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Phase-field-crystal simulation of nano-single crystal microcrack
propagation under different orientation angles
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The propagation mechanism of microcracks in nanocrystalline single crystal systems under uniaxial dynamic and
static tension is investigated using the phase-field-crystal method. Both dynamic and static stretching results show that
different orientation angles can induce the crack propagation mode, microscopic morphology, the free energy, crack area
change, and causing fracture failure. Crack propagation mode depends on the dislocation activity near the crack tip. Brittle
propagation of the crack occurs due to dislocation always at crack tip. Dislocation is emitted at the front end of the crack
tip and plastic deformation occurs, which belongs to ductile propagation. The orientation angles of 9° and 14° are brittle—
ductile mixed propagation, while the orientation angles of 19° and 30° are brittle propagation and no dislocation is formed
under dynamic tension. The vacancy and vacancy connectivity phenomenon would appear when the orientation angle is
14° under static tension, and the crack would be ductile propagation. While the orientation angle is 19° and 30°, the
crack propagates in a certain direction, which is a kind of brittle propagation. This work has some practical significance in
preventing material fracture failure and improving material performance.
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1. Introduction

Nanoscale microcracks are a kind of common defect in
materials,!!! and their propagation mode affects the fracture
behavior of materials,[?! mainly including brittle fracture, !
and ductile fracture.[*! The existence of cracks destroys the
continuity of the material, reduces the strength and plasticity
of the material, and the stress concentration at the crack tip
is easy to appear, and the fracture toughness and fatigue re-
sistance of the material is reduced. Moreover, the fracture of
the material shortens its service life and reduces the output
of the product in the process of material processing and pro-
duction. Therefore, the study of crack extension mechanisms
helps to understand the evolution of material microstructures
and provides theoretical support for preventing fracture failure
and improving material properties.

To improve the quality and service life of materials, ex-
perts at home and abroad have conducted a lot of research and
analysis on the crack-forming>~"! and fracture failure!'?! phe-
nomenon of materials. The microstructure and fracture mor-
phology of fatigue crack initiation and propagation of the alloy
was observed using optical, scanning electron, and transmis-
sion electron microscopes. It can be observed that the crack
initiation at the defect of the sample,!'!! the crack propaga-

tion behavior in different alloys is significant discrepancy,!'?!
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and so on. However, due to the limitations of environmental
media, experimental preparation characterization and experi-
mental cost in traditional experiments, it is difficult to observe
the microstructure evolution process of metal materials to intu-
itively analyze the internal crack propagation of materials and
to fundamentally reveal the microscopic mechanism of crack
propagation at nanometer atomic scale and micron time scale.

Supposing that scholars intend to deeply analyze the
mechanism of crack propagation, it is necessary to study the
evolution process of crack propagation at the atomic scale.
Molecular dynamics simulation as an effective tool to sim-
ulate microstructure defect evolution, including crack initi-
ation and propagation. Decelis et al.!'3 used Johnson and
Morse potentials to simulate the crack tip formation of iron
and copper by molecular dynamics simulation and studied the
fracture behavior of brittle-ductile transition at the crack tip.
Zhang et al.'"*) analyzed the mechanism of dislocation nucle-
ation, emission, deposition and formation of dislocation free
zone during crack propagation in single crystal copper. Cao et
al.'3) simulated the uniaxial tensile deformation process of
single-crystal nickel material, and studied the crack generation
and fracture process. However, for the microscopic defects in
the material, the evolution process of them is 10~ s, which
is much larger than the atomic vibration time scale (1014 s—
10712 s) of molecular dynamics. Moreover, molecular dynam-
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ics is mainly applicable to high stress (GPa) and high strain
rate (107 s7'=10'9 s=1), which is far behind the strain rate
in 10 s~!'-10° s~!. The phase—field—crystal (PFC) model re-
flecting the information on the diffusion time scale (1076 ),
makes up for this shortcoming, which fully reveals the influ-
ence of atomic effect. The PFC model!'®! developed in recent
years is the microscopic form of Cahn—Hilliard and Allen—
Cahn equations [17-201 4t the atomic scale, which can reflect the
periodicity of the crystal lattice. This method characterizes the
evolution of microstructure by constructing free energy equa-
tion and explores the effects of different processing techniques
(temperature, [>1->? orientation angle,?>~231 strain mode, strain
size, etc.) on the physical properties of metal structural de-
fects, so as to make up for the deficiency of experiment.[26->7]
The PFC model can predict and reduce the occurrence of dis-
locations and cracks at the atomic scale (10’9 m) and diffu-
sion time scale (1079 s), to improve the properties and prolong
the service life of metal materials. Scholars have also done a
lot of research on microcracks by using the PFC method. El-
der et al.”?®! conducted a preliminary exploration of the ma-
terial microcrack propagation under the condition of uniax-
ial tensile stress. Gomez et al.*®! found that crack propa-
gation was highly dependent on notch shape because differ-
ent notch shapes lead to different stress concentrations. 3!
In recent years, the PFC model has been used to discuss the
propagation, bifurcation, and connectivity of microcracks, !l
the initiation and propagation of single and double cracks. 3!
At the same time, the corresponding relationship between the
initial crack shape, tensile mode,?*34 strain size,*3 crystal
orientation,3®! and the interaction of crack*”! and the crack
growth were considered, as well as the influence of disloca-
tion movement on the brittle—ductile transition behavior. 38!

