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Abstract Since the 1950s, hot tearing has been extensively
studied as a defect that severely affects the castability of
aluminium alloy. However, mature commercial equipment
that can characterize or test hot tearing formation has not yet
been made, and the academic community have endeavoured
to develop their own experimental methods to create hot
tearing test systems. While there is no systematic review
on hot tearing test system in this field, this paper provides a
comprehensive review of recent research and experimental
studies on testing systems for hot tearing in aluminium alloy
casting with three focuses: (i) the research concept and ini-
tiation mechanism of hot tearing; (ii) experimental methods
for studying hot tearing, including high-temperature tensile
test deformation experiments, alloy-constrained solidifica-
tion experiments and solidification tensile experiments; (iii)
outlook on the development trends of various experimental
equipments used to study hot tearing as well as research
directions in this field.

Keywords Aluminium alloy - Casting - Hot tearing -
Experiment - Test system

1 Introduction

In the process of alloy casting, common defects include
shrinkage porosity, sand holes, cracks and other casting
imperfections. Among them, hot tearing is one of the most
prevalent issues in foundry production. If a hot tearing crack
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occurs in an alloy during casting, its strength will be com-
promised and the cracks will be easily torn and expanded
by stressors, which will significantly impact its practicality.

It is commonly accepted in the academic world that hot
tearing arises from changes in the alloy’s strength during its
semi-solid state, which results in cracking. In 1914, Norton
conducted experiments to evaluate the strength of semi-
solid alloys by subjecting them to different weights. Since
the 1950s, Bishop et al. have periodically conducted X-ray
inspections on castings during solidification and concluded
that alloys undergo hot tearing at the end of metal solidi-
fication above the solid phase line temperature (5-15 °C)
[1, 2]. Therefore, many researchers have focused their stud-
ies on what happens to semi-solid alloy within this tem-
perature range to cause cracking. After extensive research,
four theories have been developed to explain the phenom-
enon of hot tearing in alloys: the liquid film theory [3, 4],
the intergranular bridging theory [5], the strength theory
and the solidification shrinkage compensation theory [6].
Despite the challenges posed by the sporadic hot cracking
at high temperature, it is critical to understand its origin and
development. Researchers have conducted a series of stud-
ies on the measurement and evaluation of hot tearing using
various methods and have drawn many meaningful conclu-
sions. However, due to the lack of a universally recognized
quantitative standard for hot tearing testing, its testing and
evaluation is still in the developmental stage [7, 8]. Research
on the mechanism of hot tearing in alloys is ongoing with
the continuous advancement in hot tearing testing methods.
This paper focuses on experimental research of the forma-
tion of hot tearing in the casting process of aluminium alloy
and summarizes the evolution, current status and future
development direction of experimental testing methods in
this process.
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2 Experimental Measurements of Hot Tearing

Test methods for hot tearing have evolved from the high-
temperature tensile test, which solely examines the tensile
properties of an alloy at elevated temperatures, to experi-
mental techniques involving constrained solidification
and stochastic generation of hot tearing, and ultimately to
research methods incorporating actively inducing hot tearing
during alloy solidification. At present, most hot tearing test-
ing methodologies are based on strength theory. Hot tearing
occurs in the alloy when the solidification shrinkage stress
exceeds or equals to the dendrites tensile strength during
solidification process. The enlargement of thermal cracks is
usually attributed to the shrinkage pores and other casting
defects during alloy solidification caused by non-uniform
solidification temperatures being subjected to solidifica-
tion shrinkage stresses. This results in gradual expansion of
shrinkage pores and initiation of thermal cracks along grain
boundaries [9]. This chapter outlines research methods such
as the high-temperature tensile test, alloy-constrained solidi-
fication experiment and solidification tensile experiment.

2.1 High-Temperature Tensile Test

It is widely recognized that hot tearing in alloys occurs dur-
ing the late solidification stage; therefore, it is necessary to
heat the alloy up to a specific temperature on the solid phase
line prior to conducting tensile deformation experiments to
measure the material strength at this temperature. According
to the strength theory, hot tearing occurs when the solidifica-
tion shrinkage stress of an alloy exceeds its tensile strength
[10-13]. Therefore, precise measurement of high-temper-
ature strength limit is crucial for predicting and identify-
ing hot tearing [14, 15]. However, at elevated temperatures
where strength is significantly reduced, maintaining the
integrity of the semi-solid region becomes unattainable for
alloys. Therefore, conventional tensile testing methods are
inadequate and there is an urgent need to develop a high-
temperature tensile testing apparatus capable of determining
strength limits of alloys.

