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Abstract

WEA43 alloy belongs to a group of magnesium alloys with great potential for use in the automotive and aerospace industries. The industrial
applicability of a material is determined, among other things, by its joinability. It was found that the treatment had a significant effect on the
structure. The tensile strength of the FSW joints was at 75% of the base material’s strength. All joints cracked in the weld. Both the base
material and the weld exhibited high corrosion resistance in an atmosphere simulating automobile engine exhaust gases. The tests
demonstrated that FSW technology can be used for joining and repairing WE43 gravity castings used in the automotive industry.
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1. Introduction

Magnesium alloys can be divided into wrought alloys and
casting alloys (Figure 1). The most commonly chosen magnesium
alloys are those with aluminum. One of the directions for
improving the properties of magnesium alloys, and especially their
creep resistance, is the addition of rare earth elements [1,2].

WE43 and WES53 are magnesium-based alloys with the
addition of rare earth elements and yttrium (Mg-Y-RE-Zr). These
alloys are characterized by high creep resistance, which allows
them to operate at temperatures up to 250°C over long periods,
while during short exposures, they can be used even at temperatures
up to 300°C [3,4]. Magnesium alloys from the WE series can be
used for components of racing car engines operating under high
loads and temperatures, and even for high-reliability components
of aircraft drive systems, which must be characterized by high
strength and corrosion resistance [5-7].
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Fig. 1. Development of magnesium alloys [7]
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Table 1.

Selected properties of WE43 alloy according to ASTM B80 and for heat no. 20091842 [8,9]

Chemical composition [%]

Standard Zn Si Cu Mn Fe Ni Li Zr Y Nd RE Other Mg
ASTM B80 - - - - - - - min. 0.4 3.7-43 - 2.4-44 - balance
Batch 20091842 0.01 0.01 0.004 <0.01 0.002 0.004 0.0l 0.51 3.7 22 0.96  <0.01 balance
Mechanical properties
Standard Rm [MPa] Reo2[MPa] As[%] HV3
ASTM B80 min. 250 min. 172 min. 2 80-107
Batch 20091842 250 178 7 85

The primary alloying additions in WE43 (designation
according to ASTM B80) are yttrium and a mixture of rare earth
elements, mainly neodymium. The chemical composition of WE43
alloy and its mechanical properties are shown in Table 1 [8,9].

Yttrium is added to enhance the alloy’s mechanical properties
at ambient and elevated temperatures and to increase creep
resistance [8,10-12], whereas rare earth elements raise the
allowable operating temperature. In alloy WE43, the mixture of
rare earth elements consists of 85% neodymium and about 15%
praseodymium. These elements increase strength at elevated
temperatures through the precipitation of stable strengthening
phases both within and at the boundaries of a-Mg grains [13,14].
Additionally, neodymium improves the fluidity of magnesium
alloys, reduces shrinkage porosity, and slightly increases tensile
strength [15].

The microstructure of WE43 alloy in the as-cast condition

consists of o-Mg solid solution grains, eutectic Mg(o)+p
(Mg12NdY) and phase precipitates with varying contents of the
alloying additions: the irregularly shaped Mg4iNds phase,
rectangular precipitates of the MgY phase, elongated precipitates
of the Mg24Y's phase, and precipitates of the intermetallic B phase
(Mgi12NdY) (Figure 2a) [16].
The heat treatment of WE43 alloy is aimed at enhancing its
mechanical properties and en-compasses solution heat treatment
and aging. The manufacturer recommends solution heat treatment
at 525°C for 8 hours, followed by cooling in air or hot water [11].
The aging should be conducted at 250°C for 16 hours and be
followed by cooling in air. As a result of the solution treatment, the
intermetallic phase precipitates dissolve in the alloy’s matrix and
the solid solution grains increase in size (Figure 2b).

Among the basic technologies for joining components made of
magnesium alloys, including large castings, are Tungsten Inert Gas
(TIG) welding and Metal Inert Gas (MIG) welding. Friction Stir
Welding (FSW) is also used.

