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Abstract: The hot cracking tendency of 7075 semi-solid alloy under different conditions was studied by critical
diameter method. The experiment and simulation results show that the dendrite arms of the rod grow from the edge to
the center. The smaller the diameter of the rod is, the more obvious the directional growth of dendrite is, and the greater
the tendency of hot cracking is. Compared with ordinary melt, for semi-solid slurry, increasing mould temperature or
decreasing pouring temperature can significantly decrease hot cracking tendency of 7075 alloy, decreasing hot cracking
grade from 256 to 100 mm®. Furthermore, based on the RDG criterion, the effects of solidification conditions on the hot
cracking tendency were discussed combined with simulation. At the same time, the application and development of

RDG criterion were also researched.
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1 Introduction

Hot cracking is one of the most common and
serious solidification defects in the casting process
of 7xxx alloy [1-3]. It is the necessary and
significant task to study the hot cracking properties.
It occurs mainly in the later stage of solidification.
The formation of hot cracking is related to many
factors such as alloy composition, casting process,
casting shape, mold condition and so on. Up to now,
the hot tearing phenomenon has been studied
extensively and deeply by researchers [4—8].

The evaluation method of hot cracking is
mainly experimental testing method. ESKIN and
SUYITNO [9] have listed several methods for
assessing hot cracking tendency in the review,
which are useful to analyze the grades of hot
cracking during experiments. The mainstream
evaluation methods are hot cracking ring method
and the critical size method. The critical size

method can be divided into the critical diameter
method and the critical length method.
TAGHIABADI et al [10] used the critical length
method to study the effect of Cu on hot cracking
tendency of A356 alloy. WANG et al [11] used a
constrained rod casting apparatus (critical length
method), equipped with a load sensor and a data
acquisition system to study the effect of Cu content
on the hot cracking behavior of the Mg—7Zn—xCu—
0.6Zr alloys. The critical diameter method was used
to test the susceptibility coefficient of hot cracking
alloys. In this method, the square of critical
diameter of hot crack is taken as the evaluation
index of hot cracking susceptibility coefficient. The
larger the value is, the greater the hot cracking
susceptibility is.

Semi-solid metal forming (SSF) is a kind of
metal forming based on the good rheological
properties of the metal in the semi-solid region
during the transition of metal from solid to liquid or
from liquid to solid. The semi-solid slurry has the

Foundation item: Project (17YF1407100) supported by the Shanghai Sailing Program of China; Project (17PJ1408600) supported by

Shanghai Pujiang Program of China

Corresponding author: Bing ZHOU; Tel: +86-13248121983; E-mail: zb521a@sina.com

DOI: 10.1016/51003-6326(20)65215-3



Bing ZHOU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 318—332 319

unique advantages of fine grain size and small
shrinkage. The grain refinement can obviously
improve the hot cracking tendency of the aluminum
alloy [12,13]. At the same time, from the point of
view of thermal cracking principle, solidification
shrinkage is also helpful to reduce the tendency of
thermal cracking. To the best of reducing the hot
cracking in the casting process, 7075 semi-solid
aluminium alloy was used to test and simulate in
this work.

2 Experimental

2.1 Experimental method

In this work, the critical diameter method was
used to evaluate the tendency of hot cracking of
7075 aluminium alloy. The principle of the method
is as follows: The length of the test rods with
different diameters is the same when these rods are
injected to the hot cracking mould and the linear
shrinkage is basically same too in this period. The
difference of the deformation velocity and the
effective bearing areas are due to the test rods with
different diameters. Thin rods tend to hot-crack
more easily than thick rods due to the fast cooling
rate, fast deformation rate, small cross-sectional
area and high stress of thin rods. In the case of other
conditions being the same, the hot cracking grade of
these samples is the square of the maximum
diameter of the hot crack found. The higher the
value of hot cracking grade is, the greater the
tendency of hot cracking is and the poor the hot
cracking resistance is.

Figure 1 shows the detailed size drawing of the

mould for hot cracking with critical diameter
method. In order to control the temperature of
the mould, a heating sleeve with dimensions of
400 mm x 300 mm was added outside the mold. At
the same time, temperature control box and the
heating wire with power of 4 kW were used to heat
and control the temperature of insulation device.
The bottom of the insulation device was refractory
cotton to insulate, and the mould was placed at the
center of the insulation device.

