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Maximum crack length has a close correlation with the 
temperature distribution in the HAZ 
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ABSTRACT. There have been previous 
investigations of HAZ liquation cracking 
of welds of Al-Mg-Si alloys. However, 
comparison of these investigations is diffi
cult, since different test procedures were 
used, and the results were qualitative. In 
the present investigation, more quantita
tive results have been obtained using the 
Varestraint test to investigate liquation 
cracking in the HAZ of gas tungsten arc 
welds of Al-Mg-Si alloys. The sensitivity of 
HAZ liquation cracking was mainly evalu
ated by the maximum crack length in the 
HAZ. 

HAZ liquation cracks were observed 
normal to the weld bead. In order to 
cause HAZ liquation cracking in a com
mercial 6061 alloy, critical values of both 
heat input and augmented strain are nec
essary. The maximum crack length 
increased linearly with further increments 
of augmented strain at a given heat input. 
Besides, the maximum crack length 
increased linearly when the heat input 
was increased above about 11 kj/cm (28 
k)/in.) (critical value) up to about 17 
kj/cm (43 k)/in.) at a given augmented 
strain. According to observations using a 
SEM, many globular structures were 
observed on the fracture surfaces, show
ing that the cracked region is partially 
melted. 

According to a multiple regression 
analysis, it was made clear that Si and Mg, 
which are the main elements in the base 
metal, and Cu are elements promoting 
cracking, but that Cr, Mn and V, which 
are grain refiner elements, suppress 
cracking. 

The temperature at the end of the 
crack decreased linearly when the aug-
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mented strain was increased for the com
mercial 6061 alloy. Most of the HAZ 
liquation cracks were observed in the 
region where the temperature was 
between the liquidus and solidus temper
atures. At very high levels of augmented 
strain, however, the temperature at the 
end of the crack was below the solidus 
temperature measured using a differen
tial scanning calorimeter. 

Introduction 

There have been investigations of 
liquation cracking in the heat-affected 
zone (HAZ) of welds for several classes of 
alloys, including ferritic steels (Refs. 1-4), 
austenitic stainless steels (Ref. 5), and 
Al-Mg-Si alloys (Refs. 6, 7). The elements 
which give rise to cracking are, of course, 
different in different materials. For exam-
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pie, in both ferritic and austenitic steels 
the cracking is often ascribed to the 
liquation of sulfides (Refs. 3-5), but also 
may be caused by impurities such as Cu 
(Ref. 8). 

The effects of welding procedure on 
liquation cracking appear to be generally 
understood: the severity of cracking 
increases with increasing heat input, 
increasing penetration of the weld bead 
and increasing restraint (Ref. 3). 

However, several mechanisms have 
been put forward to explain liquation. In 
a particular alloy, the mechanism(s) of 
cracking, and the elements contributing 
to cracking, are often not clear. For 
example, Pepe and Savage have 
explained how liquation can occur due to 
grain boundary segregation followed by 
constitutional liquation (Ref. 1). In consti
tutional liquation, the presence of segre
gation lowers the melting temperature 
below that predicted by the equilibrium 
phase diagram. In other investigations, 
cracking is attributed to the melting of 
eutectics (Ref. 2). Under some circum
stances, cracks in the HAZ may be 
repaired by the backfilling of liquid from 
the weld metal (Ref. 9). 

In Al-Mg-Si alloys, at least two mecha
nisms have been proposed to explain 
liquation cracking. Gittos and Scott sug
gested that cracking occurs when the 
base metal solidus is lower than the weld 
metal solidus temperatures (Ref. 6). Tsuji-
moto, er ai, related cracking to the 

Table 1—Chemical Compositions of Materials Used (wt-%) 

Cu Fe Ms Mn Zn Cr Zr 

Commercial 6061 
Alloy 3 (6261) 
Alloy 10 (6261) 
Alloy 17 (6061) 
Alloy 22 (6061) 
Alloy 24 (6061) 
Alloy 25 (6351) 

