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ABSTRACT. Aluminum welds are 
susceptible to liquation cracking in the par-
tially melted zone (PMZ). This is the region
immediately outside the fusion zone where
liquation occurs due to overheating during
welding. Using the multicomponent Scheil
model for alloy solidification, curves of
temperature vs. fraction solid (T-fS) during
solidification were calculated for the PMZ
and weld metals (WMs) made with filler
metals of various compositions. These
curves were used to predict the crack sus-
ceptibility by checking whether the harmful
condition of WM fS > PMZ fS exists during
PMZ solidification, then reduce the sus-
ceptibility by minimizing this condition.
This approach was tested against complete
joint penetration welds of Alloys 7075 and
2024, which are highly susceptible to liqua-
tion cracking. In the case of 7075, T-fS
curves predicted: 1) crack susceptibility of
welds made with filler metals 4043, 4047,
and 4145 and 2) crack elimination through
4145 plus extra Cu. Both predictions were
confirmed in circular-patch welding. Simi-
larly, in the case of 2024, T-fS curves pre-
dicted both the crack susceptibility with
filler metals 1100 and 4043 and crack elim-
ination through 5356 plus extra Cu, and
both predictions were confirmed. This ap-
proach can be used to guide the selection
or development of filler metals that reduce
the crack susceptibility. 

Introduction

The partially melted zone (PMZ) is the
region immediately outside the fusion zone
where liquation occurs during welding be-
cause of heating above the eutectic temper-
ature (or the solidus temperature if the
workpiece is completely solutionized be-
fore welding) (Ref. 1). Liquation can occur
along the grain boundary as well as in the
grain interior. Cracking can occur along the
grain boundary under tensile strains that

are induced in the workpiece, which is re-
strained and thus unable to contract freely
upon cooling during welding. Aluminum al-
loys are known to be susceptible to liquation
cracking in the PMZ during welding (Refs.
1–23).

Metzger (Ref. 3) observed liquation
cracking in complete joint penetration GTA
(gas tungsten arc) welds of Alloy 6061 made
with Al-Mg fillers at high dilution ratios, but
not in similar welds made with Al-Si fillers
at any dilution ratios. This was confirmed by
subsequent studies on 6061 and similar al-
loys such as 6063 and 6082 (Refs. 5, 7–12).
Gittos and Scott (Ref. 5) used the circular-
patch test (Ref. 24) to study liquation crack-
ing in an aluminum alloy close to Alloy 6082
in composition. Liquation cracking oc-
curred in complete joint penetration GTA
welds made with an essentially Al-5Mg filler
at high dilution ratios (about 80%), but not
with an essentially Al-5Si filler at any dilu-
tion ratios. They proposed that liquation
cracking occurs when the base metal solidus
temperature is below the weld metal solidus
temperature. Gutscher and Cross (Ref. 16)
studied the effect of Cu and Fe contents on
the solidification cracking and liquation in
Alloy 2519. 

Katoh et al. (Ref. 7), Kerr et al. (Ref. 8),
and Miyazaki et al. (Ref. 9) used the Vare-
straint test to study liquation cracking in
partial joint penetration GTA and GMA
welds of 6000 alloys. Their results contra-
dicted the cracking condition of Gittos and
Scott (Ref. 5). Huang and Kou (Refs. 19,
22) studied liquation cracking in partial

joint penetration welds of aluminum alloys.
The papillary (nipple) type penetration
common in GMAW with Ar shielding,
where metal transfer is by the spray mode,
was found to oscillate along the weld and
cause cracking (Ref. 19). A new mechanism
was proposed to explain such liquation
cracking. 

Recently, Kou and his coworkers (Refs.
20, 21, 23) studied liquation cracking in
complete joint penetration aluminum welds
using circular-patch testing, then analyzed
their results with the curves of temperature
(T) vs. fraction solid (fS) of the weld metal
(WM) and the PMZ. It was found that WM
fS > PMZ fS existed throughout PMZ so-
lidification of the Al-Cu welds that liquation
cracked (Ref. 20), during PMZ terminal so-
lidification in the Al-Mg-Cu welds that li-
quation cracked (Ref. 21), and after fS ex-
ceeded about 0.3 in the Al-Si welds that
liquation cracked (Ref. 23). Thus, it can be
concluded from these three studies that a
weld is susceptible to liquation cracking if
WM fS > PMZ fS exists after the PMZ has
developed some strength, say, after fS
reaches about 0.3. This value of 0.3 will be
explained subsequently in Section 3 of Re-
sults and Discussion. It should be men-
tioned that the mechanism of liquation
cracking in partial  joint penetration alu-
minum welds can involve the dynamics of
penetration oscillation (Ref. 19) and, con-
sequently, this conclusion may not apply. 

In the present study, WM and PMZ 
T-fS curves of welds of Alloys 7075 and 2024,
which are highly susceptible to liquation
and liquation cracking, are calculated based
on the multicomponent Scheil model to
predict and reduce their liquation cracking
susceptibility. The results are verified using
circular-patch welding.

