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Abstract
This paper presents an automated or intermittent wire feeding method in tungsten inert gas (TIG) welding. The preliminary
investigation shows the macrostructure, microstructure, and mechanical property effects on various welding parameters using
one combination proportion of filler metal with various welding parameters. The result of microstructure has shown that the
localized segregation occurred at the center area weld metal with high-density eutectic phase and energy dispersive X-ray
spectroscopy (EDS) study has found that Mg content was higher compared to the outside region. Other sample microstructure
shows columnar structure was formed in dilution boundaries, and it reveals that fast cooling rates happened when the filler wire
was inserted. Also, microstructure on weld traverse section shows that the wavy-like structure depended on the heat input. The
fracture mode shows that lack of heat input is susceptible to oxidation; therefore, the fracture tends to occur at weld metal in the
brittle manner with reduced strength of more than 40%. Also this article presented the method to calculate length ratio (RL) and
the volume ratio (RV) to estimate the minimum value of ratio under the condition of a good welded surface profile.
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1 Introduction

Aluminum alloys have been used in many applications such
as aerospace, automotive industry, railway vehicles, bridges,
ship structure, piping, auto-body parts, and part machined
from plate or bar [1]. These alloys are frequently welded be-
cause they have fairly good weldability and have many attrac-
tive properties such as good formability and extrudability,
recycling capabilities, corrosion resistance, high strength to
weight ratio, high toughness, and low cost [2, 3]. Aluminum
6063 is one of the heat-treatable alloys that is very versatile
and most widely used when medium strength is required.
However, problems occurred when heat-treatable alloys are
welded using fusion welding process. The phase

transformation in the weld metal and softening in heat-
affected zone inflict the decaying of mechanical properties
[4]. In general, welding of aluminum alloys can be performed
by using tungsten inert gas (TIG) or metal inert gas (MIG).
However, MIG welding is not recommended for joining thin
aluminum alloys due to excessive heat input that can cause
distortion or melt through; therefore, TIG welding is preferred
over MIG [5]. However, aluminum alloys have many disad-
vantage properties that are associated with TIG welding pro-
cess, such as high thermal conductivity and coefficient of
thermal expansion, the presence of oxide layer in the alumi-
num surface, solidification shrinkage, and high solubility of
hydrogen and oxygen in the molten state [4]. And then, when
these alloys are welded using TIG welding, they are more
susceptible to solidification cracking on the fusion zone and
loss of strength and ductility on the heat-affected zone (HAZ)
[6]. The 6000 series of aluminum alloys containing magne-
sium of more than 1 up to 3% are sensitive and susceptible to
solidification cracking if the filler metal used the same com-
position as the base metal. However, the cracking can be
prevented by using the filler metal as a cladding that contains
more than 3.5% magnesium (ex. ER5356) [7]. Wu and Wang
[8] investigated that the use of high-magnesium fillers with
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content more than 3 wt% can provide better weldability. With
the addition of ER5356 filler metal, the chemical composition
of the weld metal might change significantly or slightly com-
pared to the base metal depending on the dilution and signif-
icantly will enhance the variation of chemical composition,
leading to the change in microstructure and mechanical prop-
erties. AA6063-T5 is often welded using TIG welding with
ER5356 wire filler to maintain high-magnesium content of
more than 3%. An important aspect that needs to be pay at-
tention is when AA6063-T5 is welded autogenously, the weld
is susceptible to localized corrosion attack and solidification
cracking. The main factor is localized segregation of the Mg–
Si solute element that affects the solidification temperature
range and the interfacial surface tension between the eutectic
phase and aluminum matrix. Devendranath Ramkumar et al.
[9] investigated the effect of different filler metals on the hot
corrosion behavior, microstructure, and localized segregation
of the second phase on the weld metal. They are using the
direct current source of pulse TIG and super austenitic stain-
less steel as their observable material.