The self-matched 7075 aluminum alloy ingot
raw material was adopted in the experiment. The
chemical composition is shown in Table 1. Through
differential thermal scanning analysis of 7075
aluminum alloy used in the experiment, the solidus
and liquidus temperatures of 7075 aluminum
alloy were determined to be 477 and 640 °C,
respectively. The whole process is as follows:
Firstly, the liquid metal will be let stand and
insulated after the ingot of 7075 aluminium alloy is
dried, melted, refined, degassed, and the slag is
discharged. Secondly, a certain amount of 7075
aluminium alloy liquid is obtained by using the
spoon when the metal mould is preheated to a
specified temperature. Thirdly, the 7075 aluminium
alloy liquid is not poured into the hot cracking
mould of the insulation until the temperature falls
down to the set goal that the thermocouple
measures. Other parameters of the process are
the barrel temperature of 580—610 °C, the rotational
speed of 300 r/min and the mixing time of 30 s.
When the temperature thermocouple measured
falls down to 640 °C, a certain amount of 7075
aluminium alloy liquid gained by using the spoon is
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Fig. 1 Actual sizes of hot cracking mould for critical diameter method (unit: mm)
Table 1 Chemical composition of 7075 aluminum alloy (wt.%)
Zn Mg Cu Cr Fe Mn Si Al
5.80 2.41 1.62 0.23 0.2 0.01 0.12 Bal.
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poured into the forced convection semi-solid slurry
preparation equipment [14,15], because the alloy
solution makes forced convection in the stirring
chamber. So, the temperature of the melt alloy
decreases gradually. At this period, primary
particles are abundant in nucleation. After stirring
for a certain time, the alloy melt flowing from
outlet to spoon is poured into the mould with the
insulation device immediately. Finally, the sample
in the mould is taken out after cooling down.
Figure 2(a) shows the experimental diagram of hot
cracking tendency during pouring. Figure 2(b)
shows the mould with critical diameter method and
the physical drawing of hot cracking test rods. The
cross-section taken at the middle position of the
upper test rod with different parameters is observed
after grinding, polishing and eroding.

2.2 Mathematical models for simulation
2.2.1 Temperature field

The temperature field can be solved by the
partial differential
conduction law, that is:

pca—T:i(ﬂxa—Tj+i A or +£(226—T)+QL
ot Ox ox) o\ Toy) oz 0z

equation of Fourier heat

6]
where p is the material density; c is the specific heat
capacity; T=(x,y,z,t) is the temperature; A, 4, and 4.
are heat conduction coefficients in directions of x,
y and z, respectively; Op is the latent heat of
crystallization.

The values of A, 4,, 4., p and c are related to
temperature 7. In order to simplify the calculation,
only the case of A,=4,=A.=4 is considered. At this
point, the formula can be written as

2 2 2
CO_T 1(8T+6T+6TJ+QL (2)

According to different cases, Formulae (1) and
(2) can give the following four kinds of boundary
conditions.

(1) The first kind of boundary condition. The
temperature 7, is determined to be a constant:

Tow=f (x,y,2,t) (3)
(2) The second kind of boundary condition.
Heat flux can be determined as a constant:

oT
)
0w =-4(Z)

where n is the outer normal direction of the object

= (x.y.2.1) 4)

boundary, and the same as the heat flux.

(3) The third kind of boundary condition. The
interfacial heat transfer coefficient /4. and the
temperature of the surrounding fluid 7% can be
determined as constant values:

«(2)

(4) The fourth kind of boundary condition. In
casting process, the thermal radiation on the surface
of the casting can be expressed as

:hc(Tw_Tf) )

w

=o' (13 -11") (6)
where ¢’ is the Stefan—Boltzmann constant; ¢’ is the
emissivity. Among the former conditions, the first is
the forced boundary condition, the second and the
third are the natural boundary conditions.

2.2.2 Flow field

In the numerical simulation of the filling
process, the flow of liquid metal obeys the law
of fluid dynamics, and the most widely used
mathematical model is the method of SOLA-
VOF [16].

Fig. 2 Experimental diagram of hot cracking tendency (a) and hot cracking mould and test rod (b)
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(1) Continuity equation
a_u +@ + 8_w =0 (7)
ox 0oy oz
where u, v and w are velocity components in x, y
and z directions, respectively.

(2) N—=S Equation

p(@_u+u6_u+v8_u+ 8u]:_6_p+pgx + VU (8)
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where p is the fluid pressure; g is the gravitational
acceleration; u is the viscosity of the fluid.
(3) Energy equation
(GT or = ar aT]
pc =

—tU—FV—FtWw—
ot Ox oy oz

ki(ﬁ—TJHci(@—T]Hci(@—TJh? (11)
Ox\ Ox oy\ oy 0z \ Oz
where S is the source term.

The heat conduction process consists of two
parts, the thermal conductivity of the fluid and the
heat transferred by its macroscopic displacement.
2.2.3 Stress field

There are three stages in the solidification
process of castings: liquid, two-phase zone and
solid. When the casting is in the molten state, the
temperature field has no effect on the distribution of
the force field. When the casting is in the two-phase
zone or solid state, the small change in temperature
will cause a large change in stress. In the casting
process, the heat dissipation from the casting to the
outside and the cooling water effect on the casting
make the temperature distribution in the casting
uneven, which finally leads to the generation of
thermal stress. At the same time, part of the
deformation work produced by the thermal stress is
transformed into heat, which affects the temperature
field.

