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ABSTRACT

The paper deals with an intention 
o f solving HAZ problems through 
manipulating fusion zone chemistry 
and microstructure. Grain refiners 
such as Sc, Ti+B and Z r have 
been added to fusion zone 
through the AA5356 fille r metal. 
The results indicated that the 
maximum refinement in the weid 
microstructure and consequent 
reduction in cracking susceptibility 
in alloy AA6061 can be achieved 
using AA5356 fille r m etai with
0.5% Sc addition.
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INTRODUCTION

The Al- Mg -Si alum inum  alloys 
exhibit a tendency to solidification 
crack ing un less the weld metal 
com position includes appropria te 
filler metal additions. Intergranular 
cracking in partia lly melted base 
metal adjacent to the weld fusion 
boundary is also a known problem 
in Al-Si-Mg series arc welds. The 
susceptibility to solidification cracking 
in Al-Si-Mg alloys is high because of 
large freezing range. Further more, 
a lum inum  a llo y s  con ta in  sm a ll 
amounts of other elements (Fe, Mn

and Cu), which further increase the 
freezing range of this alloy. The alloy 
has a ternary eutectic (Liquid ® 
AI + Mg^Si+Si) at about 559°C or 
100°C below the normal T̂  ̂ (liquidus 
temperature). Besides the ternary 
eutectics at 559°C, other eutectic 
were observed at 536°C, 529°C, 
508°C and 487°C , a ll o f which 
invo lved  phases high in Cu. 
Therefore, high solidification cracking 
susceptib ility  due to Cu addition 
could override the advantage of its 
strengthening effect.

S ince  the 1950s, liqua tion  and 
liquation-induced hot cracking in 
aluminum alloys have been studied 
extensively, and alloys 2024, 6061, 
and 7075 are am ong the m ost 
frequently investigated materials. 
Filler metal compositions rich in Si or 
Mg were used to shift the weld metal 
com pos ition  tow ards less crack 
sensitive compositions. HAZ cracking 
susceptibility of Al-Mg-Si and Al-Zn- 
Mg alloys has been explained based 
on the relation between solidus of 
weld metal and base metal [1-4]^ 
Tsujimoto, et al., [5] performed GMA 
groove welding in a butt joint and 
showed that liqua tion  crack ing  
occurs even when the solidus of the 
base metal is higher than that of the 
weld metal. The reason for liquation 
cracking was considered to be the

invasion (or the diffusion) of Si and 
Mg, which are the major elements of 
f i l le r  m eta ls, a long the grain 
boundaries of the HAZ [5]. Gittons 
and Scott [6] showed that the HAZ 
cracking occurs parallel to the weld 
bead in GMA welds, using a patch 
test. They attributed cracking to the 
base metal solidus being below the 
weld metal solidus. The reason for 
liquation cracking was considered to 
be the invasion of Si and Mg, which 
are the major elements of the filler 
metals, along the grain boundaries of 
the HAZ [6]. Contrary to Gittos and 
Scott [6], however, Miyazaki et al. 
[7] found that the weld-metal solidus 
tem perature was lower than the 
base -m eta l so lidu s  tem peratu re  
(597°C) regardless of whether the 
filler metal was 5356 or 4043. It was 
suggested  tha t the A llo y  6061 
p robab ly  liqua ted  at 559°C by 
constitutional liquation induced by 
the AI-Mg^Si-Si ternary eutectic. It is 
appa ren t that there  is some 
disagreement in previous papers over 
the  m echan ism s o f liqua tion  
crack ing . Moreover, the stud ies 
suggest tha t the app rop ria te  
m od ifica tion  o f f i l le r  metal 
com pos ition  cou ld  com ple te ly  
eliminate the cracking problem in Al 
alloys.
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Composition of base and filler metal

Material

Base metal 
(AA6061)

Filler metal 
(AA5356)

Mg

0.689

4.5

Si

0.531

0.25

Fe

0.23

0.4

Mn

0.331

0.05

Cu

0.305

0.1

Al

Bal.

