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Abstract. The effects of microstructure on the mechanical properties of as-cast
Al,NijsFe;s and Al;,NiyFes alloys were investigated. These alloys were composed of
decagonal quasicrystalline D-phase coexisting with Al-based intermetallics. The
mechanical properties were characterized by means of microhardness indentation at
room temperature. Fracture mode was examined by scanning electron microscopy.
The ductility of the alloys tended to decrease with increasing iron content.
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1. INTRODUCTION

Quasicrystalline alloys are considered as new materials with enhanced
properties such as very high hardness, low toughness, and a high capability for
elastic recovery due to their unique atomic arrangement [1-4]. However, the use of
the quasicrystalline alloys is limited due to their high brittleness at room temperature
[5, 6]. Whereas at high temperature, they show ductility due to the mobility of
thermally activated distributions.

Among the various types of quasicrystals, the decagonal (D) quasicrystals
of Al-Ni-Fe alloys have been studied quite extensively [7-15]. The D-phase is
quasiperiodic in two and periodic in the other dimension [16, 17]. Most of the
studies on Al-Ni-Fe alloys focus on the quasicrystalline structure and physical
properties [18-20]. In addition, studies on the equilibrium phase diagram, the
effects of annealing, and the orientation dependence on decagonal phase growth
have been conducted [21-23]. However, the mechanical properties of quasicrystals
are seldom reported.

It has been known that the change of the microstructure influences mechanical
properties [24-28]. Therefore, the microstructure effect on fracture mechanisms is
actively studied by many researchers [29-34]. Apart from the inherent advantages
of quasicrystalline alloys, their microstructure determined by alloy composition also
plays an important role in service performance [35-39]. Considering their potential
application, the understanding of the failure mechanisms of quasicrystalline alloys
is necessary to predict their service performance. By adjusting the microstructure,
the fracture mechanism could be controlled [40—42].
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Further research in this direction is required for making use of the properties
of quasicrystalline alloys for some technological applications. The aim of the present
study is to investigate the mechanical properties of the quasicrystalline Al-Ni—Fe
alloys fabricated by a slow-cooling method by means of a hardness indentation
technique and to reveal features of their fracture mechanisms.

2. EXPERIMENTAL

Quasicrystalline Al-Ni—Fe alloys were prepared by melting mixtures of 99.9%
pure elements in Tamman furnace (V..,=5 K/s). The compositions of the alloys used
in this research were selected from the ternary AI-Ni—Fe phase diagram [21-23].
Finally, the selected quasicrystalline alloys had a stoichiometry of Al;,NijsFejs and
Al;,NiyFes determined by atomic absorption spectroscopy (AAS, SPRUT SEF-01-M).

Samples were mechanically polished and etched for optical microscopy (OM,
NEOPHOT). The chemical compositions of each phase were identified by X-ray
diffraction (XRD, DRON-UM-1, Cu-K,, source) and energy dispersive spectroscopy
(EDS, REMMA 102-02). Based on the results of XRD and EDS, the different colored
regions on a scanning electron microscope (SEM, REMMA 102-02) backscattering
images were matched to the phases identified by XRD. To calculate the volume
fraction of each phase, image analyzer (IA, EPIQUANT) was used for image
processing and obtaining the area of each phase. Differential thermal analysis
(DTA, Q-1500 D) was also done to determine the melting points of the phases at a
heating rate of 0.35 K/s. The temperature of DTA equipment was controlled using
a PtRh-Pt thermocouple.

Microhardness (Hy) measurements were made using a PMT-3 Vickers tester
at room temperature for a loading time of 15 s under the loads varying from 50 g to
200 g. Values of the microhardness were averaged from 10 measurements. The fracture
toughness (Kc) of the samples was also obtained by the Vickers indenter by measuring
crack length around the indentation [43]. Fracture toughness measurements were
carried out ten times each to provide repeatability with standard deviations.
Young's modulus (£) of complex Al-based intermetallics was calculated from their
melting points using the formula given in [44].

To investigate fractographic behavior, the load was applied to cause a failure
of the selected specimens by crushing, and then fracture profiles were compared
and evaluated with a scanning electron microscope (SEM, REM-1061) to further
examine the fracture mechanisms [45-47].

