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Elastic limit at macroscopic deformation of icosahedral
Al–Pd–Mn single quasicrystals
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Abstract

Al70.5Pd21Mn8.5 single quasicrystals were plastically deformed between 482 and 821 ◦C. The strain rate sensitivity of the flow stress was measured
by stress relaxation tests. At several temperatures, the dislocation structures were imaged by diffraction contrast in a high-voltage electron microscope
for determining the dislocation densities. At all temperatures, the plastic deformation starts with a range of very high work-hardening. The transition
point between almost elastic and elastic–plastic deformation is called the elastic limit. At low temperatures, the deformation was stopped at about
1.5 GPa to prevent fracture. Above about 580 ◦C, the stress–strain curves bend down and show a yield point effect followed by a range of almost
steady state deformation. At low temperatures, the elastic limit is much lower than the steady state flow stress or the maximum stresses reached
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ithout fracture. The activation parameters are different for the elastic limit, the range of high work-hardening and steady state deformation. The
ow stresses are interpreted by the stress necessary to move individual dislocations and the athermal component due to the elastic interaction
etween dislocations. At low temperatures, a further component is necessary to explain the very high flow stresses reached by work-hardening.

2006 Elsevier B.V. All rights reserved.
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. Introduction

From earlier studies it is well established that, at a fixed strain
ate, icosahedral Al–Pd–Mn single quasicrystals show different
lastic behaviour depending on the temperature. In most cases,
owever, the plastic deformation starts with a range of very
igh work-hardening. At low temperatures, this results in high
tresses at quite low plastic strains until the specimens break at
stress in the order of magnitude of about 1.6 GPa [1]. At high

emperatures, dynamic recovery leads to lower stresses so that
he deformation curve goes through a maximum, the upper yield
oint, and ends up in a range of almost steady state deformation,
here the work-hardening is balanced by the recovery. Most
eformation studies on Al–Pd–Mn single quasicrystals are con-
erned with this type of deformation [2–5]. Sometimes, even a
ange of work-softening follows (e.g. [6,7]). The transition point
etween almost elastic loading and the range of strong work-
ardening was observed before [4] but not studied in detail.
n this paper, new deformation experiments were carried out to

establish the temperature dependence of this transition point and
to compare it with other flow stress data.

The mode of dislocation motion in icosahedral quasicrystals
is not fully clear, yet. The dislocations move on well-defined
crystallographic planes [8] so that glide was considered the
dominating mode. Only very recently, experiments proved dislo-
cations moving by pure climb in icosahedral Al–Pd–Mn [9,10]
though other experiments show also the contribution of glide
[11,12]. If climb is fast enough, other structural features may
control the dislocation mobility, the cluster structure [13–15] or
a Peierls mechanism either on the atomic [16] or the cluster scale
[17]. All these mechanisms are thermally activated so that the
flow stress can be described by the formalism below.

The total flow stress σ of quasicrystals is supposed to be
represented by

σ = σ∗ + σi + σph (1)

where σ* is the effective stress necessary to move the disloca-
tions at the imposed velocity. It results from an Arrhenius-type
relation of the thermally activated dislocation motion:

1
(

ε̇
)
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σ∗ =
Vex

�F + kT ln
ε̇0

(2)
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Here, �F is the Helmholtz free energy of activation, k the Boltz-
mann factor, T the absolute temperature, ε̇ the plastic strain rate,
and ε̇0 is the so-called pre-exponential factor, containing the
mobile dislocation density. Vex is the experimental activation
volume, which can be determined from the strain rate sensitiv-
ity of the flow stress r = �σ/� ln ε̇ by

Vex = kT
�ln ε̇

�σ
= kT

r
(3)

The second contribution in Eq. (1) is the athermal stress compo-
nent σi arising from the long-range elastic interaction between
dislocations. It is also called the internal stress and can be esti-
mated from the dislocation density ρ by the Taylor formula for
a random arrangement of parallel dislocations [18]:

σi = αµbρ1/2

m
(4)

α is a numerical constant between 0.2 and 1,µ the shear modulus,
and b is the parallel component of the Burgers vector. A similar
equation is obtained for the interaction between intersecting dis-
locations of different Burgers vectors. The formula is originally
derived for glide, where m is the orientation factor of the respec-
tive slip system. However, the equation can also be applied to
climb or a combination of climb and glide on defined planes. The
geometrical factor may assume similar values for this case. The
stress component τph may originate from the work necessary to
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given by

εt = �l

l0
(5)

The experiments were performed at total strain rates between
ε̇t = 10−4 s−1 and 10−6 s−1 in the temperature range from 821
down to 482 ◦C, the lowest temperature where plastic defor-
mation without destroying the samples was still possible. The
(engineering) flow stress σ for plastic deformation depends on
the strain rate and the temperature and was calculated from the
measured force F on the specimen and the cross-section area A0
of the undeformed sample as

σ = F

A0
(6)

During deformation at these high temperatures in air, a thin oxide
layer formed on the sample surfaces. Therefore, some specimens
were deformed in an argon atmosphere. However, there are no
differences in the results for deformation in air or argon. Thus,
these two deformation conditions will not be distinguished fur-
ther. The present paper includes also earlier deformation data
from the studies described in [1,4,5].

