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The competition between thetransportation industries, such as astronautics, automotive, marine, and rail, drive toan
incessant new designingof structures and parts. Also, the development and application of improved structural materials
and processing with a wide spectrum of attractivemechanical characteristics have been implanted in modern products.
New ultralight metallic alloys have been developed to replace the traditional ones, aimingweight reduction without
significant compromising of the resistance. In this context, this work aimed to study the fatigue strength of the non-
flammableWE43 magnesium alloy (Mg-Y-Nd-Zr). The microstructural evaluation by optical and scanning electron
microscopies and fatigue tests for initiation and propagation lives were carried out. The microstructure results showedthe
Sformation of a-Mg, Mga1Ndsand Mga4Ys phases dispersed within and at boundaries of grains. The tensile and fatigue
results showed similar behavior in both directions studied here (TL and LT), because of anisotropic microstructure.
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1. INTRODUCTION

Magnesium (Mg) is an element with severaladvantages when compared to other light alloys, among them, Mg is one
of the most abundant materials on earth and at sea; being 100% recyclable and having a low density of approximately
1.80g/cm3. Its alloys enable the production of parts with a weight reduction of up to 1/3 concerning similar aluminum
alloys products, commonly used in the aeronautical industry. Mg alloys can be considered an innovative technology if
applied for structural weight reduction, triggering sustainability in its various biases, such as economic, environmental,
ecological and social (WENDT et al., 2014; KAINER, K. U. et al., 201; ESMAILY etal., 2017).

The high specific mechanical strength of Mg alloys makes them strong candidates to be chosen for light structural
projects. However, due to its extraction and the little application in industry, the components produced from Mg alloys
are more expensive than those produced from Al alloys. This lack of application is linked directly tothe absence of studies
characterizing their microstructural and mechanical properties, causing the project engineers to choose more conventional
materials. Therefore, detailed studies, correlating their microstructural features and mechanical properties, such as fracture
toughness, fatigue, and corrosion resistance can expand the application possibilities, increasing the use and minimizing
the cost of production (COY et al., 2010).

The most common Mg commercial alloys are AZ (Mg-Al-Zn) and AM (Mg-Al-Mn), they have unsatisfactory creep
resistance at temperatures above 125 °C, flammability obstacles, lower mechanical and corrosion properties than Al
alloys, restricting their applications in a larger scale in the fabrication of structural components. Recent studies have
shown the effectiveness of adding rare earth elements and alkali metals in improving the creep, mechanical and corrosion
resistance of Mg alloys. Among these mixed metals, we can highlight the non-flammable WE43 (Mg-Y-Nd-Zr) which
the mechanical properties and corrosion resistance has been claimed to be superior to the AZ and AM alloys and can be
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compared with some Al alloys used in the aeronautical industry (BLAWERT, 2004; CZERWINSKI, 2014; JIANG, H. S.
etal, 2017; LIU, M. et al, 2012; MORDIKE, 2002; WANG et al., 2013; WENDT et al., 2005; ZUCCHlI et al., 2007).

Rare earth elements (Yttrium and Neodymium) present in the WE43 alloy when subjected to temperatures above 25°C
oxidize and form oxide layers (Nd.O3 and Y203) providing protection against flame initiation and propagation. Those
rare earth elements exhibit good solubility in magnesium athigh temperatures, which declineif the temperature decreases,
so that precipitation and aging hardening is made possible by supersaturated solution precipitation, thus forming thequais
phases. These metastatic phases grow along the grain boundaries, improving theirmechanical properties (ZUCCHI et al.,
2007; WANG et al., 2013). The addition of zirconium contributes to the grain refinement, due to the Zr network proximity
parameter with Mg. If there is a good amount of zirconium alloys making it precipitates in the alloy, during its
solidification, it forms points of heterogeneous nucleation (RZYCHON et al., 2007; al., 2013).

The results presented here is part of a research project that aim to associate the effect of intrinsic (grain boundary
orientation, crystallographic characteristics, precipitates, etc..) and extrinsic parameters (environment, galvanic contact,
coatings) on the mechanical properties. The results presented here are related to some basic microstructure evaluation and
fatigue results obtained in air environment of the WE43 Mg alloy.

2. EXPERIMENTAL
2.1 Material

The material used in this study was the magnesium alloy WE43C-T5 (Mg-Y-Nd-Zr), with aerospace specification
AMS 4371, whose nominal composition is listed in the Table 1 below.

