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Abstract
In the present study, laser welding of additively manufactured AlSi10Mg was undertaken with AlSi10Mg (similar) and 
Al6061 (dissimilar) alloy. The aim was to understand the laser weldability of selective laser melting (SLM)-printed AlSi10Mg 
alloy without filler material. The similar and dissimilar type of butt joints were prepared, and it is found that dissimilar 
weldments had better mechanical properties than similar weldments. The heat treatment on these welded plates also improved 
their mechanical properties. The precipitation of Mg2Si particles was evident from the XRD and TEM analysis. The as-built 
cellular structure was broken due to heat treatment and also near the weld zone in the as-welded plate. It was observed that 
microhardness increased with increase in Mg2Si content after the heat treatment process. The strength of welded samples was 
less than that of the base metals. The heat treatment results in ~ 20% increase in the tensile strength of the welded samples 
with significant increase in elongation.
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1  Introduction

Metal additive manufacturing (MAM) has gained a lot of 
interest in the recent past owing to its design freedom [1]. 
Selective laser melting (SLM)/powder bed fusion-based 
MAM technology has demonstrated successfully with 
various materials [2, 3]. Military engineering demands light 
weight parts with complex shapes, internal cavities, etc. 
Materials such as aluminium alloys and design optimization/
simulation techniques [4, 5] are common. Reduced material 
wastage, reduced cost, on-site and on-demand production, 

local tailor-ability, and reduced need for skilled workforce 
[6] are advantages of MAM that remain unmatched. MAM 
also offers possibilities of reducing lead times and quick 
delivery of parts for operations, maintenance, repairs, and 
overhaul [7].

Aluminium–silicon alloys possess excellent properties such 
as good corrosion resistance, sound castability, and weldability. 
Al-Si alloys have been used in various applications particularly 
in the automotive sector and aerospace industries because of 
their attractive mechanical properties, high heat conductivity, 
and low weight [8]. Adding alloying elements like magnesium 
to the Al-Si alloy enhances mechanical strength after ageing. 
These precipitates strengthen the matrix to a significant extent 
without compromising the other mechanical properties. 
AlSi10Mg alloy contains Mg and can be strengthened through 
precipitation strengthening mechanism by applying suitable 
ageing treatment [9]. Furthermore, it is easy to process by 
laser applications due to the near-eutectic composition of Al 
& Si which is known to lead to a small solidification range, 
compared to high strength aluminium alloys (7XXX) series. 
[2, 8]

Metal additive manufacturing has now been developed 
as the widely used manufacturing process in the industry 
for producing highly complex parts [10]. Although MAM 
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has overcome several limitations for engineers, it also brings 
along a series of challenges. Build size limitation [1, 5, 11, 12] 
being the key problem can be effectively solved by building 
smaller parts and welding them together. However, the choice 
of aluminium alloys as light weight building material poses 
challenges in welding, such as pore formation and cracking 
due to its inherent properties [13, 14]. A variety of parts made 
by MAM using steel [11], AISI 316 [3, 4], Titanium [15], and 
even dissimilar combinations [16] have been welded together, 
and their weldability aspects have been explored. Owing to 
the wide range of applications of additively manufactured 
AlSi10Mg, the study of its welding to other conventional 
aluminium alloys needs to be given attention. This welding 
process will open a new range of applications for additively 
manufactured parts as they can be effectively used in a large 
assembly of parts [17].

Limited studies on laser welding of similar AlSi10Mg 
additively manufactured alloy have been carried out [1, 2, 18, 
19]. Schwarz et al. [1] have studied laser welding aspects of 
AM parts under vacuum in order to improve joint strength 
by minimizing porosities. Ductility in the weld zone was also 
found to be decreased due to porosities. Makikangas et al. [2] 
have also carried out preliminary studies on laser welding 
aspects of AlSi10Mg and formation of porosities leading to 
poor mechanical strength. Ambient pressure has strong impact 
on formation of porosities in weld joint as studied by Chen 
et al. [18], and the porosity ratio decreases with ambient pres-
sure. Biffi et al. [19] have studied metallurgical aspects due to 
alteration of eutectic silicon network in the weld zone resulting 
in reduction of hardness. However, these studies do not cover 
the laser welding aspects of conventional (sheet metal) parts 
made of Al 6061 alloy with AM parts (AlSi10Mg) and effect 
of heat treatment on improvement of mechanical properties.

