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Abstract: The low cycle fatigue tests on the crack initiation and propagation of cast magnesium
alloys with two small holes were carried out by using in-situ scanning electron microscope (SEM)
observation technology. The fatigue crack propagation behaviors and fatigue life, which are affected
by two small artificial through holes, including the distances between two holes and their locations,
were discussed in detail based on the experimental results and the finite element analysis (FEA).
The results indicated that the fatigue multi-cracks occurred chiefly at the edges of two holes and the
main crack propagation was along the weak dendrite boundary with the plastic deformation vestiges
on the surface of x-Mg phase of cast AM50 and AM60B alloys. The fatigue cracking characteristics
of cast AZ91 alloy depended mainly on the brittle properties of 3-Mg7Al;, phase, in which the
multi-cracks occurred still at the edges of two holes and boundaries of 3-Mg;7Al;, phase. The fatigue
crack initiation position of cast magnesium alloys depends strongly on the radius of curvature of
through hole or stress concentration factor at the closed edges of two through holes. In addition,
the fatigue multi-cracks were amalgamated for the samples with titled 45° of two small holes of cast
Mg-Al alloys when the hole distance is less than 4D (D is the diameter of the small hole).

Keywords: cast magnesium alloy; hole and notch; fatigue crack; fatigue life; in-situ SEM technology

1. Introduction

As one of the light metals, the magnesium (Mg) alloys, such as AM50, AM60B, AZ31 and AZ91,
have such a high strength-to-weight ratio that they are widely suitable for ultimate weight reduction
purposes in automotive and aircraft components as well as other applications [1-3]. As most of
magnesium alloys are from the foundry and rolling processing technologies, the microstructural defects
and other notches of material or structure will inevitably exist in the material interior and surface.
In addition, these alloys have been widely used for the plates with small holes in the automotive and
aircraft industry in order to be riveted [4,5]. Therefore, it has stimulated the substantial interest in
understanding their structural integrity and service safety of components by using the magnesium
alloys including the microstructural characteristics and mechanical properties in the last decade [6-8],
enhancing strength and thermal crack resistance of cast magnesium alloys [9-11], the improving
elongation and low-cycle fatigue (LCF) behaviors of magnesium alloys by means of grain refinement
and hot-rolled treatment methods in which the deformation mechanism of AZ31 or AZ91 alloy depends
on the grain size [12] and pre-compression deformation process but these magnesium alloys are most
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limited in the deformed magnesium aluminum alloys, especially AZ31 alloy [13-15]. When the average
grain («x-phase) size is about 1-2 um, the coupling mechanism of rolling and sliding deformation of
these grains occurred under the applied tensile loads so that the elongation of AZ31 alloy has been
more incremental than that for the only sliding deformation mechanism of AZ31 alloy with over
than 50 um of grain size [12]. Therefore, with enhancing or improving of strength and elongation
of cast magnesium alloys, the topics related to fatigue behaviors of cast or semi-solid magnesium
alloys, including the fatigue cracking mechanism, fatigue life model, empirical formula of fatigue
crack growth rate, reliability evaluation of fatigue data and so forth, have been widely explored.
For example, Gall et al. revealed that the environment induced the fatigue crack propagation based on
the cross-section observation of cast magnesium alloy [16], Wang et al. reported that the in-situ SEM
measured the results which the fatigue cracking mechanism and the fatigue crack evolution process
of cast AM50 alloy including the effect of high temperature on the fatigue crack growth rate [17-19].
The results showed clearly that the fatigue crack initiation and propagation occurred mainly in the
-Mgi7Alj; and along the interface propagation between the x-phase and (3-phase through the in-situ
SEM observation. That is to say, the LCF fracture of cast Mg-Al alloys is an intergranular fracture at
room temperature [17-19] but is a hybrid of intergranular and transgranular fracture at the elevated
temperature [18]. Li and Peng et al. described also the relationship between the tensile strength, surface
hardness, fatigue life and characteristic of cast AZ91D [20]. Horstemeyer’s group investigated the high
cycle fatigue problems of cast AM50 and AZ91 E-T4 magnesium alloys and simulated the fatigue crack
growth in a die-cast AM50 magnesium alloy based on the micro analysis method [21,22]. Later the
substantial experimental observations about cast Mg-Al alloys have shown how the dendrite cell size,
pores, shape of secondary phase particles, persistent slip bands and twinning in the dendrite cells
influence on the fatigue durability and crack growth of dendritic Mg-Al alloys under different testing
conditions [17-19,21], especially at the high temperatures [18]. Despite the importance of numerical
simulations in the development of robust and cost-effective manufacturing and design methodologies,
efforts aimed at examining. These microstructures play role in influences of the fatigue crack initiation
and propagation. Therefore, Mayer et al. [23] and other material scientists [24,25] studied the effects of
processing technics and humidity on the fatigue behaviors or limit of cast magnesium alloys [26,27],
especially Murugan et al. [28] and Mohd et al. partly [29] discussed the statistical characteristics of the
high cycle fatigue data of cast magnesium alloys according to the fatigue life and microstructural pore
size of cast magnesium alloys. In addition, the numerical simulation studies on the fatigue micro-crack
initiation or propagation path of metal including simulation method or technology (such as XFEM)
were also developed in recent [30-32]. These simulation results assist deeply to understand the induced
fatigue crack initiation and propagation reasons of materials.

