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ABSTRACT

The paper analyzes the results of research of structural features and tensile strength of butt joints of 2 mm thick sheets of struc-
tural MA2-1M magnesium alloy produced by nonconsumable electrode argon-arc welding and by friction stir welding. It is
shown that in friction stir welding as a result of intensive plastic deformation of the metal, a fine crystalline structure is formed
in the welds. It was determined that microhardness of the metal in such a welded joint has minimal values in the zone of thermo-
mechanical impact on the retreating side near the heat-affected zone, where fracture of the specimens occurs during their static
tension. Tensile strength of specimens of welded joints produced by friction stir welding, and specimens with root penetration
removed to the level of the base material and additionally scraped reinforcement of welds produced by fusion welding, is at the
level of 233-236 MPa, which amounts to ~84 % of this value for base material.
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INTRODUCTION

Magnesium alloys are widely used as structural ma-
terials to manufacture lightweight strong components
of aerospace and automotive equipment, as well as
moving elements of textile and printing equipment,
which allows reducing the force of inertia at high
speeds of their movement [1-3]. The effectiveness of
such alloy application is due to a low specific weight
of magnesium (1.74 g/cm?), high strength of its alloys
(228-290 MPa) and their considerable heat resistance
(up to 450 °C) [4].

The majority of magnesium alloys are successful-
ly welded by fusion welding methods. Similar to al-
uminium alloys, nonconsumable (tungsten) electrode
argon-arc welding (GTAW) is most often used. Weld-
ed joints of magnesium alloys produced by fusion
processes are characterized by the same defects in the
form of pores, macroinclusions of oxide films and hot
cracks, which arise in aluminium alloy welding [5, 6].
Therefore, friction stir welding (FSW) is a promising
method for producing sound permanent joints of mag-
nesium alloys [7]. The abovementioned defects can
be avoided due to weld formation in the solid phase,
without melting of the edges being welded. More-
over, FSW does not require filler wire (manufacture
of which is complicated by high brittleness of mag-
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nesium alloys) or shielding inert gas, which increases
material cost savings [8].

Experimental investigations conducted by foreign
specialists are indicative of the efficiency of applica-
tion of this welding method for magnesium alloys.
The produced joints have fine-crystalline structure of
the welds and high mechanical properties [9, 10].

The objective of this work is investigation of struc-
tural features and determination of mechanical prop-
erties of welded joints on 2 mm sheets of structural
MA2-1M magnesium alloy, produced by GTAW and
friction stir welding.

INVESTIGATION PROCEDURE

Mechanical properties of welded joints were assessed
using 2 mm sheets of serial MA-21M magnesium al-
loy of Mg—Al-Zn—Mn alloying system, which in ad-
dition to magnesium contains, wt.%: 4.5 Al, 0.95 Zn,
0.47 Mn, 0.3 Fe, 0.06 Si, 0.01 Cu. Mechanical proper-
ties of such sheets are given in the Table 1.

The process of mechanized GTA welding was con-
ducted in ASTV-2M unit with MW-450 power source
(Fronius, Austria). Square-wave current of 200 Hz
frequency was used [11] for intensive stirring of weld
pool molten metal, creating favourable conditions for
its degassing and reducing the probability of pore for-
mation in the welds. The nonconsumable electrode
diameter was 3.2 mm, and the length of its extension
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was 4 mm. The torch movement speed of 20 m/h was
selected, considering on the one hand the wish to en-
sure the minimal thermal impact on the metal being
welded, and on the other hand, the possibility for the
welding operator to adjust the electrode orientation
relative to the butt axis or the arc length, if required. To
obtain chemical composition of the weld metal close
to that of the base material, a strip from base material
2 mm thick was used as the filler material to form the
weld reinforcement. The strip was fixed between the
edges being welded, lowering it to the bottom of 1 mm
deep and 4 mm wide groove. The height of this strip
was 6—7 mm, which ensured formation of the required
weld reinforcement. The possible defects character-
istic for this welding process, which have the form
of pores and macroinclusions of oxide films, mostly
arising in the weld root part, come to the root pene-
tration, which is scraped flush with the base metal in
critical structures. Mechanical cleaning of the edges
to be welded (from three sides) and of filler material
strip (from four sides) to the depth of 0.10-0.12 mm
was performed immediately before welding. To en-
sure a reliable protection of the metal from oxidation,
high grade argon was used in the welding zone. The
inner diameter of the protective ceramic nozzle was
16 mm, and gas flow rate was 20-22 I/min. Sound
weld formation under such conditions was ensured at
the current of 145—150 A. Current reduction led to in-
complete fusion of the filler material strip placed into
the butt with the base material, and current increase
resulted in violation of weld formation.

FSW of the studied alloy sheets was performed in a
laboratory unit developed at PWI. It ensures the speed
of the tool linear movement along the butt (welding
speed) in the range of 838 m/h, and constant fre-
quency of its rotation of 1420 rpm. A special tool of
our design [12] with shoulder diameter of 12 mm and
1.85 mm long pin in the form of a truncated cone of
3.4 mm diameter at the shoulder base was used for
welding. Butt joints of the sheets were produced at
three welding speeds of 8, 16 and 24 m/h for evalua-
tion of their properties. At higher welding speeds the
probability of internal defect occurrence in the welds
in the form of cavities characteristic for this process,
becomes higher [13]. More over, in the laboratory
unit tool pressing to the surfaces of the edges being
welded is performed by the welding operator using a
support, which makes the uniformity of its regulation
more complicated at higher welding speeds. Mechan-
ical cleaning of the edges to be welded (from three
sides) to the depth of 0.10-0.12 mm was performed
directly before welding to prevent penetration of pos-

Table 1. Mechanical properties of 2 mm sheets of structural
MAZ2-1M magnesium alloy

Specimens cut out Specimens cut out
Characteristic along the sheet across the sheet
rolling direction rolling direction
279-274 283-279
o, MPa 277 281
200-179 219-203
Oz MPa 187 210
20.3-19.5 26.3-23.5
o 20.3-19.5 26.3-23.5
85 % 19.9 25.0
o de 38-32 45-38
8 35 )

Note. The numerator shows the maximal and minimal values, and
the denominator gives their average values by the results of testing
three specimens.

sible surface contamination or oxide films into the
weld formation zone.

