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WE43 magnesium alloy – material for challenging applications
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Abstract
WE43 magnesium alloy is a commercial light-weight material developed for application
at temperatures up to 250 ◦C. This alloy is also considered for applications in medicine as a
biodegradable material. The present study provides microstructure characterization and related mechanical properties of the WE43 alloy prepared by diﬀerent processing techniques
including casting, extrusion, rotary swaging and heat treatment. Results indicate huge diﬀerences in observed microstructures, such as precipitation of secondary phases, grain coarsening,
texture formation and also concomitant changes of mechanical properties, such as tensile yield
strength, ultimate tensile strength, compressive yield strength, ultimate compressive strength
and elongation to fracture. Although this material is well-known, WE43 prepared in this study
by a combination of extrusion and rotary swaging oﬀered highly improved mechanical properties, including a tensile yield strength of 370 MPa and elongation of 15 %. Such a combination
of values is rarely seen in literature and is not generally oﬀered for commercially produced
materials although both preparation methods are easily commercially available.
K e y w o r d s : magnesium, WE43 alloy, thermomechanical treatment, microstructure, mechanical properties

1. Introduction
Magnesium alloy designated as WE43 according
to ASTM is a high-strength casting alloy that can
be used in temperatures of up to 250 ◦C. The alloy
contains mainly 3.7–4.3 wt.% of yttrium and 2.3–3.5
wt.% of rare earth elements; among them, neodymium
is the most abundant. Also, zirconium is included in
the alloy in about 0.2–0.4 wt.%. Its main eﬀect is the
reﬁnement of the as-cast microstructure. This alloy is
characterized by good mechanical properties at both
ambient and elevated temperatures and by good corrosion resistance. The huge advantage of this alloy is
its low density (1.82 g cm−3 ) owing to which it can be
used in applications where weight reduction without
compromising performance is required. Therefore, the
presented alloy is used for speciﬁc applications such as
parts of helicopter transmissions, power systems, aeroengines, gearboxes of military aircraft, sports cars and
missiles. Currently, WE43 is also considered for appli-

cations in medicine as degradable screws, plates or
even stents [1–5]. Such implanted materials are expected to be slowly dissolved in the organism and
gradually replaced by newly healed tissue. The main
beneﬁt of the presented alloy is its superior corrosion
resistance compared to other magnesium-based alloys
which are degraded in the organism too quickly and
lose their load capacity for the damaged tissue too
soon.
WE43 magnesium alloy can be prepared in various
ﬁnal conditions. First of all, it is an alloy originally
developed for casting. Cast ingots are generally heattreated at 525 ◦C for 8 h with subsequent air cooling or
quenching into hot water/polymer and aged at temperatures close to 200 ◦C [6–9]. Ageing at 250 ◦C for 16 h
[6, 9] is the most widespread. The ﬁnal product in this
condition is characterized by a tensile yield strength
(TYS) of about 180 MPa and ultimate tensile strength
(UTS) of about 260 MPa (Table 1).
Due to the increasing demands on mechanical
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T a b l e 1. Rough values of mechanical properties of WE43 alloy in diﬀerent conditions at 25 ◦C. All designated values for
wrought materials are considered for tensile loading in the longitudinal direction

WE43,
WE43,
WE43,
WE43,
WE43,
WE43,
WE43,

TYS (MPa)
(0.2 % of proof stress)

UTS
(MPa)
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(%)
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[17]
[18]
[19]
[19]
[19]
[19]
[20]

as-cast + T6
forged (plate)
forged + aged (180 ◦C/60 h)
525 ◦C/5 h + extrusion (300 ◦C)
hot rolled plate
hot rolled plate + T5
extrusion + T5

properties of magnesium-based alloys, various thermomechanical treatments such as extrusion, hot rolling
or forging are used to process WE43. Resulting mechanical properties are roughly summarized in Table 1.
Proper processing, often including both thermomechanical treatment and subsequent ageing, can lead to
values of TYS and UTS as high as 280–300 and 340–
360 MPa, respectively. Such values are achievable with
commercial products (Table 1). Considering research
area, values of UTS about 400 MPa have been reached,
however, non-standard conditions of processing, such
as experiments with hydrostatic extrusion performed
at laboratory temperatures [10], submerged friction
stir processing [11, 12] or long ageing times at lower
temperatures (150–200 ◦C) after suﬃcient thermomechanical treatment [7], are necessary. However, such
processing conditions are not economically advantageous for commercial producers of magnesium-based
alloys or are feasible only in the laboratory.
It is worth mentioning that the mechanical properties of wrought WE43 alloy diﬀer based on the direction of loading. Also, the asymmetry of tensile yield
strength (TYS) and compressive yield strength (CYS)
values is generally observed if loading in the same direction for both kinds of tests is selected. These phenomena are associated with speciﬁc material texture
and diﬀerences in activation energies for the slip in
diﬀerent slip systems and twinning processes based
on the direction of loading [13–16].
The present paper is focused on the general characterization of WE43 magnesium alloy in diﬀerent states
prepared in laboratory conditions; however, with the
use of basic industrially available forming techniques.
Microstructure, mechanical properties and their relationships are described.