The previous research considered seldom the multi-holes in submillimeter scale and their influence
on the fatigue crack initiation and propagation path of cast Mg-Al alloys. Moreover, small through
holes are very common in cast Mg-Al alloys and they are regarded as major impediment in obtaining
good mechanical performance from cast components for the actual design applications. Wang et al.
reported roughly the fatigue crack initiation position and fatigue fracture results of cast AM60B
and AZ91 alloys with two holes in the previous conference article [33]. However, what to cause the
reasons of fatigue crack initiation and how to influence on the fatigue crack propagation path of
cast AM60B and AZ91 alloys were not clearly and perfectly described in the previous literature [33].
In this work, the reasons of two holes influence on both the fatigue crack initiation and propagation
behaviors of cast AM60B and AZ91 alloys were explained in detail by using in-situ SEM technology
and numerical simulation method. Far more important is that the quantitative relationship between
fatigue life and fatigue crack growth rate of cast Mg-Al alloys with two holes were not investigated.
Therefore, the fundamental purpose of current work aims to explain in detail how to do the two holes
(including single notch) effect on the fatigue behavior of cast AM50, AM60B and AZ91 alloys based on
enough proofs in both fatigue crack developmental processes and theoretical analysis. For instances,
for an AM50, AM60B, AZ31 and AZ91 alloys, the influences of multi-holes in cast Mg-Al alloy plate



Materials 2018, 11, 1700 3 of 14

on the fatigue crack initiation mechanism and propagation path including the critical distance of
multi-holes were clearly illustrated. In addition, the influences of two holes in different locations on the
fatigue small crack initiation and propagation characteristics of cast Mg-Al alloys were discussed and
the difference of fatigue life both cast AM60B and AZ91 alloys under the same condition is an equal
proportion of the difference of fatigue crack growth rate both cast AM60B and AZ91 alloys.

2. Experimental and Material

The plate specimens for the cast AM50, AM60B and AZ91 alloys used in this study were supplied
by Norsk Hydro Inc. (Oslo, Norway). Their chemical compositions and main mechanical properties
are listed in Table 1. The flat cast of the Mg-Al alloy was processed into the experimental specimens
with a 20 mm gage length and about 4.5-5.0 mm (width) by 2.3 mm (thickness) gage cross section by
using a wire-electrode cutting method. Every specimen has two through holes in the middle region
and the diameter of every through hole is about 0.5 mm, in which the spatial distance (A) between two
through holes is 1.0 mm (2D), 1.5 mm (3D), 2.0 mm (4D) and 3.0 mm (6D), respectively. The tilted
angle, «, is defined as the angle between the line connecting the center of two holes and the applied
loading direction. In this work, two values, that is, « = 45° and « = 90°, were considered for the tilted
angle, as shown in Figure 1. The two through holes were fabricated by the mechanical drilling method
from Westmoreland Mech. Testing & Research, Inc., Youngstown, PA, USA in order to avoid the heat
affecting. Therefore, the edge of a through hole has still some micro notches to be caused by the slight
vibration in the drilling process. Therefore, the fatigue data of cast AM50 alloy with and without
a single notch were compared with that of other cast Mg-Al alloys under the different conditions as
shown in Figure 2. To investigate the effect of multi-holes on fatigue behavior of cast AM60B and AZ91
alloys, the in-situ SEM (by Shimadzu, Kyoto, Japan) observation technology must be used in this work.
The detail results were shown in the next section of analysis or discussion.

Table 1. Chemical composition and mechanical properties of cast Mg-Al alloys (wt %) at room temperature.

Materials Al Mn Si Zn Cu Mg  o0¢2 (MPa) oy, (MPa) A (%)
AMb50 2.50 0.2 1.20 0.25 0.080 Bal. 140 200 15.0
AM60B 5.99 0.2 1.20 0.25 0.008  Bal. 150 160 10.0
AZ91 8.97 - 0.05 0.45 0.025 Bal. 160 240 35
50
20
_ 8
& 7
| — S/
= # =
- —
2.30

Figure 1. Schematic illustration and size of the specimen; all dimensions’ unit: mm.

The observation faces of all samples were carefully etched in the NH4Cl saturated aqueous
solution after polished by abrasive paper (2000 grit) to achieve a surface roughness, Ra, of about
0.8-1.0 um. All fatigue crack initiation and propagation tests were carried out in the vacuum chamber
of the SEM with specially designed servo-hydraulic testing system by Shimadzu, Kyoto, Japan.
This machine provides a pulsating (sine wave) load at 10 Hz with a £1 kN maximum capacity and
a displacement range of £25 mm. The signal of the SEM was directly transferred to a computer via
a direct memory access type A /D converter, making it possible to sample 960 x 1280 frames of SEM
images successively. The SEM was operated at an accelerating voltage of 15 kV in order to obtain clear
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images. As the projection length of the fatigue micro-crack is different under opening and close states,
it was measured directly with the calibrated scale of SEM for only the opening state in this work [19].
The whole process of the fatigue crack initiation and propagation was monitored and recorded in-situ
at a frequency of 0.01 Hz. The stress ratio R is 0.1 and the fatigue tests are controlled by loading [17-19].
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Figure 2. S-N curves of cast Mg-Al alloys under different testing conditions. (a) S-N curves of cast Mg-Al
alloys with the omax parameter; (b) S-N curves of cast Mg-Al alloys with the A (0max/ 092) parameter.
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3. Fatigue Experimental Results

