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ABSTRACT 
 The wide usage of 6xxx series aluminium alloys in automobile sector is mainly because of 

the exceptionally good weldability characteristics and better corrosion resistance. Cold metal transfer 

(CMT)arc welding process is an advanced variant of gas metal arc welding (GMAW) that has 

potential features such as low heat input and arc stability with an innovative wire feed system. This 

process is widely employed in automobile sector due to its higher welding speed and capability to 

weld thin sheets without defects like spatter, distortion and burn through. This article reports the 

welding of thin aluminium sheets (AA6061-T6) by cold metal transfer arc welding technique and 

presents the transverse tensile properties of the welded joints. The features of the microstructure are 

characterized by optical microscopy. The fracture surfaces are being examined by scanning electron 

microscopy. Microhardness survey was done along the cross section of the welded joint. During the 
tensile test, the welded joint failed at 12 mm from the center of the weld. It is clear that fracture is 

caused by softening in HAZ region by the formation of β′or β precipitates which are softer and 

incoherent in nature. The hardness results signify that the low hardness region was found in the HAZ 

region which is called as softened zone, where the transformation of precipitates or coarsening of 

grains takes place. 
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1. Introduction 

 

AA6061 is a prominent heat treatable alloy 

among the 6xxx series aluminium alloys that is widely 

used in the fabrication of automobile sheet panels, due 

to the better formability and weldability characteristics 

[1]. Due to the wide usage of thin aluminium sheets in 

the fabrication of hood and door components in 

automobile sector, welding of these thin sheets without 

any defects is essential. In general welding of thin 

aluminium sheets is commonly done by the gas metal 

arc welding process (GMAW) in short circuiting mode 

to avoid the distortion and burn through issues. However 
the spatter generation is the serious issue for the 

producers in manufacturing a component. Therefore a 

low heat input process like cold metal transfer (CMT) 

arc weldingwhich encounters the spatter problem by the 

retraction of wire movement during the short circuiting 

phaseis considered.CMT welding process is a type of 

GMAW variant which operates mainly in the short 

circuiting mode by the forward and backward movement 

of the wire. 

 
 

 

 

 Whenever the short circuit happens, the digital 

processing control disturbs the power supply and 

therefore the wire can be retracted. This wire retraction 

mechanism helps the droplet to detach from the wire in 

short circuiting phase without any electromagnetic force 

[2]. Therefore the heat input can be controlled in short 

circuiting phase. Due to the low heat input, the problems 

like spatter, distortion and wider HAZ can be controlled.  

C. G. Pickinet al [3] proved that CMT-GMAW 
exhibits low thermal input and high wire melting 

coefficient when compared with the pulsed GMAW 

process. Pang [4] et al stated that the CMT process is a 

stable and spatter-free droplet transfer process by control 

of current parameters. A. Elrefaey [5] suggested that the 

mechanical properties of the joints welded with CMT-

GMAW process are comparatively higher than that of 

GTAW and GMAW processes. Feng-yuan SHU  et al 

[6] reported that the CMT-GMAW process is mainly 

suitable to weld thin aluminum alloy sheets due to the 
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low energy (heat input) process and the slight 

deformation.  
 

Ahmed Elrefaey et al [7] pointed out that the 

joint made with cold metal transfer welding process 

gives better joint efficiency with good tensile strength 

and ductility. They further stated that the microstructure 

of the HAZ region in CMT-GMA welded joint was 

almost similar to the base material due to the low heat 

input. Beytullah Gungor et al [8] claimed that CMT-

GMA welded joints produces better joint efficiency with 

higher welding speed. Jicai Feng et al [9] stated that 

spatter less weld joint with less deformation and good 

gap bridge ability is produced with CMT-GMA welding 
of thin sheets. Zhanget al [10] observed that during the 

arcing phase in CMT-GMA cycle, the droplet is 

detached from the wire by means of electromagnetic 

force caused by retraction of wire movement which 

stabilizes the weld. Javier Serranoetal [11] investigated 

the GMAW of AA6061-T6 aluminium alloys and 

claimed that microstructural transformation of harder 

precipitates like β′′ to soft precipitates like β′ is the main 

probable reason for the existence of soft zone in the 

HAZ region.  