To measure the strain rate sensitivity of the flow stress
r = dσ/dln ε̇, stress relaxation tests were performed at different
stages of the deformation. The relaxation rate was plotted versus
the stress. In these plots, the strain rate sensitivity is given by the
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orm phason faults in the wake of the moving dislocations.
In addition to the macroscopic mechanical data, dislocation

ensities were measured from high-voltage transmission elec-
ron micrographs of samples deformed at different temperatures
o estimate the athermal part of the flow stress according to Eq.
4). On the basis of these experiments, it is tried to interpret the
lastic processes at the early stages of deformation and to assess
he different contributions to the flow stress of Al–Pd–Mn single
uasicrystals.

. Experimental

Icosahedral single quasicrystals of the composition
l70.5Pd21Mn8.5 were obtained from the Jülich quasicrystals

esearch group. They were grown by the Czochralski or Bridg-
an methods. For the compression tests, rectangular specimens
ere cut by a wire saw. The face normals were chosen parallel

o highly symmetrical directions of the quasicrystal structure
ith compression axes in two-fold or five-fold directions. No
ifferences were observed between the deformation data of
hese two orientations. After carefully grinding and polishing
he faces, the specimens had dimensions of 4.5–8 mm in length
nd 1.5–4.5 mm2 for the cross-section. Particular attention
as paid on the grip faces to be exactly plane and parallel

o avoid deviations from the elastic range at the beginning
f deformation. The samples were deformed in a digitally
ontrolled single-screw testing machine. The closed-loop
ontrol of the machine was based on the position l of the hot
nvils measured by a magnetic differential transducer. This
ind of control results in a large effective stiffness. If l0 is the
tarting length of the sample, the total (engineering) strain is
eciprocal value of the slope of the curves, r = dσ/dln (−σ̇).
For transmission electron microscopy, the samples were

ooled down inside the deformation machine before unload-
ng, so that the dislocation microstructure is frozen-in. The
eformed samples were cut by a wire saw into slices about
.3 mm thick with their normal parallel either to the defor-
ation axis or perpendicular to it in high-symmetry direc-

ions. After grinding, dimpling and electrolytical jet polish-
ng, the dislocation microstructure was imaged in diffraction
ontrast in a high-voltage electron microscope (HVEM) at an
cceleration voltage of 1000 keV. The high acceleration volt-
ge allows to investigate relatively thick sample areas, where
he dislocation structure should correspond to that of bulk
amples.

. Results

.1. Macroscopic deformation data

Typical stress–strain curves of the material are shown in
ig. 1, where the flow stress σ is plotted versus the total strain
t. Fig. 1a presents an example of 487 ◦C, which is almost the
owest temperature achieved in this study. Since the specimens
re very brittle at these low temperatures, low total strain rates
ere applied, mostly ε̇t = 10−6 s−1. There appears a knee in

he deformation curve, which marks a transition from almost
lastic to elastic–plastic deformation with a very high rate of
ork-hardening. This transition is called here the elastic limit

nd labelled EL in Fig. 1. It corresponds to an instantaneous
ncrease in the plastic strain rate. As shown in Fig. 1a, the elas-
ic limit is determined as the intersection between tangents to the



L. Ledig et al. / Materials Science and Engineering A 429 (2006) 79–89 81

Fig. 1. Stress–strain curves at different temperatures including stress relaxation
tests Rx. (a) T = 487 ◦C, ε̇t = 3 × 10−6 s−1 and change to 10−6 s−1 as well as
some deformation under constant load (L). (b) T = 580 ◦C, ε̇t = 5 × 10−6 s−1

and change to ε̇t = 10−6 s−1. (c) T = 751 ◦C and change to T = 719 ◦C, ε̇t =
10−4 s−1.

stress–strain curve before (dotted line) and after the transition
point (dashed line). Below 550 ◦C, the experiments were stopped
at stresses around 1.5 GPa to prevent fracture. For measuring the
strain rate sensitivity of the flow stress, stress relaxation tests Rx

were carried out by keeping the total strain εt constant. These
tests increase the plastic strain at low strain rates. Additional

plastic deformation can also be obtained under creep conditions
at constant range (L).