In elasticity, the relationship between stress
and strain is

{o}=[De]{e.} (12)
where {0} is the elastic stress; {e.} represents the

elastic strain; [D.]is the elastic modulus matrix and
can be expressed as

E(d-v
[De]z#.
1+v)1-2v)
A S 0 0 0
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1 v 0 0 0
1-v
0 0 0
1-2v 0 0
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1-2v
L 2(1-v) |
(13)

where E is the elastic modulus; v is the Poisson

ratio. The relationship between strain and
displacement is
{e}=[B]{d} (14)

where {0} is nodal displacement array; [B] is
strain—displacement matrix. [B] can be expressed as

i 0 0
ox
0 9 0
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0 0 82
[B]= - (15)
2 9
oy Ox
o 2 2
0z Oy
o 5 9
| Oz ox |
So the relationship between stress and
displacement is
{o}=[D.][B]{e.} (16)

Effective stresses are often used to determine
whether a material is in the yield range, which are
expressed as

Ezg\/(m—az)z+(o-2—o-3)2+(o-3—o-1)2 (17)
EZg[(O'xx—O'W)Z -|-(O'yy—O'zz)2 +

(O'zz—Gxx)z+6(O'5y+0)2}2+0'22x)]1/2 (18)

where & is the average stress; oy, 0, and o3 are the
three principal stresses; oy, 0, and o.. are the
normal stresses in directions of x, y and z,
respectively; oy, 0,. and 0., are the shear stresses.
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In the same way, the equivalent strain effect is

z =g\/(31—32)2 +((<:2—.93)2 +(£3—31)2 (19)
A

g =7[(8xx—6‘yy)2 +(€yy—€zz)2 +

(== +2(e3 + 2k 4 22)]2 (20)

where ¢, & and ¢; are the three principal strains; &,
g,yand .. are the normal strains in directions of x, y
and z, respectively; &, €. and e., are the shear
strains.

The plastic treatment in the thermal elasto-
plastic model is quite complicated. The plastic
stress—strain relation theory is mainly divided into
the deformation theory and the flow theory. For the
elastic model, the stress and strain increment can be
expressed as

{der} =[De]{ds, } 1)

{dsT}=£{a}dT+(T—]}])%+a[g—;]_{o-}J 22)

where ¢r is the thermal strain; {a} is the coefficient
of thermal expansion.

The total strain includes elastic strain and
thermal strain. The formula is expressed as

{dej={de.}+{der} (23)
3 Results

3.1 Effect of mould temperature

Besides the d20 mm, the test rod has the
thermal crack under the parameters of the mould
temperature of 25 °C (room temperature) and the
solution temperature of 670 °C. Figure 3 shows the
metallographic photographs of hot cracking test
rods with different diameters. The microstructure of
the hot cracking test rod of ordinary melt is mainly

=

100 pm

Fig. 3 Microstructures of hot cracking test rods with different diameters under mould temperature of 25 °C (room
temperature): (a) 20 mm; (b) 16 mm; (c) 12 mm; (d) 10 mm; 1—Edge; 2—Middle; 3—Center
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composed of dendrites, the size of which is
200—500 um. According to the comparison from
edge to center in Fig. 3, dendrites near the edge
wall grow towards the center, the middle dendrite
arm develops well, and the dendrite arm at the
center is larger. It can be seen from Fig. 3 that, the
smaller the diameters are, the longer the dendrite
arms of all dendrites are, and the more obvious the
direction of dendrite growth on the edges is, which
will increase the tendency of hot cracking.

In order to compare the hot cracking properties
of semi-solid slurry and common melt at different
mould temperatures, the hot cracking test rod of
ordinary melt at 650 °C was studied firstly. A very
large tendency of hot cracking occurred in
aluminium alloy when the melt with a temperature
of 650 °C was poured into the hot cracking mold
under the situation of heat insulation. All other test
rods broke except the hot cracking test rod with the
maximum diameter. Furthermore, the hot cracking
grade of the test rod is 256 mm®. It is found that at
the mould temperatures of 25, 130 and 230 °C, the
d20 mm rods were not cracked and the d16 mm
rods were all fractured at the same hot cracking
grade. Figure 4 shows the hot cracking rods of
16 mm poured with ordinary slurry at different
mould temperatures. The hot cracking tendency of
7075 aluminum alloy is very large and the hot
cracking grade cannot be obviously reduced by
increasing the mould temperature, but it can be seen
from Fig. 4 that the hot cracking degree of the test
rod has been reduced to some extent.

