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Abstract: The present research investigates the effects of different welding techniques, namely
traditional metal inert gas (MIG), cold metal transfer (CMT), and fiber laser-MIG hybrid, on the
microstructural and mechanical properties of joints between extruded EN AW 6181/6082-T6 and cast
EN AC 42100-T6 aluminum alloys. These types of weld are very interesting for junctions of Al-alloys
parts in the transportation field to promote the lightweight of a large scale chassis. The weld joints
were characterized through various metallurgical methods including optical microscopy and hardness
measurements to assess their microstructure and to individuate the nature of the intermetallics,
their morphology, and distribution. The results allowed for the evaluation of the discrepancies
between the welding technologies (MIG, CMT, fiber laser) on different aluminum alloys that represent
an exhaustive range of possible joints of a frame. For this reason, both simple bar samples and
real junctions of a prototype frame of a sports car were studied and, compared where possible.
The study demonstrated the higher quality of innovative CMT and fiber laser-MIG hybrid welding
than traditional MIG and the comparison between casting and extrusion techniques provide some
inputs for future developments in the automotive field.
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1. Introduction

1.1. Background

Aluminum alloys have recently increased their employment in different engineering fields,
especially for transport, due to their excellent properties including good corrosion resistance, high
strength, good formability, and low density [1–4]. The current main requirements of the automotive
field such as the necessity of reducing emissions, the improvement of vehicle performance, and the
preservation of safety targets [5–7] imply a further need to improve and study lightweight structures
fabricated from aluminum alloys [8–10]. The manufacturing of complex shapes, where welded joints
are usually required, is even more challenging.

1.2. Aluminum Alloys Weldability

The welding of aluminum alloys is considered a slightly difficult process due to its high thermal
and electrical conductivity, high thermal expansion coefficient, refractory aluminum oxide (Al2O3)
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formation tendency, and low stiffness. These characteristics, in general, make these alloys sensitive
to defect formation that may lead to the loss of chemical, metallurgical, and mechanical properties.
Typical welding defects in aluminum alloys are gas porosity, oxide inclusions and/or oxide filming,
solidification (hot) cracking or hot tearing, reduced strength in the weld and heat affected zone (HAZ),
lack of fusion, and reduced corrosion and electrical resistance. These defects determine reduced
strength and corrosion in the fusion zone (FZ) and HAZ, with a general decrease in mechanical
properties. These defects are generally reduced, providing efficient protection from the contamination
of atmospheric gases to the weld pool or/and decreasing the influence of the weld thermal load by
using welding processes with higher energy density [11,12].

These problems have to be faced, mainly due to the increasing employment of Al in complex vehicle
parts, which implies a higher number of potential applications of Al hybrid structures. For example,
during the last few years, both cast and wrought Al parts have been introduced in automotive complex
shapes, which entails the need to join them into the final structure. Indeed, the dissimilar aluminum
alloy joint can combine good strength and corrosion resistance, which is typical of this material,
with exceptional castability used where complex sub-sections are needed, and excellent mechanical
properties, achieved in other specific areas made of extruded parts.

1.3. Aluminum Alloys for Automotive Field

Against this background, the Al–Si–Mg alloy class is one of the most widely used for the
production of aluminum casting components. In particular, the cast Al−7Si−Mg (EN AC 42100, also
defined as A 356) alloy is widely used in automotive applications thanks to its high specific strength.
Its microstructure consists of primary α (Al) grains and eutectic (Al–Si) structures. T6 heat treatment is
normally used to obtain the desired mechanical properties. The solution treatment dissolves the β

