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The fatigue crack propagation behavior of magnesium single crystal was analyzed using molecular
dynamics simulation. The inter-atomic potential used in this investigation is Embedded Atom Method
(EAM) potentials. The studies of the mechanism of fatigue crack growth in different crystal orientation
were performed using Center Crack (CC) specimens while Edge Crack (EC) specimens were employed
to investigate the effects of strain rate and temperature. For CC specimen, the periodic boundary condi-
tions were assigned in the x and z direction, while for EC specimen, only z direction was allowed periodic
boundary conditions. In order to study the orientation dependence of fatigue crack growth mechanism,
Fatigue crack propagation 10 crystal orientations of initial crack were fma'lyzed and Fhe simulation result§ revgal thgt the fgti'g}le
Magnesium single crystal crack growth rate and the crack path vary significantly with the crystallographic orientations of initial
EAM crack. The growth rate of orientation D is the highest and the resistance of fatigue crack growth of orien-
tation B is the highest. The analysis of the influences of strain rate was carried out on the orientation F
and the results revealed that the growth rate of fatigue crack decreasing with increasing strain rate.
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The fatigue crack growth rates of different orientation decrease with increasing temperature.
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1. Introduction

Magnesium has a hexagonal close-packed (HCP) crystal struc-
ture which present unique feature not encountered in cubic struc-
tures. In recent years, the application of magnesium alloys to
lightweight structural component in aerospace and vehicles has
significantly increased due to their low density, excellent castabil-
ity, and high strength-to-weight ratio [1-6]. Therefore, it is impor-
tant to get better understanding of its fatigue crack growth
behavior.

Many research efforts have been devoted to the investigation of
fatigue crack propagation behavior in bcc and fcc metals, while the
experimental studies of fatigue crack behavior in magnesium sin-
gle crystal were performed only by several researchers [7] who
clarified the orientation dependence of fatigue crack propagation
mechanisms. So far the researches are limited to meso/macro scale.
Along with the developments of nanomaterials, it is absolutely
necessary to extend the studies into the atomic scale. Meanwhile,
the investigation of mechanical properties of metal at atomic scale
is an important multi-scale engineering effort. On the contrary to
continuum theories, molecular dynamics (MD) is capable of
providing atomic description of fatigue problems. As long as the
inter-atomic potential is reliable, it can disclose the fundamental
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physical mechanism of fatigue. To the best of the author’s knowl-
edge, only several researchers utilized molecular dynamics to sim-
ulate the fatigue crack propagation behavior in face-centered cubic
copper and nickel [8-11], they concluded that the cyclic plastic
deformation around crack tip and the resulting nanovoids nucle-
ation in front of the crack tip is the main mechanism for the prop-
agation of nanocrack. Nishimura and Miyazaki [12] used MD to
study the fatigue crack growth in a system containing both a crack
and two tilt grain boundaries. Their simulation results reveal that
the mechanism of fatigue crack propagation is due to the coales-
cence of the crack and the vacancies caused by the emission and
absorption of dislocations. Generally speaking, all investigations
on bcc and fcc metals indicated that the essence of fatigue crack
growth is the plastic deformation around the crack tip. Almost
no atomistic modeling, however, has been performed on HCP
metals.

In some cases, operating temperatures for structural compo-
nents have increased for better thermal efficiency. Therefore, the
temperature effects on fatigue have been an important research to-
pic. Lim et al. [13] experimentally studied the effect of temperature
on fatigue crack growth in P92 steel. They concluded that the Paris
exponent remained at approximately the same value up to a cer-
tain temperature. Chang and Fang [14] investigated the influences
of temperature on tensile and fatigue behavior of nanoscale copper
using molecular dynamics simulation. The simulation results re-
veal that the fatigue stress increased with increasing temperature.
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On the other hand, extensive researches have been carried out on
the temperature effects on fatigue of polymers [15].

In the present paper, we analyze the fatigue behavior in magne-
sium single crystal using molecular dynamics simulation. Our
goals are to reveal the influences of lattice orientation, strain rate,
and temperature. The development of dislocation and twin struc-
ture around crack tip is also displayed by simulation. The detailed
twin nucleation mechanism at crack tip will be a significant future
study.

