
WELDING RESEARCH

-S111WELDING JOURNAL

ABSTRACT. Liquation cracking in the par-
tially melted zone (PMZ) of full-penetra-
tion welds of Alloy 6061 (Al-1Mg-0.6Si) was
investigated. The PMZ is the region outside
the fusion zone where grain-boundary li-
quation occurs during welding. Circular-
patch welds of Alloy 6061 were made by gas
metal arc welding with both filler metals
5356 (Al-5Mg) and, 4043 (Al-5Si), and the
dilution was about 66%. Liquation cracking
occurred with 5356 but not 4043. Curves of
temperature (T) vs. fraction solid (fS) were
calculated for 1) the PMZ (same as the base
metal) of Alloy 6061 and its welds made
with filler metals 5356 and 4043, and 2) the
PMZ of Alloy 6082 (Al-0.7Mg-0.9Si) and its
welds made with filler metals NG61 (simi-
lar to 5356) and NG21 (similar to 4043).
Various dilution levels were covered. All
curves were based on the multicomponent
Scheil model and temperature-dependent
equilibrium partition ratio k and liquidus
slope mL. They were compared with the ex-
perimental results in the present study on
6061, in Metzger’s study on 6061 (Ref. 3),
and in Gittos and Scott’s study on 6082 (Ref.
5). It was found that weld metal fS > PMZ
fS during PMZ terminal solidification in
welds that liquation cracked, and that weld
metal fS < PMZ fS throughout PMZ solidi-
fication in welds that didn’t crack. There-
fore, the following is a necessary condition
for liquation cracking to occur: The weld
metal that is solidifying, contracting, and
pulling the PMZ must have a higher fS (or
more precisely, a higher strength) than the
PMZ during PMZ terminal solidification.
This condition is more realistic than that of
Gittos and Scott based on the equilibrium
solidus temperature because nonequilib-
rium solidification, which prevails in weld-

ing, can be considered through fs.  This con-
dition was applied to liquation  cracking in:
1) full-penetration Al-Mg-Si welds, includ-
ing explaining the well-known opposite ef-
fects of 5356 and 4043 on liquation crack-
ing; 2) multipass Al-Mg-Si welds of thick
plates, where the dilution is lower than that
in full-penetration welds (sheet material);
and 3) full-penetration Al-Cu welds, as well.

Introduction
Aluminum alloys are known to be sus-

ceptible to liquation cracking. Liquation
and liquation cracking in aluminum welds
have received much attention (Refs.
1–20). They occur in the partially melted
zone (PMZ) — the region immediately
outside the fusion zone where the mater-
ial is heated above the eutectic tempera-
ture (or above the solidus temperature if
the workpiece is solutionized before weld-
ing) (Ref. 1). Liquation occurs along the
grain boundary as well as in the grain in-
terior. Because of grain-boundary liqua-
tion, cracking can occur along grain
boundaries under tensile strains during
welding. Significant tensile strains are in-
duced in the workpiece when it is re-
strained and unable to contract freely
upon cooling during welding. 

The weld metal composition is deter-
mined by the base-metal composition, the
filler-metal composition and the dilution

ratio. The dilution ratio herein refers to
the extent the filler metal is diluted by the
base metal that melts and forms the weld
with the filler metal.  

Metzger (Ref. 3) observed liquation
cracking in full-penetration, gas tungsten
arc (GTA) welds of Alloy 6061 (essentially
Al-1Mg-0.6Si) made with Al-Mg filler
metals at high dilution ratios, but not in
similar welds made with Al-Si filler met-
als at any dilution ratio. Specifically, li-
quation cracking was observed in welds of
composition Al-1.6Mg-0.5Si made with
an Al-3Mg filler metal at a dilution ratio
of about 76%, and in welds of composi-
tion Al-1.9Mg-0.5Si made with an Al-
5Mg filler metal at about the same dilu-
tion ratio. No cracking was observed in
the following 6061 welds: Al-3.2Mg-0.3Si
made with an Al-5Mg filler metal at 44%
dilution, Al-0.8Mg-1.5Si made with an Al-
5Si filler metal at 78% dilution, and Al-
0.6Mg-3.2Si made with an Al-5Si filler
metal at 45% dilution. 

Gittos and Scott (Ref. 5) conducted the
circular-patch test (Ref. 21) on Alloy 6082
(essentially Al-0.7Mg-0.9Si). Full-pene-
tration GTA welds were made with filler
metals NG61 (essentially Al-5.2Mg, close
to 5356) and NG21 (essentially Al-5Si,
close to 4043). It was concluded that “li-
quation cracking occurred when using
NG61 filler metal with base metal dilu-
tions of ~ 80%” and “cracking did not
occur when using NG21 filler metal.”
Specifically, liquation cracking was ob-
served in welds containing from 1.3 to
1.8% Mg and 0.7 to 0.8% Si made with
NG61 at a dilution ratio ranging from
about 77 to 88%. (No dilution ratios out-
side this range were reported.) No crack-
ing was observed in a weld of composition
Al-0.6Mg-1.8Si made with NG21 at a dilu-
tion ratio of 78%. (No other dilution ratios
were shown.) It was suggested that liqua-
tion cracking occurs if the weld-metal
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solidus temperature is higher than the
base-metal solidus temperature. 

Katoh et al. (Ref. 7), Kerr et al. (Ref.
8), and Miyazaki et al. (Ref. 9) investi-
gated the effect of weld-metal composi-
tion on liquation cracking in welds of
6000-series aluminum alloys including
Alloy 6061. They used the Varestraint test
(Refs. 22, 23) to evaluate the susceptibil-
ity to liquation cracking. Partial-penetra-
tion welds were made by GTAW and
GMAW (gas metal arc welding). Longitu-
dinal liquation cracking occurred when
Alloy 6061 was welded with filler metal
5356 but not with filler metal 4043. Con-
trary to Gittos and Scott (Ref. 5), however,
Miyazaki et al. (Ref. 9) found that the
weld-metal solidus temperature was lower
than the base-metal solidus temperature
(597°C) regardless of whether the filler
metal was 5356 or 4043. It was suggested
that the Alloy 6061 probably liquated at
559°C by constitutional liquation induced
by the Al-Mg2Si-Si ternary eutectic.