bination of heat treatment and extrusion. Applied
heat treatments were performed under a protective argon atmosphere and include solution annealing – T4
(525 ◦C/8 h) and the combination of solution annealing
and artiﬁcial ageing – T6 (525 ◦C/8 h + 250 ◦C/16 h).
The extrusion of samples was performed at 400 ◦C, extrusion ratio of 16 : 1 and at 0.3 mm s−1 . Rotary swaging (RS) was performed on the extruded rods with
11 mm in diameter at 400 ◦C to a ﬁnal diameter of
8 mm. Bars were kept at 400 ◦C for 15 min before processing. The feed rate of 100 mm s−1 and the rotational speed of dies of 24.2 rps were selected.
The designation and processing routes of the studied material are shown in Table 2. Microstructure
studies were performed using light microscopy and
scanning electron microscopy (Tescan Vega 3 LMU).
The preparation of metallographic samples consisted
of mechanical grinding, polishing and ﬁnal etching
in a solution containing 10 ml of acetic acid, 4.2 g
of picric acid, 10 ml of distilled water and 70 ml of
ethanol. Phase and chemical compositions were characterized by energy dispersion spectrometry (Oxford
Instruments Inca 350) and X-ray diﬀraction (X’Pert
Philips, 30 mA, 40 kV, X-ray radiation Cu Kα), respectively. Tensile tests were performed according to
the ČSN EN ISO 6892-1 standard on dog-bone-shaped
cylindrical samples with 4 mm in diameter. Compressive tests were carried out on samples in the shape of
cylinders of 6 mm in diameter and 10 mm in height.
All mechanical tests were carried out at a strain rate
of 0.001 s−1 using a mechanical testing machine (Lab
Test 5.250SP1-VM). Three specimens were measured
for each kind of sample for both tensile and compressive tests.

3. Results and discussion
2. Materials and methods
3.1. Structure
As-cast ingots of commercial WE43 magnesium alloy were obtained from Magnesium Elektron. Cylindrical billets with 30 mm in diameter were produced from this ingot and processed by the com-

The structure of WE43 alloy is generally composed
of α-Mg solid solution (dark areas in Fig. 1a–h) and
intermetallic phases distributed at interdendritic or
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T a b l e 2. Designation of samples processed in various ways
Material designation
As-cast
Ex
T4 + Ex
T6 + Ex
Ex + T6
Ex + RS∗

Cast to the
non-preheated brass
mould
Cast to the
non-preheated brass
mould
Cast to the
non-preheated brass
mould
Cast to the
non-preheated brass
mould
Cast to the
non-preheated brass
mould
Cast to the
non-preheated brass
mould

Heat treatment

Extrusion

Post-extrusion heat treatment

–

–

–

–

400 ◦C, ER = 16

–

525 ◦C/8 h

400 ◦C, ER = 16

–

525 ◦C/8 h + 250 ◦C/16 h 400 ◦C, ER = 16

–

–

400 ◦C, ER = 16

525 ◦C/8 h + 250 ◦C/16 h

–

400 ◦C, ER = 10

–

*Extruded rods were rotary swaged at 400 ◦C from 11 mm in diameter to 8 mm in diameter

Fig. 1a–d. Microstructure of WE43 magnesium alloy after various processing: (a) WE43 – as-cast, (b) WE43 – Ex, (c)
WE43 – T4 + Ex, and (d) WE43 – Ex + T6. (Ex = extrusion, RS = rotary swaging, T4, T5 and T6 correspond to speciﬁc
heat treatment).

grain boundaries regions. These phases are enriched by
Y and Nd. Except for eutectic β-phase (Mg14 Nd2 Y),

also Mg41 Nd5 and Mg24 Y5 phases are distributed in
the microstructure of WE43 alloys [21–24]. However,
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Fig. 1e–h. Microstructure of WE43 magnesium alloy after various processing: (e) WE43 – Ex + RS, (f) detail of microstructure of WE43 – Ex (TEM), (g) detail of microstructure of WE43 – T4 + Ex (TEM), and (h) detail of microstructure of
WE43 – Ex + RS (TEM). (Ex = extrusion, RS = rotary swaging, T4, T5 and T6 correspond to speciﬁc heat treatment).
T a b l e 3. Grain size determined in selected materials
Material designation Grain size (µm)
As-cast
Ex
T4 + Ex
Ex + T6
Ex + RS*

equiaxed grains (30 ± 9 µm)
equiaxed grains (2.7 ± 1.5 µm)
elongated grains (150–250 µm in length and 50–80 µm in thickness), ﬁne grains (2.5 ± 0.8 µm)
equiaxed grains (196 ± 34 µm)
slightly elongated grains (10–22 µm in length and 3–11 µm in thickness)