The traditional Instron® tensile tester has been improved
to heat metals above the solid phase line. The improved
Instron® tensile testing machine utilizes resistance heat as a
heating method, wherein the tensile specimen held by a fix-
ture is controlled on an upgraded resistance furnace, heated
to the desired test temperature, and held at this temperature
for a certain duration before conducting the tensile experi-
ment. This approach enables accurate measurement of alloy
strength limits at elevated temperatures. However, there are
still some issues with this experiment. The utilization of a
resistance furnace leads to prolonged heating time, resulting
in phase transition within the alloy and inaccurate measure-
ment of tensile stress. In addition, the strength of the alloy
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significantly decreases due to the testing temperature reach-
ing the solid-liquid two-phase zone, which cannot main-
tain its structural integrity. Consequently, the alloy deforms
under gravity and shear stress is generated.

To address these issues, Han et al. [16] designed a novel
reheating tensile testing method to evaluate the mechani-
cal properties of the non-equilibrium paste region in 3004
alloy employing an Instron® 4507 tensile tester. The sam-
ple is first heated from room temperature to a temperature
right above the solid phase line near the liquidus (620 °C
and 630 °C) and then gradually cooled to the desired test
temperature (600 °C). The alloy is then subjected to a spe-
cific temperature for a period of time in order to conduct the
tensile test. Compared to the actual casting cooling process,
this method ensures that the alloy has a consistent grain size
and enhances accuracy of measuring the tensile stress limit.

In situ solidification can effectively address these issues
by first heating the alloy to complete liquefaction, followed
by gradual cooling it to the desired test temperature stretch-
ing it after a specific holding period. Subroto et al. [17]
evaluated the semi-solid tensile mechanical properties of
cast 7050 alloy using an Instron®®5944 tensile tester. To
minimize the discrepancies in test results caused by exper-
imental errors due to liquid metal adhering to the quartz
tube, a boron nitride aerosol was coated on the surface of the
quartz glass tube to reduce friction resistance. Additionally,
this tensile testing equipment was utilized to investigate both
semi-solid constitutive parameters and failure behaviour of
cast AA7050 alloy.

The Gleeble® thermal simulation tensile test machine is
also able to address these issues, which uses a Joule heat
heating method that allows the alloy to be rapidly heated to
the desired temperature, which can be maintained through-
out the duration of the tensile test. This ensures a more
accurate measurement of the tensile stress limit [18-20].
It can also perform in situ solidification experiments. In a
study by Qing-ling Bai et al. [21], the alloy inside a quartz
tube was heated up to its liquidus temperature and held for
60 s using A Gleeble®3500 tensile test machine, then cooled
down to the desired test temperature at a rate of 2 °C/s. Sub-
sequently, the mechanical and constitutive properties of
7050 aluminium alloy were measured at the specified test-
ing temperature.

However, in Gleeble® experiment, thermocouples are
usually attached to the surface of the heated region of the
sample by welding in order to regulate the heating tempera-
ture [13]. In high-temperature experiments, the solder joint
of the thermocouple tend to detach, resulting in a low suc-
cess rate of the experiment. There are three solutions to this
particular problem of thermocouple connection. The first
approach is to use the buried wire method, where two small
holes are made on the sample’s surface, into which the posi-
tive and negative thermocouple wires are inserted and fix it
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[15]. However, this method is a destructive stationary tech-
nique that can result in inaccurate test data for mechanical
properties. The second method involves wrapping the heated
area of the sample with a metal mesh and welding a thermo-
couple to it to measure the temperature via heat conduction.
This technique allows standard Gleeble® experiments and
provides relatively accurate stress measurements. However,
there may be significant temperature errors due to thermal
resistance at the interface. Third, the thermocouple is physi-
cally fixed. The positive and negative electrodes of the ther-
mocouple are welded together and then radially wrapped
around the sample. The casing is then tightened around the
thermocouple, and an external force is applied to tighten
the thermocouple on the sample. This arrangement can be
seen in Fig. 1. In comparison with the metal mesh method,
this approach utilizes an external tension application as a
physical means to establish close contact between the ther-
mocouple and sample, thereby ensuring the integrity of both.

The present section discussed the concepts and chal-
lenges of high-temperature tensile testing along with their
corresponding solutions. Although tensile testing at elevated
temperatures allows for the measurement of the mechanical
property limits of alloys, the presence of friction under such
testing conditions can lead to significant errors in determin-
ing the alloy’s mechanical parameters, which in turn affects
the accurate characterization of thermal fracture behaviour.
Furthermore, disparities between dendrite growth observed
during actual casting processes and that observed in high-
temperature tensile experiments result in substantial errors
due to microstructural changes. It must be recognized that
this experiment has inherent limitations which cannot be
fully mitigated.