Welding parameter optimisation has been proved to be 
crucial for obtaining sound weld joints in additively manu-
factured alloys, often deviating from that of conventional 
materials. Conventional methods of welding yield coarser 
microstructure in the weld bead which can be overcome using 
solid-state methods like friction stir welding, but the latter 
poses difficulties in joining complex shapes [11]. Gas tung-
sten arc welding (GTAW) has been explored as a method for 
welding MAM parts but imposes certain disadvantages like 
large weld bead, slower speed, larger heat affected zone, and 
skilled labour requirement [15]. Laser beam welding (LBW) 
utilizes a focussed energy source and offers the advantage of 
reduced heat affected zone and minimal deformation [2, 11], 

and robotic welding heads can weld the most complex shapes 
including thin sheets coupled with improved welding speed 
and productivity [20, 21].

The present work aims at exploring laser weldability of 
similar parts (SLM produced AlSi10Mg) and dissimilar 
parts (SLM produced AlSi10Mg to conventionally produced 
Al 6061). Here, microstructure and mechanical properties of 
similar and dissimilar welds (additive manufactured (AM) 
to another AM part and AM to the conventionally manu-
factured (CM) part have been characterized and compared. 
The effect of solutionizing and ageing heat treatment on 
the mechanical properties of the joined part has also been 
investigated.

2 � Materials and experimental methods

To compare the weldability of AM-AM and AM-CM, plates 
of AlSi10Mg alloy produced by SLM process and conven-
tional Al 6061 plates were used. The chemical composition 
(in weight %) of AM and CM plates was determined by an 
optical emission spectrometer (OES) and is given in Table 1.

AM specimens used in this work were manufactured by 
SLM method in the form of sheets with the dimension 100 
(length) × 100 (width) × 3 (thickness) mm3. The parameters 
used for printing the AM samples are given in Table 2. After 
printing, the AM samples were stress relieved at 300 °C for 
2 h followed by shot blasting at 2 bar pressure using 120 µm 
aluminium mesh.

Conventionally manufactured (CM) Al 6061 sheet 
with T6 heat treatment condition was used for the laser 
welding. Both CM and AM samples were cut into plates 
of dimension 100 × 50 × 3 mm3. The specimens were 
cut using an abrasive cutting machine (Baincut-M Auto, 

Table 1   Chemical composition 
(in weight %) of AlSi10Mg and 
Al6061 alloy

Alloy Composition in wt. %

Si Mg Fe Cu Mn Cr Zn Ti Al

AlSi10Mg (AM) 10 0.3 0.55 0.05 0.45 0.15 0.1 0.05 Bal
Al6061(CM) 0.6 1.0 0.7 0.27 0.15 0.2 0.25 0.15 Bal

Table 2   Details of SLM printing parameters for manufacturing of 
AM samples

Material AlSi10Mg

Laser power [W] 400
Layer height [mm] 0.03
Laser focus diameter [μm] 100
Scan velocity [m/s] 7
Type of laser Yb-fibre laser
Machine make EOS M 400–4



1733Welding in the World (2024) 68:1731–1745	

make—Chennai Metco) provided with SiC cut off wheel. 
Excess coolant and slow cutting speed with very small 
feed rate was used to avoid any structural transformation 
due to the heat produced during cutting. After cutting the 
samples in specified dimensions, they were first cleaned by 
mechanical brushing. The surfaces to be welded were sub-
jected to rough polishing with polishing papers to ensure 
complete removal of any foreign particle. After cleaning, 
the specimens were welded by laser beam welding (LBW) 
process using a fibre laser in standard condition with the 
welding parameters as given in Table 3. An illustrative 
diagram of the welded specimen is shown in Fig. 1. While 
mounting, minimal gap (~ 0.2 mm) was ensured between 
the two plates. Shielding gas (argon) was used at a flow 
rate of 15 l/min to avoid oxidation or any other reaction of 
the metal with the atmosphere. No filler metal was used 

during these experiments. A continuous weld bead was 
observed after welding (Fig. 2a).