Huang and Kou (Ref. 24) studied li-
quation cracking in partial-penetration
aluminum welds of Alloy 2219 made with
filler metals 1100, 2319, 4047, 4145, and
2319 plus extra Cu. It was discovered that

the papillary- (nipple-) type penetration
common in GMAW with spray transfer
tends to oscillate along the weld and pro-
mote liquation cracking near the weld root
regardless of the filler metal used. The re-
sultant weld root was wavy along the weld-
ing direction, and cracking occurred
mostly in the areas between waves. The
deformation of the grains and cracks in
the PMZ near the weld root suggested
that the solidifying and contracting weld
metal pulled the liquated PMZ near the
weld root and caused cracking. A mecha-
nism was proposed to explain the effect of
penetration oscillation on liquation crack-
ing near the weld root. 

Huang, Cao, and Kou (Ref. 25) inves-
tigated liquation cracking in partial-pene-
tration aluminum welds of Alloys 2024,
6061, and 7075. Filler metals 1100 and
4043 were used. Papillary penetration and
wavy weld roots were observed in all
welds. With either filler metal, severe li-
quation and liquation cracking occurred
in Alloys 2024 and 7075 but not in Alloy
6061, where liquation was light and no li-
quation cracking occurred.  

Huang and Kou (Ref. 26) also studied
liquation cracking in full-penetration

welds of Alloy 2219, which was selected
because it is a simple binary Al-6.3Cu
alloy. Circular-patch welds of Alloy 2219
were made by GMAW with filler metals of
various Cu contents. The curves of tem-
perature vs. fraction solid were calculated
for both the PMZ and the weld metal from
the Scheil equation without a computer
code because only binary Al-Cu alloys
were involved. The curves were essentially
parallel to one another without any inter-
sections and they showed that, in the welds
that liquation-cracked, the weld metal
fraction solid exceeded the PMZ fraction
solid throughout PMZ solidification. It was
observed that near solidification cracks li-
quation cracking either tended to stop or
not to occur at all. 

Cross and Gutscher (Ref. 27) studied
the effect of Cu and Fe content on the so-
lidification cracking and PMZ liquation in
Alloy 2519. The circular-patch test was
used.

In the present study, liquation cracking
in full-penetration welds of Alloy 6061 is
investigated using the circular-patch test.
The curves of temperature vs. fraction
solid, which are complicated and intersect
one another, are calculated for Alloys
6061 and 6082 and their welds, based on
the Scheil model for multicomponent al-
loys and using a computer code and data-
base. They are used to explain liquation
cracking in the present study and the stud-
ies of Metzger (Ref. 3), and Gittos and
Scott (Ref. 5). 

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

Fig. 2 — Evidence of significant liquation along
grain boundaries in partially melted zone of Alloy
6061.
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Experimental Procedure

The circular-patch test (Ref. 21) was
used to evaluate the susceptibility to li-
quation cracking, as shown in Fig. 1. In
order to prevent the workpiece from con-
tracting freely during welding, the work-
piece was highly restrained by being
bolted down to a thick stainless steel plate.
The workpiece for circular-patch welding
is shown in Fig. 1A. It consisted of an outer

piece and an inner piece, and both were
Alloy 6061. The filler metal was either
4043 or 5356. Alloy 6061 was welded in the
as-received condition of T6. The actual
compositions of the workpiece and the
filler metals are listed in Table 1.

The joint design was a square butt joint
in 3.2-mm-thick material with a 0.25-mm
root opening. The outer piece had an 11.1-
mm-diameter hole in each corner, and the
inner piece (circular patch) had a hole of
12.7 mm at the center. 

The fixture for circular-patch welding
is shown in Fig. 1B. The outer piece was
sandwiched between a copper plate (152
× 152 × 19 mm) at the bottom and a cop-
per 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, was bolted
down to a stainless steel base plate of 203
× 203 × 25.4 mm. The bolts were tightened
with a torque wrench to the same torque
of 47.5 m-N to ensure consistent restraint
conditions. A similar design was used by
Nelson et al. (Ref. 28) for assessing solid-
ification 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 full-penetration welds
because of the heat-sink effect of copper.
Welding was conducted by the gas metal
arc welding (GMAW) process with elec-
trode-positive polarity (DCEP) and with
argon as the shielding gas. The inner and
outer pieces were not tack welded prior to
GMAW. Since the pieces were held down
tightly, there was no problem keeping the
pieces flat due to distortion during weld-
ing. The distance between the contact
tube and workpiece was about 25.4 mm,
and the welding gun was perpendicular to
the workpiece. The welding speed was 4.2
mm/s (based on a 1.6 rpm rotation speed
and a 51 mm diameter). The filler metal
was 1.2 mm in diameter and was posi-

tioned at 25.4 mm from the center of the
workpiece. With filler metal 4043, the wire
feed rate was 93 mm/s, the average current
140 A, and the voltage 22 V. With filler
metal 5356, however, the arc was less sta-
ble, the average welding current was sig-
nificantly lower, and spattering of filler-
metal droplets was observed. These
resulted in a weld narrower than what was
needed to achieve about the same dilution
ratio as in the weld made with filler metal
4043. Consequently, 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
power (voltage times current) was 3080 W
in the case of 4043 and 3000 W in the case
of 5356, which were very close to each
other.

The weld surface was cleaned with a so-
lution of 48 vol-% HF in water. Macro-
graphs of the welds were taken with a dig-
ital camera. The welds were then
sectioned and etched with Keller’s
reagent. The weld microstructure was ex-
amined with an optical microscope. 

Houldcroft (Ref. 29) reported that the
composition of a single-pass GMA alu-
minum weld is essentially uniform. This is
because the Lorenz force, surface-tension
gradients, and droplet impingement all
help mix the filler metal with the melted
base metal (Ref. 1). 

It is assumed that the Mg loss due to
the high-Mg vapor pressure is not signifi-
cant enough to change the weld metal
composition. The concentration of any el-
ement, E, in the weld metal was calculated
as follows (Ref. 1): 

% E in weld metal = (% E in 
base metal) x [Ab / (Ab + Af)] + 
(% E in filler metal) x
[Af / (Ab + Af)] (1)

where Ab and Af are the areas in the weld
transverse cross section that represent
contributions from the base metal and the

Fig. 3 — Weld of Alloy 6061 made with filler
metal 5356. A — Overview; B — macrograph; C
— micrograph of area in square in B. Bottom
surface of weld.

