
A smaller k value indicates a stronger tendency for solute 
enrichment at grain boundaries or interdendritic regions[36]. 
Such segregation suppresses or delays grain boundary bridging, 
preventing the formation of a continuous alloy skeleton. 
Consequently, under tensile stress, hot tearing is more prone 
to occur[37]. Back diffusion also exerts a significant influence 
on hot tearing. For solutes with relatively large k values or 
diffusion coefficients (D), solute atoms can readily diffuse 
from interdendritic liquid into the solid under the typical slow 
cooling conditions of casting, resulting in pronounced back 
diffusion. This process is often described by the back-diffusion 
parameter (α′), defined as[38]:

                
(1)

                                         (2)

where α represents the dimensionless solidification time, D is 
the diffusion coefficient of solute in solid dendrites, t denotes 
the local solidification time, and λ is the secondary dendrite arm 
spacing. An increase in α′, i.e., the enhanced solute diffusion 
into dendrites, reduces the degree of solute segregation at 
grain boundaries and thereby mitigates HTS. In practice, the 
increase in α′ suppresses the peak of the “Λ-shaped” curve and 
shifts it toward higher solute contents. The effects of k and α′ 
are particularly pronounced in Al-Mg alloys. Geng et al.[39, 40]

reported that Al-Mg alloys can exhibit superior resistance to 
solidification cracking compared with Al-Cu alloys, despite 
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 Fig. 1: Influence of alloy composition on HTS: (a) solidification temperature range with corresponding 
Λ-shaped curve[2]; (b) equilibrium partition coefficient k and back-diffusion parameter α′ in Al-Mg 
alloys[28, 41]; (c) dihedral angle 2θ[43]

their wider freezing range. Even under rapid cooling conditions 
without back diffusion, extensive dendrite coalescence occurs 
at earlier solidification stages in Al-Mg alloys, which enhances 
resistance to hot tearing. Meanwhile, Liu et al.[38, 41] further 
demonstrated that Al-Mg alloys exhibit significant back 
diffusion, which reduces solute segregation at grain boundaries 
and interdendritic regions, thereby lowering HTS [Fig. 1(b)][28, 41],
even though these alloys solidify over a relatively wide 
temperature range.

Both the k and α' regulate solute redistribution during 
solidification, and thereby dictate the timing and extent of 
dendrite coalescence. Beyond solute partitioning, however, the 
wettability between solid and liquid phases further determines 
whether interdendritic liquid persists as a continuous film or is 
effectively bridged, thus exerting a decisive influence on HTS. 
Studies have shown that the degree of brittleness during hot 

tearing is strongly related to the dihedral angle (2θ), which can 
be expressed as[42]:

                                (3)

where γSL is the solid/liquid interfacial energy and γSS is the 
solid/solid interfacial energy. Assuming grain misorientation 
can be neglected, the 2θ is primarily governed by the balance 
of these interfacial energies. In general, small values of 
2θ correspond to higher HTS because they promotes the 
formation of continuous liquid films covering adjacent grain 
surfaces, which delay grain boundary bridging and hinder 
early coalescence. By contrast, larger values of 2θ favor liquid 
channel disconnection and solid-solid contact, facilitating 
the establishment of a coherent dendritic skeleton capable of 
resisting tensile stress[42, 43], as shown in Fig. 1(c).

(b)(a)

(c)

3.2 Grain structure
Grain morphology plays a decisive role in determining the 
HTS of alloys. Compared with columnar grains, equiaxed 
grains are generally considered beneficial because their random 
crystallographic orientations and globular morphologies 
promote intergranular bridging and create more tortuous 
crack-propagation paths. These features improve interdendritic 
feeding efficiency and delay crack opening. In contrast, 
columnar grains with elongated morphologies tend to form 
aligned boundaries and straight channels along the solidification 
direction, which not only restrict interdendritic feeding paths 
but also facilitate crack initiation and propagation along weakly 
bonded boundaries[7, 9]. Moreover, crystallographic alignment 
further modulates HTS. Preferentially oriented grains form 
coherent interfaces and directional solidification skeletons, which 
intensify stress concentration and provide continuous crack paths, 
thereby exacerbating hot tearing. Conversely, the orientation 

diversity typical of equiaxed grains enhances intergranular 
mismatch and increases resistance to crack propagation[44]. 
Thus, both grain morphology and orientation uniformity act 
synergistically to balance feeding capability and resistance to crack 
initiation and propagation, thereby, ultimately controlling HTS.

Grain refinement is widely acknowledged as an effective 
strategy to mitigate HTS, as it modifies both the thermal 
contraction behavior and mechanical response during 
solidification[45-60]. First, finer grains lower the temperature 
at which linear contraction occurs and reduce the overall 
contraction magnitude, thereby diminishing the driving force 
for crack formation. Second, the abundance of fine grains 
enhances strain accommodation via mechanisms such as grain 
rotation and boundary sliding, improving the capacity of the 
semi-solid network to withstand deformation without fracture. 
Third, refinement shortens interdendritic feeding channels 
while simultaneously increasing the number of bridging points 
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Fig. 2: Influence of grain refinement on HTS[43]: (a) moderate grain refinement reduces HTS; (b) over grain 
refinement increases HTS with underlying mechanisms

between adjacent grains, both of which facilitate liquid feeding 
and hinder crack opening. Furthermore, the higher grain 
boundary density of refined structures enlarges the total liquid 
film area, enabling more uniform stress distribution across the 
semi-solid skeleton [Fig. 2(a)][43]. In practice, grain refinement 
in cast Al alloys is commonly achieved by the addition of potent 
refiners such as Sc, Zr, and Ti, which promote heterogeneous 
nucleation and restrict dendrite growth[61-63]. It is worth noting, 
however, as emphasized by Kou[43], that the reduction in HTS 
through grain refinement arises primarily from accelerated grain 
coalescence rather than improved liquid feeding or permeability.