2. Simulation method

The inter-atomic potential used in this study is an Embedded
Atom Method (EAM) potential developed by Sun et al. [16]. This
form of EAM consists of two contributions to the total potential en-
ergy, E, of the entire system composed of N atoms. The functional
form of the total embedded energy can be expressed as

EZG,-(Zp}(r,—,-)) +%2Uu(rij) (1)
i I i
where G; is the embedding energy as a function of the local electron
density, pf is the spherically averaged atomic electron density, Uj; is
the pair potential, and ry; is the distance between atom i and j. Many
examples have demonstrated that EAM can be an accurate repre-
sentation of inter-atomic forces in a metallic lattice. In molecular
dynamics, the energy is employed to determine the forces acting

on each atom. At each atom the dipole force tensor f;, is given by
) 1M
Bim = o7 2t} 2)
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where f; is the force vector between atoms, r,, is the displacement
vector between atoms i and j, N is the number of nearest neighbor
atoms, and @' is the atomic volume. If stress could be defined at an
atom, then f; would be the stress tensor at that point. Since stress is
defined at a continuum point, the stress tensor can be determined
as a volume average over the block of material,

1 &
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in which the stress tensor is defined in terms of the total number of
atoms, N', in the block of material. The averaged stresses are used to
determine the uniaxial stress-strain response.

3. Atomistic model and crystal orientation

To investigate the fatigue crack growth, we used two types of
specimens, namely, Center Crack (CC) and Edge Crack (EC) spec-
imens as indicated in Figs. 1 and 2, respectively. In both speci-
mens, the initial cracks were introduced by removing the
atoms from the perfect crystals. The ratio of the initial crack
length to the width of the specimen was ag/w = 1/15 for CC spec-
imen but ag/w = 0.2 for EC specimen. For each type of specimen,
10 different crystal orientations of initial crack, namely, orienta-
tion A-(1210)[10 1 0], orientation B-(10 1 0)[1 2 10], orientation
C-(1010)[0001], orientation D-(1210)[0001], orientation
E-(0001)[1010], orientation F-(0001)[1210], orientation
G-(1011)[101 2], orientation H-(1 02 1)[1 2 1 0], orientation I-
(1012)[101 1], and orientation J-(1012)[1 2 1 0], were consid-
ered and illustrated in Fig. 3. These orientations represent all of
the possible orientation of interest in HCP structure. A summary
of the dimensions of different crystal orientation and the result-
ing number of atoms of CC and EC specimen were presented in
Tables 1 and 2, respectively. In both specimens, the cyclic load-

RN

X
Thickness t
y
H 2
X (periodic)
z (periodic)
< w >
Y

Vb

Fig. 1. CC specimen used for the simulation of fatigue crack growth.
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Fig. 2. EC specimen used for the simulation of fatigue crack growth.

ing is applied along y direction which is perpendicular to the
crack plane. The periodic boundary condition is assigned in the
x and z directions in CC specimen while, in EC specimen, only
the x direction was assigned periodic boundary condition. The
x axis represents the direction of crack extension while the z
represents the direction of thickness. These models are initially
free of dislocations and twin.

4. Lattice constants

To study the temperature effects on fatigue crack propagation,
we calculate the lattice constants of magnesium at various temper-
atures. In this calculation, we create a three dimensional model
without defects. Periodic boundary conditions are assigned to all
of three directions. The thermal expansion of the model is isotro-
pic. This model was firstly equilibrated at constant temperature
and zero pressure. The temperature was controlled by rescaling
the velocities of atoms while the pressure of the model was set
to zero by using a Berendsen barostat. Finally, the group of atoms
were performed constant NPT integration to update positions and
velocities each timestep. P is pressure; T is temperature. This cre-
ates a system trajectory consistent with the isothermal-isobaric
ensemble. The variation of lattice constants ¢ and a with tempera-
ture are plotted in Fig. 4.

5. Simulation results and discussions

In this section, we presented the illustrative results of molecular
dynamics for clarifying the effects of crystal orientation, strain rate,
and temperature on the fatigue crack propagation in magnesium
single crystal. In some cases, the fatigue damage caused by increas-
ing maximum strain was also discussed. The centrosymmetry
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Fig. 3. Crystallographic orientations of the initial cracks.

parameter defined by Kelchner et al. [17] was used to highlight the
defects including crack surface, slip band, and twin. The expression
of this parameter is given by
P=3"IRi+Rissl’ (4)
1

where R; and R;.¢ are the vectors or bonds corresponding to the six
pairs out of 12 nearest neighbors in the lattice. The six pairs are cho-
sen to minimize P. The P values for the atoms in fcc and hcp struc-
tures, dislocations, twinning boundaries and crack surfaces are all
different so that extensive information about crack growth and
many defect behaviors can be obtained.

