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Abstract

In this chapter, results of our recent investigations on Al-25%Fe (at.%), Al-30%Fe and
Al-34.5%Fe alloys close to Al,Fe, Al.Fe, and Al Fe intermetallic phases have been discussed.
The effect of process parameters on structural aspects and mechanical behaviour of Al-Fe
intermetallics has been studied. The high melting intermetallics that are difficult to prepare
by conventional processing technique are easily synthesized in nanocrystalline state with
a homogeneous structure by mechanical means. In this process, we have come out with a
single orthorhombic Al Fe, nanocrystalline intermetallic phase. Hardness measurements of
intermetallic revealed an increase in hardness with a decreasing grain size up to a critical
grain size, followed by a decrease. A decrease in hardness with a grain size refinement, an
indication of softening behaviour, demonstrating the Inverse Hall-Petch (IHP)-like phenom-
enon has been observed in intermetallic compounds. The deviation from the regular Hall-
Petch (HP) behaviour has been discussed using various deformation models based on the
dislocations and grain boundary-mediated processes. The study is focused on investigations
of Al-rich iron aluminide intermetallics to understand the structure property correlations.

Keywords: high-energy ball milling, intermetallics, AL.Fe,, Al Fe, inverse Hall-Petch,
nanostructured materials, mechanical properties, deformation mechanisms,
grain boundary sliding

1. Introduction

Intermetallics represent a manifold class of materials that possess intermediate proper-
ties between metallic and non-metallic materials. Intermetallic phases and compounds are
formed by a combination of two or more metals falling at or near a fixed stoichiometric ratio
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and exhibit different crystal structure and properties than their constituent elements. The
composition of an intermetallic may vary within a restricted composition range known as
homogeneity range. Since 2500 BC, metallurgists have used intermetallics, and its phases
have attracted significant interests during the last few decades since they offer new prospects
for developing structural materials for high-temperature applications.

1.1. Intermetallics

An increased need for new and novel materials with specified properties and particular appli-
cation has attracted greater attention of metallurgists and material scientists in recent years.
Intermetallics are one such material with a vast potential for application in a wide range of tech-
nologically important areas [1]. The first observation of an intermetallic was made in 1839 by
Karl Karsten, when he observed a discontinuity in the action of acids on alloys of copper and zinc
at the equi-atomic composition and suggested the formation of a compound. The compound
is now popularly called as B-brass (CuZn). Intermetallics are already indispensable in many
applications and offer the possibility of providing additional breakthrough in performance in,
for example, high-temperature structural materials, magnetic materials and hydrogen storage
materials. As a by-product of amorphization studies or alloying development, nanocrystalline
intermetallic compounds can be synthesized. Nanocrystalline intermetallics possess improved
mechanical properties at an ambient temperature. Bohn et al. [2] have suggested that nano-
crystalline intermetallic compounds may have improved mechanical properties. Their study
concludes several possible ways of improving strength and ductility. However, the strength
of elemental nanocrystalline metals can be increased by factors of 4-5 over conventional grain
size materials [3], strengthening effects in some hard intermetallics that are more modest of
the order of 10-20% [4]. The brittle nature of most intermetallics requires powder metallurgi-
cal processing route. Amorphization of intermetallic compounds by mechanical alloying (MA)
was first reported by Ermakov et al. [5, 6] in Y-Co and Gd-Co systems. Amorphous phases
from elemental powder mixtures or powders of intermetallics synthesized by high-energy ball
milling have attained an unprecedented interest. A polymorphous phase transformation from
crystalline phase to amorphous phase can occur when the free energy of an intermetallic com-
pound is raised by severe mechanical deformation above that of the amorphous phase. The
observed transformation could be ascribed to an increased volume fraction of grain boundaries
and simultaneous disordering [7]. Zou et al. [8] reported the formation of amorphous phase
in Al-Fe alloy at early stages of MA. It has also been reported that during prolonged milling,
amorphous phase undergoes crystallization to form intermetallics.

1.2. Al-Fe intermetallics

Considering all excellent physical and mechanical properties of aluminium, it has become an
important element in intermetallics. Iron (Fe) and aluminium (Al) alloys rank among the most
important engineering materials because they provide good properties at a low material cost in
many applications [9]. Iron aluminide compounds are solid examples of the use of aluminium
in intermetallics industry. Changing the aluminium content in iron-aluminium system leads to
different iron aluminide compounds. Al-rich iron aluminides are characterized by low density,
but also by lower strength and hardness than Fe,Al or FeAl ones. However, the strength and
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Phases Symbol Crystal structure Stability Vickers hardness (9.8 N)
range (at.%)

AlFe p” BCC (Order) 23-55 491-667

AlFe, p DO, 23-34 344-368

Al Fe C Triclinic 6667 1058-1070

Al Fe, n Orthorhombic 70-73 1000-1158

AlLFe 0 Monoclinic 74.5-76.5 772-1017

Table 1. Crystal structure, stability range and hardness of intermetallic phases formed in Al-Fe binary systems at room
temperature [10].

hardness can be improved by grain size refinement, especially to nanometric scale. Having their
strength increased, Al-based intermetallics possess a high specific strength. Table 1 indicates
the crystal structure, stability range and hardness for the Al-Fe intermetallic phases. Studies
on Al-Fe system have been concentrated mainly on mechanical alloying (MA) with individual
elements [11-14]. Moreover, similar structures have been evidenced for a range of Al content.
In Al-Fe intermetallic, Al,Fe compound retains the lowest possible symmetry crystal structure,
triclinic (Pearson symbol aP19) [15]. Due to its lowest symmetry, the triclinic phase transforms
to a high-symmetry Al Fe, orthorhombic (Pearson symbol 0C24) in the nearby composition.
Stability calculations utilizing first principles total energy envisage that 0C24 structure has a
much lower atomic density than aP19 structure, resulting in a high vibrational entropy and
hence aP19 structure loses stability to the 0C24 structure at elevated temperatures [16].

