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Abstract: Two theoretical criteria represented by Katgerman, and Clyne and Davies for prognosticating hot tearing sensitivity were
compared. Both unrefined and grain-refined samples of Al2024 alloy were solidified at various cooling rates ranging from 0.4 to
17.5 °C/s. Thermal analysis was used to detect dendrite coherency point and temperature of eutectic reaction. Curves of solid and
liquid fractions were plotted based on Newtonian method to determine hot tearing susceptible areas. The experimental results show
that the most susceptible zone in which hot tearing can occur in Al2024 is where Al,CuMg intermetallic compound forms as a
cutectic phase at last stage of mushy-state interval. Also, both criteria are in a good agreement with each other at high cooling rates
used in direct-chill casting process while Clyne and Davies’ model is more acceptable to determine hot tearing tendency from low to

medium cooling rates.

Key words: 2024 aluminum alloy; dendrite coherency; direct-chill casting; thermal analysis; hot tearing

1 Introduction

Al2024 alloy is a famous heat treatable alloy widely
used in automotive and aerospace industries due to its
low density and good damage tolerance [1,2]. Direct-
chill (DC) casting is the industrial process to produce
billets of Al2024 alloy [3]. Centerline hot tearing is the
most abundant solidification defects faced the DC
casting particularly, when it is being used to cast
high-strength alloys and large-scale flat ingots. Hot tears
severity is attributed to many factors, e.g., high thermal
gradient, severe thermal contraction during solidification,
and high cooling rates ranging from 17 to 20 °C/s [4—6].

To control the hot tearing tendency in DC cast
metals, several criteria have been developed [7—9]. These
criteria can be mainly divided into two categories:
mechanical and nonmechanical. The mechanical criteria
involve critical stress, critical strain, or critical strain rate;
however, nonmechanical models deal with vulnerable
temperature phase diagram, and process
parameters represented by Clyne and Davies, Feurer and

range,

Katgerman [3,10]. Criteria of Clyne and Davies, and
Katgerman as well-known and comprehensive indexation
methods are applied in this work, and are explained in
more details as follows.

Clyne and Davies criterion is relied on the idea that
in the last stage of mushy-state solidification in which
fraction of solid varies between 0.90 and 0.99, the liquid
cannot freely flow and easily percolate into interdendritic
channels so that the strain applied during this stage
cannot be accommodated by mass feeding [3]. The last
stage of solidification is considered the most susceptible
interval to hot tearing. On further reducing the liquid
fraction, however, bridging between adjacent dendrites is
established so that the mush acquires some strength, e.g.,
at solid fraction above 0.99. According to this criterion,
the hot cracking sensitivity coefficient (HCSC, C) is
formulated as the ratio between the vulnerable time
period, ty, and time available for stress relief, fz [11,12]:

t t — 1
C= v — 0.99 0.90 (1)
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where ¢ is the time at the solid fraction denoted by
indices. This criterion works well in prognosticating the
effect of composition on hot tearing, i.e., the lambda
curve given in some literatures [3,4,13].

A model suggested by Katgerman combines the
assumptions of Clyne and Davies and Feurer. In Feurer’s
model, sufficient feeding of the forming solid phase with
the liquid is requisite for the continuity of the solid phase
and, therefore, acts an important role in hot tearing
phenomenon. Katgerman’s criterion is specifically
derived for hot tearing during DC casting of light alloys,
at which the effects of casting speed, ingot diameter, and
alloy composition are considered [10]. Based on this
model, the hot tearing index is defined as follows:

C =099 “lor @)
ler —leon

where 7. is the time when the after-feeding becomes

inadequate, ., is the time at dendrite coherency point

(DCP), and fy99 and fy49 are defined as same as Clyne

and Davies’ criterion.

Regarding the potential influence that secondary
phases may have on the flow of liquid into interdendritic
channels, the vulnerable time period and the time period
for accommodation can be rewritten as follows [11]:

_ Tcr _TE).OI
T —T.

C cr

3)

where Ty is the temperature at which the fraction of
liquid is 0.01; T, and T, are the temperatures at DCP
and insufficient liquid after-feeding, respectively.

