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ABSTRACT

This study examines the influence of technological parameters (welding speed and heat input) in pulsed-arc
MIG welding on the microstructure, microhardness, and mechanical properties of butt joints of the aluminum alloy
Al-Mg-Mn 1561. A series of experiments was conducted at various welding speeds (380, 500, and 600 mm/min)
with corresponding heat input values. Metallographic analysis, tensile testing, and microhardness measurements
were conducted. It was found that increasing the welding speed and decreasing the heat input not only resulted in
grain refinement in the weld zone and fusion lines, but also reduced the size of porosity. The microhardness of the
weld increased to 780 MPa, and the tensile strength of the joint reached ~ 360 MPa (= 86% of the base metal
strength). The results obtained indicate that the welding mode V = 600 mm/min and E = 217 J/mm is optimal for
the 1561 alloy. These results can be used to optimize the welding technology of aluminum alloys in mechanical

engineering and aviation.

Keywords: pulsed-arc metal inert gas (MIG) welding, aluminum alloy 1561, welding modes, microstructure,

strength.

Introduction. Aluminum alloys of the Al-Mg—
Mn system are among the most widely used materials
in transport engineering, aviation, and the energy in-
dustry. Their thermophysical properties, namely high
specific strength in combination with good corrosion
resistance and workability, as well as high thermal and
electrical conductivity, are key advantages that have led
to the increasing use of these materials in the automo-
tive industry. Furthermore, aluminum alloys are readily
processable, which further facilitates their continued
application in various industrial sectors [1-3]. Specifi-
cally, alloy 1561 (analogue to 5083 or AIMga4s5Mno7)
exhibits enhanced strength, weldability, and resistance
to intergranular corrosion [4, 5]. MIG welding is a
welding method that utilizes an inert gas to shield the
weld metal from contamination. It offers advantages
such as high welding speed, high weld quality, simple
operation, high productivity, and high efficiency [6].
However, welding of aluminum alloys presents several
technological challenges: high thermal conductivity
leads to significant heat loss and unstable penetration;
low hydrogen solubility contributes to porosity for-
mation in the weld metal; Thermal exposure leads to
grain coarsening, loss of strength, and the formation of
a softening zone in the heat-affected zone (HAZ) [7-
10]. Optimization of welding modes, particularly
pulsed-arc MIG welding, enables control of heat input,
reduces overheating, and stabilizes weld formation [11,

12]. It is well established that welding parameters—in-
cluding torch travel speed, welding current, arc voltage,
pulse frequency, and linear heat input—have a decisive
impact on weld morphology, structure, porosity, and
joint strength [13-15].

A number of studies have focused on evaluating
the influence of welding modes on the structure and
properties of Al-Mg—Mn aluminum alloys. The authors
of [16] established the trends of structure formation in
welded joints of the 1561 aluminum alloy, 4 mm in
thickness, as a function of changes in MIG welding pa-
rameters on a steel substrate, selecting the modes based
on the criterion of satisfactory weld formation. They
identified the optimal welding mode according to the
criteria of minimizing pore formation, refining grain
structure, and enhancing mechanical properties. In-
creasing MIG welding speed promotes grain refine-
ment in the weld, decreases their aspect ratio, and sim-
ultaneously increases the number of pores while reduc-
ing their size.

Despite the existence of numerous studies on alu-
minum alloys, research specifically on the 1561 alloy
under variable-speed pulsed MIG welding remains lim-
ited. In particular, there is a lack of comprehensive data
on the relationship between welding speed, heat input,
microstructure, and weld strength. Therefore, it is nec-
essary to conduct a systematic experimental study to
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improve the reliability and durability of the joints of
this alloy.

The objective of this work is to identify the regu-
larities of the effect of welding speed and heat input in
pulsed-arc MIG welding on the microstructure, defect
formation, and mechanical properties of butt joints of
the Al-Mg—Mn 1561 alloy.

To achieve the objective, the following tasks have
been defined:

1. To establish the patterns of macrostructure
formation in weld seams as a function of welding speed
and heat input.

2. To investigate the microstructural changes in
butt joints of the 1561 alloy under the influence of
welding speed and heat input.

3. To determine the distribution of microhard-
ness and its dependence on technological parameters.

4. To assess the mechanical properties of welded
joints and determine the optimal welding parameters.

Materials and Methods. In this study, a plate of
1561 aluminum alloy of the Al-Mg—Mn system with a

thickness of 4 mm is used as the base material. This al-
loy is characterized by enhanced corrosion resistance,
high weldability in inert gas environments, and ade-
quate ductility. The primary mechanical properties of
alloy 1561 are: ultimate tensile strength — 335 MPa,
yield strength — 185 MPa, and elongation of approxi-
mately 11%. Metallographic studies indicated that in
the base metal 1561, the grain size (Dg=h x 1, where h
is grain width and | is grain length) was Dg = 7-10x20—
100 pm, with a grain shape coefficient & = 3—-10 (& =
I/h). The microhardness of the base metal was HV 750—
840 MPa.