Bal.

Quantities of inoculants added to filler AA 5356

Filler

R1

R2

R3

R4

Sc

.0.25

0.5

TIBOR

0.02Ti

Zr

0.15

Table : 1 Nominal composition (wt. %) of base metal (AA6061), filler metal (AA5356) 

and quantities of Inoculants added to filler AA5356

Various grain refinement techniques 
have been investigated in welding, 
e.g. electromagnetic stirring, current 
pu lsa tion , su rface  coo lin g  and 
inoculation [8], Of these, inoculation 
using grain refining additions offers 
the greatest promise for practical 
application. The use of nucleating 
agents to reduce g ra in  s ize  in 
castings has been widely practiced. 
However, on ly  lim ited  data are 
available regarding inoculant effects 
in weld pool solidification. Use of 
inocu lan ts to re fin e  weld 
solidification structure and improve 
weldability in Al alloys [9,10] is well 
investigated. Grain refinement was 
induced in the weld fusion zones 
through inoculation with Ti, Ti + B 
and Zr [9 ,10]. M ic ro s tru c tu ra l 
characteriza tion  showed that all 
th ree reduce I • gra in  s ize  
considerably, with Zr being the most 
effective. The structural refinement 
was found to reduce hot cracking 
su scep t ib ility  (m easu red  by 
Varestraint testing), enhance post
weld age-hardening response and

a lso im prove ten s ile  p roperties, 
especially ductility.

The re fo re , re fin em en t o f weld 
solidification structures will be useful 
not only because it is known to 
reduce the tendency to hot cracking, 
but also because the increased grain 
boundary area could reduce the grain 
boundary films which form during 
welding. The reduction in the grain 
boundary phases and the formation 
of intermediate .aluminide particles 
(TiAlj, ZrAlj, etc.) are believed to 
serve as effective means to reduce 
the high concentration of Mg or Si 
along the HAZ cracks, which are 
thought to be responsible for HAZ 
cracking in Al-Si-Mg alloys. The use 
o f Scand ium  to ach ieve  grain 
refinement in aluminum alloys has 
received recent attention, particularly 
in literature from the former Soviet 
Union [11], Several accounts of 
improved weldability have also been 
reported [12].

While the primary approach to the 
problem of solidification cracking is 
thus to modify weld metal chemistry 
by op tim iz in g  f il le r  m ateria l 
composition, a secondary solution is 
to reduce the coarseness o f the 
s o lid if ic a t io n  s tru c tu re  [13]. 
T h e re fo re , in the p resen t 
investigation, the influence of Sc, 
Ti+B and Zr additions to the AA 5356 
a llo y  f i l le r  m etal and w e ld ing  
technique (pulsed current) on the 
HAZ crack ing  su scep tib ility  was 
a ttem p ted  fo r GTA w e lds by 
m odify ing the weld so lid ifica tion  
structure using Varestraint test.

EXPERIMENTAL DETAILS

The investigations were carried out 
on AA6061 alloy in solution treated 
(at 530“c for one hour and artificially 
aged at 160“c fo r 18 hours) 
condition. The material was in the 
form of 4.0 mm thick sheet. The 
composition of this alloy is given in 
Table 1. Conventional AA5356 metal 
was used as reference filler (R). The 
inoculants used for grain refinement 
were scandium, titanium+boron, and 
zirconium. Filler materials containing 
inoculants (Sc, Ti+B and Zr) were 
also prepared using master alloys 
containing the elemental additions. 
The quantities of inoculants added 
are shown in Table 1. In order to 
offset the possible d issolution of 
som e o f the inocu lan t partic les 
during w e ld ing , the am ounts of 
inoculant additions were chosen to 
be larger than needed.