1.3. Al-Fe intermetallics by mechanical alloying/mechanical milling

Nanocrystalline intermetallic compounds are said to have enhanced properties as compared
to conventional grain-sized materials. MA/mechanical milling (MM) has been considered a
suitable processing method capable of attaining this goal of producing nanostructured materi-
als [9]. The synthesis of intermetallics through MA/MM has emerged as a valuable method for
the following reasons: (1) the synthesis of intermetallics which are difficult to prepare by con-
ventional methods, (2) to obtain enhanced properties through microstructural modifications
and (3) the synthesis of nonequilibrium microstructures, such as amorphous alloys at inter-
metallic compositions. The formation of amorphous phase in Al-20 at.%Fe alloy was reported
by Zhou et al. after 240 h of MA [17]. Almost complete amorphous phase in Al-(17-33) at.%Fe
system was observed by Huang et al. [18]. In a similar study, for Al-34 at.%Fe, Al-25 at.%Fe,
Al-25 at.%Fe and Al-20 at.%Fe system, respectively, crystalline phases were evidenced by
Enzo et al. and Cardellini et al. [19, 20]. For a composition range of Al-34.7-35.3 at.%Fe inter-
metallic phase, Al.Fe, along with Al Fe was observed by Gasior et al. [21]. A comparison of the
phases formed in Al-Fe alloys as analysed from the X-ray diffraction (XRD) traces is given in
Table 2. In addition to MA experiments, Romero et al. [22] reported the effect of mechanical
milling (MM) on the structural evolution of as-cast Al ,Fe and Al Fe, intermetallic systems at
different short milling times. Apart from this study, no other reports on systematic investi-
gation on the structural evolution of as-cast Al-rich iron aluminide intermetallics are avail-
able. The possibility of nanostructured and amorphous phases and their stability by MM can
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Alloy Phases formed References
Al-34.7-35.3 at.%Fe Al Fe, + Al Fe Gasior et al. [21]
Al-28.45 at.%Fe AlFe, + Al Fe Romero et al. [22]
Al-25 at.%Fe AlFe, Cardellini et al. [20]
Al-20 at.%Fe Amorphous Zhou et al. [17]
Al-20 at.%Fe AlFe, Cardellini et al. [20]
Al-34 at.%Fe a-Al Enzo et al. [19]
Al-17-33 at.%Fe Amorphous Huang et al. [18]
Al-25 at.%Fe a-Al Enzo et al. [19]
Al-33.28 at.%Fe AlLFe, + Al Fe Romero et al. [22]

Table 2. List of phases formed in Al-Fe alloy.

be explored from the thermodynamic explanation based on a semi-experimental theory of
improved Miedema’s model (Zhang model) [23] by calculating the Gibbs free energy of the
phases from their enthalpy of formation.

1.4. Nanostructured materials

Nanostructured materials are an important class of metastable materials that are produced by
ball milling. Materials are considered as nanostructured if the crystallite size is of the order of
few nanometres (typically 1-100 nm). A novel way of transforming a material to a metastable
state is to reduce its grain size from micrometres to nanometres, when the proportion of atoms
at the grain boundaries is equal to or higher than those inside the grains. The fine grain-sized
materials are structurally characterized by a large volume fraction of atoms in or near the
grain boundaries, which significantly alter the material properties that are often superior or
sometimes completely new in comparison with conventional coarse-grained polycrystalline
materials. In 1987, Thompson and Politis first reported the formation of a nanostructured mate-
rial synthesized by MA [24]. A mechanism for the formation of nanostructures by MA/MM
has been reported [25]. In 1992, Li et al. proposed a relation between grain size and the time of
milling by a model for the refinement of grain size during ball milling [26].

It is given by
d=Kt* (1)

where d is the grain size, t is the time and K is a constant.

The balance between defect/dislocation structure introduced by the plastic deformation of mill-
ing and its recovery processes forms the main criteria to decide on the minimum grain size
that can be achieved by mechanical milling. This process will result in a lower bound for the
grain size of pure metals and alloys and reveals that a small grain size itself provides a limit for
further grain refinement on milling. On the whole, when the material exhibits a nanocrystalline
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structure, hence microstructural refinement cannot be observed and further deformation can
only be accomplished by grain boundary sliding (GBS). It has been suggested that the mini-
mum grain size that can be achieved by milling is determined by the balance between defect/
dislocation structure introduced by the plastic deformation of milling and its recovery by ther-
mal processes. This contributes to a lower bound for the grain size of pure metals and alloys
and reveals that a small grain size itself provides a limit for further grain refinement on mill-
ing. Once the whole material exhibits a nanocrystalline structure, further deformation can only
be accomplished by grain boundary sliding, and hence microstructural refinement cannot be
observed. The limiting grain size is normally determined by the minimum grain size that can
sustain a dislocation pile-up within a grain and by the rate of recovery [27]. Earlier researchers
have proposed that hardness decreases at small grain sizes as it becomes impossible to accom-
modate the high density of dislocations required to form a pile-up at a grain boundary [28, 29].

