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Investigation of Heat-Affected Zone 
Cracking of GMA Welds of Al-Mg-Si 

Alloys Using the Varestraint Test 

Filler metal composition, rather than base metal composition, 
promoted or prevented the occurrence of transverse cracking 

BY H. VV. KERR A N D M . KATOH 

ABSTRACT. Al-Mg-Si alloys are superior 
to other high-strength aluminum alloys in 
their weldability and corrosion resistance, 
but have a problem of high crack sensitiv
ity in the weld heat-affected zone (HAZ) 
due to liquation cracking. Some reports 
have been published on liquation crack
ing of these alloys. However, there is 
some disagreement in previous papers 
over the mechanisms of liquation crack
ing. In this present investigation, the 
effects of the filler metals and welding 
conditions on HAZ cracking were studied 
for GMA welds of Al-Mg-Si alloys, using 
the Varestraint test for 4043 and 5356 
filler metals. The sensitivity of HAZ liqua
tion cracking was mainly evaluated by the 
maximum crack length in the HAZ. 

Two types of cracking were observed: 
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longitudinal cracking, parallel to the weld 
bead, and transverse cracking, normal to 
the weld bead. The longitudinal cracks 
were observed only in the case of 5356 
filler metal. For the longitudinal cracks to 
be developed, it is necessary that the 
region near the fusion boundary is melted 
(probably due to constitutional liquation) 
and that the weld metal has partly solidi
fied when the augmented strain is 
applied. The heat input must exceed a 
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critical value in order to cause longitudinal 
cracking. 

The transverse cracks were observed 
for both 4043 and 5356 filler metals. Both 
the augmented strain and the heat input 
must exceed critical values in order to 
cause transverse cracking. At a given 
augmented strain and heat input, the 
maximum crack length was considerably 
greater in the case of 4043 filler metal 
than in the case of 5356 filler metal. This 
phenomenon could be explained by 
assuming that the lower solidus tempera
ture of 4043 filler metal promoted liquid 
penetration to the HAZ for a longer 
distance. A thin layer with higher Si in the 
case of 4043 filler metal and Mg in the 
case of 5356 filler metal was observed on 
the crack surface, consistent with pene
tration of the molten metal from the weld 
metal. 

The relative cracking tendency is 
opposite for the two types of cracks with 
the different filler metals; 4043 filler metal 
promotes transverse cracking, but pre
vents longitudinal cracking. 
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Table 1—Chemical Compositions of Materials Used (wt-

Commercial 6061 
Alloy 3 (6261) 
Alloy 10 (6261) 
Alloy 17 (6061) 
Alloy 22 (6061) 
Alloy 24 (6061) 
Alloy 25 (6351) 
4043 filler metal 
5356 filler metal 

Cu Fe 

0.25 0.29 
0.25 0.20 
0.24 0.22 
0.99 0.25 
0.24 0.20 
0.01 0.20 
0.23 0.21 
0.19 0.21 
0.009 0.25 

Mg 

0.76 
0.58 
0.58 
1.03 
1.0 
1.01 
0.57 
0.018 
4.73 

~v \ 

Mn 

0.044 
0.28 
0.17 
0.015 
0.002 
0.002 
0.02 
0.003 
0.071 

Si 

0.51 
0.82 
0.81 
0.64 
0.57 
0.57 
0.98 
4.35 
0.077 

Ti 

0.025 
0.012 
0.013 
0.010 
0.012 
0.011 
0.011 
0.10 
0.083 

Zn 

0.080 

-
-
-
-
-
-

<0.0003 
0.004 

Cr 

0.16 
0.001 
0.001 
0.12 
0.11 
0.11 
0.11 
0.0007 
0.070 

V 

0.011 
0.01 
0.18 
0.009 
0.009 
0.009 
0.01 
0.016 
0.015 

Zr 

_ 
0.001 
0.001 
0.01 
0.001 
0.001 
0.001 

— 
-

Introduction 

Al-Mg, Al-Mg-Si and Al-Zn-Mg alloys 
have been widely used as materials for 
welded structures. Al-Mg alloys are non-
heat-treatable, but both Al-Mg-Si and 
Al-Zn-Mg alloys are heat-treatable. It is 
said that Al-Mg-Si alloys are superior in 
their weldability and corrosion resistance, 
but slightly inferior in strength, to Al-
Zn-Mg alloys when Al-Mg or Al-Si filler 
metals are used (Ref. 1). 

