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Abstract

The experimental aspects of the plastic deformation of icosahedral quasicrystals are reviewed. Macroscopic experiments, which
involve the general investigation of stress—strain curves and the determination of the thermodynamic activation parameters of the
deformation process are described. Investigations of the microstructure of plastically deformed samples, studied by means of
transmission electron microscopy are presented. Important parameters such as the dislocation density, the Burgers vectors of
dislocations, and slip systems are analyzed. Additionally, the results of in-situ straining experiments giving direct insight into the
dynamics of the deformation process are presentéd. Direct conclusions on the nature of the plastic deformation process are drawn,
and the current view of the deformation mechanism based on the specific structure of this class of materials is consistently

discussed in terms of a qualitative ‘cluster friction model’. © 1997 Elsevier Science S.A.
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1. Introduction

Quasicrystals represent a new state of solid matter
exhibiting orientational but no translational order.
Their diffraction patterns show sharp Bragg peaks re-
vealing symmetries incompatible with periodicity, and
they cannot be indexed to any Bravais lattice.

The first quasicrystalline phase was discovered in
1984 by Shechtman et al. [1] in a rapidly quenched
Al-Mn alloy. It exhibits an icosahedral point group
symmetry involving 5-fold axes and is therefore called
icosahedral quasicrystal'. Subsequently, further qua-
sicrystalline phases were found in other binary alloys,
but they all were metastable and intrinsically defective.
The first thermodynamically stable quasicrystal was
found in the Al-Li—Cu system [2] in 1986. However,
this phase still showed a high degree of disorder. With
the discovery of Al-Cu-Fe [3] in 1988 the era of
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! Other classes of quasicrystals, showing 8-fold, 10-fold, or 12-fold
rotational axes are called octagonal, decagonal or dodecagonal qua-
sicrystals, respectively. However, in this paper the emphasis will be
laid on icosahedral quasicrystals.
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‘perfect quasicrystals’ began. These are stable and show
undistorted diffraction patterns with peak widths only
limited by the instrument resolution, corresponding to a
very high degree of structural and chemical order.
Icosahedral Al-Pd—Mn [4] was the first (and so far the
only) phase in which single-quasicrystals can be grown
by the Czochralski technique [5,6]. This allows for the
production of single-quasicrystals several centimeters in
size, exhibiting a very high structural quality.

The mechanical properties of these new materials
have been the subject of numerous studies since the
early days of quasicrystals. Measurements of the hard-
ness and the elastic properties were performed on some
poly-quasicrystalline alloys [7,8], Al-Li-Cu single-
grains [9], decagonal Al-Cu-Co-Si single-quasicrys-
tals  [10] and on  icosahedral = Al-Pd-Mn
single-quasicrystals [11,12]. The anelastic properties of
single-quasicrystalline icosahedral Al-Pd-Mn were de-
termined by Feuerbacher et al. [13].

Quasicrystals are brittle at room temperature, but at
elevated temperatures they show extensive ductility.
Plastic deformation experiments in the high-tempera-
ture range were firstly performed on poly-quasicrys-
talline alloys [14-17]. The first stress—strain curves of
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Al-Pd-Mn single-quasicrystals were recorded by
Yokoyama et al. [11]. Wollgarten et al. [18] found
evidence for the existence of a dislocation mechanism in
the plastic deformation of icosahedral quasicrystals.
The intrinsic thermodynamic activation parameters of
the plastic deformation process were determined by
Feuerbacher et al. [19]. Rosenfeld et al. [20] studied the
microstructure of deformed Al-Pd-Mn single-qua-
sicrystals. High-temperature in-situ straining experi-
ments, which gave the first direct evidence of
dislocation motion in quasicrystals, were performed by
Wollgarten et al. [21]. Dislocation motion in quasicrys-
tals was also investigated theoretically in analytical
studies [22] and by molecular dynamic simulations in a
two-dimensional binary tiling [23,24].