Fig. 1b shows the stress–strain curve for deformation at
580 ◦C. At increasing strain, the curve bends down, goes through
a maximum, the upper yield point (UYP), and ends up in a
range of almost steady state deformation. During steady state
deformation, the work-hardening is balanced by recovery. The
temperature of Fig. 1b is the lowest one where the upper yield
point was overcome before sample failure. The stress at the elas-
tic limit is much lower than the steady state flow stress. During
the stress relaxation R2 performed after the upper yield point,
the stress relaxes much more than during the relaxation R1 in the
initial work-hardening range. Both relaxations were stopped at
about ln(σ̇ [MPa s−1]) = −3, corresponding to a plastic strain
rate of about 5 × 10−7 s−1.

Going to higher temperatures, the steady state flow stress
decreases drastically, so that it becomes only slightly higher
than the elastic limit, as demonstrated in Fig. 1c for 751 ◦C at
a strain rate of ε̇t = 10−4 s−1. In this experiment, a temperature
change experiment TC was performed to the lower temperature
of 719 ◦C. This is connected with an increase in the flow stress.
During the second deformation into the steady state, a yield drop
effect occurs again. Apart from these changes of the deforma-
tion conditions, the flow stress reaches a steady state value after
passing the yield drop, which is characteristic of the deformation
at high temperatures. Such deformation curves are described in
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ost papers on quasicrystal deformation. A distinct initial range
f high work-hardening appears not in all experiments. It is pro-
ounced in specimens with a two-fold compression axis.

Fig. 2 shows a summary of the temperature dependence of
he elastic limit and of the steady state flow stress. Both decrease
t increasing temperature. As mentioned above, the steady state
ow stress is only slightly greater than the stress at the elas-

ic limit for temperatures above about 650 ◦C and a strain rate

ig. 2. Temperature dependence of the steady state flow stress (open sym-
ols) and the elastic limit (full symbols). The four small open symbols at low
emperatures correspond to the maximum stresses reached in the experiments
here steady state flow was not achieved. The total strain rates ε̇t are 10−6 s−1

squares, dark blue), 2 × 10−6 s−1 (diamonds, black), 10−5 s−1 (circles, orange)
nd 10−4 s−1 (triangles, olive). The straight lines represent linear regression
urves through the elastic limits measured at 10−5 s−1 (full line, dark blue) and
0−6 s−1 (broken line, orange).
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Fig. 3. Temperature dependence of the work-hardening coefficient Θ = dσ/dε.
ε is the plastic strain.

of 10−5 s−1. For lower temperatures, however, the difference
between both increases with decreasing temperature. At a total
strain rate of 10−6 s−1, the elastic limit becomes equal to the
steady state flow stress at 700 ◦C and is not observed above
this temperature. The small open symbols below 570 ◦C, where
steady state deformation was not achieved because of the brit-
tleness of the specimens, correspond to the maximum stresses
reached in these deformation tests still before the upper yield
point.

As mentioned above and plotted in Fig. 3, the work-hardening
coefficient Θ = dσ/dε decreases with increasing temperature. ε

is the plastic strain. Θ is in the range of the elastic modulus S of
the specimen and the parts of the deformation machine inside
the strain measurement circuit. S is measured from the slope of
the unloading curves at the end of the experiments. The stiffness
values increase with decreasing temperature between about 80
and 120 GPa. Thus, Θ ∼= S at high temperatures and Θ ∼= 3S at
low ones.

As described in Section 2 and shown in Fig. 1, stress relax-
ation tests were performed during all experiments to study the
strain rate sensitivity r of the flow stress. Fig. 4a presents three
relaxation curves measured above the elastic limit within the
work-hardening range at the low temperature of 547 ◦C. These
curves are almost straight and shifted along the stress axis cor-
responding to the work-hardening during deformation. Fig. 4b
s
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Fig. 4. Stress relaxation curves taken at different stages of deformation and
at different temperatures. (a) T = 547 ◦C. Relaxations taken above the elastic
limit at different plastic strains. The total strain rate ε̇t before the relaxations
corresponds to ln(−σ̇) = −2.23. (b) T = 760 ◦C. R1: relaxation taken below the
elastic limit; R2: above the elastic limit within the work-hardening range; R6:
first relaxation in the steady state range of deformation. The horizontal dotted
line corresponds to the total strain rate ε̇t before the relaxations.

beginning of the curves. Thus, they correspond to the strain
rate before the relaxations. Because of the very high values of
the work-hardening coefficient in the work-hardening range of
the deformation curves (Fig. 3), the work-hardening during the
relaxation tests leads to a pronounced decrease of the relaxation
rate. Therefore, the strain rate sensitivity data have to be cor-
rected according to

r = rex

(
1 + Θ

S

)
(7)

With the values of Θ and S quoted above, this correction is essen-
tial. All strain rate sensitivity data are collected in Fig. 5. The
data from steady state deformation (open symbols) increase with
decreasing temperature and increasing total strain rate. Those
obtained from the work-hardening range (full symbols) show
the same tendency but are lower than the steady state ones.