Table 1 — Compositions of Workpiece and Filler Metals in wt-% (balance: Al)

Mg           Si              Cu            Mn            Zn            Ti                   Cr Fe

Workpiece
6061 0.91 0.68 0.23 0.07 0.05 0.05 0.19 0.44
6082 0.63 0.91 0.04 0.530 0.02 0.03 0.008 0.32
sheet 1
6082 0.72 0.94 0.03 0.51 0.02 0.04 0.005 0.34
sheet 2
6082 0.675 0.925 0.035 0.52 0.02 0.035 0.0065 0.33
average

Filler Metals
4043 0.05 5.20 0.30 0.05 0.10 0.20 — 0.8
5356 5.00 0.25 0.10 0.05 0.10 0.06 0.05 0.4
NG 61 5.25 0.20 0.10 0.80 0.10 0.05–0.20 0.05–0.20 0.2
NG 21 0.20 5.25 0.10 0.50 0.20 — — <0.6

Compositions of 6082, NG 21, and NG 61 taken from Gittos and Scott (Ref. 5).
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filler metal, respectively. The ratio Ab/(Ab
+ Af) is the dilution ratio. The transverse
macrograph of the weld was taken with a
digital camera and enlarged on the com-
puter monitor. The cross-sectional areas
of the entire weld A1, the face reinforce-
ment A2, and the root reinforcement A3
were selected and calculated using com-
mercial computer software. From these
data, areas Ab and Af were determined,
that is, Ab = A1 – (A2 + A3) and Af = A2
+ A3.

Results and Discussion

For convenience, all welds are identified
by two numbers, the first referring to the

workpiece and the second the filler metal.
For instance, weld 6061/5356 refers to the
weld made in Alloy 6061 with a filler metal
of Alloy 5356. The measured dilution ratios
of the welds are shown in Table 2.

Evidence of Grain-Boundary Liquation

Significant liquation was observed in
the PMZ of the welds. Figure 2 is a micro-
graph showing the transverse cross section
of weld 6061/4043. It was taken with DIC
(differential interference contrast) to bet-
ter reveal the liquated and re-solidified
material along the grain boundaries in the
PMZ. The lines in the PMZ along the
rolling direction were rolling bands. The

eutectic at grain boundaries and the α
phase next to them are clear evidence that
significant grain-boundary liquation oc-
curred in the PMZ during welding. During
cooling, the grain-boundary liquid (hy-
poeutectic) solidified first into the solute-
depleted α phase and finally as the solute-
rich eutectic at grain boundaries. Huang
and Kou (Refs. 16–20) studied grain-
boundary liquation and the resultant
grain-boundary segregation in several alu-
minum alloys including 6061 (Ref. 18).

6061 Welded with Filler Metal 5356

As shown in Table 2, the weld metal
composition of weld 6061/5356 was essen-
tially Al-2.38Mg-0.53Si (dilution ratio
64.1%). Because of the high vapor pres-
sure of Mg caused by filler metal 5356 (es-
sentially Al-5Mg), some filler metal
droplets from spattering landed on the top
surface of the weld (Ref. 30). Conse-
quently, the bottom surface of the weld in-
stead of the top surface was examined for
liquation cracking. Figure 3A is the
overview of the bottom of the weld traced
from the digital photograph of the weld
with the help of computer software. The
cracks were marked with thick lines for
clarity. Such an overview was used instead
of the photograph itself because cracks
were too small to see at the magnification
of the overview. 

As shown in Fig. 3A, liquation cracking
was severe, extending along more than
half (59%) of the outer edge of the weld.
Liquation cracking occurred along the
outer edge of the weld but not the inner
edge, as evident from the macrograph
taken from the upper-left region of the
weld and shown in Fig. 3B. The solidifica-
tion shrinkage of aluminum is as high as
6.6% (Ref. 31), and the thermal expansion
coefficient of aluminum is roughly twice
that of iron-based alloys. Therefore, alu-
minum alloys have a tendency to contract
significantly during solidification. Since
the apparatus (Fig. 1) kept the workpiece
from contracting, the outer edge of the
weld was in tension while the inner edge
was in compression. Consequently, liqua-
tion cracking occurred only along the
outer edge of the weld. Figure 3C shows
the microstructure inside the small square
in Fig. 3B. The liquated PMZ looked
clearly different from the cellular/den-
dritic structure of the fusion zone. 

6061 Welded with Filler Metal 4043

As shown in Table 2, the weld metal
composition of weld 6061/4043 was essen-
tially Al-0.63Mg-2.15Si (dilution ratio
67.6%). Figure 4A shows the overview of
the top of the weld, including the crater
(which is visible from the top) at the ter-
mination of welding. As shown, there was

alloy 6061 welded with filler 4043
(top view)

Fig. 4 — Weld of Alloy 6061 made with filler
metal 4043. A — Overview; B — macrograph.
Top surface of weld.

Table 2 — Weld-Metal Dilution Ratios and Compositions in wt-% (balance: Al)

Weld Dilution Mg Si Cu Mn Zn
(workpiece/ Ratio (%)
filler metal)

6061/5356 64.1 2.376 0.526 0.183 0.063 0.068
6061/4043 67.6 0.631 2.146 0.253 0.064 0.066

Fig. 5 — Transverse cross sections of welds of
Alloy 6061 made with filler metals. A —  5356; B
— 4043. 
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no liquation cracking in this weld. The
macrograph in Fig. 4B, taken from the
upper left region of the weld, confirms the
absence of liquation cracking.  

Figure 5 shows the transverse cross sec-
tions of welds 6061/5356 and 6061/4043.
Figure 5A was taken from an area in weld
6061/5356 where the liquation cracks were
very fine, in order to better reveal the in-
tergranular feature of liquation cracking.
No liquation cracking was visible in weld
6061/4043, as shown in Fig. 5B. 