2.2 Constrained Solidification Method
The hot tearing-constrained solidification method is based

on the principle that hot tearing originates from within the
alloy and propagates to the surface of the casting at the end

Fig. 1 Diagram of connection

between thermocouple and 'I
specimen (\
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of the solidification process due to solidification shrinkage
stress. The severity of hot tearing can be assessed by visual
observation of the length and width of the external cracks.
Commonly utilized inspection techniques are the hot tearing
ring detection, the flange bar test, the cylindrical bar test, the
spherical bar test, the "C" bar test and "U" model test.

2.2.1 Hot Tearing Ring Test

As seen in Fig. 2, the hot tearing ring mould comprises an
open mould constructed from a flat plate and an annular cav-
ity. Upon pouring molten metal into the mould, the resulting
cast metal ring shrinks around the cylindrical core. As the
liquid metal content decreases within the semi-solid alloy,
thermal cracks emerge and propagate in the casting. Once
these cracks reach the surface of the casting, they spread
along the grain boundaries. The severity of hot tearing can
be assessed by direct observation and measurement of the
length and width of the cracks [22].

The impact of grain refinement on the hot tearing sen-
sitivity of aluminium alloys was investigated in this study
based on the traditional detection method of hot cracks in
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/
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Fig. 2 Schematic diagram of hot tearing ring method mould
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rings. The casting system depicted in Fig. 3 consists of a
steel core, a sand box and a gating system with cylindrical
gates [23, 24]. After solidification, the alloy’s hot tearing
sensitivity can be assessed by measuring total crack length
of the four rings and calculating the average crack length of
each ring. The traditional hot tearing inspection only meas-
ures the length of a crack on one ring, taking an average
value can partially alleviate the randomness of hot tearing.
The use of a closed die helps to avoid external environmental
influences on alloy hot tearing. However, in situ observation
of cracks during casting solidification is not feasible.

Despite many advantages of the hot crack ring detec-
tion method such as simple and convenient operation, low
difficulty in mould manufacturing, easy analysis of hot
cracks and quick determination of material’s relative hot
crack sensitivity, it is incapable of detecting hot tearing or
micro-cracks within the casting that undergo less shrinkage
stress and cannot extend to the surface for observation. The
mechanical parameters remain unmeasured, so the extreme
stress values of cracks cannot be determined. The random
stresses inherent in the solidification process of metals make
thermal tearing uncontrollable, thus hindering the study of
thermal tearing mechanisms.

Fig. 3 Hot crack ring detection method closed mould [23]. a Casting
mould, b Cover plate

2.2.2 Hot Tearing Bar Test

Hot tearing bar detection is the most commonly used mac-
roscopic inspection, which can be classified into two cat-
egories: critical diameter testing and critical length testing.
Figure 4 illustrates the critical diameter testing method,
which consists of multiple bar moulds of the same length
but varying diameters. By pouring liquid metal into these
moulds, consistent temperature and cooling conditions are
maintained across all diameters to ensure that the alloy
solidifies in a comparable environment. Thin bars are more
susceptible to hot tearing than thick bars due to rapid cool-
ing, high deformation speed, small cross-sectional area and
elevated stress levels [25].

The critical length test method is widely recognized as the
dominant testing approach [26-29], and the mould used is
depicted in Fig. 5. The hot tearing bars with equal diameter
are arranged in length. The hot tearing rod is equipped with
a spherical mould to induce stress caused by solidification
shrinkage. In this method, moulds of the same diameter but
different lengths were used and the impact of mould length
on hot tearing susceptibility was investigated. This method
can also be used in combination with other techniques to
study hot tearing sensitivity. For example, the effect of flow
on hot tearing sensitivity was studied in combination with a
flow device [30], hot tearing sensitivity was studied in com-
bination with tensile property data [31], the effect of grain
refinement on hot tearing sensitivity was studied by adding a
refining agent [32] or by adding different elements [33, 34].

Akhyar et al. [35] innovatively modified the critical
length test method as illustrated in Fig. 6. The hot tearing
susceptibility of aluminium alloy was evaluated using the
CRCM-horizontal mould method. The dimensions of the
mould were 284.4 x260.9 X 30 mm , and the lengths of the
style rods ranged from 51 to 165 mm, separated by an angle
of 60°. The sample rod had a diameter of 9.5 mm, while the
ball had a diameter of 19 mm. Additionally, the radius of
the hot node was 14.5 mm. In contrast to the conventional
critical length test method, the experimental design of this

Fig. 4 Schematic diagram of 30 30 30 30 30 30
the critical length test method I
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Fig. 5 Mould sketch of critical length test method (mm) [26]

mould involves placing a hot tearing rod on a flat surface and
orienting the rods of varying lengths to different directions.