Figure 5 shows the hot cracking test rod
poured with semi-solid slurry at different mould

Fig. 4 Hot cracking test rods with diameter of 16 mm
poured with ordinary slurry at different
temperatures: (a) 25 °C; (b) 130 °C; (c) 230 °C

mould

Fig. 5 Hot cracking test rods poured with semi-solid
slurry at different mould temperatures (unit: mm):
(a) 230 °C; (b) 130 °C; (c) 25 °C

temperatures. The technological parameter of semi-
solid slurry preparation is pouring temperature of
650 °C. After the preparation of semi-solid slurry, it
was directly poured into hot cracking mould. It can
be seen from Fig. 5(c) that there is no crack on the
d20 mm rod cast by semi-solid slurry at room
temperature. There were slight surface cracks near
the upper part of the d16 mm rod and obvious
cracks appeared on the d12 mm rod. Furthermore,
cracks can be seen obviously on the d10 mm rod.
When the mould temperature increased to 130 °C,
there were no crack lines on d20 mm and d16 mm
rods while the d12 mm and d10 mm rods obviously
cracked. When the mould temperature increased
to 230 °C, there were no cracks on the rods of
d20 mm, d16 mm and 12 mm. But the d10 mm rods
obviously cracked.

Figure 6 shows the comparison of hot cracking
grades (areas) between ordinary slurry and semi-
solid slurry casting at different mould temperatures.
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Fig. 6 Hot cracking grades of ordinary and semi-solid
slurries at different mould temperatures

It is found that the hot cracking grades of semi-solid
alloy slurry are all lower than those of common
slurry at the same mould temperature. Furthermore,
the hot cracking tendency of semi-solid slurry can
be obviously reduced by increasing the mould
temperature. When the mould temperature is
230 °C, the hot cracking grade of semi-solid slurry
is 100 mm®.

o

Figure 7 shows the microstructures of d12 mm
hot cracking rods at different positions under the
condition of different mould temperatures with the
mould cooling. At different mould temperatures, the
semi-solid structure can be found in the edge,
middle and center of the semi-solid hot cracking
test rod. However, the higher the mould temperature
is, the less the number of dendrites and the more
spherical the morphology of the grains is. The
dendrite structure of the hot cracking rods is
obviously different from that of the ordinary rods.
The microstructure of semi-solid slurry test rod is
mostly composed of near-spherical and small
dendrites, and its size is 50—100 um. Under the
condition of mould with room temperature, the
temperature of the slurry decreases rapidly and the
temperature gradient is large. When the mould
temperature is raised to 130 °C, the temperature of
semi-solid slurry and the temperature gradient
decrease. The dendrite shape and appearance are
improved and the grain size is refined. When the
mould temperature increases to 230 °C, the
temperature of semi-solid slurry decreases more
slowly. The temperature gradient is smaller and the

Fig. 7 Microstructures of semi-solid aluminum alloy at different positions of d12 mm test rods and different mould
temperatures: (a) 25 °C; (b) 130 °C; (c) 230 °C; 1—Edge; 2—Middle; 3—Center
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number of small dendrites in the edge is obviously
reduced. At the same time, the morphology of the
edge, middle and center is obviously improved.
Compared with room temperature and 130 °C, the
dendrites at mould temperature of 230 °C have been
refined and improved obviously.

3.2 Effect of pouring temperature

In order to compare the hot cracking properties
of semi-solid slurry and common melt at different
pouring temperatures, the properties of hot cracking
test rods with pouring temperatures of 690, 670 and
650 °C and mould temperature of 230 °C were
studied. It is found that no cracks are found in the
d20mm rods at three different pouring
temperatures and all the 16 mm rods are fractured.
They are all in the same hot cracking grade.

Figure 8 shows the physical diagrams of hot
cracking test rods poured with semi-solid slurry
at different pouring temperatures. The mould
temperature is 230 °C. When pouring temperature is
690 °C, there are no cracks in d20 mm test rod but
there are small cracks in upper part of d16 mm rod.
When pouring temperature is 670 °C, there are no
cracks in d20 mm and d16 mm test rods but there
are obvious cracks in d12 mm test rods. When the
pouring temperature is 650 °C, the real
experimental test rods are shown in Fig. 5(a), other
parameters are the same. The result shows that there

Fig. 8 Hot cracking test rods poured with semi-solid
slurry at pouring temperatures of 670 °C (a) and 690 °C
(b) (unit: mm)

are no cracks in d20 mm, d16 mm and d12 mm test
rods but there are some cracks in d10 mm test rods.