Moreover they stated that the formation of 
voids has been controlled by adopting the 

electromagnetic stirring force in the weld pool. This 

electromagnetic stirring action enhances the tensile 

properties of the welded joints. The hardness decrease in 

the HAZ region is due to the thermodynamic instability 

of fine β′′ needle shaped precipitates to rod shaped β′ 

precipitates. R.R.Ambrizet al [12] reported that higher 

dilution rates are achieved by adopting the 

electromagnetic stirring process for the formation of 

Mg2Si precipitates. They also concluded that finer grain 

size in the weld metal is attributed to the fast cooling 

rate. 
Even though lot of works have been done by 

various researchers on CMT arc welding of aluminium 

alloys, but no article highlights the tensile properties of 

CMT welded joints. Therefore this article provides the 

indepth study of the tensile properties of the CMT 

welded AA6061-T6 aluminium alloy joints. 

 

2. Experimental Work 

AA6061-T6 aluminium alloy as a base material 

of 3 mm thickness and AA4043 as a filler metal of 1.2 

mm diameter were chosen in this investigation. These 
aluminium sheets were sectioned using a hack saw to 

make the sheets to the required dimensions of 150 mm 

length and 75 mm width with a total groove angle of 

60˚.Chemical composition and mechanical properties of 

 base material are presented in table 1 and 2 

respectively.  
Pure argon (99 wt%) was used as a shielding 

gas. CMT advanced 4000R was used to fabricate the 

joints. The parameters used to weld the specimens are 

presented in table 3. 

 

The photograph of the welded joint is as shown 

in figure 1. The scheme of extraction of specimens from 

the welded joint is as shown in figure 2. Notch and 

smooth tensile specimens were prepared as per the 

ASTM E8-04 as shown in the figure 3. 100 kN electro-

mechanical controlled universal testing machine was 

used to perform the transverse tensile testing at a strain 
rate of 1.3 × 10-3 s-1.  Microhardness survey was done 

using a Vickers microhardness tester with an indentation 

load of 100 grams at a dwell time of 15 seconds. To 

reveal the microstructure of the welded specimen, the 

sample was initially ground with 400 and 800 grit SiC 

papers and then polished with 6 μm diamond paste to 

make it mirror polish. Finally the specimen was etched 

with a solution of 75 HCl, 25 HNO3, 5 HF and 25 H2O 

(ml). Microstructural features of the welded joint were 

characterized by optical microscopy and fracture 

surfaces were examined by SEM fractography. Image J 
software was used to measure the grain size in the weld 

metal (WM), heat affected zone (HAZ) and partially 

melted zone (PMZ) regions. 

 

3. Results 

3.1 Tensile Properties 
The photograph of the tensile tested specimen 

showing the fracture location is shown in figure 4. The 
transverse tensile properties were evaluated by taking 

the average of three specimens and the results are 

presented in table 4. Engineering stress strain graph for 

both the base material and CMT-GMA welded joint is as 

shown in figure 5. The base material records yield 

strength (YS) of 275 MPa and an ultimate tensile 

strength (UTS) of 318 MPa with an elongation of 16 %. 

The photograph of the tensile tested specimen is as 

shown in figure 4. From the failed specimen it is clearly 

visible that the specimen is failed in HAZ region which 

gives a clear approach that low hardness will be 
expected. The failure is occurred at 12 mm from the 

center of the weld. It is clear that fracture is caused by 

softening in HAZ region by the formation of β′ or β 

precipitates. The CMT-GMA welded joint exhibits a 

tensile strength of 215 MPa with an elongation of      

9.02 %.  
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Table 1 Chemical composition (wt %) of the base metal and filler metal  

Material Si Cu Fe Mn Mg Cr Zn Ti Al 

AA6061-T6 0.56 0.31 0.28 0.052 0.98 - 0.024 0.018 Bal. 

ER4043 5.6 0.3 0.8 0.05 0.05 0.05 0.1 0.02 Bal. 

 

Table 2 Mechanical properties of the base metal and filler metal 

 
0.2% Yield 

strength (MPa) 

Ultimate Tensile 

strength (MPa) 

Elongation in 50 mm 

gauge length (%) 
Hardness (HV0.1) 

AA6061-T6 275 318 16 120 

ER4043 164 190 - - 

 

Table 3 Optimized welding parameters used to fabricate the joints 

Process 

Welding 

current 

(A) 

Arc 

voltage 

(V) 

Arc length 

correction 

(%) 

Wire feed 

speed 

(mm/min) 

Welding 

speed 

(mm/min) 

Heat 

input 

(kJ/mm) 

CMT-

GMAW 
116 14 15 5600 480 0.177 

 

 

 
 

Fig.1 Photograph of the CMT-GMA welded joint. 

