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The structural and mechanical stability of quasicrystals are important issues due to their potential for possible
applications at high temperatures and stresses. The aim of the present work is, therefore, to review the earlier
works on conventional crystalline and quasicrystalline materials and also to report the results and the analysis
on the Hall�Petch and inverse Hall�Petch like behavior of nanoquasicrystalline Al62.5Cu25Fe12.5 alloys. It was
observed that, at large grain sizes, the hardness increases with decreasing grain size, exhibiting the conventional
Hall�Petch relationship, whereas for smaller grains, inverse Hall�Petch behavior was identi�ed. The inverse Hall�
Petch behavior in the nanoquasicrystalline phase could be attributed to thermally activated shearing of the grain
boundaries, leading to grain boundary sliding in nanostructures of quasicrystalline grains. These results were
analyzed based on the dislocation pile-up model as well as the grain boundary shearing models applicable to
nanomaterials.

DOI: 10.12693/APhysPolA.126.543

PACS: 61.44.Br

1. Introduction

Strengthening of ductile materials as well as softening
of brittle materials is a well-known strategy for improving
materials performance by grain re�nement from micro-
to nanoscale. For conventional polycrystalline metal-
lic alloys, the general relationship between yield stress
and grain size (crystallite size),which was earlier advo-
cated by Hall [1] and extended by Petch [2], is known as
Hall�Petch (HP) relationship, providing a semi-empirical
guideline to grain size dependent strength, and can be ex-
pressed [1�5] as

σ = σ0 + kd−
1
2 , (1)

where σ0 is the frictional stress representing the overall
resistance of crystal lattice to dislocation movement, k is
the locking parameter which measures the relative hard-
ening contribution of the grain boundaries and d is the
average diameter of the grains representing the crystal-
lite size. A similar expression can be provided for the
hardness as

H = H0 + kHd
− 1

2 . (2)

It is understood, based on the original dislocation pile-
up model for HP relationship that the grain boundaries

∗corresponding author; e-mail: mukho.met@iitbhu.ac.in

act as barriers to the dislocation motion as they prevent
movement of dislocations from one grain to another. As
a result, it leads to the pile-up of dislocations giving rise
to the strengthening e�ect.

However, it is intuitive that the HP relation cannot be
extrapolated to the smallest grain size as the dislocation
behavior and their interaction with grain boundaries may
be di�erent depending on the grain sizes. In fact, the dis-
location activity as observed in microscale grained ma-
terials will be completely di�erent in nanoscale grained
materials, as being reported in the literature. Therefore,
Eqs. 1 and 2 may not be valid for nanoscale grains and
the materials may get softened rather than hardened due
to the absence of dislocation pile-up mechanisms.

The grain size softening at nanoscale level is in gen-
eral known as inverse Hall�Petch (IHP) behavior [5�11].
This idea has been shown to work in brittle ceramics
for enhancing their toughness and ductility [12]. It may
be emphasized that though the HP behavior is some-
what understood in metallic alloys, the IHP behavior at
nanoscale is yet to be understood properly. There are
various schools of thought to interpret these e�ects.

According to one school, the IHP behavior observed
in materials can be considered to be the result of arti-
fact because the materials processed by two steps, i.e.,
powder processing followed by compaction and sintering,
leads to alterations in the pore size and distribution and
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other defects which in turn cause this apparent e�ect
of softening. Thus, it is cautioned that the processing
of material is an important issue while interpreting the
IHP behavior. Normally, IHP behavior is reported for
grain sizes in the range of 10-30 nm, for pure metals and
crystalline intermetallics [3, 13�25]. Though most of the
attempts are directed to understand the IHP behavior
using the concept of grain boundary sliding, there are
reports attributing to dislocation mobility in the grain
boundaries to account for this e�ect [17]. The existence
of free volume present in the nanocrystalline materials
has also been shown to explain this e�ect [26].
It is now well understood that quasicrystals (QCs), a

special class of complex metallic alloys, display peculiar
structures exhibiting translational aperiodicity as well as
non-crystallographic rotational symmetries [27�30]. Due
to the presence of dislocation-like defects, which are im-
mobile due to aperiodicity, and absence of proper slip
planes like in crystalline alloys, quasicrystalline materi-
als become hard, brittle and are strain softened.
However, dislocation mediated materials �ow and de-

