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Abstract: The effects of Cu addition (0.5%, 1%, 1.5%, 2%, and 3%, mass fraction) on the quality index (Q;) and hot tearing
susceptibility (HTS) of A356 alloy were investigated. According to the results, Cu addition up to 1.5% increases the Q; by almost
10%, which seems to be due to its solid solution strengthening and dispersion hardening effect of Cu-rich Al,Cu and AIMgCuSi
compounds. However, further addition of Cu (up to 3%) decreases the Q; by almost 12%, which is likely due to the reduction of
tensile strength and elongation caused by increased volume fraction of brittle Cu-rich intermetallics and microporosities in the
microstructure. It is also found that Cu increases the HTS of A356 alloy measured by constrained rod casting method. According to
the thermal analysis results, Cu widens the solidification range of the alloy, which in turn, decreases its fluidity and increases the time
period during which the mushy-state alloy is exposed to the hot tearing susceptible zone. SEM examination of the hot tear surfaces in
high-Cu alloys also demonstrates their rough nature and the occurrence of interdendritic/intergranular microcracks as convincing

evidences for the initiation of hot tears in the late stages of solidification in which there is not enough time for crack healing.
Key words: Al-Si—Mg alloy; hot tearing; quality index; copper; fluidity

1 Introduction

A356 alloy (Al-7Si—0.35Mg) shows great potential
for several engineering applications. The growing
tendency towards the use of this alloy is directly related
to its specific advantages, including low density,
excellent fluidity, good tribological properties, high
thermal conductivity, and very good corrosion
resistance [1,2]. This alloy also has very high specific
strength in heat-treated condition which is attributed to
the formation of fine coherent Mg,Si particles in its
matrix [2—4]. Moreover, significant amounts of Si in the
composition of A356 alloy makes it less prone to the
casting defects like shrinkage porosities and hot tears as
compared to other important alloys like Al-Cu, Al-Mg,
and Al-Zn—Mg alloys [5,6].

Copper is one of the most common alloying
elements for A356 alloy mainly due to its strengthening
effect. Research has shown that Cu in combination with
Mg promotes the formation of 6-Al,Cu precipitates,
thereby enhances the aging characteristics of the
alloy [4,7,8]. In addition to the increased room-
temperature strength, Cu addition also improves the

high-temperature strength of A356 alloy and decreases
its  coefficient of thermal [4,9,10].
Nevertheless, it has been reported that Cu significantly
increases the amount of microporosities in the
microstructure of Al-Si—Mg alloys and exerts negative
impact on their casting fluidity and feeding
characteristics [11,12].

Hot tearing is one of the most serious casting
defects which substantially decreases the productivity of
a casthouse. Many attempts have been made to
understand this phenomenon and the mechanisms
involved. According to the findings, hot tears are formed
by the cooperation of two complementary phenomena:
insufficient feeding of the liquid metal in a vulnerable
temperature range, and local tensile strain build-up in the
solidified part of the casting, which are principally arisen
from the constraint of alloy thermal contraction and/or
density change when the alloy transforms from liquid to
solid [13-16].

Feeding characteristic of the alloys is substantially
influenced by their chemistry. In this regard, extensive
work has been carried out and still is being conducted to
investigate the effect of chemical composition (and
impurities) on the hot tearing response of Al alloys. The
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effect of various additive elements on the hot tearing
response of Al-4.5Cu and Al-4.5Cu—5Si alloys was
investigated by OYA et al [17]. It was shown that the
addition of Ti, Mg, and Si has a positive impact on the
hot tearing resistance, but Sn, Zn, Fe, and Ni impair it. LI
et al [18] investigated the effect of Y on the hot tearing
resistance of AI-5Cu alloy. It was found that the addition
of Y decreases the amount of grain boundary liquid,
reduces the temperature at which a(Al) phase begins to
solidify, narrows the freezing range of the alloy, and
increases its hot tearing resistance. NAGAUMI et al [19]
found that Fe impurity has an adverse effect on the hot
tearing resistance of Al-Mg—Si alloys. This behavior
was attributed to the formation of Fe-rich a-AlFeMn
compounds.

The influence of Mn and Cu addition on the hot
tearing response of Al-Mg—Si alloys also
investigated. It was found that the hot tearing was
insensitive to Cu content, and highly sensitive to Mn
content [20].