The fatigue data of the cast magnesium alloys (AM50, AM60B and AZ91) under different
conditions is shown in Figure 2, where the cases for AM60B and AZ91 were chosen as one of the typical
results with two through holes for spacing 1.0 mm, 45° tilted to the applied loading direction. And the
fatigue data of AM50 alloy in the S-N curves were in order to compare with the difference of two types
samples with a single notch and without hole or single notch, in which its radius of curvature is about
0.5 mm and the depth of notch is about 0.6 mm to be equivalent to the diameter of a small hole by
using mechanical machining method. Figure 2a indicates that the fatigue performance of the AZ91
alloy is the lowest among three cast magnesium alloys but the S-N curves for the three cases (AM50,
AMG60B and AZ91) exhibit similar changing trend with roughly the same slope for different artificial
defects including notch and holes. The differences of the fatigue life/performance in these S-N curves
depend mainly on both the yield stresses of materials and artificial defect types. It reflects the fact that
the raising of the fatigue life is with the increase of elongation of cast magnesium alloys. It also hints
that the LCF damage behavior of cast Mg-Al alloys may be dominated by the deformation capability
but not the static tensile strength of cast Mg-Al alloy as shown in Table 1. Therefore, one of potential
ways to enhance the fatigue performance is to improve the plastic deformation capability of cast Mg-Al
alloys. For example, by changing the 3-phase (Mg17Aly;) size or sharp or the refining the o-phase grain
the plastic property of cast Mg-Al alloys can be improved [12-15]. In addition, the effect of deflects
(such as single notch and multi-holes) on the fatigue performance of cast Mg-Al alloys cannot be
ignored, as shown in Figure 2a. In order to reduce the influence of the yield stresses or elongation rates
on the fatigue performance of cast Mg-Al alloys, the relationships between relative fatigue strengths
(defined as A = omax/ 00.2) versus the number cycle to failure of three cast Mg-Al alloys were plotted
for the alloys. It can be found that the fatigue performance of cast AM60B alloy is superior to that of
cast AZ91 alloy under the same condition. By comparing the effects of the single notch and the two
holes with a distance 1.0 mm and a tilted angel of 45° on the relative fatigue performance, we see that
the relative fatigue performance of cast AM50 alloy with a single notch is obviously better than that of
AMBG60B alloy which has two small holes with the distance of 1.0 mm as shown in Figure 2b but the
difference of fatigue performance both single notch and distance A = 1.0 mm, tilted 45° of two small
holes is not obviously in Figure 2a.

4. Analysis and Discussion

4.1. Effect of Tilted Angles of Multi-holes on Fatigue Behavior of Cast AM60B Alloy

In order to quantitatively to explain the effects of the distances between the two holes distance and
the tilted angles on the differences of the LCF life of cast AM60B alloy, the results for a typical fatigue
crack initiation and propagation characteristics of cast Mg-Al alloys are shown from Figures 3-5,
respectively. For example, the fatigue crack initiation and propagation characteristic for cast AM60B
alloy with the distance A = 1.5 mm (3D) and & = 45° as a typical case is shown in Figure 3. The in-situ
SEM measured results showed that the tilted angle of the two holes affects significantly the fatigue
crack behaviors of cast AM60B alloy at the stress level of 100 MPa and the stress ratio R = 0.1. When the
cyclic number is N = 2448, a small crack with an initiation length of about 15 um occurred at the
root of the closed notch on the left side of Hole B (denoted by BL) as shown in Figure 3a,b, while no
small crack was found on both sides of Hole A after about 2500 cycles. Therefore, the fatigue crack
initiation time exists in the precedence for the Hole A and Hole B, in which there are still the different
burrs on the edge of a through hole caused by the slight vibration in the drilling process as shown in
Figure 3a. However, after N = 4018 and N = 4106 cycles respectively at BL and at the edge of Hole
AL (the left side of Hole A) seats as shown in Figure 3¢, these fatigue crack propagation behaviors
indicated that the fatigue crack propagation path at BL deviated obviously from the previous crack
initiation direction. In addition, although the fatigue crack at the left side of Hole A was found after
N = 4106 cycles or N = 10286 cycles, the crack growth rate at the two sides of Hole A were much



Materials 2018, 11, 1700 6 of 14

lower compared to the crack lengths as shown in Figure 3g,h. At the same time, when N = 111,287,
the fatigue crack growth lengths at the two sides of Hole A are respectively about 180 um and 200 pm
but another fatigue crack length at the left side of Hole B has extended about several millimeters
until the fatigue fracture of this specimen as shown in Figure 3i. This means that the fatigue crack
initiation mechanism of cast AM60B alloy is similar to that of cast AM50 alloy [16-19], both called the
grain boundary crack initiation mechanism in micro scale. At the same time, the fatigue cracks at the
location of AL initiated with a length of about 10 um and propagated to about 20 um after 4106 cycles
and 10,286 cycles as shown in Figure 3g,h, respectively. At the same time, this result indicated that
the two holes with the distance A = 1.5 mm (3D) did not induce the fatigue cracks amalgamation but
the crack initiation behavior is influenced by the stress concentration at the root of the corresponding
notch. With increasing of the cyclic number, the fatigue crack at AL hole stopped the propagation
as shown in Figure 3h, while the fatigue crack at BL was found from Figure 3d—f to extend rapidly.
After 111,287 cycles, the specimen broke and the final fatigue fracture pattern is shown in Figure 3i.
This case indicated that the effect of two holes, which have a tilted angle of 45° and a distance of 3
times their radius, on the fatigue crack propagation path can be ignored. For example, the fatigue
crack initiation and propagation vestige of cast AM60B alloy was not found in the connection area of
two holes. The fatigue fracture of sample was contributed by the fatigue crack propagation of Hole B,
especially the fracture of specimen was caused by the fatigue crack propagation at the left side of Hole
B as shown in Figure 3i. However, another case of fatigue crack initiation and propagation images
under a higher stress level (120 MPa) indicated that effect of 45° tilted and spacing 4D of two holes
(Hole A and Hole B) cannot be ignored as shown in Figure 4a. When the cycle is after 7956 cycles,
at the maximum stress level of 120 MPa, R = 0.1, the LCF crack propagation behavior can be simply
described by the early stage of fatigue crack propagation occurred still at every notch root of two
small holes as shown at Hole A and Hole B in Figure 4a. The LCF crack at Hole A occurred in two
sides of hole and LCF crack at Hole B occurred in the starboard of hole. And these fatigue cracks
growth directions are basically along the projection direction of applied loading. But there are much
more fatigue small cracks in the linked area of 45° tilted to the applied loading direction both two
small holes as shown in Figure 4b, in which the propagation directions of these fatigue small cracks
appeared disorganized. With increasing of cycle (N = 7956 cycles), the fatigue multi-cracks occurred at
Hole B in the right side of sample but these cracks were not linked as shown in Figure 4c. At the same
time, the fatigue multi-cracks in the coalescence region have been linked so that the fatigue fracture
pattern is observably different from the fracture result as shown in Figure 3i. The fatigue fracture
between two holes was subjected by the shear stress in which it was induced by the plastic deformation
when the relative strength ratios (A = omax/ 0¢2) is over than 0.800. It hints that the fatigue cracking
mechanism of cast AM60B alloy under low cycle and high cycle may be different. When A is less than
0.7, the interface fatigue crack initiation might be occupied a dominant position and the effect of 45°
tilted and holes distance over than 3D on the fatigue crack initiation and propagation path can be
ignored. The fatigue crack initiation was still dominated by the stress concentration such as the radius
of curvature of a notch so that the coalescence behavior of the fatigue cracks propagation did not occur
at the influence area of two small holes when the distance of two holes is 3D. However, when A is
over than 0.8, the fatigue crack propagation was dominated by the plastic deformation. Even if it is
without the stress concentration region, the fatigue cracks occur also in the holes coalescence as shown
in Figure 4b, in which influence reason refers the next section of finite element analysis.

