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Abstract. To simulate the crack growth and study the catastrophic fracture mechanisms of metal films, a computational
methodology is developed to simulate the failure process from damage initiation to crack growth and eventually to
rupture. In the computational methodology, a procedure is developed based on beam lattice model for considering the
coupling interactions among damage and crack evolution. To verify the effectiveness of the developed computational
methodology, fracture process of two copper film specimens were simulated and compared with the corresponding
experimental results. The results show that the developed methodology is effective, and can be used to simulate the
catastrophic fracture process of metal films. From the simulation results, we can find out that the fracture of metal films
with initial flaws belongs to brittle fracture, and the regular lattice model can affect the crack path prediction, and random
and irregular lattice model is more suitable to simulate crack growth in the developed computational methodology.
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Introduction

In the past many years, metal films have attracted growing
interest for many engineering applications in microelectronics industry, such as micro-electromechanical systems
(MEMS) [1–3], microelectronic circuits [4–6] and stretchable electronics [7–9]. However, most promising engineering applications for microelectronics industry require
metal films to have exceptional fracture resistance. Since
fracture in various materials is a familiar sight [10],
research on fracture problem is extremely important in the
fields of physics, material science and engineering, which
can be used to gain better understanding of material
involved mechanisms for improving the design and safety
of the structure. However, unlike the deformation, strength
and tensile ductility of metal films are widely studied and
understood well [11–16], the fracture mechanisms are much
less known and still to be studied [17].
Due to its importance on further application of metal
films, some researches have investigated the fracture
problem of metal films. Shan et al [18], Kim et al [19] and
Hintsala et al [20] studied the fracture behaviour of metal
films in nano-scale by using in situ transmission electron
microscopy (TEM). Singh et al [21] and You et al [22]

investigated the fracture toughness of nanostructured metal
films based on existing theoretical models. Yu et al [23] and
An [24] studied the fracture mechanisms of metal films on
flexible substrates, which are respectively, based on
experimental and theoretical ways. However, theoretical
models are difficult to give a full theoretical analysis for a
complex system [25], and physical experiments are usually
time-consuming or costly. Therefore, researches on
numerical methods should play a key role in studying the
fracture behaviours and mechanisms of materials [26].
Over the past few decades, there is a variety of numerical
methods to simulate fracture in solids, which can be divided
into continuum and discrete methods. In the continuum
methods, the crack cannot be modelled individually, which
are sometimes referred to smeared crack methods. For the
continuum methods, the first candidate is continuum damage mechanics methods [27–29], in which a damage value
usually between 0 and 1 is used to describe material
degradation and fracture process. More recently, phase-field
methods gained a lot of attention [30–32], in which a diffusive type field is used to simulate cracking to avoid the
explicit modelling of discontinuities. In the discrete methods, the crack is modelled individually. Among these discrete methods, some fracture criteria, such as stress-based
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criteria [33], strain-based criteria [34] and energy-based
criteria [35] are embedded in finite element method (FEM)
[36], extended finite element method (XFEM) [37] and
embedded finite element method (EFEM) [38], which are
used to simulate crack initiation and growth.
In the traditional numerical methods, the ways to describe
material degradation due to micro-scale cracks or voids
evolution are usually within the framework of continuum
damage mechanics, while the ways to describe the macroscale crack growth are usually within the framework of
fracture mechanics. Although the studying methods for the
two kinds of problems are different, there is a close relation
between these two. Actually, fracture of solids is a transscale process from micro-scale crack initiation and growth
to macro-scale crack growth and eventually to rupture
[39,40]. Meanwhile, fracture is also a catastrophic coupling
process, which means that once a local damage or crack
evolves within material, the stress for the whole structure
will redistribute and the fracture process will be affected.
However, in the current numerical methods for modelling
fracture, this uncertain and instable trans-scale catastrophic
coupling process has rarely been considered.
Hence, in this paper, a computational methodology is
developed to simulate trans-scale catastrophic coupling
process of metal films from local material degradation due
to micro-scale damage evolution to crack initiation and
growth and eventually to rupture. In the computational
methodology, beam lattice modelling method is used to
describe a two-/three-dimensional continuous medium by
using one-dimensional beam elements. A damage model
based on material stress–strain curve experiment is developed and coupled in the beam lattice model, which is used
to describe material degradation. Once the damage value of
the element reaches to critical value observed from experiment, the element is considered to be dangerous and may
be removed for simulating crack growth. To consider the
coupling fracture process due to a local damage or crack
evolution, damage is updated in only one element, or only
one element is removed at a step, which means that next
loading step will not be applied, unless the whole structure
is stable and there is no new overstressed element for this
loading step. Finally, to verify effectiveness of the developed computational methodology, the catastrophic fracture
process of two copper film specimens are respectively,
simulated and compared with the corresponding experimental results. The results show that the developed computational methodology is effective and can be used to
simulate catastrophic fracture process of metal films.