2. Effect of process parameters on mechanical properties

Despite the same composition of initial powder mixture, various structures can evolve
depending on the parameters of the milling process. In this section, the effect of mechani-
cal milling (MM) on the structural evolution of as-cast Al-rich iron aluminide intermetallics
through different stages of milling and its mechanical behaviour has been discussed. The
mechanical properties of intermetallics are closely related to their structure and its stabil-
ity [30]. Grain boundaries are the most important microstructural elements of materials, and
their strengthening effect is phenomenologically quantified by a classical HP relationship.
However, deviations from HP relation contributing to a softening behaviour are also observed
after a critical grain size (d ). Due to the difference in the mechanical properties, which is
greatly influenced by the microstructure [31, 32] of the intermetallic phases and its transfor-
mation during milling, a significant difference in the force displacement curves manifested
not only by the shapes of the load-penetration depth but also by the maximum penetration
depth attained under the same conditions was observed when evaluated using Oliver and
Pharr method [33] (Oliver et al. (2004)). For intermetallics that are concerned, the effort has
been directed mainly towards the development of high strength materials, and reports that
address softening behaviour in nanoscale microstructures or composite microstructures are
very rare. Al-25 at.%Fe, Al-30 at.%Fe and Al-34.5 at.% Fe close to Al Fe, Al.Fe, and Al Fe inter-
metallic phases have been prepared in an arc-melting furnace under argon atmosphere. The
pre-alloyed ingots were brittle and therefore repeatedly crushed and mechanically sieved to
powders. Mechanical milling of the crushed powders was then carried out using high-energy
planetary ball mill. This study provides some insights to understand the correlation between
the process parameters and the mechanical behaviour of Al-Fe intermetallics.

2.1. Microstructural and structural features

Figure 1 shows X-ray diffraction pattern of crushed as-cast powders of Al-25 at.%Fe alloy.
Diffraction peaks confirm mostly single-phase complex monoclinic ALFe (0) structure. Figure 2
shows the structural evolution of Al Fe intermetallic subjected to varying hours of MM. A rela-
tively broad peak was observed because of the fine crystallite size and the presence of strain in
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Figure 1. XRD pattern of Al-25 at.%Fe as-cast alloy showing single 0-Al Fe intermetallic phase (reprinted with kind
permission from reference [34], copyright 2015, Elsevier).
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Figure 2. XRD patterns showing structural evolution of 0-AlFe intermetallic phase (reprinted with kind permission
from reference [34], copyright 2015, Elsevier).

the powder at early stages of milling. After 10-20 h of milling, the formation of n-AlFe, was
evidenced as an intermediate phase. The presence of n-Al Fe, prevailed till 30 h of milling, but
a further increase in the milling time led to the broadening of these peaks too. The intermetallic
ALFe phase was completely transformed into the amorphous state after 50 h of milling. A broad
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halo at 20 = 40—47° suggests that the formation of an amorphous phase was seen from the XRD
patterns shown in Figure 2. Eventually, the phase transformations during MM for Al-25 at.%Fe
alloy powders are expressed as follows:

0-Al,Fe - (6-Al,Fe+n—-Al Fe,) - (n-Al Fe,+ Amorphous) —» Amorphous. (2)

Transmission electron microscope (TEM) image of Al-25 at.%Fe alloy milled for 50 h is shown
in Figure 3. The micrograph showed the co-existence of nanocrystalline, n-Al.Fe, and amor-
phous phases, and a diffuse ring along with diffraction spots was evidenced in a selected
area diffraction (SAD) pattern. However, complete amorphization after 50 h of milling was
observed in its corresponding XRD pattern. The broadening of the peak observed in XRD cor-
responds not only to the formation of amorphous structure but also to the refinement of the
nanocrystalline structure induced by mechanical milling, and hence residual crystalline phase
is present along with amorphous phase. The characteristic X-ray diffraction pattern of as-cast
powders of Al-30 at.% Fe alloy is shown in Figure 4. The most intense diffraction peaks (22 1)
and (3 11) at 20 =42.55 and 43.79 were found in the as-cast alloy. JCPDS data suggest that this
compound is representative of a single Al.Fe, orthorhombic phase (JCPDS reference code:
00-047-1435) [36] with lattice parameters of a = 0.7648 nm, b = 0.6413 nm and c = 0.4216 nm.
Results of XRD patterns showing the structural evolution of Al.Fe, intermetallic subjected to
MM for different ranges of milling time are shown in Figure 5. It is apparent that milling up
to 30-h disappearance of all peaks except for major peaks of (22 1) and (3 1 1) was observed.
The broadening observed in the diffraction peak can be attributed to the major peaks overlap-
ping from the intermetallic phase. The results obtained are in contrary to Al.Fe, obtained by
MA route [11], where complete formation of intermetallic phase was achieved in Al-25%Fe

Figure 3. TEM image of 50 h milled product of Al-25 at.%Fe alloy showing crystalline n- Al.Fe, and amorphous phase
and its corresponding SAD pattern (reprinted with kind permission from reference [34], copyright 2015, Elsevier).
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Figure 4. XRD pattern of as-cast Al-30 at.% Fe alloy (reprinted with kind permission from reference [35], copyright 2016,
Taylor & Francis).
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Figure 5. XRD patterns showing structural evolution of Al Fe, intermetallic during MM (reprinted with kind permission
from reference [35], copyright 2016, Taylor & Francis).