Based on Feurer’s model, T, is obtained when the
velocity of volume contraction is equal to the maximum
volumetric flow rate per unit volume. To take this into
account, T, can be defined as the temperature when a
given portion of the interdendritic volume is occupied by
secondary phases [14]. Regarding a volume fraction of
0.02, T, takes place when the Eq. (4) can be established:

1_gl _gpp

~0.02 )
1-gy,

where g and g, are the volume fractions of the liquid
and the primary phase, respectively. Synergy between
thermal analysis technique and two mentioned criteria
can be widely used to simply evaluate the hot tearing
resistivity of DC cast alloys under different solidification
conditions, e.g., various cooling rates, and adding
different amounts of grain refinements.

In this work, the HCSC of Al2024 alloy was
investigated at seven different cooling rates and in two
conditions of unrefined and grain-refined microstructure.
The aim of using high cooling rates was experimentally
to simulate the solidification condition of DC casting
process. To calculate different terms given in both

criteria of Katgerman and Clyne and Davies, cooling
curves associated with its first derivative and solid/liquid
fraction curves were plotted using thermal analysis
technique.

2 Experimental

The chemical composition of commercial A12024
alloy used in this work is given in Table 1. To obtain a
wide range of cooling rates between 0.4 and 17.5 °C/s,
different types of molds having the same dimensions
were used to evaluate the effect of cooling rates on the
HCSC predicted by two criteria. In each experiment,
300 g of Al2024 alloy were melted in an electrical
resistance furnace, and the melt was held for about
10 min at a constant temperature of (750+5) °C for
homogenizing. Through the same melting procedure, the
other samples were refined by adding 0.06% (mass
fraction) Ti in the form of Al-5Ti—1B rod master alloy.
The melt was regularly stirred to homogenize the
chemical composition. In order to minimize the volume
percentage of gas porosities in microstructure, degassing
process was finally performed for 5 min using
nitrogen-based degasser tablets. Neither water-circulated
iron mold nor molds with low cooling rates were
preheated before casting of molten metal.

Table 1 Chemical compositions of 2024 aluminum alloy
Mass fraction/%
Cu Mg Mn Fe Si Al

Al2024 4.33 1.45 0.63 023 0.16 Bal
Al2024
(Standard)

Alloy

3.8-49 12-1.8 0.3-09 <0.5 <0.5 Bal

Two K-type thermocouples produced by OMEGA
(OMEGA Engineering Inc., Stamford, Connecticut,
USA) were inserted into the mold to measure the
temperature of the melt continuously. They were
connected to a high-speed data acquisition system
associated with analogue to digital convertor with
resolution of 27'°, and response time of 0.02.
FIBERFRAX (Trademark of Standard Oil Engineering
Materials Co., Niagara Falls, NY) insulation board was
used above and below the molds to minimize heat loss in
the axial directions. To detect onset temperature of
dendrites impingement, the first thermocouple was
inserted at the center of the mold while the other was
located near the inner wall. Thermocouples were
calibrated with solidifying high purity aluminum
(99.99%, mass fraction), and were fixed at the same
height from the bottom of the mold. Temperature—time
data were recorded with the frequency of 10 readings per
second, and were plotted as cooling curves via Origin
pro (Origin Lab Corporation, Northampton, MA) 9.2
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software. Furthermore, the DCP was measured via AT—¢
curve in which AT was the temperature difference
between central and peripheral zones of the melt
recorded by two thermocouples. Newtonian technique
was applied to plot curves of solid and liquid fractions
during solidification. Figure 1 illustrates the thermal
analysis setup and dimensions of the mold.

All samples were sectioned horizontally through the
place where the tip of the thermocouples was located.
They were mechanically polished, and then etched via
Keller’s reagent. The prepared surfaces were assessed
using Olympus optical microscope, and Tescan-Vega
scanning electron microscope aided by energy dispersive
X-ray analysis which is used to determine the chemical
composition of the phases. To detect the elemental
distribution in the solidified samples, X-ray mapping of
the elements was also performed.