At the manufacturing process, this magnesium alloy plate was laminated and thermally treated (precipitation
hardening) to the T5 condition, cooled and artificially aged. Test specimens were machined from Mg WE43C-T5 alloy
in the directions TL, LT (L = main direction of deformation, T = less deformation direction) according to ASTM E399-
12.

Table 1: Chemical composition of magnesium alloy WE43C-T5 (% Weight).

Elements Minimum Maximum
Mg Bal.
Y 3,7 4,3
Nd 2,0 2,5
Zr 0,2 1,0
Others 1,0

Source: EMBRAER - Brazilian Aerospace Conglomerate.
2.2 Optical microscopy and scanning electron microscopy (SEM)

Metallographic samples were prepared using nital 2% as etchant and examined in a Carl Zeiss ™ model AxioLab Al
optical microscope and a FEI® model FE-50 scanning electronic microscope (SEM). The preparation of the samples
followed a strict protocol since they must be free of deformation and fine superficial layers of oxides, common in Mg
alloys. Samples were ground using sandpaper till # 4000 and using alcohol as lubricant, followed by automated polishing
with 10 N load and rotation of 160 RPM with diamond paste of 1 and 0.25 um and finally, manual polishing with no load
with OPS (colloidal silica).

2.3 X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis were made in a Siemens D5005 system and the resultant diffractograms were
evaluated through Oxford's Crystallographic Search-Match software.

2.4  Tensile Test

The tensile tests were performed following the ASTM E8M standard on round test specimens with 6 mm diameter
and 38 mm gauge length, at room temperature (20°C).

2.5  Fatigue resistance

Nucleation life, S-N curves
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The S-N curves were obtained from round specimens, with tangentially blending fillets between the test section and
the ends, with 7.5 mm in diameter and 25 mm gauge length, were removed transversally and longitudinally to the rolling
direction. Fatigue test in load control was carried out following the ASTM E466, using a sinusoidal waveform, 15 Hz
frequency and load ratios R=-1 and 0.1.

Propagation life, da/dN curves

Fatigue crack growth tests (FCG) followed the ASTM E647-13 standard and were performed in laboratory air
conditions, at RT, constant amplitude load, sinusoidal waveform, frequency of 10 Hz and load ratio of 0.1 according to.
For the FCG tests, CT-type specimens were extracted in the L-T and T-L directions. The FCG rates were obtained as a
function of the variation of the stress intensity factor (AK) in the threshold and constant propagation regions (Paris). Size
and geometry of the test specimens used in fatigue and FCG tests can be seen in Figure 1.
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Figure 1: Size and geometry of the fatigue and FCG specimens.
3. RESULTS
3.1 Microstructural analysis
Figure 2 shows the microstructure of the WE43C-T5 alloy obtained by OM and SEM analysis, L-T plane (Fig. 2 a)

MO and b) SEM) and S-L plane (Fig. 2 ¢) MO and d) SEM). It can be noticed a homogeneous microstructure with grain
size of approximately 20 pm.

Figure 2: Microstructure of MgWE43C-T5 alloy obtained by OM and SEM analysis, a) and ¢) MO image in L-T and S-
L planes respectively, b) and (d) SEM image, L-T and S-L planes respectively. Source: Elaborated by the author.
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The SEM images show the dispersed precipitates inside the grains and at the grain boundaries. According to CHU
(2015) and RIONTINO, (2006), these precipitates are probably intermetallic phases rich in Y and Nd. The resulting
microstructure is due to the manufacturing process, and precipitation hardening occurred during the heat treatment
involving three steps. First, the solubilization heat treatment, the alloy is submitted to an isothermal temperature of until
its complete homogenization. During this stage, precipitates dissolve, and rare earth elements are positioned in a solid
substitutional solution in the Mg crystal lattice. Second, quenching, rare earth elements keep their substitutional positions.
Finally, during the artificial aging, a dispersion of the rare earth precipitates in the Mg matrixarise (ANTION et al., 2003;
Ll etal., 2016).

3.2 X-ray powder diffraction (XRD)

The diffractogram obtained using XRD of the WE43C-T5 alloy is shown in Fig. 3. After analysis, the specimen is
composed of a-Mg, Mg41Nd5 e Mg24Y5.
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Figure 3: XRD diffractogram of WE43C-T5 alloy. Source: Elaborated by the author.