Liquation Cracking and Solidus 
Temperatures

Figure 6 shows a map of the solidus
temperatures (TS) in the Al-rich corner of
the ternary Al-Mg-Si system (Ref. 32),
which Gittos and Scott (Ref. 5) used to ex-
plain liquation cracking in Alloy 6082.
They pointed out that the weld-metal TS
relative to the base-metal TS has a signifi-
cant effect on liquation cracking. Alloy
6082 (essentially Al-0.7Mg-0.9Si) has a TS
of 580°C. With filler metal Al-5.2Mg, the
weld-metal TS varies along the thick dot-
ted line from 6082 to Al-5.2Mg, passing
through a maximum temperature of
595°C. At high dilution ratios, that is, at a
short distance along the dotted line from
the 6082, weld-metal TS > base-metal TS.

With filler metal Al-5Si, the weld-metal TS
varies along the thick dotted line from
6082 to Al-5Si, decreasing first and then
increasing somewhat but always staying
below the base-metal TS of 580°C.

In other words, for Alloy 6082 welded
with Al-5.2Mg at high dilution ratios,
weld-metal TS > base-metal TS, and li-
quation cracking did occur. For Alloy 6082
welded with Al-5Si at any dilution ratios,
on the other hand, weld-metal TS < base-
metal TS, and liquation cracking did not
occur. In light of these relationships be-
tween TS and liquation cracking, Gittos
and Scott (Ref. 5) stated, “The proposed
mechanism of HAZ cracking is that, dur-
ing welding, grain boundary melting oc-
curs in the HAZ and with certain base
metal and weld metal compositions, it is
possible for the base metal solidus to be
below the weld metal solidus. Thus, when
tensile strains arising from weld metal so-
lidification are imposed on the HAZ,
cracking occurs at such boundaries.” 

Alloy 6061 (essentially Al-0.91Mg-
0.68Si) and its welds in the present study
are also included in Fig. 6. For weld
6061/4043 (essentially Al-0.63Mg-2.15Si),
the weld-metal TS of about 557°C is lower
than the base-metal TS of about 595°C. Li-
quation cracking did not occur (Fig. 4) and
this is consistent with Gittos and Scott (Ref.

5). For weld 6061/5356 (essentially Al-
2.38Mg-0.53Si), on the other hand, the
weld-metal TS of about 585°C is also lower
than the base-metal TS of about 595°C.
However, liquation cracking occurred (Fig.
3), contrary to Gittos and Scott (Ref. 5).

Since the cooling rate during welding is
relatively high, the equilibrium solidifica-
tion condition that the solidus tempera-
ture represents, in fact, does not exist in
welding. Nonequilibrium solidification,
instead, will be considered as stated
below.

Curves of Temperature vs. Fraction Solid 

Instead of using the solidus tempera-
tures like Gittos and Scott (Ref. 5), Huang
and Kou (Ref. 26) used the fraction solid
to assess the potential for liquation crack-
ing to occur in a binary Al-Cu Alloy 2219. 
Figure 7 shows schematically the mi-
crostructure at fusion boundary during cir-
cular-patch welding. As shown, at the fusion
boundary in area a, the weld metal and the
PMZ are both in the liquid state (L). At the
fusion boundary in area b, both the weld

Fig. 6 — Locations of alloys, filler metals, and weld metals on solidus-temperature map of ternary Al-
Mg-Si system.

Fig. 7 — Schematic sketch of microstructure at
fusion boundary during welding. PMZ, partially
melted zone; S, solid; L, liquid.
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metal and the PMZ have been solidifying
and thus are in the semisolid state (S + L).

The fraction solid of a semisolid
formed during nonequilibrium solidifica-
tion can be calculated by using the Scheil
equation (Ref. 1), which is based on the as-
sumptions of complete diffusion in liquid,
no diffusion in solid, and equilibrium be-
tween solid and liquid at the solid/liquid
interface. As an approximation, the frac-
tion solid fS at any given temperature T
can be calculated from the following
Scheil equation:

(2)

where Tm is the melting point of pure alu-
minum, TL the liquidus temperature of
the alloy, and k the equilibrium partition
ratio. This simple form of the Scheil equa-
tion is based on the assumptions that the
solidus line and the liquidus line of the bi-
nary phase diagram are both straight lines,

that is, the equilibrium partition ratio and
the slope of the liquidus line are both con-
stant. It can be shown (Ref. 1) that the
Scheil equation can also be written as

(3)

where mL (< 0) is the slope of the liquidus
line in the phase diagram and C0 is the
solute content of the alloy before solidifi-
cation.

For multicomponent alloys, the frac-
tion solid must be calculated numerically
because Equations 2 and 3 are for binary
alloys only. A computer code Pandat was
used, which is a software package for cal-
culating multicomponent phase diagrams,
solidification paths, and thermodynamic
properties (Ref. 33). A database PanAlu-
minum was also used, which is a thermo-
dynamic database for aluminum alloys
based on the experimental data of ther-
modynamic properties and phase equilib-

ria (Ref. 34). The software and the data-
base have been tested extensively against
binary and multicomponent aluminum al-
loys (Refs. 35–51). All thermodynamic
models are built in Pandat, and all model
parameters are listed in the database. In
the computation of the phase diagram, the
compositions of the solid and liquid
phases at each temperature are calcu-
lated, based on which k and mL at each
temperature are calculated, that is, they
are both temperature dependent. No spe-
cial 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. Ele-
ments Cr, Ti, and Fe were neglected.
These elements are not associated with li-
quation in Alloy 6061 (Ref. 18). The Scheil
model for multicomponent alloys was
used as an approximation, but with tem-
perature-dependent k and mL. More ad-
vanced solidification models can be used
to calculate the fraction solid more accu-
rately than the Scheil model if necessary. 
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Fig. 8 — T vs. fS curves for 6061 and its welds made in the present study. With
filler 5356 at 64% dilution, liquation cracking occurred and weld-metal fS >
PMZ fS during PMZ terminal solidification. With 4043 at 68% dilution, li-
quation cracking did not occur and weld-metal fS < PMZ fS. Curves were cal-
culated using Pandat of CompuTherm LLC (Ref. 33).

