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a b s t r a c t

A real-space phase field model is employed to investigate the domain switching-induced shielding or
anti-shielding of a crack in ferromagnetic materials with single and multi-domain states. Phase field
simulations demonstrate that magnetization switching takes place from the crack tip due to the highly
concentrated stress in a ferromagnetic thin plate with a stationary crack. Based on the stress obtained
from phase field simulations, the crack-tip stress intensity factors (SIFs) are calculated by linear
extrapolation in the ferromagnetic thin plate subjected to different values of mechanical loads. The
calculation results indicate that domain switching decreases the crack-tip stress intensity factors,
resulting in domain-switching toughening in ferromagnetic materials. Furthermore, the domain
switching in the multi-domain ferromagnetic plate induces a much larger decrease of stress intensity
factor than that in the single-domain one, which suggests that engineering magnetic domains leads to
the design of tougher ferromagnetic materials.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Ferromagnetic materials, such as FeGa and NiMnGa, have
received considerable attention due to their unusual physical
properties and wide applications for actuators, sensors and mem-
ory devices (Andriamandroso et al., 1984; Nakano et al., 2011; Park
and Min, 2010). However, defects such as voids and cracks are
unavoidable in the ferromagnetic materials during fabrication and
application (Soh et al., 2004; Xiong and Liu, 2007). The highly
concentrated stress and magnetic fields near the crack tip may
induce unusual behaviors of ferromagnetic materials (Rahm, 2004;
Wan et al., 2003; Yoshimura et al., 2004). Extremely nonlinear
behaviors, such as magnetization switching or magnetic yielding
(Avakian and Ricoeur, 2016, 2017; Soh et al., 2004), may exhibit
near the crack tip, which will influence the functionality of the
materials. Therefore, a deep understanding of the magnetoelastic
nonlinear behaviors near the crack tip in a ferromagnetic material

is necessary for the practical application of ferromagnetic materials.
In the presence of defects, ferromagnetic materials are suscep-

tible to cracking at all scales, ranging from magnetic domains to
devices. Cracking may result in critical failure and malfunction of
ferromagnetic devices through the propagation of cracks (Fang
et al., 2008). The fracture behavior of ferromagnetic material is
complicated because of the coupling between the mechanical and
magnetic fields in the materials. Most of previous studies on
magneto-elastic problem are based on linear theoretical models
(Bagdasarian and Hasanian, 2000; Chen, 2009; Fang et al., 2004,
2008; Shindo, 1977; Yoshimura et al., 2004). However, the distri-
butions of stress and magnetization derived from linear theories
are not satisfied with the experiment results very well. Although
the nonlinear models such as strip electric-magnetic breakdown
model (Zhao and Fan, 2008) and small scale magnetic yielding (Soh
et al., 2004) has been proposed to investigate the facture of ferro-
magnetic materials, the magnetic domain switching around a crack
tip and its influence on the fracture of the materials has not been
investigated in the literature.

Domain switching near the crack tip of ferromagnetic materials
can be described as the evolution of magnetic domain structure
under concentrated stress and/or magnetic field, inwhich the long-
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range elastic and magnetic interactions between different domains
play an important role (James and Wuttig, 1998; Kittel, 1946). It is
difficult to get an analytical solution to the magneto-elastic prob-
lem when an arbitrary domain structure is considered during the
evolution. Therefore, different numerical models have been pro-
posed to investigate the domain evolution in ferromagnetic mate-
rials. For example, the micromagnetic model proposed by Brown
(Brown, 1966) is the most widely-used model in traditional nu-
merical simulation of ferromagnetic materials. It successfully pre-
dicts the domain structure (Schrefl and Fidler, 1996; Williams et al.,
1989) and its evolution (Chunsheng et al., 2008; Shir, 1978) in
ferromagnetic materials subjected to an external magnetic field.
However, most of the micromagnetic simulations do not explicitly
include the effect of inhomogeneous stress on domain evolution,
which predominates mechanical and magnetic behavior of giant
magnetostrictive materials. In recent years, phase field models
based on the Landau-Lifshitz-Gilbert (LLG) and time-dependent
Ginzburg-Landau (TDGL) equations have been proposed (Wang
and Zhang, 2013; Yi and Xu, 2014; Zhang et al., 2016; Zhang and
Chen, 2005) to investigate the domain evolution in ferromagnetic
materials, in which the effect of inhomogeneous stress is consid-
ered. The phase field models with inhomogeneous stress success-
fully give the quantitative prediction of the nonlinear magneto-
elastic coupling problem, such as the magnetization reverse (Li
et al., 2014) under mechanical loads. The domain switching
around a crack tip in ferromagnetic materials is analogous to that of
ferroelectric materials (Ricoeur and Kuna, 2003; Wippler et al.,
2004). Various phase field models have been employed to simu-
late the ferroelectric domain switching near a crack tip of ferro-
electric materials, which successfully predict the domain
switching-induced toughening for ferroelectric materials (Van
Lich et al., 2015; Wang and Zhang, 2007). Therefore, it is expected
that the phase field model is an effective method to investigate the
domain switching around a crack tip and its influence on the
fracture behavior of ferromagnetic materials.