To ensure the repeatability of the process, three samples 
were welded for each condition representing different combi-
nations, viz. AM-AM and AM-CM. All the specimens were 
cleaned by mechanical brushing after welding. To obtain 
heat-treated condition, one welded sample of each combina-
tion was aged for 2 h at a temperature of 160 °C in an inert 
atmosphere [18]. The samples were kept in furnace for age-
ing immediately after welding and cleaning. The samples 
were then allowed to cool slowly down to room temperature 
in the furnace. For further characterization, the samples were 
labelled as given in Table 4. For tensile testing specimens, 
the samples were cut from these welded specimens (across 
the weld) as per ASTM E8 (Fig. 2b).

2.1 � Characterization

X-ray diffractometer (Bruker, Germany, model—D8 
Advanced) was used for the phase identification and for 
measurement of residual stresses in the weld zone (WZ) 
of all four welded specimens and to identify the precipi-
tates present in the weld zone. Measurements were done 
with CuKɑ radiation (λ = 0.154056  nm) and standard 
Bragg–Brentano geometry within 2θ range of 20–100° for 
recording diffraction patterns. Residual stress measurement 
was done by using the sin2ψ method on the same machine 

Table 3   LBW parameters for welding of AM-AM and AM-CM sam-
ples

Pressure [bar] 1

Laser power [W] 2700
Welding velocity [mm/s] 24
Inert gas [l/min] 15
Beam oscillation [Hz] 200
Oscillation amplitude [mm] 0.35

Fig. 1   Illustrative figure 
showing welded specimens: a 
AM-CM and b AM-AM

Fig. 2   a Actual weld speci-
men of AlSi10Mg alloy with 
100 mm × 100 mm × 3 mm 
dimension and b tensile test 
specimen. The tensile speci-
mens were taken from the actual 
welded samples shown in (a)
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[22–27]. Optical microscopy was used to study microstruc-
ture at different locations (welded zone, heat affected zone, 
and base alloy) using Leica, USA, DMi8 optical microscope 
provided with LASV4.10 image analysis software. Polishing 
was performed on BAINPOL Chennai Metco, India, pol-
ishing machine. Specimens were polished using standard 
metallographic procedures [28]. The specimens were cold 
mounted, and polishing was carried out using emery papers 
from 120 µm grit size to 2500 µm grit followed by final 
fine polishing on velvet cloth with diamond paste of 3 µm, 
1 µm, and 0.25 µm successively. Finally, specimens were 
cleaned with water and acetone followed by drying using an 
air dryer. Etching was done with Keller’s reagent (2% HF, 
6% HNO3, 92% distilled water, all in volume fractions) for 
10 s [8].

The polished and etched samples were observed in a 
scanning electron microscope. The Zeiss field emission 
scanning electron microscope with Bruker attachment for 
EDX (energy-dispersive X-ray spectroscopy) analysis was 
used. The AM-CM specimens of as-welded and heat-treated 
conditions were analysed using EDX. The point analysis 
method was used to determine the change in composition 
from AM side to CM side. EBSD measurements were done 
using Quanta 3D FEG SEM with an EDAX EBSD detector 
with 0.1 μm step size covering an area of 500 × 500 μm2 
on a plane perpendicular to welding direction. VibroMet 
machine was used for vibratory polishing to prepare samples 
for EBSD measurements. Samples were kept for 10 h in 
the vibromet polishing machine. EBSD parameters, beam, 
and sample positions were kept identical to avoid any error 
between the scans. For indexed grains, KAM (the aver-
age misorientation of each measurement point with all its 
neighbours) were estimated considering a tolerance angle 
of 5°. Thermo Scientific, Themis 300 G3 transmission elec-
tron microscopy (TEM) equipped with field emission gun 
(FEG) operating at 300 keV was used for the TEM stud-
ies. The combined super-EDS X-ray detection system with 
a high current density electron beam in the scanning mode 
(STEM) was used to observe the precipitates formed. The 
TEM samples were prepared using standard sample prepara-
tion technique.