In automatic or controlled TIG welding, the develop-
ment and investigation of different types of technique used
in wire feeding during TIG welding have not been interest-
ing over the past decade. Many researchers have been in-
terested and focused on hybrid welding such as TIG-MIG
[10], TIG-CMT [11], and TIG-laser welding [12] to im-
prove efficiency; others concentrate on the method for thick
aluminum plate such as NG-GMAW [13, 14] and also join-
ing dissimilar metal such as aluminum to steel [15].
However, few researchers are interested in exploring auto-
mation of wire feeding technique and investigating the re-
sult of mechanical properties and microstructure on the lo-
calized region in WM. Defects such as porosity also need to
be considered. Many of the previous work has studied di-
lution level with an objective to investigate the solidifica-
tion cracking and corrosion resistance that is susceptible in
the fusion zone. Banovic et al. [16, 17] studied the dilution
effect and microsegregation in the fusion zone between Ni-
base alloy and super austenitic steel using gas tungsten arc
welding (GTAW). They are observing the dilution level by

varying the welding parameters over a full range of dilution
level to provide guidelines for controlling upon the weld
metal composition. Ahn et al. [18] studied the effect of
dilution on Iconel 625 and 718 with Nimonic 80A using
plasma transferred arc welding (PTAW). They investigated
the solidification cracking susceptibility by observing mi-
crostructural examination and thermal analysis. Pickin et al.
[19] studied the characteristic of dilution of Al–Cu–Mg
alloy with Al–Cu filler wire using cold metal transfer
(CMT) process for controlling low dilution cladding to ob-
tain a layer wherein the composition will get less suscepti-
ble solidification cracking. Miná et al. [20] studied the di-
lution effect on Inconel 686 using the TIG process with cold
wire. They investigate the microstructure in the fusion zone
based on chemical composition, XRD analysis, and optical
emission spectroscopy. Divya and Albert [21] studied the
effects of dilution on weld metal microstructure to prevent
hot cracking during welding of stainless steel 304B4 using
E309 electrode wire filler.

Despite the fact that much previous work has done to in-
vestigate the dilution effect on several materials. However,
there is still a gap that can be explored, for instance, combi-
nation of timing interval wire feeder, the combination of an-
gles, and direction of feeding the filler. With this preliminary
investigation, it will get a new perspective on how the inserted
method of wire filler in butt joint configuration will affect the
macro- and microstructure, in order to understand the effect of
intermittent wire feeder on the dilution and segregation effect
within various heat input. This paper presents the investiga-
tion of the effect of welding parameters on the macrostructure
and microstructure of the weld metal and also the mechanical
properties of the joint. For this article, the focus will be using
one combination proportion of filler metal with various
welding parameters.

2 Experimental

The material used in this investigation was AA6063-T5 alu-
minum alloy plate with a thickness of 3 mm and the type of

Table 1 Chemical composition of AA6063-T5 and filler wire ER-5356

AA6063 Si Fe Cu Mn Mg Zn Cr Ti Others Al

wt. (%) 0.466 0.305 0.03 0.024 1.04 0.026 0.007 0.012 0.13 Bal.

ER5356 Si Fe Cu Mn Mg Zn Cr Ti Others Al

wt. (%) < 0.25 < 0.4 < 0.1 0.05–0.2 4.5–5.0 < 0.1 0.05–0.2 0.06–0.2 0.05–0.15 Bal.

Table 2 Mechanical properties of
6063-T5 aluminum alloy Yield strength (MPa) Tensile strength (MPa) Elongation (%) Hardness (HV)

150–170 190–210 19–21 69–71
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filler used was ER-5356 wire filler with a diameter of 1.2 mm.
A square grove butt joint configuration was made by using
two 100 × 50 × 3 mm aluminum plate. The Chemical compo-
sition of AA6063-T5 was tested using optical emission spec-
trometer (OES) using standard ASTM E1251, and the chem-
ical composition of wire filler metal was given in the standard
ANSI/AWS A5.10; the nominal chemical composition are
listed in Table 1. A tensile test and microhardness measure-
ment were performed to ensure the mechanical strength of the
base metal. Results of mechanical properties of base metal
AA6063-T5 are listed in Table 2. An illustration of the sche-
matic welding process and the arrangement of the wire feeder,
electrode, and moving plate with an automated TIG welding
machine is shown in Fig. 1.