3 Results and discussion

3.1 Microstructural analysis

Figure 2 demonstrates the effect of cooling rate and
grain refiner on microstructural morphology of Al2024.
According to this figure, fine dendrite arms have been
achieved where cooling rate enhances within its range
commonly used in DC casting. More fraction of solid
can be formed during mushy state due to larger surface
of dendrite interfaces. Dendrites refinement can occur as
a result of:

1) Intensifying the nucleation frequency of
high-potential sites of primary a(Al) phase by increasing
the cooling rate [3,6]. Thus, increasing the nucleation to
growth ratio in primary and secondary dendrites will lead
to form higher fraction of solid at a constant volume of
Al12024 liquid phase [4].

2) Significant key roles of diffusion rate and
solidification time on dendrite arm spacing [7]. Narrow
interdendritic channels can be obtained at high cooling
rates due to accelerated nucleation and growth rate of
dendrite arms [7,10].

Apart from that, 0.06% (mass fraction) Ti addition

(@ ©) il

1 —Mold;
2 — Insulation board,
3 — K-type thermocouple;

4 — Data acquisition;
5 — Analogue to digital convertor;
6 — Notebook

as a grain refiner leads to change of the morphology of
structure from dendritic to globular. EASTON and St.
JOHN [15] reported that two main mechanisms can be
considered to form grains in grain-refined castings:
1) Initial thermal undercooling occurred adjacent to the
mold wall and 2) constitutional undercooling as a
predominant factor in central region of the melt container.
The growth restriction factor is a determinant term due to
its  proportional relationship with  constitutional
undercooling. Both Ti and B elements intensify the value
of the growth restriction factor leading to refined
microstructure. To explain dendritic to globular transition,
the growth mode of solid phase should be considered.
Increasing the constitutional undercooling persuades the
mode of dendritic growth. However, the presence of
grain refiner intensifies both the constitutional
undercooling and the growth restriction factor. The
reciprocal trace of these two terms causes to activate
high-potential substrates in solidifying melt. Thus, high
nucleation frequency will be responsible for nucleation
of large number of grains and constraining the growing
dendrites to form secondary and tertiary dendrite arms.

Figure 3 shows the X-ray mapping and EDS
profiles of unrefined sample cast at cooling rate of
0.74 °C/s. As seen in Fig. 3, the microstructure includes
primary a(Al) as a dark grey phase and connected
network of intermetallic compounds formed by rejection
of elements into interdendritic regions during
solidification. High copper concentration in these regions
prepares high potential sites for nucleation and growth of
Cu-richened intermetallics, e.g., ALCu and Al,CuMg
phases [16]. Al,CuMg compound possibly supported by
some Al,Cu and Mg,Si phases is mainly responsible for
precipitation strengthening of the AI2024 alloy during
heat treating process [17]. As reported in some
literatures [16—19], the microstructure of Al2024 alloy
contains intermetallic compounds with intricate chemical
composition like  Al;s(CuFeMn);Si,,  Al,gCu,Mns,
Alj»(FeMn);Si, and Al;Cu,Fe phases. Also, the presence
of Mg,Si at low volume fraction is represented in some
interdendritic regions [16].

45

Fig. 1 Setup of two-thermocouple thermal analysis (a), and dimensions of mold (units in mm) (b)
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Fig. 2 Microstructures of unrefined (a, c, e, g) and grain-refined (b, d, f, h) A12024 alloy at different cooling rates: (a, b) 0.74 °C/s;

(c, d) 2.45 °C/s; (e, ) 15.41 °C/s; (g, h) 17.44 °C/s

In Al2024 alloy, intermetallics can be divided into
three categories based on their formation temperature
and time: pre-eutectic, near-eutectic, and eutectic
phases [17].

1) Pre-eutectic compounds: Pre-eutectic phases of
Alj5(CuFeMn);Si, and AlyCu,Mn; immediately form
after nucleation and growth of primary a(Al) dendrites.

2) Near-eutectic compounds: AlL,Cu and Mg,Si
continually precipitate as near-eutectic phases up to end
of solidification.

3) Eutectic compound: Formation of AL,CuMg
eutectic intermetallic is followed by precipitation of
near-eutectic compounds.

Based on Katgerman’s criterion, determining the
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Point 1A| Element w/% x/% Point 2 Element w/% x/%
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Fig. 3 SEM micrograph, EDS profiles and elemental distributions in A12024 alloy at cooling rate of 0.74 °C/s

nucleation point of eutectic phase and its relevant
volume fraction of liquid is main factor to measure T,.
For this purpose, thermal analysis is a suitable candidate
to determine all parameters represented in Katgerman’s
and Clyne and Davies’ criteria under different
solidification conditions.