Experimental Procedure

The circular-patch test (Ref. 24) was
used to evaluate the susceptibility to liqua-
tion cracking, as shown in Fig. 1. In order to
prevent the workpiece from contracting
freely during welding, the workpiece was
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highly restrained by being bolted down to a
thick stainless steel plate. The workpiece, as
shown in Fig. 1A, consisted of an outer
piece and an inner piece (the circular patch)
of the same metal. Alloy 7075 was welded in
the as-received T6 condition, and Alloy
2024 in the as-received T3 condition (Ref.
25). Several filler metals were used, includ-
ing 1100 (essentially pure Al), 4043 (essen-
tially Al-5Si), 4047 (essentially Al-12Si),
5356 (essentially Al-5Mg), and 4145 (essen-
tially Al-4Cu-10Si). The actual composi-
tions of all alloys are listed in Table 1.

The outer piece was 102 × 102 × 3.2 mm
with holes of 57.7 mm diameter at the cen-
ter and 11.1 mm diameter in each corner.
The inner piece was 57.2 mm in diameter
and 3.2 mm thick with a hole of 12.7 mm at
the center. These pieces formed a square
butt joint with a 0.25-mm root 
opening. 

The fixture for circular-patch welding is
shown in Fig. 1B. The outer piece was sand-
wiched between a copper plate (152 × 152  ×
19 mm) at the bottom and a copper ring (19
mm thick, 83 mm ID, and 152 mm × 152 mm
on the outside) at the top. The workpiece,
together with the copper plate and the 
copper ring, were bolted to a stainless steel
base plate of 203 x 203 x 25.4 mm. The bolts
were tightened with a torque wrench to the

same torque of 47.5 m-N to ensure consis-
tent restraint conditions. A similar design
was used by Nelson et al. (Ref. 26) for as-
sessing solidification cracking in steel welds.

The workpiece was separated from the
copper plate and the copper ring by steel
washers 1.6 mm thick, 12.2 mm ID, and
23.5 mm OD. Without the washers, it was
difficult to make complete joint-penetra-
tion welds because of the heat sink effect
of copper.

In addition to the welding wires,
99.999% pure Cu in the form of 1-mm-
diameter wire was also used in some exper-
iments. It was placed in a 1 × 1 mm groove
of 50.8 mm diameter at the top surface of
the inner piece, and gas tungsten arc (GTA)
welded with Ar shielding to melt and mix
with the surrounding base metal before cir-
cular-patch welding. The conditions for
GTAW were 16 V, 75 A, DC electrode neg-
ative, and 7.4 mm/s welding speed (based on
a rotation speed of 2.8  rpm and a 50.8-mm
diameter). The resultant weld bead com-
pletely penetrated and was about 4 mm
wide at the top, well within and thus fully in-
corporated into the subsequent circular-
patch weld. One wire was used in the case
of Alloy 7075 and two in 2024, where they
were placed in a 1-mm-deep × 2-mm-wide
groove of 50.8 mm diameter at the top sur-

face of the inner piece.
Circular-patch welding was conducted

using the gas metal arc welding (GMAW)
process with electrode-positive polarity
(DCEP) and Ar shielding. The inner and
outer pieces were not tack welded prior to
GMAW. Since the two pieces were held
down tightly, there was no distortion during
or after welding. The distance between the
contact tube and workpiece was about 25.4
mm, and the torch was perpendicular to the
workpiece. The welding speed was 4.2 mm/s
(based on a 1.6 rpm rotation speed and a
50.8 mm diameter). The welding wire was
1.2 mm in diameter and was positioned at
25.4 mm from the center of the workpiece.
The wire feed rate was 93 mm/s, the average
current 140 A, and the voltage 22 V. With
filler metal 5356, however, the wire feed
rate and the voltage were raised to 106 mm/s
and 24 V, respectively, in order to raise the
average welding current to 125 A. The nom-
inal power (voltage × current) was 3000 W
with filler metal 5356, and 3080 W with all
others.

The weld surface was cleaned with a so-
lution of 48 vol% HF. Macrographs of the
welds were taken with a digital camera. The
welds were then sectioned, polished, and
etched with 0.5 vol% HF in water. The
transverse cross-sectional area of each weld
was determined with a digital camera and a
computer using commercial software. The
weld microstructure was examined with an
optical microscope. 

Results and Discussion

Weld-Metal Composition

The weld metal composition was as-
sumed uniform in view of the Lorenz force,
surface tension gradients, and droplet im-
pingement that help mix the filler metal

Fig. 1 — Circular-patch welding. A — Top view of workpiece; B — side view
of apparatus.

Fig. 2 — Approximated weld transverse cross section.

Table 1 — Compositions of Materials in wt-%

Cu Mn Mg Cr Zn Ti Si Fe
Workpiece

2024 4.60 0.63 1.50 –— 0.12 0.03 0.06 0.17
7075 1.45 0.05 2.59 –— 5.8 –— 0.08 –—

Filler Metals
1100 0.08 0.01 –— –— 0.02 –— 0.08 0.52
4043 –— –— –— –— –— –— 5.25 –—
4047 0.03 –— 0.02 –— –— –— 11.6 –—
4145 3.9 0.01 0.05 –— 0.03 –— 9.9 –—
5356 0.10 0.05 5.00 0.05 0.10 0.06 0.25 0.40

A

B
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with the melted base metal (Ref. 1). Hould-
croft (Ref. 27) has verified that the compo-
sition of a single-pass GMA aluminum weld
is essentially uniform. 