High-frequency ACmode was adopted in the TIG welding
process with a pulse frequency of 250 Hz and the average
excitation voltage during the welding process was between
13 and 14 V. During the welding, high purity argon (99.9%)
was applied as the shielding gas with a flow rate of 9 L/min.
TIG torch was set perpendicular to the workpiece, and the arc
length was set constant at 3 mm. There was no gap in the
square butt joint configuration between the two workpieces,
and they were clamped using the fixture to avoid distortion. A
pure tungsten electrode with a green code AWS class EWTH–
2 was employed with a diameter of 2.4 mm.Wire feeder speed

was set constant at 7.5 mm/s with an intermittent pattern as
shown in Fig. 2. The intermittent wire feed has a cycle time of
1.4 s period, with 0.4 s on and 1.0 s off. Wire feeder was set to
15° relative to the workpiece plane. Before the welding pro-
cess was performed, the workpiece was polished and cleaned
with acetone. The selected welding parameters that will be
studied are shown in Table 3.

For the macrostructure and microstructure investigation,
the specimens followed a standard metallography proce-
dure. The specimens were etched using a 0.5% HF solu-
tion. The macrostructure observation was conducted using
DINO-LITE, and the microstructure investigation was car-
ried out using Oxion Inverso OX.2153-PLM optical micro-
scope and scanning electron microscope (SEM) with an
EDS attached. The tensile test was carried out using
50 kN universal testing machine Tensilon RTF-2350. The
specimens were prepared from welded sheets using the
CNC milling machine. The specimens’ dimension

Fig. 1 The TIG welding and wire
feeder setup

Table 3 Welding parameters AC–TIG welding process

Process parameter

Welding current, A 140, 145, 150

Welding speed, mm/min 108, 114, 120

Pre-heating time, s 7

Constant parameter

Arc voltage, V 13–14

Frequency, Hz 250

Arc length, mm 3

Electrode type AWS Class: EWTH–2

Electrode diameter, mm 2.4

Shielding gas type Pure argon (99.95%)

Flow rate, L/min 9

Filler wire type ER5356

Diameter filler, mm 1.2

Wire feeder speed, mm/s 7.5

Wire feeder angle, θ 15°

Wire feeder method Intermittent
Fig. 2 The wire feeder time control

Int J Adv Manuf Technol (2019) 105:2237–2251 2239



followed subsize standard of ASTM E-8M. Crosshead dis-
placement rate used was 5 mm/min, and then ultimate ten-
sile strength (UTS) will be plotted with the process param-
eters. The microhardness of the base metal and the weld
metal to HAZ region were measured by using Vickers mi-
crohardness machine with a load of 100 g for 15 s hold
time, and the distance between every two points was
500 μm. Observation of the fracture surfaces of the tensile
tested specimens was performed by an SEM and followed
by EDS to observe the chemical composition of the frac-
ture mode.

3 Results

3.1 Macrostructure and weld bead geometry

The weld surface profile of the continuous and the intermittent
wire feeder process is shown in Fig. 3. In the continuous wire
feeder, the weld beads have higher reinforcement and smooth
surface. While in the intermittent wire feeder, the weld beads
have a flattened and wavy surface. Higher reinforcement in
the continuous wire feeder is caused by more deposited filler
into the weld pool compared to the intermittent wire feeder.

Fig. 4 Geometrical macrostructure on various weld current and welding speed: a top bead width (TBW), b back bead width (BBW), c reinforcement,
and d root

Fig. 3 The weld surface profile of
a continuous wire filling process
and b intermittent wire filling
process
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Figure 4a, b shows an increase in top bead width (TBW) and
back bead width (BBW) when weld current increased and
welding speed decreased. Figure 4c shows reduced the height
of reinforcement when weld current increased, and it showed
that the concave profile occurred in 150 A welding current.
Figure 4d shows slightly increased in root depth when weld
current increased, or welding speed decreased. The welding
process was done in the same parameter condition and using
the same deposit filler rate. An increase in weld current or
decrease in welding speed had a result in the increase of heat
input per weld length (J/mm), consequently increasing the
TBW and BBW, decreasing the height of reinforcement, and
increasing the depth of root. Therefore, under the condition of
good weld acceptability, the rate of deposit filler can also be
increased when the heat input is increased.