Another typical case of the fatigue cracking characteristics of cast AM60B alloy is showed
in Figure 5, in which there are the changes of tilted angle and different distances of two small
holes compared with above mentioned case of the fatigue crack characteristic of cast AM60B alloy.
These results indicated that the effect of 90° tilted to the loading direction and distance 2D or 6D
between two small holes on the fatigue crack initiation and propagation behavior can be defined as the
same of fatigue damage model (Mode-I). After 9446 cycles, the fatigue crack initiation and propagation
has been occurred at every root of notch and the fatigue cracks have been linked between two holes as
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shown in Figure 5a. However, with the increasing of distance between two small holes, the increasing
of fatigue life is obvious as shown in Figure 5b, in which multi-cracks occurred respectively at the
sides of two holes when N = 25,046 cycles. After 25,046 cycles, the LCF cracks between two holes were
not linked but the fatigue fracture occurred fleetly between two holes when the cycle increased to
25,202 cycles. It is obvious that the smaller distance (D) between two holes is, the short of LCF life is.
In addition, the fatigue crack initiation and propagation behavior depends strongly on the distance of
two small holes, 45° or 90° tilted to the applied loading direction and the applied stress amplitude
because of the stress concentration degree or fatigue damage model difference.

AecV  Pube  Maw
150KV 50° yom

2

AceV  Pube  Meg wp b7 m Acct | Prabe | Mag WD P 5= u ApcV,  Fiobe
1500y S0 x6M 032 4 : S1SmY B0 w0 3 Bay, g0 o 2

(d) N = 6229, a =20 um, BL © (e) N=85,934, a=120 um, B

(f) N =90,744, a = 160 um, BL

“‘ﬂ;“ s %, Y :_,_y :-’ % i i :
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Figure 3. Fatigue crack initiation and propagation behaviors of cast AM60B alloy with tilted 45° and
hole distance 1.5 mm (3D) at the maximum stress level of 100 MPa, R = 0.1, Ny = 111,287.
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(a) N =7956 (b) N = 7956 () N = 9640

Figure 4. Fatigue crack initiation and propagation behavior of cast AM60B alloy with tilted 45° and
hole distance 2.0 mm (4D) at the maximum stress level of 120 MPa, R = 0.1, N; = 61,562. (a) N = 7956,
(b) N =7956, (c) N = 9640.
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Figure 5. Fatigue crack initiation and propagation behavior of cast AM60B alloy with tilted 90° and
different hole distances of two small holes. (a) N = 9446 (N; = 17,433), omax = 120 MPa, 2D, R = 0.1.
(b) N = 25,046 (N¢ = 25,202), 0max = 120 MPa, 6D, R = 0.1

4.2. Effect of Tilted Angles of Multi-holes on Fatigue Behavior of Cast AZ91 Alloy

Figure 6 showed another typical case of fatigue initiation and propagation characteristics of cast
AZ91 alloy under the omax = 145 MPa, R = 0.1, 1.5 mm (3D), in which the result indicated that fatigue
crack initiation occurred still at the edge of each small hole when the cycle is 902 cycles as shown
in Figure 6a. The fatigue crack propagation path in the linked region of two small holes was fleetly
amalgamated as shown in Figure 6b so that the fatigue life of cast AZ91 alloy with two holes was
rapidly decreased. An important reason is due the elongation of cast AZ91 alloy is about 3.5% and less
than of cast AM60B alloy as shown in Table 1. As above mention the fatigue damage of cast Mg-Al
alloy, the fatigue damage behavior of cast AZ91 alloy when A is over than 0.700 is similar to that of
cast AM60B alloy in which the fatigue damage of cast AM60B or AM50 alloy is mainly dominated
by the plastic deformation as the result of mismatch of deformation in the interface both «-Mg and
3-Mgi7Alyp. It is due the plastic deformation of cast AZ91 alloy is relative smaller, the LCF crack
initiation might occur in randomly but these fatigue multi-cracks in the linked region of two small
holes were amalgamated. Therefore, the effect of multi-holes on the fatigue crack propagation behavior
of cast AZ91 alloy cannot be ignored. In addition, the fatigue cracks to occur at the notch roots of each
hole propagated preferentially between the two holes from statistical data and propagated concurrently
along a projected direction as shown in Figure 6b. Compared with the results above mention, whether
the fatigue crack propagated of cast AZ91 alloy with the tilted 45° of two small holes not only depends
on the distance of two small holes but also on the applied maximum stress amplitude or plastic strain
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capability. If the greater applied stress amplitude is, the greater in the probability of the fatigue crack
propagated between two small holes is.