The classic and most frequently performed joining of the WE43
alloy using TIG welding technology has been described in
numerous works [17-21]. Authors Wang Q, Tong X, and others, in
their research, fabricated the EV33 alloy using O-TIG and PC-TIG
welding, respectively. The effects of welding current and pulse
current frequency on the welded joints were systematically
evaluated in the aspects of microstructural evolution and
mechanical properties [17]. In another research [18], the effects of
TIG welding process on the microstructure, the tensile properties
and the fatigue strength of ZE41(Mg—Zn—RE—-Zr) magnesium alloy
were investigated. In case of the TIG welded samples, a grain
refinement in the fusion zone and a grain coarsening in the heat
affected zone takes place. The distributions of the micro-hardness
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reflect the microstructure variations occurred in the welded
samples. Comparing data on TIG welding of magnesium alloys, it
can be asserted that magnesium alloys with the addition of rare
earth elements can be considered weldable. However, the main
difficulty encountered is hot cracking of these materials [19].
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Fig. 2. Microstructure of WE43 alloy: a) in as-cast condition,
b) following solution heat treatment and aging in air at 250°C
for 16 h [17]

The Friction Stir Welding (FSW) technology, used for joining
lightweight metal alloys, including aluminum and magnesium
alloys, ensures the production of joints free from hot cracking, as
the process occurs within the material's plasticizing temperature
range and not above the solidus temperature [20-22]. In a few
studies [19,23,24], the influence of MIG and TIG welding
technologies on the WE43 alloy has been described. In the study
[19], the author indicated that the main issue in joining is hot
cracking, and welding should be conducted on the material in a
supersaturated state. Meanwhile, the authors in [23] provided an
overview of the welding possibilities for magnesium alloys,
primarily from the Mg-Al group. They concluded that fusion and
solid-state welding processes of these alloys are discussed with
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emphasis on mechanical characterization. Laser welding is the
most effective fusion welding technique for most Mg alloys
whereas, the predominant solid-state method is friction stir
welding. The importance of process variables such as heat inputs,
welding velocity (speed) and post weld treatments on the
microstructural evolution, on mechanical and physical properties
of the distinct zones of the weld joints are described. The weldment
is the most susceptible to failure due to phase transformation,
defects such as microporosity and relatively coarse grain sizes after
solidification. In the work [24] it was found that optimizing
welding parameters such as current, time, force, tool profile, travel
speed, etc., is crucial for enhancing the overall performance of
aluminum/magnesium  dissimilar alloy welding and has
demonstrated successful welding outcomes. Furthermore, refining
the welding process itself can also lead to a substantial
enhancement in the quality of welds.

In solid phase aluminum/magnesium welding using an
intermediate layer, it has been found that metals with a high melting
point can effectively resist contact between liquid aluminum and
magnesium, thereby hindering the formation of aluminum
magnesium intermetallic compounds. Moreover, by using an
intermediate layer metal that undergoes an aluminum—magnesium
metallurgical reaction, alloying can be achieved, leading to a
change in the composition of the compound phase in the welded
joint, making it a promising area for further development [24].

FSW is primarily used for joining large-sized castings in the
automotive and aerospace industries. Such joints are created
through the heating, plasticizing, and deformation of components
by a rotating tool that moves along the joint line (Figure 3) [25].
The joining of the material occurs in the solid state, below the
melting temperature [26-27]. The heat required to form the weld is
generated by the friction of the tool's working surfaces (the pin and
the shoulder) against the surfaces of the joined pieces, as well as by
the internal friction of the deformed metals. Mutual friction
welding of both materials occurs in the welding area, creating a
joint with a characteristic structure.

An FSW joint consists of a heat-affected zone, where
precipitation processes can occur, a thermomechanically affected
zone, and a heavily deformed weld area with a clearly visible weld
nugget (Figure 4) [28,29].

The advantages of FSW technology include low joining
temperature, absence of shrinkage, absence of hot cracking, minor
structural deformation following the welding process, good
mechanical properties, and the capability to join work pieces
ranging from 1.5 mm to 60 mm in thick-ness [25]. The drawbacks
of the FSW process include the need for rigid fixation of the work
pieces, low welding speeds, and the possibility of incomplete
mixing of the materials on the root side [30,31].