formation is observed at moderate to high tempera-
tures [31], implying that enough thermal energy is avail-
able to overcome the activation barrier for deformation
mainly through dislocation climb. The limited defor-
mation of quasicrystals, at low temperature, is observed
to take place by shear band formation, implying the lo-
calized shearing among atoms, under stress rather than
dislocation movement [5, 32�35]. This behavior is very
similar to the deformation of metallic glasses [36]. It is
argued that phason strain, which causes phason disor-
dering in the quasicrystalline materials during deforma-
tion, increases when the stress is applied. After a crit-
ical value, the localized shearing causes permanent de-
formation leading to the formation of shear bands. Fur-
ther increase in strain may cause phase transformation
to a crystalline phase or microcracking [5, 37�39]. As
quasicrystalline materials are hard and brittle, there are
attempts to synthesize the nanocrystalline materials by
using mechanical milling/alloying techniques. Thus, the
deformation and indentation behavior of quasicrystals of
various crystallite sizes is an important issue. In spite of
the structural complications, the HP and IHP behaviors
have been reported in Al-Fe-Cu icosahedral quasicrys-
tals [29, 40].
The aim of the present work is to review the ear-

lier work and discuss some of our results in the con-
text of HP and IHP behaviors in nano-crystalline and
nanoquasicrystalline materials. The detailed investiga-
tion along with the analysis, based on the current under-
standing in the context of deformation of nanocrystalline
and nanoquasicrystalline alloys, will be presented.

2. Experimental details

The quasicrystalline material with the nominal compo-
sition of Al62.5Cu25Fe12.5 (at.%) was produced by spray
deposition (for details on sample preparation, see [41]).
Mechanical milling experiments were performed using a
Retsch PM400 planetary ball mill using hardened steel

balls and vials with a ball-to-powder mass ratio of 10:1.
Milling was conducted up to 80 h at a milling speed of
100 rpm. This low milling intensity was chosen to avoid
any phase transformations, which were observed to occur
at higher milling intensities [42, 43]. Mechanical milling
was carried out in a controlled manner so as to avoid
any phase transformation but to allow the formation of
nano QC phases. To avoid or to minimize possible at-
mospheric contamination during milling, all sample han-
dling was carried out in a glove box under puri�ed argon
atmosphere (less than 1 ppm O2 and H2O). No process
controlling agent was used. Detailed X-ray di�raction
(XRD) analysis was carried out using conventional X-
rays (Co-Kα) as well as a high-energy monochromatic
synchrotron beam (λ = 0.011249 nm) at the ID11 beam-
line of the European Synchrotron Radiation Facilities
(ESRF). Electron microscopy was carried out to inves-
tigate the grain sizes using a Philips CM-20 and FEI:
Tecnai 20G2 electron microscopes operating at 200 kV,
and to ascertain if any other phases have formed. The
milled powders were embedded in epoxy resin (Struers
Speci�c-20, room temperature curing) and polished for
microhardness measurements. The Vickers microhard-
ness tests were performed using a computer-controlled
Shimadzu HMV-2000 hardness tester with an applied
load of 5 g and a dwell time of 10 s. The diagonal of
the indentations as well as the hardness were evaluated
using a Digital Video measuring system. It was ensured
that the selected areas of indentation were away from the
edges.

3. Results and discussion

Figure 1a shows the optical micrograph of the unmilled
spray-deposited samples showing the icosahedral phase.
Annealing twins, probably growth twins are seen in the
larger grains. The reason for the observed twins is yet
to be ascertained. Electron micrographs of these samples
clearly show grains and sharp grain boundaries and no
other phases (Fig. 1b). These spray-deposited materials
were used for milling experiments. The hardness of this
material has been observed to be 9.6 GPa. The sam-
ple did not show any cracking because of the low loads.
However, at higher load of 100 g, the sample cracked
(Palmqvist type) along the diagonal. The fracture tough-
ness of the sample, using the appropriate model, has been
found out to be 1.2 MPa m1/2 [41].
The structural evolution of the spray-deposited pow-

