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A Simple Index for Predicting the Susceptibility to
Solidification Cracking
The crack susceptibility of an Al alloy can be reduced if the filler metal reduces the
maximum steepness of its curve of temperature T vs. square root of fraction solid (fS)1/2
BY S. KOU

ABSTRACT
The present study proposed to use the maximum │dT/d(fS)1/2│ of an alloy as a
simple index for its susceptibility to solidification cracking. The index was based on a
recent criterion for cracking that considered the phase diagram, solidification shrink
age, strain rate, cooling rate, and liquid feeding. However, other factors may also af
fect the susceptibility, e.g., the dihedral angle and secondary phases. Curves of T vs.
(fS)1/2 of Al alloys were plotted to find the maximum │dT/d(fS)1/2│ using commercial
thermodynamic software package Pandat and database PanAluminum based on the
Scheil solidification model of no solidstate diffusion. Several critical predictions were
made based on the index, including the crack susceptibility reduction by Al filler met
als, the relative crack susceptibility of wrought Al alloys 2014, 2024, 2219, 6061, and
7075, and the most crack susceptible compositions of binary AlSi, AlCu, and AlMg
alloys. These predictions were verified by reported crack susceptibility tests and pub
lished filler metal guides. Although the predicted crack susceptibility of AlMg alloys
was too high, it was not caused by the index but by the Scheil model because it
doesn’t consider diffusion. It was explained that, because of the very high (17.5 wt%)
Mg solubility in solid Al, significant Mg diffusion from the interdendritic liquid into Al
rich dendrites can occur and reduce the maximum │dT/d(fS)1/2│ significantly, consis
tent with the good weldability of AlMg alloys.
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Introduction
Many alloys are susceptible to
cracking during solidification, which is
called solidification cracking in welding (Ref. 1) and hot tearing in casting
(Refs. 2–4). Figure 1 shows an example of solidification cracking. A 1.6mm-thick 6061 Al sheet was bead-onplate welded by using the gas tungsten
arc welding (GTAW) process without a
filler metal.

The mushy zone (a semisolid) between the weld pool and the completely solidified weld metal is weak and
susceptible to cracking. As the weld
pool moves forward, both the solidified weld metal and the portion of the
workpiece behind the pool cool and
contract. The higher density of the solid than the liquid causes the weld metal to contract during solidification. Solidification shrinkage can be as much
as 6.6% in the case of Al (Ref. 2). The

thermal expansion coefficient causes
both the solidified weld metal and the
workpiece to contract during cooling.
Thus, both solidification shrinkage
and thermal contraction induce tensile
strain in the mushy zone. The more
tightly the workpiece is clamped down
or connected to a rigid body, the more
tensile strain is induced by its thermal
contraction.
The semisolid material in the
mushy zone has little strength because
it consists of dendritic grains that are
still separated by liquid. The problem
is that the semisolid also has little ductility during the terminal stage of solidification when there is insufficient
liquid between grains for them to
move and rearrange themselves to accommodate tensile strains without
cracking.
Numerous theories or models have
been proposed for hot tearing (Ref. 5).
Some of them assumed the mushy
zone will crack when the tensile stress,
strain, or strain rate exceeds a critical
value. Apblett and Pellini’s strain theory in 1954 (Ref. 6) assumed that
grains are separated by thin liquid
films near the end of solidification and
that cracking occurs when the highly
localized strains in the liquid films finally exceed the critical limit they can
withstand. Prokhorov’s theory in 1962
(Ref. 7) focused mainly on the thermomechanical factor of cracking, assuming that cracking can occur if the rate
of strain accumulation with temperature drop de/dT exceeds a critical value. The model of Feurer in 1977 (Ref.
8), on the other hand, focused mainly
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Fig. 2 — Testing susceptibility to
solidification cracking by apply
ing tensile deformation normal
to the welding direction. Coniglio
et al. (Refs. 12, 13) and Matsuda
et al. (Ref. 15).

Fig. 1 — Solidification cracking in 6061 Al alloy. A — Overview; B — closeup view. Crack
initiates at starting end of weld, from a nucleation site that is either inside the weld or at
its surface. Gas tungsten arc welding, 90 A, 10 V and 2.5 mm/s, beadonplate welding,
no filler metal, full penetration through 1.6mmthick sheet.

on liquid feeding of the shrinking
mushy zone. It assumed cracking can
occur if volumetric shrinkage exceeds
volumetric feeding.
The model of Clyne and Davies in
1981 (Ref. 9) assumed: 1) stress relief
through mass and liquid feeding in
0.40 < fS < 0.90, 2) grain separation in
0.90 < fS < 0.99, and 3) grain bridging
in 0.99 < fS < 1.0, where fS is fraction
solid. The ratio tV /tR was taken as the
susceptibility to hot tearing, where tV
is the vulnerable time period in 0.90
< fS < 0.99 and tR is the time available
for stress relief in 0.40 < fS < 0.90.
These times were calculated assuming
different cooling conditions in casting.
The prominent RDG model of Rappaz, Drezet, and Gremaud (Ref. 10),
proposed in 1999 for hot tearing, considered both tensile deformation and
solidification shrinkage. A steadystate, mass-balance differential equation involving both solid and liquid
was integrated to determine the velocity distribution of the interdendritic
liquid in the mushy zone. The velocity
was then related to Darcy’s law (for
flow through a porous structure) and
further integrated to find the pressure
drop across the mushy zone Dpmax. It
was assumed that, when the interdendritic liquid pressure falls below a certain cavitation pressure, a void may

form and give rise to a crack at the
root of the dendrites. The cavitation
depression, an unknown key value of
the model, was set to 2 kPa (0.02 atm).
The RDG model was applied to solidification cracking in welding by
Drezet et al. (Ref. 11). The grain coalescence temperature was assumed to
be the temperature at fraction solid
fS = 0.98 or the eutectic temperature if
fraction eutectic fE > 0.02. A hot cracking susceptibility (HCS) was calculated
for an Al-Cu-Li alloy, and filler metal
4047 Al was shown to reduce the HCS.
No comparison with experimental
data was shown.
The RDG model (Ref. 10) was also
applied by Coniglio et al. (Refs. 12, 13)
to solidification cracking in Al welds,
who indicated that cavitation in the
mushy zone due to pressure drop is
not likely to occur in view of the very
high pressure (103 to 104 atm) required for vapor pore nucleation (Ref.
3). Instead, they proposed a porositybased crack initiation model. Pores
were suggested to form from preexisting pore nuclei instead of by cavitation
caused by pressure drops. A crack
growth model was also proposed to relate the crack growth rate to the local
strain rate through mass balance.
It became clear more recently that
the strain rate, instead of the strain it-