5.1. Fatigue crack growth in single crystal

Firstly, CC specimens were used to investigate the effects of ori-
entation of initial crack on the mechanism of fatigue crack growth.
In order to determine the critical value of maximum tension strain
at which the fatigue crack start growing, we performed a mono-
tonic tension test. Each specimen was subjected to uniaxial tension
with strain rate 1.5 x 10° s~! until the initial crack started growing.
The simulations were carried out at a constant temperature of
100 K. Table 3 present the critical values of maximum tension
strain & for orientation A-J obtained from monotonic tension test.
It can be seen that the critical values of ¢, vary widely with crys-
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Table 1

Summary of the dimension and number of atoms in the Center Crack (CC) specimen

for orientation A-J.

Orientations H (nm) W (nm) t (nm) Number of atoms
A 48 40 2.082 170,364
B 69.2 40 2.085 249,964
C 40 40 1.280 89,912
D 40 40 2216 153,956
E 40 40 1.280 89,896
F 40 40 2216 153,932
G 40 40 1.180 81,468
H 40 40 1.120 88,636
I 40 40 1.520 105,468
] 40 40 1.280 89,436
Table 2

Summary of the dimension and number of atoms in the Edge Crack (EC) specimen for

orientation A-J.
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tallographic orientation of the initial cracks. In the case of orienta-
tion B, the critical value of ¢.; was not available since the crack was
blunted seriously and did not grow even though the applied ten-
sion strain was very high. However, the crack started growing
along the slip band on the (10 1 1) plane in the case of orientation
E when the & reach 0.052.

To reveal the mechanism of fatigue crack extension of various
orientations, the cyclic loading was applied with a strain-con-
trolled mode and a load ratio of R = &njn/émax = 0.8. The strain rate
of cyclic loading is about 1.5 x 10° s~1. The values of the maximum
strain &nax applied on the specimens of various orientations are
shown in Table 4. All atom velocities were generated using a ran-
dom number generator with the specified seed as temperature
100 K. It is not feasible to study fatigue damage at very low strain
rates in molecular dynamics simulation due to the computational
cost.

Fig. 5 shows the results of orientation A. The fatigue crack grew
on the (121 0) plane and propagated along the [1 0 1 0] direction.
The observation plane is the basal plane (000 1). Three prismatic

Qiientations Ziam) P 0m) qam) umbeyotatoms slip systems (2110){1010} were activated at the crack tip
A 36 50 2.074 164,084 due to the stress concentration. The dislocations emitted from
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Fig. 4. Variation of lattice constants of magnesium crystal with temperature.
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Table 3
The critical values of maximum tension strains & for orientation A-J.
Orientation A B C D F G H I ]
Ecri 0.055 - 0.046 0.046 0.052 0.041 0.066 0.0435 0.05 0.055
Table 4
The applied maximum tension strains &nax for orientation A-]J.
Orientation A B C D F G H 1 ]
Emax 0.045 0.045 0.0418 0.0418 0.0425 0.038 0.06 0.0425 0.045 0.05
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Fig. 5. Simulation of fatigue crack growth in single magnesium crystal of orientation A: (a-1) 1st cycle; (a-2) 5th cycle. Significant dislocation emission from the crack tips can

be observed.

occurring at the crack tips results from the dislocation emission
caused by the activation of two prismatic slip systems
(2110){101 0}. The crack was significantly blunted and stopped
growing after a small amount of crack extension since the first
cycle.

Fig. 7 shows the simulation results from orientation C with the
crack in the (10 10) plane and propagation in the [0 0 0 1] direc-
tion. There are three possible crack propagation directions: one ba-
sal and two pyramidal slip directions. The basal slip direction is
excluded for crack propagation direction because resolved tensile
stress to open two basal planes is zero in this system. The fatigue
crack propagated along a zig-zag path alternating two pyramidal
slip directions. Basal and pyramidal slip dislocations are available
in this system. Only basal slip dislocations are observed because
Peierls stress of basal slip dislocation is much less than one of pyra-
midal dislocations. This phenomenon is in agreement with the
experiment results of Naomi et al. [18]. These slip bands are stack-
ing faults with FCC structures caused by basal slip. Almost no
blunting was observed at the crack tip and the cracks grew by fa-
tigue cleavage of atoms in the crack plane. The crack propagated

quickly in the crack planes and reached the edge only in three
cycles.