Fig. 9 — T vs. fS curves for 6061 and its welds made with filler metal 5356.
Weld-metal fS > PMZ fS at 60–90% dilution (shaded area), which includes the
weld metals Al-1.6Mg-0.5Si and Al-1.9Mg-0.5Si that caused liquation crack-
ing. Weld-metal fS < PMZ fS at 40% dilution, which is close to the weld metal
Al-3.2Mg-0.3Si that caused no cracking. Curves were calculated using Pandat
of CompuTherm LLC (Ref. 33).
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Comparing T-fS Curves with Welds in
Present Study

Figure 8 shows the weld-metal and
PMZ T-fS curves of welds 6061/4043 and
6061/5356. The starting end of a T-fS curve
at fS = 0 corresponds to the onset of for-
mation of the primary Al phase (α) from
the liquid. For Alloy 6061 PMZ solidifica-
tion is essentially over, i.e., fs= 0.99, at
537°C. Consider arbitrarily the last 40°C
before that as PMZ terminal solidifica-
tion. A portion of the curves during termi-
nal solidification is enlarged for clarity. A
kink appears in a T-fS curve when a sec-
ondary phase starts to form with α simul-
taneously from the liquid, that is, when the
liquidus slope changes due to intersection
with a line of twofold saturation, such as a
eutectic valley. For instance, in the curve
for the PMZ of Alloy 6061, the first kink
at 575°C corresponds to the onset of si-
multaneous formation of Mg2Si and α,
and the second kink at 547°C to the onset
of simultaneous formation of the Si-rich

phase and α. It is assumed that the sec-
ondary phase will nucleate as soon as such
a valley is reached, that is, without signifi-
cant undercooling.  

It is evident from Fig. 8 that there are
interesting things happening below the
aforementioned base-metal solidus tem-
perature of about 595°C. Consider the
curve for weld 6061/5356. The kink at
about 588°C corresponds to the onset of
simultaneous formation of Mg2Si and α.
At 595°C the weld-metal fS is lower than
the PMZ fS but it increases sharply at
about 588°C. From about 585° to 540°C
the weld-metal fS becomes higher than the
PMZ fS. This shows that the weld metal
becomes higher in fS than the PMZ during
PMZ terminal solidification. 

Consider the curve for weld 6061/4043
now. At 595°C the weld-metal fS is much
lower than the PMZ fS. The kink at about
563°C corresponds to the onset of the si-
multaneous formation of the Si-rich phase
and α from the liquid, and that at about
552°C, to the onset of the simultaneous

formation of Mg2Si with α. Although fS in-
creases with decreasing temperature, it re-
mains lower than the PMZ fS during PMZ
terminal solidification. Thus, the weld
metal remains lower in fS than the PMZ
throughout PMZ solidification.

Therefore, the T-fS curves for the welds
in the present study show that liquation
cracking occurs when weld-metal fS >
PMZ fS during PMZ terminal solidifica-
tion, but not when weld-metal fS < PMZ
fS throughout PMZ solidification. 

Comparing T-fS Curves with Welds in
Metzger’s Study

Figure 9 shows the T-fS curves for the
PMZ (base metal) and weld metal of Alloy
6061 made with filler metal 5356 at dilu-
tion ratios ranging from 10 to 90%. The
compositions of the weld metal are listed
in Table 3. As shown by the shaded area in
Fig. 9, the weld-metal T-fS curve clearly
crosses over the PMZ T-fS curve at the di-
lution ratios of 60 to 90%, with the maxi-

Fig. 10 — T vs. fS curves for 6061 and its welds made with filler 4043. Weld-
metal fS < PMZ fS at 40–90% dilution (shaded area), which includes the weld
metals Al-0.8Mg-1.5Si and Al-0.6Mg-3.2Si that caused no cracking. Curves
were calculated using Pandat of CompuTherm LLC (Ref. 33).

Fig. 11 — T vs. fS curves for 6082 and its welds made with filler NG61. Weld-
metal fS > PMZ fS at 70–90% dilution (shaded area), which includes the weld
metals Al-(1.3–1.8)Mg-(0.7-0.8)Si that caused liquation cracking. Curves
were calculated using Pandat of CompuTherm LLC (Ref. 33).
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mum crossover occurring at about 70% di-
lution. As shown in Table 3, this range of
dilution ratio corresponds to the composi-
tion range of 1.3 to 2.5% Mg and 0.5 to
0.6% Si. 

As mentioned previously, Metzger
(Ref. 3) observed liquation cracking in
welds of composition Al-1.6Mg-0.5Si
made with an Al-3Mg filler metal at a di-
lution ratio of about 76%, and in welds of
composition Al-1.9Mg-0.5Si made with an
Al-5Mg filler metal at about the same di-
lution ratio. These welds are essentially in
between the 60%-dilution weld (Al-
2.5Mg-0.5Si) and the 90%-dilution weld
(Al-1.3Mg-0.6Si) in Table 3. According to
Fig. 9, weld-metal fS > PMZ fS during
PMZ terminal solidification, about 45°C
at 60% dilution and 40°C at 90%.  

Metzger (Ref. 3) found no cracking in
welds of composition Al-3.2Mg-0.3Si
made with an Al-5Mg filler metal at a di-
lution ratio of about 44%. These welds are
close in composition to the 40%-dilution
weld (Al-3.4Mg-0.4Si) in Table 3. Accord-
ing to Fig. 9, weld-metal fS < PMZ fS
throughout PMZ solidification. 

Figure 10 shows the T-fS curves for the
PMZ (base metal) and weld metal of
Alloy 6061 made with filler metal 4043 at
dilution ratios ranging from 10 to 90%.
The compositions of the weld metal are
listed in Table 4. As shown in Fig. 10, the
weld metal T-fS curve does not crossover
the PMZ T-fS curve except at 10–20% di-
lution.

Metzger (Ref. 3) observed no cracking
in welds of composition Al-0.8Mg-1.5Si
made with an Al-5Si filler metal at a dilu-
tion ratio of about 78%. He also observed
no cracking in welds of composition Al-
0.6Mg-3.2Si made with an Al-5Si filler
metal at a dilution ratio of about 45%.
These welds are essentially in between the
40%-dilution weld (Al-0.4Mg-3.4Si) and
the 90%-dilution weld (Al-0.8Mg-1.1Si) in
Table 4. As shown by the shaded area in
Fig. 10, weld-metal fS < PMZ fS through-
out PMZ solidification. 

Therefore, the T-fS curves for the welds
in Metzger’s study (Ref. 3) also show that
liquation cracking occurs when weld-
metal fS > PMZ fS during PMZ terminal
solidification, but not when weld-metal fS
< PMZ fS throughout PMZ solidification. 