In this paper, a review is given of experiments on the
plastic behavior of icosahedral quasicrystals. For this
purpose, we first give a brief introduction to defects in
quasicrystals, with the emphasis on dislocations and
phasons, which are both closely connected to the plastic
deformation process. Three experimental approaches
for the investigation of the plasticity of these materials
are described and illustrated by experiments on icosahe-
dral AlI-Pd-Mn single-quasicrystals. These are macro-
scopic  straining  experiments,  microstructural
investigations of plastically deformed material in a
transmission electron microscope (TEM) and in-situ
straining experiments. The simultaneous interpretation
of all experimental results leads to a consistent picture
of the plastic deformation process, reflecting the current
understanding of the deformation mechanism in icosa-
hedral quasicrystals.

2. Defects in quasicrystals
2.1. Construction of an ideal quasicrystal

Due to the lack of translational symmetry, a qua-
sicrystal cannot be constructed, as a crystal, by periodic
continuation of an elementary unit cell. The current
deterministic models [25,26] for the construction of a
quasicrystal describe the quasiperiodic structure
through a projection formalism using a higher-dimen-
sional periodic lattice, the so-called hyperlattice [27].
The icosahedral quasicrystal is constructed by reference
to a six-dimensional hypercubic lattice. This hyperlat-
tice is embedded in a six-dimensional reference space,
which can be divided into two three-dimensional, or-
thogonal subspaces, one of which is the real, physical
space Ey. The other subspace, consisting of the remain-
ing three dimensions, is called perpendicular space E -
In six-dimensional space, a unit cell is defined and
decorated with hyperatoms having only an extension in
perpendicular space £,. The cuts of the hyperatoms
with the subspace E} define the atomic positions in

physical space, i.e., the structure of the ideal quasicrys-
tal. This representation of the quasicrystal structure by
high-dimensional crystallography (cut technique) has
the advantage that many concepts known from solid-
state physics can be adapted to quasicrystals by exten-
sion to hyperspace. This is for example the case for the
construction and analysis of dislocations in quasicrys-
tals.

The cut technique is equivalent to a unit cell repre-
sentation, which describes the structure of the qua-
sicrystal as a suitable decoration of a quasiperiodic
arrangement of at least two building blocks. These are
arranged according to strict matching rules, An icosa-
hedral quasicrystal can be constructed in this way by
the use of two elementary tiles, a thick and a flat
rhombohedron. Because of the matching rules, the re-
sulting ideal quasicrystal is fully deterministic and per-
fectly ordered.

2.2, Strain fields in icosahedral quasicrystals

A strain field in an icosahedral quasicrystal has to be
described referring to six-dimensional hyperspace [2§].
It can be _introduced by displacing hyperatoms from
positions X, in six-dimensional space to positions ¥, =
X,+ U, where U is a six-dimensional displacement
vector. Consequently, strain fields have components in
both the physical and perpendicular subspace U= dy+
i,. The physical space component iy describes strain
components parallel to directions in Ey, which means
that relative translations of atoms in physical space
occur. This is in complete analogy to strains in conven-
tional crystalline materials and is therefore called
phonon strain. The orthogonal space part i L describes
translations of the hyperatoms in £, that is perpendic-
ular to the cut space E\. Thus, under the influence of
the strain field, some cuts of hyperatoms with Ey disap-
pear while others, at different positions, emerge2. This
leads to discrete atomic displacements in physical space.
In the unit cell representation, the corresponding de-
fects cause violations of the matching rules [29] and
thus, give rise to structural and chemical disorder in
physical space. These defects cannot occur in conven-
tional crystalline materials and are referred to as phason
defects or phasons.

2.3. Dislocations in icosahedral quasicrystals

Dislocations in icosahedral quasicrystals are treated
in six-dimensional hyperspace analogously to crystal
dislocations in three dimensions [30,31]. For example, a
hyperlattice edge dislocation can be constructed per-

2 The extensions of the hyperatoms have to be chosen in such a
way that the number of atoms in physical space is constant (closeness
condition [32]).
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forming a generalized Volterra process where a five-di-
mensional halfplane is introduced into the hyperlattice.
The six-dimensional strain field T corresponding to the
quasicrystal dislocation is related to the six-dimensional
Burgers vector B via a Burgers circuit C by

~ e a0 o

Thus, the six-dimensional Burgers Vector has compo-
nents in both subspaces

B= b“'i-bJ_ 2)

i.e., the phonon part 5” in physical space and the phason
part b, in orthogonal space. The corresponding strain
fields cause phonon and phason strain, respectively, in
physical space. The phonon part of the Burgers vector
has the same meaning as a Burgers vector in crystals,

e., it describes the dislocation strain field and it acts as
an elementary slip step in physical space. The modulus
of the phason component is a measure of the number of
phason defects associated with the dislocation.