Experiments were carried out using the MIG weld-
ing method, with ER5356 (AlIMg5) electrode wire of
1.2 mm diameter and longitudinal butt welding of alu-
minum alloy plates measuring 300 mm % 100 mm x 4
mm. Argon of the highest grade (99.993%) was used as
the shielding gas.

The chemical composition of 1561 alloy and
ER5356 wire is presented in Table 1.

Table 1
Chemical composition of Al-Mg-Mn system materials used in the research
Materials Chemical elements, wt.%
Al Mg Mn Si Fe Cu Zn Zr Cr Ti
Base metal base 5.5— 0.7- <0.4 <0.4 <0.1 | <0.2 | 0.02— - —
1561 6.5 1.1 0.12

ER5356 weld- base 4.5- 0.1- - - - - - 0.05-0.2 | 0.06—
ing wire 5.5 0.2 0.20

Prior to welding, the samples were prepared by
scraping the surface to a width of 20-25 mm from the
joint line and chemically etching in a 20% alkaline
NaOH solution and a 15% nitric acid (HNOs) solution.
This treatment enabled the complete removal of the
AlOs oxide film, which hinders the formation of a
high-quality weld.

For the technological studies, a laboratory setup
was assembled based on a MIG/MAG welding power
source of the TPS 320i type (Fronius International
GmbH, Austria) (Fig. 1).

Figure 1. External view of the laboratory setup for MIG welding of butt joints of the 1561 alloy

The butt joints were assembled using a special as-
sembly-welding fixture with a stainless steel backing

plate featuring a 4x2.5 mm groove, ensuring the for-
mation of root weld metal (Fig. 2).
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a
Figure 2. 3D model (a) and photograph of the assembly-welding fixture for butt joints (b)

Metallographic studies were performed using a
NEOPHOT-32 optical microscope (CARL ZEISS,
Jena, Germany) in accordance with the methodology
described in [17, 18]. To reveal the structure of the sam-
ples, etching was conducted: in an aqueous solution of
NaOH followed by clarification with an aqueous solu-
tion of HNOj3 for macrostructure, and in an aqueous so-
lution of hydrofluoric acid for microstructure [19]. For
microstructural investigations, the recommendations
and methodologies described in [18, 20, 21] were also
used. The microhardness of the samples was measured
by the Vickers method (HV) using an M400 microhard-
ness tester (“LECO”, St. Joseph, MI, USA) with a 100

of load; the reported hardness values were averaged
over three measurements [22]. To determine the
strength of the specimens, static tensile tests were con-
ducted using standard methodology on a universal ser-
vohydraulic testing system MTS 318.25 (MTS Systems
Corporation, Eden Prairie, Minnesota, USA) with a
maximum force of 250 kN. For all other investigations,
comprehensive materials research methods were em-
ployed [23].

Research Results and Discussion. The parame-
ters of the MIG welding modes for the 1561 alloy were
selected based on the recommendations in [24-27] and
following a series of experiments (Table 2).

Table 2
Parameters of welding modes for the 1561 alloy (6=4 mm)

Lin-

ear

Weld . . . en-

. Wire feed speed Vr, Welding current I, | Arc voltage U, Welding speed V,
ing - ; ergy
m/min A V mm/min

mode E,
J/m

m
No. 1 6.9 119 15.5 380 233
No. 2 8 137 18.2 500 240
No. 3 8.4 142 19.1 600 217

Figure 3 presents the macrostructure of welded
joints of the 1561 alloy produced by MIG welding un-
der various modes as specified in Table 2.
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Figure 3. Macrosection (a, c, f) and general view of the weld (b, d, €) in the fusion line zone of welded joints of
the 1561 alloy under different MIG welding modes (%100): a, b —mode No. 1; ¢, d — mode No. 2; e, f — mode No.
3 (BM — base metal, FL — fusion line, HAZ — heat-affected zone)

Investigation of the technological features of the
MIG welding process for the 1561 alloy showed that all
selected welding modes ensured satisfactory weld for-
mation, in accordance with the requirements of 1SO
10042 (quality levels from C to B) [28]. At the lowest
speed (mode No. 1), slight bead thickening was ob-
served due to excessive heat input. Increasing the speed

to 600 mm/min reduced the weld width and penetration
depth, but resulted in a more uniform structure.