In this paper, uniaxial dynamic tensile (DT) and static ten-
sile (ST) are used to show the propagation details by observing
the movement of atoms around the crack, and the influence of
different orientation angles on the crack propagation mode is
discussed. At the same time, the critical strain value of crack
propagation under uniaxial ST is studied to reveal the propa-
gation mechanism of cracks under different constant strains.

2. PFC model and calculation method
2.1. PFC model
2.1.1. System free energy function

Based on the Ginzburg—Landau theory, Elder*"! pro-
posed the PFC method in 2002. The order parameter of this
model is the conserved atomic density field. Referring to the
energy function in the Swift-Hohenberg (SH) model,!*"! the
dimensionless system free energy function in the single-mode
PFC model presented by Ref. [41] is

F:/dw{g [+ (14+v2)°]

4
p+% )

where F is the free energy function, p is the atomic density, x
is the position vector, V? is the Laplace operator, r is a negative
value, which represents the temperature of the system.

The single-mode approximate solution of the atomic den-
sity of the dimensionless triangular phase is

p=po+A [cos (gx)cos (:%)

1
2

— = COS

) o

(

where ¢ is the wave vector, A = ‘5—‘ (po +44/—15r— 36p§),

po is the uniform atomic density distribution.

The two-

dimensional (2D) phase diagram of the single-mode PFC is
shown in Fig. 1(a), (28] where S, T, and L represent strip phase,
triangular phase, and liquid phase respectively, and the shadow
part represents the coexistence area of two phases.
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Fig. 1. (a) Two-dimensional phase diagram of PFC model,?®! (b) a larger
version of the dotted box in panel (a).

2.1.2. Kinetic equation

The order parameter p of the dimensionless conservation
field satisfies the Cahn—Hillard dynamic equation[?%!

Ip _ 20F
E_V Sp

=V2{p {r+(1+V2)2}+p3}7

3)

the semi-implicit Fourier method!#’! is used to solve Eq. (3),
and it is transformed into the Fourier space to obtain the atom

density at the next moment:

{p}k‘,zﬂ =

{p}k,t — Atk? {p}:;c,t
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where, {p}, ., and {p}, , are the atomic densities corre-
sponding to the Fourier space at 4 1 and ¢, respectively; k? is
the Fourier spatial wave vector, and satisfies k> = |k;|2

2.2. Parameter settings

In this simulation, the plane (111) in face-centered-cubic
in the single crystal is taken as the research object (Figs. 2(a)-
2(b)). The x axis is taken as the horizontal direction to char-
acterize the [110] crystal direction and the y axis is taken as
the vertical direction to characterize the [112] crystal direc-
tion. The crack growth model of three-dimensional (3D) face-
centered cubic crystal is transformed into a 2D plane strain
problem, choosing 2D lattices for numerical simulation. [*3]
To facilitate the analysis of the types of dislocations generated
during crack propagation, the types of edge dislocations can
be divided into six types according to the excess semi-atomic
plane of edge dislocations, and the corresponding Burger vec-
tors, as shown in Figs. 2(c)-2(d).