The produced welded joints were used to make sec-
tions for studying the structural features of the welds
and for assessing the degree of metal softening in the
welding zone. Metal microhardness was measured on
the section end faces by PMT-3 microhardness me-
ter. Assessment of structural features of the welded
joints was performed using MMT-1600B optical mi-
croscope. Determination of tensile strength at uniax-
ial tension of specimens with working part width of
15 mm was conducted in keeping with DSTU EN ISO
4236x in an all-purpose servohydraulic complex MTS
318.25. GTA welded samples were tested with both
excess penetration cut off flush with the base material,
and with the additionally scraped weld reinforcement.

RESULTS AND DISCUSSION

Analysis of the microstructure of FSW joint showed
that it consists of welding zones classical for such a
welding method: base material, thermomechanical
impact zone, HAZ and weld metal with the formed
nugget (Figure 1). Weld metal grains are 3—5 times
finer than those in the metal being welded. The most
fine-grained structure is observed in the weld metal
nugget. Measurements of metal microhardness in the
transverse sections in different zones of FS welded
joint showed that its values are minimal in the ther-
momechanical impact zone from the retreating side
near (2.5-3.0 mm) the HAZ (Figure 2). Accordingly,
at static tension of specimens of such welded joints,
they failed in the thermomechanical impact zone from
the retreating side (Figure 3). On the face side fracture
occurred exactly at the distance of 2.5-3.0 mm from
the boundary of this zone with the HAZ, and from
the root side it ran in the zone of the weld transition
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Figure 1. Fragments of the microstructure of FSW butt joint of structural MA2-1M magnesium alloy
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Figure 2. Metal microhardness in different zones of FS welded joint of 2 mm MA2-1M alloy produced at welding speed of 14 m/h

Figure 3. Appearance of the face surface of working part of 2 mm
MAZ2-1M magnesium alloy specimens fractured as a result of stat-
ic tension, which were produced by FSW at welding speeds of 8
(a), 16 (b) and 24 m/h (c)

to base material. The tensile strength of FS welded
specimens is at the level of 234-236 MPa, and it is in-
dependent on the welding speed in the studied range.

Microstructural studies of GTAW butt joints of
structural MA2-1M magnesium alloy showed that the
weld metal has a dendritic structure (Figure 4). Co-
lumnar dendrites directed away from the fusion line
into the weld metal are observed in it near the line of
weld fusion with the base material. Recrystallization
of base metal grains occurred in the HAZ. Directly
next to the fusion line the grains are partially melted.

Specimens of GTA welded joints with weld rein-
forcement have the tensile strength of 267 MPa, which
is equal to 96 % of this value for base metal. Their fail
from the weld face side in the zone of weld fusion
with the base material, and from the root side — in
the base metal in the HAZ at approximately 5 mm
distance from the line of weld fusion with the base
material (Figure 5). Specimens with root penetration
cut off flush with the base material and with addition-
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Figure 5. Appearance of the face (a, ¢) and root (b, ¢) surfaces of the working part of GTA welded specimens of 2 mm MA2-1M mag-

nesium alloy with weld reinforcement (a, b) and without it (c, d)

ally scraped weld reinforcement failed at static ten-
sion in the weld metal and their ultimate strength was
at the level of 233 MPa, which is confirmed by mini-
mal hardness in the weld central part (Figure 6). Ac-
cordingly, specimen fracture from the weld face side
occurred near its central part, and from the root side
it ran in the zone of weld fusion with base material.

CONCLUSIONS

1. Microhardness of FS welded joint is minimal in the
zone of thermomechanical impact from the retreating
side near (2.5-3.0 mm) the HAZ, which is exactly the
region where such specimens fail at their static tension.
2. The structure of GTA weld metal is dendritic. Co-
lumnar dendrites directed away from the fusion line into
the weld metal are found in it near the zone of weld fu-
sion with base material. Minimal hardness is observed in
the weld center. In friction stir welding of this alloy in-
tensive plastic deformation of the metal in the weld cen-
tral part (nugget) results in formation of grains 5 times
finer than the base metal structure. In the thermomechan-
ical impact zone a complete reorientation of the grains in
the direction of movement of the tool working surfaces

 GTAW weld
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Figure 6. Hardness of metal of GTA welded joint of 2 mm MA2-
IM alloy

takes place. It results in formation of extended elongated
grains oriented along this trajectory.

3. GTA welded specimens with weld reinforcement
have the maximal tensile strength (267 MPa), which
is equal to 96 % of this value for base material. Ten-
sile strength of FS welded joints, as that of specimens
with root penetration cut off flush with base material
and with additionally scraped weld reinforcement of
welds made by the fusion process, is at the level of
233-236 MPa.
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