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Inverse Hall-Petch (IHP) behavior in nano-quasicrystalline Alg, sCuysFeq, 5 is reported. Powders
with varying grain sizes were produced by mechanical milling of spray-formed quasicrystals. The
hardness of the milled powders increased with decreasing grain size down to about 40nm and
decreased with further refinement, demonstrating the IHP behavior. This critical grain size was
found to be larger compared to other metallic nanocrystalline alloys. This IHP behaviour has been
attributed to the structural complexity in quasicrystals and to thermally activated shearing events of
atoms at the grain boundaries. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4831737]

Quasicrystals (QCs) are a new class of structurally com-
plex intermetallics that do not exhibit any periodicity but still
possess a long-range translational as well as rotational order
in the structure, resulting in discrete diffraction patterns with
allowed/forbidden rotational symmetries. Among these, the
quasicrystalline Al-Fe-Cu alloys have been studied exten-
sively for possible applications such as reinforcements in
Al-based composites, catalysis, and coatings (for a review,
see Ref. 1). These materials are brittle at room temperature
due to the immobility of dislocations. Thus, current efforts
are directed to improve the ductility of these materials
through grain refinement down to nanometer level by
advanced processing techniques. High-energy ball milling is
one of the popular methods to produce nanocrystalline** and
nanocomposite* materials. Prolonged milling at high inten-
sity of Al-Fe-Cu alloys led to disordering of the QC phase
forming a BCC phase.” However, in the present investiga-
tion, we have synthesized the nanostructured QC (n-QC)
phase by milling the powder at lower intensities.

Strengthening by grain refinement is well-known® and is
expressed by the Hall-Petch (HP) relationship,” "2
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where g is the frictional stress resisting the motion of dislo-
cations, k is the HP slope related to the measure of resistance
for the movement of dislocations from one grain to another,
and d is the grain size.””® The HP strengthening has been
ascribed to the pile-up of dislocations and their resistance to
slip transfer.”'® However, since dislocation activity is
almost absent in nanostructured materials,lz_14 there should
be a critical grain size below which the above equation may
not be valid (i.e., kK may not be positive). Indeed, several
reports have shown that, below a critical grain size (typi-
cally, 10-30nm), the HP slope may decrease and even
become negative, the so-called inverse Hall-Petch (IHP)
behavior.''™* Although supported experimentally, the rea-
sons for the occurrence of the IHP behavior are still contro-
versial, in particular when two-step processes, such as
consolidation of milled powders or crystallization of amor-
phous materials, are used to obtain nanocrystalline materials.
The thermal treatments used in the two-step processing are
suggested to induce changes in the structure and composition
of the grain boundaries as well as densification, stress relief
and phase transformations that, in turn, may lead to an
“apparent” THP behavior.'*'*?* Thus, it is most desirable to
investigate the effect of grain size on the strength of materi-
als in the as-prepared nanocrystalline materials.

Softening by grain refinement has been reported for pure
metals and crystalline intermetallic compounds.'''?"%°
Generally, Coble creep, grain boundary sliding, and grain
boundary triple junction activity have been suggested to
explain the deformation behavior of nanocrystalline materi-
als.'"***** Conrad and Na.lrayanzs’26 have proposed the grain
boundary sliding model to explain the above IHP behavior.
Recently, Mohamed® suggested that grain boundary sliding
could take place by the generation of dislocations at grain
boundaries and their movement through the nanograins with-
out causing any pile-up. The stress concentration at grain

© 2013 AIP Publishing LLC
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boundaries generates dislocations. Since dislocation move-
ment through the nanograin is extremely difficult,
dislocation-assisted grain boundary sliding may be responsi-
ble for deformation and consequent grain size softening.
Padmanabhan et al.** have developed a phenomenological
model, based on the concept that deformation in nanocrystal-
line materials is basically controlled by atomic scale grain
boundary sliding that can account for grain size softening.
Chattopadhyay er al.®>' have advocated that the excess free
volume of grain boundary atoms below a critical grain size
induces grain boundary softening and accounts for the IHP
relationship.