2. Beam lattice modelling strategy of computational
methodology
In the computational methodology shown in figure 1, the
2-D or 3-D continuum solid medium is discretized and
modelled by using one-dimensional beam elements.
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Schematic diagram of beam lattice modelling.

Governing equation of the beam lattice model subjected to
external loading can be written as:
½Kb fdb g ¼ fFb g

ð1Þ

where Fb is the loading vector, db the displacement vector
and Kb the global stiffness matrix can be written as:
ne

Kb ¼ P Ke

ð2Þ

e¼1

e
where Pne¼1
is the assembly operator over all ne elemental
matrices Ke of Timoshenko beam element coupling with
damage model, Ke can be written as:
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where A ¼ bh, I ¼ bh3 =12, l, b and h are respectively, the
length, width and thickness of the beam element with
rectangular cross-section, De is the damage variable, and the
calculation model will be discussed in the following section
3. G is shear modulus and can be written as:
G¼

E
2 ð 1 þ lÞ

ð4Þ

where E is the initial elasticity modulus for undamaged
material, and l is Possion’s ratio.
In addition, the volume of the discrete beam lattice model
is set to equal to the volume of the continuum research
specimen V, which is used to consider the problem that
beam network is equivalent to continuum model. The
choice of length of element depends on computational cost.
Here, the used element lengths are about 0.5 mm. Once the
element length is determined, and the total length of all
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P
elements L ¼
l can be computed easily. Then, the area of
the cross-sectional A of the beam element can also be
obtained as V=L.
Using equation (1), we can calculate the stress and strain
of the whole beam lattice model, which are the first-phase
preparations in the following catastrophic fracture process
simulation.

3. Material parameters and damage model
determination and verification
Firstly, to calculate equation (1), the damage model coupled
in beam lattice model should be given. In this study, the
used damage model D can be written as:
Ee
E

D¼1

ð5Þ

where E and Ee are respectively, elasticity modulus for
undamaged and damaged materials, which can be obtained
from the stress–strain experiment. Since the fracture process
of the copper film is simulated using the developed computational methodology as a case study in this paper, the
stress (r)–strain (e) relationship of the copper film shown in
figure 2a is obtained from the experiment. As shown in
figure 2a, the initial elasticity modulus for the undamaged
copper film is 4:37  104 MPa. The elasticity modulus Ee
for the damaged copper film decreases with increase in the
strain, and can be calculated:
rðeÞ
Ee ¼
e

ð6Þ

In addition, we use the digital image correlation (DIC)
method to determine the Possion’s ratio l. The schematic
diagram is given in figure 3, in which the transverse

Figure 2.

Stress–strain and damage–strain relationship curves.
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(x-direction) and longitudinal (y-direction) strain can be
obtained, and the l can be calculated.
e and equation
Secondly, based on the calculated E and E,
(5), we can obtain the relationship between damage D and
strain e:
D ¼ 4:27  105  e3  1:99  103  e2 þ 1:06  e

ð7Þ

Using equation (5), the damage-strain relationship is
respectively, predicted based on experimental data and
equation (7), and shown in figure 2b. As shown in figure 2b,
the copper film is fractured when the damage value reaches
about 0.24. So, here, the critical damage value DC is chosen
as 0.24.
Finally, the predicted force vs. displacement of applied
loading location based on the obtained material parameters
and damage model is compared with experimental data. As
shown in figure 4, the simulation result agrees well with the
experimental result, which shows that the obtained material
parameters and damage model are effective.