Figure 9 shows a comparison of the hot
cracking grades of the common slurry and the
semi-solid slurry at different pouring temperatures.
It is found that for the common slurry even at the
higher mould temperature, the hot cracking
tendency of 7075 aluminum alloy cannot be
effectively reduced by lowering the pouring
temperature. For semi-solid slurry, the hot cracking
tendency of 7075 aluminum alloy can be effectively
reduced by lowering the pouring temperature. The
hot cracking area of semi—solid slurry prepared
under the pouring temperature of 650 °C is
100 mm”.
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Fig. 9 Hot cracking grades of rods with common slurry
and semisolid slurry at different pouring temperatures

Figure 10 shows the microstructures of
d12 mm hot cracking rod of different positions at
different pouring temperatures with the cooling of
mould. The mould temperature is 230 °C. At
different pouring temperatures, the microstructure
of the alloy is obviously different from that of the
hot cracking rod. When the pouring temperature is
decreased, the structures of the edge, middle and
center are obviously improved and the tendency of
hot cracking is also reduced. With the further
lowering of pouring temperature in the process, the
grains ranging from rose-shaped to nearly spherical
in the semi-solid structure become finer, more
numerous and more spherical, as
Fig. 10(c).

shown in

3.3 Hot cracking tendency under different
conditions

3.3.1 Hot cracking criterion
To analyze hot cracking tendency in casting,
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Fig. 10 Microstructures of d12 mm test rods poured with semi-solid slurry at different positions and different pouring
temperatures: (a) 690 °C; (b) 670 °C; (c) 650 °C; 1—Edge; 2—Middle; 3—Center

several criteria have been developed. These criteria
can be mainly divided into two categories:
mechanical and non-mechanical. The mechanical
criteria involve critical stress, critical strain and
critical strain rate. The non-mechanical criteria
normally deal with the temperature range, phase
diagram and process parameters such as pouring
temperature and mould temperature.

An overview of the hot cracking criterion
derived by RAPPAZ et al [17] is called the RDG
criterion. In this criterion, the dendrites are assumed
to grow at a given thermal gradient (G) and with a
velocity of Vr.

Considering that the fluid moves along the
thermal gradient only, whereas the solid deforms in
the transverse direction, one can calculate the
pressure within the mush:

D=Patpgh—APshi—APmec (24)

where p, is the atmospheric pressure, pgh is the
metallostatic contribution, Apg, and Apye. are
the pressure drop contributions in the mush
associated with the solidification shrinkage and the

deformation induced fluid flow, respectively. In
steady state conditions and assuming a uniform
mechanical deformation rate throughout the mush,
these two contributions are given by

180 1+ fp)Bé
Apsh +Apmec = Gﬂf I:VTﬂA_F%} (25)

2
T fs de, szrmf sts(Tz
Ay T ()

F(T)=[, /T

where T, is the coalescence temperature of dendrite
arms and T, is the mass feeding temperature; 4 is
the mean grain size for equiaxed structures or the
secondary dendrite arm spacing for columnar
structures; S is the solidification shrinkage factor; f;
is the solid volume fraction. Two parameters 4 and
B depend only on the nature of the alloy and its
solidification path, i.e. on the relationship between
fsand T. Equation (25) reveals that the shrinkage
contribution is proportional to the speed of the
isotherms, whereas the mechanical contribution is
proportional to the strain rate. Both contributions

With 4= T and
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are inversely proportional to the square of the grain
size.
Eventually, if the pressure, p, given by
(24) and (25), falls below the cavitation
pressure, p., a hot cracking forms. This condition
allows the calculation of the maximum strain rate to
be sustainable by the mushy zone, &,,,, and a hot
cracking susceptibility (HCS) reflecting hot
cracking tendency, can be defined as 1/¢,,,. The
higher the HCS is, the more susceptible the alloy is.
3.3.2 Hot cracking tendency at different mould
temperatures
The faster the rod solidifies, the larger the
cooling rate is. Under the condition of the same
linear shrinkage, the faster the shape changes, the
greater the strain is. The comparison of effective
plastic strain of hot cracking test rods with different
sizes at different mould temperatures is shown in
Fig. 11 (same model size with Fig. 1). At the same
mould temperature, the effective plastic strain of the
thin rod is larger than that of the coarse rod and the
effective strain of the upper part of the thin rod is
greater than that of the middle and lower part of the
rod. With increasing the mould temperature from 25
to 230 °C, the effective plastic strain of hot cracking
rod with the same size is obviously reduced.