Hardness measurements were done with microhardness 
testing machine MMT-X7 (Make: Matsuzawa, Japan). Pyr-
amid-shaped diamond indenter with an included angle of 
136° between opposite faces was used. The load was set 

to 200 gf with a dwell time of 10 s. The hardness measure-
ments were done as per ASTM E-384 standard. Hardness 
measurements were performed in different regions of the 
specimen, viz. BM, HAZ, and WZ perpendicular to the weld 
direction. At least eight measurements were performed in 
each region. The tensile specimens were tested at room tem-
perature on Hounsfield, universal testing machine (UTM) of 
capacity 25 kN, keeping the crosshead speed of 0.06 mm/
min. Three samples were tested of each combination. Test 
parameters were kept constant between the samples to have 
uniformity in the deformation conditions for all the samples.

3 � Results and discussion

3.1 � XRD analysis

Figure 3 illustrates the XRD patterns of the weld zone of 
AM-AM and AM-CM laser welds, both in as-welded (AW) 
and heat-treated (HT) condition. The diffraction peaks of Al 
(111), (200), (220), Si (311), (220), and Mg2Si precipitates 
are shown in Fig. 3 which are in agreement with the peak 
positions reported in the literature [19, 22]. Significant dif-
ference of peak intensities was observed in AW and HT sam-
ples. The full width half maximum (FWHM) values and the 
position of major peaks of Al are shown in Table 5. Accord-
ing to the values listed in Table 5, FWHM analysis shows 
that there is a peak narrowing, i.e. decrement in peak width 
after heat treatment. This peak narrowing is also shown in 
Fig. 3, in as-welded and heat-treated condition.

For AM-AM sample, the FWHM value decreases after 
heat treatment which indicates that the strain is decreasing, 
whereas peak shift reduces from the exact peak position, 
which indicates drop in stress after heat treatment [23–27]. 
In case of AM-CM samples, the effect of heat treatment 
on strain is similar to that of AM-AM samples, and here 
too, the shift of peak position follows the same trend as 
that of AM-AM samples. It is quite apparent the possibili-
ties of diffusing out Si from the Al matrix during the heat 
treatment which leads to the improvement in peak inten-
sity of Si as shown in Fig. 3 [9, 21]. Figure 4 shows the 
residual stresses in welded region of AW and HT samples. 
Both AM-AM and AM-CM welded samples shows com-
pressive residual stresses with the values of − 126.6 MPa 
and − 98.5 MPa, respectively. After heat treatment, the 

Table 4   Nomenclature for each 
sample condition

Sr. No Sample name Condition

1 AM-AM AW Both side AlSi10Mg in as-welded condition
2 AM-AM HT Both side AlSi10Mg with heat-treated condition (after welding)
3 AM-CM AW AlSi10Mg welded to Al 6061 in as-welded condition
4 AM-CM HT AlSi10Mg welded to Al 6061 in heat-treated condition (after welding)
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AM-AM sample showed drastic drop in the residual stress 
(− 24.8 MPa). The drop in the residual stresses after heat 
treatment was associated with stress relieving operation. In 
case of AM-CM sample, the heat treatment did not show 
much drop except the change in compressive to tensile 
nature (61.5 MPa).

3.2 � Microstructure analysis

3.2.1 � Microstructure of base metal

Figure  5 shows the optical microstructures of base 
metals for additive manufactured (AM) AlSi10Mg and 
conventional manufactured (CM) Al6061 alloy. Figure 5a 
and c shows the microstructures of base metal samples, 
whereas Fig. 5b and d shows the microstructures of heat-
treated samples of the base metal. AM microstructures 
show a uniform distribution of silicon all over the matrix 
of Al. The AlSi10Mg has near-eutectic composition, and 
the structure shows the mixture of Al and Si. The laser 
marks are clearly visible in Fig. 5a. The base metal of AM 
shows fine distribution of silicon which is due to faster 
solidification rate observed in SLM produced parts. After 
heat treatment, the morphology of silicon changes from 
sharp needle-shaped to globular type (Fig. 5b). The CM 
microstructures have an elongated grain structure typically 
seen in rolled, forged, or extruded samples, with precipitates 
of Mg2Si. After heat treatment, the structure becomes 
equiaxed with more precipitates of Mg2Si.