Nanostructured materials are usually described as con-
sisting of two components—grains and the interfaces, the
fraction of the latter increasing with a decrease in grain size.
The grains could be quasicrystalline27 or “glassy,”28 when
these materials will be referred to as nano-quasicrystalline
alloys and nano-glasses, respectively. Therefore, it will be
instructive to see if the IHP behavior is present in nano-
quasicrystalline alloys and also to evaluate if the softening
behavior in nano-quasicrystals could be explained based on
the models available for IHP behavior. Our preliminary
results on IHP behavior in n-QC were briefly mentioned ear-
lier (cited in Ref. 32). Here, we report a detailed investiga-
tion and the analysis on the IHP of n-QC Alg, sCussFeqs s
alloy.

The quasicrystalline material produced by spray depo-
sition (see Ref. 33), with the nominal composition of
Alg, sCuysFeqsr 5 (at. %), were mechanically milled up to
80h at a ball-to-powder mass ratio of 10:1 and milling
speed of 100 rpm, with interrupted intervals of 15min to
avoid a strong temperature rise. Structural characterization
of powders was performed by X-ray diffraction (XRD) in
transmission configuration using a high-energy monochro-
matic synchrotron beam (4=0.011249nm) at European
Synchrotron Radiation Facilities (ESRF). The grain size of
the powders was evaluated by XRD and by transmission
electron microscopy (TEM). Around 200 grains were used
for grain size estimation. Microhardness of the as-milled
powders was measured using Shimadzu HMV-2000 hard-
ness tester at 5 g load and 10 s dwell time. At least 20 meas-
urements were made to calculate the mean hardness value.

The XRD pattern of the starting material (Oh) shows
sharp peaks ascribed to the face centered icosahedral (FCI)
QC phase (Figure 1). The absence of additional diffraction
peaks implied that the Alg, sCuysFej; s was homogeneous.
The XRD patterns of the milled samples display a decrease
in peak intensity and broadening of the peaks. The peak
broadening increased with increasing milling time.

The grain size (d), evaluated by TEM, is plotted against
milling time in Figure 2(a). The size rapidly decreased from
~2 um for Oh to about 88 nm after 1h of milling (Figure
2(b)), and to ~24 nm after milling for 20 h (Figure 2(c)). For
longer milling times (>20h), additional refinement occurred
at a slower rate, reaching the minimum value of ~18 nm af-
ter 80h (Figure 2(d)). Figure 3 shows the hardness of the
milled powders as a function of d~ /2. Two distinct behaviors
can be observed: a conventional HP behavior for grain size
range from 2000 to 40nm, where the hardness increased
from 9.6 to 11.5 GPa, and an IHP behavior for grain sizes
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FIG. 1. XRD patterns (Z=0.011249nm) of the as-deposited (Oh) and
mechanically milled Alg, 5CussFeq, s quasicrystalline powders.

less than 40 nm, when the hardness decreased from 11.5 to
8.6 GPa. The HP behavior observed for grain sizes larger
than 40 nm is not linear. The hardness increased from 9.6 to
9.8 GPa with a slope of k=2.3GPa nm'"? for a grain size
reduction from 2000 to 100 nm. This is followed by a second
stage between 100 and 40 nm, where the hardness increased
from 9.8 to 11.5 GPa with a slope k =30 = 4 GPa nm". The
transition from the HP to IHP behavior occurred at a grain
size of ~40nm, which represents the critical value for grain
size in the present quasicrystalline alloy. Below 40 nm, the
slope became negative (k= —37 = 6 GPa nm'?). The slope
of the HP region for sizes <100nm (k=30 = 4 GPa nm'/?)
appears to be identical in magnitude (but negative) to the
IHP regime (k= —37 = 6 GPa nm'?). It is not clear whether
this is just fortuitous or it has some significance. The critical
size of ~40nm is larger than that typically observed in me-
tallic nanocrystalline alloys (~20nm). But, the critical size
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FIG. 2. (a) Plot showing the average grain size of the QC phase as a function
of the milling time. TEM micrographs showing the typical grains of the qua-
sicrystals milled for (b) 1, (c) 20, and (d) 80 h, when the grain sizes are 88,
24, and 18 nm, respectively.
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FIG. 3. HP plot of hardness for the mechanically milled Alg, sCuysFey, s
quasicrystals showing the transition from HP to IHP behavior at about
40 nm.