In the case of orientation D, shown in Fig. 8, the crack grew
straight along the [00 0 1] direction in the (12 1 0) plane which
is normal to loading direction. Similar to the case of orientation
C, only basal slip dislocations occurred at the crack normal to the
direction of the crack propagation. The crack grew very rapidly in
the crack planes and reached the edge only in three cycles. The
crack tips were not significantly blunted and propagated as the
manner of atomic cleavage because there are no other possible lay-
ers which have similar resolved tensile stress to open.

Figs. 9 and 10 show the contour plots of g, of orientation C and
D at second cycle, respectively. Clearly, the stress concentration oc-
curs at the crack tip and results in atomic cleavage at the crack tips.

Fig. 11 shows the results of orientation E with the initial crack in
the (000 1) plane and the crack growth direction along [1 01 0].
The fatigue crack was blunted due to the formation of pyramidal
slip band on the (101 1) plane. Starting at 3rd cycle, the fatigue
crack grew along pyramidal slip plane. Even though the basal plane
normal to loading direction is available which have high tensile
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Fig. 6. Simulation of fatigue crack growth in single magnesium crystal of orientation B: (b-1) 1st cycle; (b-2) 5th cycle. Significant dislocation emission from the crack tips can

be observed.
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Fig. 7. Simulation of fatigue crack growth in single magnesium crystal of orientation C. (a) 1st cycle; (b) 3rd cycle.

stress, pyramidal planes of low resolved tensile stress are selected
for crack to grow on because the pyramidal slip bands sharpen the
crack tip and the tensile binding of pyramidal planes is weaker
than one of basal planes. The basal dislocations are inactive in this
system because the resolved shear stress is zero.

Fig. 12 shows the orientation F of the model with the initial
crack in the (000 1) plane and the crack growth direction along

[1210]. The fatigue crack in orientation F propagated stably in
the plane (00 0 1) along the direction of [1 2 1 0]. The basal dislo-
cations are inactive in this system because the resolved shear
stress is zero. The prismatic and pyramidal slips are suppressed
by boundary conditions. Only twinning deformation is available.
The {112 1}[11 2 6] twin bands were developed at the crack tip
since the first cycle due to the stress concentration. In this case,
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Fig. 8. Simulation of fatigue crack growth in single magnesium crystal of
orientation D. (a) 1st cycle; (b) 3rd cycle.

the fatigue crack grew slowly due to the formation of the twin
bands which moved with the crack tip. Fig. 12(f-2) shows the
atomic structure of the {112 1}[112 6] twin bands occurring at
the crack tips.

Fig. 13 shows the results in the case of orientation G with the
crack in the (1011) plane and the propagation direction of
[1210]. Since the first cycle, the dislocation emission from the
crack tip corresponding to the slip plane (202 1) were observed.
The basal and pyramidal slips are suppressed by boundary condi-
tions and only prismatic slips are active. The fatigue crack started
growing since 3rd cycle. Once the fatigue crack start growing, it
grew rapidly and reached the edge in another one cycle because
a pyramidal plane is normal to loading direction and layer-to-layer
distance is large.

T. Tang et al. / Computational Materials Science 48 (2010) 426-439

Fig. 14 shows the results from the orientation H. The crack grew
in the (101 1) plane and the propagation direction along the direc-
tion of [1 01 2]. Basal slip bands were observed at the crack tips.
The crack grew very rapidly and reached the edge in three cycles
because one of pyramidal plane is normal to loading direction
and their layer-to-layer distance is wide and easy to open. The
large resolved shear stress and low Peierls stress of basal slip sys-
tem prevent the activation of the other slip systems such as pyra-
midal slip systems.

The simulation results of orientation I were shown in Fig. 15
with the crack in the (1 01 2) and propagation along the [12 1 0]
direction. At 3rd cycle, pyramidal slip bands occur at the crack tips.
Starting at cycle 5, the right crack tip propagated along the right
pyramidal slip band with mixed Mode I+ Mode II. The left crack
tip grew on the twin slip plane. The anisotropy of slip band nucle-
ation comes from geometrical anisotropy.

