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Effect of different cooling rates and Al-5Ti-1B grain refiner on hot tearing susceptibility of
Al2024 alloy were studied using thermal analysis. Influence of cooling rates on
microsegregation, and the amount of gas and shrinkage porosities was investigated. The
cooling rates used in the present study range from 0.4 to 17.5 K s–1. To evaluate the hot tearing
susceptibility, Clyne and Davies’ criterion is used. To calculate solid fraction during
solidification, solid fraction vs time is plotted based on Newtonian technique via thermal
analysis. The results show that the hot tearing susceptibility reduces initially by increasing the
cooling rate and then increases at higher cooling rates. Hot tearing susceptibility is decreased by
grain refinement. Solidification characteristics of Al2024 e.g., microsegregation, gas, and
shrinkage porosities are decreased by increasing cooling rate.
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I. INTRODUCTION

THE direct-chill casting (DC) is a semi-continuous
casting process presented in 1930s and has been the
main production process of high strength aluminum
ingots including Al2024 alloy.[1] Because of uneven
cooling rate in different regions of the ingot, thermal
stresses are generated, which may induce cracks. These
cracks may propagate, leading to an ingot failure if the
thermal stresses increase. During DC casting of alu-
minum alloys, the primary and secondary cooling causes
strong thermal gradients in the ingot which may lead to
distortion of the ingot shape and/or to hot tearing and
cold cracking.[2] In DC casting, the name ‘‘mushy zone’’
is misleading, as its top part is actually a slurry, because
the newly formed grains are still suspended in the liquid.
Only after the temperature has dropped below the
coherency temperature, a real mush is formed. The
deformation behavior of the mush is very critical for the
formation of pores or hot tears.[1,3]

Hot tearing is a common and severe defect encoun-
tered in alloy castings. This phenomenon represents the
formation of an irreversible crack in the still semi-solid
casting.[1,4] Industrial and fundamental studies of this
phenomenon show that hot tearing occurs in the late
stages of solidification when the volume fraction of solid
is above 85 to 95 pct and the solid phase is organized in
a continuous network of grains.[1] It is also known that a
fine grain structure and controlled casting (without large

temperature and stress gradients) help avoid hot
cracking.[4]

A number of studies have been conducted to inves-
tigate the effects of grain refinement or grain morphol-
ogy and size on hot tearing.[4,5] However, the results are
not consistent and the literature is confusing. Easton
et al.[6] studied the effect of Ti addition on hot tearing in
alloy 6061 by measuring load development in the
solidifying test bar. They found that load onset was
delayed and the load was lowered with additions of
grain refiner. They attributed the delay of strength
development to the delay of load transfer due to grain
refinement. The mush becomes more pliable (more
liquid-like) with the addition of grain refinement, and
the point at which the mush behaves more like a solid
than a liquid is delayed. Therefore, it reduces the
severity of hot tearing. It was concluded that grain
refinement decreased hot tearing susceptibility by
changing the grain morphology from columnar to
equiaxed and reducing the grain size. Easton et al.[7]

proposed that fine dendritic equiaxed grain morphology
in Al cast alloys has the greatest resistance to hot
tearing. They also indicated that if grain size was further
reduced, the permeability of the mush would decrease,
which might cause the hot tearing susceptibility to
increase.
Because of the complex mechanisms acting during the

solidification of metals, the prediction of the hot tearing
phenomenon is not an easy task. The complex nature of
mushy properties adds additional difficulties when
incorporating these in a hot tearing model.[4,8] Several
mechanisms of hot tearing have recently been reviewed.
Various criteria that might enable the prediction of hot
tears have been proposed. These criteria can be classified
into those based on non-mechanical aspects such as
feeding behavior, those based only on mechanical
aspects, and those that combine these features.[9] Three
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criteria based only on non-mechanical aspects are
proposed by Feurer,[10] Clyne and Davies,[11] and
Katgerman[12]:

(1) Feurer’s theory of hot tearing focuses on feeding
and shrinkage during solidification.[10] This ap-
proach considers that hot tearing occurs due to lack
of feeding, which is related to the difficulties of the
fluid flow through the mushy zone as a permeable
medium competing with solidification shrinkage.
This criterion calculates the maximum feeding rate
in relation to the shrinkage rate in the vulnerable
temperature range.[10]