Comparing T-fS Curves with Welds in 
Gittos’ Study

For Alloy 6082 PMZ solidification is es-
sentially over, i.e., fs = 0.99, at 552°C. Con-
sider again arbitrarily the last 40°C before
that as PMZ terminal solidification. Figure
11 shows the T-fS curves for the PMZ (base
metal) and weld metal of Alloy 6082 made
with filler metal NG61 (Al-5.25Mg-0.4Si) at
dilution ratios ranging from 10 to 90%. The

Table 3 — Weld-Metal Dilution Ratios and Compositions (in wt-%) in the Case of Alloy 6061
Welded with Filler Metal 5356

Dilution Mg Si Cu Mn Zn Al
Ratio (%)

10 4.591 0.293 0.113 0.052 0.095 94.856
20 4.182 0.336 0.126 0.054 0.090 95.212
30 3.773 0.379 0.139 0.056 0.085 95.568
40 3.364 0.422 0.152 0.058 0.080 95.924
50 2.955 0.465 0.165 0.060 0.075 96.280
60 2.546 0.508 0.178 0.062 0.070 96.636
70 2.137 0.551 0.191 0.064 0.065 96.992
80 1.728 0.594 0.204 0.066 0.060 97.348
90 1.319 0.637 0.217 0.068 0.055 97.704

Table 4 — Weld-Metal Dilution Ratios and Compositions (in wt-%) in the Case of Alloy 6061
Welded with Filler Metal 4043

Dilution Mg Si Cu Mn Zn Al
Ratio (%)

10 0.136 4.748 0.293 0.052 0.095 94.676
20 0.222 4.296 0.286 0.054 0.090 95.052
30 0.308 3.844 0.279 0.056 0.085 95.428
40 0.394 3.392 0.272 0.058 0.080 95.804
50 0.480 2.940 0.265 0.060 0.075 96.180
60 0.566 2.488 0.258 0.062 0.070 96.556
70 0.652 2.036 0.251 0.064 0.065 96.932
80 0.738 1.548 0.244 0.066 0.060 97.308
90 0.824 1.132 0.237 0.068 0.055 97.684

Table 5 — Weld-Metal Dilution Ratios and Compositions (in wt-%) in the Case of Alloy 6082
Welded with Filler Metal NG61

Dilution Mg Si Cu Mn Zn Al
Ratio (%)

10 4.7925 0.2725 0.0935 0.772 0.182 93.8875
20 4.3350 0.3450 0.0870 0.744 0.164 94.3250
30 3.8775 0.4175 0.0805 0.716 0.146 94.7625
40 3.4200 0.4900 0.0740 0.688 0.128 95.2000
50 2.9625 0.5625 0.0675 0.660 0.110 95.6375
60 2.5050 0.6350 0.0610 0.632 0.092 96.0750
70 2.0475 0.7075 0.0545 0.604 0.074 96.5125
80 1.5900 0.7800 0.0480 0.576 0.056 96.9500
90 1.1325 0.8525 0.0415 0.548 0.038 97.3875

Table 6 — Weld-Metal Dilution Ratios and Compositions (in wt-%) in the Case of Alloy 6082
Welded with Filler Metal NG21

Dilution Mg Si Cu Mn Zn Al
Ratio (%)

10 0.2475 4.8175 0.0935 0.502 0.182 94.1575
20 0.2950 4.3850 0.0870 0.504 0.164 94.5650
30 0.3425 3.9525 0.0805 0.506 0.146 94.9725
40 0.3900 3.5200 0.0740 0.508 0.128 95.3800
50 0.4375 3.0875 0.0675 0.510 0.110 95.7875
60 0.4850 2.6550 0.0610 0.512 0.092 96.1950
70 0.5325 2.2225 0.0545 0.514 0.074 96.6025
80 0.5800 1.7900 0.0480 0.516 0.056 97.0100
90 0.6275 1.3575 0.0415 0.518 0.038 97.4175
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compositions of the weld metal are listed in
Table 5. As shown in Fig. 11, the weld-metal
T-fS curve clearly crosses over the PMZ T-fS
curve at the dilution ratios of 50 to 90%,
with the maximum crossover occurring at
about 70% dilution. 

Gittos and Scott (Ref. 5) observed li-
quation cracking in welds containing from
1.3 to 1.8% Mg and 0.7 to 0.8% Si made
with a NG61filler metal at a dilution ratio
ranging from about 77 to 88%. These
welds are between the 70%-dilution weld
(Al-2.0Mg-0.7Si) and the 90%-dilution
weld (Al-1.1Mg-0.9Si) in Table 5. As
shown by the shaded area in Fig. 11, for
these welds weld metal fS > PMZ fS dur-
ing PMZ terminal solidification.

Figure 12 shows the T-fS curves for the
PMZ (base metal) and weld metal of Alloy
6082 made with filler metal NG21 (Al-
0.2Mg-5.25Si) at dilution ratios ranging
from 10 to 90%. The compositions of the
weld metal are listed in Table 6. As shown
in Fig. 12, the weld-metal T-fS curve
crosses over the PMZ T-fS curve at 10%
and 20% dilution. 

Gittos and Scott (Ref. 5) found no
cracking in a weld of composition Al-
0.6Mg-1.8Si made with a NG21 filler
metal at a dilution ratio of 78%. This weld
is close in composition to the 80%-dilu-
tion weld (Al-0.6Mg-1.8Si) in Table 6. Ac-
cording to Fig. 12, weld-metal fS < PMZ
fS throughout PMZ solidification.

Therefore, the T-fS curves for the welds
in the study of Gittos and Scott (Ref. 5)
also show that liquation cracking occurs
when weld-metal fS > PMZ fS during
PMZ terminal solidification, but not when
weld-metal fS < PMZ fS throughout PMZ
solidification.