self, can play a critical role in solidification cracking. The existence of a critical strain rate above which solidification cracking occurs was confirmed experimentally by Matsuda et al. (Ref.
14) and more recently by Coniglio et
al. (Refs. 12, 13). The latter used the
test method illustrated in Fig. 2, with
an extensometer (not shown) positioned at the bottom surface of the
workpiece across the width of the
weld. A similar method was used by
Matsuda et al. (Ref. 15), but without
an extensometer. The advantage of using the extensometer is that the local
strain rate in the weld can be determined, instead of the global strain rate
in the workpiece. The former, not the
latter, is responsible for solidification
cracking.
Lippold (Ref. 16) recently reviewed
five theories or models that were developed or used to study solidification
cracking in welding, including the
shrinkage-brittleness theory of some
early investigators including
Pumphrey and Jennings (Ref. 17), the
strain theory of Apblett and Pellini
(Ref. 6), the generalized theory of Borland (Ref. 18), the modified generalized theory of Matsuda and coworkers
(Ref. 19), and the technological
strength theory of Prokhorov (Ref. 7).
It was pointed out that the shrinkage-
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Fig. 3 — Criterion for cracking during solidification in casting and welding. A — Longitudi
nal cross section of growing grains; B — transverse cross section near end of solidifica
tion; C — boxed area in A enlarged to show volume element ; D — criterion for
cracking. Modified from Kou (Ref. 20).

brittleness theory suggested that
grains begin to interact with each other and form a rigid network at the socalled “coherency temperature” and
that cracking can only occur after
some solid-solid bridging has occurred, which allows strain to accumulate in the structure. It was also pointed out that there is usually no evidence of solid-solid fracture on the
surface of a solidification crack to support theories that suggest cracking by
breaking solid-solid bridges between
growing grains, such as the shrinkagebrittleness theory (Ref. 17) and the
generalized theory of Borland (Ref.

18). It was commented that the strain
theory of Pellini (Ref. 6) is consistent
with the typically smooth dendritic
fracture surfaces of the weld metal. It
was also commented that Prokhorov’s
theory (Ref. 7) is useful for explaining
the ductility/strain contribution,
though it does not address the metallurgical or fracture aspects of solidification cracking.

A Criterion for Cracking
During Solidification
Based on solidification concepts
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and transport phenomena, a criterion
for cracking to occur during solidification in casting and welding was proposed by Kou (Ref. 20). The criterion
led to an index for predicting the crack
susceptibility. Unlike previous investigators, Kou (Ref. 20) considered the
grain boundary, which is critical because cracking occurs along the grain
boundary. Considering two columnar
dendritic grains growing side by side,
he related cracking along the grain
boundary to: 1) separation of grains
from each other under lateral tensile
deformation to cause cracking, 2) lateral growth of grains toward each other to bond together to resist cracking,
and 3) liquid feeding along the grain
boundary to resist cracking.
Figure 3A shows schematically the
longitudinal cross section of two
columnar dendritic grains growing side
by side in the axial direction z. The
grain spacing is . The characteristic radius of the growing grains is R, which is
a function of z, that is, R(z). These
grains can be similar to those at the
centerline of the mushy zone, where
cracking occurs most often during
welding. The two grains are being separated by local tensile deformation at
Vlocal in the lateral direction. The tensile
deformation can be self-induced by solidification shrinkage and thermal contraction or caused by an external force
if it is applied (Fig. 2). For the purpose
of discussion, grain No. 1 is assumed
stationary and grain No. 2 moving to
the right at the speed of Vlocal.
Figure 3B shows schematically the
transverse cross section of two columnar dendritic grains. A control volume
 of width w can be set up at the grain
boundary to analyze the susceptibility
to solidification cracking. As illustrated in Fig. 3C, it is the volume of the
space, not the liquid, between the
grains that is responsible for cracking
to occur. Vlocal is the local deformation
rate to separate the grains and cause
cracking. It increases the space in .
dR/dt is the rate the grains grow toward each other to bond together to
resist cracking. It decreases the space
in . z is the velocity of the liquid in
the z-direction to feed the grain
boundary and resist cracking.
The space in  increases as the
grain on the right moves away at the
local speed of Vlocal and decreases as
the two grains grow toward each other
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at the rate of 2R/dt, where t is time.
The net increase of space in  is the
former minus the latter. The intergranular liquid flows at the velocity z
in the negative z-direction to feed the
grain boundary. The net inward flow is
the inward flow at z + Dz minus the
outward flow at z. Since  is very narrow, the liquid between the grains is in
the form of a thin film during terminal
solidification. As illustrated in Fig. 3D,
when Vlocal exceeds the ability of the
liquid film in  to accommodate it, a
tear or crack (that is a void) can be initiated. Thus, provided preexisting nucleation sites are available, a crack can
form in  if the rate of net space increase in  exceeds the rate of net volumetric flow into , that is, if

R
a 1/2
1/2
=   = ( f S )
/2  A

(3)
The solidification shrinkage b can
be considered by modifying the characteristic grain radius R as R(1 – b)1/2
(Ref. 20). Considering b, Equation 3
and d(fS)1/2/dt = [d(fS)1/2/dT](dT/dt)
(where T is temperature and t time),
Equation 2 can be rewritten as follows:
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Upon dividing by wDz and taking
the limit of Dz  zero, Equation 1
becomes
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Figure 4 shows how the growth
rate of grains dR/dt can be related to
the square root of the fraction solid
(fS)1/2. The transverse cross-sectional
area of the growing grain a increases
from zero at the beginning of solidification to A at the end. It is round initially and hexagonal at the end. The
characteristic grain radius R is a function of the axial distance z, that is,
R(z). Toward the end of solidification,
the liquid within the grains is negligible in quantity as compared to the
solid (Ref. 20), and thus fS = a/A.
Since the transverse cross-section of
the grain is essentially round, as
shown by the broken circle of the
same area, R is proportional to
(a/A)1/2. In fact, when (a/A)1/2 is plotted against R/(/2), a nearly perfect
straight line is obtained (Ref. 20),
that is, the characteristic grain radius
can be related to the fraction solid fS
as follows:

