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A B S T R A C T

Phase-field-crystal (PFC) method is applied to study the influences of crystal orientation and crack interaction on
the initiation of growth and propagation mode of microcrack under uniaxial strain in nanocrystal system. The
microscopic mechanism is explored through mono- and dual-crack systems. Results show that the crystal or-
ientation and crack interaction have no influences on the initiation of growth of microcrack, all simulation
systems have an identical critical strain of crack growth. On the other hand, the two influential factors can
observably alter the propagation mode of microcrack. With the increase of crystal orientation, crack propagation
mode changes from cleavage mode to a mixed-mode of ductile fracture and cleavage. The influences of crack
interaction on the propagation mode of microcrack are various. If crack tips move in the same direction, crack
propagation mode can be changed. On the other hand, if crack tips move toward each other, crack propagation
mode will not be varied, but the specific interaction results are different depending on the value of crystal
orientation. Through this research, the PFC simulation is demonstrated to be an effective means to study mul-
tiple microcrack propagation behavior.

1. Introduction

Microcracks can hardly been avoid in strained metals [1,2]. Under
certain conditions, these microcracks will start to propagate. Among
various influential factors, crystal orientation [3,4] and crack interac-
tion [5–7] have been proved to have significant impact on crack evo-
lution behavior. Meanwhile, the initiation of growth and propagation
mode of microcrack, which determine the service life of engineering
materials to some extent, are actually nanoscale problems. Therefore, it
is hard to directly and continuously track microcrack evolution by
traditional experimental methods.

Computational materials science [8,9], which is a cross-discipline of
mathematics, physics, computer science and materials science, has
developed rapidly in the early twenty-first century. It presents a new
approach to research the nanoscale evolution mechanism of micro-
crack. Based on density functional theory [10], Elder et al. [11] pro-
pounded phase-field-crystal (PFC) method. The PFC method can simu-
late transformation of atomic scale structure [12,13] and evolution of
materials on diffusion time scale [14,15], which makes it particularly
suitable for studying microstructure evolution in crystals [16–19].
Therefore, it is widely used to solve various materials problems
[20–24], of which simulation results are in good agreement with

theories and experiments. In addition, as many modified PFC methods
have been proposed [25–28], the application range of PFC method is
significantly extended.

In the research field of microcracks, much meaningful work has
been achieved by using the PFC model. For example, Gao et al. [29–31]
have thoroughly explored the crack propagation behavior in mono-
crystal system under different pre-strains. However, crystal orientation
effect is not taken into consideration. In actual materials, as orienta-
tions of crystalline grains are randomly distributed, it is necessary to
study the influence of crystal orientation on crack behavior. In addition,
most PFC results of crack propagation are obtained from mono-crack
samples [29,31–34]. Crack interaction, with the exception of crack
connection [30], is seldom touched. Therefore, different results and
mechanisms of crack interaction in dual-crack samples are also worth
researching.

In this work, we use the PFC method to study the influences of
crystal orientation and crack interaction on the initiation of growth and
propagation mode of microcrack in nanoscale dual-crack system. The
rest of this work is arranged as follows: In Sec. 2, the simulation
methods used are introduced, including one-mode PFC method, dy-
namic equation, strain application and simulation system design. In
Sec. 3, simulation results and discussion are provided. Lastly, important
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conclusions obtained in this work are given in Sec. 4.

2. Simulation methods and system construction

The simulated crystal structure represented by the triangular lattice
is built on the one-mode PFC model put forward in Ref. [11]. The di-
mensionless free energy functional can be written as:

∫= + + ∇ +F dx
φ

r φ φ{
2

[ (1 ) ] 1
4

}2 2 4
(1)

In this formula, ϕ(R) is the order parameter representing di-
mensionless crystal density field, of which ϕ is periodic local atomic
density and R is space coordinate. The maxima of ϕ represent atomic
positions in the solid phase. Specifically, the density field of liquid
phase has a uniform value. r is dimensionless degree of subcooling that
indicates the system temperature. ∇2 symbolizes the Laplace operator.