Fig. 2. (a) Face-centeredcubic lattice structure (111) planar atomic ar-
rangement, (b) (111) planar crystal diagram, (c) blade dislocation type,
(d) the corresponding Burgers vector type of panel (c).

2.2.1. Setting of the initial notch

In the 2D phase diagram of Fig. 1(a), the temperature pa-
rameter » = — 1.0 and the atomic density parameter py = 0.49
(point A in Fig. 1(b)) are selected, which are located in the co-
existence zone of the triangular phase and liquid phase. In the
prepared single crystal system, and the parameters at the initial
crack are set to r = —1.0 and p; = 0.79 (point B in Fig. 1(b)),
which can ensure that the crack is not swallowed by the tri-
angular phase matrix in the simulation process.**! The local
amplification is shown in Fig. 3. The orientation angle is the
angle 0 between the atomic arrangement direction [TOI] and
the positive direction of x axis (taking 10° as an example). The
parameters used in this study are dimensionless and do not in-
volve the physical parameters of specific materials, and meet
the periodic boundary conditions. Other parameters are shown
in Table 1.

Table 1. Simulation parameters.

Calculation Initial rectangular Spatial Time Strain
area grid crack size step step rate
Ly x Ly =512Ax A =AY =6
x X Ly 40Ax x 10Ay Y A=03 ~
x512Ay =n/4 x107° /At
(b)
EI l |] IEI
- -

Fig. 3. Fracture morphology (a) initial crystal orientation angle is 10°,
(b) systems of tensile strain along the x axis.

2.2.2. Applying deformation

This paper adopts two deformation methods, uniaxial DT
and ST. The effect diagram of the applied strain is shown in
Fig. 3(b). The coordinates of the grid point position in the

system before and after deformation are (x,y) and (x',y’) re-
spectively. The specific formulas are shown below:
Uniaxial DT : {x, ¥(I+&)=x(1+near), o
y =5
"'=x(1+&),
Uniaxial ST : {x, *(1+&) 6)
y =y

When it is uniaxial DT, the spatial step length in the
x direction increases with the strain rate at each time step
d = xnéAt, where ¢ is the dimensionless strain rate and n is
the number of time steps. But in uniaxial ST, the tensile strain
is a constant, the increment of space step is also a fixed value,
which does not change with the change of time step.

3. Results and discussion

3.1. Crack propagation behavior under DT

3.1.1. Crack propagation at different orientation an-
gles

According to the principle of minimum energy, the un-
stable factors in the system are eliminated after 20000 steps
of relaxation. The free energy reaches the minimum, and the
crystal structure tends to be stable, namely the system reaches
equilibrium. The parameters used in the simulation are shown
in Table 2. The samples with stable crystal structure (A1, B1,
C1, D1) are dynamically stretched on the X axis to observe the
simulated evolution morphology (Figs. 4-6).