after 30 h of MA, and the formation of amorphous phase was seen after 50 h of MA. Further
in a similar work, Hunag et al. [18] observed the formation of the Al Fe, intermetallic
in Al-24.4%Fe powder heat-treated at 500°C after MA for 180 h. It is interesting to note that
the XRD peaks undergo broadening in the course of mechanical milling up to 50 h mainly
due to cumulative effects of grain refinement and lattice strain. A bright field and dark-filed
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50 nm

Figure 6. (a) Bright field image and (b) dark field image of 50 h milled powder of Al-30 at.% Fe alloy (reprinted with kind
permission from reference [35], copyright 2016, Taylor & Francis).

image of 50 h-milled Al-30 at.% Fe alloy (Figure 6a and b) reveals the presence of a nano-
crystalline structure suggesting the presence of a nanostructured Al Fe, intermetallic phase
which agrees well with the structural evolution observed from the XRD pattern.

Figure 7 shows the XRD pattern of as-cast Al-34.5 at.%Fe alloy. Diffraction peak confirms
a mixture of intermetallic phases namely (-Al Fe and n-Al.Fe,. For a compositional range
of 34.7-35.3 at.%Fe in Al alloy, the observed intermetallic phase Al .Fe, along with Al Fe
was observed by Gasior et al. [21]. Phase transformation from crystalline triclinic Al Fe and
orthorhombic Al Fe, to the partial formation of amorphous phase at 10 h of MM resulted in
Al-34.5 at.%Fe alloy. Due to the peak overlapping from the mixture of intermetallic phases, a
width was observed in the most, intense diffraction peak. With continued milling, a decrease
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Figure 7. XRD patterns Al-35.4 at.%Fe as-cast alloy and after mechanically milled for various intervals showing structural
evolution with milling time (reprinted with kind permission from reference [34], copyright 2015, Elsevier).

105



106

Intermetallic Compounds - Formation and Applications

in the width of Bragg peaks and an increase in peak resolution were noted, indicating that
Al Fe intermetallic phase becomes unstable as a result of MM. The detected phase transition
that occurred during milling process is suggestive of the accumulation of structural defects
which increases the stored energy in the intermetallic material.

As evidenced in Figure 7, complete amorphization after 40 h of milling was achieved in this
particular composition with prolonged milling time. The fine grain size and consequently
large surface area induced by MM make the powders of this particular composition pyro-
phoric in nature after 40 h of milling. The same was observed even when milling experiments
were paused periodically at regular intervals of every 30 min. Phase transformations achieved
as a result of MM for Al-34.5 at.%Fe alloy powders are expressed as.

(C-Al,Fe+n-Al Fe,) - n-Al Fe, = Amorphous. 3)

The orthorhombic structure of Al,Fe, phase features a rigid framework of fully occupied Al
and Fe sites as well as partially occupied Al sites confined within channels [37]. This kind
of structure makes it unstable when subjected to a severe plastic deformation leading to an
amorphous phase. Further, for the present milling conditions, Al Fe, phase was also found to
be stable with respect to its competing phases. Due to lattice defects introduced by MM which
promote spontaneous transformation to the amorphous phase, the intermetallic compounds
with narrow homogeneity ranges tend to become amorphous [38]. A high-resolution TEM
micrograph corresponding to Al-34.5 at.%Fe alloy milled for 40 h is shown in Figure 8. The
micrograph reveals a single amorphous phase and is corroborated by the fast Fourier transfor-
mation-selected area diffraction (FFT-SAD) pattern.

Figure 8. HRTEM image and the corresponding FFT-SAD of Al-35.4 at.%Fe showing a complete amorphous phase after
40 h of milling (reprinted with kind permission from reference [34], copyright 2015, Elsevier).
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Figure 9. DTA traces of milled powders for (a) Al-25 at.%Fe and (b) Al-34.5 at.%Fe alloy (reprinted with kind permission
from reference [34], copyright 2015, Elsevier).

Differential thermal analysis (DTA) trace of 50 h-milled Al-25 at.%Fe intermetallic powders
is shown in Figure 9a. Upon heating the as-milled powders at a constant rate of 10°C/min,
one exothermic peak at around 1090°C was revealed. An equilibrium diagram of Al-Fe [10]
confirms that this peak corresponds to the melting point of the Al.Fe, intermetallic phase,
formed as a result of phase transformation of monoclinic Al Fe after high-energy ball mill-
ing. DTA curves of as-cast Al-34.5 at.%Fe alloy and ball-milled powder obtained after 40 h
of milling are shown in Figure 9b. As marked by arrows, the thermal curves indicated
the presence of two endothermic peaks for the as-cast alloy. According to the equilibrium
phase diagram, the first peak at 1090°C corresponds to the melting point of Al.Fe, interme-
tallic compound, and the second peak at a higher temperature (1149°C) as marked by an
arrow is due to the melting of AL Fe. A single exothermic peak around 1090°C correspond-
ing to Al .Fe, phase formed as a result of transformation of an Al Fe intermetallic phase to
a high-symmetry phase AlLFe, after high-energy milling was evidenced from DTA trace of
40 h milled powders. Thermal analysis results agree well with the XRD results as shown in
Figure 7, where the pattern corresponds to both Al.Fe, and Al Fe phases for as-cast alloy and
a single Al .Fe, phase for 40 h milled powders. The calculation of free energy of equilibrium
phases was carried out based on the improved Miedema’s model (Zhang model). Table 3
gives the data of Al and Fe necessary for the calculation of Gibbs free energy. The varia-
tion of AG (for amorphous, two intermetallic compounds and crystalline solid solutions)
as a function of composition for different values of d_is shown in Figure 10. It is observed
that the free energy of crystalline phase of a large crystallite size is lower compared to
that of amorphous phase. Henceforth, for the entire compositional range, the crystalline
phase is expected to be more stable than the amorphous phase. As the Gibbs free energy
is minimum at the corresponding composition, the intermetallic thus found is considered
as a most stable phase. The two intermetallic phases (ALFe and Al Fe) corresponding to
the compositions Al-25 at.% Fe and Al-34.5 at.% Fe are the most stable phases compared to
the solid solution phase. Al Fe phase can transform to the amorphous phase at d_< 20 nm,
and to convert Al Fe phase into the amorphous state, the phase grain size should be below
30 nm. The results obtained from XRD and TEM analysis of the milled powder support that
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Element n'? (cm™) ® (V) K(GPa) u(GPa) T_(K) V¥ (cm?) v (erg/cm?) AH, (kJ/mole)