The FSW process is described in the literature and is
recommended for magnesium alloys. However, these studies
mainly focus on alloys from the magnesium-aluminum group
[32,33]. Few works on joining the WE43 alloy using FSW
technology are limited to the selection of welding parameters and
a basic description of structural changes [34,35]. Comprehensive
and detailed studies on the welding of WE43 alloy castings are
lacking. The joining of castings, both high-pressure castings for the
automotive industry and large-scale castings, is one of the key areas
of development for FSW technology for magnesium alloys. Data
analysis indicates substantial potential for the implementation of

this technology in the aerospace and automotive industries for
joining castings with rolled elements. However, there is a necessity
for a thorough description of the changes in the structure of the
FSW joint, as well as an evaluation not only of its mechanical
properties but also of its service properties, such as resistance to
high-temperature corrosion, specifically around 200-300 °C,
which simulates engine exhaust gas environments. Since a two-step
heat treatment (solution treatment and aging) is prescribed for
magnesium alloys, it is also important to describe the joining
possibilities at each stage of the heat treatment, which affects the
ability to achieve a joint meeting the requirements of designers.
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Fig. 3. FSW process: a) diagram of the FSW method,
b) Whorl™ tool [25,27]
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Fig. 4. Structure of an FSW weld: a) weld zones, where: WN

— weld nugget, TMAZ — thermomechanically affected zone, HAZ
— heat-affected zone, BM — base material [28]

This paper presents the results of tests on the properties of FSW
joints of WE43 alloy and examination of structural changes
occurring in such joints following two variants of heat treatment.
The study is a significant supplement to the information available
in the literature and provides guidelines for designing FSW joints
of WE43 alloy.
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2. Materials and Methods

The specimens used for the tests were joints of plates made
from WE43 alloy coming from heat no. 20091842 produced by
Magnesium Elektron. A comparison of the chemical composition
of heat no. 20091842 with the requirements of the ASTM B80
standard confirmed that the material tested met the specifications
for WE43 alloy (Table 1).

The 5 mm thick test plates were cut from a gravity casting and
FSW-welded, without prior heat treatment, at the Lukasiewicz
Research Network of the Upper Silesian Institute of Technology
[36] (Figure 5). The work [36] provides a detailed description of
the tool and welding technology used. A commercial conical tool

Table 2.

known as Triflute™ was employed to create the joint. This tool is
characterized by a conical shape of the mixing pin, featuring three
cutouts that facilitate material mixing during the welding process.
The design of this tool allows for the movement of less material
during welding, enabling an increase in welding speed while
maintaining high joint quality. Additionally, the cutouts in the pin
effectively "tear" the material in the weld zone, which leads to an
increase in heat generation. The joints were then used for
metallographic examinations aimed at assessing their initial
structure and changes in that structure following two heat treatment
variants: solution heat treatment (Variant 1) and solution heat
treatment followed by aging (Variant 2) (Table 2).

Heat treatment parameters applied for the tested FSW joints of WE43 alloy.

Heat treatment variant Heat treatment parameters

Base material No heat treatment

Variant 1

Solution treatment at 525°C for 8 hours followed by cooling in air

Variant 2 followed by cooling in air

Solution treatment at 525°C for 8 hours followed by cooling in air; aging at 250°C for 16 hours

It was assumed that following various heat treatment variants,
the properties of FSW (Friction Stir Welding) joints, including
plasticity and strength, would undergo changes. As a reference
variant, a joint without any heat treatment was adopted, for which
it was assumed that the strength should be at the level of 0.7 of the
base material strength, i.e., the WE43 alloy in the as-cast condition.
This value was established based on data pertaining to aluminum
alloys welded using the FSW method, as well as research results
for aluminum alloy joints welded using arc welding methods
[37,38]. Solution treatment of the WE43 alloy FSW joint leads to
the dissolution of intermetallic phases (Variant 1), which, as a
result of this process, alters the properties of the entire joint.
Conversely, the aging process causes the precipitation of
intermetallic phases with the assumed volume fraction, size, and
distribution (Variant 2). The homogenization and strengthening of
the joint structure through full heat treatment are expected to
enhance the mechanical properties of the joint. However, such data
are not available in the literature. Therefore, acquiring this
information constitutes a significant contribution to the field of
materials engineering and joining technologies, which is
particularly important for process engineers and designers in the
context of designing or repairing large-scale castings and the
appropriate selection of heat treatment.