Fig. 16 shows the results of orientation J. In this case, the crack
grew on the (10 1 2) plane with zig-zag path and along the direc-
tion of [1 0 1 1]. The basal and pyramidal slip dislocation emission
occurred from the crack tips during cyclic loading. There is not
much crack tip blunting because of not much dislocation emission.
The layer-to-layer distance in basal and pyramidal planes are wide
so cracks grow in alternating three directions and form a zig-zag
path.

To show the fatigue damage caused by persistent slip band in
orientation E and fatigue crack propagation in orientation B, we
used CC specimen applied by the increased maximum strain cyclic
loading as indicated in Fig. 17 along y direction and the periodic
boundary condition is assigned along x and z direction. Fig. 18
shows the fatigue crack propagation process. Significant crack
blunting was observed since 2nd cycle due to the plastic slip along
two slip bands corresponding to the directions [1012] and
[101 2] and the crack did not grow along the direction [10 1 0].
The fatigue crack propagated along the primary slip band with
mixed Mode I +1I since 5th cycle. Since cycle 12, the crack grew
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Fig. 10. Contour plot of stress g, (bar) in Orientation D at 2th cycle.
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Fig. 11. Simulation of fatigue crack growth in single magnesium crystal in orientation E. (e-1) 2nd cycle; (e-2) 3rd cycle. Slip bands were developed along (1011) plane at

crack tip in orientation E.
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Fig. 12. Simulation of fatigue crack growth in single magnesium crystal in orientation F. (f-1) 4th cycle; (f-2) atomic structure of {1 12 1}[11 2 6] twin bands at the crack tips.

alternatively along the slip bands in the planes [1012] and
[000 1], respectively. Fig. 19 shows the contour plot of fatigue
crack in orientation B at 14th cycle. It can be seen that the crack
tip was significantly blunted and deformed to round shape under
the application of high value of tension strain. Some voids nucle-
ated in the matrix due to the combination of emitted dislocations.

Based on the above simulation results, it is evident that differ-
ent orientations present different mechanism of crack extension.
The plastic deformation mode at the crack tips is the major influ-
encing factor to fatigue crack propagation. It either blunted the
crack or enhanced the fatigue crack extension. Another feature of
fatigue crack growth is that even though the crystal structures
and loading are symmetric, the Brownian random motion of atoms
in molecular dynamic simulations causes non-symmetric crack
growth, such as in the cases of orientation A-F. The grow rate
and propagation path of fatigue crack vary widely from one orien-
tation to another. To better quantify the crack growth rate of differ-
ent orientation, we simulated the fatigue crack growth in different
crystal orientation using EC specimen. The cyclic loading is the
same as those applied to CC specimen, namely, the maximum

strain &max=4.25 x 1072 and a load ratio of R = &min/émax = 0.75.
Note that, undoubtedly, we can also use CC specimens to calculate
the crack growth rate. In the previous studies on atomistic model-
ing of fatigue behavior in FCC crystals [8-10], the EC specimens
were not employed. Therefore, we want to try using EC specimens
in the present study. The simulation results from EC specimens
show the same mechanism of fatigue crack growth as those from
CC specimens. The model temperature at which the simulations
were carried out was a constant temperature of 10 K. Fig. 20 shows
the comparison of variation of crack length with the number of cy-
cles for different orientation. The results of orientation B and E are
close to that of orientation A so that only the results of orientation
A are plotted. The comparison results clearly indicated that the
mechanism of fatigue crack propagation is strongly dependent on
the crystal orientation of the initial crack. The crack growth rate
of orientation D is the highest. The crack propagated with stable
growth rate in orientation D and F. In the simulations of EC speci-
men, no crack growing occurred in the orientation G.

Normally, the strain rate has little effects of fatigue damage
when its value is low. However, at high value of strain rate, the
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Fig. 14. Simulation of fatigue crack growth in single magnesium crystal for orientation H: (h-1) 1st cycle; (h-2) 3rd cycle.

loading frequency will affect the fatigue crack growth in our simu- parison results obtained from various strain rates are presented in
lation on magnesium. The effects of strain rate on the crack growth Fig. 21. Clearly, the growth rate decreases with strain rate
rate were investigated on the specimen of orientation F. The com- increasing.
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Fig. 15. Simulation of fatigue crack growth in single magnesium crystal in orientation L. (i-1) 3rd cycle; (i-2) 5th cycle.
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»

Fig. 17. Increased maximum strain cyclic loading used for the simulation of fatigue
damage caused by slip band in orientation E.