phase (Mg2Si particles) in the Al matrix, homogenizes the alloying elements in the casting, and modifies
the morphology of the eutectic structures [13–16]. Wrought aluminum is a widely used alloy in the
automotive field, especially the heat-treatable 6xxx series, which is characterized by high strength and
good corrosion resistance [17]. Two of the most commonly used are the wrought EN AW-6181-T6 and
EN AW-6082-T6 aluminum alloys. These are age-hardenable alloys, thus their mechanical properties
are mainly controlled by the hardening precipitates contained in the material. When the material
is subjected to a solution heat treatment followed by a quenching and a tempering treatment, their
mechanical properties reach their highest level. According to the literature [18–20], the T6 temper of the
6xxx alloys involves very thin precipitates, namely β”needle shaped precipitates, with a nanometric
size and is partially coherent with the matrix. One of the most interesting characteristics of these alloys
is the good weldability that, along with other properties, makes them very attractive in transport
for complex structures assembled by welding [21,22]. Several works have studied the welding of
aluminum and other alloys such as magnesium, steel, or titanium [23–26]. Only a limited number of
scientific papers [27–32] have investigated the welding of dissimilar aluminum alloys together. These
papers mainly deal with friction stir welding (FSW) [33,34], which, despite its potential, still has a high
cost that needs to be improved in order to be used in industrial high volume applications. Wang et
al. [35] studied the tensile properties and microstructure of a joined wrought EN AW-6181 aluminum
alloy and vacuum high pressure die cast A356 aluminum alloy by using the metal inert gas (MIG)
technique. The results showed that the low strengths of the A356-T6 alloy should be attributed to the
absence of Mg-based intermetallic phase, coarse grain, and porosity, but the effect of the microstructure
of the two base metals (BM) on the mechanical properties was not reported. An interesting study
by Nie et al. [36] examined the microstructure, distribution of alloying elements, and mechanical
properties of the wrought aluminum alloy 6061-T6 and cast aluminum alloy A356-T6 joined using
a pulse MIG welding process. Additionally, the influence of welding speed on the microstructure
and mechanical properties of the joints was investigated. They observed brittle Fe-rich phases in the
partially melted zone and minimum hardness in the A356 aluminum alloy side. Some authors have
recently tried to apply hybrid laser-arc welding to Fe–Al dissimilar joints [37], but in that case, the
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process was instable because of the significant difference in the thermal- and fluid-dynamic properties
of the two metals. On the other hand, for this configuration, full penetration and low defectiveness
were obtained by laser offset welding. Wang et al. applied laser welding with different beam oscillating
modes on 5A06 aluminum alloy sheets and found that welding defects such as welding porosity could
be improved by laser beam oscillation [38].

1.4. Welding Techniques Examined

In recent times, alternative welding techniques have been successfully applied to aluminum alloys.
MIG welding is an electric arc welding process that uses a continuously fed wire into the weld pool.

It can be used to join long stretches of metal without stopping. Among the main advantages of this
type of weld are that good quality welds can be produced much faster and there is flexibility for a wide
variety of alloys. In addition, thanks to the gas protection, there is very little loss of alloying elements.
Unfortunately, MIG welding cannot be used in vertical or overhead welding positions because of the
high heat input, the fluidity of the weld puddle, and the complexity of the equipment [11,39].

CMT is a form of modified MIG welding based on the short-circuiting transfer process that
guarantees interesting achievements such as process stability, reproducibility, and cost-effectiveness.
This process differs from MIG welding only in the type of mechanical droplet cutting method that
provides controlled material deposition and low thermal input by incorporating an innovative wire
feed system coupled with a high-speed digital control. The two main advantages of the CMT process
are the low heat input and the occurrence of short circuits in a stable controlled manner [40–43].

Laser welding is a very interesting joint process due to the high welding speed, smaller heat-affected
zone (HAZ), and low deformation. Unfortunately, the high cooling rates can lead to the formation
of hardening structures that increases hardness, decreases plasticity of the weld joint and HAZ, and
increases the level of residual stresses. Fiber laser welding is one of many laser processes where the
laser light is generated in a remote source and guided to the work piece by a flexible delivery optic fiber.
The main benefits of this type of weld are the good beam quality, high precision control, lower heat
input, lower electrical energy consumption, low cost of maintenance, and compact size. Welding with
the laser technique requires alignment, fixation, and welding process control. This critical procedure
can be solved by using the twin spot laser technique with filler wire or hybrid arc-laser welding,
but will decrease the welding speed. One of the ways to solve this problem is the use of laser beam
wobbling mode [11,12,44–50].

1.5. Aim of Work

The aim of the present study was to extend this last study and to investigate the feasibility,
microstructural, and mechanical properties of EN AW-6181 or 6082-T6/EN and AC 42100-T6 aluminum
alloy joints by considering other welding techniques. In particular, the present article analyzes and
compares the metal inert gas technique (MIG), with cold metal transfer (CMT) and fiber laser-MIG hybrid
welding through the evaluation of the final microstructure, the analyses of grain size, second-phase
fraction, and dissolution of the precipitate in HAZ and FZ. Optical microscopy (OM) as well as the
mechanical properties of welds (micro and macro hardness) were used. Junctions of both samples and
a prototype frame of a sports car were examined and compared.