3. RESULTS AND DISCUSSION

Figures 1 a,b show the solidification microstructure of the Al;,Ni;Fe;s alloy
formed during conventional casting [11]. Two phases observed are AlsFeNi and
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quasicrystalline D-phase constituted about 35% of the volume of the specimen, all
main reflections of which are seen in the X-ray diffractogram (Fig. 1c). The
identification of each phase is also supported by the DTA analysis (Table 1).
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Fig. 1 — OM images (a,b) and XRD pattern (c) of the Al;,NijsFe,s alloy.

Table 1
Melting points (7},,), microhardness (Hy) and Young's modulus (E) of identified phases
Alloys Phase T, [K] Hy [GPa] E [GPa]
constituents m v
. AlsFeNi 13203 7.240.1 948 +£0.4
Al F
7NiFess D-phase 1198 +5 109+0.3 79.8 +0.6
Als(Ni,Fe), 1340+ 3 6.5+0.3 972+0.2
. D-phase 1210+ 4 10.2+0.2 81.2+04
Al F .
72NisFes Alj5(Ni,Fe), 1138 + 4 6.0+04 724405
Al3(Ni,Fe) 1138 +4 6.1+0.3 724£0.5
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Fig. 2 — OM images (a, b) and XRD pattern (c) of the Al;,Ni,3Fes alloy.

Examination by light-optical microscope as well as by diffractometer of the
Al»NiyFes alloy reveals multiphase structure (Fig. 2a,b) [9]. There exist at least
four different phases, discernible by the image contrast, namely D-phase,
Alj3(Ni,Fe)y, Al;(Ni,Fe),, and Al;(Ni,Fe). Figure 2c shows the corresponding X-ray
diffraction pattern from the Al;)Ni,;Fes alloy. Based on these observations, it is
found that this alloy has lower volume fraction of the quasicrystalline D-phase
(about 15 vol.%). As Ni is added up to 23 at.%, replacing the Fe atoms, the
crystallization mode of the Al;;Niy;Fes alloy changes from two to three stages. The
extra exothermic peak at the lower temperature 1138 K appears due to the
decomposition of the quasicrystalline D-phase to Al3(Ni,Fe)s, Al;(Ni,Fe),, and
Al3;(Ni,Fe) phases upon cooling (Table 1).

Table 1 also summarizes the microhardness measured at a load of 50 g and
Young’s modulus of the identified phases. Considering microhardness and Young's
modulus as additive characteristics, average Hy value decreases from 8.5 GPa to
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7.0 GPa and average E value slightly increases from 89.5 GPa to 90.6 GPa for the
Al,NijsFe;s and AlNiyFes alloys correspondingly, which evidences that alloy
containing less iron shows lower brittleness.

The microhardness values of the investigated Al-Ni—Fe alloys having different
D-phase content at various loads are listed in Table 2. The Al;;Niy;Fes alloy reveals
the lower average microhardness value 6.73 GPa (0.28 deviation) that ranges from
6.44 to 7.0 GPa. The microhardness of the Al;;Ni ;Fe;s alloy shows an average of
7.95 GPa (0.51 deviation) between 7.50 and 8.51 GPa. The microhardness for both
the studied alloys is found to decrease with the load increasing. The obtained load
dependency of microhardness values may be explained by surface resistance mainly
from elastic deformation [48]. In the lower load region, the surface resistance is
comparable with the applied load, which results in higher microhardness. On the
contrary, at higher loads the surface resistance is negligible, thus decreasing the
microhardness value.

Table 2
Values of microhardness (Hy) and fracture toughness (K;c) as a function of applied load
Load Al72Ni13Fel5 alloy Al72Ni23Fe5 alloy
[g] Hy [GPa] K\c [MPa-m'?] Hy [GPa] K,c [MPa-m"?]
50 8.51+0.37 no cracks 7.0+0.32 no cracks
100 | 8.15+0.12 2.82+£0.11 6.84 £0.16 no cracks
150 | 7.63+£0.20 3.14+£0.21 6.62 +£0.23 4.37+0.10
200 |[7.50+0.11 3.65+0.14 6.44 £0.10 4.58+0.16

With regards to the microhardness test, the cracks occur at the edge of the
indention of the Al;,Ni;Fe;s alloy when the applied load is larger than 50 g. As the
load is increased up to 150 g, the radial cracks from the corner of the indentation
also develop. As for the Al,»NiyFes alloy, the obvious cracks near the corner of the
indenter mark are observed when the load is increasing up to 150 g, and radial
cracks appear at a load of 200 g, which suggests that this alloy has better ductility.