In order to estimate the activation energy of the elastic
limit (EL), its temperature sensitivity �σEL/�T was deter-
mined by linear regression analysis of the data in Fig. 2. It
hows respective curves taken from an experiment in the high-
emperature range (760 ◦C). The first relaxation R1 is performed
elow the elastic limit. It is steep like the curves at low temper-
tures but demonstrates that at high temperatures the specimens
eform plastically with a low rate even in the “elastic” range.
t low temperatures, practically no relaxation occurs at much
igher stresses. Above the elastic limit, in the work-hardening
ange, the relaxation curve R2 starts still with a steep range but
fterwards bends to a second range of low slope. This transi-
ion is due to recovery becoming important at low relaxation
ates. The curve R6 is the first one measured in the range of
teady state deformation. The steep initial range has almost dis-
ppeared. Further curves exhibit only the flat part. Strain rate
ensitivity data were always measured from the slope at the
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Fig. 5. Strain rate sensitivity of the flow stress vs. temperature: (full symbols)
stress relaxation tests during the (initial) work-hardening range, the experimen-
tal data are corrected for work-hardening; (open symbols) relaxation tests during
steady state deformation; (squares) ε̇t = 10−6 s−1; (circles) ε̇t = 10−5 s−1; (tri-
angles) ε̇t = 10−4 s−1. The values for steady state deformation at 10−4 and
10−5 s−1 are from Ref. [4].

amounts to −3.3 MPa K−1 for the high-temperature range and
ε̇t = 10−5 s−1 and to −1.69 MPa K−1 for the low temperature
range at ε̇t = 10−6 s−1. The regression straight lines are included
in Fig. 2. The data are listed in Table 1. In a few experiments,
the temperature sensitivity was measured at low temperatures
by temperature change tests in the work-hardening range (TC
whr). Since the plastic strain rate may change during a tempera-
ture change test, the stress difference �σ due to the temperature
change was taken from stress relaxation curves just before and
after the temperature change at the same relaxation rate. Between
the two relaxations, the specimens harden so that �σ has to be
corrected for the work-hardening by an amount of Θ �ε. The
necessary work-hardening coefficients were determined from
the stress difference for the same relaxation rate in two relax-
ation curves taken at the same temperature. The average of the
temperature sensitivity of three tests is included in Table 1. Two
temperature change experiments were carried out in the steady
state range (TC ss) at low temperatures. �σ was taken again
between relaxation curves. However, no corrections were made
because of the steady state deformation. The results are also
listed in Table 1.

3.2. Dislocation microstructure and density

In order to characterize the dislocation microstructures and to
e

dislocation structures were studied in the HVEM. Fig. 6a shows
the dislocation structure formed at 482 ◦C, the lowest deforma-
tion temperature achieved. The image plane is a cross-sectional
plane with its normal parallel to the five-fold compression axis.
Strongly bowed dislocations enclose areas of relatively uni-
form contrasts. Stereo pairs show that the enclosed areas are
roughly plane but that the individual bulges frequently point
out of this plane. Of two sets of dislocations, the directions
of the parallel components of the Burgers vectors were deter-
mined by contrast extinctions. Both parallel components were of
two-fold directions which enclosed an angle of 58◦ with the five-
fold compression axis. Fig. 6b presents the dislocation structure
of the experiment with the deformation curve in Fig. 1b per-
formed at the lowest temperature were steady state deformation
was reached, i.e. at 580 ◦C. The dislocation structure consists
of deformation bands with a high density of dislocations. The
planes on which the dislocations extend are steeply inclined. It is
obvious that many dislocations exhibit curved segments at this
temperature. The dislocation density was determined inside the
bands. Weak contrasts originate partly from contrast extinction
but inside the bands mostly from the excitation of weak reflec-
tions. Fig. 6c shows an example from steady state deformation in
the high-temperature range. In this case, the dislocation structure
consists of a homogeneous network of dislocations of different
Burgers vectors as observed before [12,19]. Many dislocations
are straight and oriented crystallographically. Part of the dis-
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stimate the athermal stress component σi by means of Eq. (4),

able 1
ctivation energies and related data

xperiment type T (◦C) ε̇t (s−1) �σ/�T (MPa K

L 690 10−5 −3.3
L 560 10−6 −1.69
C whr 564 10−6 −3.54
C ss 664 10−5 −12.4
C ↑ ss 580 2 × 10−6 −10