Dislocations in quasicrystals can be classified accord-
ing to their Burgers vector direction in physical space
and their strain accommodation parameter {. This quan-
tity is defined as the ratio of the moduli of the phason
and the phonon component of the Burgers vector

= 6.1/ a 3)

It describes how the dislocation elastic energy is dis-
tributed into phason and phonon parts. The parameter
{ can be represented in the form { = ", where 1= (1 +
\/g)/2 is the number of the golden mean. For disloca-
tions with Burgers vectors parallel to 2-fold quasilattice
directions (in the following referred to as 2-fold Burgers
vectors), the exponent s is always an odd integer
whereas in the case of 5-fold or 3-fold Burgers vectors,
n is even.

Since the strain field of a quasicrystal dislocation has
not only phonon but also phason strain contributions,
the techniques for dislocation analysis in crystals cannot
be applied to quasicrystals. The determination of Burg-
ers vectors in quasicrystals requires an extended con-
trast extinction technique [33] or defocus convergent
beam electron diffraction technique (d-CBED) [34]. The
latter allows for the determination of all six components
of the quasicrystal dislocation Burgers vector and was
applied for the dislocation analysis presented in this

paper.
3. Macroscopic deformation experiments

3.1. Experimental details

Specimens of Al,, sPd, Mng s of 7 x 2 x 2 mm? in size
were cut from a Czochralski-grown single-quasicrystal

by spark erosion. All edges were oriented parallel to
2-fold directions. The faces were carefully ground and
polished. Samples were deformed in compression at
temperatures between 680 and 800°C in an Instron 8562
testing system under closed-loop strain control mode at
a constant strain rate of 10~° s~!. The activation
volume and the stress exponent were determined by
means of dynamic stress relaxation experiments and by
strain rate changes (SRC). For the determination of the

~ activation enthalpy, differential temperature changes in

combination with stress relaxation experiments were
performed. A detailed description of the procedure is
given in Ref. [19]. The long-range internal stresses were
determined by means of stress transient d1p tests at
760°C.

The analysis of the experimental data is based on the
thermodynamic formalism generally used for crystalline
materials (for a review see Ref. [35]), which is adopted
here for the investigation of the plastic behavior of
quasicrystals.

3.2. Experimental results

Fig. 1 shows true-stress/true-strain curves at two
different temperatures of 760 and 800°C. The most
prominent feature of these curves is the complete ab-
sence of work hardening. After the yield drop, the stress
continuously decreases with increasing strain. This is
observed at all temperatures investigated. No saturation
of this effect up to deformations of 20% was observed.
Fig. 2 shows the temperature dependence of the yield
SLIess O pax. It decreases from about 750 Mpa at 680°C
to 120 MPa at 800°C. The stress exponent decreases
slightly from about 5.0 at 680°C to 3.5 at 800°C. The

~ activation volume, plotted in Flg 3, ranges from about

1.2 nm? at 120 MPa to 0.16 nm? at 740 MPa. For the
calculation of V' from the stress relaxation data, a
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Fig. 1. Stress—strain curves of icosahedral Al-Pd-Mn at two differ-
ent temperatures (760 and 800°C) and a strain rate of 10~5 s~
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Fig. 2. Temperature dependence of the yield stress o,,,,.

Schmid factor mg=0.5 was used because of the high
structural isotropy of the material. The activation vol-
ume is about two orders of magnitude larger than bﬁ,
where by describes the modulus of the physical space
component of the six-dimensional Burgers vector. The
most frequently observed Burgers vector length by=
0.183 nm (Section 4.2) was used for comparison. The
stress dependence of V can be described by a hyperbolic
function as a good approximation. The results obtained
by SRC are included in the figure by open circles. They
are in very good agreement with the values obtained by
the stress relaxation experiments,

The dip tests yield internal stresses of about 60 MPa
at 760°C, which is about 20% of the yield stress at this
temperature.