0.25 
0.25 
0.24 
0.99 
0.24 
0.01 
0.23 

0.29 
0.20 
0.22 
0.25 
0.20 
0.20 
0.21 

0.76 
0.58 
0.58 
1.03 
1.0 
1.01 
0.57 

0.044 
0.28 
0.17 
0.015 
0.002 
0.002 
0.02 

0.51 
0.82 
0.81 
0.64 
0.57 
0.57 
0.98 

0.025 
0.012 
0.013 
0.010 
0.012 
0.011 
0.011 

0.080 

— 
— 
— 
-
— 
— 

0.16 
0.001 
0.001 
0.12 
0.11 
0.11 
0.11 

0.011 
0.01 
0.18 
0.009 
0.009 
0.009 
0.01 

-
0.O01 
0.001 
0.01 
0.001 
0.001 
0.001 
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f/g. 1 —Schematic representation of the Varestraint test 

melting of low temperature eutectics in 
the HAZ (Ref. 7), but were unable to 
determine if the eutectics were caused 
by constitutional liquation or grain 
boundary diffusion from the weld metal. 
Moreover, they observed less cracking 
with more melting. Comparison of these 
investigations is difficult, since different 
test procedures were used, and the 
results were qualitative. 

In the present investigation, more 
quantitative results have been obtained 
using the Varestraint test to investigate 
liquation cracking in the HAZ of gas 
tungsten arc (GTA) welds. The effects of 
augmented strain, heat input, and chemi
cal compositions of the base metals on 
cracking were examined. 

Materials Used and 
Experimental Procedures 

Table 1 shows the chemical composi
tions of the materials used. The thickness 
and length of the samples were 6.3 mm 
(0.25 in.) and 120 mm (4.7 in.), respective

ly. A commercial 6061 alloy, plus experi
mental alloys with varying contents of 
Mg2Si, Cu, Mn, Cr, V and Zr, were 
studied. 

A Varestraint-type test was performed 
to evaluate the sensitivity of the HAZ 
liquation cracking. Figure 1 shows a sche
matic representation of the Varestraint-
type test. The test resulted in HAZ liqua
tion cracks which were normal to the 
weld bead. The radii of the bending 
blocks used were 200 and 100 mm (7.9 
and 3.9 in.), but it was possible to change 
the bending radii of the specimens by 
changing the stroke of the cylinder used 
to bend the specimens. 

The sensitivity of HAZ liquation crack
ing was mainly evaluated by the maxi
mum crack length in the HAZ. The crack 
length was observed as-welded using a 
projector (20X). Gas tungsten arc weld
ing (DCEP) using argon gas was per
formed under the following conditions: 
welding speed (v) from 67 to 193 m m / 
min (2.6 to 7.6 ipm), welding current (I) 
from 85 to 130 A, and arc voltage (E) 

from 19 to 20 V. The arc was extin
guished approximately one second after 
bending was initiated. When the arc was 
extinguished at the same time as bending, 
or before bending, the crack length 
became shorter or no crack was 
observed. When the arc was extin
guished more than one second after 
bending, almost the same crack lengths 
were obtained as that of one second. 

Results and Discussion 

The Effects of Width of Specimen and 
Ram Speed 

Heat-affected zone liquation cracks 
having different orientations with respect 
to the weld bead can be developed (Ref. 
10). The crack investigated here is one 
which is developed normal to the weld 
bead. Figure 2 shows an example of such 
a crack. The crack is propagating along 
grain boundaries in the HAZ. Another 
crack is observed in the weld metal. In 
many cases, the cracks were indepen
dent of weld metal cracking or were 

WELD METAL 
-=»«& 
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Fig. 2 —An example of a feature of cracks in the HAZ 
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Effect of the width of the specimen on the maximum crack Fig. 4 — Relation between the maximum crack length and the ram speed 

observed to be separated from cracks in 
the weld metal, as seen in Fig. 2. 

Figure 3 shows the effect of the width 
of the specimen on the maximum crack 
length (Lmax) when the commercial 6061 
alloy was welded at the heat input (Q) of 
20.4 kj /cm (52 kj/in.) (augmented strain 
t = 3.2%, assuming Q = 60 X lE/v). The 
augmented strain was calculated using 
Equation 1: 

c = t/2R (1) 

where t is thickness of the specimen (6.3 
mm) and R is bending radius (mm). When 
the width of the specimen was increased, 
the maximum crack length decreased 
gradually. This is due to the change of the 
temperature distribution near the fusion 
boundary plus the decreased ram speed 
possible with increased width. The width 
of the specimens was fixed at 50 mm (2 

t- BEND IN 

Fig. 5 —Schematic representation of the HAZ 
liquation cracking in GTA spot weld 

in.) for the remainder of the investiga
tion. 