While grain refinement is generally advantageous, excessive 
refinement can paradoxically increase HTS[43]. When grains 
become ultrafine and packed, solute enrichment at grain 

interfaces impedes mutual growth and delays coalescence. In 
the end of solidification, ultrafine grains frequently assume 
globular or cellular equiaxed morphologies instead of dendritic 
ones. Such morphologies trap the limited interdendritic 
liquid, allowing continuous liquid films to persist along grain 
boundaries and further delaying solid bridging. Moreover, the 
absence of long dendrite arms prevents effective interlocking 
between neighboring grains, thereby reducing resistance to 
cracking. Finally, networks of ultrafine grains are associated 
with low permeability, which aggravates feeding difficulties. 
Thus, the mechanisms underlying over-refinement extend 
beyond the low-permeability explanation and are more 
fundamentally rooted in delayed coalescence and insufficient 
dendritic interconnection [Fig. 2(b)][43].

(b)

(a)

3.3 Casting parameters
The influence of pouring temperature on HTS is complex 
and often exhibits a non-monotonic trend. A moderate range 
of pouring temperatures generally reduces HTS, whereas 
temperatures that are excessively low or high tend to aggravate 
cracking[6, 7, 9]. This phenomenon is closely associated with the 
concept of superheat, defined as the extent to which the molten 
alloy temperature exceeds its liquidus. At moderate levels of 
superheat, enhanced melt fluidity and reduced cooling rates 

promote a more uniform temperature distribution throughout 
the casting. Such conditions narrow the solidification range, 
lower the solidification shrinkage rate, and alleviate localized 
stress concentrations, thereby reducing HTS[64, 65]. In addition, 
higher pouring temperatures can help dissipate localized hot 
spots, further decreasing the risk of hot tearing. Nevertheless, 
excessive superheat may have adverse consequences, as shown 
in Fig. 3(a). The prolonged presence of liquid films at grain 
boundaries delays grain coalescence, while steep temperature 
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gradients promote columnar dendritic growth, which is more 
susceptible to hot tearing compared with equiaxed structures. 
Moreover, it should be emphasized that excessively elevated 
pouring temperatures can significantly increase the oxidation 
tendency of certain cast Al alloys. Wang et al.[66] demonstrated 
that in Al-Li alloys, high pouring temperatures promote the 
formation of abundant Li-containing inclusions, which in 
turn intensify HTS. In addition, an excessively low pouring 
temperature increases the viscosity and reduces the fluidity of 
the molten alloy, which compromises mold-filling capacity and 
hampers feeding, thereby increasing the HTS. Consequently, the 
relationship between pouring temperature and HTS is far from 
straightforward: a moderate superheat improves casting integrity 
by enhancing fluidity and feeding efficiency, whereas both 
excessively high and low pouring temperatures exacerbate HTS.

HTS generally decreases with increasing mold temperature, 
as shown in Fig. 3(b). Higher mold temperatures reduce the 
temperature gradient within the casting, which in turn lowers 
the accumulation of localized strain, a factor known to trigger 
hot tearing. During solidification, regions of concentrated 
thermal strain may develop due to uneven cooling; if such 
strain exceeds a critical threshold, cracks form. A higher 
initial mold temperature slows the solidification process, 
allowing the residual liquid sufficient time to accommodate 
accumulated strain and promote grain boundary bridging, thus 
enhancing hot tearing resistance[65, 67]. Moreover, elevated mold 
temperatures improve the efficiency of liquid feeding during 
solidification. Slower cooling rates at higher mold temperatures 
produce coarser and more continuous microstructures, with 
thicker residual liquid films that can more effectively fill 
developing cracks. This not only reduces stress concentration 
at grain boundaries but also raises the hot tearing initiation 
temperature, further facilitating the compensation for 
solidification shrinkage. Conversely, lower mold temperatures 
accelerate solidification, increasing solute segregation and 
localized strain. Faster cooling also enhances undercooling, 
thereby lowering the actual nucleation temperature of the 
primary phases and the eutectic reaction temperature, which 
aggravate HTS. In addition, accelerated solidification shifts 
the composition most susceptible to cracking toward higher 
solute contents[37]. At the end of solidification, alloy shrinkage 
induces substantial plastic deformation in the interdendritic 
liquid film at hot spot, which can lead to film rupture. 

According to Lin et al.[54], the shrinkage strain (εb) can be 
given by:

                                      (4)

where α is the thermal expansion coefficient, ΔT denotes the 
solidification temperature range, L is the casting length, l is 
the hot joint length, and d is the grain diameter. This relation 
indicates that increasing the mold temperature leads to a larger 
grain size. Meanwhile, the hot joint length l is highly sensitive 
to mold temperature, and its square is inversely proportional 
to the solidification shrinkage strain. As a result, a higher 
initial mold temperature effectively alleviates shrinkage 

stress, reducing the HTS of the castings. Overall, elevating 
mold temperature promotes better strain accommodation, 
more effective interdendritic feeding, and improved grain 
coalescence, all of which collectively decrease the HTS.

The geometric characteristics of the castings and the 
deformability of the mold constitute critical extrinsic factors 
influencing hot tearing. The rigidity or compliance of the mold 
governs the degree to which the casting can accommodate 
thermal contraction during solidification. Rigid molds strongly 
constrain the solidifying alloy, leading to rapid accumulation 
of tensile stresses in semi-solid regions and promoting 
initiation of hot tearing. In contrast, molds with higher 
compliance can partially absorb shrinkage strains, mitigating 
local stress concentrations and reducing the likelihood of 
cracking[9]. Moreover, casting’s geometry, including wall 
thickness, cross-sectional profile, and the presence of corners 
or abrupt changes, significantly affects the distribution of 
thermal stress and strain, with thicker sections or sharp corners 
being particularly prone to stress localization and crack 
formation[7]. The combined effect of mold deformability and 
casting geometry establishes the macroscopic mechanical 
boundary conditions during solidification, which are essential 
for accurately assessing HTS and guiding mold and casting 
design strategies in practice.