Most of the studies have focused on Al-Cu and
Al-Mg alloys because of their high susceptibility to the
hot tearing, but very limited efforts have been made so
far to study the hot tearing of Al-Si-based alloys. This is
probably because these alloys have significant fluidity
and considerable feeding characteristic due to the
presence of Si. However, previous studies have shown
that the Cu addition has a negative effect on the fluidity
of Al-Si alloys and significantly increases the shrinkage
porosity in their structure. Therefore, the aim of the
present study is to investigate the concurrent effect of
Cu, as an important alloying addition, on the quality
index and hot tearing susceptibility of widely used A356
Al-Si alloy.
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2 Experimental

Based on the main chemical composition of A356
alloy, the code and the chemical composition of
experimental alloys used in the present study are shown
in Table 1. The alloys were prepared by melting in a
clay-graphite crucible using an electrical resistance
furnace. Desired amount of Cu was added to the liquid
alloy using pure copper (99.9%).

Table 1 Alloy code and chemical composition of experimental
alloys (mass fraction, %)
Alloy

Si Mg Cu Fe Ni Cr Mn Zn Al
code

Base 7.18
C0.5 7.20
Cl1 17.07
ClL5 7.09
C2 7.08
C3 7.12

0.39
0.37
0.36
0.34
0.36
0.35

0.01
0.48
0.94
1.54
2.18
3.04

0.01
0.01
0.01
0.01
0.01
0.01

0.01
0.01
0.01
0.01
0.01
0.01

0.32
0.32
0.30
0.31
0.29
0.30

0.24 Bal.
0.22 Bal.
0.25 Bal.
0.22 Bal.
0.23 Bal.
0.24 Bal.

<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

After degassing with C,Clg-based tablets, the melt
was superheated up to (100£5) °C above the liquidus
temperature, stirred gently, and some of it was poured
into a cast-iron constrained-rod casting (CRC) mold
developed by Alcan Kingston Research and
Development Center (AKRDC) (Fig. 1(a)) and the rest of
it was poured into another cast-iron tensile specimen
mold (ASTM B 557M—02a) (Figs. 1(b) and (c)). To
minimize the effect of friction between the mold wall

(b)

120

R=6

Fig. 1 Schematic diagram of constrained-rod casting (CRC) mold (a), tensile specimens mold (b), and dimensions and geometry of

tensile specimens (c) (unit: mm)
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and the solidifying melt, the mold cavity was preheated
up to 250 °C, cleaned, and covered with graphite before
each test.

The overall hot tear rating was calculated as the
summation of individual hot tear rating of the four rods
of CRC mold:

HTS = i(c,.xL,.) (1)
i=A

where HTS is the overall hot tearing susceptibility of the
alloys, L; is length rating of the rod, where the hot tear
occurs (Table 2), and C; is the severity rating of each hot
tear (Table 2)

Table 2 HTS rating system [13]

Rod Length/  Numerical  Hot tear Numerical
type mm value, L; severity value, C;
A 51 Compl.ete 4
separation
B 89 3 Severe 3
C 127 2 Light 2
D 165 1 Hair line 1

In the absence of hot tears, the C; value is zero

By manipulating the HTS index, a second index in
the form of a footprint chart was developed. Each axis in
the footprint chart represents one rod and its value is the
multiplication of C; and L;. The hot tearing susceptibility
of the alloy is represented by area of the chart [13,21].
Footprint chart can easily show if hot tearing has taken
place on a particular rod. The severity of the tear is also
evident. The average of four measurements was reported
as the final HTS value.

The alloy fluidity was measured by the vacuum
suction method (Fig. 2). The molten alloy with desired
temperature, held isothermally for desired time after
skimming and stirring, was sucked into the silica glass
tube under a predetermined pressure of 26664.4 Pa. After
the completion of the solidification process, the flow
length of the alloy samples was measured as fluidity
length. The average of three measurements was reported
as the final fluidity length.

A K-type thermocouple, inserted into a spherical
cavity, was located at the end of 165 mm constrained rod
(D-rod) and connected to a high-speed data acquisition
system. The thermocouple was calibrated with melting
and solidifying high purity Al (99.99%). Analog to
digital (A/D) convertor used in this work had a sensitive
16-bit convertor (resolution of 1/2'° or 0.0015%),
response time of 0.02 s and high accuracy detection.
Time—temperature data were recorded with the frequency
of 10 readings per second and it was plotted using Origin

Pro.9.2 software (Origin Lab Corporation, Northampton,
MA). In addition, solid fraction versus time was
measured based on the Newtonian method.