 

 

Fig. 2 Scheme of extraction of the tensile specimens. 

 
 

Fig.3 Dimensions of the tensile specimens 

a) Smooth tensile specimen b) notch tensile  

specimen 

 

 
 

Fig.4 Photograph of the tensile specimens before  

and after test. 
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This shows that 32.3 % reduction in tensile 

strength and 43.6 % reduction in elongation compared 
with the base material. The reduction in cross-sectional 

area (c.s.a) for the base material is 26.6 %. But the 

reduction in cross sectional area for the CMT-GMA 

welded joint is 58 %.  

The base material shows a notch tensile 

strength (NTS) of 325 MPa. But the joint made with 

CMT-GMA welding process records a NTS of 220 MPa. 

It shows that 32.3 % reduction in NTS compared with 

the base material. The notch strength ratio (NSR) is 1.02 

for the base material. It is almost same for the CMT-

GMA welded joint. This signifies that the joints are 

insensitive to notches and considered to be fall into 
notch ductile category since the NSR is greater than one. 

A joint efficiency of 67.8 % is recorded for CMT-GMA 

welded joint. This implies that the CMT-GMA welded 

joint is 32.2 % lower than the base material. 

 

 

 

Fig.5 Engineering stress-strain graph for base 

metaland joint 

 

3.2 Microhardness 
The microhardness test was performed along 

the cross section of the joint to determine the variation 
of microhardness values with a load of 0.01 kg at a gap 

of 0.5 mm between each indentation. The microhardness 

distribution profile is shown in the figure 6. The parent 

material exhibits a hardness value of 120 HV. The 

hardness value is very low in the HAZ region which 

signifies that these results are in good agreement with 

the failure location. A hardness value of 70 HV is 

recorded in the HAZ region in which the low hardness 

region was observed with a value of 60 HV. This 

confirms that a softened zone is formed in the HAZ 

region where the hardness is 50 % less than the base 
material. A hardness of 75 HV is recorded in the weld 

metal which is slightly larger than the HAZ region. 

 

 

 
 

Fig.6  Microhardness distribution of the CMT 

welded joint 

 

3.3 Macro and Microstructure 
The macrostructure of the welded joint with 

various zone microstructures is as shown in figure 7. 

The macrostructure shows weld bead with aesthetic 

appearance of deeper penetration and narrow width. No 

macro level defects were observed. It was also observed 

that reinforcement height is more for this joint. This is 
due to the high deposition rate of the CMT-GMA 

welding process. 

The weld joint consists of various zones like 

WM zone, HAZ, PMZ. The microstructure of the base 

material consists of equiaxed and elongated grain 

structure along the rolling direction. HAZ region 

consists of coarser equiaxed grain structure whereas 

PMZ is characterized by equiaxed to columnar grain 

structure at the interface and columnar grain structure at 

the WM region was observed. Columnar grains which 

grew towards the center of the weld existed on the 
interface of the weld metal. Rao et al [13] pointed out 

that the PMZ area was heated above the solidus 

temperature and eutectic remelted during welding. Grain 

size of various zones of the CMT-GMA welded joint is 

tabulated in table 5. The grain size in HAZ was larger 

than that in PMZ because HAZ region was exposed to 

temperature for long intervals of time. 
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Table 4 Transverse tensile properties of the weld joint 

Process 

0.2% 

Yield 

strength 

(MPa) 

Ultimate 

Tensile 

strength 

(MPa) 

Elongation 

in 50 mm 

gauge length 

(%) 

Reduct

ion in 

c.s.a, 

% 

Notch 

tensile 

strength 

(MPa) 

Notch 

strength 

ratio 

Joint 

efficiency 

(%) 

Fracture 

location 

BM 275 318 16 26.6 325 1.02 - - 

CMT-

GMAW 
175 215 9.02 58 220 1.02 67.6 HAZ 

 

Table 5.  Grain size (μm) of various zones of the CMT-GMA welded joint  

Variant Average grain 
size (μm) in 

WM 

Average grain 
size (μm) in 

HAZ 

Average grain size 
(μm) in PMZ 

CMT-

GMA

W 

20.3 47.4 41.7 

 

 
 