 d  local
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Equation 5 is derived from Equation 4
by dividing it with  and letting Vlocal =
dDlocal /dt, where Dlocal is the local deformation and the local strain elocal =
Dlocal /. When further divided by the
cooling rate dT/dt, Equation 5 becomes Equation 6.
The separation term on the LHS (left
hand side) of Equations 4, 5, or 6 is associated with the tensile deformation to
separate two neighboring grains. On the
RHS (right hand side), the growth term
is associated with the growth of the two
grains toward each other, and the feeding term the liquid feeding to fill the
grain boundary.
The criterion (Ref. 20) shows that
cracking is more likely under 1) faster
tensile deformation rate Vlocal or strain
rate de/dt, 2) slower cooling rate dT/dt,
and 3) faster rate of strain accumulation with temperature drop delocal/dT.
The last one is consistent with
Prokhorov’s model (Ref. 7). However,
Prokhorov’s model considers the “brittleness temperature range,” which is
not necessarily the range near
(fS)1/2= 1.
The criterion represents the neces-

sary condition for cracking to occur
during solidification, not the sufficient
condition. To be sufficient, preexisting
nucleation sites for cracks must be
available (Ref. 21). This will be further
discussed subsequently.

An Index for Crack
Susceptibility
Based on the criterion, an index
can be proposed for the susceptibility
of an alloy to cracking during solidification, that is, │dT/d(fS1/2)│near
(fS)1/2 = 1. First, as already shown in
Fig. 4, the growth rate for the
grains to bond together to resist
cracking decreases with increasing
│dT/d(fS1/2)│near (fS)1/2 = 1. Second,
as illustrated in Fig. 5, liquid feeding
to fill the grain boundary and resist
cracking also decreases with increasing │dT/d(fS1/2)│near (fS)1/2 = 1. A
large │dz/dR│ means the grain radius
R hardly increases as the axial distance z decreases, that is, a long liquid channel between the two neighboring grains. As mentioned previously, near (fS)1/2 = 1 the grain radius
R is proportional to (fS)1/2. Thus,
│dz/dR│ is proportional to
│dz/d(fS1/2)│, which equals
│dT/d(fS1/2)│/│dT/dz│. Therefore, under the same axial temperature gradient dT/dz, a larger │dT/d(fS1/2)│near
(fS)1/2 = 1 means a larger │dz/dR│
near (fS)1/2 = 1, and hence, a longer
liquid channel — Fig. 5B. According
to the Hagen-Poiseuille law (Ref. 22),
the volumetric flow rate of a liquid
through a channel decreases with increasing channel length (and decreasing channel opening), due to the resistance to flow caused by the viscosity of the liquid.
Thus, increasing │dT/d(fS1/2)│near
(fS)1/2 = 1 increases the crack susceptibility by decreasing the growth rate
dR/dt that is needed for the grains to
bond together to resist cracking. It
also increases the length of the liquid
channel along the grain boundary. A
longer grain boundary channel hinders the liquid feeding that is needed
to fill the grain boundary to resist
cracking. In fact, from a mechanics
point of view, a longer grain boundary channel is also easier to open up
and propagate under tension. Thus,
│dT/d(fS1/2)│near (fS)1/2 = 1 can be
DECEMBER 2015 / WELDING JOURNAL 377-s
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used as an index for the susceptibility
to solidification cracking, that is, the
steeper the slope of the T–(fS)1/2
curve near (fS)1/2= 1 is, the greater
the crack susceptibility.

Calculation of T(fS)1/2
Curves and Crack
Susceptibility Index
C

A

B

Fig. 4 — Lateral growth rate of grains. A — Longitudinal cross sec
tion; B — characteristic grain radius R and transverse crosssection
area a near end of solidification; C — growth rate dR/dt (dT/dt being
cooling rate). In B, R is proportional to a1/2 because a is nearly round,
as shown by broken circles. Near end of solidification, liquid within
grains is negligible as compared to solid, and so fS = a/A.

B

A

Fig. 5 — Liquid feeding along grain boundary to resist cracking. A —
Longitudinal cross section; B — length of liquid channel. A large
│dz/dR│ means R hardly increases as z decreases significantly, i.e., a
long liquid channel between grains, which hinders the liquid feeding
needed to resist cracking. dT/dz is axial temperature gradient.
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By using the relationship between
T and fS, the phase diagram is considered, including the alloy composition
Co, the equilibrium segregation ratio
k, the liquidus-line slope mL, and the
freezing temperature range. Curves of
T vs. (fS)1/2 were calculated using
commercial thermodynamic software
packages Pandat (Ref. 23) and Al
database PanAluminum (Ref. 24). The
simple Scheil solidification model
(Ref. 2) was adopted, with a temperature-dependent k and mL. The Scheil
model works fine because its assumption of equilibrium at the S/L interface (Ref. 2) is reasonable for arc
welding, where the mild cooling rate
does not cause significant undercooling as in laser- or electron-beam welding. Furthermore, cracking occurs
shortly after solidification starts (no
time for solid diffusion), e.g., 5 to 7 s
as measured in permanent-mold casting of Mg alloys (Refs. 25–27) and
even shorter in arc welding. According to Flemings (Ref. 2), the extent of
solid-state diffusion can be related to
a parameter a = 4DStf/(d2), where DS
is the coefficient of diffusion in solid,
tf the solidification time, and d the
secondary dendrite arm spacing. Diffusion is significant when ak > 0.1.
Typically, k is around 0.15 (0.125 for
Al-Si and 0.170 for Al-Cu). Based on
the data of the secondary dendrite
arm spacing of Al alloys vs. the cooling rate (Ref. 2), the cooling rate is
about 100°C/s with a typical secondary dendrite arm spacing of 1 ¥ 10–5
m. As will be seen subsequently, the
average freezing temperature range of
2014, 2024, 2219, 6061, and 7075 Al
is about 125°C. Taking this as a typical solidification temperature range,
the local freezing time tf is about
1.25 s, that is, (125°C) / (100°C/s). If
the diffusion coefficient in solid DS is
taken as 1 ¥ 10–12 m2/s, a = 4 ¥ (1 ¥
10–12 m2/s) (1.25 s) / (1 ¥ 10–5 m)2 =
0.05, and ak = 0.05 ¥ 0.15 = 0.0075.
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Fig. 6 — Maximum steepness │dT/d(fS)1/2│of 2014 Al reduced by
filler metal 4145 Al, consistent with its recommendation for reduc
ing solidification cracking in 2014 Al (Refs. 29, 30). The weld con
sists of 20% 2014 and 80% 4145. (Beyond (fS)1/2 = 0.99, too little
liquid is assumed available to form continuous grainboundary liq
uid films to cause cracking.) The straight lines are tangents to the
curves at the locations of their maximum steepness.