However, Al-Mg-Si alloys have a prob
lem of high crack sensitivity in the weld 
HAZ due to liquation cracking. Some 
reports have been published on liquation 
cracking of these alloys. Gittos and Scott 
showed that HAZ cracking occurred par
allel to the weld bead in GMA (gas metal 
arc) welds, using a patch test (Ref. 2). 
They attributed cracking to the base 
metal solidus being below the weld metal 
solidus. However, Tsujimoto, ef ai, who 
performed GMA groove welding in a 
butt joint, showed that liquation cracking 
occurs even when the solidus of the base 
metal is higher than that of the weld 
metal (Ref. 1). The reason for liquation 
cracking was considered to be the inva
sion (or the diffusion) of Si and Mg, which 
are the major elements of the filler met
als, along the grain boundaries of the 
HAZ (Ref. 1). Tanaka, et af, showed that 
the HAZ crack sensitivity could be evalu

ated by the width of the brittle tempera
ture range, defined as the difference in 
nil-ductility temperatures on heating ver
sus on cooling (Ref. 3). 

In a related paper, the authors have 
shown that HAZ liquation cracking nor
mal to the weld bead occurred in Al-
Mg-Si alloys which were GTA welded 
using the Varestraint test (Ref. 4). It was 
made clear that cracking only occurred 
when both the augmented strain and the 
heat input were above critical values. 
Moreover, the maximum crack length 
increased when either the augmented 
strain or the heat input increased. 

It is apparent that there is some dis
agreement in previous papers over the 
mechanisms of liquation cracking. Part of 
the difficulty in interpreting these results is 
that different testing techniques were 
used. In addition, the comparison of 
cracking using different filler metals or 
welding conditions has generally been 
qualitative. 

In this present investigation, the effects 
of the filler metals and welding conditions 
on HAZ cracking were studied for GMA 
welds, using the Varestraint test. Differ
ent compositions of base metals were 
employed, based on 6061-type alloys. 
Depending on the sectioning technique, 
two major types of cracking were 
observed, each of which could be affect
ed by the welding procedure. 

Materials Used and 
Experimental Procedures 

Table 1 shows the chemical composi
tions of the materials used (thickness: 6.3 
mm/0.25 in., length: 120 mm/4.7 in.). 
Type 6061 alloys, nominally AI-1 Mg-0.6 
Si, are balanced Mg2Si alloys, but may 
have variations in the contents of Cu, 
Mn, Cr, V and Zr (commercial 6061 alloy, 
Alloys 17, 22 and 24). Type 6351 alloys 
are high in excess Si alloys (Alloy 25), 
while 6261 alloys have somewhat less 
excess Si (Alloys 3 and 10). Minor ele
ments such as Cu, Mn, Cr, Zr and V can 
affect recrystallization and grain growth 
in the HAZ, as well as precipitation and 
liquation effects. 

The Varestraint test was performed to 
evaluate the sensitivity of the HAZ liqua
tion cracking. Figure 1 shows a schematic 
representation of the Varestraint test. 
GMA welding on plates was performed 
using welding speeds (v) ranging from 
254 to 508 mm/min (10 to 20 ipm), 
welding currents (I) from 110 to 170 A, 
and arc voltages (E) from 22 to 24 V. The 
filler metals used were 4043 and 5356 
(diameter 1.6 mm/zie in.). The specimen 
was bent approximately one second 
before the arc for the welding was 
stopped. 

The HAZ liquation cracks were normal 
and/or parallel to the weld bead, as will 
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Fig. 1 —Schematic representation of the Varestraint test. Left —top view; right —side view 
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be described in detail later The radii of 
the bending blocks were 200 and 100 
mm (8 and 4 in.). It was possible to 
change the bending radii of the speci
mens by changing the stroke of the 
equipment. 

The sensitivity of the materials to the 
HAZ liquation cracking was mainly evalu
ated by the maximum crack length in the 
HAZ. The crack length was observed 
using a projector (X20) after machining 
off the reinforcement. The maximum 
crack length (Lmax) changes when either 
the width of the specimen or the ram 
speed of the cylinder for bending the 
specimen is changed (Ref. 4). In this 
investigation, the width of the specimen 
was 50 mm (2 in.) and the ram speed was 
12.3 mm/s (0.5 ips) (measured in bending 
the base metal without welding). 