Figure 6 shows the microstructures of as-welded AM-AM 
sample, AM-AM heat-treated (after welding), as-welded 
AM-CM, and AM-CM heat-treated (after welding) sam-
ples. The transition from weld zone to HAZ to base metal 
is clearly visible. Though the changes are clearly visible for 
weld zone and base metal, still distinguishing the HAZ from 
weld zone to base metal can be possible with approximate 
measurements. The correct measurement of heat affected 
zone is appeared to be difficult. Hence, the approximate 
width of HAZ was marked for all three microstructures. 
The range of width was found to be between 20 and 50 µm 
approximately. Figure 6c and d shows all three zones of 

Fig. 3   XRD pattern of a AM-AM and b AM-CM weld zone in as-welded and heat-treated conditions

Table 5   FWHM values and position of XRD peaks

Sample name FWHM (°) Position (2θ, °)

AM-AM AW 2.4 78.13
AM-AM HT 1.2 78.34
AM-CM AW 2.4 78.14
AM-CM HT 1.8 78.32

Fig. 4   Residual stress comparison of AM-AM and AM-CM sample 
in as-welded and heat-treated conditions
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AM-CM samples for as-welded and heat-treated condition, 
respectively. In both the conditions, the difference in the 
microstructure with dendrites at the weld zone and equiaxed 
microstructure in HAZ and base Al 6061 alloy is observed. 
The difference in the microstructure is clearly visible in AM 
and CM side.

To evaluate further in weld zone, microstructures with 
higher magnification were taken and shown in Fig. 7. In the 
weld bead, Al matrix solidifies early due to a high cooling 
rate, and the excess Si is then driven out of the Al matrix 
and diffuses along the grain boundaries of α-Al. The micro-
structure of the weld depends on the gradient in temperature 
(G) and solidification rate (R) [19, 23]. In laser welding, 
the solidification time is more than that observed during 
solidification of metal during SLM printing but still is high 
enough to avoid the formation of any undesired phases [19]. 
Therefore, a structure is observed in the weld zone where 
fibrous type network of silicon is present outside the α-Al 

dendrites (Fig. 7a and c). The porosity observed in the weld 
zone was calculated around 3–5%. The porosity in AM-AM 
welded region appears to be on higher side as compared with 
AM-CM welded structure. Immediately after the welding, 
one set of samples from each weld condition were taken for 
the heat treatment. After the heat treatment for both welded 
samples, the silicon redistribution takes place with breaking 
of fibrous network of Si into finely dispersed Si in the weld 
zone along with the precipitates. The improvement in Mg2Si 
precipitate was due to the high Mg content in the CM base 
metal and ageing treatment.

After HT, the silicon segregation becomes less and its 
morphology becomes globular, but still difference in dis-
tribution of silicon from HAZ to base metal of AM can 
be seen (Fig. 8). The size of α-Al decreases from the weld 
zone towards the base metal of AM side. A similar trend 
is observed with silicon size as well. The silicon in weld 
zone is distributed around the initial α-Al region even after 

Fig. 5   Optical microstructures of base metals: a AM (AlSi10Mg alloy), b AM (heat-treated), c CM (Al6061 alloy), d CM (heat-treated)
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HT. The base metal silicon of AM is much more finely dis-
tributed than the weld zone after the HT due to its original 
morphology. This has been clearly indicated in Fig. 8. The 
silicon content in AM-CM varies from CM region to AM 
region. CM side has extremely low Si content (0.4 wt%), 
whereas the AM side has high Si content (10 wt%). There-
fore, the weld zone of AM side and CM side shows differ-
ent microstructures (Fig. 6). The silicon on the AM base 
metal, after HT is appeared to be finely distributed all over 
the matrix. The weld zone on CM side however shows a 
different morphology. It shows a columnar structure with 
silicon distributed evenly. During the solidification silicon 
differs from the AM side (high conc.) towards the CM side 
(low conc.). The HAZ of CM side shows the start of equi-
axed structure with low silicon. The width of HAZ on CM 
side is very minimal usually observed in laser welding. The 

precipitates of Mg2Si can also be seen in CM structure. The 
silicon is extremely low on this side and therefore can be 
barely seen. Figure 6 clearly shows that with the variation of 
silicon from left to right i.e., from AM to CM, the distribu-
tion of silicon is different.