Fig. 7 — Maximum │dT/d(fS)1/2│ of 2024 Al reduced by filler metal
4043 Al, consistent with 4043 Al reducing cracking in crack suscep
tibility tests of 2024 Al (Refs. 31, 32). The weld consists of 20%
2024 and 80% 4043.

Since ak < 0.1, solid-state diffusion
can be neglected and the Scheil solidification model can be used. However,
with large k such as 0.48 for Al-Mg,
diffusion can be significant.
In analyzing the crack susceptibility based on the T-(fS)1/2 curve, it will
be assumed that the crack susceptibility is over at a point very close to
(fS)1/2 = 1. At this point there is no
longer enough liquid left to form continuous liquid films to separate
grains, and extensive bridging between grains can occur to resist solidification cracking. In the RDG model
(Ref. 10), the crack susceptibility was
assumed to end at fS = 0.98, and in
the model of Clyne and Davies (Ref.
9) at fS = 0.99. It is more difficult to
maintain continuous liquid films between grains to cause cracking with
1% liquid left (fS = 0.99) than 2% (fS =
0.98), keeping in mind that a portion
of liquid exists within grains and it
does not contribute to the formation
of grain boundary liquid films. It is
recognized that the fS value corresponding to the end of crack susceptibility is not universal but is likely to
depend on the alloy involved. For the
purpose of discussion, however, this
point is assumed to be (fS)1/2 = 0.99,
which corresponds to fS = 0.98.
Furthermore, it will be assumed
that the maximum steepness of the
T-(fS)1/2 curves, which occurs near
(fS)1/2 = 1, can be used to represent
the crack susceptibility index, which
is │dT/d(fS1/2)│ near (fS)1/2 = 1. In
other words, the maximum
│dT/d(fS1/2)│ of the T-(fS)1/2 curve will
be calculated and used as the crack
susceptibility index. If the maximum
steepness occurs after (fS)1/2 = 0.99,
the steepness at (fS)1/2 = 0.99 will be
taken as the index.
In the previous study (Ref. 20), an
average steepness │DT/D(fS1/2)│ was
taken over a range of (fS)1/2 close to
1.0 to represent the crack susceptibility. This required selecting a (fS)1/2
range and determining the corresponding temperature difference. It is believed that the maximum steepness is
more naturally related to the crack
susceptibility revealed by the T-(fS)1/2
curve. It is also more straightforward
to determine. Thus, the maximum
steepness will be used throughout the
present study.
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Effect of Filler Metals on
Crack Susceptibility
The compositions of some commercial Al wrought alloys, filler metals,
and welds are shown in Table 1 (Ref.
28). Filler metal 4043 Al can be used
to reduce solidification cracking in
several Al alloys (Refs. 29–32), but the
strength of the resultant weld is low.
Thus, new filler metals that are significantly stronger but still effective in reducing solidification cracking are
desirable.
Figure 6 shows two T-(fS)1/2 curves.
The one labeled with 2014 Al is for a
weld made with a matching filler metal
and the other one is for a weld made
with commercial filler metal 4145 Al. In
the former, a matching filler metal
refers to a filler metal identical to the
base metal in composition. The use of a
matching filler metal is equivalent to
welding without a filler metal, that is,
autogenous welding. In the latter, the
filler metal is diluted 20% by the base
metal. That is, the weld consists of 80%
4145 Al and 20% 2014 Al (Ref. 1), and
its composition is shown in Table 1.
As shown, the maximum steepness
of the T-(fS)1/2 curve of 2014 Al is
2564°C, and it occurs at (fS)1/2 = 0.95,
which is close to 1.0. With filler metal
4145 Al, the maximum steepness of the
T-(fS)1/2 curve of 2014 Al is reduced to
1013°C, which predicts a significant reduction in the crack susceptibility of
2014 Al by filler metal 4145 Al. This
prediction is consistent with the recommendation of filler metal 4145 Al for
reducing solidification cracking in welding 2014 Al (Refs. 29, 30).
The case of 2024 Al is shown in
Fig. 7. The dilution of filler metal 4043
Al by the base metal is 20%. As shown,
the maximum steepness of slope of
the T-(fS)1/2 curve of 2024 Al is 3309°C
at (fS)1/2 = 0.95. This is reduced to
1445°C by filler metal 4043 Al, thus
suggesting crack susceptibility reduction of 2024 Al by filler metal 4043 Al.
This is consistent with the crack susceptibility tests that showed filler metal 4043 Al reduced solidification cracking in 2024 Al (Refs. 31, 32).
Figure 8 shows the case of 7075 Al.
The dilution of filler metal 4043 Al by
the base metal is 20%. The maximum
steepness of slope of the T-(fS)1/2
curve of 7075 Al is 4152°C at (fS)1/2 =

Fig. 8 — Maximum │dT/d(fS)1/2│ of 7075 Al reduced by filler metal
4043 Al, consistent with 4043 Al reducing cracking in crack susceptibil
ity tests of 7075 Al (Refs. 31, 32). The weld consists of 20% 7075 and
80% 4043.