Metallographic studies of the microstructure of
welded joints of the 1561 alloy under different MIG
welding modes demonstrated that increasing the weld-
ing speed and decreasing the heat input led to a ten-
dency for grain refinement and a transition from a den-
dritic to an equilibrium structure (Fig. 4).

C

Figure 4. Microstructure of the weld metal of the 1561 alloy joint under different MIG welding modes (x400): a
—mode No. 1; b —mode No. 2; ¢ — mode No. 3

Metallographic analysis of the specimen obtained
under welding mode No. 1 established that the weld
metal is characterized by a mixture of elongated and
equiaxed grains. The average grain size is 10-12x30-
100 um, with a grain shape coefficient of & = 3-8.3.
The structure contains pores with diameters of 60—-230
pum, predominantly located in the central part of the

weld (Fig. 4a). This structure is determined by the pro-
longed time the metal remains in the liquid state and the
intensive evolution of hydrogen.

Upon examination of the specimen produced un-
der welding mode No. 2, it is evident that the grains are
finer (10-15 x 30-100 um) and more equiaxed, with
the shape factor decreasing to & = 3—6.7. The pores are



72

Sciences of Europe # 176, (2025)

smaller in size (20-120 pwm) and are observed less fre-
quently (Fig. 4b). This indicates stabilization of the
thermal cycle and a reduction in gas evolution intensity.

In the weld metal at welding mode No. 3, a fine-
grained equiaxed structure (10-15x30-70 pm) is
formed, exhibiting the lowest grain aspect ratio, & = 3—
4.7 (Fig. 4c). The pore diameter decreases to 20—40 um.
This indicates intensive cooling of the weld pool and a
short crystallization phase, which promotes structural
refinement.

In the fusion line zone, a gradual decrease in grain
size and an increase in structural uniformity were ob-
served with increasing welding speed. In welding mode
No. 1, the grains exhibit an elongated shape measuring
10-30 x 30-50 um, while in mode No. 3 they measure
only 10-15 x 30-40 um (Fig. 5).

In the heat-affected zone, the grains decrease on
average by 1.5-1.7 times when transitioning from
mode No. 1 to No. 3 (Fig. 5). A reduction of the grain
shape coefficient (&) by 1.6 times is also observed, in-
dicating intensive recrystallization during short-term
heating.

Figure 5. Microstructure of the metal at the fusion line (a, ¢, f, X400) and in the heat-affected zone (b, d, e,
x100) of the 1561 alloy joint under different MIG welding modes: mode No. 1 (a, b); mode No. 2 (c, d); mode
No. 3 (f, e)
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Microhardness (HV) was measured across the
welded joint. At welding mode No. 1, the microhard-
ness of the weld was 640-680 MPa; at mode No. 2, it
was 700-770 MPa; and at mode No. 3, it was 660—780
MPa. In the heat-affected zone, HV reached 740-860
MPa, which is attributed to partial strengthening due to
thermal effects and local recrystallization.

With increasing welding speed, the average hard-
ness increased by approximately 15% and the scatter of
HV values decreased, indicating a more stable thermo-
kinetic field during the process.

Tensile tests of welded joints of the 1561 alloy
demonstrated that the ultimate strength (og) and yield
strength (oo2) increase with increasing welding speed
(Table 3).

Table 3

Mechanical properties of welded joints of the 1561 alloy as a function of MIG welding speed

Welding V, mm/min E, Jmm 0.2, MPa os, MPa 3, % strength co-
mode efficient
No.1 380 233 250 300 9 0.70
No.2 500 240 280 330 10 0.78
No.3 600 217 305 360 11 0.86

The relative elongation (9) increased from 9% to
11%, indicating improved ductility in conjunction with
enhanced strength. Fracture of the specimens occurred
along the fusion line, which is typical for aluminum al-
loys due to microdefects and the hardness gradient in
this zone. The strength coefficient (the ratio of the co.»
and og values to BM, respectively) was lowest for the
specimen obtained under welding mode No. 1 and
highest (for the weld metal) for the specimen under
welding mode No. 3. Thus, according to the mechanical
tests conducted, it can be stated that superior mechani-
cal properties of joints produced by MIG welding are
achieved with reduced heat input and under conditions
of high welding speed.

Research shows that increasing welding speed re-
duces the duration of thermal exposure and decreases
the width of the thermal softening zone. At low welding
speeds (380 mm/min), the weld zone forms under pro-
longed thermal exposure, which promotes recrystalli-
zation and grain coarsening. A decrease in heating time
at a welding speed of 600 mm/min results in more in-
tensive cooling and the predominance of an equiaxed
structure, leading to increased hardness and strength.