The ratio of filler regarding the length and volume is cal-
culated using Eqs. (1) and (2). RL is the length ratio between
the total length of filler in one cycle time (L) over the distance
traveled by the torch in one cycle time (D). Variables vf, vw, tf,
td, and tc respectively are wire feeder speed, welding speed,
feeder time, delay time, and cycle time.

RL ¼ L
D

¼ v f : t f
vw: tc

ð1Þ

RV is the volume ratio between the total volume of filler in
one cycle time (VL) over the volume of the welded zone in one
cycle time (VD), where Af and Awz respectively are the cross-

sectional area of the filler (circular area) and the cross-
sectional area of the welded zone (trapezoidal area).

RV ¼ VL

VD
¼ L: A f

D: Awz
¼ RL

A f

Awz
ð2Þ

Awz can be calculated using trapezoid (Eq. (3)) with TBW
and BBWas top bead width and bottom bead width respective-
ly (Fig. 5),

Awz ¼ TBW þ BBW

2

� �
� sheet thickness ð3Þ

The wire feeder speed (vf) was set constant at 7.5 mm/s and
using the delay time (td) 1 s and feeder time (tf) 0.4 s, the
length ratio (RL) and the volume ratio are given in Table 4.

Figure 6 shows the pictures of the cross-section of the weld
metal (WM) in different welding parameters. With the lower
heat input per length (J/mm) and higher volume ratio, the
reinforcement at top weld bead occurred at 140 A welding
current and 2 mm/s welding speed. However, the low heat
input large pores take place on the WM, resulting in a weak
joint and the failure modes might have located in WM. With
more heat input, the reinforcement is reduced and large pores
dissolved to smaller pores (micropores). While using weld
current 150 A, a volume of deposit filler compared to molten
metal is too small, so that the deposited filler is not enough to
cover the attraction of liquid metal down due to gravity.
Hence, weld bead’s concavity occurs. The concavity is formed
because of displacement or metal ejection from the weld pool
during welding process [22]. The concavity is the result of
higher heat input per length. The higher heat input was obtain-
ed from the higher current and lower welding speed. Higher
heat input causes more base metals to melt and has a higher
liquid temperature. The increase in liquid metal temperature
causes the surface tension to decrease and the time to solidify
becomes longer; consequently, the molten metal is attracted
by gravity with a longer duration. Hence, concavity inevitably

Fig. 5 The cross-sectional weld
metal area

Table 4 Calculated of length ratio (RL) and volume ratio (RV) in
different welding speed and welding current

Welding speed RL RV (10−2)

1.8 mm/s 1.19 5.67 ± 0.21 5.04 ± 0.14 4.63 ± 0.27

1.9 mm/s 1.13 5.76 ± 0.52 5.09 ± 0.10 4.72 ± 0.23

2.0 mm/s 1.07 6.04 ± 0.55 5.21 ± 0.13 4.59 ± 0.19

All current 140 A 145 A 150 A
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occurred. As shown in Table 4, the volume ratio (RV) of
0.0521 (145 A–2.0 mm/s) is the minimum value so that con-
cavity of weld bead does not occur; therefore, acceptableRV ≥
0.06 is where weld current is in the range of 140–150 A.

In order to increase the volume ratio (RV) using weld cur-
rent 150 A, the volume of concavity needs to be calculated
using the Eq. (4), where AC is the concavity area that can be
seen in Fig. 5 andD is the distance traveled by the torch in one
cycle time, which is the same as Eq. (1).