*Extruded rods were rotary swaged at 400 ◦C from 11 mm in diameter to 8 mm in diameter

strong diﬀerences in microstructure conditions are observed based on the processing technique applied.
The as-cast state was characterized by strong dendritic microsegregation with diﬀerences in Y and Nd
concentrations between dendrite cores and dendrite
edges (Fig. 1a). The concentration of Y and Nd in dendrite cores reached about 1.5–2.2 and 0.5–1.1 wt.%, respectively. The average grain size reached 30 ± 9 µm.
The extrusion of the as-cast state caused signiﬁcant
grain reﬁnement as a consequence of dynamic recrystallization. The grain size was between 2 and 12 µm.

The as-cast microstructure was broken, and original
intermetallic phases were arranged in the rows parallel to the extrusion direction.
If solution annealing (525 ◦C/8 h) is performed for
the material in the as-cast state, the majority of secondary phases is dissolved. Due to the thermal stability, Mg24 Y5 phases remain in the microstructure.
After the extrusion of WE43 in the solution annealed
state, the microstructure was composed of elongated
deformed areas with about 150–250 µm in length and
50–80 µm in thickness. Along the circumference, these
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areas contained recrystallized grains, but interiors remained still non-recrystallized (Fig. 1c). Due to the solution annealing (525 ◦C/8 h), the structure contained
a lower amount of coarse intermetallic phases, and
the concentration of alloying elements in solid solution reached 3.7 wt.% Y, 1.3 wt.% Nd and 0.3 wt.% of
both Gd and Dy. After extrusion, the structure also
contained a high amount of ﬁne precipitates which
were formed during the process (Fig. 1g). Since extrusion was performed at a relatively high temperature (400 ◦C), these precipitates were stable β-phases,
and their size ranged from 50 to 500 nm. Metastable
precipitates such as β  or β1 , which are considered
as the main strengtheners, are generally presented in
the thermally treated WE43 alloy. However, these precipitates are formed at lower temperatures. At higher
temperatures of processing, these phases coarsen or
are replaced by stable β-phase [21, 25].
The microstructure of the WE43 alloy processed by
T6 after the extrusion process is displayed in Fig. 1.
It is evident that such material is characterized by
relatively coarse equiaxed grains with 196 ± 34 µm in
diameter. Except for coarse intermetallic phases like
Mg41 Nd5 and Mg24 Y5 , small precipitates β  and β
were present after this processing.
As an example of unconventional processing, the
WE43 alloy was processed by extrusion and subsequently rotary swaged at 400 ◦C from billet with
11.0 mm in diameter to the ﬁnal diameter of 8 mm.
Obtained microstructure contained some residues of
coarse intermetallic phases Mg41 Nd5 and slightly deformed grains prolonged in the direction of extrusion.
Only β-phases were observed in the microstructure
as a consequence of processing at high temperatures
(Fig. 1e).
3.2. Mechanical properties
Mechanical properties of studied materials varied
based on the processing methods. The lowest values of TYS (140–170 MPa) and UTS (210–230 MPa)
were obtained in the case of the as-cast material
and WE43 alloy processed by extrusion and subsequent T6 treatment (Fig. 2). However, other processing conditions led to signiﬁcantly improved mechanical properties. Such behaviour is associated with
various strengthening mechanisms. Strengthening by
grain boundaries (Hall-Petch relation), strengthening
by secondary phases or precipitates, solid solution
strengthening and plastic deformation strengthening
are considered generally. Low mechanical properties
of both mentioned conditions of WE43 (WE43 – as-cast, WE43 – Ex + T6) are attributed especially to
coarse-grained structures (Figs. 1a,d). Other materials
were characterized by at least partially recrystallized
ﬁne-grained structures. This is especially evident in
Fig. 1b for the extruded alloy, where the grain size
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Fig. 2. Tensile properties of the WE43 alloy prepared by
various processing.