Table 1 — Compositions of Wrought Al Alloys, Filler Metals, and Welds in wt% (Ref. 28)
Si

Cu

Mn

Mg

Fe

Cr

Zn

Ti

Al

Workpiece
2014
2024
2219
6061
7075
5052
5083

0.8
—
—
0.6
—
—
—

4.4
4.4
6.3
0.3
1.6
—
—

0.8
0.6
0.3
—
—
—
0.7

0.5
1.5
—
1.0
2.5
2.5
4.4

—
—
—
—
—
—
—

—
—
—
0.2
0.23
0.25
0.15

—
—
—
—
5.6
—
—

—
—
0.06
—
—
—
—

balance
balance
balance
balance
balance
balance
balance

Filler Metals
4043
4145
5556

5.2
10
—

—
4.0
—

—

0.12

—

0.12

balance

4.4 x 0.2+ 0.8 x 0.2 = 0.5 x 0.2 = —
4.0 x 0.8 =
0.16
0.10
4.08

—

—

—

balance

Welds
2014 with
80% 4145

2024 with
80% 4043
6061 with
80% 4043

7075 with
80% 4043
5052 with
80% 5556
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0.8 x 0.2
+
10 x 0.8 =
8.16
5.2 x 0.8
=
4.16
0.6 x 0.2
+
5.2 x 0.8
= 4.28
5.2 x 0.8
= 4.16
—

—
0.8

5.1

4.4 x 0.2 = 0.6 x 0.2 = 1.5 x 0.2 = —
0.88
0.12
0.3

balance

0.3 x 0.2 =
0.06

—

1.0 x 0.2 = —
0.2

1.6 x 0.2 =
0.32

—

2.5 x 0.2 = — 0.23 x 0.2 =
0.5
0.046

—

0.2 x 0.2 = —
0.04

0.8 x 0.8 = 2.5 x 0.2+ — 0.25 x 0.2 +
0.64
5.1 x 0.8 =
0.12 x 0.8 =
4.58
0.146

—

balance

5.6 x —
balance
0.2 =
1.12
— 0.12 x balance
0.8 =
0.096
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Fig. 9 — Maximum │dT/d(fS)1/2│ of 6061 Al reduced by filler metal
4043 Al, consistent with its recommendation for reducing solidifi
cation cracking in 6061 Al (Refs. 29, 30). The weld consists of 20%
6061 and 80% 4043.

0.95. As mentioned previously, beyond
(fS)1/2 = 0.99, there is probably too little liquid left at the grain boundary to
cause solidification cracking. As
shown, filler metal 4043 Al reduces
this maximum steepness to 1556°C,
thus it can be expected to reduce the
crack susceptibility of 7075 Al. This is
consistent with the crack susceptibility
tests that showed filler metal 4043 Al
reduced solidification cracking in 7075
Al (Refs. 31, 32).
The case of 6061 Al is shown in Fig.
9. The filler metal 4043 Al is diluted
20% by the base metal. The maximum
steepness │dT/d(fS1/2)│ of the T–(fS)1/2
curve is 4848°C and is at (fS)1/2 = 0.99.
Unlike previous cases, the high steepness portion of the curve covers a

wider (fS)1/2 range, say about 0.95 to
0.99. The maximum steepness is reduced by filler metal 4043 Al to
1352°C, suggesting the crack susceptibility of 6061 Al can be reduced significantly by 4043 Al. This is consistent
with the recommendation of filler
metal 4043 Al for reducing solidification cracking in welding 6061 Al (Refs.
29, 30). It is also consistent with the
experimental results of Coniglio and
Cross (Refs. 12, 13) that showed the
critical strain rate needed to cause
cracking increased when 4043 Al was
used to weld 6061 Al alloy.
The proposed crack susceptibility
index can be used to guide the selection of filler metals, including the
proper dilution level needed, to resist

solidification cracking. As filler metals
resistant to solidification cracking are
often weak, the index may also help
guide the search for new filler metals
that can make welds stronger. Published guides for existing filler metals
(Refs. 29, 30) do not show the effect of
filler-metal dilution by the base metal
on the crack susceptibility. To show
the effect, a series of T–(fS)1/2 curves
can be calculated at various levels of
dilution. The index may also be useful
for computer modeling of solidification cracking in welding.
The freezing temperature range
sometimes correlates well with the
susceptibility to solidification cracking
(Ref. 1), that is, the temperature range
from the beginning (fS = 0) of solidification to the end (fS = 1). Table 2
shows the freezing temperature ranges
of alloys 2014, 2024, 7075, and 6061,
welded without and with filler metals,
calculated using Pandat (Ref. 23) and
PanAluminum (Ref. 24) based on the
Scheil solidification model. As shown,
significant reduction in the freezing
temperature range is observed in the
cases of 2014 Al and 6061 Al, but not
in the cases of 2024 Al and 7075 Al,
even though significant reduction has
been observed in practice in each case.

Crack Susceptibility of Al
Wrought Alloys
An attempt will now be made to
compare the crack susceptibility of the
aforementioned Al wrought alloys
welded either without any filler metals
or with matching filler metals. The T(fS)1/2 curves of 2219, 2014, 2024,
7075, and 6061 Al alloys are shown in
part in Fig. 10. As mentioned previously, beyond (fS)1/2 = 0.99 there is
probably too little liquid left at the
grain boundary to form a continuous

Table 2 — Freezing Temperature Ranges of Some Wrought Alloys Welded without and with Filler Metals
Alloy
Filler metal

2014 Al
4145 Al

2024 Al
4043 Al

7075 Al
4043 Al

6061 Al
4043 Al

Freezing temperature
range of weld made
without ﬁller metal

640C (fS = 0) –
511C (fS = 1) =
129C

640C (fS = 0) –
507C (fS = 1) =
133C

634C (fS =0) –
455C (fS =1) =
179C

652C (fS = 0) –
511C (fS = 1) =
141C

Freezing temperature range
of weld made with 80%
ﬁller metal

594C (fS = 0) –
511C (fS = 1) =
83C

631C (fS = 0) –
507C (fS = 1) =
120C

630C (fS=0) –
390C (fS =1) =
240C

634C (fS =0) –
529C (fS =1) =
105C

Reduction in freezing temperature
range caused by ﬁller metal

46C

13C

 61C

36C
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A

B

Fig. 10 — T(fS)1/2 curves of the aforementioned Al alloys showing
the maximum steepness of the slopes of the curves. As the maxi
mum steepness is approached, (fS)1/2 increases (grains grow) much
more slowly as T drops and tensile strain rises, thus prolonging the
liquid (vulnerable) state of grain boundaries.

