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FATIGUE PROPERTIES OF AZ31 AND WE43 MAGNESIUM ALLOYS

The paper presents low-cycle fatigue (LCF) characteristics of selected magnesium alloys used, among others, in the automotive
and aviation industries. The material for the research were bars of magnesium alloys AZ31 and WE43 after hot plastic working. Due to
their application(s), these alloys should have good/suitable fatigue properties, first of all fatigue durability in a small number of cycles.

Low-cycle fatigue tests were carried out on the MTS-810 machine at room temperature. Low-cycle fatigue trials were conducted
for three total strain ranges A¢, of 0.8%, 1.0% and 1.2% with the cycle asymmetry factor R = —1. Based on the results obtained,
fatigue life characteristics of materials, cyclic deformation characteristics o, = f(N) and cyclic deformation characteristics of the
tested alloys were developed. The tests have shown different behaviors of the tested alloys in the range of low number of cycles.
The AZ31 magnesium alloy was characterized by greater fatigue life Ny compared to the WE43 alloy.
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1. Introduction

Light metal alloys, including magnesium alloys such as
AZ31 and WE43, are widely used in many industries, mainly in
the automotive, machine, railway and aviation industries [1-4].
AZ31 magnesium alloy (EN-MAMgAI3Zn1) is characterized by
good mechanical properties at a low price. It can be shaped in pro-
cesses such as rolling, extrusion, and forging [5]. Its low density
makes it an attractive material for the automotive industry [4].

WE43 (Mg-4Y-3RE) cast magnesium alloy containing yt-
trium and rare earth elements is intended for operation at 250°C,
with acceptable short-term operation up to 300°C. This alloy is
gravity cast in sand moulds, used for large-size castings that are
used in the aviation industry [6,7]. The WE43 alloy also exhibits
good mechanical properties and high corrosion resistance.

Wrought magnesium alloys were used sporadically, which
resulted from technological difficulties in the plastic working and
high production costs. Low deformability of magnesium alloys at
temperatures up to 200°C resulted from a limited number of slip
systems in the hexagonal crystal network [8,9]. The mechanical
properties of magnesium alloys after plastic working are higher
compared to foundry alloys [4]. The most advantageous set of
properties have alloys from the Mg-Al-Zn-Mn group, contain-
ing up to 8% Al with the addition of Mn (up to 2%), Zn (up to
1.5%) [1,10,11].

2. Material and research methodology

The material for testing included two sets of rods: alloy
AZ31 rods with 20 mm diameter after extrusion and annealing
at 400°C with a heating time of 60 minutes with subsequent
cooling in the air, and rods of WE43 alloy with 20 mm diameter
in a hot-pressed condition. The microstructures of the tested
materials are shown in Fig. 1.

The chemical compositions (Tab. 1) and the basic mechani-
cal properties of the tested alloys determined on the basis of
a static tensile test at room temperature (Fig. 2) are summarized
in Table 2. AZ31 magnesium alloy compared to WE43 alloy had
a much lower conventional yield point R, determined in the
compression test (Fig. 3).

Low-cycle fatigue tests were carried out at room tempera-
ture on an MTS-810 testing machine using the TestSTAR II and
TestWARE SX software. The tests were carried out in conditions
including uniaxial stretching and compression with the value of
cycle asymmetry factor R = —1, for three total strain ranges Ag,
equal to 0.8%, 1.0% and 1.2%. Threaded cylindrical samples
with a measuring base of 12 mm diameter and 32 mm length
were used in the tests.
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Fig. 2. Static tensile tests curves of tested AZ31 and WE43 alloys

3. Test results

In the course of the fatigue test, changes in the value of load-
ing, displacement and deformation of the sample were continu-
ously recorded in time using an extensometer with a measuring
base of 25 mm. Based on these data, hysteresis loops for half
the number of cycles to failure were developed for individual
ranges of total deformation Ag; (Figs. 4 and 5).
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Fig. 3a. Static tensile and compression test curves of magnesium alloy
AZ31[12]

Main mechanical properties of tested AZ31 and WE43 alloys

Alloy Main mechanical properties

R, (UTS),MPa | R, (YS),MPa | 4,% | Z,% | E,GPa
AZ31 316.5 225.2 16.6 | 22.0 437
WE43 311.1 2242 165 | 22.0 42.8

Basic fatigue characteristics of the tested alloys were also
developed including the characteristics of fatigue life in the form
of the relationship Ny= f(Ae,) shown in Fig. 6 and 7.