(2) The hot tearing criterion proposed by Clyne and
Davies is based on the assumption of Feurer at the
last stage of freezing.[13] It is difficult for the liquid to
move freely at the last stage of solidification; so
liquid mass feeding cannot accommodate the strains
developed during this stage. The last stage of freez-
ing is considered as the most susceptible to hot
tearing in this criterion. This criterion is based on
the simpler approach of time spent in the vulnerable
temperature range.[11,13]

(3) In Katgerman model, theoretical considerations of
Clyne and Davies and Feurer are combined.[12]

Also, three criteria based only on mechanical aspects
are proposed by Novikov,[14] Prokhorov,[15], and other
researchers.[16,17] All of these mechanical criteria intro-
duce an experimentally determined fracture strain that is
compared with the thermal contraction and plastic
strain (Prokhorov), the thermal contraction strain only
(Novikov), and the plastic strain only.

The fundamental cause of chemical inhomogeneity
is in the relative movement of solute-rich liquid and
solute-lean solid during solidification.[18] Well-adopted
mechanism of microsegregation is rejection of alloying
elements to the adjacent liquid of solid/liquid interface
and formation of chemical composition inhomogeneity
called coring.[18,19] The fundamental reason for segre-
gation is the partitioning of solute elements between
liquid and solid phases during solidification. In the
case of hypoeutectic aluminum alloys (i.e., the major-
ity of commercial aluminum alloys), the liquid phase is
enriched in and the solid phase is depleted of solute
elements such as Cu, Mg, Zn, Fe, and Si. The
so-called partition coefficient, k, of these elements is
less than unity, meaning that the concentration of the
element in the solid phase is less than in the liquid. In
the case of elements with k> 1, e.g., Ti in Al,
the solid phase becomes enriched during
solidification.[20]

Microporosity may be found after solidification,
especially in alloys which freeze over a temperature
range presenting a dendritic structure, and influences
directly the mechanical properties of castings.[21] The
dendritic structure is characterized by primary and
secondary dendrite arm spacing. Microporosity may
occur during solidification of castings either due to
rejection of gas from the liquid metal or to the inability
of liquid metal to feed through inter-dendritic channels

in order to compensate for the shrinkage.[22,23] Analysis
of microporosity formation is complex because it
depends on inter-dendritic fluid flow and it is affected
by parameters such as alloy composition, gas content,
casting geometry, and thermal properties of mold, which
directly influence the solidification process.[24] As the
fluid flow in the inter-dendritic channels depends on the
primary and secondary dendrite arm spacing, it is
important to know the variation of these parameters
during the solidification process to analyze microporos-
ity formation.[25]

In this research, the range of cooling rate between 0.4
and 17.5 K s–1 is used to simulate the cooling rate
condition utilized in direct-chill casting process. Effect of
cooling rates and adding 0.06 wt pct titanium in the
form of an Al-5Ti-1B master alloy is evaluated on some
defects during solidification of Al2024 alloy, e.g., hot
tearing, microsegregation, and porosities. To determine
hot tearing susceptibility, Clyne and Davies’ criterion is
used. To investigate the amount of microsegregation
and shrinkage and gas porosities, microstructural eval-
uation is carried out by optical and scanning electron
microscopy.

II. EXPERIMENTAL PROCEDURE

A. Material and Melting

Commercial 2024 aluminum alloy was used in this
research. Its chemical composition is given in Table I.
Seven types of molds having different cooling rates were
used to investigate the influence of cooling rate on hot
tearing susceptibility and microsegregation in Al2024
alloy (wet and dry sand molds, AISI 1045 steel mold at
three different thickness of 0.8, 5, and 10 mm, and water
circulated mold to achieve higher cooling rates). Cooling
rates condition applied in direct-chill casting process
was simulated physically using a designed water-circu-
lated steel mold. Dimensions of the mold were 60 mm in
diameter and 80 mm in height. It has been illustrated in
Figure 1. In each experiment, 500 g of Al2024 alloy was
melted in an electric resistance furnace and the melt was
maintained at a temperature of 1023 K ± 5 K
(750 �C ± 5 �C). Then, oxide layer was skimmed from
the surface of the melt and the molten metal was cast
into the molds. Samples were solidified in wide range of
cooling rates from 0.4 to 17.5 K s–1. In each cooling
rate, three samples were cast, in order to check the
reproducibility and the accuracy.
Also, another melting operation was performed by