C

film to promote solidification cracking. As shown, the maximum steepness of the slope of the curve increases
in the order of 2219, 2014, 2024,
7075, and 6061.
In Fig. 11A, the crack susceptibility
of the aforementioned alloys is ranked
based on the maximum steepness of
the T-(fS)1/2 curve. The maximum
steepness is lowest with 2219 Al,
which is known to have good weldability, and highest with 7075 Al and 6061
Al, which are known for their very
high susceptibility to solidification
cracking. The reported experimental
data are shown in Fig. 11B, expressed
in terms of the crack lengths measured
in crack susceptibility tests (Refs. 31,
32). The agreement between the calculated crack susceptibility and the reported one is surprisingly good. The T(fS)1/2 curves in Fig. 10 show that the
narrower grain boundary channel of
6061 Al may contribute to its higher
crack susceptibility through hindering
liquid feeding. The freezing tempera-

ture ranges of the alloys, calculated using
Pandat (Ref. 23) and
PanAluminum (Ref.
24) based on the
Scheil model, are
shown in Fig. 11C.
They do not correlate
well with observed
crack susceptibility
data.

T(fS)1/2 Curves
and Liquid
Channel

Fig. 11 — Susceptibility of the aforementioned Al alloys to so
lidification cracking. A — Calculated results based on maxi
mum steepness of T(fS)1/2 curves in Fig. 10; B — experimental
results from cracksusceptibility tests (Refs. 31, 32); C —
freezing temperature range showing no close correlation
with observed crack susceptibility.

In Fig. 12, the liquid/grain interfaces
near the grain
boundaries are
shown by the T(fS)1/2 curves for Al wrought alloys
2219 Al and 6061 Al. A liquid/grain
interface near the grain boundary of
an alloy can be represented by its T-

382-s WELDING JOURNAL / DECEMBER 2015, VOL. 94

(fS)1/2 curve because temperature is
proportional to the axial distance z
(assuming constant temperature gradient dT/dz) and (fS)1/2 to the radial
distance R near (fS)1/2 = 1 (the GB).
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A

B

Fig. 12 — T(fS)1/2 curves showing liquid/grain interfaces, liquid channels and tangents to
curves at locations of maximum steepness. A — 2219 Al alloy; B — 6061 Al alloy. A longer,
narrower channel hinders liquid feeding because of the resistance to flow caused by the
viscosity of liquid.

The slope of the curve is dT/d(fS1/2)
and the steepness of the slope is thus
│dT/d(fS1/2)│. In the case of 6061 Al
to the maximum steepness of its T(fS)1/2 curve is higher and the grain
boundary channel is longer and narrower. As mentioned previously (Fig.
5), according to the Hagen-Poiseuille
law (Ref. 22), the volumetric flow
rate of a liquid through a channel decreases with increasing channel
length and decreasing channel opening due to the resistance to flow
caused by the viscosity of the liquid.
Thus, liquid feeding can be expected
to be more difficult with 6061 Al. It
is perhaps worth mentioning that
liquid feeding occurs all the way to
the end of the grain boundary channel, where the liquid is sucked toward
the end to feed the shrinkage caused
by the solidification of the last liquid.

T(fS)1/2 Curves and Theories
of Cracking
As the workpiece and the mushy
zone cool and contract during welding,
the tensile strain and stress they induce in the mushy zone continue to
rise. As can be seen in Fig. 10, as the
location of the maximum steepness of
the T-(fS)1/2 curve is approached, temperature T continues to drop (and induce more strain and stress), but
(fS)1/2 must now increase much more
slowly because the steepness
│dT/d(fS1/2)│ increases significantly.
This significantly prolongs the time
for the grain boundary to remain in
the liquid, and hence, vulnerable state
while temperature is dropping and
tensile strain or stress is rising. The
higher the maximum steepness of the
T-(fS)1/2 curve is, the greater the

chance of exceeding the tolerable limit
of strain or stress before (fS)1/2 reaches
the level needed to bond together and
resist cracking, for instance, 0.99.
This concept of the maximum
steepness of the T-(fS)1/2 curve may be
integrated with existing theories of solidification cracking or hot tearing.
Suppose an ordinary strain- or
stress-based theory is being considered. Cracking can occur if the tensile
strain or stress in the mushy zone exceeds the tolerable limit before grains
bond together. Suppose the strain theory of Pellini (Ref. 6) instead is being
considered. Cracking can occur if the
highly localized strain in the liquid
films between neighboring grains exceeds the tolerable limit before grains
bond together. According to the theory, longer-existing liquid films provide
a greater chance for the strain in them
to exceed the critical limit and cause
them to fracture, that is, cause cracking. This is consistent with the concept of the maximum steepness.
If a strain-rate-based theory is being
considered, Equation 5 can be applied.
As the maximum steepness is approached, │dT/d(fS1/2)│ can increase
significantly, that is, │d(fS)1/2/dT│, and
hence, the RHS of Equation 5 can decrease significantly. When the RHS becomes small enough to be exceeded by
the LHS of the equation, cracking can
occur. Similarly, if Prokhorov’s model
(Ref. 7) is being considered, Equation
6 can be applied. Again, as the maximum steepness of the T-(fS)1/2 curve is
approached, │d(fS)1/2/dT│ and hence
the RHS of Equation 6 can decrease
significantly. Cracking can occur when
the RHS is exceeded by the LHS. Thus,
the concept of the maximum steepness of the T-(fS)1/2 curve can be integrated into most existing theories of
solidification cracking or hot tearing.

Crack Susceptibility of
Binary Al Alloys
An attempt will also be made to
find the most crack susceptible compositions of binary Al-Si, Al-Cu, and
Al-Mg alloys. Again, this will be done
based on the maximum steepness of
the T-(fS)1/2 curve. The crack susceptibility of binary Al-Si, Al-Cu, and Al-Mg
alloys as a function of composition has
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Fig. 13 — Binary AlSi alloys. A — Phase diagram (Ref. 40); B —
curves of T(fS)1/2; C — calculated maximum crack susceptibility at
0.5 wt% Si, which is close to that at 0.8 wt% Si reported by Singer
et al. (Ref. 33).

been investigated in casting and welding. A peak crack susceptibility at
about 0.8 wt-% Si was reported by
Singer et al. (Ref. 33) in casting Al-Si
alloys. In the case of Al-Mg alloys, a
peak crack susceptibility at about 5
wt-% Mg was observed by Rosenbergh
et al. (Ref. 34) in casting. A peak at

around 1.75 wt-% Mg was also reported, including Dowd et al. (Ref. 31) at
about 1.5 wt-% Mg in arc welding and
Cross et al. (Ref. 35) at about 2 wt-%
Mg in arc welding (Varestraint testing
of cast alloys). As for Al-Cu alloys, a
peak around 1 wt-% Cu has been reported, including 1 wt-% Cu by