Crack Types 

Figure 2 shows a schematic representa
tion of the cracks observed for the two 
filler metals, 4043 and 5356. In the case of 
4043 filler metal, only cracks which were 
transverse to the weld bead were 
observed (these cracks will be called 
transverse cracks hereafter). The trans
verse cracks are HAZ liquation cracks. In 
the case of 5356 filler metal, both trans
verse cracks and cracks which were par
allel to the weld bead (called longitudinal 
cracks hereafter) were observed. 

The longitudinal cracks propagated in 
the partially molten zone of the HAZ a 
distance from the weld bead —Fig. 3. In 
addition, weld metal cracking was 
observed in the weld crater, following 
the direction of heat flow, as illustrated in 
Fig. 2B. This weld metal cracking was not 
studied extensively in the present investi
gation, since it was found to be present in 
all cases, whereas longitudinal cracks 
were only observed with certain filler 
metal/weld procedure combinations. 
Similarly, weld metal cracking was not a 
necessary condition for transverse crack
ing of the HAZ, since many transverse 
cracks were not attached to weld metal 
cracks. 

TRANSVERSE CRACK 

B 

LONGITUDINAL CRACK 

—>, 

c 
WELD METAL CRACK 

'• r i 

Fig. 2—Schematic representation of cracks observed. A -4043 tiller metal; B — 5356 filler metal 

Longitudinal Cracks 

Effects of Augmented Strain and Heat Input 

Figure 3 shows a macrostructure of the 
longitudinal crack. In the cross-section, 
the crack is observed to be parallel to the 
fusion boundary. Figure 4 shows a micro-
structure near the crack. It is clear that the 
crack is propagating in the partially mol
ten zone. 

Figure 5 shows the relation between 
the crack length and the augmented 
strain in the case of heat input (Q) equal 
to 8.3 kj/cm (21 kj/in.) (assuming Q = 60 
El/v) for the commercial 6061 alloy. The 
crack length was measured in the longitu
dinal section near the fusion boundary. 
The augmented strain e was obtained 
using Equation 1: 

t = t/2R (D 

where t is the thickness of the specimen 
(6.3 mm) and R is the radius of the 
bending (mm). As the weld metal has a 
reinforcement, the strain in the weld 
metal cannot be given by Equation 1. The 

strain shown here is the value on the 
specimen surface without the reinforce
ment. The crack length increased gradu
ally when the augmented strain 
increased. As will be shown later, there 
was a critical augmented strain to cause 
the transverse cracks. In the case of the 
longitudinal cracks, however, a longitudi
nal crack about 4 mm (0.15 in.) long was 
observed even when the augmented 
strain was small, down to 0.6%. 

Figure 6 shows the relation between 
the longitudinal crack length and the heat 
input in the case of augmented strain 
equal to 3.2",,. For heat inputs less than 
4.3 kj /cm (11 kj/in.), no longitudinal 
cracks were observed. When the heat 
input was larger than 4.3 k j /cm, the crack 
length increased linearly with heat input. 

Figure 7 shows fractographs of the 
fracture surface of the commercial 6061 
alloy's longitudinal crack. Figure 7A is 
opposite the weld crater, but in the HAZ. 
Evidence of a solidification structure is 
visible, showing that the fracture surface 
was melted when the longitudinal crack 
was developed. Figure 7B is a region a 
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Fig. 3 — Macrostructure of a longitudinal crack Fig. 4—An example of microstructures near the longitudinal crack 
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Fig. 5 — Relationship between the crack length of the longitudinal crack 
and the augmented strain 
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Fig. 6 — Relationship between the crack length of the longitudinal crack 
and the heat input 

little farther behind the crater; solidifica
t ion structure is still visible. Analysis o f the 
globular shapes, using an energy disper
sive x-ray analyzer (EDX) on a scanning 
electron microscope, indicated that they 
are compounds , w i t h a range o f c o m p o 
sitions: 2 t o 7 w t - % M g , 5 t o 9 w t - % Si, 7 
t o 19 w t - % Fe and 1 t o 2 w t - % Cu. The 
numbers o f the compounds decrease 