From the conservation of mass, the con-
centration of any element E in the weld
metal, Eweld, can be calculated from those in
the base metal, Ebase, the filler metal, Efiller,
and the Cu wire, Ewire, as 
follows:

where Vbase, Vwire, and Vweld are the volumes
of the base metal melted, the Cu wire, and
the weld, respectively. ρbase, ρfiller, ρwire, and
ρweld are the densities of the base metal, the
filler metal, the Cu wire, and the weld, re-
spectively. The densities of 7075, 2024,
4145, 5356, and pure Cu are 2.81, 2.78, 2.74,
2.64, and 8.96 g/cm3, respectively (Ref. 25).
The density of the weld ρweld is taken as the
density of the base metal as an approxima-
tion. The denominator in Equation 1 repre-
sents the total mass of the weld. The 1st,
2nd, and 3rd terms in the numerator, on the
other hand, represent the contributions of
mass of element E from the melted base
metal, the filler metal, and the Cu wire, re-
spectively.

Figure 2 shows the schematic sketch of
the weld transverse cross section, which is
considered rectangular as an approxima-
tion. The volume of the weld is Vweld =

πhweld [(Ro)2 – (Ri)2], where Ri is the inner
radius, Ro the outer radius, and hweld the
height of the rectangle (weld). Likewise, the
volume of the base metal melted plus that
of the Cu wire is 
Vbase + Vwire =
πhbase [(Ro)2 – (Ri)2], where hbase is the thick-
ness of the base metal (workpiece). The vol-
ume of the Cu wire is Vwire = (2πRwire) Awire,
where Rwire is the radius of the ring formed
by the wire (25.4 mm), and Awire is the cross-
sectional area of the wire, that is, π(1
mm)2/4 for a 1-mm-diameter Cu wire. The
very tiny space between the Cu wire and the
grove was insignificant and thus ignored.

The transverse macrograph of the weld
was taken with a digital camera and en-
larged on a computer monitor. The cross-
sectional area of the entire weld, Aweld, and
that of the base metal melted plus the wire,
Abase + Awire, were determined using com-
mercial computer software. The inner ra-
dius Riand outer radius Ro of the weld were
selected such that the cross-sectional area
of the melted base metal Abase + Awire =
hbase (Ro – Ri). The height of the rectangle
(weld) hweld was then selected such that
Aweld = hweld (Ro – Ri). 

In the absence of a Cu wire and
assuming the same density for all materials,
Equation 1 becomes

or

Thus, it is shown that without a Cu wire
Equation 1 reduces to Equation 3, which is
the conventional way of calculating the weld
metal composition from the weld transverse
macrograph and the compositions of the
base metal and the filler metal. The dilution
ratio, that is, the extent the welding wire is
diluted by the melted base metal, is as 
follows:

Thus, it is shown that Equation 4 further re-
duces to the case for a straight weld if the
quantity (Ro – Ri) is substituted by the width
of the straight weld.

Calculating T-fS Curves of 
Weld Metal and PMZ

The curves of temperature (T) vs. solid
fraction (fS) were calculated for both the
weld metal (WM) and the PMZ based on
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Fig. 3 — T-fS curves along fusion boundary. A — Solidifying PMZ; B — solidifying WM; C — superimposed to show region of WM fS > PMZ fS; D — exam-
ple microstructure of WM fS > PMZ fS.
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the multicomponent Scheil model for alloy
solidification. For binary alloys the fraction
solid of a semisolid at any temperature dur-
ing solidification can be calculated by using
the simple Scheil equation (Ref. 1), which is
based on the following assumptions: com-
plete diffusion in liquid, no diffusion in
solid, equilibrium between solid and liquid
at the solid-liquid interface, and straight
solidus and liquidus lines of the binary
phase diagram (that is, the equilibrium par-
tition ratio, k, and the slope of the liquidus
line, mL, are both constant).

For multicomponent alloys, however,
the fraction solid needs to be calculated nu-
merically because the simple Scheil equa-
tion is for binary alloys only. The computer
program Pandat (Ref. 28) was used. It is a
software package for calculating multicom-
ponent phase diagrams, solidification
paths, and thermodynamic properties.
PanAluminum (Ref. 29) was also used. It is
a thermodynamic database for aluminum
alloys based on experimental data of ther-
modynamic properties and phase equilib-
ria. The software and the database have
been tested extensively against binary and
multicomponent aluminum alloys. All ther-
modynamic models are built in Pandat, and
all model parameters are listed in the data-
base. In the computation of the phase dia-
gram, the compositions of the solid and liq-
uid phases at each temperature are
calculated, based on which k and mL at each
temperature are calculated, that is, k and
mL are both temperature dependent. No
special equation forms are needed, such as
sums of polynomials. 