VCON ¼ AC � D ð4Þ

Using the sample 150–2 mm/s, the depth of concavity is
approximately a = 0.244 mm, TBW = 9.3 ± 0.2 mm, and D =
2.8 mm. So the filler needed to be added is approximately the

same as the VCON = 4.765 mm3. Because the area of filler is
Af = 1.131 mm2, therefore, the length of filler to be added is
approximately 4.2 mm, and because the initial length of filler
is 3 mm, hence, the total filler to be added is approximately
7.2 mm. If vf, vw, and tc have the same value, therefore, tf =

Fig. 6 Cross-section of the weld metal in different welding parameters

Fig. 7 Microstructure of base metal AA6063

Table 5 New calculated of length ratio (RL) and volume ratio (RV)
depend on the depth of concavity

140 A 145 A 150 A

RL RV RL RV RL RV

1.8 – – 2.01 0.0852 3.12 0.1215

1.9 – – 1.62 0.0730 3.92 0.1644

2.0 – – 1.07 0.0521 2.58 0.1106
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0.96 s and td = 0.44 s, respectively. New ratio of length and
volume are RL = 2.57 and RV = 0.11. All the parameters that
result in concavity can be calculated using the same method.
The calculation results are shown in Table 5.

However, the value in Table 5 is just an approximation
of how much deposit filler needs to be added based on the
preliminary investigation of the geometrical cross-section
of the weld metal. In actual condition, when filler rate
deposit increases, demands of heat input are increased
too. In the case of same heat input applied while filler rate
increased, partially more heat needs to be used to melt the
filler, and consequently less heat is used to melt the base

metal. Less molten base metal and more filler will produce
a higher volume ratio compared to the calculated value.
Therefore, using this calculated ratio, the tendency of weld
beads to have reinforcement at TBW is high. There is a
need to be considered when heat input is not enough be-
cause precipitation of large pores could occur.

3.2 Microstructure

Microscopic observations in different areas of the joints
are displayed in Fig. 7 and Fig. 8. The sample parameters
are weld current 145 A and welding speed 1.9 mm/s with

Fig. 8 Microstructure in different
areas of the joints (weld current =
145 A, welding speed = 1.9 mm/
s). a Macroscopic area. b Heat-
affected zone (HAZ). c Weld
metal (WM) at near top surface. d
Weld metal (WM) at near fusion
line. e Partial melted zone (PMZ)
and fusion line
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a medium level of heat input. As shown in Fig. 8a, the
typical microstructures can be divided into four visible
zones which are weld metal (WM), partially melted zone
(PMZ), heat-affected zone (HAZ), and base metal (BM)
[23].

BM As shown in Fig. 7, observation on the base metal area
indicated that the primary α-Al (aluminum solid solution)
which is marked by light color and the second phase of Mg–
Si eutectic phase and Al–Mg eutectic phase which are marked
by dark color. Both eutectic phases present in homogeneous

Fig. 9 a–d Magnification 200×
and 500× from Fig. 8c

Fig. 10 Wire dilution with sample parameter of weld current 150 A and welding speed 2.0 mm/s. (a) The phenomenon of segregation occurs at the WM
center area, (b) dense eutectic phase on localized segregation, and (c) globular shaped eutectic phase outside the localized segregation area

Int J Adv Manuf Technol (2019) 105:2237–22512244



distribution intra-grain formed globular small shape within
less than 10 μm to nm scale.

HAZ This area was subjected to a longer temperature of above
200 °C or ranging from 150 to 300 °C during the welding
process and cooling process, so it takes a longer time to grow
up the grain. Hence, the grain becomes coarser and larger
compared to that in PMZ [23]. The grains grew up and formed
new equiaxed grains with non-homogeneous size (Fig. 8b).
The HAZ region is similar to the results shown by [6], al-
though they used pulsed TIG welding. It is shown that the
welding thermal cycle affects the eutectic phase to be dis-
solved in the aluminummatrix. Increasing grain size may also
reduce the mechanical properties of Al–Mg–Si alloys such as
hardness, tensile strength, and toughness.

PMZ In Fig. 8e near the fusion line (as shown in red line), the
PMZ region shows the growth of new equiaxed grains
forming a smaller size compared to the grain size in the
HAZ area. In this area where the temperature reached more
than 350 up to 450 °C, some of theMg2Al3 will be redissolved
and closer to the weld where the temperatures reach to 560 °C,
partial melting occurs causing some shrinkage cavitation and
formed fusion line.