Pressure gauge

Thermocouple
Ball valve @ Ball valve
X1 X7
Glass tube
(D=6 mm)
/
Crucible

Vacuum pumb

Electrical resistance
furnace

Crucible lifter

Fig. 2 Sketch of apparatus used for fluidity measurement

The tensile specimens were tensioned by a
Zwick/Roell Z100 tensile testing machine at a constant
crosshead speed of 0.5 mm/min. The average of four
results was reported as the final value. Samples for
metallographic observations were prepared by standard
metallographic procedures and each cross-section was
etched using 1% or 10% HF-distilled water reagent at
room temperature for micro- or macro-structural
characterization, respectively.

The effective grain size degr was evaluated by

deff:f(‘:ol.dcol-i_ﬁeq'deq (2)

where f., and f.q are the area fractions of columnar and
equiaxed grains, and d,, and d.q are the effective grain
sizes of columnar (=0.5(length + radial diameter)) and
equiaxed grains, respectively [22]. The grain size was
measured via Carl Zeiss Axioskop-2-MAT microscope
using the linear intercept method based on ASTM
E112-12. The microstructures and tear morphologies
were examined by a Tescan-Vega scanning electron
microscope equipped with energy dispersive X-ray
spectroscopy (EDS). In addition, the volume fraction of
porosity (f) was measured by the following equation:

f:Dt_Da

x100 3)
t

where D, and D, are the theoretical and actual densities

of the alloy.

3 Results and discussion

3.1 Effect of Cu on microstructural characteristics
and quality index
Figure 3 illustrates the SEM images of the base, Cl,
C2, and C3 alloys. According to the X-ray diffraction
analysis (Fig. 4), the base alloy mainly consists of a(Al)
matrix, the eutectic Si particles (Sig), and the Mg,Si
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Fig. 3 SEM images of base (a), C1 (b), C2 (c), and C3 (d) alloys
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Fig. 4 XRD patterns of base (a) and C3 (b) alloy

particles. It is also evident from Figs. 3(b—d) that the
addition of Cu leads to the formation of white
precipitates in the matrix whose average size and volume
fraction increase by its concentration. These particles,
identified as 6-Al,Cu (Fig. 4(b)), crystallized in two
distinct forms which are namely blocky form and ternary
eutectic AI-Al,Cu—Sig pocket. The EDS analysis also

reveals the presence of another AIMgCuSi phase in the
microstructure (Fig. 5). Although, this quaternary particle
is not detected by XRD probably due to its limited
amounts.

The effect of Cu addition on the grain structure of
A356 alloys is shown in Fig. 6. As seen, Cu addition
turns the mixed columnar-equiaxed grain structures of
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(b)
Element w/% x/%
Mg 12.98 15.06
Al 53.62 56.05
Si 24.06 24.17
Cu 9.34 472
Cu Al
Mg Si Cu

5 mm b 5 mm

Fig. 6 Grain structures of base (a), C0.5 (b), C1 (c), C2 (d), and C3 (e) alloys

the base alloy to the equiaxed structures in which the
effective grain size has decreased by about 60%. The
variation of average grain size against Cu content is
illustrated in Fig. 7. The refining effect of Cu can be
explained by the occurrence of constitutional
undercooling [23] as a result of solute rejection in front
of the solid liquid interface.

Table 3 shows the effect of Cu on the tensile
properties and quality index of A356 alloy. It is
perceived from Table 2 that with increasing the Cu
content from 1% in the base alloy to about 3% in C3
alloy, the tensile strength increases by almost 30%,
reaches up to 248 MPa at 1.5% Cu, and then decreases
by further addition of Cu up to 3%. Although, the
elongation decreases continuously by about 40% as Cu
increases from 1% in the base alloy up to about 3% in C3
alloy.

The positive effect of Cu (<1.5%) on the tensile
strength can be attributed to its solid solution
strengthening and the dispersion hardening of hard
Cu-containing intermetallics [8,24]. The negative effect
of Cu (>1.5%) on the tensile strength, however, seems to
be due to the high fractions of brittle 8-Al,Cu particles at
grain boundaries (Figs. 3(b—d)). The effect of 6-Al,Cu
compounds on the tensile properties can be also verified
from the fractured surfaces of tensile specimens, as
shown in Fig. 8.