2. Materials and Methods

2.1. Base Metal and Filler Wire Materials

In order to be as reliable as possible, the analyses were carried out on samples machined from
a prototype of an actual sports car frame composed of different aluminum alloys welded together.
It is worthwhile noting that the opportunity to study actual automotive parts is extremely relevant
to evaluate the real quality of the welds, especially considering that the automotive sector is highly
demanding in terms of both market rules and safety regulations. Another relevant topic is the presence
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into the frame of joining between both wrought and cast alloys such as EN-AW 6181-T6, EN-AW
6082-T6, and EN AC 42100-T6. At the same time, in order to complete the research activity, samples
were appositely made to reduce the data variation that could arise from a real frame investigation.
In particular, extruded and casting bars were used to realize the same different combinations of the
frame (EN AW-6181-T6 and EN AC 42100-T6).

During the welding, we used an additional UNI—ER 4043 (AlSi5) filler wire with a diameter
of 1.2 mm to minimize either the porosity, the notching, or the cracking susceptibility of the joint.
The chemical compositions of the base and filler materials selected in this study are reported in Table 1.

Table 1. Chemical composition of aluminum alloys.

Alloy Si Fe Cu Mn Mg Cr Zn Ti Total Others El. Al

EN AW-6181 0.8–1.20 0.45 0.10 0.15 0.60–1.0 0.10 0.20 0.10 0.15 Bal.

EN AW-6082 0.7–1.3 <0.50 <0.10 0.4–1.0 0.60–1.2 <0.25 <0.20 0.10 <0.05 Bal.

EN AC-42100 6.50–7.50 <0.60 <0.25 <0.35 0.20–0.45 - <0.35 <0.25 0.15 Bal.

UNI – ER 4043 4.5–4.6 0.8 0.3 0.005 0.05 - 0.1 - - Bal.

2.2. Design of the Joint

The frame was entirely joined by a manual welding MIG. Different samples were obtained from
cross sections of the components and can be summarized as follows:

• Two extruded (EN-AW 6082-T6)-extruded (EN-AW 6082-T6) welds (Figure 1a); and
• Two extruded (EN-AW 6082-T6)-cast (EN AC 42100-T6) welds (Figure 1b).

Additional samples made from the bars joining were realized in order to investigate a wider
mixture of couplings, as follows:

• Cast bar with cast bar (indicated as C-C);
• Extruded bar with cast bar (indicated as E-C); and
• Extruded bar with extruded bar (indicated as E-E).

In addition, the comparison on a simpler geometry is useful to avoid potential influence on
the results related to the different and complex shapes of the welding in the various sections of
the frame. Each above-mentioned combination was welded with three different techniques: MIG,
CMT, and the fiber laser-MIG hybrid. Thus, nine different kinds of samples were analyzed: three
materials matching and three welding processes. The bars used were 3 mm thick with dimensions
of 100 × 25 mm, as shown in Figure 2. Full penetration joints with zero gap were achieved and the
welding direction was parallel to the sample’s axis. Before welding, the oxide films were removed
by using emery cloth and acetone. The welding machines used were the TPS 320i, Fronius RCU
5000i(Fronius Italia S.r.l., Verona, Italy), and TS 4.20 2D (TTM LASER SPA, Brescia, Italy) for the MIG,
CMT, and fiber laser-MIG hybrid joints, respectively. All joints were performed in a protective argon
atmosphere with a robotic setup and without preheating. A welding current of about 130–140 A and a
welding voltage of approximately 18–20 V with a wire feeding rate of 6–8 m/min were used for MIG
and CMT. The gas flow rate was 14.5, 15, and 20 l/min for MIG, CMT, and fiber laser-MIG hybrid joints,
respectively. A wobble circular pattern with the speed of 8–10 mm/s and laser power of 3–4 kW was
used for the fiber laser-MIG hybrid welding to achieve a wider weld beam and reduce the porosities.
The wobbling frequency was about 100 Hz with amplitude of 40◦ and the torch angle from the surface
was around 85◦.
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2.3. Microstructure Characterization