Examples of the test joints are shown in Figure 5. Following
the metallographic examinations, specimens for static tensile tests
were cut from the joints. The mechanical tests were complemented
by fractographic examinations and hardness measurements.

Fig. 5. FSW joint made of WE43 casting alloy: a) view of the
weld face, b) weld face with visible friction welding lines

A major factor determining whether FSW joints of WE43 alloy
can be used in industrial applications is the alloy’s resistance to
high-temperature corrosion in gas environments such as exhaust
gases. As part of the study, corrosion resistance tests were
conducted in an atmosphere simulating exhaust gases at 300°C.
The results obtained led to conclusions that enable the design and
construction of WE43 components for the automotive and
aerospace industries.

3. Structure of FSW joints of WE43 alloy

Structural changes determine the operational properties of a
joint and thus the feasibility of using FSW welding technology to
join WE43 castings or repair casting defects. The specimens used
for the structural analysis were cut perpendicular to the welding
direction and then ground and polished according to the procedure
described in paper [1]. The metallographic examinations were
conducted using a light microscope in bright field mode, at
magnifications of up to 500x. Examples of the observed macro- and
microstructures are shown in Figure 6.
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Microanalysis of the chemical composition of the phases revealed
in the FSW joints was per-formed using energy-dispersive X-ray
spectroscopy (EDS) at 15kV on a Hitachi Thermo Noran System
Six analyzer used in conjunction with a HITACHI S-4200 scanning
electron microscope. Examples of the results are shown in Figure
7. The phase analysis was conducted using X-ray dif-fraction on a
JEOL JDX-7S diffractometer equipped with a copper anode lamp
(ACuKa 1.54178 A, 20 mA, 40 kV) and a graphite
monochromator. The data was recorded in the 20 range between
10° and 90°, with 0.05° steps, at 5s/step. The phases were identified
based on information from the International Centre for Diffraction
Data (ICDD) database (Figure 8).

During the microstructural examinations, a eutectic mixture
[Mg(a) + B (Mgi12NdY) + MgsRE] was revealed at the boundaries
of the solid solution of RE elements in the Mg(a) phase (Figures
7a, 8a). Solution treating the alloy at 525°C causes this eutectic
mixture to dissolve. Following the solution treatment, the structure
showed sparse precipitates of MgY and Mgi2Y phases. Following
aging at 250°C for 16 hours, a single-phase Mg(a) solid solution
structure with fine B phase (Mgi2NdY) precipitates was observed
(Figs. 7b, 8b).

During the FSW welding process, a significant grain
refinement occurred in the stir zone, followed by the dissolution of
the fragmented Mg(a) + B (Mg12NdY) eutectic mixture during the
solution treatment. Following the solution treatment and aging,
areas of grain recrystallization were revealed in the welding areas
where plastic deformation had occurred (Figure 6).

ARCHIVES of FOUNDRY ENGINEERING Volume 25,

Fig. 6. Microstructure of FSW joints of WE43 alloy depending on the heat treatment variant

4. The effect of heat treatment on the
properties of FSW joints of WE43 alloy

The FSW joints were subjected to heat treatment in two
variants. In Variant 1, the joints were solution treated at 525°C for
8 hours and then air-cooled. In Variant 2, after solution treating, the
joints were additionally aged at 250°C for 16 hours and then air-
cooled (Table 2). From those joints, specimens for static tensile
tests were prepared (Figure 9). The static tensile tests were
performed on a Zwick Z600E strength testing machine in
accordance with the requirements of the PN-EN ISO 6892-1
standard. Examples of results are shown in Figure 10 and
summarized in Table 3.
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Fig. 7. Results of the microanalysis of the chemical composition
of the precipitates revealed in FSW joints of WE43 alloy: a) no
heat treatment (initial condition), b) following solution heat
treatment and aging (parameters provided in Table 2)
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Fig. 8. XRD diffractograms of an FSW joint of WE43 alloy:
a) base material, no heat treatment, b) material following solution
heat treatment and aging (parameters provided in Table 2).