4000
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3500 Reduced
Chi-Sqr 2239.6603]

g_ 3000 Adj. R-square| 0.99391
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B 2500 a 794.79752 42.6667
= b -1611.08605 58.60561
‘S c 0.22897 0.03154
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&0
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2 1500}
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Fig. 7 Effect of Cu content on effective grain size

Table 3 Effect of Cu content on tensile properties and quality
index of A356 alloy

Alloy UTS/MPa Elongation/% O;
Base 189.1£9.2 9.240.3 333.7
Co0.5 199.7+8.1 8.2+0.2 336.2
Cl1 232.4+6.2 7.8+0.5 365.7
Cl.5 247.9+8.7 6.4+0.5 368.2
C2 242.9+6.1 5.9+0.4 358.0
C3 211.54£9.9 5.5+0.6 321.8




1280 R. TAGHIABADI, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1275-1286

actured Si; g @
—

Fig. 8 SEM images of fracture surfaces of selected alloys at different magnifications: (a, b) Base alloy; (c, d) C1.5 alloy; (e, f) C3

alloy

Figures 8(a, b) show the morphology of the fracture
surface of the base alloy at two different magnifications.
The presence of fractured Si particles on the surface is
quite evident and implies their key role in the
transgranular fracture of this alloy (Fig. 8(a)).
Figures 8(c, d) represent the fracture surface of 1.5Cu
sample. In agreement with the tensile properties results
(Table 3), the presence of few dimples along with the
cleavage patterns related to the Sig and Al,Cu particles
resembles a quasi-cleavage fracture on this sample. The
fracture surface of 3.0Cu sample at different
magnifications is depicted in Figs. 8(e, f). The significant
amounts of fractured Al,Cu and Sig particles are quite
evident, implying their contribution to the premature
fracture of the sample.

The negative effect of Cu on the elongation of A356
alloy might be also explained by the increase in the
fraction of brittle Cu-bearing intermetallics and the

fraction of microporosities. The effect of Cu on the
volume fraction of microporosities in A356 alloy is
illustrated in Fig. 9. As can be seen, the addition of 3%
Cu increases the volume fraction of micropores by more
than 120% from 0.8% in the base alloy to about 1.8% in
C3 alloy. The formation of Cu-induced microporosities,
which is also quite evident on the fracture surface of C3
sample, is attributed to the progressive segregation of the
Cu atoms in front of the solid—liquid interface which
increases the activity coefficient of hydrogen, thereby
decreases the hydrogen solubility and gives rise to the
higher volumetric shrinkage [8,11,12].

The quality index (Q;) approach is also applied to
investigating the effect of different Cu contents on the
quality of A356 alloy. The quality index value (Q;),
defined by Eq. (4), combines the tensile strength (R.,)
and the ductility (), and is a much better indicator of
the true tensile properties of the alloys rather than either
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Fig. 9 Effect of Cu content on volume fraction of
microporosities
tensile strength or elongation alone:
Oi=Rintklg 6 4

where k is 150 MPa for A356 alloy [25,26].

The effect of Cu on the Q; is illustrated in Table 3.

As seen, the Q; follows much the same trend as tensile
strength with respect to the Cu content. It increases by
Cu content, reaches a maximum value of (253+14) MPa

at about 1.5% Cu, and then decreases by further addition

of Cu up to 3%.

3.2 Effect of Cu on hot tearing susceptibility of A356

alloy

The effect of Cu on the hot tearing susceptibility
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Fig. 10 Variation of HTS with Cu content

the addition of Cu up to 0.5% has negligible effect, if
any, on the HTS value. Further addition of Cu up to 3.0%,
however, increases the HTS by almost 33%. The
negative effect of Cu on the HTS of A356 alloy is also
evident from the footprint charts, as shown in Fig. 11,
where the area of the charts increases by the increase of
Cu content and severer hot tears are seen on the shorter
rods (C-rod) that are naturally more resistant to the hot
tearing.