For the present study, the following six
components were selected from PanAlu-
minum: Al, Cu, Mg, Mn, Si, and Zn. The ac-
tual contents of these elements given in
Table 1 were used in the calculation of the

fraction solid. The Scheil model for multi-
component alloys was used as an approxi-
mation, but with temperature-dependent k
and mL. It was assumed that both the pri-
mary and secondary phases would nucleate
without significant undercooling. More ad-
vanced solidification models can be used to
calculate the fraction solid more accurately
than the Scheil model. 

T-fS Curves and Susceptibility
to Liquation Cracking

The relationship between the T-fS
curves and the susceptibility to liquation
cracking is illustrated in Fig. 3. Figure 3A
shows the T-fS curve for a solidifying PMZ
along the fusion boundary. For conve-
nience of discussion, the curve is shown
side by side with a weld pool. The PMZ has
the same (local average) composition as
the base metal. The curve begins at the liq-
uidus temperature of the base metal TLB
and ends at the eutectic temperature of the
base metal TEB. The fS distribution along
the fusion boundary can be determined
from the T-fS curve and the temperature
distribution along the fusion boundary.
Similarly, Fig. 3B shows the T-fS curve for a
solidifying weld metal (WM), that is, the
mushy zone, along the fusion boundary
from the liquidus temperature of the weld
metal TLW to the eutectic temperature of
the weld metal TEW. The two curves are su-
perimposed in Fig. 3C. The region along the
weld interface encircled by an oval corre-
sponds to the shaded area between the two
T-fS curves, where the condition of WM fS
> PMZ fS exists during solidification. As
mentioned previously, this region is suscep-
tible to liquation cracking according to the
recent studies of Kou et al. (Refs. 20, 21, 23).
An example microstructure of WM fS >

PMZ fS is shown schematically in Fig. 3D. It
shows that near the fusion boundary the
PMZ is lower in fraction solid and hence re-
sistance to cracking than the weld metal.

Experimental data have shown that the
strength (Refs. 30–34) of a semisolid alu-
minum alloy increases with increasing frac-
tion solid (decreasing temperature). Flem-
ings (Ref. 30) has pointed out that the
strength of a semisolid is very low until some
given fraction of solid is reached, usually in
the range of 0.2 to 0.4 (about 0.3). The so-
lidification shrinkage of aluminum is as high
as 6.6% (Ref. 30), and the thermal expan-

A

B

Fig. 5 — Liquation cracking in Alloy 7075 welded
with filler metal 4043. A — Overview; B — macro-
graph; C — T-fS curves. Crack susceptibility predicted
by T-fS curves confirmed. Curves calculated using
Pandat software of CompuTherm LLC (Ref. 28).

C

Fig. 4 — T-fS curves predicting crack susceptibility of 7075 welds made with filler metals 4043,
4047, and 4145 at 65% dilution of filler metal by base metal. Curves calculated using Pandat
software of CompuTherm LLC (Ref. 28). 
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sion coefficient of aluminum is roughly
twice that of iron-base alloys. Therefore,
aluminum alloys have a tendency to con-
tract significantly during solidification. Dur-
ing welding the solidifying PMZ is con-
nected to the solidifying weld metal along
the fusion boundary and is thus under the
tensile strains induced by weld-metal solid-
ification shrinkage and thermal contrac-
tion. Consequently, a solidifying PMZ
lower in fraction solid and hence crack re-
sistance than the solidifying weld metal is
likely to be crack susceptible during solidi-
fication, say, after reaching a fraction solid
of 0.3 (Ref. 23). Here, the secondary effect
of the microstructure and grain size on the
strength or crack resistance of a semisolid is
neglected as an approximation. 

Predicting Crack Susceptibility of 7075
Welds with T-fS Curves

The dilution of the filler metal by the
base metal in butt-joint welds ranges from
about 40% for V-groove joints to about
80% for square groove joints (Ref. 2). For
the welds in square groove joints in the cir-
cular-patch test used in our recent studies
(Refs. 20, 21, 23), the dilution ratio was
about 65%. Thus, for the purpose of dis-
cussion, a 65% dilution will be used in the
present study.

Figure 4 shows the T-fS curves calculated
for Alloy 7075 welds made with three dif-
ferent filler metals at 65% dilution, that is,
filler metals 4043 (essentially Al-5Si), 4047
(essentially Al-12Si), and 4145 (essentially
Al-4Cu-10Si). With 4043, WM fS > PMZ fS
occurs during PMZ terminal solidification.
With 4047, the situation is similar though
the fraction solid is significantly lower than
that with 4043 at higher temperatures. With
4145, the fraction solid is close to that with
4047 at higher temperatures but becomes
lower than that with 4047 before PMZ ter-
minal solidification. However, WM fS >
PMZ fS still occurs during solidification.
Consequently, all these three welds are sus-
ceptible to liquation cracking.

Confirming Crack Susceptibility
of 7075 Welds

For convenience, all welds are identified
by two numbers — the first referring to the
workpiece and the second the filler metal.
For instance, weld 7075/4043 refers to the
weld made in Alloy 7075 with filler metal
4043. The experimental results are summa-
rized in Table 2. All cracks in the PMZ were
intergranular, typical of liquation cracking.
Liquation cracking occurred along the
outer edge of the weld but not the inner
edge. In principle, the shrinkage of a circu-
lar weld in a square workpiece restrained at
four sides can induce tension at the outer
edge and compression at the inner edge.