adding 0.06 wt pct Ti in the form of an Al-5Ti-1B rod
master alloy. Al-5Ti-1B was added to the melt and after
4 minutes, it was degassed with a nitrogen-base tablet
for 5 minutes. It was regularly stirred to achieve a
homogenized melt. In this condition, degasser tablet was
used to minimize the amount of gas porosities. Variation
of shrinkage porosities by changing the cooling rate
conditions was measured in grain refined samples. In
each experiment, three samples were cast.
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B. Thermal Analysis and Solid Fraction Curves

K-type thermocouples (chromel-alumel) manufac-
tured by OMEGA* engineering company were used.

They were inserted into a stainless steel sheath and
connected to a high-speed data acquisition system. To
detect dendrite coherency time, two thermocouples were
used; one located at the center of the mold, and the
other located near the inner wall. Thermocouples were
fixed at exactly the same depth in the melt (at a location
of 20 mm from the bottom of the mold). Analog to
digital (A/D) convertor used in this work has a sensitive
16-bit convertor (resolution of 1/216 or 0.0015 pct),
response time of 0.02 seconds, and high accuracy
detection. Thermal analysis program can simultaneously
display the cooling curves, temperature, and time on the
monitor of the computer for an instant observation.
Temperature-time data were recorded with the fre-
quency of 10 readings per second. Cooling curve and
temperature differences between the wall and the central
regions of the mold (DT = Tw�Tc) vs time curve were
plotted using Origin pro.8.6 software**. The adjacent

averaging method was applied to each data to smooth
the thermal analysis curves. Solid fraction vs time was
plotted using TAW software which is set based on
Newtonian method. Thermocouples were calibrated
with melting and solidifying high purity aluminum

(99.99 wt pct Al). Figure 2 shows the thermal analysis
cup and other components including the lid and
attached thermocouples.

C. Microstructural Evaluation

All samples were sectioned horizontally through the
place that the tip of the thermocouples was located and
prepared for metallographic study. They were mechan-
ically polished, and then etched for metallographic
observations. Keller’s reagent (5 mL hydrofluoric acid,
10 mL hydrochloric acid, 20 mL nitric acid and 65 mL
water) was used for microstructural study. The prepared
surfaces were studied using Tescan-Vega II scanning
electron microscope (SEM). Furthermore, to measure
solidification defects e.g., microsegregation, gas, and
shrinkage porosities, Clemex vision PE 3.5 software
(Clemex Technologies Inc., Longueil, Quebec, Canada)
was used. The Brinell hardness of the specimens was
measured under a 31.25 kgf with 2.5 mm diameter of
steel ball. The holding time to carry out the hardness test
was 30 seconds.

III. RESULTS AND DISCUSSION

A. Effect of Cooling Rate on Shrinkage and Gas
Porosities

As seen in Figures 3 and 4, area fraction of shrinkage
porosities reduces considerably by increasing the cooling
rate in grain refined samples. At cooling rate of
17.45 K s–1, the shrinkage porosity in the sample is
close to zero (Figure 3(e)). The main reason for the

Fig. 2—Experimental setup, (1: thermocouple, 2: crucible, 3: molten
metal, and 4: insulation board).

Table I. Chemical Composition of 2024 Aluminum Alloy

Alloy Composition

Elements (Weight Pct)

Cu Mg Mn Fe Si Al

Al2024 alloy 4.33 1.45 0.63 0.23 0.16 bal.

Fig. 1—Dimensions of circulated water mold, (units in mm).

*OMEGA Engineering inc, Stamford, Connecticut.