5.2. Effects of temperature

In this section, the study is focus on the temperature effects on
the mechanism of fatigue crack propagation of different orienta-
tion of initial crack. The simulations were performed at various
temperatures, namely, 10 K, 100 K, 300 K, and 500 K. To keep the
temperature constant, the specimen was firstly equilibrated at de-
sired constant temperature by rescaling the velocities of atoms.
Then, the NVT operation was carried out to update the positions

and velocities each timestep. Vis volume and T is temperature. This
creates a system trajectory consistent with the canonical ensem-
ble. For all specimens, the cyclic loading is applied in a strain-con-
trolled mode with the maximum strain level of g, = 0.045 and
the strain ratio of R=é&min/émax=0.75. The strain rate is
45 x 10957

The simulation results show that the temperature does not have
significant influences on the mechanism of fatigue crack growth of
all orientations except orientation A. In the cases of orientations B
and E, the fatigue cracks were blunted and stopped growing since
the second loading cycle at various temperatures. The contour
plots of centrosymmetry number of orientation A at various tem-
peratures at cycle 15 are shown in Fig. 22. At temperature 10 K
and 100 K, the fatigue crack stopped growing since the second cy-
cle while at 300 K and 500 K the crack stopped growing since cycle
3 and cycle 13, respectively. The propagation mechanism at high
temperature was the nucleation, growth, and coalescence of the
voids ahead of the crack tip and the linkage of the void with the
main crack as illustrated in Fig. 23. The nucleation of void is due
to the stress concentration ahead the crack tip where the materials
become soft resulting from high temperature.

The temperature effects on the growth rate of the orientation C,
D, F, G, and H are shown in Figs. 24-28, respectively. In general, in
these orientations, the growth rate of fatigue crack increased with
decreasing temperature. The simulation results imply that the

[1012)
(1010)

(a) 3" cycle

(c) 12" cycle

(d) 16™ cycle

Fig. 18. Simulation of fatigue damage by increased maximum strain cyclic loading in orientation E.
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Fig. 19. Simulation of fatigue damage by increased maximum strain cyclic loading
in orientation B at 14th cycle.
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Fig. 20. Variation of crack length with number of cycles for different orientations.

material is getting ductile with increasing temperature and conse-
quently the increased resistance of fatigue crack growth.

6. Conclusions

The fatigue crack growth in magnesium single crystals at nano-
scale was investigated using molecular dynamics simulation. Ten
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Fig. 21. Influences of strain rate on fatigue crack growth in the specimen of
orientation F.
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()

.. " . . (d)

Fig. 22. Centrosymmetry parameter contour plot of specimens of orientation A at
various temperatures at cycle 15 (a) 10K; (b) 100 K; (c) 300 K; (d) 500 K.

Void

Fig. 23. The mechanism of fatigue crack growth at 500 K is the nucleation of void in
front of the crack tip and the linkage back with the main crack.

different initial crack orientations were considered. This study is
focus on revealing the mechanism of fatigue crack propagation at
various crystal orientations and the temperature effects on the fa-
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Fig. 24. The variation of crack length with the number of cycles for orientation C at

various temperatures.
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Fig. 25. The variation of crack length with the number of cycles for orientation D at

various temperatures.
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Fig. 26. The variation of crack length with the number of cycles for orientation F at

various temperatures.
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Fig. 27. The variation of crack length with the number of cycles for orientation G at
various temperatures.
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Fig. 28. The variation of crack length with the number of cycles for orientation H at
various temperatures. In this case, the fatigue crack does not grow at 500 K.

tigue behavior. The following major conclusions can be drawn
according to the simulation results:

1. The mechanism of fatigue crack propagation is strongly depen-
dent on the crystal orientation of the initial crack.

2. The resistance of fatigue crack growth of orientation B is the
highest while the crack growth rate of orientation D is the
highest.

3. The dislocation emissions and twin bands occurring at the crack
tips due to the stress concentration play major roles on the
mechanism of fatigue crack growth. The plastic deformation
at the crack tip has dual effects on the fatigue crack growth. It
can either enhance the fatigue crack growth or increase the
resistance to fatigue crack growth.

4. The growth rate of fatigue crack growth decreased with increas-
ing strain rate at the nanoscale.

5. The mechanism of fatigue crack growth in the orientation A was
strongly affected by the temperature, while the temperature
does not have significant influences on the mechanism of fati-
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gue crack extension of other orientations. However, the growth
rate decreases with increasing temperature in all orientations
except orientation A, B, and E.
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