Fig. 9. Examples of static tensile test specimens cut from FSW
joints of WE43 alloy following the different heat treatment
variants and views of the fracture sites: a) no heat treatment,

b) solution heat treatment, c) solution heat treatment and aging

(parameters provided in Table 2)
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Fig. 10. Examples of tensile curves for FSW joints of WE43 alloy
following the different heat treatment variants: a) strain as a
function of stress, b) elongation as a function of stress

Table 3.
Results of the static tensile tests of FSW joints of WE43 alloy

Heat Cross- Yield Tensile Elon-

treat- (. h Thickn section Length point strength gation

ment: -ess area Lo

Varian ° M1 5 [mm] So  [mm] [lf\{/fgazl] [l\fligﬂ] [IOA/S]
t [mm2] ’

NoHT 5.84 598 349 40 143 185 9
1 6.05 6.27 379 40 112 176 3
2 6.25 6.25 391 40 143 184 2

The static tensile strength tests were complemented by
examinations of the fracture surfaces performed using a Joel 6000
scanning electron microscope (SEM) in secondary electron (SE)
mode, which allows for the observation of fracture topography.
Figure 11 shows fracture surfaces for the non-heat-treated
specimens and the specimens subjected to full heat treatment, i.e.,
solution treatment and aging. Based on the tests conducted, it was
found that the strength (Rm) of the non-heat-treated joints was 185
MPa, the yield strength (Re) was 142 MPa, and the elongation (As)
was at 9%. Following solution treating, the strength properties of
the joints decreased to Rm = 176 MPa, Re = 114 MPa, and
elongation As = 3%. Following solution treating and aging (full
heat treatment), the strength increased to Rm = 184 MPa, the yield
strength was Re = 143 MPa, and the elongation was 2% (Table 3).

Fig. 11. Fracture surfaces following the static tensile strength
tests: a) mixed fracture in the non-heat-treated specimen, b) brittle
fracture in the solution treated specimen, c) mixed fracture in the
solution treated and aged specimen.

The post-test analysis of the specimens revealed that all the
joints fractured in the weld zone, which is characteristic of welded
joints of magnesium alloys and aluminum alloys. The tensile
strength of FSW joints of WE43 alloy is approximately 75% of the
strength of the base material.

Fractographic examinations of the fracture surface of the non-
heat-treated specimen revealed a fine-grained mixed fracture with
clearly visible areas of transgranular fracture (Figure 11a). The
fracture surface of the solution treated specimen showed typical
brittle fracture characteristics, which is common for the coarse-
grained single-phase structure that forms after the dis-solution of
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intermetallic phases (Figure 11b). In the case of the solution treated
and aged specimen, the fracture was brittle, with a mixed
transgranular and intergranular structure and clearly visible fine-
grained areas, which was confirmed during the metallographic
examinations of the joint structure (Figures 6, 11c).

5. High-temperature corrosion resistance
of FSW joints of WE43 alloy

The high-temperature corrosion resistance tests were
conducted in a gas mixture simulating the exhaust gas of a diesel
car engine (chemical composition of the gas mixture: 9% O2 +
0.02% SO2 + 7% CO2 + 0.15% NO2 in nitrogen), at a temperature
of 300°C. The test stand consisted of tube furnaces with quartz and
ceramic tubes, reducers, gas sampling points with rotameters, a
neutralizing system, and cylinders with the gases making up the
simulated mixture (Figures 12a, b). The specimens cut from the
joints were 5x5x3 mm in size. The measure of high-temperature
corrosion resistance of FSW joints was defined as the change in the
specimen mass following the test. The experiment was conducted
over 1000 hours, with corrosion product mass gain measurements
taken after 50, 100, 250, 500, 750, and 1000 hours. For each
specimen, three mass measurements were taken and averaged. The
standard deviation from the average was below 1%. The results of
the mass change measurements are shown in Figure 13a.
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Fig. 12. Test stand for assessing high-temperature corrosion
resistance at the Department of Metallurgy and Recycling,
Silesian University of Technology: a) general view, b) diagram
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Fig. 13. Change in specimen mass as a function of time of
exposure to a simulated exhaust gas atmosphere

Irrespective of the sampling site (base material or weld area)
and the exposure time, the mass of the specimens remained
virtually unchanged after 50, 100, 250, 500, 750, and 1000 hours
(Figure 13). The minor differences in the specimens’ mass (approx.
0 + 0.03%) can be considered negligible and are attributable to
measurement error, which was set at 0.1%. It was found that both
WE43 alloy and FSW joints made from this alloy are resistant to
the action of exhaust gases at temperatures of up to 300°C. This
indicates that FSW technology can be successfully used to join
WE43 components in the automotive industry.