Al 1.39 42 75.83 26 933 4.6 340 10.83

Fe 1.77 493 164.78 82 1812 3.7 756 13.86

Table 3. Data of Al and Fe taken for thermodynamic calculation.

the phases are intermetallic prior to milling and amorphous after milling at the composition
of Al-25 at.% Fe and Al-34.5 at.% Fe.

2.2. Mechanical properties

Figure 11a shows the milling time dependence of Vickers hardness for Al-25 at.%Fe alloy
for various milled powders. The hardness increases with an increase in the milling time and
reaches its maximum value between 20 and 30 h of milling and then decreased. A higher
hardness value of about 8.6 GPa resulted at 30 h of milling. Thus, the optimum milling time
for the studied composition is 30 h. The formation of intermetallic phase, n-Al.Fe, and its co-
existence with amorphous phase could be the reason for the observed peak in hardness val-
ues. However, for Al-20 at.%Fe alloy, the microhardness of 12.4 GPa was reported for 20 h of
MA followed by cold consolidation and subsequent annealing at 673 K for 2 h [39]. Figure 11b
shows the change in microhardness as a function of reciprocal square root of the grain size. It
is evident that up to a grain size of about 42 nm, the values of hardness increase linearly with
the reciprocal square root of the grain size. Over the range of grain sizes from 132 to 42 nm, the
Hall-Petch (HP) behaviour is established. Further, the HP slope, which describes grain size
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Figure 10. Gibbs free energy of the amorphous, solid solution and intermetallic phases of Al-Fe system as a function of
composition and grain size.
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Figure 11. (a) Variation of microhardness as a function of milling time for Al-25 at.%Fe alloy showing the phase sequence
and softening behaviour, (b) variation of microhardness as a function of square root of the grain size to test the Hall-
Petch relationship for Al-25 at.%Fe alloy (reprinted with kind permission from reference [34], copyright 2015, Elsevier).

sensitivity, also have a similar value to that found for conventional grain sizes. This behav-
iour is ascribed to the refinement in the grain size produced as a result of MM. However, it is
worth noting that when the crystallite sizes drop below 42 nm, the slope of the Hall-Petch plot
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becomes negative. The evidenced effect could be due to a softening behaviour, an attribute
described as an inverse H-P phenomenon [28, 29]. Theoretically, the critical value of the grain
size below which the plot becomes negative can be calculated from Eq. (4)

o= ao+kd’§ (4)

To examine the discrepancy involved in a dislocation pile-up mechanism related to a softening
behaviour, the critical grain size was calculated and found that the theoretical value obtained
was about 8 nm in comparison to the experimental value of 42 nm. It can be concluded that the
presence of competing/contributing effects of nanocrystalline and amorphous phase could be
the reason for the differences observed. Though the critical grain size for nanocrystalline materi-
als where softening occurs can be predicted by a dislocation pile-up model, it fails for composite
structure involving nanocrystalline and amorphous phase. Figure 12 shows the microhard-
ness variation with a milling time for Al-30 at.% Fe alloy. It is apparent from the plot that a
single Al.Fe, intermetallic phase subjected to MM resulted in Hall-Petch (HP) break-down and
showed two distinct behaviours. The break-down of Hall-Petch for the averaged hardness can
be attributed to the deformation mechanism and structure that occur due to mechanical milling.
The HP slope decreases below a critical grain size and becomes negative, indicating an inverse
Hall-Petch (IHP) behaviour. The HP strengthening has been ascribed to the pile-up of disloca-
tions and their resistance to slip transfer. However, HP behaviour for grain size ranging from
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Figure 12. Hall-Petch plot of hardness of Al Fe, intermetallic against inverse square root of grain size showing transition
from conventional Hall-Petch behaviour to inverse Hall-Petch behaviour (reprinted with kind permission from reference
[35], copyright 2016, Taylor & Francis).
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101 to 32 nm and an IHP behaviour for grain sizes less than 32 nm was observed. The variation
of microhardness as a function of milling time for Al-34.5 at.%Fe alloy is shown in Figure 13. The
figure clearly demonstrates that the hardness of the alloy increased with increasing the milling
time at the early stage and after prolonged milling reveals softening during the formation of
amorphous phase. The hardness values increase with an increase in the milling time, which is
an indicative of the formation of amorphous phase along with crystalline intermetallic phase. A
softening behaviour observed at higher milling durations can be attributed to the high volume
fraction of grain boundaries resulting in an increased triple junction leading to a grain boundary
sliding [40]. The transition from hardening to softening behaviours that occurs in an amorphous
phase could be ascribed to mechanisms such as a decrease in the interfacial excess volume
and free volume model [29]. However, detailed investigation regarding this issue is needed
to understand the softening behaviour. The typical load-displacement curves showing elastic-
plastic material response for intermetallic phases milled for various durations, for indentations
made to peak loads of 20 mN at room temperature, are presented in Figure 14a and b. Under the
same conditions, the force displacement curves showed significant differences manifested not
only by the shapes of the load-penetration depth but also by the maximum penetration depth
attained. The microstructure of the intermetallic phases and its transformation during milling
causes difference in the mechanical properties [29, 40] as evidenced in curves. The standard
procedure according to Oliver and Pharr [33] (Oliver et al. (2004)) was employed to calculate the
elastic modulus and hardness values. These parameters, estimated from the curve, are given in
Table 4. The evolution of elastic modulus with a milling time indicates a relative complex effect
of the phase formation/transformation in Al-Fe alloys.
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Figure 13. Microhardness variation as a function of milling time for Al-34.5 at.%Fe alloy showing transition from
hardening to softening behaviour (reprinted with kind permission from reference [34], copyright 2015, Elsevier).
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Figure 14. Nanoindentation load-displacement curves for (a) Al-25 at.%Fe and (b) Al-34.5 at.%Fe alloy at varying milling
times (reprinted with kind permission from reference [34], copyright 2015, Elsevier).