L: elastic limit, �σ/�T from linear regression of elastic limit data; TC whr:
hanges; TC ss: change to higher temperature during the steady state range, sin
ocations is imaged by very weak contrast because of contrast
xtinction. The dislocation densities were determined by count-
ng the number of intersections of the dislocation lines with a net
f straight lines of arbitrary orientation. The dislocation density
s then given by [20]:

= f
2NS

LSt
(8)

S is the number of dislocation intersections with lines of the
ength LS. The sample thickness t was estimated from micro-
raphs with dislocation structures of a known geometry to be
bout 0.5 �m. f is a correction factor of 1.84 introduced in [21]
o consider the number of extinguished dislocations. The dis-
ocation density is plotted in Fig. 7 versus the temperature.
pen symbols mark measurements after deformation in the

teady state range at ε̇t = 10−5 s−1, which strongly increase
ith decreasing temperature. The full symbols represent data

rom low temperatures in the range of high work-hardening.
hese values are low because of the small plastic strains of
.07–0.35% reached in these samples without steady state defor-

r (MPa) �H (eV) σ (MPa) �W (eV)

63 3.88 425 0.56
70 1.44 689 0.70
70 3.05 918 0.95

153 6.13 888 0.47
107 5.86 1170 0.80

rature change during the work-hardening range, average of three temperature
periment.
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Fig. 6. Bright field HVEM micrographs of deformed samples. (a) T = 482 ◦C, ε̇t = 10−6 s−1, plastic strain ε = 0.35%. Two-fold g vector near the five-fold pole
corresponding to the foil normal and the deformation axis. (b) Sample of Fig. 1b, T = 580 ◦C, ε̇t = 10−6 s−1, ε = 2%. Five-fold g vector near the two-fold pole
corresponding to the foil normal and the deformation axis. (c) T = 730 ◦C, ε̇t = 10−4 s−1, ε = 6%. Two-fold g vector near the two-fold pole corresponding to the foil
normal and the deformation axis.
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Fig. 7. Dislocation density vs. temperature for deformation in the steady state
range (open symbols) and in the range of high work-hardening (solid symbols).
Total strain rates as in Fig. 2. Gray asterisks show data from [23] for comparison.
Black line: theoretical curve after the modelling in [20] for deformation at high
temperatures.

mation. For comparison, Fig. 7 includes also steady state data
of specimens quenched from the high deformation temperatures
[22]. The present high-temperature data roughly agree with these
data.

4. Discussion

4.1. Plastic strain rate

The observed elastic limits (Fig. 1) mark the transition
from almost elastic deformation to plastic deformation with
a very high work-hardening coefficient. While during steady
state deformation (at high temperatures), the plastic strain rate
ε̇ equals the total strain rate ε̇t imposed by the machine, this
relation does not hold for the deformation with a high work-
hardening rate as after the elastic limit. Generally, the plastic
strain rate can be calculated using the slope of the deformation
curve dσ/dεt according to

ε̇ = ε̇t

(
1 − 1

S

dσ

dεt

)
= ε̇t

S

S + Θ
(9)

With the S values quoted above and Θ from Fig. 3, the plas-
tic strain rate amounts to only about 50% of the total strain
rate at high temperatures and to only 30% at the lowest one.
However, since Θ is constant in the work-hardening range, ε̇ is
a
F
a
h
t

4

r

part defines the strain rate sensitivity r and accordingly the
activation volume Vex of the processes controlling the dislo-
cation mobility. At high temperatures, the curve R2 in Fig. 4b
starts again with the steep part but exhibits also a flat part
like the curves measured during steady state deformation (R6).
In the present representation, stress relaxation curves describ-
ing a single obstacle mechanism of the dislocation mobility
should bend towards the stress axis approaching the athermal
stress component, i.e. the strain rate sensitivity should decrease
with decreasing load. However, the curves R2 and R6 show
the opposite behaviour. This kind of relaxation curves is called
recovery-type relaxations as pointed out in [23]. Accordingly,
the flat part of the relaxation curves in Al–Pd–Mn quasicrystals
is interpreted in [4,5] by dynamic recovery, in accordance with
other experimental observations. Thus, at high temperatures
recovery takes place already in the initial range of strong work-
hardening. This is certainly the reason for the strong decrease
of the work-hardening coefficient with increasing temperature
(Fig. 3).