6. Summary and conclusions

In Mg-Y-RE-Zr (WE) alloys, the primary alloying additions
are yttrium, rare earth elements (RE), and zirconium. In WE43
alloy, the main component of the RE mixture is neodymium. The
microstructure of Mg-Y-RE-Zr casting alloys consists of grains of
a solid solution of yttrium (~0.7% at.) and neodymium (~0.3% at.)
in magnesium and Nd-rich precipitates at grain boundaries.
Zirconium particles are found within the Mg(a) grains. The as-cast
structure of Mg-Y-RE-Zr alloys does not provide sufficient
mechanical properties; therefore, heat treatment consisting of
solutionizing and aging is applied to alloys of the Mg-Y-RE-Zr
group [39]. Solutionizing of Mg-Y-Nd-Zr alloys is carried out at
temperatures above 525°C, typically after an 8-hour preheating
time [19, 40]. It was assumed that the properties of the Friction Stir
Welding joint, including plasticity and strength, would change
following various heat treatment variants. As a reference variant, a
joint without any heat treatment was adopted, for which it was
assumed that the strength should be at the level of 0.7 of the base
material strength, i.e., the WE43 alloy in the as-cast condition. This
value was established based on data pertaining to aluminum alloys
welded using the FSW method, as well as research results for
aluminum alloy joints welded using arc welding methods [37,38].
Solution treatment of the WE43 alloy FSW joint leads to the
dissolution of intermetallic phases (Variant 1), which, as a result of
this process, alters the properties of the entire joint. Conversely, the
aging process causes the precipitation of intermetallic phases with
the assumed volume fraction, size, and distribution (Variant 2). The
homogenization and strengthening of the joint structure through
full heat treatment are expected to enhance the mechanical
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properties of the joint. However, such data are not available in the
literature. Therefore, acquiring this information constitutes a
significant contribution to the field of materials engineering and
joining technologies, which is particularly important for process
engineers and designers in the context of designing or repairing
large-scale castings and the appropriate selection of heat treatment.

One of the newest technologies for joining or repairing WE43
castings is Friction Stir Welding (FSW). The process involves
stirring the base material in the solid state, which results in its
joining. Based on study [38] and the results of the tests described
in this paper, it was determined that the best properties of FSW
joints of WE43 plates were achieved with a welding speed of 280
mm/min and the tool’s rotational speed of 355 rpm, without heat
treatment. These FSW welding parameters were used to produce
WEA43 alloy casting joints and to evaluate the effect of heat
treatment on their properties.

The structure of the base material of the non-heat-treated FSW
joint of WE43 alloy consisted of a-Mg solid solution grains, an o-
Mg + B(MgsRE) eutectic mixture, and precipitates rich in yttrium
and neodymium (Figure 7,8). In the weld area, a significant
refinement of a-Mg solid solution grains and yttrium- and
neodymium-rich precipitates was observed, with the surface
fraction of the latter being less than 3% (Figure 6). Following
solution heat treatment and aging (T6), partial recrystallization of
the material occurred in the weld due to severe deformation. During
aging, MgsNd and Mg12Nd strengthening phases precipitated in the
joint (Figure 6,7). For the non-heat-treated joints and the joints
subjected to Variant 2, the strength was at 75% of the base
material's strength, i.e., approximately 185 MPa (Table 3, Figure
10). A significant reduction in elongation A5 to 2% was observed,
which was attributed to partial recrystallization of the joint area,
resulting in grain growth (Figure 6). However, after solution
treatment, the joint strength decreased to approximately 176 MPa,
and elongation A5 reduced to 3% (Table 3). In all joints,
irrespective of the heat treatment variant, the fracture occurred in
the weld area (Figure 9). Fractographic analysis results confirm the
metallographic observations. The results of fractographic
investigations confirm the metallographic observations. The
fracture surface clearly exhibits brittle fracture with coarser grains
in the case of joints subjected to the first heat treatment variant,
while a mixed fracture with a predominance of brittle
characteristics is observed in the second heat treatment variant
(Figure 11). Such structural changes in the FSW joint after T6 heat
treatment indicate the necessity of limiting the operating
temperature of the joined or welded large-scale castings to
approximately 200 °C, due to the potential for significant grain
growth resulting from the recrystallization process (Figures 6, 11).
The grain growth in the mixing zone of the material in the FSW
joint leads to increased brittleness of the joint, which is also
supported by the results of the fractographic analysis (Figures 11b,
c).