The maximum crack length changes 
when the ram speed of the cylinder used 
for bending the specimen is changed. 
Figure 4 shows the relation between the 
maximum crack length and the ram 
speed for a fixed augmented strain of 
3.2%. The ram speeds shown in Fig. 4 
were measured when bending the base 
metal without welding. When the ram 
speed was approximately doubled, from 
about 8 to 17 mm/s (0.31 to 0.67 in./s), 
the maximum crack length increased 
approximately linearly by only 20%, from 
about 1.5 to 1.8 mm (0.06 to 0.07 in.). In 
the remainder of the investigation, the 
ram speed of 12.3 mm/s (0.48 in./s) was 
used. 

Effect of Augmented Strain 

In addition to traveling welds, some 
spot welds were made. Figure 5 shows a 
schematic representation of the HAZ 
liquation cracking in such spot welds after 
bending. The lengths of cracks observed 
in the HAZ were longest in the directions 
of twelve and six o'clock, and decreased 
towards the directions of three and nine 
o'clock. 

The reason for the variation in crack 
length is the variation in augmented 
strain. When a specimen is bent as shown 
in Fig. 5, strain e in the transverse direction 
is given by Equation 1. Strain t', which is 
operating in the direction inclined at an 
angle 8 to the transverse direction, is 
given by Equation 2: 

c 2 a = e COS^ (2) 

e' is the strain which causes a crack at the 
orientation 8, as shown in Fig. 5. 

Figure 6 shows the relation between 
crack length and the augmented strain in 
the commercial 6061 alloy for different 
spot welds. Parameter t in Fig. 6 is the arc 
time. When the augmented strain was 
less than 1%, no cracking was observed 
in the HAZ. As the strain was increased 
above 1%, the crack length increased 
linearly. At a given strain, the crack length 
became longer when the arc time was 
lengthened. 

Figure 7 shows the relation between 
the maximum crack length and the aug
mented strain when bead-on-plate weld
ing was performed on the commercial 
6061 alloy. The same relationship was 
obtained as in Fig. 6, i.e., no cracking was 
observed when the augmented strain 
was less than 1%, and the maximum 
crack length increased linearly as the 
strain increased above 1%. At a given 
strain, the maximum crack length became 
longer when heat input was increased, 
corresponding to the effect of arc time in 
Fig. 6. 

Effect of Heat Input 

As shown in Figs. 6 and 7, cracking 
increased when the arc time or heat input 
increased. Here, the effect of heat input 
on the maximum crack length was inves
tigated for different welding conditions. 
Figure 8 shows the relation between the 
maximum crack length and the heat input 
for the commercial 6061 alloy, using an 
augmented strain of 3.2%. No cracking 
was observed when the heat input was 
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less than about 11 kj/cm (28 kj/in.). 
When the heat input became larger than 
11 kj /cm, the maximum crack length 
increased linearly. When the heat input 
became larger than about 17 k)/cm (43 
kj/in.), the slope of the maximum crack 
length versus heat input was reduced. 
This tendency was consistent for welding 
speeds from 67 to 193 mm/min (2.6 to 
7.6 ipm). 

The effect of rolling direction was also 
investigated. In Fig. 8, open marks show 
the cases when the welding was normal 
to the rolling direction of the specimen, 
and solid marks show the cases when the 
welding direction was parallel to the roll
ing direction. Almost the same relation 
was obtained for both cases. 

Figure 8 summarizes the results when 
the augmented strain was 3.2%. Using 
Fig. 7, it is possible to determine the 
relationship between the maximum crack 
length and the heat input for several 
levels of strain, as shown in Fig. 9. Figure 9 
shows the result obtained by interpola
tion, using the result shown in Fig. 7. 
Over the range from about 11 to about 
17 kj /cm, the maximum crack length 
increased linearly when the heat input 
increased, for all of the strains investigat
ed. With increased augmented strain, the 
slope of the maximum crack length ver
sus heat input curve increased. 