 Fig. 3: Influence of casting parameters on HTS of an Al-Cu 
alloy (M206)[65]: (a) pouring temperature; (b) mold 
temperature

(b)

(a)
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3.4 Inclusions
Inclusions can profoundly influence the HTS of cast Al alloys. 
Coniglio and Cross[68] experimentally demonstrated that 
during casting, folded oxide films formed on the melt surface 
may be entrained into the liquid metal upon pouring. Such 
non-metallic inclusions or liquid films serve as preferential 
sites for crack initiation. Nevertheless, compared with 
the extensive research on alloy composition and casting 
parameters, relatively little attention has been devoted to the 
role of inclusions in controlling HTS. This is partly because 
alloy composition and processing conditions are of more 
immediate industrial relevance, and partly because most mature 
commercial Al alloys can effectively suppress oxidation during 
melting through conventional degassing and refining procedures. 
However, our recent studies have revealed that inclusions play 
a dominant role in determining HTS in the Al-Li alloy system 
due to the extremely high chemical reactivity of the melt[69-73].
Experimental results showed that the HTS of Al-2Cu-xLi 

Fig. 4: Comparison plots of the experimental HTS index 
with Kou’s criterion in Al-Cu-Li alloys[69]

alloys exhibited two distinct peaks as a function of Li content, 
occurring at 1wt.% Li and 4wt.% Li, as shown in Fig. 4. The 
peak at 1wt.% Li can be attributed to the wide solidification 
temperature range, whereas the anomalous peak at 4wt.% 
Li cannot be explained by this factor as the solidification 
temperature range at this composition is relatively narrow[69].

After systematically excluding other potential causes, we 
identified that the severe HTS of Al-2Cu-4Li alloy originates 
from the presence of numerous micron-sized Li-rich
inclusions, such as Li2O, LiAlO2, and Li2CO3, distributed 
within interdendritic regions [Figs. 5(a) and 5(b)]. Subsequent 
studies revealed that Li addition dramatically enhances the 
reactivity of the melt at elevated temperatures [Fig. 5(d)]. As a 
result, alloys with high Li contents, particularly near the solid 
solubility limit, readily react with O2, CO2, and H2O during the 
final stages of solidification. The resulting oxidation products 
form spontaneously due to their highly negative Gibbs free 
energy change and high melting points. Moreover, the large 
discrepancy between the thermal expansion coefficient 
(27.8×10-6 K-1) and elastic modulus (51.8 GPa) of the Al 
matrix versus the Li-rich inclusions (Table 1) reduces strain 
compatibility and induces stress localization within the mushy 
zone[74-80]. In addition to weakening interfacial bonding, 
the inclusions physically obstruct the narrow interdendritic 
channels, hindering residual liquid feeding. Importantly, 
these inclusions fail to contribute to grain refinement, 
contrary to some previous reports. Nanoparticles reported to 
promote grain refinement (e.g., TiC[57], Al2O3

[58], MgO[81]) are 
deliberately introduced using controlled methods to achieve 
uniform distribution. In contrast, Li-rich inclusions arise 
spontaneously due to the high chemical reactivity of Li at 
elevated temperatures, segregate in interdendritic regions, and 
form non-uniform distributions.

Table 1: Physicochemical parameters of Li-rich oxidation products in Al-Li alloys[82-84]

Oxidation 
product Reaction process Free energy 

change (kJ)
Melting

point (°C)
Thermal expansion 
coefficient (10-6 K-1)

Elastic modulus 
(GPa)

Li2O 4Li + O2 → 2Li2O -988.4 1,567 35.2 134.7

Li2CO3
1.33Li + CO2 → 

0.66Li2CO3 + 0.33C -263.2 720 38.9 116.5

LiAlO2 Li + Al + O2 → LiAlO2 -1,018.4 1,900 12.2 204.2

Computational fluid dynamics (CFD) simulations of 
interdendritic pressure drops further confirm that the 
presence of Li-rich inclusions increases the pressure drop 
by approximately an order of magnitude compared to a 
clean melt[72]. This insufficient pressure prevents the residual 
liquid from effectively compensating for shrinkage cavities, 
thereby promoting microcrack initiation and propagation, thus 
ultimately leading to irreversible cracking [Fig. 5(c)]. Beyond 
restricting interdendritic flow and reducing melt permeability, 
Puncreobutr et al.[85] suggested that such inclusions may also 
act as diffusion barriers, impeding hydrogen transport in 

the interdendritic liquid. This can locally induce hydrogen 
supersaturation, triggering pore nucleation within confined 
regions. Although vacuum melting can partially reduce the 
HTS of Al-Li alloys by suppressing melt oxidation, this 
approach is challenging to scale up for industrial production. 
Therefore, in producing Li-containing Al alloys, especially 
those with high Li contents, the fundamental challenge lies 
in optimizing melting practices to improve melt quality and 
minimize oxidation. Addressing this challenge is essential 
to reducing HTS and enabling their broader industrial 
application.

IdT
/(d

f s1/
2 ) I

Al-2Cu-xLi
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Fig. 5: Influence of interdendritic Li-rich inclusions on HTS in Al-Li alloys: (a) time-of-flight secondary ion 
mass spectrometry (ToF-SIMS) images of interdendritic regions showing the distribution of Li-rich 
inclusions[72]; (b) X-ray photoelectron spectroscopy (XPS) spectra[72]; (c) pressure distribution in 
interdendritic regions of alloys with and without Li-rich inclusions[72]; (d) simulated cluster morphology 
and key features of clusters[73]

4 Research methods evaluating hot 
tearing

4.1 Simple evaluation
The most straightforward methods for evaluating hot tearing 
rely on post-solidification inspection, which can be broadly 
categorized into macroscopic and microscopic approaches. At 
the macroscopic level, techniques such as dye or wax penetrant 
testing, ring mold testing [Fig. 6(a)][91], and constrained rod 
casting (CRC) testing [Figs. 6(b) and (c)][92-93] are commonly 
used to detect surface cracks[86-90]. These methods are favored 

for their simplicity, low cost, and rapid identification of both 
the presence and extent of hot tears. At the microscopic level, 
metallographic techniques including optical microscopy (OM) 
and scanning electron microscopy (SEM) enable a detailed 
characterization of crack initiation sites, propagation paths, 
and interactions with dendrites, eutectic phases, or inclusions. 
While these approaches provide valuable insights into the 
severity and morphology of hot tears, their quantitative 
accuracy is often limited, making reliable assessment of crack 
volume or severity challenging. Moreover, they are inherently 
post-mortem analyses, revealing only the final state of cracking 

(b)

(d)

(c)

(a)
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Fig. 6: Representative apparatus for simple hot tearing evaluation: (a) ring mold[91]; (b) CRC mold of critical 
length[92]; (c) CRC mold of critical diameter[93] (Unit: mm)

after solidification, with minimal information on the dynamic 
nucleation and growth processes that govern hot tearing 
during the semi-solid stage. Therefore, simple evaluation 
methods are insufficient for researchers aiming to elucidate 
the underlying mechanisms of hot tearing. Numerous studies 
have provided comprehensive reviews of their application 
scenarios, operating procedures, and experimental outcomes, 
and interested readers are referred to those works for further 
details[6, 7, 9].