In order to analyze the defects and microstructures of the joints, the different welded samples
were examined using a Leica DMI 5000M (Leica Microsystem, Milan, Italy) optical microscope
and LEO EVO-40 XVP Scanning Electron Microscope (SEM) equipped with Energy Dispersive
Spectrometers (EDS) (LEO EVO 40, Carl Zeiss AG, Milan, Italy). The welds were observed
using the Leica Application Suite (LAS 4.0, Leica Microsystem, Milan, Italy), which is an image
processing software tool for image analysis that integrates a Leica automated microscope and digital
camera. For metallographic observations, transversal sections of the samples were prepared with
standard metallographic techniques (ground with SiC papers and polished with 1 µm diamond paste).
The samples with the extruded part were etched with Keller’s reagent in order to better investigate the
defects and microstructures.

2.4. Hardness Test

Macro-hardness Rockwell scale F (HRF) was performed along a planar section of the welded joint
while micro hardness Vickers (HV) was performed on the cross section of the welds. Hardness profiles
were obtained by measuring the hardness at regular distances starting from the center of the weld and
moving forward the base metal. For HRF measurements, a hardness tester Rockwell Rupac 500Mra
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(Rupac srl Milano, Italy) with a 1.58 mm steel ball indenter diameter, load of 588 N (60 Kgf), and dwell
time of 15 s was used, following the ASTM E 18-03 procedures [51]. At least three measurements
were made and the average value was then considered. Vickers microhardness tests were carried
out under 2.94 N (0.3 Kgf) load applied for 15 s by means of a Mitutoyo HM-200 hardness testing
machine (Mitutoyo Italiana srl, Lainate, Italy, according to ASTM E92-16 [52] and ASTM E140-02 [53].
The microhardness profile was obtained in the center of the cross section after preliminary analyses
confirming that the effect of the position was negligible for all three couplings of materials. The BM
hardness was assumed to be 66 HRF, 65–70 HV for the 6xxx-T6 extrusion and 77 HRF, 85–90 HV for the
EN AC 42100-T6 casting [54].

3. Results and Discussion

3.1. The Weld Geometry and Weld Defects

3.1.1. Frame Samples

Defects typical of aluminum weldings were observed including porosities and some incomplete
penetration, as summarized in Figures 3 and 4. Figure 4 highlights some hot crackings (white circle)
that occurred during MIG welding in the partially molten zone (PMZ). Indeed, the UNI ER-4043 filler
wire increases the risk of liquation cracking because it decreases the local heat input and reduces the
softening in the PMZ. Welds are usually inspected using liquid penetrant testing, which is a very
valuable tool during new construction and in-service inspections. Figure 4 shows a liquid penetrant
exam conducted during the quality tests of the present case study that revealed the presence of some
incomplete penetrations of the joint. The geometries of the weld seam examined are essentially a “v”
or “u” groove with a very different width, depending on the frame position.
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3.1.2. Bar Samples

Figure 5 shows an overview of the microstructure for each weld seam analyzed. These images
were obtained from a collage of numerous local 50×microstructures of the weld cross section in order to
guarantee high quality of the analysis. In Figure 5, different geometries of the weld seams, depending
on the welding technology, can be noted: v and/or u groove and width from 6 to 8 mm; u shaped butt
joint and width from 9 to 10 mm; and v groove and width from 2 to 4 mm for MIG, CMT and fiber
laser welding, respectively.Metals 2019, 9 FOR PEER REVIEW  8 
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hybrid joints.

From a quality point of view, in the C-C combination, the CMT samples had the highest and most
homogeneous diffusion of porosity in the fusion zone (FZ); MIG welds had a slightly smaller porosity
in the FZ and the fiber laser-MIG hybrid welded samples only had some porosities. E-E and E-C were
almost porosity free, thanks to the use of a wobbling head.

The average porosity diameter ranged from 21 µm to 145 µm and 18 µm to 120 µm for CMT and
MIG, respectively. The fiber laser-MIG hybrid only had one significant porosity with a diameter of 270
µm, while a few others had dimensions similar to that in the CMT case.