WM The weld area is composed of dendritic structure most-
ly found at the center area (Fig. 8c) and columnar structure
found at near fusion line (Fig. 8d, e). The columnar struc-
ture width area is approximately 0.5–1 mm, which grew
from fusion line toward the center of the weld. In the center
of WM, the crystals shape are mostly in equiaxed form and
are approximately 10–20 μm in diameter (Fig. 9c).
However, in some area, a larger equiaxed structure can be
found with very thin precipitation in the boundary layer and
presents a homogeneous distribution of globular shaped
precipitation intra-grain (Fig. 9a). Figure 10(a) shows the
results of wire dilution with parameter weld current 150 A
and welding speed 2.0 mm/s, and the phenomenon of seg-
regation occurs at the center area where the wire was
inserted. The localized segregation of Al–Mg2Si eutectic
structure could be attributed to the high concentration of
magnesium from the additive wire ER5356. Figure 10(b)
shows the dense eutectic phase on the body of localized
segregation and Fig. 10(c) shows globular shaped eutectic
phase with a small size spread evenly and sparse, and the
location is outside and near the localized region.

Fig. 11 EDS study on α-Al matrix and the second phase particle

Table 6 EDS analysis (wt%) in five location of second phase particle
and α-Al matrix

No. Second phase α-Al matrix

Al Mg Si Fe Al Mg Si Fe

1 79.77 2.22 18.01 – 97.54 2.26 0.18 –

2 87.89 3.09 9.02 – 97.11 2.54 0.33 –

3 87.11 1.86 6.94 4.09 98.57 1.37 0.19 –

4 90.81 1.46 4.70 3.03 98.04 1.96 – –

5 94.53 1.01 2.79 1.66 96.17 1.17 1.93 0.73
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Figure 11 shows the EDS study of the Mg and Si solute
content on the α-Al matrix and the second phase particle. Si
was the major alloy element on the second phase particle in
the localized segregation (numbers 1 and 2). Very high Si
content in location number 1 makes the Al–Si eutectic struc-
ture dominant compared to Mg2Si, while in location number
2, higher content of Mg and lower content of Si compared to
number 1 make Mg2Si more rich and with less Al–Si eutectic

phase. Al–Si–Mg–Fe structure is found at location numbers 3,
4, and 5; in contrast, there is no Fe content on location num-
bers 1 and 2. Location 3 near the localized segregation is
where the globular eutectic structure was found mostly in this
region, location 4 is in the columnar structure near the weld
lines, and location 5 was located at the HAZ region. Si, Mg,
and Fe contents on the locations 3, 4, and 5 reduce gradually
and have lower value in the location at the HAZ region

Fig. 13 Traverse section of the specimen: a weld current 140 A and welding speed 2 mm/s, b weld current 145 A and welding speed 1.9 mm/s, and c
weld current 150 A and welding speed 1.8 mm/s

Fig. 12 Wire dilution with sample parameter of weld current 150 A and welding speed 1.8 mm/s

Int J Adv Manuf Technol (2019) 105:2237–22512246



(number 5). In the localized segregation, Mg element has high
solute content both in the second phase and aluminum matrix
(Mg > 2%) compared to the outside region (Mg < 2%). As
shown in Table 6, Si element on theα-Al matrix was minimal.
Si elements tend to react with Al and form segregation of Al–
Si eutectic structure and cause losses of Si element in matrix
composition. Hence, the weld metal region contained low Si
with more Mg solute content at the α-Al matrix composition.
In the HAZ region, Si content was higher (1.93%) because
there is no melting phase which causes Al and Si being bound
together; hence, Si element was a persistence solute on the α-
Al matrix.