w h e n the distance f r o m the crater 
increases, as is seen in Fig. 7C. Because o f 
the small size o f the compounds , these 
analyses wil l be af fected by the sur round
ing matrix. Howeve r , the high percent
ages o f al loying addit ions, particularly Fe, 
are very n o t e w o r t h y . It is clear that these 
compounds are due to l iquat ion, bu t not 
certain whe the r the higher content o f M g 

is due to di f fusion a n d / o r invasion f r o m 
the w e l d meta l , or simply melt ing o f the 
existing e lement in the base metal . Figure 
7D is near the end of the crack. In this 
case, the grain boundary is sharper than 
the o ther f ractographs. These f rac to 
graphs show that the amount of mo l ten 
metal decreases w h e n the distance f r o m 
the crater increases. 

Fig. 7 — Examples of fractographs of the longitudinal crack. A — near the weld crater; B — a little farther from the weld crater; C — far from the weld 
crater; D — near the end of the crack 
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Fig. 8 —A — Top and B-side views of the longitudinal crack Fig. 9 —Relationship between the solidus temperature (using DSC) and 
the heat input 

Mechanism of Longitudinal Cracking 

Figure 8 shows the top and side views 
of the longitudinal crack. As seen in the 
side view, the reinforcement bent where 
there was no crack, but bent less near the 
region where the crack was observed. 
This shows that the weld metal on top of 
the crack was largely solid when the 
augmented strain was applied. It is clear 
from Fig. 7 that the fracture surface is 
melted, with increasing liquid closer to 
the weld crater. Hence, for the longitudi
nal crack to be developed, it is necessary 
that the region near the fusion boundary 
is melted and that the weld metal has 
partly solidified when the augmented 
strain is applied. 

Gittos and Scott estimated the relation 
between the solidus temperature and 
dilution by the base metal, using the 
Al-Mg-Si ternary phase diagram (Ref. 2). 
They proposed that, during welding, 
grain boundary melting occurs in the 
HAZ, and that with certain base metal 
and weld metal compositions, it is possi
ble for the base metal solidus to be 
below the weld metal solidus. Thus, 
when tensile strains arising from weld 
metal solidification are imposed on the 
HAZ, longitudinal cracking occurs at such 
boundaries. 

To examine this theory, the solidus 
temperatures of the weld metals and the 
base metal were measured using a differ
ential scanning calorimeter (DSC). Figure 
9 shows the relation between the solidus 
temperatures and the heat input for the 
two filler metals. In the case of 4043 filler 
metal, the solidus temperatures were 
much lower than those of the base metal 
(598°C/1108°F) because of dilution, and 
decreased from 571° to 553°C (1060° to 
1027°F) as the heat input increased from 
4.4 to 8.9 kj /cm (11 to 23 kj/in.). Consis
tent with Gittos and Scott, no longitudinal 
crack was observed using this filler metal. 
In the case of 5356 filler metal, the solidus 
temperature increased slightly, from 585° 

to 588°C (1085° to 1090°F), as the heat 
input was increased from 4.4 to 8.3 
kj /cm, but was still a little lower than that 
measured for the base metal (598°C). 
Hence, the cracking observed in this case 
is not consistent with the Gittos and Scott 
mechanism. 

Pepe and Savage have shown that the 
HAZ may liquate due to constitutional 
liquation (Ref. 5). This appears to be the 
mechanism for the longitudinal cracking 
in the case of 5356 filler metal. The 
important role played by the minor impu
rity iron should not be ignored since high 
values of iron were found in the globular 
phases. More work is needed on the 
complex phase equilibria in Al-Mg-Si-Cu-
Fe-X alloys (Ref. 6). 

When the HAZ can liquate, the reason 
the longitudinal crack is observed behind 
the weld crater as shown in Fig. 8A can 
be explained using Fig. 10. Figure 10A 
identifies two cross-sections. Cross-sec
tion AA ahead of the weld shows an area 
where no longitudinal crack is observed, 
while BB shows an area where the crack 
is observed. Figure 10B shows some loca
tions in the cross-section — Z1 is the weld 
metal near the fusion boundary, Z2 is the 
HAZ near the fusion boundary (partially 
molten zone), and Z3 is the HAZ far from 
the fusion boundary. Figure 10C shows 
the thermal cycles at the locations of Z1, 
Z2 and Z3. Figure 10D shows the temper
ature distribution in the cross-section AA 
and corresponds to the temperatures at 
the time t1 in Fig. 10C. Figure 10E shows 
the temperature distribution in the cross-
section BB and corresponds to the tem
peratures at the time t2 in Fig. 10C. 