4. Implementation strategy of the computational
methodology for catastrophic fracture process
simulation
In the computational methodology of the catastrophic
fracture process simulation, damage model coupled in the
beam lattice model is used to describe material degradation
due to micro-scale cracks when the damage value is under
the critical damage value. Once the damage value for one
element reaches the critical damage value, the element is
considered to be dangerous and may be removed to simulate
the crack growth. Since to simulate coupling fracture process for considering the stress redistribution due to a local
damage or crack evolution, although some elements are
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Figure 3.
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Schematic diagram for obtaining Possion’s ratio l based on DIC method.

Figure 4. Force vs. displacement of applied loading location respectively, predicted by simulation and experiment.
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Flow chart of implementation strategy for the developed computational methodology.

Figure 6.

Numerical example of the double-edge notched copper film specimen.
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Figure 7.
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Crack growth simulation of the double-edge notched copper film specimen under tension.

overstressed at the same time, here, damage is updated in
only one element, or only one element is removed at a step.
Based on the above modelling strategy and the method to
obtain the model parameters and damage model respectively, described in sections 2 and 3, implementation strategy of the computational methodology can be described in
the following steps:
(1) A beam lattice model shall be first established for the
numerical example. Then, add the ith loading step on the
model.
(2) Calculate the strain field for the whole model under
the ith loading step, and compute damage field of all elements based on equation (7). Din denotes the calculated

damage value for each element numbered n after the ith
loading step, and De denotes the current damage value
coupled in the stiffness matrix for the element numbered e.
(3) Find out the element set (numbered t) OS for the
condition that Dit [ Di1
t . If the set OS is null, i = i ? 1, go
to (2).


t2n
ð8Þ
OS ¼ t : Dit [ Di1
t ;
(4) In the set OS, find out the element and numbered X
which has the maximum damage value after the ith loading
step.



ð9Þ
X ¼ x : max Dix ; x 2 OS
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Figure 8. Force vs. displacement of the double-edge notched copper film specimen.

Figure 9.

Numerical example of the copper film specimen with two pre-existing cracks.
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Figure 10. Crack growth simulation of the copper film specimen with two pre-existing cracks
under tension.

(5) Determine whether DiX \Dc ? If yes, update the
DX ¼ DiX , if no, remove the element numbered X.
(6) Update the global stiffness matrix:
ð10Þ
Kb ¼ Kb jKX ¼ð1DX ÞKX or KX ¼0

5. Catastrophic fracture process simulation of a
double-edge notched copper film specimen

(7) Go to (2) and recalculate equation (1) for the current
loading step until all loading steps are finished or the
structure is fracture.
The flow chart of the developed computational methodology for catastrophic fracture process simulation is shown
in figure 5.

In this section, the catastrophic fracture process of a doubleedge notched copper film specimen is simulated by using the
developed computational methodology. As shown in
figure 6a, the size of the copper film specimen is 1 cm 9 5 cm
with an out-of-plane thickness of 0.02 mm. The two notches
respectively, locate at the centre of left- and right-hand

5.1

Numerical example
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Force vs. displacement of the copper film specimen with two pre-existing cracks under tension.

sides with a size of 1 mm 9 1 mm 9 0.02 mm. The added
boundary and loading conditions are also given in figure 6a.