Material Hardness (GPa) Elastic modulus (GPa)
Milling time (h)
0 10 20 30 40 50 0 10 20 30 40 50
Al-25 at.%Fe 72 78 93 82 65 5.0 121 139 168 146 116 89
Al-35.4 at.%Fe 61 70 88 76 49 — 100 129 157 138 88 —

Table 4. Hardness and elastic modulus of alloy powders of as-cast and for various durations of milling measured by
nanoindentation (reprinted with kind permission from reference [34], copyright 2015, Elsevier).

The interatomic distance and the bonding strength between atoms, which is a representa-
tion of elastic modulus, are greatly influenced by the severe plastic deformation induced by
mechanical milling. The increased hardness and elastic modulus resulted at the early stages
of milling are due to the refinement in grain size which resists grain boundary motion. The
maximum elastic modulus of 168 and 157 GPa and the peak hardness of about 9.3 and 8.8 GPa
at 20 h were observed for Al-25 at.%Fe and Al-34.5 at.%Fe alloys, respectively. After a lon-
ger milling time where amorphous phase formation was evidenced, the hardness and elastic
modulus values decreased to a factor of about two. The differences in the average values of
0.6 GPa between microhardness and nanohardness observed were ascribed to indentation
size effect (ISE) [41].

3. Effect of grain size on mechanical properties

Mechanical property is an important consideration for the application of materials and
depends fundamentally upon their microstructure on a variety of length scales and the nature
of bonding among their constituent atoms. Mechanical deformation can be either elastic or
plastic. Elastic deformation is effected through reversible changes in the interatomic spacing
or the bending and stretching of bonds between atom:s; it is governed by the elastic constants
or moduli of a material. For metals, such deformation is in general relatively easy owing to the
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non-local nature of metallic bonding, but for materials with a strong covalent or ionic bonding
such as intermetallic compounds, it is difficult. Mechanical properties of nanocrystalline mate-
rials display an increasing interest. Reducing the grain sizes not only creates a big impact on
the microstructures of the nanocrystalline materials but also alters their mechanical properties
significantly. The most important mechanical properties of nanocrystalline metals and alloys
include significantly increased hardness, strength and ductility, and so on with respect to the
decreasing grain sizes [42]. The mechanical properties of NC materials not only depend on the
average grain size but also depend on the grain size distribution and the microstructure, such
as the grain boundary structures have a critical effect on their mechanical properties.

3.1. Inverse Hall-Petch effect in nanocrystalline materials

As suggested by the well-known Hall-Petch relationship, the mechanical properties of the
material increase with the inverse square root of the grain size. However, as the grain size
decreases to the submicrometre range, the k value (material-dependent constant) often
referred to as the HP slope tends to decrease and when the grain size is decreased to less
than 100 nm; the k value often becomes negative. The relationship between the strength of the
nanostructured material and the grain size is very complicated. Since dislocation activity is
almost absent in these materials, below a critical grain size, the HP relation becomes invalid.
Deviations from the Hall-Petch relation were first reported by Chokshi et al. [43] on nanocrys-
talline copper and palladium, and this softening behaviour for nanocrystalline materials is
the so-called inverse Hall-Petch effect, that is, hardness and strength decrease with a decrease
in the grain size. At the nanoscale grain size where the dislocation activity is believed to be
absent [44], below a critical grain size, k, the HP slope becomes negative, implying that the
materials get softened. The break-down in the Hall-Petch trend has been attributed to differ-
ent deformation mechanisms that become dominant once the grain size is reduced down to
below a critical value [45]. The major interest involving the studies of strength has been to
see if the HP relation holds at the smallest grain sizes. In this section, we present the results
of recently observed IHP in the intermetallic Al.Fe, and various deformation models in the
present context of grain size softening will be discussed.