Despite the fact that Cu improves the
high-temperature strength and thermal stability and
decreases the coefficient of thermal expansion (CTE) of
A356 alloy [4,9,10], its addition (>1.0%) increases hot
tearing susceptibility. The grain refinement (Fig. 7) and
the morphology change from columnar-equiaxed in the

(HTS) of A356 alloy is shown in Fig. 10. As can be seen, base alloy to fully equiaxed in the Cu-containing alloys
(@) g D (b) g D (c) g D
" /? o A /i; C A /? D c
N N N
B B B
() ;D () g D
A /tz? C A / C C

B

B

Fig. 11 Footprint charts of base (a), C0.5 (b), C1 (c), C1.5 (d), C2 (e) and C3 (f) alloys



1282

(Fig. 6) can increase the hot tearing resistance probably
due to the occurrence of one or more of the following
mechanisms:

1) Retarding the dendrites coherency and increasing
the time for interdendritic feeding [27];

2) Improving the interdendritic feeding due to the
higher capillary pressure between the fine grains [28,29];

3) Delaying the onset of thermal strains [27, 30];

4) Better accommodation of local contraction
strains through free movement of the fine grains [31]
enveloped by the grain boundaries eutectic liquid.

The effect of Cu on the hot tearing susceptibility of
A356 alloy can be also evaluated in terms of its effect on
solidification characteristics. Figure 12 shows the
variation of the fluidity length of A356 alloy against Cu
content. The negative effect of Cu on the fluidity is quite
evident where the fluidity continuously decreases by the
Cu addition from 2% in the base alloy to about 3% in C3
alloy. To elucidate the origin of fluidity reduction,
thermal analysis was performed in order to provide
required information about the critical temperatures and
the solidification behavior of the alloys.

The cooling curves, the first derivative, and the
solid fraction curves of the base and C3 alloys are shown
in Fig. 13. As seen, the addition of Cu reduces the
solidus temperature, widens the solidification range, and
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Fig. 12 Effect of Cu content on fluidity length of A356 alloy

changes the solidification type to a mushier state. Under
this circumstance, the independent crystallization of the
solid nucleus in the liquid alloy can arrest its flow and
hence reduces its fluidity. The higher the Cu content, the
higher the freezing range of the alloy and, therefore, the
lower its fluidity.

The negative effect of Cu on the hot tearing
resistance of A356 alloy can be also well described by its
effect on widening the freezing range of the alloy.
CLYNE and DAVIES [32] and SHABESTARI and
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Fig. 13 Cooling curves (a), solid fraction (b), and first derivative curves of base (c) (dashed line) and C3 alloy (d) (solid line)
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GHONCHEH [33] proposed the hot cracking sensitivity
coefficient (HCSC) (Eq. (5)) to assess the hot tearing
susceptibility of alloys. The HCSC is defined as the ratio
of the vulnerable time period (#y), during which hot tears
may develop, to the time available for the stress-relief
process (fr), during which mass feeding and liquid
feeding occur:

t t —1,
HCSC = v — 0.99 0.90 (5)
IR %o90 —lo40

where at .99, f9.90, and f 49, the volume fractions of solid
(fy) are 0.99, 0.90, and 0.40, respectively. Thermal
analysis results are given in Table 4.

Based on the results presented in Table 4, the
addition of 3% Cu enlarges the solidification range and
increases the solidification time interval by about 28 °C
and 145 min, respectively, as compared to the base alloy.
Under this condition, the solidifying alloy spends longer
time in the vulnerable state, in which, thin liquid films
exist between the solidified dendrites, and there is an
increased possibility for hot tear cracks to develop, once
the required stress level is reached. The fluidity reduction
also reduces the feeding ability of interdendritic liquid
stages
encourages the formation of shrinkage porosities and
decreases the healing chance of already-developed hot
tear cracks.

during the final of solidification, thereby

Figure 14 illustrates the hot tear surfaces of selected
experimental alloys. Dendritic morphology and the
occurrence of interdendritic/intergranular fracture are
quite evident on the fracture surfaces. The primary a(Al)
dendrites covered by Cu-rich eutectic liquid indicate that
hot tear cracks are most probably originated through
interdendritic separation.

The fracture surface of C1 alloy is smooth and
bumpy with little evidence of intergranular tears

1283
(Fig. 10),
demonstrates that interdendritic liquid has been present

at the initiation of hot tearing before dendrite arms being
coalescence with neighbors. The smooth appearance of

the bumpy appearance of the surface

the fracture surface and the fewer occurrences of
intergranular tears also confirm that sufficient amounts
of eutectic liquid flowing within dendrites channels
percolate into the interdendritic voids and cracks and
heal them in a process referred to as “self-healing”
(Fig. 15). Moreover, in the presence of more eutectic
liquid, it is more likely that the solidifying alloy can
tolerate the rising tension.