384-s WELDING JOURNAL / DECEMBER 2015, VOL. 94

Novikov et al. (Ref. 36) in casting and
1 wt-% Cu by Spittle et al. (Ref. 37) in
casting. A peak around 3 wt-% Cu has
also been reported, including 3 wt-%
Cu by Pumphrey and Lyons (Ref. 38)
in casting, about 3 wt-% Cu by Cross
et al. (Ref. 35) in arc welding (Varestraint testing of cast alloys), and
about 3.5 wt-% Cu by Michaud et al.
(Ref. 39) in laser welding. Rosenberg
et al. (Ref. 34) observed a peak at
about 5 wt-% Cu in casting.
Figure 13 shows the case of the binary Al-Si alloys. For convenience of discussion, the binary Al-Si phase diagram
is included (Fig. 13A) (Ref. 40). The T(fS)1/2 curves are shown for Al-Si alloys
of various Si contents (Fig. 13B). They
show a relatively short freezing temperature range and a very large amount of
eutectic liquid, which solidifies isothermally at the end of solidification. The
shallow steepness │dT/d(fS1/2)│ suggests
fast growth of grains toward each other
to bond together to resist cracking and a
short wide liquid channel along the
grain boundary easy for liquid feeding
to resist cracking. Figure 13C shows the
calculated crack susceptibility curve as a
function of the Si content. The curve
shows a calculated peak crack susceptibility of 6 ¥ 103°C at 0.5 wt-% Si, which
is close to that of about the 0.8 wt-% Si
observed by Singer et al. (Ref. 33).
The case of binary Al-Cu alloys is
shown in Fig. 14 along with the phase
diagram (Ref. 40). As compared to binary Al-Si alloys, they show a wider
freezing temperature range and a
much smaller amount of eutectic liquid at the end of solidification. The
calculated crack susceptibility curve
shows a peak crack susceptibility of
1.0 ¥ 104°C at 1.5 wt-% Cu. This peak
is between that at about 1 wt-% Cu observed by Novikov et al. (Ref. 36) and
Spittle et al. (Ref. 37) and that at
about 3 wt-% Cu observed to
Pumphrey et al. (Ref. 38), Cross et al.
(Ref. 35), and Michaud et al. (Ref. 39).
The case of binary Al-Mg alloys is
shown in Fig. 15 along with the phase
diagram (Ref. 40). They show a much
wider freezing temperature range and
a smaller amount of eutectic liquid at
the end of solidification than binary
Al-Si and Al-Cu alloys. The calculated
crack susceptibility curve shows a peak
crack susceptibility of 1.26 ¥ 104°C at
3 wt-% Mg, which lies between that of
about 1.75 wt-% Mg observed by
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Fig. 14 — Binary AlCu alloys. A — Phase diagram (Ref. 40); B —
curves of T(fS)1/2; C — calculated crack susceptibility curve show
ing a peak at 1.5 wt% Cu, between that reported by Novikov et al.
(Ref. 36) and Spittle et al. (Ref. 37) and that by Pumphrey et al.
(Ref. 38), Cross et al. (Ref. 35), and Michaud et al. (Ref. 39). Diffu
sion may have caused the 5 wt% peak.

Dowd et al. (Ref. 31) and Cross et al.
(Ref. 35) and that of 5 wt-% Mg reported by Rosenberg et al. (Ref. 34).
Thus, the crack susceptibility
curves of binary Al-Si, Al-Cu, and Al-

Mg alloys as a function of the solute
content can be calculated with good
agreement with the compositions of
the most crack susceptible alloys observed in crack susceptibility tests.

However, the curves can be sensitive
to the selection of the point of extensive bridging to end the crack susceptibility. Overall speaking, (fS)1/2 =
0.99 seems to result in good agreement with the most crack-susceptible
binary alloys observed in crack-susceptibility tests.
As can be seen by comparing Figs.
14C and 15C, the calculated peak crack
susceptibility of binary Al-Mg alloys
1.26 ¥ 104°C is significantly higher than
that of Al-Cu alloys 1.0 ¥ 104°C. The
very wide freezing temperature of AlMg alloys contributes to their steep T(fS)1/2 curves near (fS)1/2 = 1, and hence,
maximum │dT/d(fS)1/2│. In reality, in
spite of its very wide freezing temperature, the crack susceptibility of 5083 Al
(~Al-4.4Mg) is mild, somewhat higher
(Refs. 31, 32) or less than (Ref. 41) that
of 2219 Al (~Al-6.3Cu). This discrepancy is likely caused by the use of the
Scheil solidification model, which neglects solid-state diffusion.
As can be seen in Fig. 15A, the AlMg phase diagram has a very high
maximum solid solubility, CSM, of
17.5 wt-% Mg. For comparison, CSM is
1.6 wt-% Si for Al-Si alloys (Fig. 13A)
and 5.65 wt-% Cu for Al-Cu alloys
(Fig. 14A). With a very low CSM, little
solute can diffuse into the Al-rich
dendrites during solidification even
with a long diffusion time and a high
diffusion coefficient. Contrarily, with
a very high solid solubility, much
more solute can diffuse into the dendrites even with a normal diffusion
time and diffusion coefficient. With a
significant amount of Mg diffusing
into Al-rich dendrites, however, the
Mg content of the interdendritic liquid at a given temperature T can fall
below that dictated by the phase diagram unless fS increases significantly
to reject more Mg into the liquid.
Thus, fS is increased at a given T and
this makes the T-(fS)1/2 curve significantly shallower and hence the steepness │dT/d(fS)1/2│ significantly lower.
Thus, the proposed crack susceptibility index │dT/d(fS)1/2│ can still be
consistent with the relatively low
crack susceptibility of Al-Mg alloys
by calculating │dT/d(fS)1/2│ using a
solidification model that considers
diffusion instead of the Scheil equation (Ref. 42).
The relatively large dihedral angle
of Al-Mg alloys may also contribute to
DECEMBER 2015 / WELDING JOURNAL 385-s
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A