3.2.2 � SEM and TEM analysis

Figure  9 displays the SEM images of the weld zone 
for the AM-AM and AM-CM weld samples captured 
by secondary electron (SE) detector. Figure 9a shows 
as-welded structure taken at the centre of the weld, 
whereas Fig. 9b shows heat-treated structure of AM-AM 
weld sample and Fig. 9c and d shows the as-welded and 
heat-treated structure at the centre of AM-CM weld joint.

Fig. 6   Optical microstructures showing base metal, HAZ, and weld zone of a AM-AM (as-welded), b AM-AM (heat-treated), c AM-CM (as-
welded), and d AM-CM (heat-treated) sample. In (a) and (b), base metal is AM, and in (c) and (d), base metal is CM
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The SEM images clearly show and validate the change in 
silicon morphology. The Si particles are uniformly dispersed 
in all areas of the microstructure. The formation of these 
evenly distributed particles at low temperature is attributed 
to the diffusion of Si from the oversaturated primary Al 
matrix. The cellular network of Si starts to collapse and 
break into equiaxed particles, and the density of particles 
within the Al grains decreases. Also, during the welding 
of the plates, due to concentration and thermal gradient 
developed, the weld experiences the Marangoni convection 
effect in the molten material, i.e. in the weld zone. This 
effect causes intermixing of the alloying elements from the 
base metals [23].

The chemical composition of the as-welded and the 
heat-treated samples (AM-CM (AW) and AM-CM (HT)) 
were analysed using EDS detector. The graphs in Fig. 10a 
and b show the variation in chemical composition from 
CM to AM side in as-welded and heat-treated samples, 
respectively. It is observed that the weld zone composition 

varies from the base metals of both the alloys to the weld 
zone. The chemical composition graph demonstrates 
how, in the weld zone, the silicon concentration gradually 
drops from the AM side to the CM side, and Mg 
content gradually increases from the AM to the CM side. 
The Si content drops from around 10 wt% on AM side to 
0.3 wt% on CM side, and the Mg content drops from 1.0 
wt% on CM side to 0.3 wt% on AM side.

To understand further, the presence of precipitates in 
weld zone for both AM-AM and AM-CM joints after heat 
treatment, and TEM analyses were carried out. Figure 11 
shows the STEM-BF images with EDS analysis. A 
clear signature of Mg2Si precipitates is observed in the 
microstructures. This is further confirmed with EDS maps 
(Fig.  11c) where the maps of Si and Mg elements are 
observed. A needle shape morphology is observed in the 
matrix of α-Al in AM-AM and AM-CM welded joint after 
heat treatment. Similar morphology of Mg2Si precipitates 
has been shown by Amir et al. [29].

Fig. 7   Microstructures of weld zone for AM-AM and AM-CM samples for a as-welded (AM-AM), b heat-treated (AM-AM), c as-welded (AM-
CM), and d heat-treated (AM-CM) conditions. Insight in (a) and (c) images show the porosities in the weld zone
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3.2.3 � EBSD analysis

Figure 12 and Fig. 13 show the inverse pole figure (IPF) 
maps of welded and heat-treated samples. In Figs. 12 and 13, 
the overall orientation of the grains appears to be random. 
The IPF maps show the clear understanding of orientations 
and grain morphology of the processed samples. Figure 12a 
shows IPF map of AM base AlSi10Mg alloy having the mor-
phology of additively manufactured sample with melt pool 
boundaries. Majority of the grains are columnar along with 
little amount of equiaxed structure is observed. The equiaxed 
grains mostly featured at the melt pool boundaries, where 
partial melting of the previously deposited layer occurred 
during melting of the successive powder layer. After heat 
treatment, the additively manufactured microstructure com-
pletely disappeared (Fig. 12b). The CM base metal IPF map 
in Fig. 12c shows an equiaxed annealed structure usually 
observed in Al6061 alloy. Figure 12d shows the heat-treated 
structure of Al6061 alloy with increased grain size. The 
grain growth occurs due to temperature given to the mate-
rial which is more than recrystallization temperature.