High temperature and prolonged heating facilitate
hydrogen diffusion and the formation of large pores (up
to 230 pum). At higher cooling rates, fine pores are
formed, which exert a lesser influence on the mechani-
cal properties. Therefore, a fine-porous structure at
high welding speed is more favorable than a coarse-po-
rous structure at low speeds.

Microhardness closely correlates with grain size:
refinement of crystallites leads to increased resistance
to plastic deformation by the Hall-Petch mechanism.
An increase in HV in the weld at a MIG welding speed
up to 600 mm/min indicates the formation of a fine-
grained equiaxed structure with a uniform distribution
of AI-Mg—Mn phases.

The dependence of mechanical properties on MIG
welding speed is nonmonotonic: at low speeds (V <400
mm/min), a decrease in og iS observed due to overheat-
ing and the formation of coarse pores; at high welding
speeds (V > 600 mm/min), improved strength is
achieved through reduced heat input (217 J/mm) and
grain refinement. A slight reduction in relative elonga-
tion (8 = 11%) indicates that ductility remains at a sat-
isfactory level.

The obtained data indicate that the high-speed
MIG welding mode (V = 600 mm/min, E = 217 J/mm)
is optimal for the Al-Mg—Mn 1561 alloy, as it ensures
the best balance between fine-grained structure, hard-
ness, density, and joint strength.

Conclusions.

1. It has been established that increasing the weld-
ing speed from 380 to 600 mm/min, corresponding to a
reduction in heat input from 240 to 217 J/mm, results
in a significant improvement in weld formation. A de-
crease in heat input contributes to bead narrowing, arc
stabilization, reduced penetration depth, and a smaller
heat-affected zone. At low welding speeds (380
mm/min, E = 240 J/mm), the welds exhibit excessive
penetration, bead thickening, and signs of overheating.
The optimal welding speed range of 500-600 mm/min
at E = 215-225 J/mm ensures uniform weld geometry,
absence of surface defects, and a stable crystallization
process.

2. Metallographic studies indicate that increasing
welding speed (while simultaneously reducing E) ac-
celerates weld pool cooling, which promotes a transi-
tion from a columnar-dendritic to a fine-grained equi-
axed structure. The grain size in the weld metal de-
creases from 10-12x30-100 um to 10-15%30-70 pm,
with the shape factor (&) decreasing from 8 to 4.7. Re-
ducing heat input decreases the duration of the liquid
phase and limits diffusion processes, resulting in a
more uniform structure and less pronounced mi-
crosegregation of elements. In the fusion zone and heat-
affected zone at a welding speed of 600 mm/min, a fine-
grained structure is formed with isolated pores 20—40
pum in diameter (compared to 60-230 um at 380
mm/min). Thus, increasing the speed and reducing the
heat input are effective factors for grain refinement and
porosity reduction.

3. As the welding speed increases from 380 to 600
mm/min (with a corresponding decrease in heat input
from 240 to 217 J/mm), the average microhardness of
the weld metal rises from 640-680 MPa to 660—780
MPa. In the heat-affected zone, hardness increases to
850 MPa, attributable to intensive cooling and the for-
mation of fine-dispersed phases of the Als(Mn,Fe) type.
At high heat input, localized softening occurs due to
overheating and coagulation of strengthening particles.
Thus, the microhardness of the weld is inversely pro-
portional to the heat input and directly proportional to
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the welding speed, which is consistent with the Hall-
Petch relationship.

4. Tensile tests showed that with increasing weld-
ing speed and decreasing heat input, the ultimate tensile
strength (6B) increases from 300 to 360 MPa, the yield
strength (00.2) from 250 to 305 MPa, and the elonga-
tion from 9 to 11%. The strength coefficient of the weld
relative to the base metal reaches 0.86, indicating the
high efficiency of the energetically balanced welding
mode. The optimal combination of structural and me-
chanical properties is achieved at a welding speed of
600 mm/min and a linear heat input of approximately
217 J/mm. In this case, a fine-grained equiaxed struc-
ture with minimal porosity, uniform hardness distribu-
tion, and high strength with satisfactory ductility is
formed.

Therefore, optimization of welding speed and heat
input is a key factor in enhancing the quality of welded
joints of the AI-Mg—Mn 1561 alloy. A reduction in heat
input by 10-15% while maintaining stable penetration
enables a 15-20% increase in weld strength without
loss of ductility.
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