4.2 Physical parameter-based evaluation
Physical parameter-based approaches for evaluating hot 
tearing can be broadly classified into three types: apparatus 
that records load and temperature, apparatus that records load 
and displacement, and semi-solid tensile testing that provides 
stress-strain data. The first two types are largely derived from 
the classical CRC setup, with additional sensors and data 
acquisition systems integrated to capture the thermal and 
mechanical responses during solidification, as shown in Fig. 7. 
For instance, Cao et al.[94] modified the traditional four-channel 
CRC mold by adding an auxiliary channel at the bottom 
and equipping it with temperature-load sensors, enabling 
simultaneous monitoring of contraction force and temperature 
[Fig. 7(a)]. The magnitude of the load drop reflects the HTS, 
while the corresponding temperature identifies the onset of 
cracking, from which the solid fraction at fracture can be 
inferred. Such data are crucial for elucidating the conditions 
under which cracks initiate and propagate in the mushy state. 
To overcome the operational complexity and bulkiness of 

conventional CRC setup, as well as the known influence of 
specimen length on HTS measurements, a simplified T-shaped 
CRC mold was subsequently developed[21, 88, 95-97] [Fig. 7(b)][95].
This design eliminates the length effect and facilitates more 
straightforward and reproducible testing. More recently, 
Su et al . [98, 99] proposed a multi-channel “cross-type” 
experimental device capable of simultaneously measuring 
contraction force and temperature evolution, thereby enabling 
a systematic investigation of the influence of wall thickness on 
hot tearing susceptibility [Fig. 7(c)][98].

Another CRC modification involves the integration 
of load-displacement sensors, allowing simultaneous 
monitoring of contraction force and rod displacement during 
solidification[100]. The underlying principle is that the measured 
displacement correlates with the HTS of the alloy. In tear-free 
alloys, the displacement detected prior to the non-equilibrium 
eutectic temperature is minimal, indicating stable contraction 
behavior. In contrast, alloys exhibiting severe hot tearing 
display much larger displacements, reflecting pronounced 
deformation associated with crack initiation and propagation. 
In addition, semi-solid tensile testing provides another robust 
approach to evaluate HTS by directly measuring failure 
strength and elongation in the mushy state[101-103]. This testing 
can be conducted either by reheating a solid sample to a 
temperature slightly above the solidus (i.e., remelting) or 
by cooling a liquid alloy to a temperature slightly below the 
liquidus (i.e., solidification). These differing thermal histories 
result in distinct semi-solid microstructures, which in turn 
influence the mechanical response recorded during testing. 

(b)

(c)

(a)
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 Fig. 7: Apparatus equipped with temperature-load 
recording system: (a) original CRC mold[94]; 

	 (b) T-shaped mold[95]; (c) multi-channel 
	 “cross-type” mold[98]

(b)

(c)

(a)

The principles, methodologies, and representative findings of 
semi-solid tensile testing have been thoroughly reviewed by 
Eskin[6] and Li[7]; interested readers are referred to these works 
for further details. These progressively refined apparatuses 
underscore the value of physical parameter-based evaluation in 
providing quantitative and mechanistic insights into hot tearing 
phenomena, offering a more comprehensive perspective than 
simple post-mortem observations. Nevertheless, these methods 
remain unable to capture the initiation and propagation of hot 
tears directly and in real time.

4.3 In situ observation
Previous investigations of hot tearing in Al alloys have 
largely relied on post-mortem analyses. While informative, 
such approaches cannot capture the real-time evolution of 
microstructure and defect formation during solidification, 
including the nucleation and propagation of pores and cracks. 
With recent advances in characterization techniques, in situ 
observation during casting and solidification processes has 
become feasible. Davidson et al.[104] employed mirror-reflection
video imaging to study hot tearing in Al-Cu alloys, enabling 

direct visualization of crack initiation and propagation. 
Haaften et al.[105] performed in situ heating and tensile tests on 
AA5182 alloys within a SEM, capturing the separation of liquid 
films along grain boundaries and revealing the microscopic 
mechanisms underlying semi-solid deformation and crack 
development. However, these techniques are primarily 
limited to surface observations and cannot provide internal 
three-dimensional (3D) images, hindering the full visualization 
of the spatial distribution and 3D evolution of hot cracks.

Neutron diffraction offers a powerful means of real-time 
monitoring of hot tearing evolution within alloys. Its primary 
advantage lies in the exceptionally high penetration depth and 
stability of neutrons, which allows in-situ observation of large 
bulk castings. D’Elia et al.[106, 107] systematically investigated 
the hot tearing mechanisms of B206 Al alloy using neutron 
diffraction, focusing on the effects of mold temperature and 
Ti additions on HTS. Their findings revealed the evolution 
of the Al2Cu phase during solidification as well as the strain 
distribution within the mushy zone skeleton, providing 
critical experimental evidence for a deeper understanding 
of hot tearing formation mechanisms. Nevertheless, neutron 
diffraction has limitations: access to neutron sources is highly 
restricted and costly, the detection efficiency is relatively low, 
and its spatial resolution (hundreds of microns to millimeters) 
makes it difficult to capture the very early stages of microcrack 
initiation and propagation.

Synchrotron X-ray imaging represents an advanced 
technique capable of real-time measurement of rapid transient 
phenomena, making it particularly suitable for capturing 
solidification kinetics and defect evolution. Owing to the 
high penetration power of X-rays in dense, optically opaque 
metallic materials combined with their high spatial and temporal 
resolution [Fig. 8(a)][114], this technique has been widely 
employed in studies of casting, welding, and additive 
manufacturing[108-113]. It enables direct visualization of 
interdendritic liquid feeding, strain localization, and micro-neck
formation during semi-solid deformation [Fig. 8(b)][114]. 
Moreover, it allows quantification of hot tear initiation and 
propagation and elucidates the influence of microstructural 
features, such as secondary phases or Fe-rich intermetallic 
compounds, on interdendritic flow, crack distribution, and 
coalescence events, thereby clarifying the formation of the most 
severe and damaging cracks [Fig. 8(c)][115]. For instance, in situ 
observation of hydrogen microporosity in Al-Li alloys facilitates 
quantification of nucleation and growth kinetics of pores, as 
well as their final size, number, and irregularity, highlighting 
the effects of Li concentration[116]. Overall, synchrotron X-ray 
imaging not only provides real-time visualization of semi-solid 
and solidification processes but also delivers quantitative data 
on liquid flow, strain distribution, and microstructural evolution, 
offering critical experimental evidence for the development and 
validation of hot tearing and microporosity models.

