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ABSTRACT

This paper investigated properties of dispersed phases in an AlgsMn,Be;Cu, alloy using a microindenta-
tion hardness test. The focus was directed to the possible strengthening phases for aluminium alloys: an
icosahedral quasicrystalline phase (i-phase), a hexagonal quasicrystalline approximant with a large unit
cell (H-phase) and a ternary cubic Be4AIMn. A single grain w-Al4Mn was also examined as a reference.
The application of scanning electron microscopy and a focussed ion beam, significantly increased the reli-
ability and reproducibility of the microindentation results. The i-phase was distinguished by the highest
Vickers hardness and the highest fraction of elastic energy, while the elastic modulus was the highest
for Be4AlMn, being close to that of pure Be. The striking resemblances of the indentation curves for the
phases with cluster substructures: i-phase, H-phase and w-AlsMn, especially the presence of pop-ins,

Elasticity suggested related deformation mechanisms.

Mechanical properties
Scanning electron microscopy

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over recent years, microindentation hardness tests have been
utilized more frequently than ever for measuring the mechanical
properties of various materials - ranging from ductile metals to
brittle ceramics [1-4], as well as for bones [5] and tooth enamel
[6]. This can be attributed to the ease and speed with which they
can be conducted, nondestructiveness, the ease of testing under
special conditions and, finally, offering the possibility of greatly
reducing the scale of the tests. However, the reduction in indent
size gives rise to several effects influencing evaluation of the results
using microindentation. Firstly, indents can become too small to be
clearly resolved under an optical microscope being an essential part
of the microindentation instrumentation, requiring subsequent
examination under a scanning electron microscope for determining
their shapes and possible pile-ups, or performing the indentation
tests in an atomic force microscope [7]. Secondly, the influence of
surface conditions (roughness, mechanical deformation) increases
with decreasing indent size necessitating the optimised sample
preparation [8]. Last, but not least, the indentation size effect (ISE),
which is defined as the increase in hardness with decreasing indent
size needs to be taken into account. The comprehensive review of
its origin was given by Mukhopadhyay and Paufler [9].

Over the recent years several reports have been published
regarding indentation hardness tests on stable quasicrystals
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[7,10,11]. On the other hand, no reports can be found about the
indentation hardness of metastable quasicrystals. Namely, small
particle sizes in rapidly solidified alloys prevent the hardness mea-
surements of individual particles. Improvement in the quasicrystal
forming abilities of some aluminium alloys have given rise to the
formation of metastable quasicrystals at much smaller cooling rates
attainable by conventional casting [12]. Consequently, quasicrys-
talline particles are considerably larger due to noticeably lower
cooling rates, making indentation hardness measurements feasible.
In addition to quasicrystals, determining the mechanical proper-
ties of quasicrystalline approximants has become a very important
issue [13]. Quasicrystalline approximants possess very large unit
cells containing up to thousands of atoms. Both quasicrystals
and quasicrystalline approximants consist of well-defined clus-
ters, most often of icosahedral symmetry, and belong to a class
of so-called complex metallic alloys [14]. In one of the recently
developed alloys, an Alg4Mn;,Be,Cu, alloy [15], both an i-phase
and a quasicrystalline approximant can be found. This offers a nice
possibility of making comparison between the mechanical prop-
erties of these two phases, having very similar compositions and
cluster arrangements. Indentation hardness tests were also carried
out on Be4AlMn (fcc, a=0.611 nm, cF24 [16]) and the single crys-
talline pw-AlyMn (a=1.9980nm, c=2.4673 nm, hP574, P63/mmc
[17]), which is closely related to the quasicrystalline approximant
present in Alg4Mn;yBe,Cu,. In addition, all of these phases can
contribute to the strengthening of aluminium alloys; representing
another reason for investigating their mechanical properties. Dis-
persed phases and small particle sizes called for small loads during
microindentation testing, often causing a significant mismatch of
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hardness values. Thus a combined approach to using microindenta-
tion and microscopy (SEM and focussed ion beam, FIB) was chosen
to increase the reliability and reduce the scattering of the results.