After extensive research and analysis, researchers have
identified five levels of hot tearing severity, as illustrated
in Fig. 7.

1. There are no cracks or tear marks present on the surface
of the rod.

Fig. 6 CRCM- horizontal

2. The presence of cracks is minimal, with microcracks
extending to no more than half the circumference of the
hot joint.

3. The initial crack has propagated to the entire circumfer-
ence of the hot joint.

4. The crack is severe, extends throughout the entire cir-
cumference of the hot joint and reaches a certain depth.

5. Complete tearing, with complete fracture of the hot sec-
tion and complete separation of the bar from the casting
body.

There are various methods that can be used when it comes
to testing the critical length of a material. The advantage of
these methods over other techniques is that they produce
more precise and accurate results. By applying different
levels of stress and strain to a material, researchers can gain
valuable insights into the material’s properties and behav-
iour under different conditions. This information is essential
for developing new materials or improving existing ones. In
addition, these experimental designs increase the versatility
of testing a wide range of materials and provide greater flex-
ibility in testing a variety of materials.

In short, these innovative methods can be considered
as an efficient method to test the critical length of a mate-
rial. Their unique combination of precision and versatility
will surely produce valuable data that drives innovative
investigations.

2.2.3 Fluid Solidification Test

The influence of fluidity on the development of thermal
cracks can be studied by different methods as shown in

284 4

mould (mm) [35]

15 0
1 r
]

'

3/

Fa
N

jo—— R3S

54

130 5

260 9

150

/
/
/
’
/!
/
/
/
/
/
/

15 1f

@ Springer



304

Trans Indian Inst Met (2024) 77(2):299-313

(e)

Fig. 7 Schematic diagram of hot tearing severity [35]. a no crack, b
minimal crack, c slight crack, d serious crack, e complete tear

Fig. 8 Flow mould diagram 260

Fig. 8. The space between the spiral rings is uniformly dis-
tributed with a width of 25 mm to ensure consistent and
uninterrupted flow of the alloy. A spiral phase jacket with
three rings is used to ensure sufficient flow length of the
alloy. The greater the flow distance of the alloy in the mould
during casting, the better its fluidity and lower the suscepti-
bility to hot cracking [36].

Although constrained solidification and fluid solidifica-
tion tests allow direct observation of alloy cracking, they
can only offer insight into the extent of damage incurred,
while the mechanical and temperature parameters associated
with hot tearing remain un-inspected. Furthermore, the con-
strained solidification method solely depicts the final result
and there is no investigation of the state alterations in the
semi-solid zone during hot tearing formation process. There-
fore, it is necessary to develop a method to characterize the
stress state of the semi-solid region during alloy solidifica-
tion. As a result, solidification tensile testing has received
increasing attention from researchers.

2.3 Solidification Tensile Test

The solidification tensile test is currently the primary experi-
mental approach for investigating hot tearing of alloys, and
most finite element simulation data acquisition relies on this
method. The purpose of this method is to replicate the state
of alloy during the actual casting process, to observe the hot
tearing phenomena, and to study the crack initiation and
propagation mechanisms [37]. The solidification tensile test
is mainly applied in investigations on the thermal tearing
behaviour of alloys from a mechanical perspective based on
the strength theory [38—-41].

Eskin [42] developed a T-mould in 2002, and after incor-
porating mechanical sensors, temperature sensors, and data
acquisition devices to enhance the system’s functionality,
they established a sophisticated experimental setup as shown

Pouring cup

(mm) [36]

Steel spiral mold"

Electrical heating l\ri‘
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Fig. 9 Diagram of T-mould for Solidification tensile test [42]
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Fig. 10 Diagram of tensile stress with different solid fractions [43]

Fig. 11 Schematic diagram of

in Fig. 9. The mould consisted of a T-shaped graphite mould
with a graphite block, a bronze base equipped with water
cooling, and tension sensors and linear contraction sensors
mounted on the device. Temperature variations during metal
solidification were measured using a K-type thermocouple.

The measured tensile load is shown in Fig. 10. When
the solidification stress is equal to or greater than the ten-
sile strength of the dendrite, the specimen fractures and is
unstressed. At this stage, the stress caused by solidification
shrinkage stabilizes or even decreases, which is negatively
correlated with the tendency of the alloy to tear thermally.
Therefore, measuring various samples and comparing their
solidification shrinkage stress levels can help determine the
hot tearing susceptibility of an alloy [43-45].