When 6 = 9°, the microcracks in system Al show the
characteristics of expansion-turn-expansion with the continu-
ous application of tensile strain during the expansion process
in Fig. 4, and the critical strain value meets the Griffith frac-
ture criterion.* In Fig. 4(a), the presupposed cracks area is
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enlarged, but no crack propagation occurs. The main reason is
that at the initial stage of applied strain, due to the stress con-
centration at the crack, the atomic lattice around the crack is
staggered, and the distance between atoms is changed, but the
strain did not reach the critical strain value. When t* = 45000
(&; = 0.27), the accumulated stress at the crack tip exceeds the
atomic binding force, and the crack propagates. In Fig. 4(b),
the cracks continue to extend along the directions of [101] and
[101], forming 73 ([211]) and mg ([211]) dislocations (blue).
At this time, plastic deformation occurs and stress concentra-
tion is released. When &, = 0.318, as shown in Fig. 4(d), the
crack extends forward along the direction of [TO]], resulting
in n, and ns (green) new dislocations, which is a ductile ex-
tension. Until * = 54000 (&, = 0.324), as shown in Fig. 4(e).
With the increase of strain, the dislocation at the tip of the
crack occurs climbing and slipping motion, and the direction
of crack growth changes due to dislocation plugging in the
[101] direction. It is worth noting that once the direction of
crack propagation changes, the strain concentration decreases,
and the Burgers vectors in the new direction of crack propa-
gation are generated as [121] and [121] n; and ny disloca-
tions (red), so that the crack extends in [011] and [011] direc-
tions. At the same time, the dislocation is always located at the
crack tip. As the crack tip expands, it climbs and slides along
the direction of its Burgers vector, which is a brittle propa-
gation method. Due to the periodic boundary conditions, the
same type of dislocations meets and annihilate. As shown in
Fig. 4(f), t* = 58500 (&, = 0.351), the crack extends to the
edge of the simulation zone, and the crack is about to fracture.
During the whole process, the crack propagates in a mixed
mode of ductility and brittleness.

Table 2. Parameters used in the simulation.

Simulation Initial atomic Notch atomic Temperature Orientation
scheme density po density p; r angle 0 (°)
Al 0.49 0.79 -1.0 9
Bl 0.49 0.79 -1.0 14
Cl 0.49 0.79 -1.0 19
D1 0.49 0.79 -1.0 30

When 6 = 14°, it can be seen from Fig. 5 that the prop-
agation mode of microcracks in system B1 is similar to that
in system Al when 6 = 9°, and both of them show the char-
acteristics of expansion-turn-expansion. At t* = 49000 (&, =
0.294) the dislocation movement at the crack tip is blocked,
causing dislocation plugging and crack steering so that the
strain energy can be released. However, compared with Fig. 4,
the generation time of dislocation pairs is earlier and the crack
fracture is completed earlier, indicating that the larger the ori-
entation angle is, the faster the propagation speed is. Wu et
al.1*647) performed molecular dynamics simulation on nickel-
based single-crystal alloys with central cracks. The results

show that the crack can expand rapidly and finally show brittle
growth, the crack propagation rate slows down and the crack
propagation changes from brittle to ductile. This result is con-
sistent with our simulation results in Figs. 4 and 5. Rice and
Thomson[*®! proposed the criterion of dislocation emission at
the crack tip, and confirmed that dislocation emission at the
crack tip is one of the most basic processes to understand the
ductile-brittle behavior of crystal materials. In 2004, Huang et
al.!*%! established a mechanical model to predict the critical
criterion for the emission of dislocations at the blunt crack tip
under mode I and II loading conditions, and calculate the cor-
responding stress intensity factor. At the same time, disloca-
tion emission will also change the crack propagation mode,
from brittleness to toughness.

Fig. 4. Simulated evolution diagram of crack growth at strain applied to stage
and 6 = 9°. (a) r* = 30000, (b) t* = 45000, (c) t* = 48000, (d) * = 53000,
(e) t* = 54000, (f) t* = 58500.

Fig. 5. Simulated evolution diagram of crack growth at strain applied to stage
and 6 = 14°: (a) * = 30000, (b) r* = 35000, (c) * = 40000, (d) r* = 45000,
(e) t* = 49000, (f) t* = 57500.

Figure 6 shows the simulation evolutions of the crack
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propagation in systems C1 and D1, in which no dislocations
are found during the crack propagation, this is consistent with
the experiments.'>%>!1 Instead, the crack is torn along the ori-
entations [OIT] and [Oil} , and brittle fracture occurs. When
6 = 30°, the propagation directions of the crack ([011] and
[Oil]) are completely perpendicular to the x axis, indicating
that under the tensile strain of the x axis, the atomic bonds in
the directions of [011] and [011] are broken and extends for-
ward in the form of crystal surface cleavage until the sample
fail.