was reported to be higher in strong intermetallics; 35 nm and
63 nm, respectively, for Nb;;Al,; and NbA13.25 Thus, it
appears that the value of the critical grain size is related to
the structural complexities and the deformation mechanisms,
suggesting that the critical size scales with the structural
complexity and strength of the material. The critical sizes for
IHP may be similar in structurally complex intermetallics
and QCs.

The dislocation-mediated deformation mechanism in
micron-sized polycrystals as well as in single crystals of QC
phases has been established at moderate to higher tempera-
tures.'* However, room temperature deformation is mainly
controlled by shear band formation.""*>>® Due to the evolu-
tion of phason strain during deformation of QCs, the
dislocation-assisted deformation is almost absent at room
temperature. However, localized shear band formation in
micro- and nano-QCs has been observed during room tem-
perature deformation analogous to bulk metallic glasses.***
Thus, it is argued that in the HP regime, the resistance to
shear increases with decreasing grain size due to the resist-
ance offered by chemical ordering. From our XRD data (not
presented here), it appears that the order parameter of the or-
dered FCI phase increases initially with milling time. The
order parameter, evaluated by taking the ratio of the inten-
sities of the superlattice reflection (111 111) to the funda-
mental reflection (422222), increases during milling up to
20h and then decreases. Thus, it is possible that the as-
spray-deposited material is not fully ordered. Similar obser-
vations of formation of ordered phases on milling have been
reported earlier.*'** Because of this ordering as well as the
introduced defects, the hardness increases until the grain size
reaches ~40nm. The grain boundaries in nanocrystalline/
quasicrystalline phases are highly disordered resembling the
atomic arrangement in amorphous alloys. This causes easy
grain boundary sliding and shear band formation leading to
softening observed in the IHP regime. Shearing events in
grain boundaries become dominant in many nanocrystalline
materials in the [HP region.43

We examine the above results in the light of two impor-
tant models for understanding the mechanism(s) responsible

Appl. Phys. Lett. 103, 201914 (2013)

for the IHP behavior: (i) dislocation pile-up and (ii) grain
boundary shearing model. According to the dislocation pile-
up model, the critical grain size d. can be predicted by using
the equation44

do< P @

(1 —v)H
where G is the shear modulus, b is the Burgers vector, H is the
hardness, and v is Poisson’s ratio. However, this model does
not suggest the micro-mechanisms by which grain size soften-
ing would occur. By substituting the appropriate values for
the present material*!! (G=74GPa; v=0.23; H=28.5GPa;
b= 1nm) in the above equation, d. is estimated as 12nm, a
value much lower than the experimental value (d. ~ 40nm).
Thus, the model appears to suggest only the minimum lower
bound of the grain size but not the grain size when softening
exactly will occur. The possible reason for this could be that
QC materials do not show dislocation-mediated deformation
at room temperature. Hence, the model based on dislocations
can give an estimate of grain size where softening must take
place analogous to nanocrystalline materials but not for n-QC
materials.

The thermally activated shear model proposed by
Conrad and Narayan®>2° is examined in detail as it appears
to be relevant in the present case. The equation derived from
their formalism can be expressed as>

. 6b"Jp | VT, AF
_ h =
’ d s ( kT >exp <kT) ’ 3)

where the grain boundary width is assumed as 3b", b" is the
atomic diameter, ¥, is Debye frequency, ~10"° s™'. 1. =1
— 1. = effective shear stress, 7 is applied shear stress, 7. is a
critical stress or back stress, 1=H/3,3; v* is activation vol-
ume, of the order of b*3, and AF is the Helmholtz free
energy. The above equation can be expressed in two differ-
ent forms by approximating the pre-exponential stress func-
tion contained in sinh function.’® Rearranging the above

equation in terms of hardness, we get

KT 5 AF] KT
H= IR Y (A L R § R
3\@{1 T [“(%WD) JrkT} + V*} ad, &)