**Origin Lab Corporation, Northampton, MA.
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Fig. 3—Microstructural evaluation of the fraction of shrinkage porosities varied by different cooling rates; (a: 0.42, b: 0.74, c: 1.14, d: 2.46, and e
17.45 K s–1).
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formation of shrinkage porosities during solidification is
related to inadequate inter-dendritic feeding of the
molten metal. According to some reports, most of
solidification defects e.g., shrinkage porosities,
microsegregation, and hot tearing are occurred at the
final stages of solidification in mushy zone.[4,18] Dendrite
coherency point is referred to particular time in which
mass feeding to inter-dendritic feeding is occurred due to
dendrites impingement. Therefore, postponing the den-
drite coherency can lead to reduce the formation of
defects during solidification.[20] Also, feeding of solidi-
fied network is affected by frequency of intermetallics
nucleation and the volume fraction of these phases
during solidification.

According to next Section III–B, at low cooling rates,
dendrite coherency has been occurred at higher temper-
ature, compared with the higher cooling rates. There is
an optimum amount of cooling rate in which the DCP
has been postponed and inter-dendritic channels can be
opened for a long period of time. Therefore, shrinkage
porosities are reduced due to the postpone of transition
between mass feeding and inter-dendritic feeding, until
achieving the optimum value of cooling rate. But, at
high cooling rates, kinetics of nucleation phenomenon is
dominant. In spite of decreasing the solid fraction at
DCP for high cooling rates condition, the frequency of
nucleation is high and the amount of nuclei in a constant
volume is increased. In these samples, shrinkage porosi-
ties are formed in grain boundaries and in inter-den-
dritic regions.[26] Since the amount of nuclei in constant
volume is high, very fine shrinkage porosities distribute
occasionally.

The effect of different cooling rates on gas porosities
of Al2024 samples is shown in Figure 4. Samples have
not been degassed in order to compare area fraction of
gas porosities. The results show that area fraction of gas
porosities is decreased continuously by increasing the
cooling rate. Casting at a higher cooling rate leads to a
corresponding refinement in pore size over the entire
cross section. According to Eq. [1], in dendritic solid-
ification, the radius of curvature of a pore is assumed to
be approximately equal to the DAS/7 in casting.[22]

However, the size of the pores becomes very small due to
very high cooling rate and thermal gradient at cooling
rates used in DC casting as compared to lower cooling
rates. According to Ghoncheh et al.[27] investigations
and Eq. [1], the radius of curvature of pores in Al2024
alloy can be calculated and is listed in Table II. This
equation can be used only at low cooling rates (0.42 to
2.46 K s–1) and cannot predict the pore diameter at
cooling rates used in DC casting process.

Dpore ¼ 2Rpore ¼ 0:2762 ðDASÞ � 4:2; ½1�

In this equation, Dpore is the equivalent diameter of
pores.
According to correlation between DAS and cooling

rate in 2024 aluminum alloy,[27] Eq. [1] can also be
rewritten in the form of Eq. [2].

Dpores in ðAl2024Þ ¼ 0:2762 ð46:51 CRð Þ�0:59Þ � 4:2 ½2�

where CR is the cooling rate.
Where the cooling rate increases, the amount of

potential nucleation sites for primary a-Al phase is
increased. Therefore, the fraction of nucleated primary
dendrites enhances in a constant volume of the molten
metal. This event causes refining of dendrites structure
and decreasing the dendrite arm spacing (DAS).[27,28] In
this condition, the pores are restrained by the growth of
dendrite arms and formed very fine with sporadic
distribution.

B. Effect of Solidification Conditions on Dendrite
Coherency Characteristics

The formation of solidification defects is closely
related to dendrite coherency temperature and solid
fraction. Therefore, the effect of solidification condition
was investigated on dendrite coherency parameters.
According to Table III, the dendrite coherency temper-
ature is reduced from 910.7 K to 896.9 K (637.6 �C to
623.8 �C) as the cooling rate increased. It may be caused
by the kinetics of diffusion in both liquid and solid
states.[29] By increasing the cooling rate, the time
necessary for complete diffusion of atoms to form
dendritic network becomes inadequate. Growth rate of
dendrites is decreased due to the lack of diffusion
process. In addition, where 0.06 wt pct Ti is added to
the molten metal, the dendrite coherency temperature is
reduced compared with the samples having no grain
refiner. Therefore, the DCP is delayed and mass feeding
to inter-dendritic feeding is postponed. So, casting
defects during dendritic growth, e.g., microsegregation,
shrinkage, and gas porosities, are reduced. According to
Johnsson[30] reports, grain size is correlated to the

Fig. 4—The amount of cooling rates vs shrinkage and gas porosity
formed during solidification of Al2024.