The expression of ϕ can be written in a general form:
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structure characteristics of lattice atoms. ≡ +G nb mb1 2, for triangular
lattice, the reciprocal lattice vectors b1 and b2 can be written as:
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where a is the distance between nearest-neighbor local maxima of ϕ.
Using one-mode approximation, the atomic density of triangular

lattice can be expanded as follows:
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where qt is wave number, satisfying qt=2π/a, and At is density wave
amplitude. The values of qt and At can be obtained by substituting Eq.
(4) into Eq. (1) and minimizing the resulting free energy with respect to
qt and At. Thus, qt and At are acquired as:

= = − − − −q A φ r φ3
2

, 4
15

( 3 15 36 )t t 0 0
2

(5)

Meanwhile, this minimization yields the free energy of triangular
lattice:
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By taking differentiation of free energy with respect to triangular
and liquid phase density fields and using common tangent law, the two-
dimensional phase diagram can be derived as shown in Fig. 1.

As atomic density field is a conserved value, the dynamics evolution
of ϕ is solved by the MPFC model proposed by Stefanovic et al. [35],
which is given by:
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where α and β are constants, related to effective sound speed and va-
cancy diffusion. α and β are adopted as 15 and 0.9, respectively.

In this work, uniaxial strain along y-direction is applied through
traction boundary conditions, which are incorporated into Eq. (1) by
using a new penalty term [36]. After equilibration of the constructed
simulation systems, the uniaxial strain is applied at a slow constant
strain rate of ε′= 6×10−6/Δt, of which Δt is time-step and equals 0.3,
by displacing the penalty function. The details of penalty function,
strain application and numerical algorithm of the nonlinear dynamic
Eq. (7) can be found in Ref. [36], therefore will not be described here.

The entire simulation region is predetermined as a square scaled
with Lx× Ly (Lx = Ly = L), and periodic boundary conditions are
imposed in all directions. In order to create a triangular structure with
crystal orientation θ, coordinate transformation of Eq. (4) is performed
as follows:
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where (xʹ, yʹ) and (x, y) indicate coordinates before and after this
conversion.

Using Eqs. (1), (4) and (8), we create triangular lattice structure
with crystal orientation θ. System parameters are set up as follows:
Grid-sizes are Δx= Δy= ΔL = π/4 and side length of the square
system is L=512ΔL. Average atomic density is ϕ0= 0.49. Temperature
parameter is chosen to be r=−1.0.

To explore the influences of crack interaction on the initiation of
growth and propagation mode of microcrack, mono- and dual-crack
systems both have to be constructed. Gaps in the central area of solid
phase are precast as initial cracks. Each gap is a rectangle scaled by
50ΔL×15ΔL. Atomic density of gap region is set to be ϕc=0.79, as
point C shown in Fig. 1. Point C is close to the coexistence line
(Fig. 1(b)), which benefits the transformation from triangular phase to
crack structure and the propagation of microcrack [29,32,34]. For dual-
crack system, distances between the two gap centers along x- and y-
directions are Dx and Dy, respectively. Dy is set to be constantly equal to
58ΔL. The illustration of dual-crack system studied in this work is given
in Fig. 2. We also give the schematic diagram of crystal orientations in
Fig. 2. Table 1 shows the values of constant parameters used in this
work.

3. Results and discussion

3.1. The influences of crystal orientation and crack interaction on the
initiation of growth of microcrack

In this section, we explore the influences of crystal orientation and
crack interaction on the initiation of growth of microcrack. Critical
strain of crack growth is used to judge whether the initiation of growth
is promoted or obstructed.

Fig. 1. Two-dimensional phase diagram calculated by the one-mode approx-
imation (gray regions correspond to two-phase coexistence zones). Panel (b) is
the enlarged image of the area enclosed by black solid box in panel (a).

Fig. 2. Schematic diagram of dual-crack system and crystal orientations em-
ployed in this work. εy is strain applied along y-direction.
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