Consider that the solidus temperature 
of the weld metal is higher than the 
solidus temperature of the base metal. 
This corresponds to the situation that the 
HAZ liquates, as in the case of 5356 filler 
metal. In the cross-section AA, the tem
perature T I ' at Z1 is the same as that of 
the molten metal. The temperature T2' 
at Z2 is higher than the solidus tempera

ture of the base metal, so there is some 
liquid at Z2. When the augmented strain 
is applied, the base metal deforms, but 
not in the area where there exists enough 
liquid (that is, both the HAZ partially 
molten zone and the weld metal). Hence, 
no longitudinal crack is observed. In the 
cross-section BB, the temperature T1 at 
Z1 is lower than the solidus temperature 
of the weld metal, so that the area near 
Z1 has already solidified. There exists 
some liquid near Z2, however, because 
the temperature T2 at Z2 is higher than 
the solidus temperature of the base met
al. Of course, there is no liquid near Z3. 
When the augmented strain is applied, 
the base metal and the HAZ at Z3 
deform, but the partially molten zone at 
Z2 cannot deform without cracking, 
because the solidified weld metal acts as 
a restraint. In other circumstances, such 
as the patch test employed by Gittos and 
Scott, the base metal is restrained and the 
partially molten zone cannot deform 
plastically in response to the cooling of 
the weld metal. 

When the solidus temperature of the 
weld metal is lower than the solidus 
temperature of the base metal, as in the 
case of 4043 filler metal, the weld metal 
remains partially melted when there is 
some liquid in the partially molten zone. 
This is the same case as that in the 
cross-section AA already mentioned. 
Hence, no longitudinal crack is observed 
in this case. 

At a given heat input, the amount of 
liquation decreases as the distance from 
the weld crater increases. With increased 
strain, cracking can proceed to a lower 
fraction of liquid, increasing the crack 
length as shown in Fig. 5. When the heat 
input increases, liquation will occur over a 
wider region. Hence, longer cracks are 
obtained when the heat input increases 
at a given augmented strain, as shown in 
Fig. 6. Heat input above a critical value 
was necessary to promote the longitudi
nal cracks, as seen in Fig. 6. At low heat 
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Fig. 10 — Schematic representation of the temperature distribution. 
A—Locations of cross-sections; B — cross-section; C —thermal cycles; 
D — cross-section AA; E — cross-section BB 

inputs, the thickness o f the partially mo l 
t en zone is less than the grain size o f the 
HAZ, so that solid metal is always present 
t o transmit the imposed strain. 

2. 0 3. 0 4. 0 5. 0 6. D 
AUGMENTED STRAIN, £ (X) 

Fig. 11 — Relationship 
augmented strain. A -

Transverse Cracks 

Effects of Augmented Strain, 
Heat Input and Filler Metals 

Figures 11A and B show the relation 
b e t w e e n the max imum transverse crack 
length and the augmented strain for 4043 
and 5356 filler metals, respectively, w h e n 

using the commerc ia l 6061 alloy. No 
transverse cracks w e r e observed w h e n 
the augmented strain was less than about 
0.5% for b o t h filler metals. The max imum 
crack length increased linearly as the 
strain increased above about 0.5%. At a 
given augmented strain, the max imum 
crack length became longer w h e n the 
heat input was increased. 

Figures 12A and B show the relation 

between the maximum crack length and the 
4043 filler metal; B-5356 filler metal 

b e t w e e n the max imum crack length and 
the heat input for the filler metals 4043 
and 5356, respectively. No cracks w e r e 
observed w h e n the heat input was less 
than about 4 k j / c m (10 k j / in . ) . W h e n the 
heat input became larger than 4 k j / c m , 
the max imum crack length increased lin
early w i t h heat input. 

Hence, it is clear that critical values of 
b o t h the augmented strain and the heat 
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input must be exceeded to cause trans
verse cracking. 

