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Abstract

Numerical experiments have been performed on the propagation of mode-I cracks

in both ordered and randomized two-dimensional decagonal model quasicrystals. In

particular, the dependence on temperature, applied load and underlying structure

has been investigated. The samples are endowed with an atomically sharp crack and

subsequently loaded by linear scaling of the displacement field. The response of the

system is followed by molecular dynamics simulations. For temperatures below 30

% of the melting temperature Tm the crack velocity grows monotonically with the

applied load and the model quasicrystal shows brittle fracture. For large overloads

the crack becomes unstable and branches. In this low temperature regime crack tip

velocities are in the range of 20 % -50 % of the shear wave velocity vs. For tem-

peratures above 30 % of Tm the crack does not remain atomically sharp but blunts

spontaneously. To circumvent this and to nevertheless study a sharp crack a linear
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temperature gradient is established along a strip. From the low temperature regime,

where a sharp tip can be stabilized, the crack is driven into a region of elevated tem-

perature. In the range of 70 % -80 % Tm the failure mode of the quasicrystal changes

to a void formation process. Thus at low temperatures the crack propagates along

crystalographic planes just like in periodic crystals, whereas a glass-like behaviour

is dominant at high temperatures.
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1 Introduction

The behaviour of single quasicrystals under mechanical loads has been the

subject of numerous studies in the last years (for reviews, see [1] and [2]).

The main results are a pronounced brittle to ductile transition (BDT) at

about 80% of the melting temperature Tm and a good deformability up to

20% without hardening above the BDT. These properties are attributed to

the peculiar structure of quasicrystals. On the one hand, quasicrystals are

cluster-based structures. The clusters act as obstacles to moving dislocations

which are responsible for the plastic deformation of quasicrystals. On the other

hand, quasicrystals possess a quasiperiodic plane structure. As a result moving

dislocations are always followed by planar defects, so-called phason walls [3].

The phason walls and the clusters are believed to play the main parts in the

process of plastic deformation.
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Investigations of cleavage surfaces by scanning tunneling microscopy clearly

show that the clusters also influence the structure of fracture surfaces [4]. Fur-

thermore cracks in the vicinity of microhardness indentations are observed to

propagate predominantly along well defined crystalographic planes [5]. This is

in good agreement with molecular dynamics simulations that confirm the in-

fluence of clusters and the quasiperiodic plane sturcture on crack propagation

[6]. In the present study we use perfect ordered and randomized systems to

study in more detail the characteristic structure elements that dominate the

fracture process.

Earlier simulations of the fracture of quasicrystals and most of the experiments

have been performed at low temperatures, where quasicrystals fail by brittle

fracture. Fracture at higher temperatures and the BDT have not been studied

yet. Here we apply molecular dynamics simulations to study the dynamic

crack propagation in a wide range of temperatures. Although our 2D models

are simple, they display the main characteristics of quasicrystals. Thus our

simulations might give an indication of the characteristic features and the

elementary processes that dominate the fracture process in real quasicrystals.

2 Models and Method

Our systems are 2D binary model quasicrystals obtained by decoration from

quasiperiodic tilings. In the following the expression tiling is used as a synonym

for the atomic representation. The Mikulla-Roth tiling (MRT) [7] is obtained

from the decagonal Tübingen triangle tiling [8] by placing large (A) atoms on

the vertices and small (B) atoms on the circumcenters of the large triangles.

The clusters in the MRT are given by concentric rings of ten small and ten
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large atoms that are arranged on families of parallel planes (Fig. 1). The ran-

dom tiling model is constructed from a perfectly ordered MRT by increasing

the phason degree of disorder through random phason flips [9]. Fig. 1 shows

the two model quasicrystals in two different representations. In the atomic

representation the two species of atoms are represented as discs. The bond

representation is obtained by connecting nearest neighbours of different type.

Defects in quasicrystals are always associated with the occurance of forbidden

local surroundings. Thus the bond representation is particularly suitable to

display defects like dislocations and phason walls.