This suggests liquation cracking along the
outer edge of the weld but not the inner one.
It also suggests the existence of tensile
stresses in the circumferential direction to
induce transverse cracks. However, it is not
clear why such cracks were observed in only
one weld (weld 2024/1100). Perhaps other
factors could also have played a significant
role, such as the extent of WM fS > PMZ fS
(the temperature range and the fS differ-
ence, which are greatest in weld 2024/1100)

and the uneven heat distribution in the 
circular weld.

Weld 7075/4043 had a dilution ratio of
65.5%, as shown in Table 2. Based on the di-
lution ratio and the compositions of the
base metal and the welding wire, the weld-
metal composition was Al-0.95Cu-1.70Mg-
0.033Mn-1.86Si-3.78Zn. Figure 5A is the
overview of the weld traced from its digital
photograph with the help of computer soft-
ware. The cracks were marked with thick
lines for clarity. Such an overview was used
instead of the photograph itself because
cracks would be too small to see at the mag-
nification of the overview.

Liquation cracking, shown in Fig. 5B,
was severe, extending along 76% of the
weld length, as shown in Table 2. Figure 5C,
based on 65.5% dilution, shows that WM fS
> PMZ fS exists during solidification as ex-

A

Fig. 6 — Liquation cracking in Alloy 7075 welded
with filler metal 4047. A — Overview; B — macro-
graph; C — T-fS curves. Crack susceptibility pre-
dicted by T-fS curves confirmed. Curves calculated
using Pandat of CompuTherm LLC (Ref. 28).

A

B

C

B

C

Fig. 7 — Liquation cracking in Alloy 7075 welded
with filler metal 4145. A — Overview; B — macro-
graph; C — T-fS curves. Crack susceptibility pre-
dicted by T-fS curves confirmed. Curves calculated
using Pandat of CompuTherm LLC (Ref. 28).
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pected. 
As shown in Table 2, weld 7075/4047 had

a dilution ratio of 65.9% and a composition
of Al-0.97Cu-1.71Mg-0.033Mn-4.01Si-
3.82Zn. Figure 6A shows the overview of
the top of the weld. Liquation cracking oc-
curred, extending along 42% of the weld
length, as shown in Fig. 6A and B and Table
2. This liquation cracking is less severe than
that in weld 7075/4043 (76%). Figure 6C,
based on 65.9% dilution, shows that WM fS

> PMZ fS during solidification as expected. 
Weld 7075/4145 had a dilution ratio of

67.7% and a composition of Al-2.24Cu-
1.77Mg-0.037Mn-3.25Si-3.94Zn. Liquation
cracking still occurred, but extending along
only 8% of the weld length, as shown in Fig.
7A and B and Table 2. This liquation crack-
ing is much less severe than that in welds
7075/4043 (76%) and 7075/4047 (42%).
Figure 7C, based on 67.7% dilution, shows
that WM fS > PMZ fS during solidification

as expected. 

Reducing Crack Susceptibility of 7075
Welds with Help of T-fS Curves 

Figure 4 shows that the extent of WM fS
> PMZ fS during solidification is not re-
duced when the Si contents of the filler
metal and hence the weld metal are in-
creased by switching from filler metal 4043
(essentially Al-5Si) to 4047 (essentially Al-
12Si). In contrast, it is reduced when the Cu
contents of the filler metal and hence the
weld metal are increased by switching from
filler metal 4047 (essentially Al-12Si) to
4145 (essentially Al-4Cu-10Si). 

Figure 8 shows at 65% dilution the effect
of increasing Cu content on the extent of
WM fS > PMZ fS during solidification. The
filler metals Al-xCu-10Si all have 10% Si as
in 4145 (essentially Al-4Cu-10Si), but the
Cu content is increased from 4% (in filler
metal Al-4Cu-10Si) to 10% (in filler metal
Al-10Cu-10Si). As shown, the extent of
WM fS > PMZ fS during solidification is re-
duced as the filler metal Cu content in-
creases. The weld metal Cu content in-
creases from 2.34% with filler metal
Al-4Cu-10Si to 4.44% with filler metal Al-
10Cu-10Si.

To confirm the effect of increasing Cu
content on reducing the crack susceptibility
of 7075 welds without going through the
highly costly process of producing special
filler wires from casting, heat treating, swag-
ing, and drawing, a 1-mm-diameter pure Cu
wire was preplaced and mixed with the base
metal by GTAW before circular-patch weld-
ing with filler metal 4145, as already de-
scribed in the experimental procedure.

The composition of weld
7075/4145+Cu, determined from the weld
transverse macrograph, Equation 1, and the
compositions and densities of the materials
involved, was Al-6.34Cu-1.81Mg-0.038Mn-
2.96Si-4.03Zn. As shown in Fig. 9A, liqua-
tion cracking was eliminated, thus confirm-
ing the predicted effect of increasing Cu
content on reducing the crack susceptibility.
Figure 9B, a micrograph parallel to and
near the workpiece top surface, shows no
evidence of liquation cracking. As shown in
Fig. 9C, the desirable condition of WM fS <
PMZ fS was maintained throughout solidi-
fication, which explains the absence of li-
quation cracking.