The activation volumes following from the strain rate sen-
sitivity via Eq. (3) measured during steady state deformation
are discussed in detail in [4,5,11,15,17]. Fig. 5 shows that the
strain rate sensitivities obtained in the work-hardening range are
essentially smaller than those in the steady state range. A quan-
tity allowing some interpretation of the processes controlling the
deformation is the so-called stress exponent m′ = dln ε̇/dln σ =
σ
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lso constant. These reduced strain rates become evident from
ig. 4, where the relaxation curves start at much lower relax-
tion rates than those corresponding to the total strain rate. They
ave to be attributed to the mechanisms at the elastic limit,
oo.

.2. The activation parameters

In the work-hardening range at low temperatures, the stress
elaxation curves in Fig. 4a consist only of the steep part. This
/r. For ε̇t = 10−6 s−1, the average value is m′ ∼= 10. This is
arger than the values from steady state deformation at high
emperatures of m′ ∼= 5 (e.g. [11]). As in both cases, the instan-
aneous strain rate sensitivity is assumed to be controlled by the
islocation mobility, there should be a change in the mechanism.
esides, m′ is always far away from m = 1, which holds if climb
ontrols directly the deformation rate. A more detailed analysis
as to consider also the athermal stress contribution. However,
s shown in Section 4.5, it is small and does not change the
esults drastically.

The activation enthalpy of deformation can be determined
rom the temperature dependence of the flow stress and the strain
ate sensitivity according to

H = −kT 2

r

�σ

�T
(10)

or the elastic limit, the temperature sensitivity �σEL/�T was
etermined in Section 3.1 by regression of the data in Fig. 2.
he related temperatures and stresses are taken at the centres
f the regression lines. The values are listed in the first two
ines of Table 1. No strain rate sensitivity data are available for
he elastic limit. Thus, r values of the work-hardening range
re taken as averages from the data in Fig. 5. They should be
alid for the elastic limit, too, since r only weakly depends
n the strain. The values of �H from the temperature change
ests during the work-hardening and steady state ranges are also
ncluded in Table 1. In this case, the r values were measured
rom the stress relaxation tests before and after the temperature
hanges.

The part of the activation energy expended from the external
tress is the so-called work term �W = Vexσ

*. With Eq. (3), it is
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given by

�W = kTσ∗

r
(11)

The data of �W are also listed in Table 1. For the elastic limit
data, σEL is taken instead of σ* and for the temperature change
tests σ. Both approximations lead to an overestimation of �W.
Nevertheless, the work term is only a small part of the activation
energy.

Since in the high-temperature range the elastic limits are only
slightly lower than the lower yield points, the present activation
energy from the elastic limits taken at 690 ◦C and a nominal
strain rate of 10−5 s−1 agrees well with the previous data from
the steady state range [4,5] at the same temperature. Never-
theless, the physical meaning of the two quantities should be
quite different. In the present case, the activation energy should
describe the mobility of the dislocations while for the steady state
range both the mobility of the dislocations and the recovery of
the dislocation structure lead to some average between both acti-
vation energies [19]. The very low value of the activation energy
for the low-temperature range measured at a nominal strain rate
of 10−6 s−1 cannot easily be understood. This low value does
not fit the still quite high temperatures. The change in the acti-
vation energy appears at about 650 ◦C and is accompanied with
the change in the stress exponent. In the same range, recovery
becomes unimportant at the usual strain rates (ε̇ ≥ 10−5 s−1)
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Fig. 8. Comparison of the different stress contributions over the whole temper-
ature range of deformation. σ: total stress, σEL: elastic limit, σi: athermal stress,
σqc: unknown stress component.

in [24] as

µ(T ) = 77.7452 GPa − 0.014 GPa K−1T − 1.3

× 10−5 GPa K−2T 2 (12)

T is measured in K. The absolute value of the Burgers vector is
set to the frequently occurring value of b = 0.183 nm [25] and
the geometrical factor to m = 0.4. This should be a good average
for glide in the icosahedral structure with many slip systems of
a high orientation factor and is sufficient for the rough estimate
if climb is involved. Calculated values of σi are included in the
diagram of Fig. 8 and are discussed in Section 4.5.

In the modelling mentioned above [19], the evolution of the
dislocation density is described by a rate of formation of new dis-
locations by multiplication and a rate of dynamic recovery lead-
ing to a good representation of the experimental steady state flow
stresses in the high-temperature range. The respective theoretical
temperature dependence of the dislocation density is included
in Fig. 7. It fits roughly the experimental high-temperature data.
At low temperatures, however, the experimental values are much
too low to explain the high stresses in this range, which develop
in the course of the strong work-hardening.