2. Materials and methods

The indentation study was performed on an AlgsMn;Be,Cu, (at.%) alloy, and
a single crystalline pw-Al4Mn (Al793Mnyg7); more details about the latter phase
can be found in Ref. [18]. The AlgsMn;Be;Cu; alloy was vacuum induction melted
and die-cast into cylindrical copper moulds with diameters of 3 mm and 50 mm.
The samples were investigated using SEM (Sirion 400 NC, FEI) equipped with EDS
(Inca 350, Oxford Instruments), XRD (synchrotron radiation, A = 0.1 nm, Sincrotrone
Elettra, Trieste, Italy) and Tof SIMS (time-of-flight secondary ion mass spectroscopy,
Cameca TOF-1V).

The samples were prepared using typical mechanical metallographic prepara-
tion techniques. The final stage consisted of polishing with 1 wm diamond paste. The
indentation hardness tests were carried out on a Fisherscope H100C testing machine
(Fisher Technology). The loading and unloading times were 10 s each. The maximum
loads applied ranged from 5 mN to 500 mN. After the tests, the Martens hardness HM,
the Vickers indentation hardness HV, reduced elastic modulus E; and, the fraction
of elastic energy n;r were evaluated according to the standard EN ISO 14577 [19].
Indents were observed in SEM and, in some cases milled using focussed ion beam
FIB (Quanta 200 3D, FEI) in order to determine the shapes of the indents, thicknesses
of the investigated particles, and the presence of any cracks under the indents.

3. Results and discussion
3.1. Microstructure of the investigated alloys

Fig. 1 shows the microstructures of the investigated alloy
under two as-cast conditions. The alloy Alg4Mn,Be,Cu, cast into
the 50 mm diameter cylindrical mould consisted of five phases:
hexagonal H-phase, cubic Be4AlMn, ®-Al,Cu, T1-Al;gMngCuy and
Al-rich matrix (Fig. 1a). The EDS results indicated the atomic

Fig. 1. Backscattered electron micrographs of the alloy AlgsMn;Be,Cuj; (a) cast into
the 50 mm copper mould and (b) die-cast into the 3 mm copper mould.

Table 1
Size ranges of the investigated phases and the critical loads initiating cracks around
indents.

Phase H-phase Be,AlMn i-Phase
Size of particles (um) Up to 250 Up to 50 Up to 20
Critical load (mN) 500 200 30

ratio Al:Mn=4:1 for the hexagonal H-phase, which is almost the
same as in pw-Al4Mn. However, the H-phase also contained about
2at.% Cu (EDS) and perhaps 2-5at.% Be, estimated on the basis
of a qualitative ToF SIMS investigation. XRD revealed the pres-
ence of a hexagonal phase with lattice parameters of a=1.22736
and ¢=2.45396, similar to those found in Al-Mn-Be alloys by
Kim et al. [12]. Be4AIMn dissolved a small amount of Cu, and
the lattice parameter a=0.612nm was almost the same as in
pure Be4AlMn. The lattice parameters of orthorhombic 7; were
a=2.421nm, b=0.772nm and c=1.249 nm, and those of tetrago-
nal ®-Al;Cu: a=0.606 nm and c=0.486 nm. The samples cast into
the cylindrical 3 mm mould were composed of only three phases:
icosahedral quasicrystalline phase (i-phase, a quasilattice constant
of a=0.46 nm), tetragonal ®-Al,Cu (a=0.605nm, c=0.484 nm) and
afcc Al-rich solid solution (a = 0.404 nm) (Fig. 1b). The Al to Mn ratio
in the i-phase was almost the same as in the H-phase, but it con-
tained a much higher amount of Be (30%), and approximately 2 at.%
Cu. The indentation hardness tests were carried on three phases
Be4AlMn, H-phase, and the i-phase. The main aim was to study
those phases with great differences in their structures. Be4AIMn
has a relatively small number of atoms in the unit cell (24 atoms)
and can be classified as a simple intermetallic phase. In contrast,
the H-phase belongs to a group of complex metallic alloys, hav-
ing large unit cells with large cluster-like building blocks, alike
to those found in quasicrystalline phases. Finally, the i-phase is
quasiperiodic (infinite unit cell), belonging to the Mackay-type of
quasicrystals. Typical sizes of particular phases and critical loads
for initiating cracks around the indents are given in Table 1.