£ 0,050
0.0467
0.0433
0.0400
0.0367 §
0.0333

130°C 230°C

25°€

Fig. 11 Comparison of effective plastic strain (&) of test
rods at different mould temperatures

Figure 12 shows the comparison of hot
cracking tendency of test rods with different sizes at
different mould temperatures. At the same mould
temperature, the hot cracking tendency of thin rod
is higher than that of coarse rod, and hot cracking
tendency of the upper part of the rod with larger
size difference is obviously greater than that of the
middle and lower parts. At the same time, the hot
cracking tendency of the same size test rod
decreases with the increase of mould temperature.
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Fig. 12 Comparison of hot cracking tendency of test rods
at different mould temperatures

3.3.3 Hot cracking tendency at different pouring

temperatures

Figure 13 shows the comparison of the
effective plastic strain of the hot cracking rod at
pouring temperatures of 690, 670 and 650 °C. The
mould temperature is 25 °C. The higher the pouring
temperature is, the larger the temperature difference
between the edge and the center is, which is not
conducive to the uniform growth of grains in all
directions. When the pouring temperature and
mould temperature are not changed, the effective
plastic strain increases with the decrease of the
diameter of the rod. At the same mould temperature,
the effective plastic strains of different sizes are
reduced with the decrease of pouring temperature.

.0 0233
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.00133l l

e0 0500

0 0467
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0.0300 8
0.0267
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00100
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. 0.0033
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Fig. 13 Comparison of effective plastic strain of test rods
at different pouring temperatures

Figure 14 shows the comparison of hot
cracking susceptibility of rods with different sizes
at different pouring temperatures. At the same
pouring temperature and mould temperature, the hot
cracking tendency of the thin rod is greater than that
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of the thick rod. The hot cracking tendency of the
middle and upper parts of the rod with large
difference in size is obviously higher than that of
the middle and lower parts and the hot cracking
tendency of the same size rod decreases with the
decrease of pouring temperature.

HCS
0.0200

. 0.0187
0.0173
0.0160
0.0147

0.0133l E
0.0120
l 0.0107
l 0.0093
0.0080
. 0.0067 E
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0.0053
0.0040
0.0027
0.0013
0

650 °C

Fig. 14 Comparison of hot cracking tendency of test rods
at different pouring temperatures

4 Discussion

4.1 Effect of solidification on hot cracking

In traditional solidification process, the melt
near the cold wall of the mould firstly solidifies
followed by the center with high level of alloying
elements and impurity elements. According to
the thermodynamics of metal solidification,
supercooling is the driving force of solidification.
When melt is poured into the mould with room
temperature, a huge temperature difference will
occur. This temperature difference is the
supercooling. According to the dynamics of
solidification, for homogeneous nucleation and
heterogeneous nucleation, the critical nucleation
radius is inversely proportional to the degree of
supercooling and the critical nucleation energy
varies inversely with the square of the degree of
supercooling, so degree of supercooling is related to
the nucleation. The difference will lead to different
cooling among the grains. Under the
circumstance of supercooling, some grains are
survived and become the core of nucleation. The
amount of the crystal nucleus survived is less and
only the larger grains can exist. This is because
some grains are melted by superheated temperature.
Only a small amount of above grains exist in the
solidification and the main microstructure is
dendrites. Furthermore, the dendrites will grow up
consistently towards the direction of cooling. After

rates

pouring into the mould, the structure near the edge
wall grows rapidly and a large number of dendrites
are formed. The large grains in the middle and the
center grow up more often because of the slower
cooling, which makes them easy to grow into
the dendritic crystal with very large dendrite
arms. The dendrites start to form a solid skeleton
and the liquid flows throughout the dendrite
networks. According to the solidification shrinkage
compensation theory, the liquid flow is blocked and
cannot proceed when the dendrites form a
continuous network structure. During the process,
due to the lack of space for the growth of different
rates, these dendrites will compete with each other.
The effective plastic strain is reflected from the
competition of these dendrites. In a word, the strain
can be affected by the mould temperatures. At the
same time, the impurity and other elements solidify
at last. They act as a stress concentration region in
the microstructure, thus promoting the nucleation of
hot tears. The whole process can be seen in Fig. 15.
The phenomenon of “survival of the fittest” and
different chemical compositions between dendrites
and impurity resulting from the mould temperatures
lead to the hot cracking.

/) Superheat =

/ S Impurity
[ .
Hot tearing .
ot oz S

Dendrite

Temperature

Time
Fig. 15 Schematic diagram of traditional solidification
and development of hot cracking