It is remarkable to note that the overall highest level of porosity was observed in the joints with
cast bars, especially in C-C. Indeed, castings have a high amount of Si, which reduces the thermal
conductivity and increases the local heat near the welding seam. In addition, castings have more
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porosities than extrusions due to the lower solubility of hydrogen in solid aluminum than in liquid
aluminum, which results in a diffusion of the entrapped hydrogen from the casting to the FZ during
welding. This defect could be reduced by using vacuum casting in welding structures. It should
also be noted that another defect was present, the incomplete penetration of the joint, mainly in the
C-C combination of MIG welding. For the sake of clarity, incomplete joint penetration is defined as a
condition of a weld where the filler metal does not extend through the entire joint thickness.

3.2. Material Characterization Results

3.2.1. Frame Samples

The 6082–T6 and 6181–T6 alloys, which are quite similar in composition and consequently also in
mechanical behavior, have similar metallographic structures. In Figure 6, it is possible to observe the
microstructure of the extruded 6181–T6 where the deformation direction and the consequent anisotropy
are clearly visible. The grains are rather small thanks to the manganese fining properties.
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Figure 6. (a) Microstructure of the 6082-T6 alloy, BM. Keller etch, 500×; (b) Microstructure of 6181-T6
alloy, BM. Keller etch, 100×.

The EN AC 42100-T6 alloy microstructure is a typical example of an Al–Si alloy from a foundry. Cast
alloys usually contain more alloying elements, therefore cooling can be quite long and a coarse-grained
dendritic structure can be achieved. Like all foundry materials, it suffers from the presence of micro-
and macro-segregation. Figure 7a shows the dendritic microstructure of the EN AC 42100-T6 BM, the
large white dendrites (α-Al), and dark Al–Si eutectic in the space between the grains. Additionally,
in this figure, it is possible to note some large shrinkage porosity, a frequent defect in the observed
cast samples. In Figure 7b, the clear difference between the HAZ and FZ of the cast component side is
highlighted. The PMZ was about 200–300 µm long. It should be also noted that during solidification,
the material tends to also maintain a crystallographic continuity in the interface zone; in fact, the
dendrites in the PMZ are developed starting from those already present in the cast. The microstructures
at the interface between E-E and E-C are visible in Figures 3 and 4, respectively. Figure 3 reports
the particular structure observed at the interface between the extruded material and the FZ. Starting
from the extruded grains, the following changes occurred in the metallurgical structure: first planar,
then cellular, and finally dendritic. These microstructural changes are a consequence of the growth
rate effect at the solidification front. Moreover, the Keller etch highlighted two remarkably different
structures on the extruded parts. In the upper one, the structure had coarse equiassic grains close
to the outer side of the extrusion and was gradually thinner toward the center; the lower part had
a completely different microstructure, probably due to the different reduction ratios and extrusion
parameters. It is important to note that in both laminas, there was a skin zone on the outer faces.
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Figure 7. (a) Microstructure of the EN AC 42100-T6 alloy, 50×; (b) Microstructure present at the fusion
zone (FZ)/cast component interface, 50×.

3.2.2. Bar Samples

The microstructural features of the interface between HAZ, PMZ, and FZ in all combinations for
the three weld techniques are reported in Figures 8–10. In particular, the FZ of the MIG, CMT, and
fiber laser joints was constituted by a dendritic structure of aluminum solid solution (α-Al) and Al–Si
eutectic for all of the cases examined, with the dendrite arm spacing slightly wider in the MIG and
CMT joints with respect to that of the fiber laser. Looking at the HAZ, it is possible to observe that
the extruded portion of the bar contained few elongated grains. Regarding the cast bar, in the HAZ,
the white dendritic Al primary phase that resulted extended from the PMZ zone and was longer than
that in in the base metal; a grey spheroidized Al–Si eutectic was also present at the grain boundary.