ders as a function of the milling time during mechanical
milling is presented in Fig. 2. For the sake of clarity,
only selected XRD patterns are displayed in this �gure.
All XRD patterns of the as-prepared as well as milled
samples are characterized by several distinct di�raction
peaks. All these peaks were unambiguously indexed as
due to the face centered icosahedral (FCI) quasicrys-
talline phase. The superlattice peak (311111), indicating
FCI ordering [44], can be seen distinctly.
It is interesting to note that the peaks corresponding to

superlattice peaks (311111) survived till 80 h of milling
implying that milling has not destroyed the structural
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Fig. 1. (a) Optical microscopy image showing the
grains of the QC phase in as-sprayed deposited material.
The annealing twin like features can also be observed in
the relatively bigger grains. (b) Electron microscopy im-
age of the as-deposited material (bright �eld) showing
the grains and their sharp grain boundaries.

Fig. 2. Synchrotron X-ray di�raction patterns (λ =
0.01129 nm) of the as-deposited and mechanically
milled Al62.5Cu25Fe12.5 quasicrystals, showing the grad-
ual change of the di�raction peaks signifying the re-
duction of crystallite sizes as well as increase of lattice
strain.

ordering, even though phason disordering is inevitable
during milling. There are attempts to ascertain the de-
gree of order with respect to milling. It is found in the
present case that, at the initial stages of milling, the or-
der parameter increases and then decreases; but does not
reach the zero value. The e�ect of milling on chemical
ordering will be discussed elsewhere.

It is clear that no additional di�raction peaks are ob-
served, implying that no phase transformation had oc-

curred under these experimental conditions. However,
there is a noticeable broadening of the di�raction peaks,
which increases with the milling time. This indicates that
a decrease of grain size and increase of lattice strain occur
during milling. Figure 3a�c shows the electron di�raction
pattern, dark-�eld and bright-�eld images, respectively,
from the 40 h milled sample. Extensive electron mi-
croscopy was carried out to determine the average grain
size from the dark-�eld images.

TABLE

The milling time and corresponding grain size and hard-
ness have been displayed for Al62.5Cu25Fe12.5 icosahedral
quasicrystals.

Milling time [h] Grain size [nm] Hardness [GPa]

0 2000 9.60± 0.5

1 88 9.76± 0.5

5 48 10.70± 0.5

10 39 11.42± 0.7

20 24 10.46± 0.7

40 21 9.32± 0.8

80 18 8.57± 0.8

Detailed grain size reduction with milling time is seen
in Fig. 4 as well as in Table. After milling for 40 h, the
grain has reached around 20 nm. From Fig. 4 it appears
that the grain size has reached the saturation value, after
which it becomes di�cult to achieve any further reduc-
tion. In fact, it has been observed that prolonged milling
beyond 100 h with or without higher milling intensity,
gives rise to the phase transformation to a crystalline bcc
phase (i.e. completely or partially disordered B2 phase)
besides the reduction of grain size and increase of lattice
strain [42, 43].

The Vickers indentation experiments are carried out
carefully on the mounted samples (Fig. 5). Figure 4
shows the variation of hardness and grain size with
milling time. The hardness (9.6 GPa) of the initial sam-
ple (as-deposited without milling) increases with milling
time in two stages, i.e., to 9.8 GPa and then to 11.5 GPa.
After reaching to the maximum value of hardness of
11.5 GPa, the hardness decreases with grain size and
reaches the minimum value of 8.6 GPa. The cross-over
of hardness with grain size has been reported by us ear-
lier [40]. It has also been shown that the magnitude of
HP slope (≈30 GPa/nm1/2) in both the stages of HP and
IHP to be nearly similar, even though it is positive in the
HP regime and negative in the IHP regime [40]. There is
no speci�c interpretation of this phenomenon, suggesting
that it requires further study.