AccY  Pobe  Mag wp F————— 500um
15.0ky 50 x35 33

-y

(2) Omax= 145 MPa, A = 0.906, 3D, N = 902 (b) Omax= 145 MPa, A = 0.906, 3D, Ni= 952

Figure 6. Effect of 45° tilted and distance 1.5 mm of two through holes on the fatigue crack propagation
behavior of cast AZ91 alloy.

As the effect of tilted angles (x) on the fatigue crack initiation and propagation behavior of
cast AZ91 alloy, it is similar to that of cast AM60B alloy when the tilted 90° and two holes distance
A =2.0mm (4D) as shown in Figures 6 and 7, respectively. These results indicated that no matter
what the distance between two small holes is, the fatigue crack initiation occurred successively and
randomly at the root of holes as shown in Figures 6a and 7b,c, in which the experimental conditions
are after N = 902 cycles, at 0max = 145MPa, R = 0.1, N = 47,587 cycles, 47,896 cycles, at 0max = 100 MPa,
R =0.1, respectively. For example, the LCF cracks at left and right sides of Hole B occurred after
N = 47,587 cycles, 47,896 cycles respectively. Its length is respectively about 110 um as shown in
Figure 7b and 400 um as shown in Figure 7c. Especially, the LCF crack growth length in right side
of Hole B is about four times than that in left side of Hole B as shown in Figure 7c. One of reasons
is the boundary effect of sample as the LCF crack asymmetric propagation behavior in the Hole B.
In addition, there are the different burr formation vestiges on the edges of Hole A and B as shown in
Figures 6a and 7a. These burrs are an important influence factor of the early fatigue crack initiation
and propagation. Once the fatigue crack was evolved into the macro crack (such as over than 1-2 mm)
length including the contribution of two through holes, the fatigue fracture of cast AZ91 alloy is easily
to occur. This is due these fatigue cracks were fleetly combined in the projection direction of applied
loading as shown in Figure 7c, in which N is 52,522. In order to further to evaluate the fatigue crack
growth rate at the right side of Hole A (AR) under the above mentioned experimental conditions,
the fatigue crack lengths after the different cycles were shown in Figure 7a,d-f by using in-situ SEM
observation technology. Why did choose the LCF crack propagation behavior at the right side of Hole
A as shown in Figure 7a? It is because of without considering the influence of the edge of sample
and holes on the fatigue crack propagation in which the influence of the sample edge is greater than
that of two holes when the distance of two holes is over than 2 mm (4D). Due the width of sample
is about 4.5-5.0 mm in this work, the distance between Hole A or Hole B and edge of sample is less
than 1.5 mm if the distance of two holes is over than 2 mm. After N = 5612, the LCF crack initiation
length is about 10 um as shown in Figure 7d at the root of notch for Hole A. With increasing of the
cycle (N = 20,284, 42,324, respectively), the fatigue crack propagation length extends to about 40 um
and 300 pm as shown in Figure 7e f, respectively. Compared with the above mention changes of cycles
and crack lengths as shown in Figure 7d{, the estimated fatigue crack growth rate of cast AZ91 alloy
is about 1.38 x 10~® m/cycle within 300 um under the applied stress of 100 MPa, R = 0.1. And the
fatigue crack growth rate of cast AM60B alloy is approximately estimated to about 0.83 x 10~8 m/cycle
within 300 pm at the applied stress level of 100 MPa, R = 0.1 without also considered the effect of two
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small holes on the fatigue crack propagation behavior according to the results in Figure 3e,f. Therefore,
the fatigue crack growth rate of cast AZ91 alloy is about slightly two times than that of cast AM60B
alloy which verified that the results in S-N curves is creditability as shown in Figure 2b.

. ; ‘- ! B L, . G
L[ P . . P

(d) N=5612,a=10 um, AR (f) N = 42,324, a =300 um, AR

Figure 7. Effect of 90° titled and distance 2.0 mm of two through holes on the fatigue crack initiation
and propagation of cast AZ91 alloy at the maximum stress level of 100 MPa, R = 0.1.