Figure 12 shows the sample with parameters weld current
150 A and welding speed 1.8 mm/s. As shown in Fig. 12 the
columnar structure in dilution boundaries shows the occur-
rence of fast cooling rates while the wire was inserted and
resulted in the localization of segregation. Wang et al. [24]
found that the direction of grain growth and the orientation
of grain structure might be attributed to the directional cooling
when the wire was inserted and the highest temperature gra-
dient are located in the boundary of melted metal and the wire

filler. This is similar to the columnar crystal contained in WM
near the weld lines. Figure 13a–c shows the traverse section of
the specimen of 140-2 (weld current 140 A and welding speed
2 mm/s), 145-1.9 (weld current 145 A and welding speed
1.9 mm/s), and 150-1.8 (weld current 150 A and welding
speed 1.8 mm/s) respectively. The specimen 140-2 was the
lowest heat input, 145-1.9 was the medium heat input, and
150–1.8 was the highest heat input in all 9 specimens.
Figure 13a shows the wavy-like structure that was caused by
fast solidification rate of wire filler. In Fig. 13b, wavy-like
structure was reduced to some degree and disappeared in
Fig. 13c. The wavy-like structure depended on howmuch heat
would be added. The more heat was added, the longer the
melting time; hence, the solidification rate would be reduced
and therefore the wavy-like structure could be minimized.

3.3 Mechanical properties and failure mechanics

Microhardness distribution is recorded by performing Vickers
indentations on the TIG metallographic sample. A force of
100 gf with 15 s dwell time is used, and a spacing between

Fig. 15 a Ultimate tensile strength (UTS) and b elongation are plotted in different welding current and welding speed in comparison to a base metal
(BM) of AA6063-T5

Fig. 14 aMicrohardness ofWM in vertical distribution across the center ofWM from top bead to back bead. bMicrohardness of horizontal distribution
across HAZ, PMZ, and WM
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indentations is 500 μm. Indentations are made on the horizon-
tal distribution across the HAZ, PMZ, and WM, and the ver-
tical distribution across the top of WM to the bottom of WM.
Microhardness profile distribution is carried out on the hori-
zontal distribution with approximately 10 mm to the right and
to the left from the center of the weld. Figure 14a shows
microhardness ofWM in vertical distribution across the center
of WM from top bead to back bead, and the average value is
60.4 ± 3.4 HV. There are nine locations of indentation which is
divided into two distinct regions, the upper zone and the lower
zone. The upper zone consists of the first four locations of
hardness between the distance 0–2 mm and lower zone con-
sists of the last four locations of hardness between the distance
2–4 mm. The average value of hardness at the lower zone is
62.4 ± 4.2 HVand the upper zone is 58.5 ± 2.0 HV. This graph
shows that the hardness in the lower zone has a slight increase
compared to the upper zone. Figure 14b shows microhardness
of horizontal distribution across HAZ, PMZ, and WM. This
graph shows a microhardness value of weld metal (WM) with
an average value of 62.8 ± 5.2 HV, the maximum value is
69.8 HV and the minimum is 52.5 HV. The lowest value of

microhardness is in the PMZ area, near the fusion line. The
lowest value on the right side is 43 HV, while on the left side is
51 HV. After that, the hardness value gradually increases to
near the value of BM. Chen et al. [25] reported that the hard-
ness value would decrease with an increase in temperature
within 287–414 °C. The lowest hardness was obtained at
452 °C peak temperature during welding process within
1 day of natural aging (NA) treatment, and after 1-month
NA treatment, the lowest hardness can be achieved approxi-
mately within a range temperature of 420–470 °C. And then
the hardness will increase gradually until the temperature
reached 504 °C, then the hardness approaches stable horizon-
tal distribution.

As shown in Fig. 15, the ultimate tensile strength (UTS)
and elongation are plotted in different welding current and
welding speed in comparison to a base metal (BM) of
AA6063-T5 and minimum UTS of AA6063-T1. Each sample
named with a number and an alphabet: 140A, in which 140 is
welding current and A means welding speed 1.8 mm/s. Every
combination parameters take 3 samples each. In total, there are
27 samples taken into tensile testing. Most of the specimens

Fig. 16 Fracture location of all specimens

Table 8 Average ultimate tensile
strength (MPa) and elongation
(%)

Welding speed Weld current

140 A 145 A 150 A

UTS El. UTS El. UTS El.