Another T-mould is illustrated in Fig. 11 [46]. A verti-
cally oriented T-mould was used to measure the solidifica-
tion shrinkage stress of the alloy utilizing a data acquisition
device. The location of crack initiation is determined by the
severe tendency to tear at the hot joint, which is identical to
the results of the hot tearing bar test. The advantage of this
approach lies in its ability to concentrate stress and increase
susceptibility to cracking. Using this mould, Xudong Du
et al. investigated the influence of rare earth elements addi-
tion on hot tearing sensitivity of magnesium alloys [47].

A rod mould is illustrated in Fig. 12, which restricts the
hot tear location to the middle region of casting to afford
easy identification of initiation point and expansion path of
hot tearing. However, as the ends are unconstrained, bolts
are required to limit the shrinkage behaviour of the alloy
[45, 48].

The dog bone mould shown in Fig. 13 functions in the
same way as the rod mould in that it induces hot tearing at
the centre of casting, but unlike the rod mould, the dog bone
mould has T-shaped ends instead of bolted ends to prevent
release of solidification shrinkage stress [49-51].
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Fig. 12 Schematic diagram of rod mould [48]

Thick steel plate
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Fig. 13 Schematic diagram of a dog bone mould

Fig. 14 Schematic diagram of
composite mould for hot tearing Compu(er
solidification experiment [52]
processing
system

e

Temperature -

acquisition ==

system "'ri'

|

2.4 Multi-channel Hot Tearing Experimental
Apparatus

The composite mould illustrated in Fig. 14 employs a multi-
channel casting system with thermocouples located at the
bottom of the runners and tension sensors to simultane-
ously capture the solidification shrinkage stress levels of
four cylindrical samples, generating a real-time correlation
diagram of stress, strain and temperature (solid fraction).
Four cylindrical samples with varying diameters are cast
in different directions, and the gate was positioned above
the intersection of the cylindrical samples. This approach
avoids experimental errors that arise from the inability to
ensure identical conditions in multiple casting experiments.
Moreover, it facilitates the assessment of crack severity in
samples with varying diameters and lengths, thereby utiliz-
ing the mechanical data to investigate the mechanism of hot
tearing generation [52].

2.5 Research Methods of Hot Tearing
in Non-traditional Casting Moulds

Warrington D et al. developed an immersive “cold finger”
mould to study hot tearing in alloy shells during DC casting
as shown in Fig. 15. A water-cooled conical copper cooler
was inserted into the thermostatic liquid metal to a specific
depth, held for a predetermined duration, and then with-
drawn. The length of hot tearing on the shell can be meas-
ured to indicate the alloy’s susceptibility to hot tearing [53,
54].

Sumitomo et al. designed a hot shear experiment as
shown in Fig. 16 [55]. The molten alloy was initially poured
into a central cylindrical mould, and after the liquid metal
had cooled to the desired testing temperature, a shear ring
was pulled to generate. Subsequently, cooling water was

Mechanics
acquisition
system

Casting mold
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Fig. 15 Schematic diagram of Water outlet Water inlet
the “cold finger” mould

Hot tearing

Copper chill

Fig. 16 Schematic diagram of (a)
hot shear experiment [55]

Pulling Arm

N\

Crucible

rapidly introduced into the cooling channel beneath the
mould to promote quick solidification of the alloy, while
a force-measuring device was used to record the torque
of the alloy over time. As the alloy is subjected to tearing
and cracking, the torque curve tends to stabilize or even
decrease, and the torque value equals the tensile strength of
the alloy. When molten metal adheres to a cylindrical mould
for dendrite growth, the dendrites grow cylindrically in
radial direction and perpendicular to the direction of stress.
This method resolves the issue of incapability to assess the
strength limit of an alloy in semi-solid state and facilitates
the measurement of its strength limit under dendritic relative
displacement.

The submerged split-chill tensile (SSCT) test depicted in
Fig. 17 was originally proposed by Ackermann et al. as an
additional experiment to address the issue of tensile stress
in columnar growing in a direction not perpendicular to the
direction of the column under conventional Gleeble® experi-
mental conditions. The purpose of this experiment was to
investigate the mechanical properties of the semi-solid

Circulating water

Depth stop

Molten metal Shell
Furnace
Thermocouple
Sample
i :’,,‘.\-' Shear Ring
mSatald
—idle
o b B
AR %/ Cooling
e h I
77777777 cohe