5.2
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Fracture process simulation of the specimen

As shown in figure 6b and c, the regular beam lattice model
and random and irregular beam lattice model are respectively, used to simulate the catastrophic fracture process
including damage and crack evolution in the copper film
specimen under tension. As shown in figures 7 and 8, the
whole fracture process and the predicted curve of the vertical force F and the corresponding displacement u of
applied loading location are respectively, given and compared with the corresponding experimental results. Force vs.
displacement plots for experiments were obtained from our
micro-force electronic testing machine with precision of
0.01 N and 0.001 mm, respectively. The results show that
although there is some little difference, the simulated results
predicted by regular beam lattice model and random and
irregular beam lattice model, both agree well with the
experimental results including the predicted crack growth
path and force vs. displacement of applied loading location.
From the simulation results, we can find that the fracture of
the double-edge notched copper film belongs to brittle
fracture, and the process from the damage initiation to final
fracture is quite quick, which shows that the reacting force
of the applied loading location reduces to 0 quickly after

damage initiation. As shown in figure 8, the main difference
of the simulation results respectively, predicted by regular
and irregular lattice models is that crack path grew strictly
along with the horizontal direction predicted by regular
lattice model, while crack path grew roughly and not strictly
along the horizontal direction predicted by irregular lattice
model, which is more similar to the experimental results.
The above results show that the developed computational
methodology is effective to simulate the fracture process of
metal films, and the random and irregular beam lattice
model is more suitable to predict crack path than the regular
beam lattice model.

6. Catastrophic fracture process simulation of a copper
film specimen with two pre-existing cracks
6.1

Numerical example

In this section, as another case study, the catastrophic
fracture process of a copper film specimen with two preexisting cracks is simulated using the developed computational methodology to verify its effectiveness. As shown in
figure 9a, the size of the copper film specimen is 4 cm 9
9 cm with an out-of-plane thickness of 0.02 mm. The length
pﬃﬃﬃ
of two pre-existing cracks is 2 cm with an inclination
angle of 45 relative to the horizontal direction. The added
boundary and loading conditions are also given in figure 9a.
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Fracture process simulation of the specimen

Similar to section 5, as shown in figure 9b and c, the regular
beam lattice model and random and irregular beam lattice
model are also respectively, used to simulate the catastrophic fracture process including damage and crack evolution in the copper film specimen under tension. As shown
in the figures 10 and 11, the predicted whole fracture process and curve of the vertical force F and the corresponding
displacement u of applied loading location are respectively,
given and compared with the corresponding experimental
results. The results also show that the simulated results
predicted by regular beam lattice model and random and
irregular beam lattice model, both agree well with the
experimental results. We also found that the fracture of the
copper film specimen with two pre-existing cracks belongs
to brittle fracture from the simulation results. The crack
grew strictly along the horizontal direction predicted by
regular lattice model starting from the crack tip of the two
pre-existing cracks, while crack grew roughly and not
strictly along the horizontal direction predicted by irregular
lattice model, which is also more similar to the experimental results.
The above results also verify the effectiveness of the
developed computational methodology, and compared to
the regular beam lattice model, the random and irregular
beam lattice model is more suitable to predict crack path.
Similar results can also be obtained in our previous works
[41,42]. Since unequal grain size present in the real system,
the assumption of the random and irregular beam lattice
model with different beam lattice sizes and angles is more
consistent with real physical systems. In addition, regular
lattice modelling will affect the crack path prediction,
which usually makes that the crack path tends to be regular.
This is because that the length direction of the beam element in regular lattice modelling is simple, but the failure of
beam is related to its length direction, which may not
be consistent with the real condition. So, the random and
irregular beam lattice modelling is more consistent with real
physical systems than the regular beam lattice modelling.
The crack growth simulation process of the copper film
specimen with two pre-existing cracks under tension can be
found in the electronic supplementary material.

7.

Conclusions

The major conclusions can be obtained as follows:
(1) A computational methodology is developed for the
catastrophic fracture process of metal films from
damage initiation to crack growth and eventually to
rupture.
(2) From the simulation results of the two copper film
specimens, the fracture of the metal films including
initial flaws, belongs to brittle fracture, and the process
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from damage initiation to final fracture is quite quick.
And regular lattice model can affect the crack path
prediction, and random and irregular lattice model
is more suitable to predict crack path than regular
lattice model.
(3) By comparison of simulation results and experimental
results, the effectiveness of the developed computational methodology is verified, and the computational
methodology can be used to simulate the catastrophic
fracture process of metal films.
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