1.8 mm/s 139.0 ± 0.8 12.9 ± 0.5 155.8 ± 7.8 11.2 ± 1.9 152.5 ± 9.9 11.9 ± 0.3

1.9 mm/s 139.3 ± 1.9 13.2 ± 0.6 147.0 ± 1.8 12.2 ± 0.3 149.4 ± 12.4 10.9 ± 0.3

2.0 mm/s 125.3 ± 11.1 8.8 ± 4.3 139.9 ± 1.3 12.9 ± 0.8 150.3 ± 9.1 12.1 ± 0.8
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would fracture at the HAZ area (Fig. 16) between 1 and
1.5 mm from the center of the weld and has UTS at least
140 MPa, elongation between 10 and 13% (Table 8). It shows
that the strength is reduced between 20 and 30%. Figure 16
shows that sample 140C has 2 out of 3 samples that failed at
WM and tensile test result indicates that UTS and elongation
are no more than 120 MPa and 7%, respectively. This result
shows that lack of heat input has a high potential to fracture at
WM and also less heat input has a tendency to have lower
UTS at some level. Figure 17 shows that the primary cause of
weld metal fracture is oxidation at the low melting tempera-
ture. At low melting temperature, the molten metal produces
excessive turbulence that allows the oxygen to be trapped into
the molten metal; therefore, large porosity occurs. Table 7

shows the EDS analysis of four locations A through D in
Fig. 17. Locations A, B, and C are located in the boundaries
between the oxidation region and free of oxidation. Location
A in Fig. 17 shows the fractographs showing the ductile man-
ner where dimples and large void occurred. Location B which
was shaped like a cliff indicates the boundary between oxi-
dized and not. Locations C and D show the brittle fracture
manner; in location C, the cleavage step was visible and in
location D, tearing ridge was visible. Figure 18 shows the
typical fracture location of the specimen that breaks at the
HAZ region. The fracture surface in the welded samples
shows normal ductile behavior. In that case, a ductile fracture
with a mixture of many microvoids and coarse dimples is
obtained (Table 8).

4 Conclusions

Based on macrostructure, microstructure, SEM-EDS, and me-
chanical property results, it can be concluded that effect of
wire feeding technique on the dilution on AA6063-T5 with
ER5356 filler metal using tungsten inert gas (TIG) welding
can be summarized as follows:

Fig. 17 Fracture mode samples
that undergo oxidation

Table 7 EDS analysis
(wt%) of WM fracture
caused by oxidation

Loc. Elements

Al Mg Si O

A 97.57 2.43 – –

B 82.41 2.79 2.46 12.34

C 81.21 3.68 2.93 12.18

D 60.41 4.78 2.39 32.42
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1. Between continuous and intermittent wire feeder, the top
surface weld beads have different contours. While in-
creasing weld current and/or decreasing welding speed,
the top bead width (TBW) and back bead width (BBW)
increase in size and also change the reinforcement signif-
icantly from convexity profile to concavity profile.

2. The proposed method of length ratio (RL) and the volume
ratio (RV) could estimate the minimum value of ratio un-
der the condition of a good welded surface profile. The
acceptability of volume ratio in order for concavity of
weld bead not to occur is RV ≥ 0.06, where weld current
is in the range of 140–150 A. Therefore, under the condi-
tion of good weld acceptability, the rate of deposit filler
can also be increased when the heat input is increased.

3. The microstructure showed that the wire dilution and the
phenomenon of localized segregation occurred at the cen-
ter area. EDS study reveals thatMg and Si elements on the
α-Al matrix and the eutectic phase particle are the major
alloy element on the localized segregation. Magnesium
content was found higher at localized segregation com-
pared to the outside localized segregation.

4. The microstructure shows that columnar structure was
formed in dilution boundaries, and it reveals that fast
cooling rates happened when the filler wire was inserted.

Also, microstructure on weld traverse section shows that
the wavy-like structure depended on the heat input.

5. Ultimate tensile strength shows that specimens that lack
heat input were susceptible to oxidation at WM. In the
fracture mode showing samples that undergo oxidation,
the fracture will occur at weld metal at the brittle manner
and reduce the strength up to 40%; otherwise, if the heat
input is fulfilled, the fracture tends to occur at the HAZ
area with ductile behavior and reduces the strength by 25–
30%.
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