Thermocouple

region. The apparatus comprises a detachable water-cooled
shell, a force application mechanism and a water-cooling
system. Prior to immersion in liquid metal, the water-
cooled shell is stressed by means of the application device
to ensure firm attachment. When the shell is submerged
in liquid metal, its low surface temperature induces rapid
adhesion and formation of columnar crystals, which even-
tually develop into solid metallic shells with their growth
direction perpendicular to the axis of the shell. The device
is extracted from the liquid metal, and stress is applied to
separate the shell. At this point, the metal shell enclosed by
the cylindrical crystals will experience perpendicular tensile
stress along its growth direction. When this stress exceeds
the limit of the metal shell, it will rupture and form cracks.
This method is more suitable for analysing the cracking sus-
ceptibility of metal shells before and in the early stages of
demoulding due to the rapid cooling rate and thin solid shell
during SSCT testing [56, 57].

The modified SSCT experimental setup, shown in Fig. 18,
is based on the same principle remains as the original device,

@ Springer
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Fig. 17 Schematic diagram of the submerged split-chill tensile
(SSCT) test [56]

which employs a detachable water-cooled mould immersed
in molten metal and a thicker shell forms on the exterior
of the mould; it is then stretched upward and displacement
and tension are measured. The exact experimental steps are
shown in Fig. 19. A generalized constitutive equation of
steel materials during solidification was developed by Pierer
et al. using the SSCT device. By analysing stress-force and
elongation data of steels with different components under
various experimental conditions, it was concluded that the
elastic-viscoplastic model yielded the most consistent cal-
culations of the force—elongation curves. Furthermore, this
model provided a comprehensive explanation of how vari-
ations in strain rate affect the thermal tensile behaviour of
steels [58].

Instone et al. [61] developed a CHT stretching device in
2000, as depicted in Fig. 20. The mould was designed with
two columnar models: one for recording load and displace-
ment and the other for monitoring hot tearing formation. The
ceramic fibre insulation device is positioned at the centre
of each bar to fix the solidification direction, ensuring that
the solidification front converges at the centre of the bar
and forms a substantially uniform temperature field in the
cross-sectional direction. Load and displacement measur-
ing devices located at both ends of the left sample monitor
and record stress and displacement. This experiment can

@ Springer

Fig. 18 Diagram of SSCT experimental improvement device [58, 60]

be utilized to investigate the solidification shrinkage stress
and hot tearing behaviour of the alloy during solidification
under both conditions: without external force [62] and with
applied stress [63, 64]. Additionally, cooling devices can be
incorporated into the experimental setup to examine crack
formation under various cooling boundary conditions.

3 Influence of Various Factors on Hot Tearing
Sensitivity

Scholars have devoted considerable attention to the fac-
tors affecting hot tearing of alloys, with a specific focus on
alloy composition, phase transition factors, dendrite growth
characteristics and casting parameters. In general, a range
of macroscopic conditions such as casting parameters and
changes in alloy composition can alter grain size, dendrite
growth pattern, or the formation of second phase, thus
affecting the hot tearing susceptibility of the alloy.

3.1 Influence of Alloy Composition on Hot Tearing

Study on the effect of alloy composition on hot tearing is
typically achieved by controlling the content of primary
elements in the alloy (such as Zn, Mg, Cu in 7050 alloy),
adjusting trace element levels (Fe, Si, etc.), and incorpo-
rating intermediate alloys (e.g., AITiB alloy) or rare earth
elements (Ce, La, etc.) to regulate hot tearing susceptibil-
ity through grain size manipulation, dendrite growth mode
alteration or second phase evolution control.

The finer the grain size, the less susceptible the alloy is
to hot tearing. Additionally, a finer grain size results in an
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Fig. 19 Procedure of SSCT
experiment [59]. a The device
dips into liquid metal. b The
device pulls out of the liquid
metal. ¢ Solidifies the final
shape of the housing

Fig. 20 CHT tensile test dia-
gram [61]
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extended duration for grains growth to contact with each
other, thereby delaying the liquid film feeding. This delay
increases the proportion of liquid film feeding relative to
the overall solidification time and subsequently decreases
the hot tearing sensitivity of the alloy. Furthermore, as the
grains become finer, the distribution of solidification shrink-
age stress in dendrite grains becomes more uniform, thus
decreasing its susceptibility to hot tearing [65].

The second phase has the same crystal structure as the
matrix phase of the alloy, which exerts an effective pinning

effect on the grain boundaries during solidification, thereby
enhancing the alloy’s strength and effectively reducing its
susceptibility to hot tearing [66].