 Fig.7 Optical micrographs of the various regions of the CMT welded joint 

Parent metal    b) HAZ         c) WM-HAZ interface  d)WM 
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3.4 Fracture Surface Analysis 
To determine the mode of failure, SEM 

analysis was done on the fracture surfaces of the tensile 

tested specimens. The SEM fractographs of the smooth 

and notch tensile specimens are as shown in figures 8 

and 9 respectively. Tearing fibres and ridges in bulk 

volume fraction are seen on the fracture surface of the 

base material. This indicates that intense plastic flow 

occurs in the base material before it fails. The fracture 

surfaces of the smooth tensile specimens are 
characterized by deep dimples with very less volume 

percentage of tear ridges which suggest that the mode of 

failure is ductile. Whereas the fracture surfaces of the 

notch tensile specimens consists of long and flat regions 

of elongated grains separated by tear ridges in ductile 

manner. 
 

 

 

4. Discussions 

The reduction in tensile strength of the CMT-

GMAW joint compared with the base material is due to 

the heat input that causes vaporization of magnesium 

from the weld metal even though silicon is present as 

pointed out by Lakshminarayananet al. [14] This 
vaporization of magnesium is due to the higher solid 

solubility of magnesium compared with the silicon in 

aluminium alloys. The decrease in ductility of the CMT-

GMAW joint compared with the base material is 

observed. This behaviour is due to the formation of 

porosity caused by the entrapment of hydrogen gas in 

the weld pool during the solidification process. In fusion 

welding process, the process of solidification of the weld 

pool plays a significant role. It starts from the PMZ with 

the equiaxed growth of grains towards the fusion 

boundary.  
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig.8 SEM fractographs of the smooth tensile specimens. 
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The PMZ region acts as a site for the growth of 

grains rather than the nucleation of grains. Therefore the 
growth rate is more than the nucleation rate in the PMZ 

region. This epitaxial growth of grains along the weld 

pool results in long and oriented columnar grains. 

Equiaxed to columnar grain structure is formed in the 

PMZ region. Epitaxial growth requires minimal degree 

of under cooling prevails. The CMT-GMAW joint is 

characterized by high cooling rates, which influence 

several aspects of weld metal solidification. In general 

the presence of fine columnar grain structure in the weld 

metal zone of CMT-GMAW joint is due to the high 

cooling rates associated with the low heat input. While 

the coarser equiaxed grain structure is observed in the 

HAZ region because of the thermal cycling effect. The 
grain sizes of various zones are presented in the table 5 

which says that the grain sizes are in the order of 

FZ<BM<PMZ<HAZ. From the Hall-Petch equation, it 

is well known that the smaller the grain size, the better 

the mechanical properties, since the Hall-Petch equation 

is a relation between strength and the grain size. The 

variation of hardness across the cross section of the weld 

joint is due to the dissolution or growth of hardening 

precipitates. 

 

 

 
 

 
 

 

Fig 9. SEM fractographs of the notched tensile specimens 
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The higher hardness is recorded in the WM 

region compared with the HAZ region even though the 
hardening precipitates like β″ (Mg5Si6) are completely 

dissolved in this region. This is due to the enrichment of 

the solid solution with Mg and Si in this region. 

Whereas the lowest hardness is recorded in the HAZ 

region since most of the solid solution strengthening 

elements like Mg, Si, Cu are vaporized or segregation of 

magnesium along the grain boundary. It is also observed 

that fracture of the joint takes place at a particular point 

in the HAZ region. This point is named as the softened 

zone where the complete transformation of β″ (Mg5Si6) 

to β (Mg2Si) takes place or partial dissolution of 

precipitates or coarsening of the grains.Similar 
observation was confirmed by Malin [15].It is well 

known that the incoherent precipitates likeβin 

aluminium alloy results in the decrease in the 

mechanical properties, since the dislocations need an 

extra stress to pass through the coherent precipitates like 

β″. However the dislocations bend and finally the matrix 

deforms relatively ease due to the loss of coherency 

precipitates. This can be well explained by Porter and 

Easterling [16]. 

5. Conclusions 

1. Transverse tensile properties of CMT welded joint 
are lower than the base material and the failure 

occurred in the HAZ region due to the dissolution 

or transformation of hardened precipitates. 

2. A softened zone is formed in the HAZ region where 

the lowest hardness is recorded due to the complete 

transformation of hardened precipitates to softened 

precipitate. The location of the failure matching 

with this zone. 

3. The fracture surfaces of tensile specimens made 

from CMT welded joint consists of deep dimples 

which suggests that the failure happened in the 

ductile mode with considerable amount of plastic 
deformation before the failure. 
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