The results of mechanical properties testing for FSW joints
without heat treatment, as well as aging (Variant I) and aging
combined with solution treatment (Variant II) (Table 3), in
comparison to similar joints produced by TIG welding as presented
in reference [19], indicate that the properties of the WE43 alloy
FSW joints are superior to those of joints welded with the TIG
method. The mechanical properties of FSW joints are around 0.75
of the base material properties, while TIG-welded joints exhibit

properties in the range of 0.50 to 0.55 of the base material

properties. Both FSW joints and those produced using the TIG

welding method do not require heat treatment.

Similar results were obtained for all joint zones and for the base
material in the high-temperature corrosion resistance tests in a
simulated exhaust gas atmosphere (9% Oz + 0.02% SOz + 7% CO2
+ 0.15% NO:z in nitrogen) at a temperature of 300°C, (the chemical
composition and temperature of the gas are typical for the exhaust
gases of a diesel engine), irrespective of the heat treatment variant.

A detailed analysis of mass changes in the samples following
high-temperature corrosion resistance testing indicates similar
resistance of the joints, irrespective of the heat treatment condition.
The minor differences in joint mass observed after the tests are
attributed to a loss of approximately 0.0002 g, which is negligible
and results from the mechanical detachment of small corrosion
products, primarily in the weld face area of the FSW joint.

The fact that the mass changes were very similar for all
specimens demonstrates a good resistance of WE43 alloy and its
FSW joints to high-temperature corrosion, confirming the
feasibility of using this technology in the automotive industry. It is
important to highlight that the results obtained from the corrosion
resistance assessment in a simulated exhaust gas atmosphere are
comparable to those of WE43 alloy joints welded using the TIG
method [41, 42].

Based on the results of the tests conducted and the analysis of
the literature, the following conclusions were formulated:

. In the WE43 alloy, the main alloying elements used are
yttrium (3.7%) and neodymium (2.2%). Microstructural
investigations of the WE43 alloy revealed the presence of a
eutectic structure at the boundaries of the solid solution of
rare earth elements in magnesium, specifically Mg(a) + B
(Mg12NdY). Solution treatment of the alloy at 525°C leads
to the dissolution of this eutectic. In the structure of the
samples after post-solution treatment, a limited number of
phase precipitates of MgY and Mg12Y were observed. After
aging at a temperature of 250°C for 16 hours, a single-phase
structure of the solid solution Mg(a) with fine precipitates of
the B phase (Mg12NdY) is observed.

° Heat treatment significantly affects the structure of an FSW
joint of WE43 alloy. The base material without heat
treatment has a structure comprising solid solution Mg(a)
with inter-metallic phase precipitates and a eutectic mixture
between the grains. During solution treatment, the
intermetallic phases dissolve, and during aging, they
precipitate. The size of the precipitates depends on the
duration and temperature of the aging process.

o The strength of an FSW joint is about 75% of that of the base
material, and ductility is below 10%. The best results were
achieved for joints that were subjected to no heat treatment.
Properly shaped joints were obtained with a welding speed of
280 mm/min and the tool’s rotational speed of 355 rpm. On
this basis, it can be concluded that FSW joints do not require
post-welding heat treatment.

° Irrespective of the heat treatment applied, both the base
material and the FSW joints are resistant to high-temperature
corrosion (up to 300°C) in a simulated automotive engine
exhaust atmosphere (9% Oz + 0.02% SOz + 7% CO2 + 0.15%
NO:z in nitrogen).
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e  FSW technology can be used in the automotive industry for
joining or repairing WE43 castings.
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