It is clear that critical values of both 
heat input and augmented strain are nec
essary to cause HAZ liquation cracking in 
a GTA welded commercial 6061 alloy. 
For a fixed specimen size, the critical 
value of the heat input can be used as a 
measure to evaluate the sensitivity of an 
alloy to HAZ liquation cracking. 

Effect of Chemical Compositions of 
Base Metal 

Figures 10A and B show the relation
ship between the maximum crack length 
and the heat input for different base 
metals. In each case, the maximum crack 
length increased linearly with increased 
heat input above the critical heat inputs. 
The values of critical heat inputs depend 
on the chemical compositions of the base 
metals. The slopes of the maximum crack 
length versus the heat input also depend 
on the base metals. Alloys 24, 22 and 17 
are experimental 6061 alloys with differ
ent contents of Cu: 0.01, 0.24 and 0.99%, 
respectively. Figure 10A shows that the 
maximum crack length becomes longer 
with increased Cu content. Figure 10B 
shows that the relationship between the 
maximum crack length and the heat input 
was almost the same in the cases of 
Alloys 10 and 25. These alloys, plus Alloy 
3, all contained about 0.24% Cu and 
0.58% Mg, but with various amounts of 
other alloy additions (Mn, Si, Cr and V). 
Alloy 3 had the longest crack length at a 
given heat input. As is clear from Fig. 

0. or> 
0 .0 0 .5 1.0 3.0 3 .5 4 .0 1.5 2 .0 2 .5 

STRAIN, £' (%) 
Fig. 6 — Relation between the crack length and the strain in the case of GTA spot welding, for 
different times "f" 

2 .0 
AUGMENTED 

6.0 

Fig. 7-Relation between the maximum crack length and the augmented strain for different 
values of Q (heat input per unit distance) 

10, the maximum crack length was small
est in the case of the commercial 6061 
alloy. This is due to the difference of 
grain sizes in the HAZ, as is mentioned 
below. 

A multiple regression analysis was per
formed by taking the maximum crack 
length Lmax (mm) as the dependent vari
able and heat input Q (kj/cm), and Cu, 
Mg, Mn, Si, Cr and V content (wt-%) as 
predictor variables, and by using a com
puter, obtaining Equation 3. 

Lmax = -462.60 + 0.308 Q 
+38.31 Cu + 840.3 Mg - 3016 Mn 

+ 1020 Si - 8615 Cr - 1895 V 
(R2 = 0.87) (3) 

Since contents of Fe and Ti were approx
imately constant in all alloys, their effects 
could not be determined. Figure 11 
shows the relationship between the esti
mated maximum crack lengths using 
Equation 3 and the true maximum crack 
lengths. A good correlation was obtained 
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between them, though some scattering 
was observed in the data. Equation 3 
shows that Si, Mg and Cu are elements 
promoting cracking, but Cr, Mn and V 
are elements suppressing cracking. That 
is, Si and Mg, the main elements in the 
base metals, are detrimental elements for 
HAZ liquation cracking. It is effective to 
add Cr, Mn and/or V in order to sup
press HAZ liquation cracking. These are 
grain refiner elements. To understand 
these results better, the fracture surfaces 
were examined. 

SEM Observations 

Figures 12 and 13 show fractographs 
of the commercial 6061 alloy when the 
welding direction is normal and parallel to 
the rolling direction of the specimen, 
respectively. In each series, fractograph A 
is from the weld metal, B is near the 
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fusion boundary, C is near halfway along 
the crack, and D is near the end of the 
crack. Many dendrite tips are clearly 
observed in Fig. 12A. In Fig. 12B, lamellar 
patterns parallel to the rolling plane are 
observed, besides dendrite tips. The 
lamellar structures become more pro
nounced in Fig. 12C, but some rounded 
or globular structures are also observed, 
which show that this area was partially 
melted. To expose the crack surface, the 
material was subsequently fractured at 
room temperature. In Fig. 12D, the 
boundary between the HAZ liquation 
cracking and the subsequent ductile frac
ture (where many dimple patterns typical 
of ductile fracture are observed) is clearly 
recognized. 