With the advent of advanced synchrotron X-ray computed 
tomography (XCT), it has become possible to capture the 
3D evolution of hot tearing in Al alloys with unprecedented 



 127

CHINA  FOUNDRYVol. 23 No. 2 March 2026
Special Review

Fig. 8: Application of synchrotron X-ray in the study of hot tearing in cast Al alloys: (a) schematic diagram of in-situ 
observation via synchrotron X-ray imaging[114]; (b) evolution of strain localization and void coalescence during 
isothermal tensile deformation of semi-solid Al-12wt.% Cu at 580 °C[114]; (c) radiographs of Al-5Cu and Al-5Cu-1Fe 
alloys solidified at 1 °C·s-1, in which fs denotes the solid fraction[115]

spatial and temporal resolution. These techniques not only 
enable quantification of damage accumulation and porosity 
development during semi-solid deformation, but also provide 
unique insights into the role of alloy composition and 
intermetallic phases[117-119]. For instance, synchrotron XCT 
of semi-solid Al-Cu alloy under tensile loading has revealed 
that hot tear formation proceeds through sequential void 
nucleation, growth, and coalescence, with internal voids 
initiating at high-triaxiality regions and propagating outward, 
ultimately leading to failure due to insufficient liquid feeding 
[Fig. 9(a)][120]. Operando tomography has further shown that 
semi-solid deformation is highly heterogeneous, often 
accompanied by localized liquid accumulation at grain 
boundaries, followed by micropore nucleation once liquid 
feeding becomes inadequate [121]. Moreover, Fe- r ich 
intermetallics have been demonstrated to exacerbate HTS by 
obstructing interdendritic channels, promoting pore growth 
along their surfaces due to interfacial energy differences, 
and ultimately inducing a transition from ductile-like to 
brittle-like fracture modes [Fig. 9(b)][85]. Beyond simple 
defect characterization, synchrotron imaging combined with 
advanced segmentation and modeling has elucidated the 
complex 3D network structures of Fe-containing phases, their 
morphological evolution, and their influence on shrinkage 
feeding and crack propagation[122]. In particular, the dynamic 

nucleation and growth of convoluted Fe-rich phases have 
been directly observed, and external fields such as ultrasound 
have been shown to effectively refine both dendritic and 
intermetallic morphologies, thereby mitigating solidification 
defects [Fig. 9(c)][121]. Taken together, these findings 
highlight the transformative potential of in situ synchrotron 
tomography in uncovering the interplay among liquid feeding, 
pore evolution, and intermetallic morphologies during hot 
tearing. Looking forward, coupling such real-time imaging 
with precisely controlled hot tearing test rigs would allow 
simultaneous correlation of microstructural observations with 
quantitative load, displacement, and temperature data.

4.4 Numerical simulation
With the rapid advancement of computer technologies, 
numerical simulation has found widespread applications in 
industrial production. Its primary advantage lies in substantially 
reducing the time and resource requirements for new product 
development, thereby markedly shortening the design cycle. 
In recent years, as mathematical and theoretical models have 
been continually refined, an increasing number of theoretical 
studies have been effectively implemented through numerical 
simulations, with their accuracy and applicability rigorously 
validated across diverse fields. Thermodynamic calculation 
software based on phase diagrams, such as Pandat, Thermo-Calc,

(b)

(c)

(a)
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and JMatPro, can not only predict phase constitutions 
and solidification paths for casting Al alloys with varying 
compositions, but also estimate relevant thermophysical 
properties, including volumetric shrinkage, thermal expansion 
coefficients, and viscosity[123-125]. These predictions provide 
reliable input for subsequent casting simulations of Al alloys, 
process optimization, and parameterization of various hot 
tearing criteria.

Finite element analysis (FEA) offers an effective framework 
to capture coupled thermo-mechanical-fluid interactions during 
alloy solidification, overcoming the spatiotemporal limitations 
inherent in in-situ experimental observations. Within this 
framework, commercial packages such as ProCAST, Anycasting, 
Abaqus, and ANSYS Fluent have been extensively applied to 
simulate temperature evolution, stress-strain development, and 
liquid feeding behavior, and to predict HTS when integrated with 
appropriate criteria[126-130]. For example, the hot tearing indicator 
(HTI) embedded in ProCAST has proven effective in evaluating 
HTS under industrial casting conditions [Fig. 10(a)][131].

At the microscale, direct finite element models based on 
modified Voronoi tessellations have been employed to capture 
the deformation behavior of semi-solid alloys, linking grain 
size, porosity, and strain localization to macroscopic constitutive 
responses[132]. Building upon this, coupled finite element 
approaches explicitly incorporate intergranular liquid films, 
enabling prediction of strain localization during solidification 
and advancing toward quantitative hot tearing prediction 

[Fig. 10(b)][133]. Complementary simulations, validated by in 
situ X-ray radiography, further elucidate the local contraction 
and dilation of grain assemblies, heterogeneous strain fields, 
and fluctuations in liquid pressure. These insights support 
the perspective that semi-solid alloys can be effectively 
described within the conceptual framework of critical state 
soil mechanics[134]. In parallel, FEA-based thermal stress 
analyses highlight the influence of grain size on creep 
parameters, demonstrating that grain refinement homogenizes 
strain distribution and reduces peak strain, thereby mitigating 
HTS[135]. Concurrently, new hot tearing criteria have been 

Fig. 9: Application of synchrotron XCT in the study of hot tearing in cast Al alloys: (a) 3D rendering of pore evolution 
(blue) in the presence of intermetallic in A319 alloy[85]; (b) 3D images obtained by semi-solid tensile testing of 
an Al-15Cu alloy[120]; (c) 3D morphology evolution of three different Fe-containing phases in a typical recycled 
Al-5Cu-1.5Fe-1Si alloy[121]

(a) (b)

(c)
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 Fig. 10: Application of FEA in the study of hot tearing in cast Al alloys: (a) simulation result showing the HTI of 
Al-5.4Mg-2Si alloys with various Cu contents[131]; (b) strain localization and von Mises stress of Al-Cu 
alloys under tensile deformation at fs=0.98[133]

proposed to extend the predictive capability of FEA. 
Sistaninia et al.[136] developed an advanced hot tearing criterion 
within the Abaqus platform, while Liu et al.[137] implemented 
a fluid-structure interaction-based criterion in ANSYS Fluent. 
These approaches will be discussed in detail in Section 5. It 
should be emphasized, however, that the application of FEA to 
hot tearing prediction remains largely confined to alloy systems 
that are well characterized and supported by comprehensive 
thermo-mechanical property databases, limiting its current 
generalizability to novel alloy design.