_ KTT( 5\, AF
H= 3\/§{rc +— KisD)exka} }d. 5)

Both the above equations satisfy the IHP behavior and can
give rise to the conditions when IHP should be exhibited.
Equations (4) and (5) can be used to evaluate the Helmholtz
free energy, which should be comparable to the activation
energy for grain boundary diffusion. By plotting experimen-
tal hardness values against In d, we can obtain v* from the
slope (Figure 4). This value comes be (1.836 x 107103
nm’~ (1.2b")>, which seems to be reasonable. From the
intercept (assuming 7. =0), AF is calculated to be 46 kJ/mol.
This value appears to be smaller than the normal range of
activation energy for grain boundary diffusion. However,
when the hardness is plotted against d (Figure 5), according
to Eq. (5), AF turns out to be 82kJ/mol, which is closer to
the activation energy for grain boundary diffusion.”® The
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FIG. 4. Plot of Hardness (H) versus In (d) following Eq. (4) to evaluate v*,
activation volume during the process.

reason could be that the approximation of critical shear stress
to be zero may be an underestimation. However, for evaluat-
ing this value from Eq. (5), this approximation is not needed.
Thus, analysis of the hardness data using the above model
yields more satisfactory results. In general, diffusion in
nanocrystalline materials occurs mostly through grain boun-
daries and superplastic deformation in nanoceramics is
attributed to the enhanced grain boundary diffusion.*> That
is, nanomaterials showing the HP behavior should not
deform by grain boundary-mediated deformation at room
temperature, which involves dislocation pile-up. However,
below a critical grain size, grain boundary sliding, controlled
by different mechanisms, should be operative. Schiotz
et al.*® showed by simulation that deformation of nanocrys-
talline copper is controlled by movement of atoms in the
grain boundary.*® However, this phenomenon occurs below
a critical grain size. In the present case, it appears that the
grain boundary shearing event leads to grain boundary

Hardness vs indentation diagonal plot

Hardness (GPa)
© 9
(3] o

o
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T

o
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FIG. 5. Plot of Hardness (H) versus d following Eq. (5) to evaluate the
Helmholtz free energy for grain boundary shearing.

Appl. Phys. Lett. 103, 201914 (2013)

sliding and deformation proceeds through softening mecha-
nisms rather than hardening.

The IHP behavior has been observed in nano-QC mate-
rials, which has not been reported earlier. Since one can have
nanocrystals, nano-quasicrystals and nano-glasses, and the
IHP behavior is observed in nanocrystals and now in nano-
quasicrystals, one should observe the IHP phenomenon in
nano-glasses as well. This speculation is based on the fact
that grain-boundary-mediated deformation processes can
also occur in nano-glasses, where the interfacial component
is perhaps more disordered than the nano-glassy “grains.”

In conclusion, both the HP and IHP behaviors are
experimentally established in the present study for an
Algy sCuysFeq, s nanoquasicrystalline  alloy. The initial
enhancement of hardness with a decrease in grain size could
be attributed to structural ordering and the defects introduced
during milling, which eventually develop the resistance for
localized shearing of atoms. The critical grain size of 40 nm,
noted to be more than that reported in nanocrystalline alloys,
can be attributed to the structural complexities and grain
boundary shear mechanisms. The dislocation pile-up model
was found to give a very low value of grain size, whereas the
grain boundary shearing model appears to be more appropriate
for explaining the softening behavior. The activation volume
(6.185 x 1073° m® ~ (1.2b*)?) and the Helmholtz free energy
(82 kJ/mol) for causing the grain boundary diffusion appear to
be reasonable. Thus, it can be understood that below the criti-
cal grain size, thermally activated shearing of atoms at grain
boundaries leads to the macroscopic shear and causes grain
boundary sliding and are responsible for the observed soften-
ing related to IHP of nano-QC phases in Al-Fe-Cu alloys.
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