3.2 Thermal analysis curves

As seen in Fig. 4, merged graphs of cooling curves
in both central and peripheral regions, and temperature
difference, AT, versus time illustrate the DCP in both
unrefined and grain-refined conditions. A sharp valley in
temperature difference caused by higher thermal
conductivity of the solid phase rather than the liquid is in

accordance with the DCP [20,21]. At the DCP, dendrites
tips impinge together, and a skeleton network of
solidifying alloy rapidly forms and therefore, high
thermal conductive path between central and peripheral
regions leads to dropping down of the value of AT.

The other key parameter obtained from this figure is
nucleation temperature of eutectic phases which is
defined as a minimum point just before the last peak of
intermetallic formation marked on the first derivative
curve. This peak is attributed to precipitation of Al,Cu,
and Al,CuMg phases which cause to release high value
of latent heat during last stage of mushy zone [16,22].
The first derivative curve is plotted based on
temperature—time data recorded by central thermocouple.
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Since the solidification process progresses within
movement of solid/liquid front towards the middle of the
mold, the last residual melt enriched by rejected elements
will be solidified in the vicinity of the central
thermocouple. Trapping the eutectic phases into
interdendritic channels leads to reverse segregation in
this region so that inadequate volume fraction of liquid
cannot be adopted with shrinkage tension [23,24].
Therefore, to predict the centerline hot tearing, first
derivative data obtained from central regions are more
critical compared with peripheral areas.

The DCP characteristics and nucleation point of
eutectic phases at different cooling rates, under both
unrefined and grain-refined conditions have been
summarized in Table 2 [16,20]. Based on these results,
the fraction of solid at the DCP varies with the cooling
rate and addition amount of grain refiner. In spite of
Clyne and Davies’ criterion in which the solid fraction is
equalized to constant value of 0.40, Katgerman considers
various solid fractions based on solidification conditions.

Figure 5 demonstrates the Newtonian curves of
solid and liquid fractions, f; and f, versus time and
temperature in both unrefined and grain-refined samples
cast at cooling rate of 0.74 °C/s. According to both hot
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tears criteria, detecting time and temperature at which f;
values are 0.40, 0.90, 0.99, and also f; at the DCP and
eutectic reaction, f°" and £, are important terms
to measure the HCSC. According to Figs. 4(b) and 5,
total solidification interval of Al2024 alloy can be
divided to pre-eutectic and eutectic regions. Since in
solidification process of non-eutectic alloys, the
solidifying samples chill within the range of mushy zone
where its duration is mainly affected by chemical
composition and cooling rate, each phase forming before
isothermal eutectic reaction can be considered as a
primary phase. Therefore, the value of solid fraction
achieved before the nucleation point of eutectic phase
(black star-shaped sign) can be regarded as gy, in Eq. (4).

As seen in Table 3, contribution between cooling
curve, its first derivative and solid/liquid fractions curves
leads to attaining parameters which are prerequisite to
predict the HCSC based on proposed criteria. It is worth
being mentioned that g, is measured by calculating of
fEF which is in accordance with solid fraction at
eutectic transition point in Fig. 5, while g is achieved
from Eq. (4) by knowing the value of g,,. Since
solidification process progresses in non-equilibrium
condition, the average value of temperatures at which f;

675 Primary a (Al) b 0.3
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650 Alj5(CuFeMn);Siy AlL,CuMg
and AlyCu,Mn; compound ()
compounds
625 AlLCu and Mg,Si
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Fig. 4 Thermal analysis curves of Al2024 alloy cast at cooling rate of 0.74 °C/s: (a) AT—t curve to determine DCP; (b) First
derivative curve of unrefined sample to detect eutectic and pre-eutectic regions

Table 2 Thermal analysis features of dendrite coherency and nucleation point of eutectic phase [16,20]

Solidification parameter

Cooling Toep/°C focpls focp Ty I°C (L /s

rate/("C™) Unrefined ain- Unrefined Crain- Unrefined Grain- Unrefined Grain- Unrefined Grain-
refined refined refined refined refined