Table II. Effect of Cooling Rates on the Equivalent Diameter

of Pores

Cooling Rate (K s–1) 0.42 0.65 0.74 1.14 2.46 15.41 17.45

Dpore in Al2024 (lm) 17.23 12.36 11.14 7.69 3.35 — —
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growth rate of dendrites. As grain refiner is added, the
nucleation rate is increased, but growth rate is reduced;
and the dendrites can easily grow before impingement.

Solid fraction at dendrite coherency point of Al2024
alloy is given in Table III. At a constant cooling rate,
the solid fraction at dendrite coherency of grain refined
samples is higher than that of the samples having no
grain refiner. Some investigations have been reported
that dendrite coherency depends on the competition
between nucleation rate and growth rate of dendrites.
Since addition of Al-5Ti-1B grain refiner leads to reduce
the growth rate of dendrites, inter-dendritic feeding is
postponed and high percentage of solid phase can be
formed before the DCP.[20]

By increasing the cooling rate, solid fraction increases
initially and then decreases at higher cooling rates.
Different observations are reported related to the effect
of cooling rate on solid fraction at DCP. Some of them
imply that as the cooling rate is increased, solid fraction
at DCP is decreased; while the others have reported
contradictory results.[20,26] In this research, there is an
optimum amount of cooling rate, in which the maxi-
mum amount of solid fraction at DCP can be achieved.
The reason is that by increasing the cooling rate, the
velocity of longitudinal growth of dendrites is increased
and it leads to accelerate the impingement of dendrites.
The rate of lateral growth of dendrites is accelerated too.
Therefore, dendrites can easily grow laterally before the
coherency of dendrites starts. There is a moderate
cooling rate in which a balance between the rate of
longitudinal and lateral growth of dendrites is occurred.
At the cooling rates higher than the optimum amount,
longitudinal velocity of dendrites is dominant and at low
cooling rates, lateral growth is an overcoming
phenomenon.[31]

C. Effect of Different Solidification Conditions on
Microsegregation in Al2024

Microsegregation strongly depends on different
parameters, e.g., alloy characteristics (chemical compo-
sition, grain refining, partition coefficient of the alloying
elements), and process specific (casting speed, melt
temperature, cooling rate).[18] As seen in Figure 5, by
increasing the cooling rate, area fraction of eutectic
phase formed in inter-dendritic regions is increased. The
range of solidification temperature in Al2024 is
increased by increment in cooling rates.[27] On the other

words, increment of cooling rate leads to broaden the
range of mushy zone. Therefore, rejection of alloying
elements from dendrites to the adjacent molten metal
can be occurred in a wide range of temperature and
microsegregation is intensified.
Most of the alloying elements and impurities are

present in aluminum alloys at hypoeutectic concentra-
tions with k< 1. For example, copper and magnesium
have partition coefficients of 0.17 and 0.43, respec-
tively.[20] These alloying elements have important key
roles to form the negative (solute-depleted) microsegre-
gation in Al2024 alloy. It is also observed from Figure 5
that the area fraction of eutectic phases is increased by
adding of 0.06 wt pct Ti at each constant cooling rate.
Yu and Granger[32] reported negative segregation of Cu
and Mg with a corresponding positive segregation of Ti
in grain refined Al–Cu–Mg alloy. Also, Gariepy and
Caron[33] demonstrated a direct correlation between the
increasing Ti content and the magnitude of segregation.
The deleterious effect of grain refining on microseg-

regation is attributed to the nucleation of a larger
number of free dendrites at the solidification front.
Glenn et al.[34] invoked the formation and distribution
of ‘showering crystals.’ They explained that small
showering crystals were responsible for the negative
segregation in all cases. The formation of large show-
ering crystals, whose average solute content is higher
than that of the small showering crystals, can actually
lower the magnitude of negative segregation in non--
grain refined samples. Low-melting second phases could
weaken grain boundaries by depressing the solidus
temperature of the metal and prolonging liquid film
life. Also, Shabestari et al.[28] reported that, at each
constant cooling rate, the range of solidification tem-
perature in grain refined samples is more than that of
unrefined samples. Therefore, adding of 0.06 wt pct Ti
leads to broaden the range of mushy zone. Area
fractions of eutectic intermetallics formed in inter-den-
dritic regions are summarized in Table IV.