For the C-C combination (Figure 8) the PMZ for the MIG and CMT techniques had a regular
evolution and covered about 200–300 µm and 500 µm of the interface area, respectively. It should also
be noted that the PMZ for the laser weld had an irregular profile and this area was smaller but had
longer dendrites.
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For the E-E combination, it is possible to observe the PMZ, which was characterized by the
presence of intermetallics visible even at low magnification (Figure 9). In this type of joint, the PMZ
was slightly smaller than that in the C-C case, especially for the laser technique.
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Figure 10 reports the E-C coupling; the extrusion–weld and the casting–weld interfaces are reported
in the left and right side of the picture, respectively. The FZ of the joint consisted of a fine-grained
dendrite structure formed by α-Al and Al–Si eutectic. Regarding the FZ/cast bar interface, the PMZ
was due to the re-melting of the eutectic compound [55]. In this case, the grain size in PMZ was larger
than that in the FZ, but the microstructure had a dendritic aspect with dimensions increasing from FZ
to HAZ and a crystallographic continuity through the section due to the partial remelting. Looking at
the extrusion–FZ interface, the change of structure was clearly less evident. The FZ microstructure in
this part was similar to the cast alloy side. In the PMZ, the low melting point segregation phase was
etched severely, was not uniform, and agglomerated near the FZ. In addition, the extrusion grains
were more elongated in this configuration when compared to E-E, most likely because the casting side
of the coupling implies an increase in local heat, due to the reduced thermal conductivity.Metals 2019, 9 FOR PEER REVIEW  11 
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3.3. Hardness Distribution

From the hardness evolution depending on the distance from the welding axis, it is possible to
acquire information on the temperature profiles reached in the HAZ. The Al alloys, as objects of study,
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can be approximated to a pseudo binary Al-Mg2Si system. For this class of alloys, the hardening
metastable phase is subjected to a precipitation process that is generally reported in the following
steps: β” (hardening metastable phase), β’ (intermediate metastable phase), and β (equilibrium phase
Mg2Si). On the basis of previous work [56,57], the maximum hardness value was reached with the
metastable phase β” having a needle-like structure. The hardness contribution of phase β’, which had
a rod morphology, was moderate, while that of the β equilibrium phase was almost negligible.

The allotropic transformations of Mg2Si correlate to their transformation temperatures, identifiable
in about 240 ◦C as the upper limit for β” and approximatively 380◦ C for β’ (see Figure 11 scheme).
Considering that the local temperature peaks reached during the welding process decrease as distance
from the fusion line increases, the following HAZ subzones can be identified:

• Re-solubilization area (PMZ): In the PMZ, the high temperature (T > 450 ◦C) induces a complete
dissolution of hardening precipitates. During cooling, according to times and temperature reached,
the re-precipitation of hardening compounds could be possible.

• Intermediate area: The temperature exceeds 380 ◦C and the transformation of the equilibrium
phase β takes place. Indeed, in this area, located at about 10 mm from the FZ, it is possible to
observe the minimum hardness value.

• Over-aging area: 380 < T (◦C) < 240. In these zones, the increase in hardness could be justified
with the transformation of β” in β’.

• Slightly altered zone: Temperatures do not exceed 240 ◦C, thus any marked over-aging phenomena
of β” can be avoided. In this area, the hardness value tends to be the base material, even if some
hardness fluctuations are still present.

Metals 2019, 9 FOR PEER REVIEW  12 

 

 

Figure 11. Evolution of the micro-hardness HV (hardness Vickers) in the E-E sub-frame combination 
as a function of the position along a transverse section of the weld (MIG joint). 

 
Figure 12. Evolution of the micro-hardness HV in the E-C sub-frame combination as a function of the 
position along a transverse section of the weld (MIG joint). 

Figure 11. Evolution of the micro-hardness HV (hardness Vickers) in the E-E sub-frame combination as
a function of the position along a transverse section of the weld (MIG joint).



Metals 2020, 10, 441 12 of 21

3.3.1. Frame Samples

The micro-hardness results obtained for the E-E and E-C samples are summarized in Figures 11
and 12, respectively. Regarding the E-E sample, it can be observed that the FZ maintained a fairly
constant hardness, around 60 HV, while there was first a hardness increase (about 90 HV) in the PMZ,
followed by a decrease to 60 HV in the HAZ. Finally, the BM hardness was restored at about 20–25 mm
from the fusion line for both the extrusion and casting interfaces. For the E-C sample, the HV profile of
the extruded component showed a qualitative trend similar to the previous E-E analysis. In this case,
however, the local minimum was approximately 80 HV; this suggests that during the welding process,
the critical temperature of 380 ◦C was not reached, or not maintained long enough to complete the
transformation of Mg2Si in the equilibrium phase β. The HAZ was only about 12 mm from the fusion
line, confirming the possibility that in this case, the welding process was faster than in the previous one.
For the cast component, the micro-hardness profile was similar to that of the extrusion, but showed
that the plastic deformation aluminum alloy was more sensitive to the thermal cycle than the cast one.
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3.3.2. Bar Samples