0.42 637.6 635.5 75.1 58.9 10.8 14.1 514.9 501.4 517.8 493.8
0.65 637.2 634.5 54.6 53.2 14.3 15.8 510.8 503.4 382.6 363.4
0.74 635.4 634.1 48.4 43.0 14.4 16.1 509.6 500.3 345.4 339.8
1.14 630.9 629.9 38.2 34.1 28.6 29.1 507.0 506.9 175.6 174.8

2.45 630.7 627.0 18.9 13.8 21.4 26.4 505.0 503.4 104.4 74.2

15.41 627.4 626.3 4.1 3.2 7.3 8.6 500.5 489.8 14.7 14.2

17.44 623.8 622.2 3.9 3.0 7.1 8.3 499.3 485.5 12.2 12.1
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Fig. 5 Critical parameters to determine hot tearing susceptible zones based on criteria represented by Katgerman, and Clyne and

Davies (cooling rate of 0.74 °C/s)

Table 3 Measured parameters defined in equations of hot tearing criteria

Solidification parameter

Cooling S
rate/(°C-s ") fo.99/8 fo.90/S fo.40/8 To.99/°C
Unrefined Grain-refined  Unrefined Grain-refined Unrefined Grain-refined Unrefined  Grain-refined

0.42 579.4 565.6 4333 420.6 165.5 140.0 500.6 495.5

0.65 428.2 413.2 328.8 317.5 122.7 114.9 491.3 490.6

0.74 384.1 367.7 308.7 299.7 108.4 99.0 493.8 491.0

1.14 219.6 203.5 183.9 174.5 52.9 543 481.0 488.7

2.45 1474 116.2 1314 102.5 31.3 27.9 471.4 470.8

15.41 17.5 16.9 13.7 13.2 6.8 6.1 467.4 464.9

17.44 15.2 14.6 11.4 11.1 5.7 53 465.3 459.0

. Solidification parameter
Cooling s
rate/(°C-s ") = - f - To"C -
Unrefined Grain-refined Unrefined Grain-refined Unrefined Grain-refined

0.42 0.946 0.931 0.053 0.068 514.0 500.3
0.65 0.935 0.951 0.064 0.048 510.2 502.8
0.74 0.945 0.928 0.054 0.071 509.4 499.9
1.14 0.883 0.929 0.115 0.070 506.3 506.6
2.45 0.788 0.834 0.208 0.163 503.8 492.4
15.41 0.951 0.964 0.048 0.035 505.8 489.2
17.44 0.954 0.967 0.045 0.032 506.1 485.2

and fi become equal to g,, and g is considered to
determine T¢,. It should be noted that based on Feurer’s
criterion, T, is defined as a critical temperature in which
the maximum volumetric flow rate per unit volume, SPV,
becomes equal to the velocity of volumetric
solidification shrinkage caused by density difference
between solid and liquid phases, SRG [4]. Therefore, it
can be concluded that Katgerman’s criterion is more
sensitive to total interval of solidification process like the
Toep, Tcr and volume fraction of primary phases, whereas
Clyne and Davies’ criterion is based on feeding condition

at last stage of mushy zone between £, 9 and 799 [25].
Based on Katgerman’s methodology, the fraction of
primary phase, g,,, at medium cooling rates (1.14 and
245 °C/s) does not obey the Clyne and Davies’
assumptions. Clyne and Davies report that the most
susceptible zone to hot tear is mushy zone interval where
solid fraction varies between 0.90 and 0.99 while
Katgerman believes that the susceptible zone is
significantly affected by onset time and temperature of
eutectic reaction which is accommodated to nucleation
and growth of eutectic phase within interdendritic
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channels. Under this condition, grains are surrounded by
a thin film of the molten metal, and inadequate volume
fraction of the melt cannot undergo contraction occurred
during solidification [26,27]. Based on Table 3, at
cooling rates of 1.14 and 2.45 °C/s, measured g, is less
than solid fraction of 0.90, which means that eutectic
reaction has commenced before starting point of hot
tearing phenomenon represented by Clyne and Davies’
criterion.