4.3. Validation of Fatigue Behavior by Using Finite Element Method

In order to understand the above mention experimental phenomena and characteristics of LCF
crack initiation positions and propagation paths of cast Mg-Al alloys (AM60B and AZ91) based on the
fatigue damage or fatigue fracture theory, the finite element method (FEM) was carried out as a typical
case in Figure 8 under one cyclic loading. The mechanical parameters such as the Young modulus
and Poisson ratio and so forth, used in the finite element (FE) analysis are listed in Table 2, in which
there is the roughly same relative ratio D-values (25.86% and 24.43%) of «-Mg and (3-Mgj7Al;, for
the Young modulus [such as (Eg —E«)/Epg = 25.86%] and the micro hardness. The difference in the
mechanical properties both «-Mg and 3-Mg;7Alj, caused the mismatch of deformation and the fatigue
cracks occurred easily at the interface [11,13,16-19]. In order to estimate quantitatively the mechanical
responses, including stress and strain in the local region under remote loading, the FE modeling
was carried out and the results are shown in Figure 8a,b. Figure 8c indicated that the maximum von
Mises stress is mainly along tilted 45° and 90° directions development and the maximum stress value
occurred always at the edge of hole. It means that the fatigue crack is the most likely to initiate at the
edge of a hole, which is in good agreement with the experimental results as shown in Figures 3c, 4c,
5a,b, 6a and 7b—d. It has been indirectly proven that the LCF crack initiation behavior is dominated by
the stress concentration at the edge of hole. However, the FE analyses as shown in Figure 8d—e indicated
the maximum stress and deformation distribution characteristics exist slightly different around the
hole under a cyclic stress, respectively. These differences can explain the LCF crack propagation paths
of cast Mg-Al alloys by using the material fracture criterion or different strength theories. Compared
with the maximum stress or plastic strain distribution characteristics of cast Mg-Al alloy with two
through holes for 45° tilted to applied loading direction, the effective sharing part of the load is main
the plastic strain as shown in Figure 8e. It hints that the fatigue multi-cracks occurred randomly in
the region between the two small through holes and other fatigue cracks were amalgamated if the
elongation of cast Mg-Al alloy was relative smaller. This is due to the fact that the effect of two small
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through holes on the fatigue crack propagation behavior cannot be ignored. The fatigue damage of
cast Mg-Al alloy with a small elongation was dominated by the plastic strain which agrees with the
experimental results.

Table 2. Mechanical properties of micro structure for AM60B alloy.

Materials  E (GPa) v Micro Hardness (MPa)  Crystal Particle Size (um) FE Mesh
a-Mg 43 0.35 66.86 10 hexagon
B-Mgi7Alj» 58 0.30 88.34 15 hexagon
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(d) (e)

Figure 8. Contour plots of different stresses and plastic strain of cast AM60B alloy. (a) FE modeling of
cellular texture; (b) boundary conditions; (c) von Mises stress amplitude distribution (unit: Pa); (d) max
stress amplitude distribution in one cycle (unit: Pa); (e) max plastic strain amplitude distribution in
one cycle.
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5. Conclusions

The tests on the fatigue crack initiation and propagation of cast Mg-Al alloys with the two small
holes were carried out by using in-situ SEM observation. The experimental results indicate that there
are the critical geometric parameters of two small holes to influence on the fatigue behavior of cast
Mg-Al alloys and agree with the finite element analysis. Main conclusions are obtained as follows:

1.  For cast AZ91 alloy, the fatigue crack propagation behavior is more sensitive to changes in the
distance between the two small holes than that of cast AM50 and AM60B alloys. This is because
the plastic deformation capability of the former is much lower than that of the latter so that the
LCF crack propagation resistance of the former is lower than that of the latter. The low cycle
fatigue crack propagation behavior of the former depends strongly on the plastic strain or the
maximum stress value but that of the latter depends mainly on the von Mises stress amplitude
and its distribution.

2. The LCF crack initiation behavior of cast AM60B and AZ91 alloys with tilted 90° and the hole
distances indicated that all fatigue crack initiation seats occurred at the edge of hole and LCF
crack propagation behavior depends mainly on the distance of two holes, which the LCF crack
propagates preferentially between two small through holes when the hole distance is less than
A =2 mm (4D). Therefore, the correlative effect of the distance of about A = 2 mm (4D) on the
LCF crack propagation can be defined as the critical distance between two small holes when the
diameter of hole is about 0.5 mm.

3. The LCF crack initiation behavior of cast Mg-Al alloys with tilted angle « = 45° and different hole
distances is similar to that of the case with tilted angle o« = 90° but the crack propagation behavior
depends not only on the distance of two through holes but also on the plastic deformation
capability of cast AM60B and AZ91 alloys as well as the applied stress ratio A parameter
(A = Omax/00.2)-

4. The LCF crack growth rates of the cast AZ91 and AM60B alloys are about 1.38 x 1078 m/cycle
and 0.83 x 1078 m/cycle, respectively, under the same condition. Therefore, the fatigue life
of the former is shorter (just under 2 times) than that of the latter. The results demonstrate
a good correlation with S-N curves by using the longitudinal coordinates of the maximum stress
amplitude or the A parameter.

Author Contributions: X.-5.W. and Q.-Y.W. are the corresponding authors who wrote the paper and took part
in all fatigue tests; C.-H.T. is a main author who revised the paper and took part in some tests; ].M. and X.-D.Z.
revised this paper.

Funding: This research was funded by National Natural Science Foundation of China, grant numbers
11572170, 11872225.

Acknowledgments: The first author would like to thank the Fan Jing-Hong from the Division of Mechanical
Engineering, Alfred University, USA for offering the experimental specimens.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Goodenberger, D.L.; Stephens, R.I. Fatigue of AZ91E-T6 cast magnesium alloy. J. Eng. Mater. Technol. Trans.
ASEM 1993, 115, 391-397. [CrossRef]

2. Stephens, R.I; Schrader, C.D.; Lease, K.B. Corrosion-fatigue of AZ91E-T6 cast magnesium alloy in A 3.5
percent NaCl aqueous environment. J. Eng. Mater. Technol. Trans. ASEM 1995, 117, 293-298. [CrossRef]

3. Mordike, B.L.; Ebert, T. Magnesium-properties-applications-potential. Mater. Sci. Eng. A-Struct. Mater. Prop.
Microstruct. Process. 2001, 302, 37-45. [CrossRef]