In the present study, we firstly employ a real-space finite-
element-based phase filed model to simulate the magneto-elastic
behavior of a ferromagnetic FeGa thin plate with a stationary
semipermeable crack. The domain evolution under the external
stress was predicted by phase filed simulation. Secondly, based on
the stress and magnetic field from phase field simulations, the
crack-tip stress intensity factors (SIFs) are calculated by linear
extrapolation in the ferromagnetic thin plate subjected to different
values of mechanical loads. The calculated crack-tip SIFs suggest
that domain switching decreases the crack-tip SIFs, resulting in
domain switching-induced toughening in the ferromagnetic
materials.

2. Phase field model

In recent years, phase field models has been widely used to
predict the domain evolution of ferroelectric and ferromagnetic
materials in the literature (Balakrishna et al., 2016; Kontsos and
Landis, 2010; Schrade et al., 2015; Wang and Zhang, 2013; Yi
et al., 2015). One of the real-space phase field models of ferro-
magnetic materials is based on the GinzburgeLandau theory
(Wang and Zhang, 2013), which is employed to predict the domain
switching around a crack tip in the present work. For the conve-
nience to readers, we briefly introduce the phase field model
(Wang and Zhang, 2013) in this section. The magnetization vector
M ¼ ðM1;M2;M3; tÞ is chosen as the order parameter in the phase-
field model. According to the fundamental thermodynamics, the
domain structures are determined by the competition between
different energies of the materials. The total free energy density of
the ferromagnetic material can be described by

E ¼ Eanis þ Eexch þ Eelas þ Emag þ Econs; (1)

where Eanis; Eexch; Eelas; Emag and Econs denote the magneto-
crystalline anisotropy energy density, the exchange energy density,
the elastic energy density, the magnetostatic energy density and
the constrain energy density, respectively.

The magnetocrystalline anisotropy energy density is related to
the crystal structure. The form of magnetocrystalline anisotropy
energy density for cubic crystal can be described by
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where K1 and K2 are the anisotropy constants, Mi are the compo-
nents of the magnetization, and Ms is the magnitude of the satu-
ration magnetization.

The exchange energy density, which describes the exchange
coupling energy in ferromagnetic, can be written as
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where A is the exchange stiffness constant, and Mi;j ¼ vMi=vxj
denotes the components of derivative of the magnetization vector
Mi with respect to xj.

The elastic energy density contains the pure elastic energy
density and interaction betweenmagnetization and strain. It can be
expressed as
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where c11, c12, and c44 are the elastic constants, and εij is the
elastic strain, l100 and l111 are the magnetostrictive constants of
cubic crystal.

The magnetostatic energy density can be expressed as

Emag ¼ �m0
2
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�
� m0ðH1M1 þ H2M2 þ H3M3Þ;

(5)

where Hi is the magnetic field in materials, and m0 is the perme-
ability of a vacuum.

In addition, to make sure the magnetization is satisfied
Heisenberg-Weiss constraint, i.e. the magnitude of magnetizationffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

1 þM2
2 þM2

3

q
¼ Ms almost everywhere in the system, we adopt

the following energy density to enforce the restriction (Landis,
2008)

Econs ¼ AsðM �MsÞ2; (6)

where M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2
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3

q
is the magnitude of magnetization

and As is the constraint energy constant, which can be calculated by
the relative permeability cm of material, As ¼ ð1þ cmÞ=2cm.
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