= 60000

Fig. 6. Simulated evolution diagram of crack growth at stress applied stage
and the 6 = 19° and 6 = 30°, (al)—(a2) t* = 30000, (b1)—(b2) t* = 40000,
(c1)—(c2) t* = 51000, (d1)—(d2) t* = 57000.

3.1.2. Crack area and thermodynamic analysis

To explain the influence of orientation angle on crack
growth rate and mode, the crack growth law and fracture mode
are further revealed from the angle of system free energy and
crack area.

The crack area (percentage of crack area to total area)
curve represents changes with strain or time (Fig. 7(a)). the
influence of orientation angle on the crack area has roughly
the same trend, which increases slowly first and then rapidly
in Fig. 7. Until &, = 0.21, the four groups of cracks begin to
expand. The growth rate of the crack area with 8 = 30° is the
fastest, and the growth rate of crack with 6 = 9° is the slowest.
Figure 7(a) shows the fracture morphology of the four groups
of samples, and the fracture time is t* = 5900, t* = 57500,
t* =56500, t* = 55500. The growth trends of crack area in the
two groups of & =9° and 6 = 14°, 6 = 19° and 6 = 30° are
completely consistent respectively. The former is a mixture
of brittle fracture and ductile fracture, while the latter is brit-
tle fracture. Figure 7(b) shows the atomic density distribution
of different orientation angles at the same position (Y = 256)
when t* = 57000. The small fluctuation region of atomic den-
sity represents the crack region. The crack widths of 6 = 9°,
14°, 19°, 30° are 18Ax, 21Ax, 23Ax, 29Ax respectively. In
summary, under the same fracture mode, the crack growth area
is sensitive to the size of the orientation angle, and increasing

the orientation angle will accelerate the crack growth rate.

(a) (b) 1.5 1.5 :
K] i) (245’0‘74893< (266,0.74691) 14
Time steps t* (10%) g L.0f g 1.0r
15 2.0 25 3.0 35 4.0 45 5.0 5.5 6.0 ;‘i 0.5 ‘i 0.5 T
0.05} = of = of .
o g
<—0.5} <-0.5} v
0.04 . = [
“ E_1.0f 1.0} Co
g 2 z o
g 0.03 150 200 250 300 350 ' P1h0 200 250 300 350
& X X
< 1.5 5 1.5 5
g o (246.0.74761) (560 0 750757 19 2 (242,0.73869) (571  73383) OV
< £ 1.0 N % 1.0}
& - )
> 0.5 T o 0.5} | 1
x 1 1 h=1 1 1
0 a 0 o & or | l
L L L L L L L L r3_05 [ %_05. ! !
0.09 0.18 0.27 0.36 g : [ £ : | |
Strain & 0—1.0 vt °—1.0 ! !
2 | | z \ |
—1.5b ' ' ' ' -15
150 200 250 300 350 150 200 250 300 350
X X

Fig. 7. (a) Influence of orientation angle on crack area fraction-strain; (b) t* = 57000, atomic density distribution curve at the same position (Y = 256) with

different orientation angles.

In the process of crack propagation, the free energy of
the system also changes accordingly. Figure 8 shows the
free energy curves of different orientation angles. Before
fracture, the change trend of energy with time is basically
the same. In the early and late stages of simulation, the

change is relatively flat, while at the middle of the sim-
ulation, it rises rapidly. The free energy decreases from
20000 to 23000 because the residual stress in the body has
not been completely eliminated. As the strain increase con-
tinuously, the energy curves of different orientation angles
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gradually rise. However, it is found that the free energy of
the system with crack propagation 6 =9° and 6 = 14° in
Fig. 8(a) and 6 = 19° and 0 =30° in Fig. 8(b) increases in
the same trend, and the energy reaches the lowest level

(a) &
—43F S-a76
=478
& *
_44l 2 _4goht*=23000
& 8
| —
o § 4.82
) <
Z 45k 2.2 24 26 28
~ Time steps t* (10%)
e
20
g —4.6
=]
)
8
= —4.7
_____ T
—4.8 —14°
[
1 1 1 1

20 25 30 35 40 45 50 5.5 6.0
Time steps t* (10%)

at 23000.

propagation evolution diagram that under the same growth

It can be seen from the corresponding crack

trend of free energy in the sample system, the correspond-
ing crack propagation modes are also the same.