3.2. Deformation mechanisms

The expansion of the understanding of deformation of conventional polycrystalline materials
to materials with grain sizes on the scale of nanometre is, at present, an evolving process. The
experimental finding on inverse Hall-Petch has prompted various researches to propose mod-
els pertaining to their mechanism of deformation. Of the proposed models, different deforma-
tion mechanisms for nanocrystalline Al_Fe, intermetallic are discussed subsequently.

3.2.1. Dislocation pile-up model

It is pertinent to point out that dislocation activities [46] have been shown to exist in some nano-
crystalline materials. Nevertheless, the dislocation activity can be considered virtually absent in
nanostructured materials where the grain size is lower than the minimum required distance to
be maintained between the two dislocations. Therefore, the HP relation is expected to witness
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a transition below a critical grain size, d . TEM and molecular dynamics (MD) simulation have
also demonstrated that the grain boundaries can act as a source and a sink for dislocations. In
nanomaterials, Hall-Petch behaviour breaks down because the grain is too small for disloca-
tions to pile-up. In a polycrystalline sample, each individual grain will no longer be able to
support more than one dislocation [48]. Using the concept proposed by Nieh and Wadsworth,
Farghalli and co-workers [47, 48] developed a relationship between the critical grain size and
hardness for the critical grain size below which softening occurs. Assuming that the stress field
of a dislocation is valid at the nanoscale, and on the suggestion that fine grain sizes affect dislo-
cation self-energy, a mathematical analysis was proposed and it leads to Eq. (5):

i =5 +3A(8) ®)

where b is the Burgers vector, H the measured hardness, H the hardness equivalent of the
applied stress at the moment of load application, G the shear modulus and g is a constant rang-
ing equals 0.6 [47]. By using the material parameters for Al .Fe, (b = 0.422 nm [49], G = 55 GPa
p =06, H=288GPa and H = 045GPa [50] in the above equation,d d is estimated as 3.3 nm.
Similarly, the critical grain size, after Nieh and Wadsworth [48] model, was calculated based
on the following equation: d < ﬁ, and it was found to be 3.58 nm. The calculated critical
grain size (32 nm) was nearly eight times more than the values predicted based on disloca-
tion pile-up models. Therefore, it is clear that dislocation-mediated process is not operative in

these nanocrystalline intermetallics.

3.2.2. Grain boundary shearing/sliding model

It is clearly evident that the models based on dislocation pile-up could not account for grain
size softening. For such fine grains, the deformation based on dislocation mechanisms
becomes less dominant, and the mode of deformation based on grain boundary phase (via
grain boundary shearing) comes into picture [51]. This would lead to a decrease in hardness
and strength, since strain hardening due to dislocation will be absent and the grain boundary
will be softer [52]. The deformation in nanocrystalline materials below a critical grain size has
been analysed as a thermally activated process, determining the parameters such as activation
energy (AF) and activation volume (AV). Conrad and Narayan [29] considered the thermally
activated deformation and proposed a rate-controlling equation, which is given as

7 = g esinh (i Jesp(-5F) ©)

The parameters in Eq. (6) are the Debye frequency, v (10" s™); the grain boundary width taken
to be 3b*, where b the atomic diameter; the effective stress, = equals 7-t where r is the applied
stress and < _is the threshold stress; v, the activation volume taken to be »; AF the Helmholtz
free energy; k the Boltzmann constant; and T is the temperature on absolute scale. For analysis,
the shear rate y is taken to be 10°s. By assuming threshold stress, = to be zero, the effective
stress, 7, then equals the applied stress, v, where r = H/3+3. The values of activation volume can
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be obtained from the slope of the best fit straight line from plot of H versus In d. Eq. (6) can be
rewritten in terms of hardness, by assuming sinh stress function to be exponential in one form

and = 0in the other form. In view of the above and by taking logarithm, Eq. (6) can be modi-
fied as

H = 3@{"%[111(3177;%) +%] + (%T)lnd} 7)
H = 3@{%[<6b€%>exp% }d (8)

The model was validated for IHP regime of the current experimental data, and the experi-
mentally observed and calculated hardness values of this system are shown in Figure 15.
The degree of fit, as described by coefficient of correlation, for all the three expressions H
versus In(L), H versus L (these two describe the rigorous and approximate forms of the
relationship in the model by Conrad and Narayan [29]) and H_ versus (L-L,)*%/L [53], is
very similar, and the findings are presented in Table 5. On this basis, both the models are
acceptable. The preceding discussion shows that although the model proposed by Conard
and Narayan explains the IHP effect, the parameters used for validation is quite unreason-
able: (1) the effective stress is taken to be equal to the applied stress, that is, the strain-rate
sensitivity index, m = 1.0. However, in nanocrystalline materials at room temperature, the
value of m is in the range of 0.02-0.08 [54, 55] and (2) further, the strain rate was assumed as
107 s, but according to [56, 57], the strain rate lies in the range of 5 x 10 to 5 x 10™*s™". Thus,
the experimental data were analysed using both the strain rate values and the free energy
of activation, AF, for the rate-controlling process (mesoscopic GBS), and refined values of