The activation enthalpy was determined as 6.3 eV at
700°C, increasing to 7.4 ¢V at 800°C. Its temperature
dependence is depicted in Fig. 4. The line is a linear fit
to the data points with AH(T =0 K)=0. The work
term AW describes that part of the activation energy to
be supplied by the applied stress. Its upper bound can
be calculated by AW =~ ¢V. This quantity is constant in
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Fig. 3. Activation volume V' vs. stress o. The line is a hyperbolic fit to
the data points.
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Fig. 4. Activation enthalpy AH and work term AJ¥ as a function of
temperature.

the temperature range investigated and amounts to
about 0.35 eV, which is considerably smaller than the
value found for the activation enthalpy.

4. TEM investigations of deformed samples
4.1. Experimental procedure

After deformation, the samples were unloaded and
quenched in water in order to store the actual defect
structure, TEM specimens were prepared by standard
techniques. Reference samples, which underwent the
same temperature program as the deformed material,
were prepared similarly. For a more detailed descrip-
tion of the procedure see Ref. [20]. The microscopic
examinations were carried out in JEOL 4000FX and
2000EX electron microscopes operated at an accelera-
tion voltage of 200 kV.

Dislocation densities in deformed and undeformed
samples were determined by counting the penetration
points of dislocation lines with the foil surfaces in large
specimen areas. Burgers vectors were analyzed by d-
CBED. The line directions of dislocation segments were
determined by stereographic projection.

4.2. Experimental results

Fig. 5 shows a bright-field image of the dislocation
arrangement in a sample deformed by 6% at 760°C.,
The foil normal of the specimen is parallel to a 5-fold
[0/0 /1 1/0] direction in the notation of Ref. [36]. The
inspection of the electron diffraction images of de-
formed specimens shows that no phase transformation
to a non-icosahedral phase has taken place.

The dependence of dislocation density p on plastic
strain ¢, in samples deformed at 760°C is shown in Fig.
6(a). The data points correspond to different stages of
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Fig. 5. Bright-field image of the dislocation arrangement in a sample deformed by 6% at 760°C. Bar =1 um.

plastic deformation marked by arrows in Fig. 6(b). The
first point (0%) corresponds to the undeformed refer-
ence sample, the third (0.15%) to the upper yield point.
The dislocation density increases significantly at the
onset of plastic deformation. The yield drop in the
stress—strain curve is accompanied by a strong disloca-
tion multiplication. At high plastic strains, the disloca-
tion density decreases significantly. The ratio of the
dislocation density at 10% plastic strain and the maxi-
mum dislocation density amounts to 0.75. Similar be-
havior is observed at other deformation temperatures.
However, the dislocation density decreases with increas-
ing temperature [20].

More than 90% of the dislocations investigated in the
deformed material are perfect dislocations and show
2-fold Burgers vectors. Less frequently, 5-fold (5%) and
3-fold (3%) Burgers vectors are found. All 5-fold, 3-fold
and pseudo-2-fold Burgers vectors observed are no
lattice vectors in hyperspace, i.e. the corresponding
dislocations are partials. L

The strain accommodation parameter { is always
found to be larger than unity. Values ranging from
3~ 4.2 to ¥ x 47.0 are found in deformed specimens.
In Fig. 7(a), normalized distribution curves N, of {-val-
ues of dislocations with 2-fold Burgers vectors are
plotted. Each curve shows the distribution for a certain
value of plastic strain. All the curves have a maximum

at t° ~ 11.1 but with increasing plastic strain the center
of gravity of the distribution curves shifts to-a higher
{-value. The plastic strain dependence of the mean

z

strain accommodation parameter ¢ is shown in Fig.
7(b) for deformation temperatures of 760 and 800°C.
At both temperatures, a strong shift of the distribution
curves to higher {-values occurs at the onset of plastic
deformation and is followed by a saturation at higher
plastic strains.