Fatigue life curves determined by the equation given by
R.W. Smith, N.H. Hirschberg and S.S. Manson [13] are shown
in Figures 8a and 8b.
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Fig. 3b. Static tensile and compression test curves of magnesium alloy
WE43
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Fig. 4. Hysteresis loops parameters determined for a half of the number of cycles to failure of magnesium alloy AZ31 [12]
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Fig. 5. Hysteresis loops parameters determined for a half of the number of cycles to failure of magnesium alloy WE43
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Fig. 6. Characteristics of fatigue life of the tested alloys

Waveforms for change in stress amplitude ¢, in low-cycle
fatigue were developed in the form of cyclic deformation char-
acteristics o, = f(N) (Fig. 9a and 9b) and cyclic deformation
characteristics against the background of a static tensile test
(Figs 10a and 10b) described by the formula o, = K (¢,,)" given
by J.D. Morrow [13].

Fatigue process parameters (LCF)
Strain range Stress Fatigue life
g amplitude Ny
Total Plastic Elastic o, cycles
Ag, Ag, Ag, MPa
0.008 0.00074 0.00726 176 7748
0.010 0.00142 0.00858 219 3098
0.012 0.00288 0.00912 225 664
Fatigue process parameters (LCF)
Strain range Stress Fatigue life
g amplitude Ny
Total Plastic Elastic &, cycles
Ag, Ag, Ag, MPa
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Fig. 7. Characteristics of fatigue life of the tested alloys in the form of
dependence Ny= f(Ag))

4. Analysis of test results

Tests carried out on AZ31 and WE43 magnesium alloys
(Fig. 2, Tab. 2) showed similar values of basic mechanical
properties determined on the basis of static tensile tests at room
temperature, including both strength (R,,, R, £) and plastic
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Fig. 8. Characteristics of fatigue life of magnesium alloys: a) AZ31 and b) WE43
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Fig. 9. Characteristics of cyclic deformation of magnesium alloys: a) AZ31, b)WE43
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Fig. 10. Characteristics of cyclic deformation of magnesium alloys against the background of the static tensile test curve: a) AZ31, b) WE43

(A and Z) properties. However, based on the compression test
(Fig. 3), AZ31 alloy exhibited a significantly lower yield strength
value (by 33%) in relation to R, = 223 MPa determined for
WE43 alloy.

The analysis of fatigue characteristics developed for AZ31
alloy shows their significant differences compared to those de-
termined for WE43 alloy.

In the low-cycle fatigue, classic symmetrical hysteresis
loops were recorded for WE43 alloy, whereas for AZ31 alloy
their shape showed anomalies manifested both in the lack of
loop symmetry and in the values of the stress amplitude o, in
tensile and compressive stress ranges (Figs. 4, 5). The observed

anomalies in the shape of the hysteresis loop of AZ31 alloy with
a compact hexagonal structure subjected to strong plastic pro-
cessing in the production process show a strong fibrous texture.
This results in anisotropic behavior of the material under tensile
and compressive loading, oriented parallel to the extrusion direc-
tion. As a result, the samples subjected to variable tensile and
compressive loading in the fatigue test show anomalies known
as SDE (strength differential effect [1]).

The surface area under the characteristic determined in the
static tensile test illustrates the accumulated damage energy at
a level which causes the destruction of the material. It follows
(Fig. 2) that strain values for both analyzed magnesium alloys



should be comparable. Assuming on the basis of the relation-
ship (1) that the total accumulated damage energy (W) is the
sum of damage energy at individual stages (#,), and bearing in
mind the results of the durability of individual alloys obtained
at a specific level of total deformation Ag, in low-cycle fatigue
tests (Fig. 4 and Fig. 5), it could be expected that the damage
energy determined for a single hysteresis loop should be almost
twice as high for the WE43 alloy (due to the number of cycles
to failure).