Compared with traditional solidification, the
number of surviving crystal nuclei is increased
during the semi-solid forming process. The solid
phase in the semi-solid slurry is also increased and
the number of grains is greatly increased. During
the same period of solidification, except for the
mould temperature, the microstructure of semi-solid
slurry is also affected by pouring temperature. At
the same period, a high casting temperature can
increase the temperature gradients, which promotes
the growth of columnar dendrites, as AKHYAR
et al indicated [18]. The grains are relatively small
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after pouring into the mould because of a large
number of grains resulting from the temperature
gradients. Due to the increase of mutual inhibition,
cores in semi-solid slurry grow to approximately
spherical grains because the temperature field of the
melt becomes uniform and the environment for
dendrite growth is destroyed. Furthermore, the new
nucleation grains in the liquid phase are also
difficult to grow into dendrites because of the
influence of the surrounding grains. Grains of
semi-solid aluminium alloy grow at a relatively
balanced speed to make themselves more spherical
during the solidification. Therefore, there is no
intense competition between the grains. The
effective plastic strain can be changed obviously by
different pouring temperatures. The grades of hot
cracking can be seen from the crack length on the
surface of the test rods. BIRRU and
KARUNAKAR [19] have indicated that the crack
length of alloy, which appears normally in the
process of solidification, can be greatly reduced at
the minimum pouring temperature but is not
completely prevented. So, lowering the pouring
temperature can improve the  nucleation
environment in the solidification. It can make the
grains finer, more spherical and uniform. At the
same time, it increases more grain interfaces. More
grain, interfaces mean smaller tendency of hot
cracking because more grain boundaries are
resistant to the strength from shrinkage. Under the
same stress, it is difficult to make hot cracking.
Therefore, the higher temperature leads to smaller
solidification shrinkage, which can significantly
reduce the hot cracking. The whole process can be
seen from Fig. 16.

The influence of pouring temperature on hot
cracking is similar to the mould temperature. The
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Fig. 16 Schematic diagram of semi-solid solidification
and development of hot cracking

former is the external cause, but the latter is the
internal cause of slurry.

4.2 Application and development based on RDG
criterion

Hot cracking is the result of external or
internal stress or both during the solidification and
subsequent shrinkage near the solid line. According
to Ref. [20], columnar dendritic grains growing in
one direction are considered, with
deformation normal to the growth direction and
liquid feeding opposite to the growth direction.
According to the evaluation in Ref. [21], RDG
criterion shows the greatest potential in the
qualitatively prediction of HTS. The RDG model
was used by BOLLINGHAUS et al [22] to study
the solidification cracking of some Al alloys. The
HCS values under this criterion were calculated
and compared with each other. CONIGLIO and
CROSS [23] studied Al arc welds with the RDG
model and a crack growth model was proposed to
relate the crack growth rate to the local strain rate
based on the RDG criterion. In Ref. [22], the RDG
criterion was applied to the welding of aluminum
alloys successfully.

Based on the criterion of RDG hot cracking
combining with semi-solid slurry, some interesting
rulers can be obtained.

On one hand, before the solidification, the
grains have not coalesced yet and are free to move
within the liquid. These grains present a state of
irregular movement. There is no restriction between
them. However, on the other hand, below the
temperature at which coalescence of the grains
takes place, all the grains form a coherent solid
network which can transmit the thermal stress
induced by cooling. The heat can be transferred
from one to another between the grains through the
network. At some parts of network, the transmission
of heat cannot be conveyed uniformly. Due to the
uneven distribution of heat, the growth directions of
grains are also different. This will lead to the
anisotropic phenomenon. The dendrites will grow
along the direction of cooling. At the same time,
dendrite arms of different dendrites intersect and
overlap, showing a state of disorder without the law
of motion. When different arms intersect with each
other, heat flows through the network from other
places to a junction. The heat of this junction is
over the average temperature of the whole system.

tensile
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At this time, the local hot spots appear from all over
the network. This means that hot spots occur in
the network dynamically. Due to the uneven
distribution of temperature, the second under-
cooling will appear. The first and the second growth
of dendrite arms can lead to the tendency of hot
cracking more obviously.

In the range of solidification temperature, the
theory of a thin film of liquid between dendrites
was offered by ESKIN and SUYITNO [9]. The film
of liquid can only resist up a cavitation pressure at
which a void is nucleated. Solidification shrinkage
induced a negative volume change in the alloys
during the phase transformation. According to
AKHYAR et al [18], pressure-feeding across
dendrites is required to avoid the formation of hot
tears. With further solidification, the film of liquid
cannot compensate for shrinkage any more. It
cannot develop into a hot tear until exceeding the
tolerance of limit. When it is turned into the hot
cracking, any opening of the continuous liquid film
present in the slurry can hardly be compensated for
by feeding from the upper region of the mush
because of the high volume fraction of solid. When
the opening cannot be given by continuous slurry,
the macroscopic hot cracking is visible obviously.

