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Abstract

This study investigated into how different current input levels during cold metal transfer
(CMT) welding affected the characteristics of the weld bead. For the current variation,
three input values were taken: 80 A, 90 A, and 100 A. Weld beads fabricated from all three
current inputs were compared by analysing their microstructure, microhardness, tensile
strength, and residual stress. The microhardness of the weld bead decreased when the
current parameter was increased from 80 A to 100 A. The average tensile strength increased
from 80 A to 90 A. The lowest residual stress calculated was —135 MPa with 100 A current.
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1. Introduction

Currently, aluminium is utilised in place of steel in a number of industries, including
shipbuilding, aerospace, and the manufacture of boilers, body panels for automobiles, and
internal and external body panels. Its light weight, which drastically lowers the vehicle’s
energy consumption and transportation costs, is the primary element driving aluminium’s
acceptance over steel [1]. Moreover, aluminium and its alloys are also known for their high
strength and excellent corrosion resistance. Al-Zn alloys, commonly known as the 7xxx
series, are predominantly used in the aerospace industry due to their superior strength
(over 500 MPa) [2]. Moreover, there has been a recent surge in research and applications con-
cerning the use of 7xxx alloys, particularly 7075, in automobile parts. This alloy, renowned
as the primary choice for aircraft components owing to its exceptional strength, exhibits an
ultimate tensile strength ranging from 510 to 540 MPa and maintains a mean hardness of
140 HV( 5. This combination of strength and hardness makes 7075 aluminium alloys highly
desirable for demanding applications in automotive engineering [3].

On the other hand, 4000 series alloys are commonly employed as filler materials in
welding and brazing due to their minimal susceptibility and excellent fluidity at lower
heat inputs, and mostly outperform other aluminium alloy series in terms of strength and
porosity [4]. Among the 4000 series aluminium alloys, ER4043 (with a tensile strength of
206 MPa) is a popular Al-Si alloy used as a filler material because of its greater fluidity and
reduced tendency to develop faults in welded joints [5].

Based on the conventional short-circuiting transfer technology created by ‘Fronius
of Austria’, cold metal transfer (CMT) is an enhanced method of gas metal arc welding
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(GMAW) [6]. During CMT welding, one-quarter of the entire duration will be spent in
a short-circuit phase when the current amplitude is nearly nil. This cuts utilised energy
and welding costs up to 40% [7]. This approach differs from GMAW’s conventional short-
circuiting (CSC) approach. Liquid droplet separation from the filler wire is the primary
distinction between CSC and CMT. Droplet detachment in CSC is caused by Lorentz forces,
whereas the CMT principle of wire retraction motion has been proposed [8]. Due to its
shallow non-zero current, CMT welding can effectively join thin sheets without causing
deformation due to minimal thermal heat input [9]. CMT may be used to fuse extremely
thin sheets such as aluminium foil (0.3 mm) [10]. It has a significant gap bridging capacity
while maintaining a spatter-free weld.

In addition to the weld materials and welding process, the welding parameters mainly
affect weld quality. Many factors impact weld quality, such as the voltage (V), current
(I), speed of welding (S), wire feed rate (WFR), stick-out distance, rate of flow of the
shielding gas, and contact tip-to-workpiece distance (CTWD). In previously carried-out
works, current variation was shown to be the most significant contributor to the variation in
weld quality produced using CMT welding; thus, in the following experiments, the current
was varied, which simultaneously changed the voltage and wire feed rate, and for each
current input, the microstructure, microhardness, and residual stress were investigated.
A suitable range of 80 A to 100 A was identified through the available literature and
experimental testing; going above that range leads to the production of holes, whereas
going below leads to significantly weak joints being produced.