Necessary Condition for Liquation 
Cracking Based on Fraction Solid

The mechanism of liquation cracking
in full-penetration aluminum welds has
been described in the study on Al-Cu
welds by Huang and Kou (Ref. 26) as fol-
lows. Liquation cracking is caused by the
tensile strains induced in the PMZ by the
solidifying and contracting weld metal
that exceed the PMZ resistance to crack-
ing. This requires a combination of signif-
icant tensile strains in the PMZ and a sus-
ceptible PMZ microstructure, both of
which have already been described (Ref.
26). In brief, significant tensile strains
exist in the PMZ if 1) the workpiece has a
tendency to contract significantly (such as
aluminum alloys welded under significant
heat inputs) but is kept from contracting
freely by the restraint imposed on it, 2) the
weld metal is higher in strength than the
PMZ during solidification to force the
PMZ to accommodate the contraction
strains, and 3) there is no solidification

cracking in the weld
metal to relax the
tensile strains in the
nearby PMZ. Ex-
perimental data
have shown that the
strength of a semi-
solid aluminum
alloy increases with
increasing solid
fraction (decreas-
ing temperature)
(Ref. 52). As an ap-
proximation, the
secondary effect of
the microstructure
and grain size on
the strength will be
neglected, and the
strengths of the
weld metal and the
PMZ will be com-
pared based on the
fraction solid. A
susceptible PMZ
microstructure ex-
ists when there is
sufficient liquation
to weaken the PMZ
significantly. A
lightly liquated
PMZ is resistant to
cracking. For a
given workpiece
material, the tensile
strains and liqua-
tion in the PMZ are
both affected sig-
nificantly by the welding condition. 

It is, therefore, proposed that for li-
quation cracking to occur in full-penetra-
tion aluminum welds, the solidifying and
contracting weld metal must have a higher
fraction solid (or more precisely a higher
strength) than the PMZ that it pulls dur-
ing PMZ terminal solidification. This con-
dition for liquation cracking is more real-
istic than that of Gittos and Scott (Ref. 5)
based on the equilibrium solidus temper-
ature because nonequilibrium solidifica-
tion, which prevails in welding, can be con-
sidered through the fraction solid.
Liquation cracking is not likely to occur in
full-penetration welds when the weld
metal is lower in fraction solid (or more
precisely a lower strength) than the PMZ
throughout PMZ solidification.

In addition to this condition, the work-
piece must have a tendency to contract sig-
nificantly during solidification. Further-
more, there must be significant restraint
to keep the workpiece from contracting
freely, significant liquation to weaken the
PMZ, and no solidification cracking to
relax the strains in the nearby PMZ. These
additional conditions have been proposed
by Huang and Kou (Ref. 26). 

If the PMZ is higher in solid fraction
and does not crack, the weld metal will
have to accommodate high restraint.
Whether the weld metal will crack de-
pends on whether it is within the composi-
tion range that is susceptible to solidifica-
tion cracking. Experimental data of the
ternary Al-Mg-Si system (Ref. 53) show
that Alloy 6061 (close to Al-1Mg-0.6Si) is
highly susceptible to solidification crack-
ing but much less so when welded with
filler metal 4043 or 5356, especially the
former. This suggests that the weld metal
may not crack. Huang and Kou (Ref. 26)
have shown in the case of Alloy 2219 (Al-
6.3Cu) that raising the weld metal Cu con-
tent (e.g., to 3.4%) to eliminate liquation
cracking can cause solidification cracking.
However, both solidification cracking and
liquation cracking disappeared when the
Cu content was raised further (e.g., to
6.3%) to beyond the composition range
most susceptible to solidification cracking
(around 3% Cu).

Multipass Welds of Thick Plates

Liquation cracking in multipass welds
of thick plates will be considered here.

Fig. 12 — T vs. fS curves for 6082 and its welds made with filler NG21. Weld-
metal fS < PMZ fS at 80% dilution, which corresponds to the weld metal Al-
0.6Mg-1.8Si that caused no liquation cracking. Curves were calculated using
Pandat of CompuTherm LLC (Ref. 33).
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The dilution ratios in the welds discussed
above are about 66% in the circular-patch
welds in the present study, 45–80% in the
straight-line welds in Metzger’s study
(Ref. 3), and 75–90% in the circular-patch
welds in the study of Gittos and Scott (Ref.
5). These dilution levels are appropriate
for single-pass welds in sheet material.

In thick-section multipass welds typical
dilution levels are in the range of 10–40%,
which are also covered in the fS-T curves in
Figs. 9 through 12. At these lower dilution
levels Al-Mg filler metals are much less
likely to cause liquation cracking. In Fig. 9
the weld-metal fS-T curves for the welds
made with filler metal 5356 at 10–40% di-
lution do not cross over the PMZ curve of
Alloy 6061. Similarly, in Fig. 11 the weld-
metal fS-T curves for the welds made with
filler metal NG61 at 10–40% dilution do
not cross over the PMZ curve of Alloy
6082. 

Ellis et al. (Ref. 12) observed liquation
cracking in 80-mm-thick plates of Alloy
6082 multipass welded with filler metal
5356 but not 4043. The dilution ratios
were not measured but were said likely to
be somewhat below 50%. It was noticed
that liquation cracks were perpendicular
to the fusion boundary and parallel to the
rolling direction, instead of parallel to the
weld interface as in the case of sheet ma-
terial (Ref. 5). In view of this, it was sug-
gested that bands of solute segregation
through the plate thickness could have en-
hanced the local alloy content in the PMZ
and caused liquation cracking at lower di-
lution levels than in thin material. A
higher local alloy content (Co) in the PMZ
means a lower local fS at a given tempera-
ture T, as can be seen from Equation 3
even though it is for binary alloys. Conse-
quently, even at a relatively low dilution
ratio, it is possible for weld-metal fS >
PMZ fS to occur locally in the PMZ and
cause liquation cracking along the bands
of segregation.

Contrary to Al-Mg filler metals, Al-Si
filler metals are more likely to cause li-
quation cracking at lower dilution levels,
say, 10–40%, than at higher dilution levels,
say, 50–90%. In Fig. 10 the weld-metal fS-
T curves for the welds made with filler
metal 4043 at 10–20% dilution cross over
the PMZ curve of Alloy 6061. Similarly, in
Fig. 12 the weld-metal fS-T curves for the
welds made with filler metal NG21 at
10–30% dilution cross over the PMZ
curve of Alloy 6082. 