The slip-plane normals of numerous. dislocations
were calculated according to 7= I'x EH, where 7 is the
line direction of a dislocation segment. It is found that
slip occurs on low indexed planes. At a 2-fold [0/0 0/0
0/2] compression direction, the most frequently ob-
served slip systems consist of a 5-fold (0/0 1/0 0/1) slip
plane with a 2-fold (1/0 T/T 0/1) slip direction and a
5-fold (0/1 0/0 1/0) slip plane with a 2-fold <0/1 1/0 1/
1> slip direction, both having a Schmid factor of 0.43.
Less frequently, other slip systems with 2-fold and
3-fold slip planes, having a smaller Schmid factor, are

found.

5. In-situ studies

Dislocation motion and interaction phenomena un-
der applied stress can be observed directly by in-situ
tensile experiments in a high-voltage electron micro-
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Fig. 6. (a) Dependence of the dislocation density p on plastic strain g, at 760°C. Note the axis break. (b) Corresponding stages of deformation

marked in a stress—strain curve.

scope. Most experiments were performed at 750°C.
Experimental] details are described elsewhere [21,37].

Fig. 8 shows dislocations (black arrows) moving
through an undeformed specimen area. The dislocation
lines are slightly bowed out due to friction at the
specimen surfaces. The motion is viscous. It is found
that dislocations leave behind a planar-fault contrast,
which in some cases disappears after some time. The
dislocations show a pronounced tendency to follow
each other on the same slip trace. Weak repulsive
interaction forces act between dislocations moving on
neighbouring slip traces. No examples of the demobi-
lization of moving dislocations by interaction processes
of any kind could be observed. Moreover, interactions
with sessile or slowly moving dislocations often catalyze
cross-slip phenomena or muitiplication processes. The
planes of motion were identified as 3-fold and 5-fold
type planes [22]. In the course of numerous experi-
ments, some multiplication mechanisms and a disloca-
tion source have been observed.

6. Discussion

A number of experimental observations can be inter-
preted directly in order to outline the deformation
mechanism in icosahedral quasicrystals. Plastic defor-
mation in the ductile temperature regime is based on
thermally activated dislocation motion which mainly
involves dislocations with 2-fold Burgers vectors. Dislo-
cations move on low-indexed planes of the quasilattice.
These are 5-fold, 2-fold and 3-fold planes which, in this
order, also correspond to the densest planes in the
Al-Pd-Mn structure.

The activation volume is about two orders of magni-
tude larger than bﬁ and is strongly stress-dependent.
From this we conclude that the rate of plastic deforma-
tion is controlled by obstacles rather than by a diffu-

sion mechanism. This is supported by the observation
that the activation enthalpy is much larger than the
enthalpy of self-diffusion in this material, which
amounts to 1.99 eV [38]. However, the small absolute
value of the order of 1 nm® found for the activation
volume shows that the density of rate-controlling obsta-
cles is high.

Measurements of thermodynamic activation parame-
ters were reported by other workers on some poly-qua-
sicrystalline icosahedral alloys. In poly-quasicrystalline
Al-Pd—Mn [17], Al-Cu-Fe [15] and Al-Cu-Ru [16],
comparable values were obtained. In particular, the
activation enthalpy is always found to be extraordinar-
ily large [16,17].

The further discussion is based on details of the
atomic structure of icosahedral Al-Pd-Mn. The struc-
ture in physical space, in accordance with the determin-
istic structure models (Section 2.1), is found to consist
of a hierarchical arrangement of clusters [39]. The
smallest unit ( ~ 10 A in diameter) is the so-called
pseudo-Mackay cluster (PMC), which is an aggregate
of 51 atoms arranged on centrosymmetric shells with
icosahedral symmetry. PMCs are highly stable and
govern several physical properties of icosahedral qua-
sicrystals [39,40]. The fact that these clusters are hard
objects was recently demonstrated by scanning tunnel-
ing microscopy of cleaved Al-Pd-Mn surfaces [41].
We propose that PMCs act as rate-controlling obstacles
to dislocation motion in icosahedral quasicrystals [42].