Figure 13 shows the IPF maps of the welded zone of 
AM-AM samples and AM-CM samples both in as-welded 
and heat-treated conditions. In as-weld condition for both 
AM-AM and AM-CM samples, the weld pool shows the 
coarse and dendritic structure usually observed in cast alloys. 
After heat treatment for both the conditions, the observed 
change in microstructures shows slight refinement. Figure 14 
gives the kernel average misorientation (KAM) maps in 

the base metals and weld zones both in as-weld and heat-
treated conditions of AM-AM and AM-CM samples. KAM 
values obtained from EBSD data can be used to analyse 
stress concentration, since KAM has a similar distribution 
with stress, as illustrated by Ramazani et  al. [22]. The 
misorientation in terms of KAM values are plotted in 
graphical form. The blue line corresponds misorientation in 
as-welded condition, while red line represents misorientation 
in heat-treated condition. The misorientations in case of 
heat-treated samples are observed to be lower than that of 
as-welded samples.

3.3 � Microhardness

The microhardness was measured using micro-Vickers hard-
ness tester with a load of 200 gf and dwell time of 10 s. 
Figure 15a and b represents the obtained microhardness 
profiles for AM-AM and AM-CM samples. The hardness 
varies from the base metal to the weld zone which is clear 
in the Fig. 15. The hardness of weld zone region in AM-AM 
is lower than the base metal of AM. This is due to the coarse 
cast like structure observed in the weld zone where silicon 
is present in the fibrous network outside the α-Al dendrites, 
which gives it a comparatively lower hardness value. The 
defects like porosity and inhomogeneity may also contrib-
ute to lower hardness value of weld zone [21]. The silicon 
in AM base metal side is finely distributed and thus yields 
higher microhardness of base metal than the weld zone. The 
hardness of HAZ of AM sample shows slight enhancement. 

Fig. 8   Microstructures of HAZ showing AM side of AM-CM samples for a as-welded and b heat-treated conditions with variation in Si size and 
morphology
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Fig. 9   FESEM micrographs of weld zone of a AM-AM (as-welded), 
b AM-AM (heat-treated), c AM-CM (as-welded), and d AM-CM 
(heat-treated) samples. The FESEM micrographs are taken in the sec-

ondary electron (SE) imaging mode. Insight in (c) shows the enlarge 
view of silicon network

Fig. 10   Compositional variation of Si and Mg elements (in log scale) in the weld zone of a AM-CM (as-welded) and b AM-CM (heat-treated) 
samples
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Fig. 11   STEM-BF images of heat-treated a AM-AM and b AM-CM weld zone, showing the presence of Mg2Si precipitates and c corresponding 
Mg and Si, EDS elemental maps of AM-CM sample

Fig. 12   Inverse pole figure images of a AM (base metal), b heat-treated AM (base metal), c CM (base metal), d heat-treated CM (base metal) 
sample
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This change is attributed to refinement of grain size in heat 
affected zone. After heat treatment (HT), the redistribution 
and breaking of silicon particles takes place; this increases 
the overall hardness of the specimen in all three regions [15]. 
Also, after heat treatment, the formation of little amount of 
Mg2Si contributes in enhancement of overall hardness in 
AM-AM sample. The presence of intermetallic compounds 
like Al5FeSi cannot be ignored as it also contributes in 
enhancement of hardness [15].

Figure 15b shows the microhardness profile before and 
after heat treatment of AM-CM samples. The similar trend 
of increase in hardness from weld zone to base metal is 
seen before heat treatment. The hardness of the CM base 
sample shows higher hardness than the AM base sample. 
This is due to the difference in silicon morphology, i.e. 
change from fibrous network to the finely distributed 
globular particles of silicon in the specimen and chemical 
composition of both the alloys. The HAZ and weld zone 
of as-welded sample does not show much change in 
hardness value (Fig. 15b). The weld zone hardness after 
HT increases due to the complete change in morphology 
of silicon and increase in the Mg content as evident in 

Fig.  9 and Fig.  10. This leads to formation of Mg2Si 
precipitates which contributes in increase in hardness of 
weld zone. The hardness may also increase due to the 
diffusion of silicon from high concentration side to low 
concentration side. The hardness of HAZ and BM-CM 
shows good hardness because of the formation Mg2Si 
precipitates.