Fig. 16 — Fracture surface of an Al alloy that cracked during solidi
fication in casting, suggesting oxide films acted as a crack initia
tion site (Ref. 46). The alloy is A206 (~Al4.86Cu) containing 1 wt%
Al2O3 nanoparticles. Oxide films can be easily introduced into liq
uid Al during shape and ingot casting to provide crack initiation
sites during weld pool solidification.

dritic liquid, is an
angle associated
with the thinness or sharpness of the liquid
at grain boundaries. A higher
B
dihedral angle is
likely to be associated with
greater resistance to solidification cracking because the grain
boundary liquid
is less likely to
form very thin
continuous films
to separate
grains (Ref. 1). It
has been reported that the dihedral angle of the
grain boundary
C
eutectic after solidification is 65
Fig. 15 — Binary AlMg alloys. A — AlMg phase diagram (Ref. 40); B
deg for 5083 Al,
— curves of T(fS)1/2; C — calculated crack susceptibility curve show
as compared to
ing a peak at 3 wt% Mg, between that reported by Dowd et al (Ref.
the 20 deg of
31) and Cross et al. (Ref. 35) and that by Rosenberg et al. (Ref. 34).
2219 Al (Ref.
41). Arata et al
(Ref. 44) obtheir relatively low crack susceptibility.
served higher dihedral angles in binaThe dihedral angle (Ref. 43), related to
ry Al-Mg alloys than binary Al-Cu althe surface tension of the interden386-s WELDING JOURNAL / DECEMBER 2015, VOL. 94

loys, for instance, 53 deg in Al-4.88Mg
as compared to 20 deg in Al-6.32Cu.
Besides the dihedral angle, the proposed index has not considered the
formation of secondary phases during
solidification, which may also affect
the crack susceptibility. For example,
some intermetallic compounds can affect solidification cracking by bridging
growing grains and/or blocking liquid
feeding (Ref. 45).

Crack Nucleation Sites
As mentioned previously, the proposed criterion represents the necessary condition for cracking to occur during solidification, not the sufficient condition. To be sufficient, preexisting nucleation sites for cracks must be available (Ref. 21). The fact that the proposed index is able to predict the effect
of the Al filler metals on the crack susceptibility of Al alloys seems to suggest
similar preexisting nucleation sites may
exist in various Al alloys.
Coniglio and Cross (Ref. 13) indicated that liquid metals may contain microsized pores that cannot escape during processing because of their limited
buoyancy. They also indicated that
metastable pore nuclei may also take
the form of folded oxide films or gas
trapped at the apex of oxides. According
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to Campbell (Refs. 3, 4), oxides can exist
in the form of folded films (called “bifilms”) to initiate cracks during solidification. As explained by Campbell, when
an Al melt is poured into the mold (in
both shape casting and direct-chill casting of ingots), oxide films can be easily
introduced unintentionally into the
melt. Because of the very strong tendency of Al to oxidize in air, oxide films
formed immediately on the liquidstream surface and the free surface are
carried into the inside of the melt by the
action of pouring. Thus, oxide films can
be expected to exist in solid Al because
they already exist in liquid Al before solidification during shape and ingot
casting.
Figure 16 shows an example of oxide films entrapped during casting acting as nucleation sites for cracking
during solidification (Ref. 46). The oxide films on the fracture surface can be
seen clearly. If they had formed by oxidation of the fracture surface after
cracking had occurred, they would
have no wrinkles. The A206 Al (~Al4.86Cu) casting was prepared at UWMadison by “constrained-rod casting”
in a steel mold, in which cast rods were
anchored at both ends to prevent
shrinking and induce tension and
hence cracking during solidification,
similar to a “dog-bone” configuration.
A small amount (about 1 wt-%) of
Al2O3 nano particles was added to and
dispersed in the melt in order to cast
an A206 alloy containing Al2O3 nano
particles. During the preparation of
the melt for casting, oxide films were
unavoidably entrapped in the melt as
folded oxide films before casting.
In welding, the oxide films already
present in a solid Al alloy can enter the
weld pool. Under the action of strong
convection caused by the Lorentz
force, surface-tension force, and the
momentum of the impinging fillermetal droplets (Ref. 1), the oxide films
in the weld pool can break up into
small pieces and act as nucleation sites
for crack initiation during solidification of the weld metal. If crack initiation occurs at the surface of the weld,
however, no oxide films or micropores
are needed (Ref. 21).

Conclusions
1) The maximum steepness of the
slope of the T-(fS)1/2 curve,

│dT/d(fS)1/2│, has been proposed as a
simple index for the susceptibility of an
alloy to solidification cracking. It is
based on a recent solidification cracking
criterion that considers basic factors
such as the phase diagram, solidification shrinkage, strain rate, cooling rate,
and liquid feeding. However, other factors may also affect the crack susceptibility, e.g., the dihedral angle and secondary phases.
2) The index has been calculated for
Al alloys using the Scheil solidification
model of no solid-state diffusion,
though other models with solid-state
diffusion can also be used if available.
3) Several critical predictions for
Al alloys based on the proposed index
have been verified, including the
crack susceptibility reduction by commercial Al filler metals, the relative
crack susceptibility of wrought Al alloys 2014, 2024, 2219, 6061, and
7075, and the most crack susceptible
compositions of binary Al-Si, Al-Cu,
and Al-Mg alloys.
4) The predicted crack susceptibility of Al-Mg alloys is too high. However, this is not because of the index itself but because of the use of the
Scheil solidification model to calculate
the index. The model neglects Mg diffusion into Al-rich dendrites, which
can be unusually significant because of
the very high Mg solubility in solid Al.
The use of a solidification model that
allows solid-state diffusion is expected
to reduce │dT/d(fS)1/2│, consistent
with the relatively low crack susceptibility of Al-Mg alloys.
5) The index can be used as a guide
to the selection of existing Al filler
metals or the search for new ones to
resist solidification cracking in welding. The index is easy to use as the
curves of T vs. (fS)1/2 can be plotted
easily using commercial thermodynamic software packages and databases. The effect of the filler-metal dilution by the base metal on the crack
susceptibility, which is not shown in
published guides, can be analyzed with
the help of the proposed index.
6) The fact that the proposed index
is consistent with the crack susceptibility of many Al alloys in welding (and
casting) seems to imply that the nucleation sites needed for crack initiation
are readily available, perhaps provided
by oxide films (which form immediately on liquid Al and which are easily en-

trapped in it during casting) or the
weld surface.
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