(b) —4.3 & —474
2 476 o
_4.4F T a7} t*=23000
5 —4.80 I
& 5
| o 482 "
S —45r E !
— 2.2 2.4 2.6 2.8 3.0
: Time steps t* (10%)
8 —4.6
(]
=]
[
S —a7
=
—19°
—4.8 | —30°
I_ P ra— 1 1 1 1 1

20 25 30 35 40 45 5.0 55 6.0
Time steps t* (10%)

Fig. 8. Energy curves of different orientation angles (a) 8 = 9° and 6 = 14°, (b) 6 = 19° and 6 = 30° over time.

3.2. Crack propagation behavior under ST

The influence of orientation angle on crack growth under uniaxial ST is studied. Different systems (A2, B2, C2, and D2)
are selected for simulation. The specific parameters are set in Table 3.

Table 3. Parameters used in the simulation.

Simulation scheme Initial atomic density pg

Notch atomic density p;

Temperature r Orientation angle 0 Tensile strain &, (%)

A2 0.49 0.79 —-1.0 9°
B2 0.49 0.79 —-1.0 14° 7,8,
C2 0.49 0.79 —-1.0 19° 9,10
D2 0.49 0.79 —-1.0 30°
7% 8% e=9% e=10% strain value of crack propagation is 9% for samples A2, C2,

Fig. 9. Simulation of crack propagation under different tensile strains
(& = 7%, & = 8%, & = 9%, & = 10%) at t* = 90000 when 6 = 9° and
6 =14°.

Exploring the influence of orientation angle on the critical
strain value of crack growth, and the crack growth conditions
are studied &, of 7%, 8%, 9%, and 10%, respectively. When
the external strain is larger, the growth rate of microcrack is
faster, as shown in Figs. 9 and 10. It is found that the critical

and D2, and 8% for sample B2. When &, = 9%, the crack
propagation rate increases with the increase of orientation an-
gle.

0=19°

0=30°

Fig. 10. The simulation diagram of crack propagation under different tensile
strains (&, = 7%, & = 8%, & = 9%, &, = 10%) at t* = 90000 when 6 = 19°
and 6 = 30°.
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Fig. 11. (a) Curve diagram of energy changing with time under differ-
ent strains with 8 = 30°, (b) partial enlargement of panel (a) I, (c) partial
enlargement of panel (a) II.

It can be seen from Fig. 11(a) that when &, is small (7%,
8%), the energy curve is a straight line parallel to the x axis,
and the crack does not expand. When the critical strain value
reaches 9%, with the extension of time, the unexpanded energy
curve of the crack before the initial stage t* = 32200 is approx-
imately a straight line parallel to the x axis, and the energy of
the crack decreases continuously during the propagation. It
can be seen from Fig. 11(c) that the crack is about to expand
to the simulated area at the time * = 75700 and the energy
drops sharply until the crack is completely fractured at the time
t* =75850. When &, = 10%, the changing trend of the curve
is similar to that when &, = 9%. The difference is that the

crack propagates at t* = 25850, and the energy drops sharply
at t* = 61500, and the crack completely breaks at t* = 61650,
as shown in Fig. 11(b). Compared with & = 9%, the crack
initiation time is earlier and the propagation speed is faster.

By analyzing the critical strain of crack propagation at
different orientation angles during static stretching, it is found
that the critical strain of system B2 with is 8%, and the critical
strain of system A2, C2, and D2 are all 9%, and the propaga-
tion modes are different. Therefore, the simulation evolution
process of crack propagation is analyzed.