D. Effect of Cooling Rate and Grain Refinement on Solid
Fraction Curve in Al2024

In Figure 6, the first derivative curve of unrefined
sample, the solid fraction vs elapsed time, and cooling
curves in both unrefined and grain refined samples have
been illustrated. As seen, at each constant cooling rate,
the amount of solid fraction in grain refined samples is

Table III. Influence of Solidification Conditions on Dendrite Coherency Characteristics of Al2024

Cooling Rate (K s–1)

Un-Refined Samples Grain-Refined Samples

TDCP, K (�C) fs DCP (Pct) TDCP, K (�C) fs DCP (Pct)

0.42 910.7 (637.6) 10.8 908.6 (635.5) 14.1
0.65 910.3 (637.2) 14.3 907.6 (634.5) 15.8
0.74 908.5 (635.4) 14.4 907.2 (634.1) 16.1
1.14 903.0 (629.9) 28.6 904.0 (630.9) 29.1
2.46 900.1 (627.0) 21.4 903.6 (630.5) 26.4
15.41 899.5 (626.4) 7.3 900.5 (627.4) 8.6
17.45 896.9 (623.8) 7.1 895.3 (622.2) 8.3
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Fig. 5—Effect of different cooling rates on non-equilibrium eutectic phase in unrefined (b, d, f, h, and j samples) and grain refined (a, c, e, g, and
i samples). (a and b: 0.42, c and d: 0.74, e and f: 1.14, g and h: 2.46, i and j: 17.45 K s�1).
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higher than that of unrefined samples. In addition, by
adding 0.06 wt pct Ti in the form of an Al-5Ti-1B
master alloy, time interval of solidification process
becomes shorter. Also, in grain refined samples, critical
spent time to stabilize the initial nuclei is decreased
compared with the unrefined samples. As it will be
shown in section ‘‘E,’’ solid fraction-time curves are a
useful technique to calculate the hot tearing susceptibil-
ity of alloys. At low solid fraction, hot tears can be
healed by a flow of liquid into the gaps in the
interdendritic region since there is sufficient liquid
present at this time.[31] According to the investigation
reported by the authors, the hot tearing susceptibility of
Al2024 alloy is occurred at later stages of solidification
during the formation of Al2CuMg intermetallic
compound.[28]

The presence of grain refiner leads to increase high
potential substrates for nucleation, such as, TiAl3, TiB2,
and (AlTi)B2. Therefore, the frequency of nucleation of
primary a-Al is accelerated and nucleation temperature

is increased. On the other word, by adding Al-5Ti-1B
grain refiner, driving force for nucleation of stable nuclei
in a molten metal is increased and nucleation is occurred
easier. Increasing the potential nucleation sites at grain
refined samples leads to accelerating the solidification
process.[20,27] In this condition, solidification is finished
more rapidly, and the amount of solid fraction at each
time is more than that of the samples having no grain
refiner.

E. Hot Tearing Susceptibility of Al2024 Using Clyne and
Davies’ Criterion

According to Clyne and Davies’ criterion,[11,13] hot
tearing susceptibility is calculated by Eq. [3]:

HCSC ¼ tV
tR

¼ t0:99 � t0:9
t0:9 � t0:4

: ½3�

The hot cracking sensitivity coefficient (HCSC) is
defined by the ratio of the vulnerable time period, where

Fig. 5—continued.
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hot tearing may develop (tv), and time available for the
stress-relief process, where mass feeding and liquid
feeding occur (tR).

In this equation, t0.99 is the time when the volume
fraction of solid, fs, is 0.99, t0.9 is the time when fs is 0.9,
and t0.4 is the time when fs is 0.4.