The HAZ liq ua tion  crack ing  
susceptibility of AA6061 alloy welds 
was evaluated using moving torch 
Varestra int testing device. During 
test an autogenous gas tungsten-arc 
welding (Are shield ing) with and 
w ith ou t pu ls ing  mode were 
perform ed using a square wave
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Continuous current welds

Arc voltage 13-16 V 
Welding current 66A 
Welding speed 220mm/min

Pulsed current welds

Arc voltage 
Peak current 
Base current 
Pulse frequency 
Pulse on time 
Welding speed

13-16V
88A
44A
6Hz
50%
220mm/min

Table : 2 Details of the welding parameters used In the present investigation

Filler

R1

R2
R3
R4

Maximum crack length 
(MCL)

CC

8.2

1.8
1.7
2.5

PC

4.5
2.7
1.5
1.6
1.5

Total Crack Length 
(TCL)

CC

28.5

22.0
5.9

12.5

PC

21.5
18.5
1.7
4.0
5.1

Table : 3 Observed crack lengths (mm) during Varestraint testing

power source. Details of the welding 
parameters are presented in Table 2. 
Initial studies were carried out at 
three strain levels (0.63, 1.26 and 
2.54%) with reference fille r and 
rem ain ing expe rim en ts using 
modified filler metal was done at 
2.54% strain level. This ensures the 
specific advantages of addition of 
inoculants to conventional AA5356 
filler metal. Three specimens from 
each strain were tested. Quantitative 
cracking data in terms of total crack 
length and maximum crack length (in 
HAZ) were used for evaluating the

weld m etals. Before w e ld ing , a 
square grooves ( 4 ' 3  mm) were 
made in overlay  sam p les and 
machined to standard Varestraint 
specimen size (1 25 '2 5 '4  mm). The 
overlay samples, filler material and 
inoculants were cleaned thoroughly 
w ith  w ire -b rush  and acetone. 
Weighted filler material and inoculant 
strips preplaced in the square groove 
and tack  w e lded. Schem atic  
representation of the Varestraint test 
specimen is shown in F ig.l.

Specim ens from the weld fusion 
zones w ere  su ita b ly  sectioned  
prepared and examined using light 
m icroscope and Scanning Electron 
Microscope. The etchant used was 
Kellar's reagent. Energy dispersive X- 
ray analysis (EDAX) was also carried 
out in various regions of the welds 
and PMZ to collect the supportive 
evidences. The PMZ cracks were 
fractured at room temperature to 
expose the crack su fa ce  and the 
fracture surfaces were observed 
under SEM to correlate with the 
microstructural observations.

RESULTS

Varestraint test results in terms of 
maximum and total crack length 
(MCL and TCL) are presented in 
Table 3. It can be seen from the 
results that both the fille r metal 
composition and welding technique 
have strong influence on the PMZ 
cracking susceptibility of AA 6061 
alloy. The total crack lengths of this 
alloy were found to be in the range 
of 1.7 mm to 28.5 mm depending 
on the process parameters. In all 
cases the re ference f ille r metal 
(AA5356 without inoculants) showed 
high cracking susceptibility. Similarly 
CC welds showed greater cracking 
su scep t ib ility  than PC w elds 
irrespective of filler metal used. The 
cracking susceptibility was found to 
decrease with inoculant additions to

125 mm

z
z .

Grain refiner with Filler

mm

Figure 1 Schematic diagram of Varestraint test specimen
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Element

Ma
Si
Cu

Fe

Sc
Ti
Zr
Al

Reference
filler

(AA5356)

5.36
1.24
0.20
0.56

92.64

AA5356+ 
0.5% Sc

1.45
0.44
0.05
0.25

0.95

96.86

AA5356+ 
0.02% Ti

2.20
0.55

0.03

0.33

96.62

AA5356 + 
0.15% Zr

2.42
0.90

0.06
0.32

0.50
95.80

Table : 4 Energy dispersive X-ray (EDX) microanalysis (in wt.%) carried out near 

the HAZ cracl<s.

the AA 5356 filler metal. Among the 
inoculants studied filler metal with 
0.5% Sc was observed to provide 
highest cracking resistance to the 
weldments of AA 6061 alloy followed 
by Ti+B.