2. Experimental Methods and Materials

In this experiment, thin sheets of Al 7075 were joined with ER4043 (AlSi5%)
filler wire with a diameter of 1.2 mm. The dimensions of the substrate used were
100 mm x 150 mm x 3 mm. The substrates were placed in a butt joint configuration with
zero distance between them. Table 1 shows the metallurgical composition of the base mate-
rial and the filler wire material calculated through optical emission spectroscopy (OES). The
experiment was conducted using a Fronius TPS 400i CMT machine (Fronius International,
Pettenbach, Austria) (shown in Figure 1a). The contact tip to work distance (CTWD) was
set to 5 mm for better penetration. A schematic diagram of the welding fixtures employed
in the joining process is shown in Figure 1b. For the fabrication of the samples, three current
inputs were considered—80 A, 90 A, and 100 A—while the other welding parameters were
kept constant, because of which the current input is directly correlated with the amount of
heat input; please refer to Table 2. An Olympus microscope was used for microstructural
analysis. The 2 cm x 2 cm welded samples were epoxy-mounted and then polished in a
stepwise manner using emery papers with grit sizes ranging from 400 to 2500. The polished
samples were then placed on the microscope for examination after undergoing a 30 s
etching procedure in Keller’s reagent (2.5% HNO3, 1% HF, 1.5% HCI, and distilled water).
Microhardness analysis was performed using the Duramin-40 M1 Vickers microhardness
testing machine (Struers, New Delhi, India) with a constant load of 100 g and a 10 s dwell
time following the ASTM E384 standard [11]. The ASTM ES8 standard was used for tensile
specimen formation using a CNC machine (Mtab Engineers Pvt. Ltd., Chennai, India). The
tensile strength test was carried out on a Tinius Olsen UTM (Tinius Olsen India Private
Limited, Uttar Pradesh, India) with a ram speed of 1 mm/min [12]. The residual stresses
of the samples were obtained using a Pulstec p-X360n Full 2D X-ray system (Pulstec In-
dustrial Co., Ltd., Hamamatsu, Japan) (Japan). Since X-ray diffraction (XRD) has a limited
penetration depth (usually approximately 10 um), it was adopted as the main methodology
for measuring near-surface residual stress. The samples were exposed to radiation at a
voltage of 30 kV and a beam current of 0.66 mA, all within carefully calibrated parameters.
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The X-ray beam incidence angle was purposefully adjusted to 30°, which increased the
measurement accuracy. The cos & method, which is fundamental to the u-X360 X-ray
Pulstec system, serves as the basis for computing in-plane residual stress [13].

Table 1. Metallurgical composition (wt. %) of the substrate material and filler wire.

Material Al Cu Zn Si Mg Fe Mn Cr Ti

Al 7075 90.2 1.2 5.1 0.4 1.9 0.5 0.3 0.2 0.2
ER4043 93.03 0.3 0.1 5.6 0.05 0.8 0.05 0.05 0.02

Fronius TPS 400i
CMT machine

CMT torch

(b)

Figure 1. (a) Experimental setup for the CMT machine. (b) Schematic diagram of fixtures used along
with weld configuration.

Table 2. Welding parameters.

Wire Feed Gas Flow

Current (A) Voltage (V) Rate (m/min) Time (s) Length (mm) Rate (L/min) Heat Input (kJ)
80 4.80 10 100 15 0.102
90 4.89 10 100 15 0.121
100 5.10 10 100 15 0.143

3. Microstructural Analysis

The microstructural images depicted in Figure 2 reveal equiaxed dendrite formations
within the weld bead. These dendrites exhibit a noticeable increase in size as the welding
current escalates from 80 A to 100 A, attributed to the amplified heat input with higher
current settings [14]. This phenomenon directly correlates the dendrite size augmentation
with the intensified thermal energy. Figure 3 demonstrates the microstructure of the heat-
affected zone (HAZ), displaying coarse grain structures. Particularly intriguing is the
observation that at 80 A current input, the base metal (BM) and the HAZ share a similar
grain structure, but with increasing current, the disparity in grain size between the HAZ
and BM becomes more pronounced. This disparity underscores the sensitivity of grain
structure to welding parameters, notably current intensity, and its consequent impact on
microstructural characteristics within the welded region.
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Figure 3. Microstructural image of the heat-affected region near the fusion zone at 500x (100 pum) at
(a) 80 A, (b) 90 A, and (c) 100 A.