Figure 12 shows the crack dynamic evolution process
when the 6 = 14° and &, = 8%. As * = 55000 (Fig. 12(a)),
two dislocations are generated at both ends of the crack in
the direction of Burgers vectors [211] and [211]. As time
goes on, at t* = 60000 (Fig. 12(b)), the Burgers vector di-
rection is [112] and [112] due to the generation of vacancies
and new dislocations induced by dislocation motion. With the
movement of the dislocation, the number of vacancies grad-
ually increases (Fig. 12(c)). The atoms around the original
vacancy are arranged neatly and there is no edge-type disloca-
tion. A series of vacancies (Fig. 12(d)) are left in the direction
of [112] and [112] not far from the crack tip, until the disloca-
tion moves to the boundary of the simulated region. Due to the
periodic boundary conditions, the same type of dislocations
encounter and annihilation occurs, and the vacancies begin to
connect to form serrated cracks. When it runs to #* = 13000, it
can be found in Fig. 12(e) that the crack formed by the vacancy
communicates with the crack, and eventually leads to ductile
fracture.>>* Meanwhile, the schematic diagram in Fig. 13
further explains that the mechanism of crack fracture caused
by vacancy growth.

Fig. 12. The simulated evolution diagram of crack growth when 6 = 14° and
& = 8%: (a) r* = 55000, (b) r* = 60000, (c) t* = 100000, (d) r* = 120000,
(e) * = 130000.
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Fig. 13. Schematic diagram of fracture caused by spatiotemporal growth at
6 = 14° and strain of 8%: (a) forming a vacancy, (b) vacant growth, (c) the
vacancy begins to connect, (d) the vacancy completely coalesced and resulted
in the fracture.

4. Discussion

According to Table 4 and Fig. 14, in the case of the same
crack growth mode and equal strain, when the orientation an-
gle is large, the crack propagation rate is faster and the fracture
is earlier. When the orientation angle is equal, the greater the
strain, the earlier the break time. It indicates that the increase
of orientation angle and strain value can accelerate the crack
propagation.

Table 4. Influence of orientation angle on fracture velocity of ST crack
propagation.

Ductile fracture Brittle fracture

Strain (%)
9° 14° 19° 30°
9 135000 80000 100000 75000
10 89000 65000 72000 61000

Fig. 14. When & = 10%, the fracture morphology of different orientation
angles: (a) 6 =9°, (b) 6 = 14°, (c) 6 = 19°, (d) 6 = 30°.

Figures 7(a) and 14 show the fracture morphology of
cracks under DT and ST respectively. It is observed that un-
der the condition of the same orientation angles (19° and 30°),
the ST and DT methods are applied to the brittle propagation
cracks, and it is found that the tensile method does not affect
the crack growth morphology. However, when &, = 0.09 of
ST, the system can be fractured. When the DT is carried out
of & = 0.339, and the fracture occurs. From the perspective
of the whole evolution process, the crack propagation rate is
faster under DT condition. When the 8 = 9° and 6 = 14°, due
to the dislocation pile-up, the expansion direction is changed
during DT, and the expansion is in the mixed mode of duc-
tile fracture and brittle fracture. In ST, vacancy is induced by

dislocation, resulting in plastic deformation and vacancy con-
nectivity, which is a typical ductile fracture.

5. Conclusion

In this paper, the phase-field-crystal model is used to
study the effect of orientation angle on uniaxial dynamic and
static tensile crack propagation. The results show below

(i) Under the uniaxial dynamic tensile condition, at the
orientation angles of 9° and 14°, atom dislocations are formed
around the cracks, and the cracks propagate in the manner
of ductile fracture and brittle fracture. When 6 = 19° and
6 = 30°, the notch cracks along a certain direction and the
crack propagates in the form of brittle cleavage fracture.

(i1) Under the uniaxial static tensile state, the critical
strain value is affected by the orientation angle. It can be found
that when 6 = 9°, 8 = 19°, and 6 = 30°, the critical strain of
the crack is 0.09; when 0 = 14°, the critical strain is 0.08,
the dislocation induces the generation of vacancies and plas-
tic deformation occurs with the evolution of time. With the
continuous movement of dislocation, the number of vacancies
gradually increases and begins to connect to form cracks. The
crack connects with the main notch again, and finally leads to
ductile fracture.
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