Almost the same fractograph features 
are observed in Fig. 13 as in Fig. 12, 
although the lamellar structures are short
er, since cracking is normal rather than 

parallel to the rolling direction. Figure 8 
shows that there was little difference 
between crack lengths for the two 
cases. 

Figure 14 shows fractographs of Alloy 
17 (experimental 6061 alloy containing 
0.99% Cu). In Fig. 14, some differences 
from those already shown in Figs. 12 and 
13 are observed. The grain sizes in the 
HAZ of the experimental alloys were 
greater than in the commercial alloy, 
producing larger, flatter regions in these 
fractographs instead of the lamellar struc
tures. These structures are clearly 
observed in Figs. 14B and C. In Fig. 14B, 
many small white globular structures are 
observed which contain considerable 
Cu —about 20 to 30% according to the 
EDX results. The number of the globular 
structures is greater near the fusion 
boundary. These structures clearly show 
that there was some liquid when the 
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crack was developed, and that the 
amount of the liquid decreased farther 
from the fusion boundary. 

Mechanism of HAZ Liquation Cracking 

As already mentioned, both the strain 
and the heat input must be greater than 
critical values in order to cause HAZ 
liquation cracking. When the heat input is 
changed, the distribution of the maxi
mum temperature near the fusion 
boundary also changes. Figure 15 shows 
the distribution of the maximum temper
ature near the fusion boundary of com
mercial 6061 alloy, welded using two 
conditions. The temperature was mea
sured using a temperature-sensitive lac
quer. The maximum temperature de
creases almost linearly very near the 
fusion boundary. When the heat input 
was increased from 13.6 to 15.6 k)/cm 
(35 to 40 kj/in.), the slope of the maxi
mum temperature versus the distance 
from the fusion boundary into the HAZ 
decreased. 

Using both Figs. 7 and 15, it is possible 
to obtain the relationship between the 
augmented strain and the peak tempera
ture at a given location in the HAZ. Figure 
16 shows the relationship obtained. The 
hatched region in Fig. 16 represents the 
cracked region. Almost the same curve 
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was obtained for the heat inputs of both 
13.6 and 15.6 kj /cm. The peak tempera
ture at the end of the crack, i.e., the 
lowest temperature of crack growth for 
each augmented strain, decreased linear
ly when the augmented strain increased. 
It is clear that the maximum crack length 
has a close correlation with the tempera
ture distribution in the HAZ. 

The observation that the maximum 
crack length at a given augmented strain 
becomes longer when the heat input 
increases, as shown in Fig. 8, is due to the 
phenomenon that the temperature 
becomes higher over a wider region in 
the HAZ. The temperature measured at 
the fusion boundary was 649°C (1200°F), 
very close to the liquidus temperature 

Fig. 12 — Examples of fractographs of a commercial 6061 alloy (welding direction being normal to the rolling direction). A - Weld metal; B - near the 
fusion boundary; C — near halfway along the crack; D — near the end of the crack 
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Fig. 13 - Examples of fractographs of a commercial 6061 alloy (welding direction being parallel to the rolling direction). A — Weld metal; B - near the 
fusion boundary; C — near halfway along the crack; D — near the end of the crack 

Fig. 14 — Examples of fractographs 
of Alloy 17. A — Near the fusion 

boundary; B — near halfway along 
the crack; C — near the end of the 

crack 
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(648°C/1198°F) of the commercial 6061 
alloy obtained using a differential scan
ning calorimeter (DSC), whose accuracy 
is about ±1°C(±1 .8°F) . 

For augmented strains less than 1%, no 
crack was observed in the HAZ. For 
augmented strains of 2.0, 3.0 and 4.5%, 
cracking was observed in the region high
er than about 630°, 612° and 583°C 
(1166°, 1134° and 1081°F), respective
ly. 