ranged between 2–8 µm, and therefore, TYS and UTS
values reached 250 and 300 MPa, respectively. However, the WE43 alloy prepared by the combination of
extrusion and T4 pre-treatment or extrusion in combination with rotary swaging was characterized by even
higher values of TYS and UTS. These materials were
not completely recrystallized, and some work hardening and residual stresses remained in the structures
in non-recrystallized regions which are prolonged in
the direction of processing (Figs. 1c,e). This means a
signiﬁcant contribution to the mechanical properties.
Also, precipitation strengthening has to be considered for the studied materials. However, all materials with improved mechanical properties were processed by extrusion at 400 ◦C, which is a quite high
temperature at which stable β-phases are preferentially formed (Figs. 1f–h). These phases have an only
minor strengthening eﬀect [26]; therefore the general
contribution to the mechanical properties of the studied materials is expected to be low. The only exception
is the extruded WE43 alloy subsequently processed
by T6. In such case, β  metastable phase with strong
strengthening eﬀect is expected in the material [27,
28]. Unfortunately, this positive eﬀect is balanced by
a very coarse-grained microstructure (Fig. 1a).
Another important contribution is strengthening
by alloying elements dissolved in the solid solution.
In the ﬁrst approximation, such strengthening is associated with the diﬀerence in the atomic radii of the
elements dissolved in the solid solution and magnesium. Atoms of Y and Nd reach a comparable radius
of 0.18 nm. Compared to the atomic radius of magnesium (0.16 nm), this is a 12 % diﬀerence. Therefore,
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it can be assumed that the presence of a higher concentration of these elements in the solid solution has
a direct eﬀect on mechanical properties. Another important factor for the solid solution strengthening is
the diﬀerence in the shear modulus associated with
the bond strength of the dissolved substance and the
magnesium matrix. The shear modulus for Y, Nd and
Mg corresponds to GNd = 16.3 GPa, GY = 25.6 GPa,
GMg = 17 GPa [29]. From this point of view, only the
size of the atom plays a role in the strengthening eﬀect
by Nd, and, in general, the dominant strengthening effect of Y in the solid solution can be assumed for the
WE43 alloy. Strengthening by solid solution can be
considered especially in the case of WE43 processed by
T4 and subsequent extrusion because during heat pretreatment majority of secondary phases is dissolved in
the solid solution. Although part of these elements is
precipitated during extrusion in the form of already
mentioned β-phase (Fig. 1g), the concentration of Y
and Nd in solid solution reaches values about 3 and
2 wt.%, respectively.
Also, the texture of the material has a signiﬁcant eﬀect on mechanical properties in the case of
magnesium-based alloys. The presence of a speciﬁc
texture with the orientation of the HCP basal planes
parallel to the direction of extrusion aﬀects the tensile yield strength and compressive yield strength measured in the direction parallel to the extrusion direction [13–16]. For a ﬁbre textured extruded material,
a large number of grains is oriented inappropriately
for the slip in the basal planes and twinning during the tensile test. As a result, higher yield stresses
are needed to activate more complex slip systems.
Conversely, during compression performed in the extrusion direction twinning is easily activated. This
mechanism causes reorientation of the crystal lattice,
and plastic deformation is then realized in reoriented
basal planes [30, 31]. The values of the compressive
yield strength of the material thus fall to lower values (Fig. 3). This eﬀect was documented especially
in the case of WE43 prepared by T4 pre-treatment
and subsequent extrusion, where TYS and CYS values
reached approximately 280 and 235 MPa, respectively.
Excellent mechanical properties were observed in
the alloy prepared by the combination of extrusion and
subsequent rotary swaging. In this case, TYS of almost
370 MPa and UTS of 385 MPa were measured. This
material was characterized by a partially recrystallized microstructure with deformed grains, and therefore, residual stress is considered to aﬀect mechanical properties highly. Interestingly, the alloy in this
condition was characterized by a high value of elongation to fracture (about 15 %) compared to other
states of the material with elongation reaching from 4
to 8 %. Also, compressive mechanical properties were
close to those observed in tension so that low mechanical asymmetry is expected. Therefore, WE43 in

Fig. 3. Compressive properties of the WE43 alloy prepared
by various processing.

the presented state represents an interesting constructional material with superior mechanical properties.
In addition, it is prepared by well-available industrial
methods without the need for speciﬁc long and uneconomical heat treatment or mechanical processing
[19].

4. Conclusions
In the present work, microstructure and mechanical properties of the WE43 magnesium alloy were
studied. Obtained results have indicated a huge eﬀect
of processing conditions on the observed characteristics of the material. After heat treatment (T6), coarse
grains are present in the material, which cause a decrease in strength; however, precipitation strengthening by metastable β  -phase may partially compensate
this decrease. Thermomechanical processing, such as
extrusion or rotary swaging, at 400 ◦C caused signiﬁcant grain reﬁnement and the precipitation of stable
β-phase, resulting in superior mechanical properties.
As a consequence, TYS ranged from 140 MPa in the
as-cast state up to 370 MPa for material processed
by the combination of extrusion and rotary swaging. Although prepared alloys were generally characterized by lower elongation of about 4–8 %, when
prepared by the combination of extrusion and rotary swaging, the material reached an elongation to
failure of about 15 %. Such a combination of TYS,
UTS and elongation values are interesting for possible applications in both automotive industries and
medicine.
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