Also, the sum of g, and g; is not 100% due to lack
of sufficient residual molten metal, which eventually
leads to the formation of centerline hot tears. The
difference between 100% and summation of g,, and g
can qualitatively shows the hot tears severity in samples.
Before using both criteria to measure the HCSC, it seems
that Katgerman’s criterion predicts higher hot tearing
tendency at medium cooling rates compared with its
lower values, which is in conflict with results reported by
some authors [28—31].

3.3 Hot tearing indexation

As illustrated in Fig. 6, the HCSC measured by both
criteria shows different trends at some cooling rates.
According to Clyne and Davies’ criterion, there is an

0.40
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Fig. 6 Effects of cooling rate and grain refiner on hot cracking
sensitivity coefficient: (a) Katgerman’s criterion; (b) Clyne and

Davies’ criterion

optimum cooling rate at which the HCSC attains its
minimum quantity [28]. In some literatures, there has
been reported that hot tearing tendency will be intense at
cooling rates used in DC casting process while its value
will be minimum at minimum cooling rates due to the
same rate of growing of dendrites in both lateral and
longitudinal directions before the DCP [20,28].
Multipath growing of dendrites causes solid fraction to
increase at the DCP so that mass to interdendritic feeding
will be postponed [32]. On the other hand, at high
cooling rates, the mushy-state interval expands due to
deviation of solidus line from its equilibrium situation,
and the solidifying alloy will be more exposed to
temperature range of hot cracking susceptibility. Also, at
high cooling rates, severe growing rate of dendrites in
longitudinal direction leads to acceleration of dendrites
impingement. Katgerman’s criterion represents similar
trend at high cooling rates, but it seems that this model is
not as practical as Clyne and Davies’ model to predict the
HCSC at low to medium cooling rates. As mentioned
before, Katgerman’s model is specifically derived for
prediction of the HCSC during DC casting of alloys, in
which the effects of cooling rates, casting speed, ingot
diameter, and alloy composition are significant [4,7].

In both studied criteria, adding Al-5Ti—1B grain
refiner leads to reduction of the HCSC at each cooling
rate. The main reason is attributed to dendrite
impingement at the DCP. By adding grain refiners, the
DCP will be delayed, and -casting defects during
equiaxed growth, e.g., shrinkage porosities as well as hot
tears, will be decreased [32,33]. Besides, the mode of
eutectic distribution is highly affected by grain size
[34,35]. In grain-refined samples, the presence of
eutectic phase at the grain boundaries causes free
movement of the grains to maximize, called showering
crystals, and helps to undergo the contraction of the
casting [36]. There are also other reasons based on
pliability of mushy-state material in the presence of grain
refiners, and changing the capillary pressures discussed
by some researchers [20,25].

4 Conclusions

1) The hot tearing occurred at last stage of
solidification at which Al,CuMg intermetallic compound
as a eutectic phase formed in interdendritic channels.
Based on Clyne and Davies’ criterion, this time interval
was in accordance with susceptible zone where fraction
of solid varied between 0.90 and 0.99. While in
Katgerman’s model, 7¢, was a key parameter on hot
tearing prediction intensively affected by eutectic
distribution, dendrite coherency, and solid fraction of
pre-eutectic and near-eutectic compounds.

2) At cooling rates of 1.14 and 2.45 °C/s, there was
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a conflict between assumptions defined in both criteria.
According to Katgerman’s equation, the fraction of
primary phase, g,,, was less than solid fraction of 0.90
which was defined as a starting point of vulnerable time
interval in Clyne and Davies’ criterion. It was confirmed
that the eutectic reaction commenced before susceptible
zone, whereas Clyne and Davies and some researchers
considered eutectic precipitation interval as a most
vulnerable zone during equiaxed solidification.

3) Katgerman’s criterion was suitable candidate to
detect the HCSC at cooling rates used in DC casting
process while Clyne and Davies derived their numerical
model to predict hot cracking sensitivity from low to
medium values of cooling rate.

4) Thermal analysis technique was non-destructive
test to easily evaluate solidification defects like hot tears
and shrinkage porosities. Synergy among cooling curve,
its first derivative and solid/liquid fraction curves and
numerical criteria proposed to detect hot tears can be
widely used for online monitoring of samples quality
during solidification.
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