Al-Cu Welds

The necessary condition for liquation
cracking in full-penetration Al-Cu welds
is, in fact, a special case of the one pro-
posed here for Al-Mg-Si welds. The T-fS
curves for Al-Cu welds are simple; they do

not intersect one another, in fact, they are
essentially parallel to one another. As
shown by Huang and Kou (Ref. 26), a
higher fS (or more precisely a higher
strength) in the weld metal than in the
PMZ throughout PMZ solidification is a
necessary condition for liquation cracking
in Al-Cu welds. The condition proposed
here for liquation cracking in Al-Mg-Si
welds, in fact, also applies to Al-Cu welds.
This is because weld metal fS > PMZ fS
during PMZ terminal solidification in-
cludes the special case of weld-metal fS >
PMZ fS throughout PMZ solidification.

Summary and Conclusions

The present study was conducted to in-
vestigate the well-known liquation-crack-
ing phenomenon in full-penetration welds
of 6000-series aluminum alloys and to ex-
plain the opposite effects of filler metals
5356 and 4043 on liquation cracking. The
circular-patch test was used to evaluate
the crack susceptibility. Full-penetration
welds were made by GMAW with filler
metals 5356 and 4043. The macrostructure
and microstructure of the resultant welds
were examined. Curves of temperature
(T) vs. fraction solid (fS) were calculated
for both the PMZ and the weld metal to
help understand liquation cracking by
comparing the T-fS curve of the weld metal
against that of the PMZ. 

The conclusions are as follows:
1) Confirmation of Metzger’s study: The

experimental results in the present study
show that welding Alloy 6061 with filler
metal 5356 at a high dilution ratio can
cause liquation cracking but not with filler
metal 4043. This is consistent with Met-
zger’s experimental results on Alloy 6061
(Ref. 3).

2) Contradiction to Gittos’ theory: Git-
tos and Scott (Ref. 5) proposed a liqua-
tion-cracking theory based on the equilib-
rium solidus temperature TS, that is,
liquation cracking occurs when weld-
metal TS > base-metal TS. The use of TS
unfortunately prevented nonequilibrium
solidification, which prevails in welding,
from being considered. In the present
study, filler metal 5356 caused liquation
cracking in Alloy 6061 at 64% dilution.
However, the TS of the weld metal, 585°C,
is less than the TS of the base metal (same
as PMZ), 595°C. 

3) T-fS curves for Al-Mg-Si welds: Based
on the Scheil model for multicomponent
alloys and the temperature-dependent
equilibrium partition ratio k and liquidus
slope mL, T-fS curves have been calculated
for both the PMZ (same as base metal)
and the weld metal. These curves, ranging
from 10 to 90% dilution, include:  Alloy
6061 welded with filler metals 5356 and
4043, and Alloy 6082 welded with filler

metals NG61 (similar to 5356) and NG21
(similar to 4043). Unlike in the case of Al-
Cu welds, where the T-fS curves are simple
and essentially parallel to one another, the
T-fS curves of Al-Mg-Si welds can be much
more complicated and can intersect one
another. 

4) T-fS curves and liquation cracking in
6061: When compared with the 6061 welds
in the present study made with filler met-
als 5356 and 4043 and in Metzger’s study
(Ref. 3), the T-fS curves show that weld-
metal fS > PMZ fS during PMZ terminal
solidification in the welds that cracked,
and that weld-metal fS < PMZ fS through-
out PMZ solidification in the welds that
did not crack. 

5) T-fS curves and liquation cracking in
6082: When compared with the 6082 welds
made with filler metals NG61 and NG21
by Gittos and Scott (Ref. 5), the T-fS
curves also show that weld metal fS >
PMZ fS during PMZ terminal solidifica-
tion in the welds that cracked, and that
weld-metal fS < PMZ fS throughout PMZ
solidification in the welds that did not
crack.

6) Necessary condition for liquation
cracking in Al-Mg-Si welds: For liquation
cracking to occur in full-penetration
welds, there must be a higher fraction
solid (or more precisely, a higher strength)
in the weld metal than in the PMZ during
PMZ terminal solidification. Since this
condition is based on fS instead of TS, non-
equilibrium solidification can be consid-
ered, either through the basic Scheil
model or more advanced solidification
models that can predict T-fS curves more
accurately than the Scheil model. In addi-
tion, there must be 1) a significant ten-
dency for the workpiece to contract during
solidification, 2) significant restraint to
keep the workpiece from contracting
freely, 3) significant liquation to weaken
the PMZ, and 4) no solidification cracking
nearby to relax the strains in the PMZ. Li-
quation cracking is not likely to occur in
full-penetration welds if the weld metal
has a lower fraction solid than the PMZ
throughout PMZ solidification.  

7) Opposite effects of filler metals 5356
and 4043 on cracking: The long recognized
opposite effects of filler metals 5356 and
4043 on liquation cracking in 6000-series
alloys can now be explained. Filler 5356
can make the solidifying and contracting
weld metal higher in fS than the PMZ that
it pulls during PMZ terminal solidifica-
tion, thus encouraging it to tear the PMZ.
On the contrary, filler 4043 can keep the
weld metal lower in fS throughout PMZ
solidification. 

8) Liquation cracking in multipass welds
of thick plates: The T-fS curves show that
Al-Mg filler metals such as 5356 and
NG61 are likely to cause liquation crack-
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ing in full-penetration welds in thin sheets
of 6000-series aluminum alloys such as
6061 and 6082, where the dilution levels
are higher (50–90%), but much less likely
to do so in multipass welds in thick plates,
where the dilution levels are lower
(10–40%). However, bands of solute seg-
regation through the thickness of thick
plates can cause local decreases in fS in the
PMZ, resulting in weld-metal fS > PMZ fS
and hence liquation cracking in the PMZ
along the bands.  

9) Necessary conditions for liquation
cracking in Al-Cu welds: The necessary
condition for liquation cracking in full-
penetration Al-Cu welds is a special case
of the one proposed here for Al-Mg-Si
welds. Since the T-fS curves for Al-Cu
welds are essentially parallel to one an-
other without any intersections, a higher fS
in the weld metal than in the PMZ
throughout PMZ solidification is neces-
sary for liquation cracking to occur (Ref.
26). However, weld-metal fS > PMZ fS
during PMZ terminal solidification in-
cludes the special case of weld-metal fS >
PMZ fS throughout PMZ solidification.
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