4. Hu, H,; Yu, A.; Li, N.Y,; Allison, J.E. Potential magnesium alloys for high temperature die cast automotive
applications: A review. Mater. Manuf. Process. 2003, 18, 687-717. [CrossRef]


http://dx.doi.org/10.1115/1.2904236
http://dx.doi.org/10.1115/1.2804542
http://dx.doi.org/10.1016/S0921-5093(00)01351-4
http://dx.doi.org/10.1081/AMP-120024970

Materials 2018, 11, 1700 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Pantelakis, S.G.; Alexopoulos, N.D.; Chamos, A.N. Mechanical performance evaluation of cast magnesium
alloys for automotive and aeronautical applications. J. Eng. Mater. Technol. Trans. ASEM 2006, 129, 422-430.
[CrossRef]

Zhu, S.M.; Easton, M.A.; Abbott, T.B.; Nie, ].F.; Dargusch, M.S.; Hort, T.N.; Gibson, M.A. Evaluation of
magnesium die-casting alloys for elevated temperature applications: Microstructure, tensile properties and
creep resistance. Metall. Mater. Trans. A-Phys. Metall. Mater. Sci. 2015, 46, 3543-3554. [CrossRef]

Chen, Y.S.; Wu, G.H,; Liu, W.C.; Zhang, L.G.; Wang, Q. Effect of mold temperature on microstructure and
mechanical properties of rheo-squeeze casting Mg-3Nd-0.2Zn-0.4Zr alloy. |. Mater. Res. 2017, 32, 4206-4218.
[CrossRef]

Zhang, H.H.; Zhang, L.; Wu, G.H.; Chen, A.T.; Cui, W.D.; Chen, Y.S.; Wang, Q.; Gao, Z.K. Microstructure
and mechanical properties of Mg-3.0Y-2.5Nd-1.0Gd-xZn-0.5Zr alloys produced by metallic and sand mold
casting. J. Mater. Res. 2017, 32, 3191-3201. [CrossRef]

Tang, B.; Li, S.S.; Wang, X.S.; Zeng, D.B. An investigation on hot-crack mechanism of Ca addition into AZ91D
alloy. J. Mater. Sci. 2005, 40, 2931-2936. [CrossRef]

Tang, B.; Wang, X.S.; Li, S.S.; Zeng, D.B.; Wu, R. Effects of Ca combined with Sr additions on microstructure
and mechanical properties of AZ91D magnesium alloy. Mater. Sci. Technol. 2005, 21, 574-578. [CrossRef]
Tang, B.; Li, S.S.; Wang, X.S.; Zeng, D.B.; Wu, R. Effect of Ca/Sr composite addition into AZ91D alloy on
hot-crack mechanism. Scr. Mater. 2005, 53, 1077-1082. [CrossRef]

Wang, X.S.; Jin, L.; Li, Y.; Guo, X.W. Effect of equal channel angular extrusion process on deformation
behaviors of Mg-3Al-Zn alloy. Mater. Lett. 2008, 62, 1856-1858. [CrossRef]

Park, S.H.; Hong, S.G.; Yoon, J.; Lee, C.S. Influence of loading direction on the anisotropic fatigue properties
of rolled magnesium alloy. Int. J. Fatigue 2016, 87, 210-215. [CrossRef]

Lin, Y.C.; Chen, X.M; Liu, Z.H.; Chen, ]. Investiguation of uniaxial low-cycle fatigue failure behavior of
hot-rolled AZ91 magnesium alloy. Int. J. Fatigue 2012, 48, 122-132. [CrossRef]

Ishihara, S.; Taneguchi, S.; Shibata, H.; Goshima, T.; Saiki, A. Anisotropy of the fatigue behavior of extruded
and rolled magnesium alloys. Int. J. Fatigue 2013, 50, 94-100. [CrossRef]

Gall, K.; Biallas, G.; Hans, M.; Horstemeyer, M.E.; McDowell, D.L. Environmentally influenced
microstructurally small fatigue crack growth in cast magnesium. Mater. Sci. Eng. A-Struct. Mater. Prop.
Microstruct. Process. 2005, 396, 143-154. [CrossRef]

Wang, X.S.; Fan, ].H. SEM online investigation of fatigue crack initiation and propagation in notched cast
magnesium alloy. J. Mater. Sci. 2004, 39, 2617-2620. [CrossRef]

Wang, X.S.; Fan, J.H. An evaluation on the growth rate of small fatigue cracks in cast AM50 magnesium alloy
at different temperatures in vacuum conditions. Int. |. Fatigue 2006, 28, 79-86. [CrossRef]

Wang, X.S.; Liang, F; Fan, ].H.; Zhang, FH. Low-cycle fatigue small crack initiation and propagation
mechanism of cast magnesium alloys based on in-situ SEM observations. Philos. Mag. 2006, 86, 1581-1596.
[CrossRef]

Li, Z.M.; Wang, Q.G.; Luo, A.A,; Fu, PH,; Peng, L.M. Fatigue strength dependence on the ultimate tensile
strength and hardness in magnesium alloys. Int. ]. Fatigue 2015, 80, 468—476. [CrossRef]

Horstemeyer, M.E,; Yang, N.; Zettl, B.; McDowell, D.L.; Fan, ].H.; Gullett, PM. High cycle fatigue of a die cast
AZ91E-T4 magnesium alloy. Acta Meter. 2004, 52, 1327-1336. [CrossRef]