The atomic interactions are modeled by Lennard-Jones (LJ) potentials. The

depth of the LJ potential is ε0 for AA and BB bonds and 2ε0 for AB bonds.

The unit of length r0 is the same for all three interactions and corresponds to

the length of one AB bond in the structure. All masses are set to unity and

the time is measured in units of t0 = r0

√

m/ε0.

We use a strip geometry to model crack propagation with constant energy

release rate by molecular dynamics[10]. Our samples consist of about 330,000

atoms with an aspect ratio of 3.5 which corresponds to a strip width of 275 r0.

The strip is homogeniously strained perpendicular to its long axes and an

atomically sharp crack is inserted into the strip from one short side to one

third of the strip length. All atoms in the outermost boundary layer of width

3r0 remain fixed during the simulation. Subsequently the sample is relaxed

to obtain the displacement field of the stable crack at zero temperature. The

system is initially loaded to the Griffith load where the energy release rate

per unit length of crack extension G is equal to the surface energy of the two

crack surfaces 2γ.
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To stabilize the crack at finite temperatures we scale the zero temperature

crack field considering the thermal expansion of the system. The displacement

field is obtained by averaging over the atomic positions for several thousand

time steps to eliminate the thermal motion of the atoms. Afterwards the crack

is loaded by adding a fraction of the averaged displacement field to the stable

crack. It should be noted that the Griffith criterion provides only a rough

approximation of the critical load. Due to the quasiperiodicity of the structure,

the critical value for the crack to propagate is not unique but depends on the

crack tip position. Therefore the overloads are given by ∆K∗ in the following,

which is the fraction of the displacement field that is added to the stable crack.

For temperatures above 30%Tm the crack does not remain atomically sharp

but blunts spontaneously. Therefore it is not possible to average over a suffi-

cient number of time steps to obtain a stable initial condition for a sharp crack.

To overcome this problem and to nevertheless study brittle crack propagation

at higher temperatures a strip of the same width and an aspect ratio of 10 was

used. A linear temperature gradient was applied along the strip and the crack

was introduced on the low temperature side where a sharp tip can be stabi-

lized. The crack is then driven into a region of elevated temperature (Fig 2).

Local temperature control [10] was used to establish the temperature gradient.

Corresponding to the applied temperature gradient, the system is expanded

to balance the thermal expansion, which results in a telescope shape of the

sample (Fig. 2). The crack is stabilized in a region with T = 0.3Tm and the

temperature is increased to 0.8Tm on a length of 1500r0. For both geometries

acoustic waves emanating from the crack tip are absorbed by ramping up a

viscous damping from a small finite value at the fracture plane to a maximum

value at the boundary [10].
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3 Results and Discussion

The influence of the atomic structure is investigated in the low temperature

regime of 10−5
− 0.10Tm where both model materials fail by brittle fracture.

For small loads up to ∆K∗ = 0.2 the crack propagates only a few atomical

distances r0 and stops for both systems. The minimal velocity for brittle crack

propagation is about 15% of the shear wave velocity vs. Cracks that propagate

with lower velocities are stopped by obstacles like incomplete tenfold clusters

that are contained in both systems.

For loads in the range of ∆K∗ = 0.20 to 0.50 the crack velocity increases to

about 30% − 40% of vs. Just like in previous simulations [6] we observe that

the crack propagation in the perfectly ordered system is strongly influenced by

the plane structure. The crack propagates on the initial fracture plane until it

hits an obstacle, where a dislocation nucleates along a plane that is inclined by

36◦. Due to the quasiperidic structure, the dislocation is followed by a phason

wall. Along this phason wall the structure is weakened and the cohesive energy

is diminished, with the consequence that the material is opening up along this

defect. The resulting fracture surface shows characteristic deviations of 36◦ to

the initial fracture plane.