The coherence points of dendrites are commonly inves-
tigated. At the initial stage of metal solidification, dendrites
are segregated and can move freely. As dendrites continue
to grow, their tips constantly collide and interconnect. At
this point, the liquid metal can only flow within the solid
gap formed by dendrites, which is prone to hot tearing.
Therefore, delaying the appearance of coherence points of
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dendrites can effectively enhance the feeding efficiency of
liquid metal and thus reduce the hot tearing susceptibility
of the alloy [67].

Yonggiang Chen et al. [67] investigated the influence of
Cu on the hot tearing susceptibility of 7050 alloy by employ-
ing a T-mould similar to the one depicted in Fig. 11. The
experimental findings demonstrate that the grain size of the
alloy decreases with increasing Cu content. The grain size
is minimized when Cu content reaches 2%, with optimal
amounts of -phase (Al,CuMg) and T-phase (Al,Mg;Zn;)
present along the grain boundaries.

Maria L. Montero-Sistiaga et al. added elemental Si pow-
der to 7075 alloy powder through laser melting and showed
that the alloy’s melting temperature was significantly
reduced with 4% Si addition [68]. This improvement led
to enhanced fluidity and significant refinement of the alloy
grains, ultimately reducing its hot tearing sensitivity.

Yuxiang Wang et al. [52] investigated the effect of Ce on
the hot tearing susceptibility of Al-Cu—-MG-Y alloy. The
setup of multi-channel hot tearing experimental apparatus
shown in Fig. 14 was used for the experiment. The results
show that the addition of Ce can refine the grain structure of
Al-Cu-Mg-Y alloy and reduce its sensitivity to hot tearing.
However, excessive Ce content leads to grain coarsening and
accumulation of A18Cu4Ce phase at grain boundaries, which
in turn hinders the liquid metal reinforcement and increases
the alloy’s susceptibility to hot tearing. Therefore, the opti-
mal effect is achieved at 1% Ce addition.

Nadella et al. [69] studied the effect of adding refiner
on hot tearing and segregation of DC casting 7050 alloy
by using stress relief annealing immediately after DC cast-
ing. The addition of Al-3Ti—1B intermediate alloy has been
found to improve the grain refinement in the alloy under
identical casting conditions. It has been observed that incor-
porating a refiner at low casting speeds promotes healing of
cracked parts or significantly reduces hot tearing sensitivity
at high casting speeds, thereby preventing the occurrence of
hot tearing. However, it should be noted that the intermedi-
ate alloy has little impact on macroscopic segregation.

3.2 Influence of Casting Process on Hot Tearing

The casting process has a significant impact on the hot
tearing of alloys by varying a range of process parameters,
including casting speed, cooling rate and application of
alternating magnetic fields. These modifications result in
changes of the internal grain size, phase transformation or
other alterations that ultimately affect the alloy’s strength
and solidification contraction stress, which in turn affect the
susceptibility of the alloy to hot tearing.

Shimin Li et al. [70] investigated the influence of mould
temperature and pouring temperature on the hot tear-
ing behaviour of cast aluminium-copper alloy using the
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rod-shaped mould depicted in Fig. 12. Material control
experiments were conducted using a modified Al-Cu alloy
206 (M206) in comparison with A356 alloy and confirmed
the superior hot tearing resistance of A356 alloy. Under
the same casting and mould conditions, no cracking was
observed in A356 alloy at various mould temperatures, while
serious cracking was evident in M206 alloy. The elevation
of mould temperature resulted in a notable reduction in both
hot tearing susceptibility and severity of linear shrinkage
for M206 alloy due to its slower cooling rate caused by
higher mould temperature, which consequently decelerated
the development of solidification shrinkage stress within
the alloy. In contrast, lower mould temperatures increased
the temperature gradient and facilitated columnar crystal
growth; however, these columnar structures exhibited lower
strength along their vertical growth direction, making them
susceptible to fracture under stress and thereby promoting
the formation of hot tearing within the alloy and increase the
hot tearing sensitivity. Furthermore, increasing casting tem-
perature resulted in larger grain size and higher concentra-
tion of solidification shrinkage stress, ultimately amplifying
hot tearing susceptibility.

Minglong Du et al. [71] investigated the impact of an
alternating magnetic field on the hot tearing susceptibility
and microstructure of Al-5Cu alloy using a T-mould similar
to the one depicted in Fig. 11. The experimental findings
revealed that within the range of 0-10 A, as both the mag-
netic field strength and current increased, vigorous forced
convection occurred in the molten metal pool under the
action of electromagnetic forces, resulting in dendrite frag-
mentation and grain refinement. Consequently, the liquid
metal feeding channel processed enhanced smoothness while
reducing the hot tearing sensitivity of the alloy. However,
when subjected to an alternating magnetic field intensity of
15 A, coarse grains were formed due to thermal effect of the
electromagnetic field, leading to obstruction of the feeding
channel and an increase in hot tearing susceptibility.