3.2. Selection of measurements for evaluating the results

The small sizes of most particles required the application of
small loads, often causing large mismatches of the results. In order
to increase the reliability and to reduce the scattering of the results,
eachindent and indentation curve was closely inspected. Aload sig-
nificantly exceeding the critical load gave rise to a complete fracture
of the investigated particle, which could be easily observed under
a light microscope. In a loading curve, very large pop-ins (disconti-
nuities in the load-displacement curve) in the order of 50-100 nm
sometimes appeared (Fig. 2a), despite the fact that no cracks formed
around an indent. In such a case, ion-milled cross section regularly
revealed the presence of several cracks beneath the indent (Fig. 2b)
or the very small thickness of a particle. This could also be inferred
from the much smaller values for hardness and reduced modulus
(HV=4.2 GPa and E; =24 GPa, in comparison with HV =14 GPa and
E;=151GPa).

Contrary to the previous case, the indentation curve in Fig. 3a
shows no large pop-ins, yet the modulus of elasticity and hardness
deviated far too much from the average values. SEM inspection
showed the presence of rather large cracks, and the too small a
distance of the indent from the neighbouring phase (Fig. 3b).

Based on careful observations of the indents and indentation
curves, a measurement was not included in the evaluation when at
least one of the following criteria was fulfilled:

e The hardness values or modulus of elasticity were much smaller
than the average values.
¢ The indent was too close to the edge of a particle.
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Fig. 2. Indentation test on an i-phase particle (F=30mN). The pop-ins on the loading curve (a) appeared due to formation of the crack network below the indent as revealed

on the ion-milled cross section.

Fig. 3. Indentation test on a particle of H-phase (F=500 mN). (a) Indentation curve without pop-ins (HV=6.61 GPa and E; =155 GPa) and (b) long cracks emerging from the

indent (BSE).

e The large pop-ins were observed on the indentation curve.

¢ The indentation depth approached or exceeded the thickness of
a particle.

e Cracks were observed around indents.

Fig. 4 shows two indents lying on the borderline between accepted
and rejected measurements. They were accepted, even though
they were very close to the particle edges (around 1d). How-
ever, there were no cracks, the indentation curve was smooth
without large pop-ins and the measured values did not deviate
from the values obtained when the distances from the edges were
greater.

Fig. 4. An example of accepted measurements: two indents in the i-phase of
AlgsMn;,Be;,Cu, after casting into the 3 mm copper mould.

3.3. Properties of phases

Fig. 5 comprises the Vickers hardness HV for all investigated
phases as a function of load F. The scattering of the results for loads
of 5mN and 10 mN was very large, therefore those values were
not included in the diagram, except for w-AlysMn. This could be
mainly attributable to extrinsic factors such as vibrations and sur-

Fig. 5. The average Vickers hardness of the investigated phases as a function of load
F.
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Fig. 6. Indentation curves for the investigated phases in the AlgsMn,Be;Cu; alloy
using a load of 20 mN.

face roughness. The H-phase did not exhibit any ISE, while the effect
of ISEin Be4AlMn was rather weak. Conversely, this effect was much
more pronounced for the i-phase and p-Al;Mn. Similar behaviour
can be found in other systems, for example, Mukhopadhyay et al.
reported strong ISE for an Al-Ni-Co decagonal quasicrystal [10], but
absence of ISE for Zn-Mg-Er and Zn-Mg-Ho icosahedral phases [7].
The small size, dendritic shape and presumably high concentration
of defects in the i-phase probably caused the inhomogeneous stress
state with high local stress concentrations, leading to fracturing at
relatively small loads, and prevented the application of loads higher
than F>30mN.

Fig. 6 shows the typical indentation curves of the selected
phases and Table 2 summarises the results. The indentation
curves of Be4AIMn were rather smooth; the depth of the indent
monotonously increased with increasing load, which is also typ-
ical for simple metals; such as Al [11]. On the other hand, the
indentation curves of the i-phase were characterized by a series of
small pop-ins, and the same features could also be observed on the
indentation curves of quasicrystalline approximants H-phase and
w-AlsMn (Fig. 7), thus sharing similar cluster substructure [12,17].
The hardness values of the i-phase, especially the Vickers hardness,
strongly exceeded the hardness values of other phases. This could
be attributed to the fact that its quasiperiodic structure offered
much greater resistance to plastic deformation than the periodic
structures of quasicrystalline approximants (H-phase), which was
also found in other investigations [1].