EI Kadiri, H.; Xue, Y.B.; Horstemeyer, M.E; Jordon, ].B.; Wang, P.T. Identification and modeling of fatigue
crack growth mechanisms in a die-cast AM50 magnesium alloy. Acta Meter. 2006, 54, 5061-5076. [CrossRef]
Mayer, H.; Papakyriacou, M.; Zettle, B.; Stanzl, S.E. Influence of porosity on the fatigue limit of die cast
magnesium and aluminum alloys. Int. J. Fatigue 2003, 25, 245-256. [CrossRef]

Wang, Q.; Liu, W.C.; Wu, G.H.; Chen, X.J.; Zhang, H.H. Influence of heat treatment on cyclic deformation
and low-cycle fatigue behavior of sand-cast Mg-10Gd-3Y-0.5Zr magnesium alloy. J. Mater. Res. 2017, 32,
2179-2187. [CrossRef]

Preciado, M.; Bravo, PM.; Cardenas, D. Influence of porosity in the fatigue behavior of the high-pressure
die-casting AZ91 magnesium alloys. J. Eng. Mater. Technol. Trans. ASEM 2016, 138, 041006. [CrossRef]
Horstemeyer, M.F.; Yang, N.; Gall, K.; McDowell, D.; Fan, ].H.; Gullett, PM. High cycle fatigue mechanics in
a cast AM60B magnesium alloy. Fatigue Fract. Eng. Mater. Struct. 2002, 25, 1045-1056. [CrossRef]

Lu, Y.; Taheri, F.; Gharghouri, M. Study of fatigue crack incubation and propagation mechanisms in a HPDC
AMG60B magnesium alloy. J. Alloy Compd. 2008, 466, 214-227. [CrossRef]


http://dx.doi.org/10.1115/1.2744407
http://dx.doi.org/10.1007/s11661-015-2946-9
http://dx.doi.org/10.1557/jmr.2017.413
http://dx.doi.org/10.1557/jmr.2017.302
http://dx.doi.org/10.1007/s10853-005-2440-7
http://dx.doi.org/10.1179/174328405X43180
http://dx.doi.org/10.1016/j.scriptamat.2005.06.039
http://dx.doi.org/10.1016/j.matlet.2007.10.019
http://dx.doi.org/10.1016/j.ijfatigue.2016.01.026
http://dx.doi.org/10.1016/j.ijfatigue.2012.10.010
http://dx.doi.org/10.1016/j.ijfatigue.2012.02.011
http://dx.doi.org/10.1016/j.msea.2005.01.014
http://dx.doi.org/10.1023/B:JMSC.0000020042.71571.ce
http://dx.doi.org/10.1016/j.ijfatigue.2005.03.004
http://dx.doi.org/10.1080/14786430500401070
http://dx.doi.org/10.1016/j.ijfatigue.2015.07.001
http://dx.doi.org/10.1016/j.actamat.2003.11.018
http://dx.doi.org/10.1016/j.actamat.2006.06.039
http://dx.doi.org/10.1016/S0142-1123(02)00054-3
http://dx.doi.org/10.1557/jmr.2017.196
http://dx.doi.org/10.1115/1.4033466
http://dx.doi.org/10.1046/j.1460-2695.2002.00594.x
http://dx.doi.org/10.1016/j.jallcom.2007.11.115

Materials 2018, 11, 1700 14 of 14

28.

29.

30.

31.

32.

33.

Murugan, G.; Raghukandan, K; Pillai, U.T.S; Pai, B.C.; Mahadevan, K. Statistical analysis of high cycle
fatigue investigations of cast magnesium alloys under transverse load. Trans. Indian Inst. Met. 2010, 63,
511-514. [CrossRef]

Mohd, S.; Mutoh, Y.; Otsuka, Y.; Miyashita, Y.; Koike, T.; Suzuki, T. Scatter analysis of fatigue life and pore
size data of die-cast AM60B magnesium alloy. Eng. Fail. Anal. 2012, 22, 64-72. [CrossRef]

Hu, X.E; Bui, T.Q.; Wang, ].N.; Yao, W.A,; Ton, L.H.T.; Singh, L.V. A new cohesive crack tip symplectic
analytical singular element involving plastic zone length for fatigue crack growth prediction under variable
amplitude cyclic loading. Eur. |. Mech. A-Solids 2017, 65, 79-90. [CrossRef]

Yu, T.T.; Bui, T.Q. Numerical simulation of 2-D weak and strong discontinuities by a novel approach based
on XFEM with local mesh refinement. Comput. Struct. 2018, 196, 112-133. [CrossRef]

Wu, C.T,; Bui, T.Q.; Wu, Y.C.; Luo, T.L.; Wang, M.; Liao, C.C.; Chen, PY.; Lai, Y.S. Numerical and experimental
validation of a particle Galerkin method for metal grinding simulation. Comput. Mech. 2018, 61, 365-385.
[CrossRef]

Wang, X.S.; Fan, ] H.; Wu, B.S.; Li, Y. Effects of distance and alignment holes on fatigue crack behaviors of
cast magnesium alloys. Adv. Mater. Res. 2008, 33, 13-18. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12666-010-0073-2
http://dx.doi.org/10.1016/j.engfailanal.2012.01.005
http://dx.doi.org/10.1016/j.euromechsol.2017.03.008
http://dx.doi.org/10.1016/j.compstruc.2017.11.007
http://dx.doi.org/10.1007/s00466-017-1456-6
http://dx.doi.org/10.4028/www.scientific.net/AMR.33-37.13
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental and Material 
	Fatigue Experimental Results 
	Analysis and Discussion 
	Effect of Tilted Angles of Multi-holes on Fatigue Behavior of Cast AM60B Alloy 
	Effect of Tilted Angles of Multi-holes on Fatigue Behavior of Cast AZ91 Alloy 
	Validation of Fatigue Behavior by Using Finite Element Method 

	Conclusions 
	References