The above discussion describes the impact of various fac-
tors on the hot tearing sensitivity of alloys. The selection
of experimental methodology is crucial when investigating
the impact of different factors on hot tearing susceptibility
[72]. For instance, conducting a high-temperature tensile test
is more suitable for evaluating the solidification shrinkage
stress of the alloy, thereby explaining its hot tearing sensitiv-
ity from a mechanical perspective. The constrained solidifi-
cation method is appropriate for macroscopic observation of
crack severity in alloys or for modifying their composition to
control hot tearing sensitivity. The solidification tensile test
comprehensively investigates alloy hot tearing by measur-
ing its stress limit during solidification using mechanical
units and examining crack generation under active tensile
conditions with a tensile device. Furthermore, how grain
refinement affects hot tearing sensitivity can be explored
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by studying mould temperature changes and casting tem-
perature variations or by incorporating stirring devices or
refiners [73].

4 Trends in Hot Tearing Experiment Research

Experimental approaches for hot tearing research have
evolved from simple high-temperature stretching to con-
strained solidification and then to tensile experiments that
simulate the solidification process. However, all three meth-
ods employ a single shape or mould for solidification that
may deviate from the actual casting process under multi-
directional stresses. Therefore, the current testing methods
for alloy hot tearing involve a combination of high-tempera-
ture tensile tests, constrained solidification and solidification
tensile tests, as well as the utilization of numerous sensors to
collect experimental data, which ultimately results in a more
comprehensive hot tearing testing system.

The high-temperature tensile test has been continuously
improved over the past decade, such as the Gleeble®-3500
and Gleeble®-3800in the Gleeble® Thermal Simulation
Experiment series. However, these newer models are based
on the same fundamental principles as their predecessors,
except for the addition of precision measurement ele-
ments. Therefore, even the most basic Gleeble®-1500 and
Gleeble®-2000 tensile testing machines can fully satisfy
current experimental requirements. High-temperature ten-
sile testing machines such as the Gleeble® series of tensile
testing machines still represent the pinnacle of physical
simulation worldwide, making the Gleeble® tensile test an
indispensable method for assessing hot tearing sensitivity in
alloys for years to come. However, as simulations continue
to advance, the Gleeble® test must be adapted to increasingly
complex and changing environments.

The hot tearing-constrained solidification method has
been favoured by researchers because of its simplicity, ease
of implementation and intuitive results, but is unreliable
as a primary means of experimentation without data sup-
port due to the significant experimental error and subjective
conclusions. Currently, hot tearing-constrained solidification
studies are less convincing than solidification tensile tests.
Therefore, hot tearing-constrained solidification experiments
are primarily utilized as supplementary measures for hot
tearing assessment, whose results can be integrated with
those of the solidification tensile test. In other words, prelim-
inary conclusions are derived from the former test, and these
conclusions can be reinforced by data obtained from the lat-
ter. The combination of both factors yields a more compel-
ling experimental inference and mitigates inaccuracies.

Solidification tensile testing is currently the most
widely used experimental method, of which the results
are supported by authoritative data. It can simulate the

real-time process of alloy solidification and hot tearing
in casting and is a preferred choice for data acquisition
in simulating alloy hot tearing. The future development
direction of solidification and tensile experiments is to
enhance data collection, adopt more precise testing meth-
odologies, minimize errors and account for the tendency
of hot cracking under multi-directional forces, so that the
experimental process gets closer to the actual casting pro-
duction process.

Additionally, we can employ diverse mould shapes,
integrate various cooling facilities and adjust casting con-
ditions to investigate the mechanism of hot tearing forma-
tion under different circumstances. As previously men-
tioned, we have the option of utilizing T-shaped moulds,
rod moulds or dog bone moulds. Furthermore, by strate-
gically placing a cold iron or controlled cooling device
near the mould, we can regulate cooling speed and prevent
the formation of hot cracks. Furthermore, by adjusting the
casting temperature, pouring speed and mould preheat-
ing and cooling speed, diverse testing environments can
be created to study the impact of various process param-
eters on thermal tearing. Taking into account the varying
degrees of influence of different factors on alloy hot tear-
ing and the complex conditions present in casting process,
it is possible to determine specific values of solidification
shrinkage stress or cooling rates that induce hot tearing in
alloys. Last but not least, a comprehensive analysis of vari-
ous data is necessary to investigate the effect of different
environments on alloy hot tearing and to evaluate the cast-
ing process for effective prevention of thermal cracking.
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