4.4. The elastic limit

Below the elastic limit, the plastic strain rate is very low,
e
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h
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r
h
c
d
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t

4,5]. In addition, the change in the activation energy may also
e connected with a change in the mechanisms controlling the
islocation mobility. Indeed, the shape of the dislocations is
ifferent in the two temperature ranges. At low temperatures,
islocations are frequently curved and trail planar faults (Fig. 6a
nd b) [12]. At high ones, planar faults are not observed and the
islocations are oriented along crystallographic directions, both
hen moving [8] as well as when they form a three-dimensional
etwork as in Fig. 6b [20]. Speculations about the respective
echanisms are described in [11].
The activation energy from the temperature change tests in

he work-hardening range is roughly equal to that of the elastic
imit at high temperatures. However, the energies from the two
ew measurements in the steady state range at low temperatures
re very high and do not fit the expectation of decreasing ener-
ies with decreasing temperature from the earlier measurements
n [5] at higher temperatures. Nevertheless, they represent the
trong temperature dependence of the steady state flow stresses
n Fig. 2.

.3. The athermal stress part due to elastic dislocation
nteractions

The athermal stress component σi due to the elastic inter-
ction between dislocations is estimated from the dislocation
ensities plotted in Fig. 7 by using Eq. (4). Following the mod-
lling of the steady state flow stresses in the high-temperature
ange in [19], the numerical factor α is set to unity. In this sense,
he calculated values represent upper limits of σi.

The temperature dependence of the shear modulus was
onsidered according to a power law regression of the data
specially at low temperatures where the specimens practically
o not relax if the machine is stopped. At high temperatures,
owever, the specimens relax already below the elastic limit,
s demonstrated in Fig. 4b. Nevertheless, the plastic strain rate
ncreases above the elastic limit from a low value to the reduced
ate discussed in Section 4.1. The stress σEL at the elastic limit
as to be attributed to this strain rate. As shown in [22], dislo-
ation multiplication starts from the low grown-in dislocation
ensity only at proceeding plastic deformation. Thus, the ather-
al stress contribution due to elastic dislocation interactions is

till small at the elastic limit. It may therefore be supposed that
he latter corresponds to the intrinsic mechanisms determining
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the dislocation motion at the velocity imposed by the plastic
strain rate. After Eq. (1), this is the effective stress σ* and the
stress σph necessary to produce phason defects in the wake of
the moving dislocations:

σEL = σ∗ + σph (13)

According to Eq. (2), σ* represents a flow stress contribution
depending on the temperature and the strain rate. While the
main mode of dislocation motion in Al–Pd–Mn seems to be
climb [9–12], the large stress exponent m′ estimated in Section
4.2 and the crystallographic orientation of the dislocation lines
during their motion on crystallographic planes [8] suggest that
the dislocation mobility is controlled by other processes related
to the quasicrystal structure. Possible mechanisms are discussed
in [11,15]. This discussion is not a topic of the present paper.

The role of the phason contribution σph is not clear. Starting
with a dislocation in thermal equilibrium surrounded by a cloud
of phason defects, at low temperatures the dislocation moving
away carries only the phonon part of the Burgers vector if phason
relaxations cannot occur fast enough. As a consequence, a layer
of a high density of phason faults is created in the wake of
the dislocation. The energies of the initial and final states of the
dislocation are different resulting in a friction stress acting on the
dislocation. This process is similar to the production of stacking
faults and is therefore of energy storing character. Accordingly, it
s
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phason defects may be created individually and diffuse away.
This process may be thermally activated and causes a flow stress
contribution which, however, is always less than the athermal
one at low temperatures. Nevertheless, such a contribution is
considered in the modelling of high-temperature deformation
of Al–Pd–Mn in [29,30]. A reduction of this component during
straining by disturbing the ideal quasicrystal structure is consid-
ered to cause the work-softening observed in some experiments.
However, in this paper it is argued that the phason part of the
flow stress σph can be neglected in the high-temperature range.
The modelling of the temperature and strain rate dependence
of the steady state flow stress mentioned in Section 4.2 [19] is
possible without invoking a phason contribution [11,19].

4.5. The stress components

A summary of the different contributions to the flow stress is
given in Fig. 8. The columns are plotted for temperatures where
dislocation density data are available. At and below 610 ◦C, the
data for the elastic limit σEL were taken from the regression
straight line. The total flow stresses are the steady state values
at high temperatures and the maximum stresses at and below
530 ◦C. A main part of the steady state flow stress at high tem-
peratures is the elastic limit σEL which, according to the present
interpretation, should essentially be controlled by the mobility
of individual dislocations. Another contribution is the athermal
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hould not be of thermally activated nature. The necessary stress
omponent is estimated in [15] to 135 MPa (with the geometric
actor of m = 0.4). Thus, it would be an essential part of the total
ow stress only at high temperatures. At low ones, the defects
ill accumulate in the lattice during deformation. As described

n Section 4.5, the accumulating phason defects may cause the
trong work-hardening at low temperatures.