As can be seen from Table 3 that 
the highest TCL was observed in the 
CC welds made with reference filler. 
Addition of Ti+B to the filler metal 
reduced the cracking susceptibility to 
~ 75%, Zr addition reduced the 
sensitivity to ~ 56% and Sc addition 
reduced cracking susceptibility to a 
maximum extent of ~ 80%. Similar 
trend was observed in PC welds. 
However, the cracking susceptibility 
was reduced to greater extent with 
inocu lan t add it io n s  reach ing  a 
maximum reduction in HAZ cracking 
susceptiblli^/ of around 92% in the 
case of 0.5% Sc addition. In the case 
of titanium and zirconium around 
82% and 76% reduction  in the 
cracking susceptibility was observed, 
respectively. These results suggest 
that the addition of grain refiners 
(inoculants) to the reference filler 
metal have strong in fluen ce  in 
reducing the HAZ cracking of AA 
6061 alloy welds. Least cracking 
susceptibility in AA 6061 alloy can be

achieved by using pulsed current 
with 0.5% Sc added AA 5356 filler 
metal.

Current pulsing was found to refine 
the weld solidification structure in all 
welds (made with and without filler 
m eta l m od ifica tio n ), F ig. 2a-d. 
Addition of 0.5% Sc to the AA5356 
fille r metal resulted in maximum 
re finem en t in the weld 
microstructure as shown in Fig. 2d. 
M icrostru ctu ra l s tud ie s revea led  
significant cracking in the PMZ of all 
the w e lds. W e lds m ade w ith 
reference fille r (AA5356) w ithout 
inoculants addition metal showed 
severe cracking. Significant reduction 
in the seve rity  o f crack ing was 
observed with inoculants addition to 
filler metal. Filler metal with 0.5% Sc 
addition showed m inimum cracks 
among the f ille f metals studied. 
These results showed a significant 
fffect of the weld-metal composition 
on PMZ crack ing  in p a rtia l-  
penefration welds in alloy AA6061. 
The regions in the vicinity of PMZ 
cracks w ere ana lyzed  fo r th e ir 
chemical composition using EDX and 
the results are presented in Table 4.

The m ic ro stru c tu re  o f p a rt ia lly  
melted zone of AA 6061 alloy welded 
with reference filler metal (AA 5356) 
is shown in Fig. 3. The cracks were 
intergranular in nature with rounded 
edges (Fig. 3a). The EDX analysis 
of the crack (Table 4) showed high 
concentration of Mg and/or Si and 
w as found to decrease  as we 
approach crack tip. S im ilar crack 
features were observed in the case 
of other welds made with modified 
filler (with inoculants) as shown in 
Fig. 4. However, the Mg and Si 
concentra tions were considerably 
reduced when the filler metal was 
modified with inoculants. Maximum 
reduction in the concentration of 
these elements at the cracks was 
observed with 0.5% Sc addition.

The PMZ cracks were opened at 
room temperature and the fracture 
surfaces were observed under SEM 
to correlate with the microstructural 
observations. Figure 5 shows the 
fracture surface of the PMZ cracks 
in the welds made with reference 
filler metal. The fracture path was 
intergranular within a few grains of 
weld fusion boundary. The crack 
surface near the fusion boundary had 
the smooth and rounded features 
showing some solidification structure 
(Fig. 5a). A t some distance from the 
fusion boundary the so lid ification 
structure was till present. However, 
no s o lid if ic a t io n  s tru c tu re  was 
observed at the end of the crack tip. 
Comparing these features with the 
fracture features of cracks observed 
in the welds made with 0.5% Sc 
added fille r (Fig. 6) showed that 
solidification structure still exists but 
to a lesser extent, in isolated place 
only.
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(a) (b)

(c) (d)

Figure 2 Weld microstructures of type AA6061 alloy

(a) reference filler, CC, (b) reference filler, PC, (c) reference filler with Ti+B addition, PC, (d) reference filler with Sc 

addition, PC.