Some authors (MORDIKE, 2002; RZYCHON:; KIELBUS, 2007; SONG, 2005) attributed the excellent performance,
stability of mechanical resistance up to 300 ° C, and corrosion resistance of the WE43 alloy in comparison to the other
Mg alloys due to the formation of the phases shown above.

3.3 Tensile Testing

The Stress-Strain Test were made using 9 test specimens for each lamination plane, and the results are shown below
in Figure 4 and Table 2.
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Left: Tensile Test L-T. Right: Tensile Test T-L. Source: Elaborated by the author.

Table 2: Stress-Strain Test Results, Left L-T, and Right T-L.

Property Specimen L Specimen T
oy, MPa 268 246
outs, MPa 366 373
E, GPa 34,2 33,7

Source: Elaborated by the author.

0.12

Even though the microstructural analysis did not present a clear anisotropy, the tensile tests showed that the materials
exhibit a certain amount of it, with the specimens removed with the centerline parallel to the rolling direction (specimen

L) with higher values of tensile strength.

3.4  Fatigue

3.4.1 S-N Curves

Figure 5unveil the S-N results, and Table 3 presents the parameters of the S-N curves, Smax = A.(Nf)®.
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Figure 5: S-N curves, Smax = A.(Nf)B. Source: Elaborated by the author.
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Table 2: Table 3: S-N curves parameters, Smax = A.(Nf)B.

R Parameter  SpecimenL  Specimen T
-1 A, MPa 411.1 358.1

B -0.071 -0.063
0.1 A, MPa 662.1 629.9

B -0.077 -0.077

Source: Elaborated by the author.

For the same applied R, it may be concluded that independent of the specimen direction the fatigue strength is quite
similar; the materials did not exhibit a noticeable fatigue anisotropy. As expected, R= -1 has caused lower fatigue strength.

3.4.2  Fatigue crack propagation

Figure 6 shows the fatigue crack growth curves (da/dN) as a function of variation of the stress intensity factor applied
AK, for the same test conditions, same load ratio (R =0.1) in the L-T (red curve) and T-L (black curve) directions for the
same test conditions. It was observed a similar fatigue resistance independently of the specimen direction.
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Figure 6: da/dNcurves (R = 0.1) in the L-T (red curve) and T-L (black curve). Source: Elaborated by the
author.

As shown in Figure 2 a) and 2 c), WE43CMg-T5 alloy microstructures exhibit heterogeneous and equiaxed grains in
both directions. The equiaxial structure is characterized by grain growth in different crystallographic directions, with no
preference orientations, i.e.,the neighboring grains are not necessarily parallel to each other.

The crack propagation rate is strongly influenced by the microstructural arrangement of the metallic matrix, that is
grain morphology and size, shape, and scattering of precipitates in the matrixVASUDEVAN et al. (1998).

The fatigue crack growth curves are quite similar. Table 4 shows the parameters of the Paris and Erdogan curve, and
they are quite similar for both directions considered.
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Table 4: Parameters m and C (are empirical constants of the material) and the equation of Paris.

Material M c Paris
mm [ciclo
—.m
{MP::! x-"m}
WE 43- TL 1,40 2,62E'05 ﬂ.lﬂ.-"l N = 2 62E_05{d_ﬁ,] LB
WE 43- LT 1,20 2,54E-05 da/dN =2 54E-05 (AK)*°

Source: Elaborated by the author.

From each curve, the coefficient (m) and the linear coefficient (C) of the linear regression line of the Paris equation
were determined. This model describes the fatigue behavior of the material only in region Il and does not take into account
the loading ratio R. This region is characterized by stable crack propagation where the log ratio of/dN versus log AK
becomes linear. There was no significant difference in the values of the constant m, indicating that the crack propagation
resistance is similar in both directions, but with the L-T direction being slightly more resistant to crack propagation than
in the TL direction, as already observed in the Figure 3, which is due to factors directly related to the microstructure.

4. CONCLUSIONS

The formation of the a-Mg, Mga1Nds, and Mg24Y's phases present in the WE43C-T5 alloy were observed trough DRX
analysis. The morphology of the equiaxed grains in the T-L and L-T planes are similar, and the precipitates are located
dispersed in the contours and dispersed within the grains.

A slight anisotropy influence was observed in the tensile tests, which was not enough to cause any significant
differences in the fatigue tests, with quite similar S-N fatigue results and crack propagation rate.
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