In Figures 13–15, the macro and micro hardness results for the bar welded specimens are reported.
Concerning the analysis of all samples, the HV profile in the MIG welded samples showed the
strongest reduction of mechanical properties; the fiber laser-MIG hybrid welded samples showed
the best behavior, while the CMT welded samples had intermediate characteristics. The use of UNI
ER 4043 filler material, softer than EN AW 6082, certainly contributed to the mechanical properties,
especially in the FZ. Regarding the E-E samples, the microhardness profiles confirmed the results
and the interpretations obtained in the E-E frame case. In addition, a different behavior could be
observed looking the macro-hardness HRF profiles. In this case, MIG and CMT had a very similar
trend, with about 62 HRF in the FZ and little loss of hardness up to the HAZ, which was wider in
the MIG technique case. For the laser technique, the weld area was the softest, there was a slight
decrease at 5 mm, and the hardness finally tended to increase. These differences revealed in the FZ and
PMZ are probably due to the diverse heat input from the MIG, CMT, and laser welding process on
the external surface of the samples. Furthermore, the specimens were thinner compared to the frame
sections. These considerations clarify why the heat exchange was greater in the bar surfaces, both with
respect to the cross section of the same samples and to the joints of the frame. For the C-C joints, the
micro-hardness profiles showed a clear definition of the BM, HAZ, and FZ. The trend was very similar
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for all techniques, but the hardness in the FZ center was very different, probably due to the presence of
typical defects of the cast alloy used. Similar considerations can be advanced for hardness variations
also observed in other areas of the samples. In the PMZ zone, the HV reached a hardness value of
about 78–80 for MIG and CMT and 86 HV for the laser technique. In the HAZ, there was a slight drop
of HV and afterward, the area far from the melt zone around 20 mm tended toward the stabilization in
the HV value (50–55 HV for MIG and CMT, 80 HV for laser). The evolution of the macro-hardness
HRF followed the trend already achieved in the case of the E-E combination. Noteworthy is the trend
difference between CMT and MIG. Although the evolution was similar, the CMT welding showed
a softer passage between the various zones. Once again, this fact is due to the different heat input
during welding. It should be noted that MIG welding had drastic effects on the hardness, which
reached values typical of an annealing. CMT welding had similar, but less pronounced effects. This
could be caused by the high thermal input on thin samples, which caused an effect equivalent to an
annealing treatment. This is probably also related to the high percentage of silicon (~7%) in this cast
alloy, which entails a low material conductivity and a consequent difficult dissipation of the welding
heat. On the other hand, during the laser technique, the heat input was highly localized in the FZ, thus
this behavior was not observed.

Indeed, for the E-C coupling, the HV values confirmed the results of the tests conducted on
the other two combinations and the E-C frame case studied. In particular, it was confirmed that
the extruded component (Si~1%) better conducted the heat produced during welding, resulting in a
reduced change in hardness [58–60]. Looking at the hardness profiles, considerations similar to E-E
and E-C can be advanced for extrusion-welding and casting-welding interfaces, respectively. With
regard to the HRF hardness test, the typical evolution was obtained, with an initial HRF peak in the
PMZ, a subsequent decrease, and a gradual restoration of the properties as distance increased. It is
worthwhile also noting that the HRF profile demonstrated the difference in heat exchange between the
cast and extruded component during welding.
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3.4. SEM Analysis

The PMZ and HAZ are crucial areas in weld alloys that are hardened by artificial aging.
The transformation phase along the welding profiles was explained in the previous section. In addition,
in the literature [55,56], it is documented that the microstructure of the welded Al–Si alloys is
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characterized by the presence of elongated particles (dimensions of about 1–10 µm) and extremely
fine particles (size approximately of 0.1–0.5 µm) dispersed in a matrix with uniformly distributed
micropores. This is remarkable, since it has been reported that Si-rich precipitates are found due to
the excess silicon in the alloys. The larger particles were identified as the (Fe, Mn)3SiAl12 compound,
while the finer ones were Mg2Si, the hardening phase obtained during thermal treatment (T6).