The composition of a filler metal needed
to produce a weld with 6.34% Cu at 65% di-
lution is approximately Al-15Cu-8Si. In re-
ality, the Cu content of the filler metal can
be less than 15% as the experiment was
meant only to demonstrate, not optimize,
the effect of the Cu content on liquation
cracking. A WM T-fS curve touching or even
slightly cutting the PMZ T-fS curve is likely
to be all right. 

Table 2 — Summary of Experimental Results

Weld Dilution Weld metal Liquation crack Crack length/
ratio composition (wt-%) length (cm) weld length*

2024/1100 63.4% Al-2.95Cu-0.95Mg- 5.55 26%
0.40Mn-0.067Si-

0.083Zn
2024/4043 68.8% Al-3.16Cu-1.10Mg- <1.0 <6%

0.43Mn-1.68Si-
0.06Zn

2024/5356+Cu NA Al-14.27Cu-2.51Mg- 0 0
0.43Mn-0.12Si-

0.11Zn
7075/4043 65.5% Al-0.95Cu-1.70Mg- 14.36 76%

0.033Mn-1.86Si-
3.78Zn

7075/4047 65.9% Al-0.97Cu-1.71Mg- 7.75 42%
0.033Mn-4.01Si-

3.82Zn
7075/4145 67.7% Al-2.24Cu-1.77Mg- 1.57 8%

0.037Mn-3.25Si-
3.94Zn

7075/4145+Cu NA Al-6.34Cu-1.81Mg- 0 0
0.038Mn-2.96Si-

4.03Zn

* Weld length = (length of weld outer edge + length of weld inner edge)/2

Fig. 8 — T-fS curves predicting reduction of liquation-cracking susceptibility of 7075 welds by increasing
Cu content in filler metal Al-xCu-10Si to minimize extent of WM fS > PMZ fS during solidification, 65%
dilution. Curves calculated using Pandat software of CompuTherm LLC (Ref. 28).
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Predicting Crack Susceptibility of 2024
Welds with T-fS Curves

Figure 10 shows the T-fS curves calcu-

lated for Alloy 2024 welds made with two
different filler metals at 65% dilution, that
is, filler metals 1100 (essentially pure Al)
and 4043 (essentially Al-5Si). With 1100,
WM fS > PMZ fS exists throughout PMZ
solidification, and with 4043 it occurs during
PMZ terminal solidification. Consequently,
both welds are susceptible to liquation
cracking.

Confirming Crack Susceptibility
of 2024 Welds

Weld 2024/1100 had a dilution ratio of
63.4% and a composition of Al-2.95Cu-
0.95Mg-0.40Mn-0.067Si-0.083Zn. Liqua-
tion cracking occurred, extending along
26% of the weld length, as shown in Fig.
11A and B and Table 2. Some transverse
cracks were observed in the PMZ in the
upper-left region of the weld, as shown in
Fig. 11A. As mentioned previously, these
cracks might have been induced by tensile
stresses in the circumferential direction of
the weld outer edge. Figure 11C, based on
63.4% dilution, shows that WM fS > PMZ
fS throughout solidification including fS >
0.3 as indicated by the shaded area. How-
ever, although WM fS > PMZ fS existed
throughout solidification, liquation crack-
ing extended along only 26% of the weld
length. This is probably because Alloy 2024,
which is less heavily alloyed than Alloy 7075,
tends to liquate less severely than Alloy
7075 (Ref. 22). Furthermore, weld

2024/1100 was in a composition range that
is rather susceptible to solidification crack-
ing (Ref. 35), as evident from the severe so-
lidification cracking shown in Fig. 11. Thus,
solidification cracking, once it started, prob-
ably relaxed the tensile strains in the PMZ
nearby and caused liquation cracking to
stop (Ref. 20).

Weld 2024/4043 had a dilution ratio of
68.8% and a composition of Al-3.16Cu-
1.10Mg-0.43Mn-1.68Si-0.062Zn. No liqua-
tion cracking was visible even under a mag-
nifier, as shown in Fig. 12A. However, the
micrograph parallel and near the workpiece
surface shown in Fig. 12B still revealed li-
quation cracking in the PMZ. The micro
cracks are intergranular, typical of liquation
cracking. Figure 12C, based on 68.8% dilu-
tion, shows that WM fS > PMZ fS during
terminal solidification as expected.

Reducing Crack Susceptibility of 2024
Welds with Help of T-fS Curves 

Figure 13 shows at 65% dilution the ef-
fect of increasing Cu content on the extent
of WM fS > PMZ fS during solidification.
The filler metals Al-5Mg-xCu all have 5%
Mg as in filler metal 5356 (essentially Al-
5Mg), but the Cu content is increased from
0% (in filler metal Al-5Mg) to 20% (in filler
metal Al-5Mg-20Cu). Filler metals other
than 5356 can also be selected. However,
since 4145 has already been chosen in the
case of Alloy 7075, a different filler metal,

A

B

C

Fig. 9 — Alloy 7075 welded with filler metal 4145
plus extra Cu. A — Overview; B — micrograph; C
— T-fS curves. Elimination of cracking confirms ef-
fect of increasing filler-metal Cu content on reduc-
ing crack susceptibility predicted by T-fS curves.
Curves calculated using Pandat software of Com-
puTherm LLC (Ref. 28).