Figure 6 shows the data from nano-QC Al-Fe-Cu alloys
(present study) and nano-Zn [21] samples. In order to
better appreciate the nature of HP and IHP behaviors,
the normalized hardness data (i.e, H/Hinitial) has been
plotted against d−1/2 instead of the absolute hardness
values. From this �gure the nature of the HP plot as
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Fig. 3. (a) Electron di�raction pattern and electron
microscopy images of the milled powders showing (b)
dark �eld and (c) bright �eld images. The �ne grain
size in the order of nanometers can be seen in the dark
�eld image of 80 h milled powder.

Fig. 4. Variation of hardness and grain size of QC with
milling time. It is clear that initially the hardness in-
creases and then decreases, showing the softening be-
havior at around 40 nm grain size. Whereas, the grain
size reduces at higher rate at the initial stage and then
decreases slowly.

Fig. 5. The optical microscopy image showing the in-
dentation on the milled powder of 40 h sample.

Fig. 6. Normalized hardness (H/Hinitial) versus d
−1/2

plotted in order to understand the typical nature of HP
and IHP behavior for the present nanoquasicrystalline
and nano-metallic materials obtained from literature.
The cross-over is clear but the relative change of hard-
ness is less compared to Zn nanocrystals; the critical
grain size is higher in case of nano-QC material.

well as the threshold grain sizes can be observed and
compared between these two materials. Compared to
Zn nanocrystals, the relative change of hardness for n-
QC is less, but the critical grain size is larger for the
nanoquasicrystalline sample.

The critical grain size has been reported for inter-
metallics to be in the range of 30-60 nm. For example, in
case of Nb77Al23 and NbAl3, it is 35 nm and 63 nm, re-
spectively [20]. Similarly, Conrad and Narayan [20] have
reported the critical grain size values for HP to IHP tran-
sition as 7 nm and 8 nm for Cu and Ni-P, respectively. In
addition, computer simulated values for the critical grain
size for Cu and Ni are 8 and 11 nm, respectively [20].
Hence, it is not surprising to have a large critical size
value (i.e., ≈ 40 nm) for nano-QC materials.

In most metallic nanocrystalline alloys, the IHP behav-
ior is more pronounced for grain sizes below about 10 nm.
However, Chang and Chang [13] demonstrated the varia-
tion of hardness of pure Cu processed by di�erent routes
such as electroless deposited, electroplating, sputtering
and bulk samples. They showed a decrease in hardness
from 1.96 to 1.12 GPa for a decrease in grain size from
25 to 10 nm for electroless deposited Cu. Whereas, a de-
crease in grain size from 501 to 140 nm for sputtered Cu
and from 4.53 µm to 43 nm for electroplated Cu led to
an increase in hardness from 1.63 to 1.89 GPa and 1.29
to 2.26 GPa, respectively. This indicates a cross-over
behavior for the hardness at 43 nm, when the hardness
is considered without taking into account the processing
route. This anomalous result may be attributed to the
di�erent processing routes utilized and the artifacts that
might be generated therein.

The prediction of 10 nm or less for the critical
grain size closely matches with the dislocation pile-up
model [40, 45]. However, this model does not predict
the correct value for the nano-QC material [40]. This
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has been interpreted on the basis that dislocations are
not normally mobile at room temperature in QC ma-
terials. Therefore, the dislocation pile-up model is not
applicable for the prediction of strength enhancement
in case of QC materials. This fact could be attributed
to the complexities of the structures leading to di�er-
ent deformation mechanisms. Hence, it is reasonable
to propose that the critical grain size be scaled with
the structural complexity, i.e., it increases in the order:
metals→ intermetallics→ QC.

It may be emphasized that the grain boundary area
in nanocrystalline/quasicrystalline phases consists of a
signi�cant fraction of atoms, and consequently, these are
highly disordered in nature and resemble the amorphous
phase. In the absence of dislocation activity, the grain
boundaries play an important role in deformation causing
easy grain boundary movement. This movement has been
suggested by Conrad and Narayan [20�22] to take place
by the thermally activated shearing process. Following
this approach, they have shown that this model is able
to predict the activation energy during deformation. This
approach was also adopted by Mukhopadhyay et al. [40]
in order to account for the observation of IHP behavior
in nanoquasicrystals.