The reduced modulus of the i-phase was 160 + 10 GPa, and those
of the H-phase and p-Al;Mn were almost the same 175+ 8 GPa
(Table 2). On the other hand, Be4AlMn exhibited much higher E; in
the order of 250 & 10 GPa. Using the appropriate elastic constants
for the Vickers indenter (G=1140GPa, v=0.07) and the Poisson’s
ratioof 0.23 [7] for the i-phase and 0.3 for the other phases, the aver-
age E values turned out to be 187 GPa, 188 GPa, 182 GPaand 295 GPa
for the i-phase, H-phase, w-Al4Mn and Be4AlMn, respectively. It
should be noted that the Poisson’s ratios of the present phases
are unknown. However, typical values for intermetallic phases are
around 0.3. By taking Poisson’s ratios between 0.25 and 0.35, the

Fig. 7. The indentation curves of pw-Al4Mn and H-phase using a load of 20 mN.

results deviated by only +5% from the calculated E. This is within
the experimental precision of the measurements. The elastic mod-
ulus reflects the strength of interatomic bonding. Thus, the strength
of the interatomic bonding was almost the same as for i-phase, H-
phase and p-Al;Mn; i.e. the phases with the substructures made of
Mackay clusters, despite some differences in their chemical com-
positions, periodicities, and sizes of their unit cells. The modulus
of elasticity for the i-phase was comparable to those of other alu-
minium quasicrystals (Table 3). Interestingly, the elastic modulus
of Be4AlMn almost completely matched that of pure Be, indicating
that the Be-Be interactions had a dominant influence on its elastic
properties.

The Martens hardness is the resistance of a material against both
elastic and plastic deformation. It was calculated under the max-
imum load. The highest values were attained by the i-phase and
Be4AlMn (=9 GPa), whereas the values for the Martens hardness
were much lower for the H-phase and p-Al4Mn. The permanent
deformation of the i-phase was much smaller than those of the
other phases due to its higher fraction of elastic energy (>60%).
This resulted in a much higher Vickers hardness, which reflects
the nature of resistance to plastic deformation. At 20 mN the Vick-
ers hardness of the i-phase strongly exceeded the hardnesses of
other phases, indicating that its quasiperiodic structure offered
much greater resistance than the periodic structures of quasicrys-
talline approximants. It should be stressed that even the hardness
of the softest H-phase attained a value comparable to the top hard-
ness of hardened steel (=*800HV). The hardness values of other
Al-quasicrystals are available at relatively higher loads (see Table 2
and Ref. [9]); therefore a direct comparison with the current values
was impossible because of ISE. For this reason, hardness measure-
ments were additionally carried out at 20mN and 30 mN on the
i-phase, in an Alg4Cuy3Feq3 alloy. It was revealed that, at these
loads, the hardness of the i-phase in Alg4Mn;Be;Cu, was approxi-
mately ~50% higher than the hardness of i-phase in Alg4Cuy3Fe;3.
If this ratio were to be also valid for higher loads, then hardness
levels up to 1.5GPa would be expected, making the i-phase in
Alg4Mn;Be;,Cu; a promising hardening phase. The properties of the
w-Aly;Mn and H-phases did not differ a lot. This could be inferred
from their structural resemblance [12,17]. The higher values for .-

Table 2
Properties of the investigated phases in the AlgsMn,Be,Cu, alloy and w-Al4Mn determined using the microindentation test at an applied load of 20 mN.

Alloy HM (GPa) HV (GPa) E; (GPa) E (GPa) mr (%)
i-Phase AlgsMn;,Be; Cuy 8.8 £ 0.5 225420 161+ 9 177 63 +3
H-phase AlgsMn;,Be; Cu, 6.1 £ 0.24 8.1 +£0.35 175+ 6 188 36 +2
BesAlMn AlgsMn;,Be, Cuy 9.1 £0.1 134 £ 0.2 253 £ 8 295 43 £2
r-AlsMn Al793Mnyg 7 7.5+ 0.1 129 + 0.2 172+ 8 182 49 + 2
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Table 3

Properties of selected phases, determined by indentation hardness testing.
Phase or alloy F(mN) HV (GPa) HV[E E (GPa) Source
Single crystalline i-phase 500 104 0.06 167 [21]
AlgzCuzssFerzs 2000 8.7