The filler metal also considerably influ
ences transverse cracking. Comparing 
Fig. 12A with Fig. 12B, the maximum 
crack length in 4043 filler metal was 
generally more than twice that in 5356 
filler metal for a given test condition. 

It should be noted that the relative 
cracking tendency is opposite for the two 
types of cracks with the different filler 
metals —4043 filler metal promotes trans
verse cracking, but prevents longitudinal 
cracking. 

Figure 13 shows the effect of different 
base metals on the relationship between 
the maximum crack length and the heat 
input, for a fixed augmented strain of 
4.5%. The maximum crack length using 
4043 filler metal was up to 2.4 times 
longer than in the case of 5356 filler 
metal, though the scattering of the data 
was large. This tendency was the same as 
that shown in Fig. 12, although the trans
verse cracks were smallest in the case of 
the commercial 6061 alloy, as is seen in 
Fig. 13. It was observed that the effect of 
the filler metals was larger than that of 
the base metals. 

Mechanism of Transverse Cracking 

Figures 14A through D show fracto
graphs of the transverse cracks in com
mercial 6061 in the case of 4043 filler 
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Fig. 13 -Effect of the 
base metals on the 
relationship between 
the maximum crack 
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metal. Figure 14A is a fractograph from 
near the fusion boundary. Figures 14B, C 
and D are fractographs from the loca
tions of y « 30, 70 and 100% in the HAZ, 
respectively (y = 0% represents the 
fusion boundary, and y = 100% repre
sents the boundary between the trans
verse crack and the subsequent crack 
propagation [by ductile fracture] at room 
temperature in order to expose the crack 
surface). Many globular structures are 
observed in Figs. 14A, B and C, and the 
numbers of the globular structures 
decrease as y increases. According to the 
EDX analysis, these globs contained 

about 10 to 20% Si. Laminated structures 
due to the rolling pattern are observed in 
the upper part of Fig. 14D. 

Figures 15A, B and C show fracto
graphs at the locations of y as 0, 50 and 
100%, respectively, for the case of 5356 
filler metal of the commercial 6061 alloy. 
Many globular structures, which con
tained about 8% Mg according to the 
EDX analysis, are observed all over the 
crack. 

It is clear from Figs. 14 and 15 that the 
region where the transverse cracks were 
observed was partly melted during crack
ing. 

Fig. 14 - Examples of fractographs of the transverse crack (4043 filler metal). A-y « 0% (near the fusion boundary); B-y « 30%; C-y » 70%; 
D-y on 100% (near the end of the crack) 
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Fig. 76 — The result of line analysis of Si near a crack in the case of 4043 
filler metal 

Fig. 17— The result of line analysis of Mg near a crack in the case of 5356 
filler metal 

Fig. 15-Examples of fractographs of the transverse crack (5356 filler 
metal). A—y^0% (near the fusion boundary); B — y^50",.; C — 
y = 100",, (near the end of the crack) 

Fig. 18 —An example of microstructures near a crack (5356 filler 
metal) 

Figure 16 shows the result of line 
analysis of Si near a crack in the case of 
4043 filler metal. Figure 17 shows the 
result of line analysis of Mg near a crack in 
the case of 5356 filler metal. In each case, 
a higher content of Si or Mg, respectively, 
was observed just near the crack. The 
content of Si or Mg decreased near the 
end of the crack. This shows that there 
existed a thin layer rich in Si or Mg on the 
crack surface. 

Different mechanisms have been pro
posed for liquation in the HAZ, e.g.. 

constitutional liquation (Ref. 5) and low-
temperature eutectics due to diffusion or 
invasion of some elements from the weld 
metal (Ref. 1). 

The observation of higher Si in the case 
of 4043 and higher Mg in the case of 
5356 filler metal is consistent with ele
ments from the filler metals affecting 
cracking. It is hard to explain the effect of 
the filler metals on cracking according to 
constitutional liquation. 

The observations are also not consis
tent with diffusion from the weld metal. 

The maximum crack length was about 6 
mm (0.24 in.) at most. Assuming a diffu
sion coefficient for the liquid of 10~5 

cm2/s and diffusion time of 1 s, the 
calculated diffusion distance is on the 
order of 0.03 mm (0.001 in.). Hence, no 
element could diffuse the distance of up 
to 6 mm. No marked segregation of Si or 
Mg was observed at the grain boundaries 
in the absence of a crack. Therefore, the 
phenomenon is not consistent with sim
ple diffusion or invasion. 