Fig. 10 — T-fS curves predicting crack susceptibility of 2024 welds made with filler metals 1100 and
4043 at 65% dilution of filler metal by base metal. Curves calculated using Pandat software of Com-
puTherm LLC (Ref. 28).
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that is, 5356 was selected for Alloy 2024.
Furthermore, the alloying element to be
varied in content does not have to be Cu
again as long as the crack susceptibility can
be effectively reduced. However, Cu was
chosen here again because it is readily avail-
able in the wire form with high purity. As
shown in Fig. 13, the extent of WM fS >
PMZ fS during solidification is reduced as
the filler metal Cu content increases. The
weld metal Cu content increases from
2.99% with filler metal Al-5Mg to 9.99%
with filler Al-5Mg-20Cu.

To confirm the effect of increasing Cu
content on reducing the crack susceptibility
of 2024 welds, two 1-mm-diameter pure Cu
wires were preplaced and mixed with the
base metal by GTAW before circular-patch
welding with filler metal 5356, as already de-
scribed in the experimental procedure.

The composition of weld
2024/5356+Cu, determined from the weld
transverse macrograph, Equation 1, and
the compositions and densities of the ma-
terials involved, was Al-14.27Cu-2.51Mg-
0.43Mn-0.12Si-0.11Zn. As shown in Fig.

14A, liquation cracking was eliminated,
thus confirming the predicted effect of in-
creasing Cu content on reducing the crack
susceptibility. Figure 14B, a micrograph on
the transverse cross-section of the weld,
shows no evidence of liquation cracking. As
shown in Fig. 14C, the desirable condition
of WM fS < PMZ fS was maintained
throughout solidification, which explains
the absence of liquation cracking. 

Had only one Cu wire been used instead
of two, the weld metal would have con-
tained 8.72% Cu, which is below the afore-
mentioned 9.99% Cu in a weld made with
filler metal Al-5Mg-20Cu. Therefore, in
order to make the Cu content no less than
9.99%, two Cu wires were used. At 65% di-
lution, the 14.25% Cu in weld
2024/5356+Cu corresponds to a welding
wire of essentially Al-4Mg-32Cu. Again, in
reality, the Cu content of the filler metal
can be significantly less than 32% as the ex-
periment was not meant to optimize the Cu
content of the filler metal. In fact, the en-
larged portion in Fig. 13 shows that the T-
fS curve of the weld metal made with filler
metal Al-5Mg-11Cu nearly coincides with
the lower bound of the PMZ T-fS curve,
thus suggesting that a filler metal with a
much lower Cu content than 32% is likely
to work just as well. 

Further Discussion on Cracking 

It should be pointed out that T-fS curves
predict crack-susceptible weld composi-
tions, which is a necessary, not sufficient,
condition for liquation cracking. For crack-
ing to actually occur, the following addi-
tional conditions are also required (Refs.
20, 21): 1) a significant tendency for the
workpiece to contract during solidification
(such as in the case of aluminum alloys); 2)
significant restraint to keep the workpiece
from contracting freely (such as in a tightly
clamped workpiece); 3) significant liqua-
tion to weaken the PMZ (such as in high-
strength aluminum alloys or under high
heat inputs or both); and 4) no solidification
cracking nearby to relax the strains in the
PMZ (such as in welds without composi-
tions highly susceptible to solidification
cracking) (Ref. 20).

It should also be pointed out that the op-
posite condition, WM fS < PMZ fS does not
necessarily imply cracking in the weld
metal. The grain-boundary liquid in the
PMZ is negligible in quantity as compared
to the liquid in the weld pool because the
PMZ is much narrower than the weld pool
and because the PMZ is only partially
melted, as can be seen in Fig. 3D. This sug-
gests that tension induced by PMZ solidifi-
cation shrinkage is negligible as compared
to that induced by weld pool solidification
and thus will not promote weld metal crack-
ing when WM fS < PMZ fS. If the weld

A

B

C

Fig. 11 — Liquation cracking in Alloy 2024
welded with filler metal 1100. A — Overview; B —
macrograph; C — T-fS curves. Crack susceptibility
predicted by T-fS curves confirmed. Curves calcu-
lated using Pandat of CompuTherm LLC (Ref.
28).

A

B

C

Fig. 12 — Liquation cracking in Alloy 2024
welded with filler metal 4043. A — Overview;
B — micrograph; C — T-fS curves. Crack sus-
ceptibility predicted by T-fS curves confirmed.
Curves calculated using Pandat software of
CompuTherm LLC (Ref. 28).
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metal composition happens to be in the
range of high solidification cracking, for in-
stance, around 3%Cu in Al-Cu alloys and
0.7% Si in Al-Si alloys (Ref. 1), cracking can
occur in the weld metal. Otherwise, solidifi-
cation cracking will not occur in the weld
metal even when WM fS < PMZ fS.