It appears that the thermally activated shear mech-
anism can reasonably explain the observed features and
can predict the activation energy which appears to match
closely with the activation energy of grain boundary dif-
fusion. However, in the absence of any experimental data
of grain boundary di�usion of quasicrystalline phases, it
can only be taken as a reasonable interpretation that
grain boundary shearing event of atoms can lead to soft-
ening phenomenon in nano-QC phases.

However, the detailed mechanism of IHP behavior in
the nanoscale structure is yet to be established by high
resolution electron microscopy observations of the de-
formed region. The computer simulation model sug-
gests that in nanocrystalline materials, the grain bound-
ary movement through sliding is a distinct possibility as
the dislocation activity becomes absent [46]. Hence, the
mechanisms related to IHP in nano-QC regime appear
to be very similar to that of nanocrystals through grain
boundary sliding. It must be emphasized that this sliding
is not like the creep mechanisms operating during high
temperature deformation.

It is purely a shearing event at the grain boundaries
which causes the softening e�ect in nano-QC or nanocrys-
talline materials. However, the mechanisms applicable
for HP behavior of crystalline materials cannot be appli-
cable for quasicrystalline materials since the dislocation
activities at room temperature are negligible.

The strengthening observed in the HP regime of QC
materials, however, does not appear to be high compared
to the crystalline materials. This has been explained
based on the fact that chemical ordering seems to be in-
creasing during the initial stages of milling [40]. Thus it
can be understood that the enhanced chemical ordering
along with the reduction in grain size causes the localized

shearing event (not the grain boundary shearing which is
dominant in nanoscale) leading to shear band formation.
It has been noted that even at �ner grain sizes, shear
band formation will encounter di�culties compared to
coarse grains as the grain boundaries o�er the resistance
to the propagation of the shear bands.
However, if the grain size is well below a critical value,

it appears that the shearing at grain boundaries is more
predominant compared to that in the grain bodies. This
is perhaps due to the increase of enough grain boundary
area as well as boundary width. In view of the above,
it is clear that the factors which cause the hindrance of
the shearing event in grain sizes larger than the critical
value need to be understood. The minor part of soften-
ing in IHP region can also be attributed to the chemical
disordering (mainly due to phason disordering) of qua-
sicrystals. However, the major part of softening is mainly
due to the favorable thermally-activated-shearing along
grain boundaries. The present analysis also suggests fur-
ther study on the e�ect of grain boundary areas as well as
chemical and phason disordering on the softening mech-
anisms of nanoquasicrystalline materials.

4. Conclusions

Nanoquasicrystalline phases produced by mechanical
milling exhibit HP as well as IHP like behavior. How-
ever, in case of HP region, the dislocation pile-up phe-
nomena are not responsible for the increase of hardness
unlike metallic alloys. It is reasonable to speculate that
the chemical ordering, which increases during the initial
stages of milling along with the grain size reduction be-
low the critical grain size appears to be responsible for
creating hurdles for localized shearing for the formation
of shear bands and consequent strengthening during HP
regime. It requires further studies in this direction.
The critical grain size of 40 nm, below which IHP be-

havior was noted, has been found to be larger than that
for normal metallic materials such as Cu, Ni, and Zn.
The relative change of hardness in HP and IHP region is
much less compared to nanocrystalline alloys. This can
be attributed to the complexities of the structure and to
the deformation mechanisms operating in the HP region,
as the dislocation mediated process for quasicrystal is not
at all possible at room temperature.
However, in the IHP regime, grain boundary sliding

through shearing events, and not through creep mecha-
nism similar to that in nanocrystalline materials, seems
to be possible. Hence, it is understood that below the
critical size, thermally activated shearing among atoms at
grain boundaries becomes more dominant and accounts
for the softening behavior leading to the IHP phenom-
ena in nano-QC materials. The activation energy eval-
uated from this approach of grain boundary shearing,
through thermally activated process, has been reported
to be 82 kJ/mol and appears to be in reasonable agree-
ment with the activation energy for grain boundary dif-
fusion. However, it also requires further investigations
to understand the micromechanisms of grain boundary
shearing through high resolution electron microscopy.
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