Molecular dynamics (MD) simulations have proven 
particularly effective in characterizing the structural and 
dynamical properties of metallic melts, thereby offering 
unique insights into hot tearing phenomena at the atomic 
scale. A key contribution of MD lies in its ability to predict 
transport properties, such as diffusion coefficients and viscosity, 
which govern liquid feeding and crack healing. For instance, 
alloying-induced modifications in the liquid structure can 
significantly influence atomic mobility: Zr additions to Al 
markedly suppress Al self-diffusion due to the formation of 
strongly correlated clusters[138], whereas Cu dissolution in 
liquid Al enhances tracer diffusivity and modifies viscosity via 
the emergence of locally ordered motifs[139]. These findings 
emphasize that short-range structural ordering, beyond mere 
chemical composition effects, critically dictates liquid fragility, 
atomic transport, and ultimately feeding capacity during 
solidification. Extending this framework, the integration of MD 
with experimental observations has further clarified the role 

of liquid films in crack initiation by Su and Zhang[140, 142-145].
It has been demonstrated that variations in liquid fraction, 
viscosity, and atomic activity of residual liquid channels at the 
end of solidification directly affect the critical stress required for 
crack formation. Highly fluid films promote defect healing and 
mitigate the severity of hot tearing. Collectively, these results 
underscore the unique capability of MD to elucidate the atomistic 
origin of diffusion, viscosity, and interfacial phenomena that 
govern HTS. Nevertheless, the intrinsic limitations of MD in 
accessible spatial and temporal scales preclude direct predictions 
of macroscopic crack evolution, necessitating its coupling with 
mesoscopic or continuum-scale models for comprehensive and 
predictive simulations of hot tearing.

Phase-field simulations represent a state-of-the-art tool 
for coupling phase, temperature, and solute fields, enabling 
continuous tracking of dendrite growth, grain impingement, 
solute segregation, and liquid channel evolution during 
solidification. These capabilities allow phase-field models to 
directly link microstructural evolution with the underlying 
mechanisms of hot tearing[146, 147]. Simulation studies indicate 
that the morphological evolution and solute segregation 
behavior of liquid channels exert a strong influence on HTS 

[Fig. 11(a)][44]. In Al-Cu alloys, limited back-diffusion and 
incomplete coalescence of liquid channels promote droplet 
formation, while eutectic solidification near channel roots 
reduces cracking. In contrast, Al-Mg alloys, despite possessing 
a wide freezing range, exhibit lower HTS due to enhanced 
dendrite coalescence facilitated by Mg back-diffusion[39]. 

(b)

(a)
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Parametric analyses further show that increasing solid-state
diffusivity or partition coefficients can flatten the solid 
fraction-temperature relationship, suppress solute segregation, 
and thereby mitigate cracking [Fig. 11(b)][40]. Recent simulations 
also highlight the critical role of solidification shrinkage, 
showing that density changes during the liquid-to-solid 
transformation constrict and elongate liquid channels, elevate 
pressure drops at their roots, and consequently exacerbate 
HTS[148]. Integrated phase-field-computational fluid dynamics 
(PF-CFD) approaches extend predictive capability by 
quantifying interdendritic fluid flow and pressure drops[149]. 

Such models reveal that grain orientation, equiaxed grain size, 
and columnar-to-equiaxed transition significantly alter feeding 
conditions and HTS in Al-Li alloys, surpassing the predictive 
resolution of conventional analytical models [Fig. 11(c)][149].
Overall, phase-field simulations offer powerful means to 
elucidate liquid channel evolution and dendrite coalescence, 
providing mechanistic insight into hot tearing. Yet challenges 
remain in computational cost and experimental validation. 
Future efforts that integrate phase-field simulations with 
multi-scale modeling and in situ characterization will be 
essential to establish a reliable predictive framework.

 Fig. 11: Application of phase-field simulations in the study of hot tearing in cast Al alloys: (a) liquid channels during 
bi-crystal columnar growth of Al-Cu alloys[44]; (b) solute distribution within liquid channels during columnar 
growth of Al-Cu and Al-Mg alloys[40]; (c) liquid channel concentration in equiaxed crystals with different grain 
sizes at a solid fraction of 0.9[149]

(b)

(c)

(a)

5 Hot tearing criteria
The prediction of HTS has long been a central challenge in 
alloy casting[150-153]. In industrial practice, HTS reduction is 
often achieved through repeated trial-and-error adjustments 
of alloy compositions and process parameters, which is both 
costly and time-consuming. Hence, the development of accurate 
and reliable predictive criteria for HTS is of great practical 
significance. Since the 1950s, numerous criteria have been 
proposed based on different theories and assumptions, which 
can be broadly classified in two ways[154-157]. The first distinction 
is between analytical criteria and numerical simulation 
approaches. Analytical criteria are typically expressed in 
concise algebraic forms with clear physical interpretations, 
providing a single scalar index or threshold for evaluating 
HTS. This enables rapid, quantitative assessment, making 
these criteria particularly attractive for early-stage alloy 
screening or comparative studies. Their primary advantage 
lies in simplicity and computational efficiency[158-161]. By 
contrast, numerical simulation approaches are established 
on coupled governing equations describing heat transfer, 
fluid flow, solidification, and stress/strain evolution. These 
methods aim to capture the spatiotemporal development of 

hot tearing during solidification in a physically representative 
manner. However, they require extensive input data, including 
thermophysical properties, initial and boundary conditions, 
mesh discretization, and time steps, and the numerical solution 
of partial differential equations often demands computational 
times ranging from several hours to days[162-165].