The structures of both EN AC 42100-T6 and 6000 series joints were revealed by the SEM/EDS
investigations, as reported in Figure 16. The fusion zone had a chemical composition that was affected
by the AA 4043 filler metal in addition to the welded materials. The chemical analysis of the white
particles confirmed that these could be the compound (Fe, Mn)3SiAl12, with an average size about
3–5 µm. These particles were observed in both the extrusion and casting components, where the
concentration was higher. The analysis of the PMZ highlights that the fiber laser-MIG hybrid samples
had the highest presence of these particles with a finer morphology, while for the MIG and CMT
techniques, the amount and dimensions were very similar.
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4. Conclusions

The present paper studied different welding techniques applied to hybrid aluminum alloys (EN
AW-6181 T6 and EN AC-42100 T6) joined each other in all possible combinations. First, a real case
study was analyzed, which consisted of a sports-car frame where the cast EN AC-42100 T6 and EN
AW-6082 T6 aluminum alloys were welded with the traditional MIG technique. The MIG, CMT,
and fiber laser-MIG hybrid joints of EN AW-6181 T6 and EN AC-42100 T6 bars were studied to extend
the study to other techniques that are difficult to find in real applications and compare the results in a
more reliable way in simpler and more reproducible geometries. The microstructure and hardness
properties were evaluated and the main conclusions can be summarized as follows:

• From a quality point of view, the typical defects of welded aluminum alloys such as porosity
and the incomplete penetration were observed mainly in the frame welds. Then, cracks were
noticed only in the frame joints, most likely due to a greater difficulty in heat dissipation for
higher thicknesses and more complex geometries. In addition, typical casting defects, mainly
shrinkage cavities, were found.

• Regarding the macrostructures, a greater quality was observed for the fiber laser joint. Then, the
FZ, PMZ, and HAZ microstructures were observed. All joints had similar FZ microstructures, with
the weld seam characterized by fine dendrites. The chemical composition of the fusion zone was
affected by the addition of UNI ER 4043 filler. The PMZ was even observed at low magnification
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and its width was greater in the C-C case. In general, the innovative techniques (CMT and fiber
laser hybrid) allow a better microstructure to be obtained than the traditional technique (MIG).

• Hardness tests (HRF and micro-HV) demonstrated that the mechanical characteristics of the PMZ
and HAZ were better for the innovative techniques due to reduced changes in their microstructure
when compared to the MIG technique. In particular, the fiber laser-MIG hybrid technique showed
the best behavior, and the CMT welded samples had intermediate characteristics. Considering
the relationship between the local temperature peaks reached during the welding process and the
hardness value obtained, four HAZ subzones were identified:

- Re-solubilization area (PMZ, T > 450 ◦C) with a complete dissolution of hardening precipitates
and subsequent re-precipitation related to cooling parameters;

- Intermediate area (about 10 mm from FZ, T > 380 ◦C) where the β transformation takes place;
- Over-aging area: (380 < T (◦C) < 240) with the β” to β’ transformation; and
- Slightly altered zone (T < 240 ◦C) where any marked over-aging phenomena ofβ” are avoided.

• The best behavior was observed, as expected, for the E-E samples, while the worst results were
observed for the C-C combination, especially in the MIG welding, where the hardness values
were typical of an annealing. This could be caused by both the high thermal input on thin samples
and the high percentage of silicon (~7%) in this cast alloy (low material conductivity and difficult
welding heat dissipation). Finally, the E-C coupling showed intermediate properties.

It can be concluded that the present study demonstrated the higher quality of innovative CMT
and fiber laser-MIG hybrid welding over the traditional MIG, either in terms of metallurgical or
mechanical properties. The properties achieved during these experiments could be useful information
during the design of real automotive applications due to the increasing demand of highly loaded and
lightened structures. Thus, there will be an increasing need for thinner and hybrid combinations of Al
alloys that can be addressed by looking at the present database of CMT or laser-MIG hybrid welding
results. In addition, the comparison between casting and extrusion techniques provided some input
for future development in this field, which, for example, would require better thermal management of
the welding input in order to increase the casting welding quality.
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