7, were determined as a function of strain rate and the results are presented in Table 6. The
following observations are interesting: the relative change in hardness as one goes from the
HP to the IHP region is much less in intermetallics than in nanocrystalline materials. This
aspect needs further study. However, it is clear that the observed IHP effect in intermetal-
lics also could be explained in terms of the mesoscopic grain boundary sliding controlled
flow process, as with the other classes of materials. Finally, as the value of N for the system
(Table 6) is less than one, it follows from the model [58-60] that the plane interface forma-
tion in these intermetallics of the studied grain size ranges is the result of dislocations/
partial dislocations being emitted from the deforming boundary, which then traverse the
grain and get absorbed at the opposite boundary [58, 59]. The value of AF equals 70 kJ/mol
and v equals (1.887 x 107'?)° nm? was obtained by plotting experimental hardness against In
d. A plot of H versus In d for the IHP data is presented in Figure 16. In addition, AF values
obtained by linear fit of both experimental hardness values against In d and d resulted in
a reasonable agreement. The activation energy for grain boundary diffusion of this type of
intermetallics [29] was found to be slightly higher compared to the present activation energy
obtained from this analysis. The results are somewhat in accordance with the previous work
on nano-quasicrystalline materials, which proposed a similar approach for the observed
softening related to inverse Hall-Petch behaviour [51]. Using this model, the predicted and
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Figure 15. Hardness versus grain size in IHP regime observed values and calculated values obtained using Eq. (8)
(reprinted with kind permission from reference [35], copyright 2016, Taylor & Francis).

System L, nm H, GPa Correlation coefficient of H and
In(L) L (L-L) *5/L
Al Fe, 32.0 8.8 0.970 0.949 0.968
23.6 8.1
11.0 5.7
10.0 42

Table 5. Degree of fit for the three relations: H v aln(L), Hv aL and H v a(L - L) 0.5/L (reprinted with kind permission
from reference [53], copyright 2016, Elsevier).

the current experimental data were plotted, and it was shown that qualitatively the fit is
acceptable (Figure 15). The detailed examination showed that the correlation coefficient
calculated based on grain boundary sliding using H_versus d *° plot and grain boundary
shearing calculated based on H_ versus d and H_ versus In (d) resulted in identical values,
proposing that both the models can describe the so-called inverse Hall-Petch effect. Despite
the abovementioned similarity, manifest difference exists in the activation energy for the
rate-controlling process due to their atomistic approach in the rate-controlling process. In
case of grain boundary shearing approach, the effective stress is considered as the applied
stress, that is, the strain-rate sensitivity index, m, equals 1.0. Nevertheless, in nanocrystal-
line materials, “m” ranges between 0.02 and 0.08 at room temperature. In general, it was
pointed out that some of the approximations made in atomistic grain boundary shearing
model to explain are questionable [34].
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System N L,nm rt,GPa ¥, refined’ AF,, kJ/mol
¥y =5x107%s™ ¥ =5x10"% s
Al Fe, 0.8458 32.0 1.52 0.0711 157.73 170.37
23.6 1.74
11.0 2.27
10.0 2.33

G =61.8 GPa.’As the strain rates in the indentation tests are assumed to be in the range of 5x 10 2 s ' to 5 x 10 *s ' [56],
refined ), values were obtained for the mean values of AF for this range.

Table 6. The average shear strain in the basic unit of sliding, the number of grain boundaries that align to form a plane
interface during mesoscopic boundary sliding and the free energy of activation for the rate-controlling GBS process
(reprinted with kind permission from reference [53], copyright 2015, Elsevier).

Hardness (GPa)

1 1 ] ] 1 1
2.2 2.4 2.6 2.8 3.0 3.2 3.4

In (d)

Figure 16. Plot of hardness Hversus Ind for IHP regime (reprinted with kind permission from reference [35], copyright
2016, Taylor & Francis).

4. Conclusion

In this section, the recent progress in the synthesis of Al-Fe intermetallics and their softening
behaviour using various deformation mechanisms is discussed. In this process, Al-25 at.%Fe
and Al-34.5 at.%Fe alloys resulted in Al,Fe and Al Fe intermetallic phases after normal cast-
ing and annealing routes. Monoclinic Al.Fe and triclinic Al ,Fe phase was found to be unsta-
ble under high-energy milling condition and transformed to orthorhombic Al Fe, phase.
Nanocrystalline and amorphous phase co-exist for 30 h of milling where the maximum hard-
ness was observed. A microhardness of Al-25 at.%Fe alloy showed strengthening down to a
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grain size of 42 nm, and Hall-Petch behaviour was thus established over the range of grain
sizes from 132 to 42 nm. At the smallest grain size (33 nm), the slope of HP plot becomes nega-
tive indicating IHP behaviour.

In addition, ALFe, resulted from Al-30%Fe alloy resulting in the formation of nanocrystal-
line intermetallic and was found to be quite stable under the present experimental condi-
tions, and the crystallite size of it decreases up to 10 nm with an increase in the milling time.
Microhardness measurements of single Al.Fe, nanocrystalline intermetallic phase produced
by mechanical milling resulted in Hall-Petch (HP) break-down and showed two distinct
behaviours. The break-down of HP for the averaged microhardness measurements was
found to be due to the transition of deformation mechanism from dislocation activity to grain
boundary sliding. Dislocation models could not intend the critical grain size at which the HP
relation breaks down, and so models based on grain boundaries were considered. Detailed
analysis showed that models based on grain boundaries namely grain boundary sliding and
thermally activated grain boundary shearing seem to be reasonable in explaining the IHP
effect. Grain boundary sliding is ascribed to be a viable deformation mechanism resulting in
a softening behaviour observed in this system.
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