Considering PMCs as rate-controlling obstacles, the
activation volume can be roughly estimated as the
product of the diameter and distance ( ~ 20 A center to
center) of the PMCs in Al-Pd-Mn. This yields a value
of about 0.4 nm® which fits the value observed experi-
mentally. The PMCs limit the mean dislocation velocity
since they represent localized regions of higher mechan-
ical strength. These must either be cut or circumvented
by moving dislocations in the course of plastic defor-
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Fig. 7. (a) Normalized {-distribution curves of dislocations with 2-fold Burgers vectors for different values of plastic strain (7= 760°C). (b)

Dependence of the mean {-value on plastic strain é,.

mation. Due to the high obstacle density, dislocation
movement appears as a viscous motion through the
cluster arrangement as is observed in the in-situ experi-
ments. The process can be regarded as a generalized
type of lattice friction, appearing on a larger length
scale and without an underlying periodicity, which may
be termed ‘cluster friction’.

On the average, a decrease in the density of obstacles
in the course of plastic deformation is expected. This is
not only due to the destruction of obstacles by cut
processes but also results directly from the introduction
of structural and chemical disorder by moving disloca-
tions. Due to the aperiodicity of the quasilattice, any
shear is unavoidably connected with the introduction of
matching-rule violations. Thus, in the wake of a mov-
ing dislocation a layer of high phason density is left
behind. Since the cluster structure is characteristic of

Fig. 8. Bright-field image of moving dislocations during an in-situ
straining experiment in a high-voltage electron microscope at 750°C.
Bar=2 pm.

the ideal quasicrystal, the introduction of phason disor-
der on the average causes a reduction of obstacles. This
means that the structure is weakened in the sense that
dislocation motion becomes easier. Corresponding ob-
servations were made in the in-situ experiments, where
dislocations distinctly tend to follow each other in the
same traces and in molecular dynamics simulations of
shear deformation of a model quasicrystal [23,24].

The disordering of the material is observed experi-
mentally as an increase of the mean strain accommoda-
tion parameter with increasing plastic strain (Fig. 7).
This corresponds to an average increase of the phason
component of the Burgers vector and thus shows that
phasons are introduced and accumulated in the mate-
rial during plastic deformation. This is further corrobo-
rated by the high value of the activation enthalpy AH
of about 7 eV. The physically relevant quantity deter-
mining the temperature dependence of the plastic strain
rate is the Gibbs free energy AG [43], which is con-
nected to the experimentally accessible activation en-
thalpy by the thermodynamic relation
AG = AH — T AS. Finite plastic strain rates at tempera-
tures around 750°C, for which kT~ 0.09 eV, cannot be
obtained without postulating a substantial entropy con-
tribution AS, which leads to a physically reasonable
value of AG. The disordering concept allows part of the
high activation enthalpy to be attributed to the energy
increase associated with the phason strain introduced.
On the other hand, the introduction of chemical and
structural disorder induces a considerable increase in
the entropy of the system. These contributions are
suited to arrive at a Gibbs free energy of a few electron
volts in order to allow thermally activated dislocation
motion at the temperatures of our experiments.

However, if the material is weakened in the course of
plastic deformation a reduced force is needed to main-
tain a given dislocation velocity. As a consequence, in
experiments at constant strain rate this will lead to a

- decrease of the flow stress with increasing plastic strain.
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Additionally, we observe a reduction of the disloca-
tion density at higher strains. The dip tests, yielding low
internal stresses, show that the influence of the decrease
in dislocation density on the flow stress can only to a
very small part be attributed to athermal processes. The
average dislocation velocity, which has to increase in
order to compensate for the decreasing density of mo-
bile dislocations, is nor accompanied by an increase of
the flow stress. Therefore, the experimentally observed
decrease of the flow stress is a consequence of the
reduction of the friction stress, i.e., a substantial weak-
ening of the structure as is expected from the cluster
friction model.

In conclusion, we find that this qualitative model,
which is ultimately a consequence of the specific icosa-
hedral structure, can describe the observed deformation
behavior appropriately and give an explanation for the
most striking feature in quasicrystal plastic deforma-
tion, the work softening.
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