Using Clyne and Davies’ criterion, hot tearing sus-
ceptibility of Al2024 has been shown in Figures 6 and 7.
According to Figure 7, by increasing the cooling rate,
hot tearing susceptibility reduces initially and then
increases at higher cooling rates. Feeding mode of
solidified network is strongly affected by nucleation of
eutectic phase.[35] This parameter has a key role on the
hot tearing susceptibility. At low cooling rates, the
dendrite coherency is occurred faster than the medium
cooling rate condition.[20] Thus, mass feeding to
inter-dendritic feeding is accelerated and dendrite
coherency hinders perfect feeding of solidified network.
At medium cooling rate condition, solid fraction at each
time is more than the samples solidified at low cooling
rates; and inter-dendritic channels will be opened for a

longer time. Increasing hot tearing susceptibility at
higher cooling rates can be caused by the following:

(1) The twofold effect of increasing the cooling rate on
hot tearing can be divided to two regions: (a) low to
medium cooling rates, (b) high cooling rates.

According to Table IV and Figure 5, by
increasing the cooling rates, volume fraction of
eutectic phase at inter-dendritic regions and grain
boundaries has been increased. Since stress accom-
modations and healing phenomena are more sig-
nificant with increasing amount of eutectic, hot
tearing tendency decreases with increasing the vol-
ume fraction of eutectic.[6] This condition is over-
coming phenomenon at low to medium cooling rate
interval (0.42 to 2.46 K s–1).

But at high cooling rates such as cooling rates
used in DC casting process, reducing in solid frac-
tion is occurred due to acceleration of longitudinal
growth of dendrites. In this condition, the dendrite
coherency point is occurred rapidly and complete
mass feeding becomes more difficult.[20,36] In addi-
tion, By increasing the cooling rate, the temperature
range of the mushy zone becomes broaden and the
structure is more exposed to temperature interval of
hot cracking susceptible. A large freezing range of
an alloy promotes hot tearing because such an alloy
spends a longer time in the vulnerable state in which
thin liquid films exist between the dendrites. The
liquid film surrounding the grain at later stages of
solidification is considered as a stress concentrator
of the semi-solids body.[12] Tensile stress caused by
contraction is highly concentrated in these liquid. In
this theory, a liquid cavity acts as a crack initia-
tor.[6,12] Generally, alloys with broad freezing range
are exposed to hot cracking defects.[37]

(2) According to research done by Li et al.,[38] solidifi-
cation of molten metal in the molds, which have not

Table IV. Effect of Solidification Conditions on Fraction of
Non-Equilibrium Eutectic Phases

Cooling Rate (K s–1)

Non-Equilibrium Eutectic
Fraction (Pct)

Un-Refined
Samples

Grain-Refined
Samples

0.42 7.7 9.1
0.65 8.0 10.2
0.74 8.2 10.7
1.14 8.6 11.2
2.46 7.2 11.7
15.41 8.8 13.9
17.45 9.1 14.5

Fig. 6—Cooling curves, solid fraction vs time, and first derivative curve of Al2024 at cooling rate of 0.65 K s�1 (straight line: unrefined, and
dash-marked line: grain refined sample).
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been preheated or preheated at low temperature, is
accompanied by the enhancement of hot tearing
susceptibility. This was probably because that higher
mold temperature improved feeding. Also, at higher
mold temperature, the cracks could be refilled by the
remaining liquid and healed.[6]

(3) Lin[39] showed that another significant parameter on
hot cracking is the presence of gas bubbles in the
molten metal. Accordingly, samples with high
amount of entrained gas bubbles are less susceptible
to hot cracking defects. The presence of gas in the
molten metal leads to applying locally pressure to
the melt. This pressure facilitates the inter-dendritic
diffusion. Also, gas bubbles increase the resistance
of solidifying structure against shrinkage porosities
generated during solidification. According to section
‘‘A’’ of results and discussion, by increasing the
cooling rate, gas porosities which exist in samples
are reduced. Conversely, shrinkage porosities have
deleterious effects on hot cracking susceptibility.
The detrimental role of shrinkage porosities can be
considered from two aspects:

(a) According to the two-phase model of the semi--
solid dendritic network, the pressure depression of
liquid phase occurred in the mushy zone leads to
generate a chain of pores or cavities. The crack
may nucleate or develop from any structural de-
fects can be propagate through these pores.[38]