The second classification distinguishes mechanical-based, 
non-mechanical-based, and comprehensive criteria[166-170]. 
Mechanical-based criteria mainly focus on the response of the 
semi-solid skeleton, with stress, strain, and strain rate as the 
dominant variables. Non-mechanical-based criteria emphasize 
thermal and metallurgical factors, such as the vulnerable 
temperature ranges, phase diagram characteristics, and 
casting process parameters. Comprehensive criteria attempt 
to integrate both mechanical and non-mechanical aspects 
into a unified framework. Although comprehensive criteria 
often yield improved predictive accuracy, they inevitably 
incur more mathematically complex and data-demanding. To 
date, numerous reviews have summarized the mechanisms 
and applications of various hot tearing criteria developed for 
casting alloys. Given this extensive literature, the present paper 
does not intend to cover all existing models exhaustively. 
Instead, attention is focused on a selection of recently 
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proposed promising approaches. Readers interested in other 
criteria or in-depth analyses of specific models are referred to 
several authoritative publications[6, 7, 9].

5.1 Steady-state axisymmetric numerical 
model and axisymmetric analytical model

In 2023, Liu et al.[137] developed a steady-state axisymmetric 
numerical model based on CFD to predict the HTS of alloys. 
The model determines the pressure distribution and velocity 
field of the liquid within interdendritic channels through 
numerical simulations [Fig. 12(a)], with the maximum pressure 
drop as an indicator of HTS. Unlike the RDG model, this 
approach does not treat the mushy zone as a porous medium. 
Instead, it directly computes the dendrite shape in the mushy 
zone from the temperature (T) vs. fs relationship and solves the 
Navier-Stokes equations, while incorporating the influence of 
back diffusion. As a result, the model provides a more realistic 
and accurate representation of liquid flow within dendrites. 
It has been successfully applied to predict the HTS of binary 
Al-Cu and Al-Mg alloys during welding. Building upon this 
CFD model, Liu proposed an axisymmetric analytical model in 
2024[171]. In this new model, the pressure drop (Δp) is given by:

π

π
       

(5)

where L is the position of the dendrite tips along the Z-axis, 
while 0 denotes the position of the dendrite roots. λ1 represents 
the primary dendrite arm spacing, G is the temperature gradient 
in the Z-direction, μ is the viscosity, β is the solidification 
shrinkage, V is the growth rate,  is the lateral strain rate, and 
Tf and Tt denote the start and end temperatures of solidification, 
respectively. Although both the CFD and analytical models 
exhibit similar reliability in predicting the HTS of Al-Cu alloys 
[Fig. 12(b)][171], the analytical model offers significantly higher 
computationally efficiency, requiring only a few seconds 
compared to several hours for CFD simulations. Collectively, 

these two models proposed by Liu et al. represent a powerful 
extension of the RDG model, offering enhanced physical 
realism in describing interdendritic liquid feeding while also 
improving computational efficiency. Nevertheless, several 
limitations remain. First, dendrite growth is simplified as 
axisymmetric, and the effect of grain boundary misorientation is 
neglected, potentially overlooking complex growth phenomena 
in real alloys. Second, the models emphasize mainly on pressure 
drop and liquid flow, failing to fully capture the multi-stage 
nature of hot tearing, particularly the role of grain boundary 
bridging. Third, further modifications are required to adapt the 
framework to equiaxed grain structures, thereby accounting for 
the influence of diverse alloy microstructures on HTS.

5.2 Criterion based on characteristics of 
liquid film and microstructure

In 2023, Su et al.[172] proposed a hot tearing criterion that 
integrates the characteristics of solidification liquid films and 
microstructure, building upon the foundations of both the RDG 
and Kou’s criteria. This criterion integrates mechanical and 
non-mechanical factors during solidification, incorporating 
the shrinkage volume of the solid-liquid two-phase in the 
mushy zone, the flow behavior of liquid film, and the influence 
of microstructure on feeding behavior. It also incorporates 
additional factors such as alloy composition, microstructure, 
mold design, and process conditions, all of which significantly 
affect the initiation of hot tearing. The principal advantage of this 
approach over the original RDG and Kou’s criteria is its ability 
to quantitatively predict whether hot cracks will actually occur 
during solidification, rather than simply providing a relative index 
of HTS. According to Su, the initiation and severity of hot tearing 
are closely related to three competing volumetric contributions: 
the change in solid grain volume due to thermal shrinkage (VS); 
the change in the liquid film volume between adjacent solid 
grains due to linear shrinkage (VL); and the difference between 
the sum of these two and the feeding volume of the liquid film 
(Vfeeding) between the adjacent grains, as shown in Fig. 13(a)[172]. 
Specifically, if the sum of VS and VL minus Vfeeding is positive, hot 
tearing will occur; otherwise, it will not. Based on this principle, 
the hot tearing criterion is expressed as:

(6)

π π π

π

π π π

π

where α is the linear expansion coefficient, ΔT is the 
temperature gradient variates, n is the number of feeding 
channels, r* is the radius of the feeding channel, l* is the 
length of the feeding channel, η is the dynamic viscosity, ΔP* 
is the pressure difference between the outlet and the inlet of 
the feeding channel, t is the liquid film flow feeding time, 

and a0, b0, L0, a1, b1 are parameters related to grain geometry, 
respectively [Fig. 13(b)]. These parameters, including 
η, ΔP*, l*, r*, and n, are directly linked to the liquid film 
characteristics and microstructure, which are further controlled 
by temperature, alloy composition, grain size, and other 
microstructural factors. This criterion has been successfully 
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Fig. 12: Liu’s models for predicting HTS in Al alloys: (a) pressure 
drop in liquid channel and velocity distribution[137]; 

	 (b) comparison of pressure drop calculated by analytical 
model and CFD model[171]

Fig. 13: Schematic diagram of Su’s model[172]: (a) macroscopic 
scale; (b) microscopic scale

applied to predict the HTS of Al-4Cu alloys, with predictions 
showing good agreement with experimental data, thus validating its 
reliability[172]. However, this criterion simplifies the physical assumptions 
by concentrating primarily on shrinkage and liquid film flow while 
neglecting other thermodynamic and mechanical complexities, 
potentially leading to predictive inaccuracies in more complex scenarios. 
Moreover, its strong dependence on grain morphological parameters 
limits its adaptability across different alloy systems, particularly when 
grain shapes are influenced by factors like cooling rates.