DISCUSSION

Sever cracking was observed all the 
welds made with AA5356 filler except 
w e lds made w ith  add it ion  o f 
inoculants to reference f.ller. Several 
mechanisms have been proposec' by 
which the HAZ liquation occurs: 
constitu tiona l liqua tion , eu tectic 
reaction and invasion or diffusion 
from the weld metal of elements

com posing  the low  m elting 
tem peratu re  com pounds. In the 
present investigation the cracking is 
attributed to penetration of molten 
metal from the weld metal along the 
grain boundaries in the PMZ. The 
observation of solidification structure 
in the fracture surface indicates that 
the crack surface was mel*-::d when 
the crack was deve loped . High 
concentration of Mg near the cracks

:.i the case of reference filler metal 
shows that there existed a thin layer 
rich in Mg on the crack surface. It 
is known from the solidus lines of Al- 
Mg-Si te rna ry  system  [14] high 
concentration of Mg and Si at the 
g ra in  b ounda rie s / in te rd end rit ic  
reg ions cou ld  low er the so lidus 
temperature locally and make the 
grain boundaries more susceptible to  
liquation cracking during welding. In
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Figure 3 Microstructure of partially melted zone of AA 6061 alloy welded with reference filler metal (AA 5356), (a) optical 

microstructure, (b) SEM micrograph showing the crack at higher magnification.

Figure 4 SEM micrographs showing crack morphology,

(a) welds made with Sc added filler, (b) welds made with Ti added filler, (c) welds made with Zr added filler.
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Figure 5 Fracture features of HAZ cracks of AA6061 alloy welds made with AA5356 filler, 

(a) near fusion boundary, (b) middle of the crack, (c) near the end of crack.

Figure 6 Fracture features of HAZ cracks of AA6061 alloy welds made with AA5356 filler containing 0.5% Sc, 

(a) near fusion boundary, (b) middle of the crack, (c) near the end of crack.
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alloy 6061 coarse Mg^Si particles and 
AI-Mg,Si eutectic were reported to be 
present in alloy 6061 and in the PMZ 
of the alloy, respectively [15-17]. 
Since there is no grain boundary 
liquid in the base metal, most of the 
grain boundary liquid in the PMZ 
could have come from the weld pool. 
If an alloy is heated to above its 
so lidus, it is qu ite  com mon for 
melting to start at grain boundaries 
and this will happen in the HAZ near 
the fus ion  boundary. From  the 
present results it is apparent that the 
weld metal would have solid ified 
before any such co n st itu t io n a l 
liquated boundaries. The shrinkage 
strains produced by solidification of 
the weld metal could have parted the 
liquated boundaries in the PMZ.

Current pulsing has been used in the 
past, both in GTA and gas metal arc 
w e ld ing , fo r ob ta in ing  gra in  
refinement in the weld fusion zones 
of w rough t a llo y  w e ldm en ts. 
S ig n if ican t re fin em en ts  o f the 
so lid if ica t io n  s tru c tu re  and a 
transition from columnar to equiaxed 
grow th have been repo rted  in 
aluminium alloys [18,19 14,15]. The 
pulsing of the welding current has 
severa l e ffec ts  on weld  pool 
solidification. It mainly affects the 
temperature distribution in the weld 
pool. The period ic va ria tion s  o f 
energy input into the weld pool 
cause thermal fluctuations, these 
being dependent on the pulsing 
frequency. They a lso  re su lt in 
add itiona l flu id  m otion , wh ich 
enhances the convective  fo rces 
already existing in the weld pool. A 
further consequence of the induced 
flow patterns in the weld pool is that 
the thermal gradients in front of the 
solid-liqu id interface are reduced. 
Due to the temperature fluctuations