(b) Shrinkage porosities usually act as a stress concen-
trator. Local critical stress leads to initiation and
propagation of cracks during solidification.[39]

(4) By adding grain refiner, the hot tearing susceptibility
is decreased at each constant cooling rate. This may
caused by some reasons written below:

(a) The main reason is related to the dendrite coher-
ency. As 0.06 wt pct Ti in the form of an Al-5-
Ti-1B grain refiner is added to the molten metal,
the dendrite coherency temperature is reduced
compared with the samples having no grain re-
finer.[40] Therefore, the DCP is postponed and
mass feeding to inter-dendritic feeding is delayed.

In this condition, casting defects during equiaxed
dendritic growth, e.g., microsegregation, shrink-
age, porosity, and hot tearing, are reduced.

(b) It was explained that the size of grain was
important as it affected the mode of eutectic dis-
tribution. When the eutectic was present at the
grain boundaries, it had the maximum effect on
permitting free movement of the grains to
accommodate the contraction of the casting.[38]

Consequently, hot tearing tendency was reduced.
Finer primary grains lead to increasing the
probability of eutectic being present at grain
boundaries.[38]

(c) With the addition of grain refinement, the mush
becomes more pliable, i.e., more liquid-like, and
the point, at which the mush began to behave
more like a solid than a liquid, was delayed, which
reduces the severity of hot tearing.[41] It was con-
cluded that grain refinement decreased the hot
tearing susceptibility through changing the grain
morphology from columnar to equiaxed and
reducing the grain size.

(d) Changing the liquid film thickness between grains
leads to changing the capillary pressures.[42]

Smaller grain size implies thinner liquid films be-
tween grains and therefore greater capillary pres-
sures to be overcome before a tear propagates.
Easton et al. showed that the load development vs.
temperature was slowed down and load was low-
ered with addition of grain refiner.[42]

F. Effect of Solidification Conditions on Hardness of
Samples

As seen in Figure 8, the value of hardness of the
specimens is increased by cooling rate. According to the
other investigation carried out by the authors, increasing
the cooling rate from 0.4 to 17.5 K s–1 leads to reduce
dendrite arm spacing about 89 pct.[27] Also, as the
cooling rate increases, the content of both gas and
shrinkage porosities are decreased and distribution of
these defects becomes more uniform. In addition, hard
intermetallic compounds in Al2024 alloy, e.g.,
Al2CuMg, Mg2Si, Al15(CuFeMn)3Si2 phases are refined
and distributed uniformly.[28] Therefore, they lead to
increase the hardness value by the enhancement of the
cooling rates.
According to Figure 8, at each constant cooling rate,

grain refining of the structure increases the hardness of
the samples. The presence of more suitable substrates
for nucleation and the higher amount of solid fraction in
the grain refined samples cause the increased hardness.

IV. CONCLUSIONS

The effect of cooling rate and adding 0.6 wt pct Ti
grain refiner on the formation of some defects during
solidification of Al2024 alloy such as, hot tearing,
microsegregation, and gas and shrinkage porosities were
studied. The results are summarized as follows:

Fig. 7—Effect of cooling rate and grain refiner on hot cracking sus-
ceptibility criterion (HCSC) of Al2024.
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(1) By increasing the cooling rate, the area fraction of
both gas and shrinkage porosities reduces consid-
erably in Al2024 alloy. At two cooling rates of 15.41
and 17.45 K s–1, the amount of shrinkage porosity is
close to zero.

(2) As the cooling rate increases, the dendrite coherency
temperature is reduced from 910.7 K to 896.9 K
(637.6 �C to 623.8 �C) and solid fraction at dendrite
coherency point increases initially and then de-
creases at higher cooling rates.

(3) The increment of cooling rate leads to increasing the
area fraction of eutectic phase formed in inter-den-
dritic regions. Also, the amount of microsegregation
is increased by adding of 0.06 wt pct Ti at each
constant cooling rate.

(4) By increasing the cooling rate, hot tearing susceptibility
reduces initially and then increases at higher cooling
rates. The hot tearing susceptibility is decreased at each
constant cooling rate by adding grain refiner.
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