It is also observed that the weld zone of the dissimilar 
metals shows greater hardness than the weld zone of similar 
metal. This is due to the mixed composition observed in the 
weld zone which will aid in more precipitation of Mg2Si 
precipitates.

4 � Tensile test

Tensile test results are shown in Fig. 16. Comparison 
of ultimate tensile strength and % elongation is made 
in as-weld and heat-treated condition for AM-AM and 
AM-CM weld samples. In all the samples, the effect of 
heat treatment is showing the enhancement in tensile 
properties. Tensile strength and elongation have improved 

Fig. 13   Inverse pole figure images of weld zones in a AM-AM (as-welded), b AM-AM (heat-treated), c AM-CM (as-welded), d AM-CM (heat-
treated) samples
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after heat treatment. The UTS for AM-AM sample 
before heat treatment is 119.15 MPa which considerably 
increased by nearly 20% followed by similar increase of 
elongation. For AM-CM sample, the increase in UTS is 
observed to be about 22%. The development of the tensile 
properties is in line with the hardness values. The uniform 
distribution of Si particles in the weld zone along with 
some precipitates like Mg2Si accounts for this increase 
of tensile strength in all the samples. Failure of all the 
samples takes place at weld zone showing lower strength. 
This failure of material exactly at the weld centre can be 
seen as shown in Fig. 2b. Failure in these cases was flat 
fractures on the fracture surface. The flat fracture implied 
that the microstructure experienced less deformation 
before fracture. The enhancement in percentage elongation 
was measured to be 0.58% for AM-AM weld and 1.89% in 

AM-CM weld samples. The complete tensile test results of 
base metal are given in Table 6. Ultimate tensile strength 
of CM base metal sample is more than double to that of 
the AM base metal, whereas there is no large difference 
of elongation between these two materials. The prior was 
associated with the preheating of AM sample 300 °C for 
2 h followed by shot blasting.

5 � Conclusion

The laser weldability of similar and dissimilar aluminium 
alloys manufactured using AM and CM samples has been 
examined in the current work. Additionally, the effect of 
heat treatment on the same has been studied.

Fig. 14   Kernal average misorientation of a AM (base metal), b CM (base metal), c AM-AM (weld zone), d AM-CM (weld zone), for as-welded 
and heat-treated conditions
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•	 It is possible to weld conventional Al 6061 and additively 
manufactured AlSi10Mg parts using laser welding process.

•	 The EDX analysis revealed the clear modification of weld 
zone in terms of Si and Mg content in dissimilar welding of 
additively manufactured (AM) and Al6061 samples. Silicon 
content gradually increased from CM to AM side through the 
weld zone and the Mg content decreased from CM to AM 
side due to the Marangoni effect. The effect of heat treatment 
on these variations in compositions was minimal.

•	 Enhancement of ultimate tensile strength for both similar 
and dissimilar welded samples after the heat treatment 
was recorded around 20–22%. Similarly, a significant 
improvement was also observed in the elongation.

•	 The hardness of the weld zone in dissimilar welded 
(AM-CM) sample increased after the heat treatment. The 
enhancement in the hardness was attributed to enhancement 
of Mg content in the weld zone and formation of Mg2Si 
precipitates.
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Fig. 15   Microhardness comparison of a AM-AM and b AM-CM, in as-welded and heat-treated condition

Fig. 16   Tensile properties of AM-AM and AM-CM welded samples 
both in as-welded and heat-treated condition

Table 6   Tensile properties of AlSi10Mg and Al6061 alloys in as-received 
condition

Sample name Stress (MPa) Elon-
gation 
(%)

AlSi10Mg (AM) alloy 212.31 15
Al6061 (CM) alloy 272.8 17
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