(b)(a)

5.3 Model based on solid bridge 
fracture

In 2024, Liu et al.[173] proposed a novel model based on 
solid bridge fracture to predict solidification cracking 
in alloys, as shown in Fig. 14. Unlike conventional 
models that rely primarily on liquid feeding, this 
model introduces a crack-like structure to directly 
evaluate the thermal stress at the dendrite roots. The 
occurrence of cracks depends on the competition 
between thermal stress accumulation at the dendrite 
roots and the development of solid bridge strength, 
while also accounting for the influence of grain 
morphology and size on stress accumulation. This 
model is based on the following considerations: 
( a ) The necessa ry cond i t ion fo r c rack- f ree 
solidification is that during the bridging stage 
(fbrid ≤ fs <1), the rapidly developing strength of the 
solid bridges must be sufficient to counteract the 
accumulated thermal stresses within the bridges; 
(b) Stress singularities do not arise at dendrite roots, 
meaning that initial fracture does not occur and solid 
bridges can form progressively; (c) Liquid channels 
along grain boundaries play a dual role in regulating 
stress evolution within the mushy zone, acting 
both as a source of thermal stress and a path for 
stress relaxation. Mathematically, the model can be 
expressed as follows:

          
(7)

where xC pertains to the point of full coalescence. 
This expression is completely equivalent to σbrid/  
for fs∈[fbrid, 1]. In other words, when the grain 
diameter d is less than or equal to the critical grain 
diameter dC, cracking will not occur if the ratio 
of stress accumulated in the solid bridges (σbrid) to 
strength development of the solid bridges ( ) 
remains below 1 throughout the solidification interval x.
Conversely, when d>dC, cracking will occur if this 
ratio reaches or exceeds 1 at any point within the 
interval x.

Using this framework, Liu et al.[173] successfully 
predicted the HTS of binary Al-Cu, Al-Mg, and Al-Si
alloys, effectively capturing the influence of alloy 
composition, grain size, grain morphology, and 
cooling rate. The model therefore provides a unified 
mechanistic interpretation for hot tearing. Despite 
its novelty, the model also has several limitations 
and defined boundaries of applicability. First, the 
assumption that cracks nucleate primarily along 
solid bridges at dendrite roots makes the model most 
applicable to dendritic or columnar-grained alloys, 
whereas its accuracy may diminish for equiaxed 
or irregular microstructures. Second, this approach 
requires a large number of physical parameters to 

(b)

(a)

Fraction solid, fS Fraction solid, fS
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Fig. 14: Liu’s model for predicting HTS in Al alloys[173]: (a) crack-like structure of growing dendrites and corresponding 
simplified model; (b) schematic illustration of a crack model that considers the solidification process; 

	 (c) prediction of effects of alloy composition, grain size, and cooling rate on HTS of Al-Cu alloys

(b)

(c)

(a)

be experimentally determined, and different alloy systems 
need to be individually characterized, which reduces its 
generalizability. Third, although the model emphasizes the 
fracture mechanism of solid bridges, other factors such as 
interdendritic liquid feeding and shrinkage compensation 
remain critical. Under conditions of high liquid fluidity or 
steep thermal gradients, liquid flow may significantly influence 
the cracking process.

6 Summary and future perspectives
This review provides an overview of hot tearing susceptibility 
(HTS) in cast aluminum (Al) alloys, summarizing the key 
mechanisms, influencing factors, and recent progress in 
experimental characterization and predictive criteria. Although 
substantial advances have been achieved, gaps remain between 
experimental observations and theoretical models, revealing 
promising directions for future study:

(1) Advanced characterization and reliable thermophysical 
data

Future progress depends on acquiring accurate experimental 
data to support simulations. Traditional post-mortem analyses 
reveal limited information about dynamic cracking, while 
many model parameters are still derived under equilibrium 
assumptions. Synchrotron X-ray imaging now enables 
the real-time tracking of crack initiation, propagation, and 

stress evolution during solidification. Such in situ data 
will greatly improve model fidelity. Given the multiscale 
nature of solidification, future models should integrate 
macro-micro coupling with efficient computation and employ 
temperature-dependent boundary conditions calibrated through 
experiments[174].

(2) Physically integrated hot tearing criteria
As Eskin[27] noted, a robust criterion should capture the 

evolution of dominant mechanisms during solidification. Since 
the RDG criterion, numerous models[175-177] have improved 
predictive accuracy, yet most still treat liquid feeding and solid 
deformation independently. Future work should aim to unify 
these coupled processes, such as feeding control at low solid 
fractions and plastic deformation at high solid fractions, into a 
stage-resolved framework. Multi-scale, multi-physics modeling, 
as demonstrated by Liang et al.[178] for steels, can combine 
phase-field or cellular automata simulations with finite element 
and fracture analyses to bridge theory and application.

(3) Data-driven prediction and machine learning
Traditional trial-and-error methods are inefficient for 

exploring the vast composition-process space. Machine 
learning (ML) provides an effective alternative for uncovering 
complex correlations between composition, processing, 
and HTS. A comprehensive database should include alloy 
compositions, process parameters, microstructure, and HTS 
data. Despite challenges in data scarcity and standardization, 



134

CHINA  FOUNDRY Vol. 23 No. 2 March 2026
Special Review

data augmentation, transfer learning, and few-shot learning 
can enhance model reliability. Incorporating thermophysical 
parameters can also improve the physical interpretability, 
enabling mechanism-guided alloy design.

(4) Emerging hot tearing mitigation and alloy design 
strategies

Beyond conventional optimization, new concepts from 
other alloy systems offer inspiration for mitigating hot tearing. 
Sun et al.[179] demonstrated that grain boundary segregation in 
high-entropy alloys can convert tensile stresses to compressive 
stresses, suppressing hot tearing. Hu et al.[180] developed 
a liquid-induced healing (LIH) approach using controlled 
solid-liquid transitions to repair cracks efficiently. These 
concepts including stress-state engineering and liquid-assisted 
healing could inspire novel approaches in Al alloys, such as 
controlled local remelting in eutectic-rich regions to promote 
microcrack healing and thereby enhance hot tearing resistance.
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