It is clear from the fractographs shown 
in Figs. 12 and 13 that the HAZ liquation 
cracked region is partially melted. Several 
mechanisms have been proposed by 
which the HAZ liquation occurs: constitu
tional liquation (Ref. 1), eutectic reaction 

(Ref. 2), and invasion (or diffusion) from 
the weld metal of elements composing 
the low melting temperature compounds 
(Ref. 7). Figure 17 shows a microstructure 
near the fusion boundary of the commer
cial 6061 alloy, using the heat input of 
14.6 k]/cm. The partially molten zone is 
observed near the fusion boundary, hav
ing a width of about 0.5 to 0.6 mm (0.019 
to 0.023 in.). When the augmented strain 
was 3.5%, the maximum crack length was 
about 2 mm (0.08 in.) at the heat input of 
14.6 kj /cm (37 kj/in.), and the peak 
temperature at the end of the crack was 
about 600°C (1112°F). This crack length 
is much longer than the observed width 
of the partially melted zone, but small 

amounts of liquid may be difficult to 
detect after welding. According to the 
result of the DSC, the solidus tempera
ture of the commercial 6061 alloy was 
598°C (1108°F). Hence, up to 3.5% aug
mented strain, the observed temperature 
at the end of the crack is above the 
solidus temperature, so that melting can 
be expected at least for equilibrium con
ditions. However, when the augmented 
strain was 4.5%, HAZ liquation cracking 
was observed in the HAZ as low as about 
580°C (1076°F), i.e., considerably lower 
than the solidus temperature obtained 
using the DSC. 

The degree of cracking is therefore 
increased by increased strain and is not 

WELD METAL PARTIALLY MOLTEN ZONE 
=+£ =H 

Fig. 17 — An example 
of microstructures 
near the fusion 
boundary (heat 
input: 14.6 kj/cm) 
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limited by the solidus temperature as 
measured by DSC. Some of the cracking 
beyond the measured solidus tempera
ture may be due to lowering of the 
solidus temperature, due to rapid freez
ing of the liquid layer. Alternatively, con
stitutional liquation could also lower the 
solidus temperature. At lesser strains, the 
cracking is within the measured freezing 
range. 

In the case of GMA welding, HAZ 
cracking which is developed normal to 
the weld bead can be increased by pen
etration of molten metal from the weld 
metal into the HAZ (Ref. 10). Hence, 
penetration is also expected to occur in 
the present case, but cannot be distin
guished from melting in place. 

Summary and Conclusions 

The effects of augmented strain, heat 
input and the chemical compositions of 
the base metals on HAZ liquation crack
ing were studied quantitatively for GTA 
weld metals of Al-Mg-Si alloys using the 
Varestraint test. The conclusions ob
tained are as follows: 

1) HAZ liquation cracks were ob
served normal to the weld bead. 

2) An augmented strain greater than a 
critical value (about 1%) was necessary to 
cause HAZ liquation cracking in a com
mercial 6061 alloy. The maximum crack 
length increased linearly with further 
increments of augmented strain at a giv
en heat input. 

3) A heat input greater than a critical 
value was necessary to cause HAZ liqua
tion cracking in the commercial 6061 
alloy. At a given augmented strain, fur
ther increases in heat input beyond the 
critical value resulted in the maximum 
crack length increasing linearly with heat 

input up to a second critical value. 
4) For a given plate thickness and weld 

geometry, the critical value of the heat 
input can be used as a measure to evalu
ate the sensitivity of HAZ liquation crack
ing for a given degree of augmented 
strain. 

5) Both lamellar structures (due to roll
ing) and globular structures (from solidifi
cation) are observed in the HAZ liquation 
cracked region, showing that this region 
is partially melted. 

6) According to a multiple regression 
analysis, it was made clear that Si and Mg, 
which are the main elements in the base 
metal, and Cu, are elements promoting 
cracking, but Cr, Mn and V, which are 
grain refiner elements, suppress crack
ing. 

7) The peak temperature at the end of 
the crack decreased linearly when the 
augmented strain was increased for the 
commercial 6061 alloy. Almost the same 
curve of limiting temperature was 
obtained for heat inputs of 13.6 and 15.6 
kj/cm (35 and 40 kj/in.). 

8) Most of the HAZ liquation cracks 
were observed in the region where the 
temperature was between the liquidus 
and equilibrium solidus temperatures of 
the commercial 6061 alloy. 

9) At very high levels of augmented 
strain, the temperature at the end of the 
crack was below the solidus temperature 
measured using a differential scanning 
calorimeter. 
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