Figure 17 shows a schematic diagram of the
equiaxed dendritic growth in inoculated aluminum
alloys. Above the mass feeding temperature, 7T,
the grains have not yet coalesced and are free to
move within the liquid. However, below the
temperature at which coalescence of the grains
takes place, 7., all the grains form a network which
can transmit the heat induced by cooling. Above a
certain volume fraction of grains, mass feeding can
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Fig. 17 Schematic diagram of equiaxed dendritic growth
in inoculated aluminum alloys

no longer compensate for shrinkage, with the
specific mass of the solid being larger than that of
the liquid for most metallic alloys. Therefore, the
liquid has to flow from the right to the left in a
packed bed of solid grains. Combined with
semi-solid forming, among all the required
parameters, Ap is a key value. This condition can be
rewritten in terms of depression:

Ap=p.—p=ApsntApmec—pgh<Ap. (26)

where the cavitation depression is defined as
Dpc:pa_pc-

Temperature takes control of the whole process
of nucleation. During the solidification, super-
cooling occurs with the decrease of the temperature.
It is the power source of the process from which
nucleus can nucleate and grow. When the cores turn
into dendrites or approximately spherical grains, the
changes of stress between large amounts of grains
result in the pressure. This pressure belongs to the
internal stress of the melt. Because the atmosphere
pressure belongs to the external stress, when this
pressure of the melt falls below the atmosphere
pressure, the condition is conductive to the
generation of hot cracking.

4.3 Comparison of criterion

In Tables 2 and 3, mechanical-based criterion
and non-mechanical-based criterion of hot cracking
are listed, respectively. Differences and theoretical
basis among these criteria can be seen clearly from
these two tables. According to Refs. [9,21], only the
Suyitno’s criterion is used for casting practically.
Suyitno’s criterion gives a precise prediction of
whether a hot tear will form under given solid
fraction and strain rate. However, the parameters
required are unavailable and not easy to get from
current technology. Clyne and Davies’s and Kou’s
criteria have easier access to the parameters
provided for the calculation. All parameters needed
are easily calculated from thermodynamic software.
Therefore, these two criteria can be used to predict
the HTS successfully. The limitation of these two
criteria is that they cannot predict whether a hot tear
will form accurately. Thus, the selection of a proper
criterion for experiment depends on the complexity
of required parameters. The RDG criterion takes
both solidification shrinkage and deformation
induced fluid flow into account. This criterion is
different from other empirical formulas because the
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Table 2 Mechanical-based criterion of hot cracking

Criterion

Formula

Theoretical basis

Critical stress-based

-1
_&r A
o (H_g[l—fsmﬁ

Induced stress > critical

criterion 3k strength of body
Critical strain-based criterion Eo0/Exr Critical strain > fracture strain
Critical strain rate-based criter i G*4 » VrGBA Maximum strain rate that the
ritical strain rate-based criterion - T A\ AT .
™180(1+ g)Buary ™ (14 B)BAT, mushy zone can sustain
Table 3 Non-mechanical-based criterion of hot cracking
Criterion Formula Theoretical basis

Clyne and Davies’s criterion

HSC = it —
a

Suyitno’s criterion [21]

dglocal >ﬂd\/75

dr dr

+
Kou’s criterion [20]

csc =ty _ o9 ~hoo
I log~loa
4rE/ (no?)
Cd deformation rate and cavity formation

(dTl/ dt)%[(l_ﬂ)\/zvz}

Considering critical time spent during
solidification
Combining critical liquid feeding theory,

When net expansion

\/75—>1

exceeds liquid feeding

model is based on physics. However, the RDG
criterion does not involve the expansion of hot
cracking. Therefore, a new hot cracking criterion is
still in need.

5 Conclusions

(1) Based on critical diameter method, the hot
cracking tendency of 7075 semi-solid alloy under
different conditions was studied by combining
experiment and simulation. The results show that
the dendrite arms of the rod grow from the edge to
the center. The smaller the diameter of the rod is,
the more obvious the directional growth of dendrite
is, and the greater the tendency of hot cracking is.

(2) Compared with common melt of 7075 alloy,
the semi-solid technology can reduce the tendency
of hot cracking effectively at some extent. With the
decrease of mould temperature and pouring
temperature, the effective plastic strain and the
tendency of hot cracking decrease. For semisolid
slurry, increasing mould temperature or decreasing
pouring temperature can significantly improve hot
cracking tendency of 7075 alloy, from 256 to
100 mm®. Compared to the slender and fully
developed dendrite cast structure, it is helpful to
improve the tendency of hot
solidification process.

cracking in

(3) The RDG hot cracking criterion is applied
to evaluating the hot cracking tendency. The results
show that the cooling rate, the effective strain and
the hot cracking tendency of the fine rod are
larger than those of coarse rod. The hot cracking
tendency decreases with the increase of mould
temperature and the decrease of pouring
temperature. The RDG criterion analysis results are
consistent with the experimental results, which can
be applied to the analysis of hot cracking tendency
of specific parts. In addition, several hot cracking
criteria are compared and discussed.
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