Figures 14(c, d) reveal the hot tear fracture surface
of C1.5 alloy. The dendritic morphology and the
formation of liquid folding over the primary dendrites
reveal the vain attempt of the eutectic liquid to heal the
tears. With increasing the Cu content of the alloy, the
increased concentration of low-melting-point segregates
in  interdendritic promotes  the
solidification, increases the permanence of a liquid layer

regions mushy
among the dendrites, and gives rise to the higher hot
tearing susceptibility. The morphologies of hot tear
surface in C3 alloy are depicted in Figs. 14(e—g). The
rough dendritic nature of the fracture surface and the
occurrence of severe interdendritic and/or intergranular
microcracks indicate that interdendritic separation has
occurred in the presence of a liquid film, but the volume
and/or fluidity of the liquid has not been probably high
enough to be able to properly cover the surface of
dendrites or heal the hot tear microcracks. This behavior
is attributed to the wide freezing range of the alloy which
increases the time, during which the alloy is vulnerable
to hot tearing, the feeding ability of
interdendritic liquid, and promotes the formation of
micro-shrinkage cavities that further decreases the
alloy strength, which in turn reduces the cross-sectional

decreases

(Figs. 14(a, b)). In accordance to its low HTS value area.
Table 4 Thermal analysis data of base and C3 alloys
Nucleation Minimum Growth Solidus Nucleation Recalescence
Alloy temperature, temperature, temperature, temperature, undercooling, undercooling,
Tn/°C Twmin/°C Ts/°C Ts/°C AT\/°C ATr/°C
Base 595.8 586.7 587.1 5159 9.1 0.4
C3 569.4 557.7 557.7 461.5 11.7 0
Nucleation Solidus Solidification Solidification Hot cracking
Alloy time, time, temperature interval, time interval, sensitivity coefficient,
/s ts/s AT/°C At/s HCSC
Base 44.8 463.4 79.9 418.6 0.25
C3 62.2 626.4 107.9 564.2 0.27
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Fig. 15 SEM image (a) and EDS analysis (b) of liquid folds formed on dendrite bumps in C1 alloy
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4 Conclusions

1) The microstructure of A356 alloy mainly consists
of primary a(Al), eutectic Si, and Mg,Si intermetallic.
Cu addition intensifies the precipitation of §-Al,Cu phase
as two distinct forms of blocky and ternary eutectic
Al-Al,Cu—Sig pocket, and quaternary AIMgCuSi phase.
Furthermore, Cu addition facilitates the transition from
columnar-equiaxed to full-equiaxed structure associated
with refining the effective grain size by about 60%.

2) With increasing the amount of Cu from 1% in the
base alloy to 3% in C3 sample, the tensile strength
reaches up to its maximum value of 248 MPa at 1.5% Cu
and after that goes downward, while the elongation
continuously decreases by about 40% in C3 sample
compared with base alloy. Also, the quality index of
samples follows the twofold trend as similar as the trend
explained about tensile strength.

3) Predominant mechanism in increasing the tensile
strength by adding Cu up to 1.5% is ascribed to solid
solution
compounds, whilst the detrimental effect of 2% and 3%
Cu on tensile strength can be related to high volume
fraction of brittle Al,Cu particles at grain boundaries. In

strengthening caused by hard Cu-rich

addition, continuous drop in elongation by Cu addition
might be also described by the increase in the fraction of
brittle Cu-bearing intermetallics as well as the volume
fraction of microporosities from 0.8% in the base alloy to
approximately 1.8% in C3 sample.

4) The hot tearing sensitivity is intensified about
33% by increasing Cu content to 3% due to suppressing
the fluidity of A356 alloy. Higher Cu content widens the
freezing range in which the solidifying alloy is exposed
to broaden mushy-state interval, and independent
crystallization of the solid nucleus in the adjacent liquid
can arrest percolation of the molten metal into
interdendritic regions. From thermal analysis aspect of
view, higher amounts of Cu enlarge the vulnerable zone
described by Clyne and Davies criterion in which thin
liquid films between the solidified dendrites cannot
accommodate stress concentration during solidification
contraction at the final stage of mushy zone.

5) In accordance with low hot tearing sensitivity in
low-copper alloys, the bumpy appearance of the hot tear
in Cl sample proves
interdendritic liquid at the initiation of hot tearing before
coalescence of dendrite arms to each other. The smooth

surface the presence of

fracture surface and few intergranular tears also imply
that sufficient amounts of eutectic liquid can flow into
the interdendritic voids and cracks and heal them in a
process called as “self-healing”.
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