inherent in pulsed welding, there will 
be continual change in the weld pool 
size and shape. All these factors 
cou ld  in fluence  the weld m eta l 
solidification process and in turn the 
m ic ro stru c tu re . The cy c lic  
temperature variations that occur at 
the solidification front owing to the 
pulsed current can cause remelting 
and breaking off o f the growing 
dendrites. Th is is a ided by the 
mechanical action of the weld pool 
turbulence in bringing the dendrite 
fragments ahead of the solid-liquid 
in terface . These fragm ents then 
becom e s ites fo r heterogeneous 
growth, which eventually block the 
columnar growth process. The PMZ 
cracking susceptibility is low in PC 
welds compared to CC welds. The 
finer structure in the fusion zone 
and consequent in crease in the 
interdendritic / grain boundary area 
would have reduced the cracking 
tendency in PC welds. Th is is 
because the increased area could 
reduce the am ount o f boundary 
f ilm s/liqu id s , which form  during 
w e ld ing . The reduction  in the 
amount of boundary phases/films are 
thought to reduce the PMZ cracks.

The grain refinement of aluminium 
alloy castings through heterogeneous 
nucleation is well documented and 
in o cu la t ion  o f ca s tin g s  is a lso  
p rac ticed  in du s tr ia lly . The 
micrographs of the inoculated welds 
(Fig. 2c-d) show tiiat, although all 
the th ree inocu lan ts resu lted in 
considerable grain refinement, Sc 
and Ti+B were slightly more effective 
than Zr. It is known in the case of 
aluminium alloy castings that the 
introduction of boron in addition to 
titanium yields better performance; 
this is usually ascribed to the role of 
TiBj as an additional nucleant as well 
as to the effect of boron in lowering

the so lu b ility  o f T i in liqu id  
alum in ium . Th is la tter behaviour 
shifts the peritectic point towards the 
aluminium end of the phase diagram, 
thus enabling the titanium aluminide 
crysta ls to be therm odynam ically 
stable even at very low levels of Ti 
addition [20, 16].

The inoculant addition to the filler 
m eta l re su lt  in an app re c iab le  
reduction in cracking susceptibility. 
Th is  is c le a r ly  h igh ligh ted  in a 
decrease both in total crack length 
and maximum crack length. Among 
the inoculants tried. Sc and Ti+B 
have led to a more pronounced 
e ffe c t than  Zr. The degree o f 
reduction in cracking susceptibility is 
qualitatively in line with the degree 
o f grain refinement achieved by the 
use of each of the inoculant types. 
This observation indicates that the 
improvement in weidability can be 
directly related to the refinement of 
solidification structure. The increase 
in grain boundary volume due to 
grain refinement reduces the peak 
concentration of the segregating 
elements responsible for cracking as 
can be seen from the reduced Mg 
concentration at the crack surfaces 
(Table 4). The decrease in the 
segregation (or Mg concentration) 
decreases the e ffec tive  freezing  
temperature range and hence the 
crack ing tendency [21, 17]. The 
other possible reason could be that 
the smaller grain structure allows for 
the s tra in  in the  w eld  to be 
distributed among more grains and 
across their boundaries [22, 18].

CONCLUSIONS

1. The re fin em en t o f the 
solidification structure by the use 
of inoculants and current pulsing 
led to a reduction in PMZ cracking 
tendency of AA6061.
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2. The use of Sc and Ti+B resulted 
in a greater refinement in the 
so lid if ica t io n  s tru c tu re  and 
consequent reduction cracking 
severity.

3. The PMZ cracking resistance was 
re la tive ly  m axim um  w ith Sc 
add ition  to AA5356 f il le r  
compared to Ti+B addition.
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