Although the electron microscopy contrasts of the planar
aults in Fig. 6a and b are not analyzed in detail, it is assumed
hat they represent the phason layers created by the moving dis-
ocations. The present authors observed these defects only in
he low-temperature range, i.e. at and below 610 ◦C but not in
ll deformed specimens [11,12,17]. At higher temperatures, the
hason layers produced by moving dislocations disappear [26].
bservation of the data scattering in the speckle contrast of dif-

use X-ray scattering shows that the phasons diffuse slightly
ore slowly than Mn atoms at about 650 ◦C [27]. Thus, phasons

ecome mobile at roughly the same temperature where recov-
ry by diffusion sets in. At high temperatures, the phason field
elonging to the total Burgers vector diffuses with the disloca-
ion. Thus, the energies of the dislocation in the initial state and in
state after some motion are equal (in an infinite body), yielding
o flow stress contribution. The process may be compared with
he high-temperature branch of the Cottrell effect, where the dis-
ocation in equilibrium is surrounded by a cloud of foreign atoms
for a review see [28]). At high temperatures, the impurity cloud
iffuses easily with the moving dislocation, also not causing a
ow stress contribution. Going to lower temperatures, an incom-
lete cloud with the dislocation located out of the centre of the
loud impedes the dislocation motion. In quasicrystals, similarly
he phason cloud around the dislocation is not in equilibrium and
omponent σi from elastic dislocation interactions calculated
rom the dislocation densities by Eq. (4). As discussed already
efore, no other component is necessary to interpret the defor-
ation at high temperatures [19]. Below about 630 ◦C, the sum

f these two stress components is clearly smaller than the flow
tress, in the case of steady state flow down to 580 ◦C as well
s at lower temperatures where steady state deformation could
ot be achieved. Thus, an additional flow stress component σqc
as to be invoked which may be characteristic of quasicrys-
als at low temperatures. This stress component is not intrinsic
o the motion of dislocations since it does not enter the elas-
ic limit. Accordingly, it cannot be the phason component σph
ntroduced in Eq. (1). It develops only during deformation, i.e.
y work-hardening. However, it is not due to usual elastic dislo-
ation interactions since the observed dislocation densities are
ar too low to explain the very high flow stresses reached at low
emperatures. There are two possibilities to explain the strong
ork-hardening at low temperatures.
The following interpretation is suggested here. At low tem-

eratures, phason walls are created. This process causes an
thermal stress contribution σph which enters the elastic limit
EL but which is not essential. The main part of the elastic limit
riginates from the thermal friction stress σ*. Because of the
ow mobility of the phasons, the phason walls accumulate during
training. The interaction between moving dislocations and the
ccumulating phason walls leads to a rapidly increasing stress
omponent σqc. At present, a model of this interaction cannot
e given. At the transition to the high-temperature range, both
hasons and vacancies become mobile. Thus, the creation of
hason defects does not cause a stress contribution and they
o not accumulate any more. In addition, the diffusion of point
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defects results in dynamic recovery. This interpretation of the
role of phason damage stored in the quasicrystal structure is dif-
ferent from that suggested in [29,30] for the high-temperature
range. Here, the phason damage stored during deformation is
supposed to result in a reduction of σph and accordingly to
work-softening. However, in agreement with the present under-
standing and according to [26,27] phasons do not accumulate
in the high-temperature range. Further studies are necessary to
better understand these processes.

Another explanation may follow from the discussion in [31].
The climbing dislocations produce a sub- or supersaturation of
vacancies, depending on the sign of the stress, compression or
tension, respectively. At low temperatures where the mobility
of vacancies is low so that the sub- or supersaturation does not
recover, strong deviations from the thermal equilibrium concen-
tration c0 may be generated. This causes a chemical stress:

σc = kT

Ω
ln

c0

c
(14)

where Ω is the atomic volume (∼=1.5 × 10−29 m3) and c the
actual vacancy concentration. With a stress component of
σqc ∼= 500 MPa at 530 ◦C (Fig. 8), the concentration ratio should
be c/c0 ∼= 0.5. After a dilatometric study [32], the equilib-
rium concentration of thermal vacancies amounts to about c0∼=8 × 10−5 at the same temperature. Thus, if the deformation
occurs solely by climb and the deviations from the thermal
d
m
T
fi
t
f
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•

components mentioned above. The nature of the respective
additional flow stress component has to be determined in
future experiments.
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