Finally, it is worth mentioning that the
prediction of liquation cracking is usually
reliable when the maximum fS difference
between the PMZ and WM T-fS curves is
about 0.05 or above during terminal solidi-
fication but less reliable down to about 0.03
(such as the case shown in Fig. 7) or less.
Here, the use of the exact compositions of
the workpiece and the filler metal is essen-
tial as the nominal compositions may vary
within the specification ranges. A solidifica-
tion model more advanced than the Scheil
model may also help. However, knowing
the exact dilution ratio can be even more
important because the dilution ratio can
have a rather significant effect on the weld
metal composition. Generally speaking,
however, for highly crack-susceptible mate-
rials such as high-strength aluminum Alloys
7075 and 2024, even a slightly higher frac-
tion solid of the weld metal than the PMZ
can cause liquation cracking. This is be-
cause these materials are highly susceptible
to liquation and the PMZ can thus be se-
verely weakened and become highly sus-
ceptible to cracking.

Conclusions

Based on the curves of temperature vs.
fraction solid (T-fS) of the weld metal
(WM) and the partially melted zone
(PMZ), the recent discovery of the harmful

solidification condition of WM fS > PMZ
fS in welds susceptible to liquation cracking
was applied in the present study to both
predict and reduce the liquation-cracking
susceptibility of complete joint penetration
aluminum welds. T-fS curves were calcu-
lated based on the multicomponent Scheil
solidification model for two highly crack-
susceptible alloys, 7075 and 2024, to pre-
dict the crack susceptibility of their welds
made with various filler metals and to re-
duce it by adjusting the filler metal compo-
sition. These predictions were tested in cir-
cular-patch welding. 

The conclusions are as follows:
1. T-fS curves predict that welds of Alloy

7075 made with filler metals 4043, 4047,
and 4145 at 65% dilution, a level typical in
butt joint welding (including circular-patch
welding) of aluminum alloys, are suscepti-
ble to liquation cracking. 

2. Circular-patch welding of Alloy 7075
with filler metals 4043, 4047, and 4145 has
confirmed the crack susceptibility pre-
dicted by the T-fS curves. Liquation crack-
ing has been observed in all these welds.   

3. The severity of liquation cracking in
these 7075 welds is highest with filler metal
4043 and lowest with 4145, which has the
lowest extent of WM fS > PMZ fS during 
solidification.

4. T-fS curves suggest that increasing the
weld-metal Cu, not Si, content of 7075
welds can effectively reduce the extent of
WM fS > PMZ fS during solidification and
thus the crack susceptibility.

5. T-fS curves predict that if the Cu con-
tent in filler metal Al-4Cu-10Si (which is es-
sentially 4145) is increased, the extent of
WM fS > PMZ fS during solidification and

hence the crack susceptibility of 7075 welds
will decrease. 

6. Circular-patch welding of Alloy 7075
with filler metal 4145 plus extra Cu has con-
firmed elimination of liquation cracking as
predicted by the T-fS curves.

7. T-fS curves predict that welds of Alloy
2024 made with filler metals 1100 and 4043

Fig. 13 — T-fS curves predicting reduction of liquation-cracking susceptibility of 2024 welds by increasing
Cu content in filler metal Al-5Mg-xCu to minimize the extent of WM fS > PMZ fS during solidification,
65% dilution. Curves calculated using Pandat software of CompuTherm LLC (Ref. 28).

Fig. 14 — Alloy 2024 welded with filler metal 5356 plus
extra Cu. A — Overview; B — transverse micrograph;
C — T-fS curves. Elimination of cracking confirms ef-
fect of increasing filler-metal Cu content on reducing
crack susceptibility predicted by T-fS curves. Curves
calculated using Pandat software of CompuTherm
LLC (Ref. 28).

A

B

C
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at 65% dilution are susceptible to liquation
cracking.

8. Circular-patch welding of Alloy 2024
with filler metals 1100 and 4043 has con-
firmed the crack susceptibility predicted by
the T-fS curves.

9. The severity of liquation cracking in
these 2024 welds is much lower with filler
metal 4043, which has a much narrower
temperature range in which the condition of
WM fS > PMZ fS exists during 
solidification. 

10. T-fS curves show that if the Cu con-
tent in filler metal Al-5Mg (which is essen-
tially 5356) is increased, the extent of WM
fS > PMZ fS during solidification and hence
the crack susceptibility of 2024 welds will
decrease.

11. Circular-patch welding of Alloy 2024
with filler metal 5356 plus extra Cu has con-
firmed elimination of liquation cracking as
predicted by the T-fS curves.

12. The present study has demonstrated
that T-fS curves can predict the liquation-
cracking susceptibility of complete joint-
penetration aluminum welds and guide the
selection or development of filler metals to
minimize the susceptibility by minimizing
the extent of WM fS > PMZ fS during so-
lidification. With the help of these curves,
the filler-metal composition can be adjusted
to keep WM fS < PMZ fS during solidifica-
tion to reduce or eliminate the crack sus-
ceptibility.
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