W,=3W, (1

The analysis of the stabilized hysteresis loops, however,
indicates that the damage energy for the WE43 alloy is 20%
higher than that determined for the AZ31 alloy (Fig. 11).
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Fig. 11. Hysteresis loops parameters determined for a half of the number
of cycles to failure of WE43 and AZ3 1magnesium alloys (Ag; =1.2%)

The main cause of the damage to materials due to low-
cycle fatigue is the value of the range of plastic deformation Ag,,.
With WE43 alloy, we obtain a classic hysteresis loop in tests
(the maximum value of the plastic deformation range occurs at
zero stress level, the loop showing a symmetric stress transfer).
However, anomalies in both the shape and the symmetry of stress
transmission were recorded for the AZ31 alloy (Fig. 4). The value
of the maximum tensile stress recorded for the total strain range
Ag,=1.2% was 226.8 MPa, while the value of the compressive
stress was merely —162.2 MPa. It might therefore be concluded
that the maximum range of plastic deformation does not occur
at zero stress level, but is shifted towards compressive stresses
of about —72.8 MPa. The values of individual ranges of plastic
deformation of AZ31 with stress levels at 0 and —72.8 MPa (the
latter being its maximum value), are shown in Fig. 12.

It follows that the maximum observed range of plastic de-
formation (Ag, = 0.00288) is almost 60% higher than the level
of plastic deformation recorded at zero stress level.
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Fig. 12. Range of plastic deformation of AZ31 alloy in stabilized state
(Ae;=1.2%)

Anomalies in the shape and symmetry of the AZ31 hyster-
esis loop also show a much higher proportion of damage energy
in compressive stress where it is about 63% of the damage energy
per single hysteresis loop, which may be the cause of a much
higher fatigue life understood as the number of cycles to failure
as compared to WE43 alloy. In the case of WE43 alloy, no such
behavior was recorded, the value of damage energy for tensile
and compressive stresses was comparable in this test.

In the conducted fatigue tests, the N, durability of AZ31
Mg alloy expressed in the number of cycles to crack initiation
was significantly — about twice — higher for individual total
strain ranges Ag,; than the low-cycle durability of WE43 alloy
(Figs. 6 and 7).

The analysis of deformation characteristics as a function
of the number of cycles to destruction (Fig. 8) indicates that the
intersection of lines Ae,; and Ag,,; is in the area of a small number
of cycles for both AZ31 (N, = 2) and WE43 (N, =5). Thus, the
low-cycle fatigue of the materials took place with the dominant
share of the elastic component of the strain range Aeg,,. At the
same time, the low N, value indicates that the low-cycle fatigue
life of the alloys tested was primarily determined by strength
properties. Among other things, the grain boundary cohesion in
the polycrystalline microstructure of the examined magnesium
alloys could be a factor determining their resistance to cyclic
deformation. This is confirmed by fractographic fatigue crack
studies. Only WE43 alloy, characterized by lower low-cycle
durability, exhibited numerous secondary fatigue cracks along
grain boundaries in the fatigue zone of the fracture (Fig. 13),
which indicates their low cohesion.

Under fatigue testing, WE43 Mg alloy exhibited cyclical
weakening, while AZ31 alloy showed cyclical strengthening
(Fig. 9). The observed property of each alloy is confirmed by the
position of the cyclic deformation characteristics o, = K '(gap)”
against the background of the static load test curve (Fig. 10).
The cyclic deformation characteristics of WE43 alloy are located
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Fig. 13. Morphology of the fatigue zone after LCF tests: a) AZ31 alloy, b) WE43 alloy. SC — secondary cracks

below the static tensile curve, which indicates a weakening of
materials. However, with AZ31 alloy, this characteristic lies
above the static tensile strength characteristics, which is the
result of a strengthening the material.

5. Summary

To sum up, it can be concluded that AZ31 magnesium alloy
has a greater capacity for applications in conditions of variable
elastic-plastic loads. Its fatigue life is nearly twice that of WE43
alloy, although its stress amplitude sa during LCF tests is about
30MPa higher compared to WE43 alloy. Much greater fatigue
life of AZ31 alloy compared to WE43 alloy can be linked with
anomalies in the shape of a hysteresis loop, which entails a dif-
ferent mechanism of nucleation and development of fatigue
cracks. However, verification of this hypothesis requires further
research.
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