Because the times involved are so 
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short, it is not possible to actually observe 
the cracking sequence and liquid move
ment. The most logical explanation for 
transverse cracking is the influence of 
molten metal penetrating from the weld 
metal along grain boundaries in the par
tially molten zone. The penetration of 
liquid will be affected by the surface 
energy and the liquid fluidity. In general, 
aluminum liquids which are richer in sili
con are thought to be more fluid, imply
ing that penetration should be easier for 
4043 than for 5356 filler metal, as 
observed. 

If the cracking is aided by penetration 
of liquid from the weld metal, the detri
mental effects of 4043 filler metal appear 
to be explained. First, the lower solidus 
temperatures with 4043 filler metal per
mit liquid to be present to a lower tem
perature, thus promoting cracking. 
Secondly, increased fluidity of Al-Si alloys 
would aid such liquid penetration. The 
further application of strain eventually 
opens a crack at certain grain boundaries, 
and after that, liquid films on the crack 
surfaces solidify. The evidence of the 
solidification of the liquid towards the 
center of the crack is clearly observed in 
Fig. 18. When the heat input rises, the 
region of the HAZ above the solidus 
temperature of the weld metal increases, 
thus increasing the maximum crack 
length. 

The proposed process of transverse 
cracking is as follows: 1) a partially molten 
zone is developed by welding, whose 
width widens with increased heat input; 
2) augmented strain above a critical value 
is applied; 3) molten metal from the weld 
metal penetrates into the grain bound
aries, promoting cracking; and 4) the 
liquid film on the crack surface solidifies. 

Hence, the development of the trans
verse cracks can be explained by the 
phenomenon of penetration of the mol
ten metal. The relative effects of the two 
filler metals on the maximum crack 
lengths can be explained using the differ
ence of the solidus temperatures of the 
weld metals, but may also be influenced 
by fluidity effects. 

Summary and Conclusions 

An investigation was made of the 
effects of filler metals, heat input and 
augmented strain on liquation cracking in 
the HAZ of Al-Mg-Si alloys which were 
GMA welded, using the Varestraint test. 
The conclusions obtained are as fol
lows: 

1) Two types of cracking were 
observed —longitudinal cracking, parallel 
to the weld bead, and transverse crack
ing, normal to the weld bead. The longi
tudinal cracks were observed only in the 
case of 5356 filler metal, but not when 
4043 filler metal was used. 

2) For the longitudinal cracks to be 
developed, it is necessary that the region 
near the fusion boundary is melted (prob
ably due to constitutional liquation) and 
that the weld metal has partly solidified 
when the augmented strain is applied. 

3) The heat input must exceed a criti
cal value in order to cause longitudinal 
cracking. At higher heat inputs, the crack 
length increased linearly with increased 
heat input. 

4) The transverse cracks were ob
served for both 4043 and 5356 filler 
metals. 

5) A thin layer with higher Si in the 
case of 4043 filler metal and Mg in the 
case of 5356 filler metal was observed on 
the crack surface of the transverse 
cracks, consistent with penetration of 
molten metal from the weld metal. 

6) Both the augmented strain and the 
heat input must exceed critical values in 
order to cause transverse cracking. At a 
given augmented strain, the maximum 
crack length increased linearly when the 
heat input was increased more than the 
critical value. At a given heat input, the 
maximum crack length increased linearly 
when the augmented strain was 
increased more than the critical value. 

7) At a given augmented strain and 
heat input, the maximum transverse 
crack length was considerably greater in 
the case of 4043 filler metal than in the 
case of 5356 filler metal. This phenome
non could be explained by assuming that 

lower solidus temperature of 4043 filler 
metal promoted liquid penetration to the 
HAZ for a longer distance. 

8) The effect of the filler metals on 
transverse cracking was greater than that 
of base metal compositions, for a range 
of experimental plate compositions with 
varying Si, Mg, Cu, Ti, Cr and V levels. 

9) The relative cracking tendency is 
opposite for the two types of cracks with 
the different filler metals; 4043 filler metal 
promotes transverse cracking, but pre
vents longitudinal cracking. 
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