5000 8.1
Polycrystalline i-phase 500 7.85+0.60 0.047 167 [20]
Alg25CuzaoFerzs 5000
Polycrystalline i-phase = 9.95+1.0 0.089 112 [22]
AlggCupyFeqq
Polycrystalline i-phase - 7.19 - - [23]
AlgsCuyoFeqs
Polycrystalline i-phase 7.62 - = [23]
AlsoCuzoFeq5Siis
Single crystalline i-phase Zn-Mg-Er 16 8.5+0.2 0.06 140+10 [7]
Single crystalline i-phase Zn-Mg-Ho 16 8.5+0.2 0.055 140+ 10 [7]
Cuy7Tiz3Zr11NigSn, Si; metallic glass 16 7.8+0.1 0.05 125+5 [24]
Alg3Si; CuzpCors 15 9.01+0.33 0.05 181+5 [25]
500 8.24+0.16

Al4Mn may arise from its higher structural perfection because it
was held for a long time at high temperatures during single crystal
growth, whereas the H-phase formed during solidification with an
approximate cooling rate of 10K/s.

In spite of several investigations, there is still a lack of agree-
ment regarding the plastic deformation of quasicrystalline phases
at low temperatures. Quasicrystalline phases and intermetallic
compounds share a homologous brittle-to-ductile transition tem-
perature of T/Tm~0.7 (T, — melting temperature) [20], thus
diffusion processes which are non-viable at room temperature are
strongly involved in plastic deformation. However, indentation
experiments are performed under confined pressure conditions,
where uniaxial stress states are superimposed by hydrostatic pres-
sure, the BDT can be lowered down to room temperature by
suppressing crack growth. High hydrostatic pressure can allow
for dislocation glide and multiplication in Be4AIMn, similar to the
deformation mechanism in simple metals, resulting in a monoton-
ically increasing indentation curve.

The close resemblances of indentation curves for the i-phase, H-
phase and .-Al4Mn, especially the presence of pop-ins, can lead to
the conclusion of related deformation mechanisms in all phases.
It should be taken into account each has a similar cluster sub-
structure, and very likely exhibits the same strain softening as
other quasicrystals and quasicrystalline approximants. Deforma-
tion mechanisms have normally been studied on single grained
specimens. Yet, the i-phase in the investigated alloy is metastable
and cannot be grown as a single crystal. Quasicrystalline phases
can deform via dislocation glide and climb at higher temperatures.
On the other hand, plastic deformation in complex metallic alloys
with very large unit cells was found to be mediated by metadisloca-
tions. The glide of a metadislocation inevitably involves local phase
transformation to a closely related structure [13]. Very high brittle-
to-ductile transition temperatures very likely cause the absence
of active dislocations in the i-phase, and metadislocations in the
H-phase and p.-Al4Mn, at room temperature. Recently, Mukhopad-
hyay et al. [7] revealed the formation of shear bands in a step-wise
manner by using atomic force microscopy. They concluded that this
could be the initial mechanism for plastic deformation and can be
related to pop-ins. In subsequent stages it can be followed to phase
transformation in a softer periodic quasicrystalline approximant.
These two-step processes appeared more feasible than the direct
quasicrystal-to-crystal transition proposed by Dub et al. [11]. The
deformation through formation and propagation of shear bands
could also be a viable mechanism for plastic deformation of approx-
imant phases as well. Nevertheless, it seems that the explanation

for plastic deformation mechanisms in phases with large unit cells
requires further detailed investigations.

4. Conclusions

The results of our work lead us to the following conclusions.

The H-phase did not exhibit any ISE, while the effect of ISE in
Be4AlMn was rather weak. Conversely, this effect was much more
pronounced for the i-phase and p.-Al4Mn. The very low critical load
for the formation of cracks in the i-phase and the small sizes of
i-phase particles prevented the application of loads higher than
F>30mN.

The average E values for the i-phase, H-phase, w-Aly;Mn, and
Be4AlMn turned out to be 187 GPa, 188 GPa, 182 GPa and 295 GPa,
respectively. This inferred similar strengths for interatomic bond-
ing regarding the i-phase, H-phase, and p-Al4Mn; i.e. those phases
with resembling cluster substructures. The elastic modulus of
Be4AlMn almost completely matched that of pure Be, indicating
that the Be-Be interactions had a dominant influence on its elastic
properties.

The close resemblance of indentation curves for the i-phase, H-
phase and p-Al4Mn, especially the presence of pop-ins, can lead
to the conclusion of related deformation mechanisms in all phases.
The i-phase was distinguishable from the other phases by its higher
fraction of the elastic energy (>60%), and a much higher hardness
at 20 mN (>2.2 GPa), making this phase an interesting hardening
phase for Al-alloys.
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