The determined values of fracture toughness are presented in Table 2. It reveals
that the fracture toughness of the Al;;Niy;Fes alloy is higher than that of the
Al NijsFess alloy, indicating the greater brittleness of the latter. The average fracture
toughness value for the Al;;Ni3Fe;s alloy is found to be around 3.2 MPa-m'?
(0.30 deviation), and that for the Al;;Niy;Fes alloy is 4.5 MPa-m'? (0.11 deviation).
There is a tendency for fracture toughness to increase with an increase in load value.
It is obvious that microhardness and fracture toughness are in inverse relationship.

Tables 1 and 2 clearly show that there is a strong inverse proportion between
crystalline phases concentration (fracture toughness) and quasicrystalline D-phase
concentration (hardness). From this, it may be concluded that higher iron content
reduces the ductility of the investigated Al-Ni—Fe alloys.

Figure 3 shows the fracture surface of the Al,,Ni;Fe;s alloy that is reasonably
smooth, which reveals the typical brittle failure mechanism. Cracks propagate
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primarily in an intergranular mode, which indicates that the grain boundary regions
can be embrittled by the flaws. Therefore, the bonds between alloy grains are
weaker than the alloy itself at room temperature. The D-phase accelerates crack
propagation due to its little or no plastic deformation prior to fracture (Fig. 3a,b). In
contrast, a smaller fracture is observed in the AlsFeNi phase (Fig. 3c,d). The
brittleness of these phases can be explained by the complex atomic arrangement as
well as ionic and covalent bonds in them. Besides, two-phase coarse microstructure
of the Al,,NijsFejs alloy can favor crack propagation. That is why this alloy
exhibits little plasticity in the experiments.

20.00kV x50.0 20.00kV x200

25.00kV x2.00k

Fig. 3 — SEM-micrographs of the fracture surface of the Al;,Ni ;Fe;s alloy.

The Al,,NiyFes alloy exhibits two types of fracture behavior: mainly brittle
fracture of D-phase and Al;(Ni,Fe), phase (Fig. 4a,b) and mixed-mode fracture of
Alj5(Ni,Fe), and Al;(Ni,Fe) phases combining features of brittle and ductile failure
(Fig. 4c,d). It is difficult to consider that the quasicrystalline D-phase itself in the
studied alloy has plastic deformability. Its brittle fracture surface shows a flat
topography with some traces of ductile failure. The better mechanical properties of
the Al;)NiysFes alloy may be attributed to its fine multiphase structure that tends to
mitigate crack initiation and to reduce the possibility of brittle fracture. Therefore,
the Al;)NiyFes alloy possesses favorable hardness and fracture toughness, which
leads to improved failure resistance.
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Fig. 4 — SEM-micrographs of the fracture surface of the Al;,Ni,sFes alloy.

4. CONCLUSIONS

In this research, two- and four-phase Al,,NijsFe;s and Al;NiysFes alloys
correspondingly with different quasicrystalline D-phase content have been studied.
The Al,;Ni;Fe;s alloy shows an enhanced hardness due to the higher content of
D-phase and mechanical properties of the dominant AlsFeNi phase. Ni addition
instead of Fe leads to an increase in fracture toughness and Young's modulus of the
AlpNiysFes alloy. So, there is a tendency for ductility to increase with decreasing
Fe content of the alloys.

As applied load is increased, the microhardness of both the alloys decreases,
but fracture toughness increases. The decrease in iron content of the alloys leads to
least effect of load on values of microhardness and fracture toughness.

The appearance of the fracture surfaces of the Al;;Nij3Fes and AlyNiyzFes
alloys is found to be consistent with the iron content. Fracture of the Al;,Nij3Fe;s
alloy containing more iron occurs through a brittle mode. The failure process is
dominated by intergranular fracture mechanism. The failure mode of the
Al;NiyFes alloy with lower iron content is mainly brittle but the traces of ductile
fracture are found as well. This is because the Al3(Ni,Fe), and Al;(Ni,Fe) phases,
which fail in mix-mode manner, are more resistant to cracking and decrease brittle
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fracture. Therefore, the four-phase quasicrystalline Al;;Niy;Fes alloy, combining
both brittle and ductile failure mechanisms, exhibits a better fracture resistance in
comparison with the two-phase Al;;Ni;;Fes alloy that fails by brittle mode.
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