The random tiling displays no plane structure as can be seen from Fig. 1. Thus

the dislocation nucleation process is suppressed and the crack propagates by

the breaking of single bonds. In contrast to the simulations in the MRT we

do not observe the zig-zag shape of the fracture surface. Crack configurations

from simulations at 0.10Tm for the two systems are shown in Fig. 3. The

obstacle that caused the crack in the MRT to deviate from the initial fracture
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plane is an incomplete cluster. Similarly stable cluster, incomplete 10-rings,

are avoided rather than split by the crack in the random tiling.

Although the mechanisms of crack propagation are different the dependence

of the crack tip velocity on the applied load is essentially the same for both

systems. This dependence of crack velocity on applied loading is displayed in

Fig. 4. At loads above ∆K∗ = 0.5 the crack becomes unstable and branches.

The crack velocity of the branches can roughly be estimated to lie in the range

of 0.4 − 0.5vs.

Crack propagation in the strip geometry with temperature gradient is studied

exclusively in the MRT. Corresponding to the temperature gradient, the tip

position can be directly translated into a temperature at the position of the

crack tip (Fig. 2).

For small overloads and shallow temperature gradients the crack stops in the

medium temperature regime between 30− 70%Tm by spontaneous blunting of

the crack tip. The crack travels at almost constant velocity until a dislocation

nucleates along a plane that is inclined by 72◦ to the initial fracture plane.

Just like in the low temperature regime, the dislocation does not get farther

away from the crack tip than 5r0 where it is blocked by an obstacle. This

is in agreement with simulations of dislocation mobility [3] which show that

complete or incomplete clusters act as obstacles for moving dislocations. In

contrast to the dislocation-emission-phason-wall mechanism in the low tem-

perature regime, the blunting dislocation is able to shield the crack from the

applied load and the crack does not follow the path of the dislocation. The

crack tip requires sufficiently high opening stresses to follow the dislocation.

In the case of the blunting dislocation the opening stress is too small on the
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highly inclined glide plane.

For loads above ∆K∗ = 0.40 the blunting dislocation is no longer able to

shield the crack. We still observe the nucleation of blunting dislocations but

in contrast to the behavior for smaller overloads a new crack is formed from

the dislocation core. As a result the crack is driven into the high temperature

regime.

At temperatures above 70% of Tm the velocity of the crack drops considerably

but the cracks do not stop. This can be clearly seen in Fig. 5. The decrease in

velocity corresponds to a change in the mechanism of crack propagation. The

crack does no longer propagate with an atomically sharp crack tip but rather

extends by nucleation, growth and coalescence of microvoids in front of the

crack tip. In addition there is an increase of breaking bonds in the vicinity of

the crack tip as can be seen from Fig. 4. Obviously the crack does not follow

a favored fracture plane.

4 Conclusion

From our simulations of crack propagation in a wide range of temperatures

we can conclude:

• For low temperatures below 0.30Tm both the perfectly ordered and the ran-

domized system show brittle fracture by propagation of a sharp crack tip.

Although the mechanism of propagation differs for the two systems the dy-

namics of the crack tip is essentially the same: The velocity increases with

the applied load from 20% to 40% of the shear wave velocity vs.

• For temperatures from 0.30 to 0.70Tm we find a spontaneous blunting of the
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crack tip by dislocation nucleation.

• At high temperatures the model quasicrystal fails by void formation and

coalescence.
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Fig. 1. The binary model quasicrystals: Mikulla-Roth tiling (top) and random tiling

(bottom). Right: Atomic representation. Left: Bond representation obtained by con-

necting nearest neighbours of different type.
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Fig. 2. Sketch of the strip geometry with temperature gradient.
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Fig. 3. Crack configurations from simulations at T = 0.10Tm for the MRT (top) and

the random tiling system.

13



Fig. 4. Crack velocity versus load at various temperatures for the MRT (closed

symbols) and the random tiling model (open symbols)
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Fig. 5. Position of the crack over time for various loads for simulations with tem-

perature gradient
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Fig. 6. Void formation process in the high temperature regime at about 75 % of Tm.
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