4. Microhardness Analysis

Microhardness was measured from the left end with a 0.1 mm gap before the starting
point and further increased with a 1 mm gap for the rest of the readings [15]. Figure 4 shows
the microhardness of the cross section with varying input currents, from which it can be
seen that the range for the 80 A weld bead is 85-125 HV;, that for the 90 A weld bead
is 90-135 HV( 1, and that for the 100 A weld bead is 80-122 HV(;. The weld metal (WM)
had the lowest microhardness of 79 HV(; at the highest current input of 100 A and the
highest microhardness of 91 HV; at the lowest current input of 80 A. Further, a decline in
microhardness from the BM to the HAZ is notable for all three specimens. This variation can
be attributed to various factors, such as alloying elements, grain size, and precipitate volume
fraction, on which the hardness of the WM depends. The strengthening elements magnesium
and zinc evaporate during the welding process in the WM, significantly decreasing the
hardness of the base metals used for fabricating the joint [16]. Moreover, grain coarsening also
decreases the microhardness of the WM. Moving from the WM to the HAZ and further to the
BM, the hardness increases as the amount of alloying elements (such as Zn and Mg) and grain
size gradually come to their original state (less exposed to heat) [17].
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Figure 4. Microhardness trend for varying current speeds in CMT-welded samples.
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5. Effect of Current on Tensile Strength

The ASTM E8 method was followed to prepare four tensile samples for each current
parameter. The average tensile strength and percentage elongation of each current parame-
ter weld are shown in Table 3. As the current increased from 80 A to 90 A, a slight increase in
the tensile strength was observed (Figure 5), while the elongation of the specimen decreased
from 9.5% to 8%. The increase in strength was because of the satisfactory fusion of the weld
metal with the base metal, while at a current of 100 A, the strength decreased because of
grain coarsening due to increased heat input, which caused the specimen to fracture earlier,
resulting in an elongation percentage of 6.5% [18]. The decreasing value of elongation
reflects the brittleness of the joint and coarse grain formation. The fractography of the
specimens with currents of 80 A, 90 A, and 100 A is shown in Figure 6. The specimens first
displayed a ductile mode of failure at low current input; however, as the current increased,
the mode of failure approached brittle fracture. As the current increased from 80 A to 100 A,
the size of the dimples increased, accompanied by the formation of large voids, which
ultimately reduced the joint strength. The presence of fine equiaxed dimples indicates
the ductile nature of fracture while the presence of interstitial voids and flat planes in the
fractured surface reveals the brittle nature of the fracture [19].

Table 3. The average tensile strength and elongation according to their current parameters.

Current (A) Average Tensile Strength (MPa) Elongation (%)
80 420 9.5
90 450 8
100 400 6.5
_ 25
Bt [ |strength
B [ |Elongation
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- =
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Figure 5. Average tensile strength and percentage elongation achieved for CMT-welded samples.
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Figure 6. Fracture surface of samples with current parameters of (a) 80 A, (b) 90 A, and (c) 100 A.
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6. Residual Stress Analysis

Residual stress measurements were systematically taken at six specific positions along
the vertical axis of the welded sample. These residual stress values depend on multiple
factors, such as the weld geometry, deposited weld metal, weld bead size, total deposited
weld volume, and cooling rate [20]. As shown in Figure 7, a residual stress dip can be
observed for the 80 A, 90 A, and 100 A beads in the fusion zone (FZ). The dip in the fusion
weld zone depicts a higher compressive stress than that of the weld and base metal. The
reason behind this difference was the higher heat input and faster cooling rate than those of
the weld bead and base metal, respectively. A compressive residual stress is favourable for
improving the fatigue behaviour of welds. Base plate distortion and crack propagation are
caused by residual stress, which increases as the current level and welding speed decrease.
Thus, to increase the fatigue behaviour of joined parts, compressive residual stresses are
purposefully created, and various techniques, including spot heating, post-weld heat
treatment, and shot peening are used in an attempt to minimise residual tensile stresses.
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Figure 7. Residual stress for CMT-welded samples.

7. Conclusions

Following an in-depth analysis of specific experimental investigations carried out
by changing the current input parameters from 80 A to 100 A, the following conclusions
were drawn:

1.  The microstructural investigation revealed that as the current input increased, the
grain size also increased in the HAZ and bead region.

2. When the current input increased from 80 A to 100 A, the hardness decreased in the
WM. The reason behind this increase was the increase in grain size due to the high
heat input.

3. The average tensile strength exhibited by the 90 A current samples reached a maxi-
mum (450 MPa). This was because of the satisfactory fusion of the weld metal with
the base metal.

4. The calculated residual stress decreased as the current parameter increased, reaching
its lowest value at —135 MPa with 100 A current; this is explained by the weld’s
increased heat input and quicker cooling rate.

5. Ultimately, it was determined that when using the ER4043 filler wire to fabricate Al
7075, the 90 A weld bead produced the best results.
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