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In the present investigation we have made an attempt to synthesize T-Mg32(Al,Zn)49 Frank
Kasper phase and investigate the mechanical properties of the T-Phase in micro and nano
scale. Single T-Phase (bcc, a = 1.42 nm) has been prepared by conventional casting with a
proper combination of flux in order to avoid the loss of magnesium from the melt.
Chemical analysis by energy dispersive X-ray microanalysis system attached to scanning
electron microscope has confirmed the desired composition for T-phase. The as-cast
material was then rapidly solidified by melt spinning and mechanically milled using a
high-energy ball mill. The samples were characterized by scanning electron microscopy,
transmission electron microscopy and X-ray diffraction techniques. The rapidly solidified
foils showed the presence of mostly nanoquasicrystalline phases coexisting with a minute
amount of crystalline phases in the thin region where the cooling rate is expected to be
high. The dark field imaging in electron microscopy clearly confirms the existence of nano
phases. Mechanically milled powder exhibited the evolution of nanophases at higher
milling time. Microhardness measurement at low load was carried out in both the as-cast
and nanophase materials in order to understand the influence of nanophases on the mode
of deformation and cracking at low load. C© 2004 Kluwer Academic Publishers

1. Introduction
It is now becoming clear that the size, distribution and
volume fraction of fine scale nano-phase can signif-
icantly alter the mechanical and physical properties
of materials [1, 2]. Following the nanocrystallization
route, brittle intermetallics and ceramics can be made
to exhibit improved ductility and fracture toughness.
Therefore one can design alloys by controlling the
microstructure in the nano-scale. A novel way of trans-
forming a material to a metastable state is to reduce its
grain size from micrometers to nanometers, when the
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proportion of atoms at the grain boundaries is equal to
or higher than those inside the grains. These nanocrys-
talline materials have been shown to have properties
much improved over those exhibited by conventional
grain size (>10 µm) polycrystalline materials. It is
the combination of unique compositions and novel
microstructures that leads to the extraordinary potential
of nanocrystalline materials. The formation of qua-
sicrystals and related approximant crystalline phases
is studied in a Mg-Al-Zn alloy system by applying
rapid solidification processing (RSP) and mechanical
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milling (MM) techniques. The crystal structure of
Mg32(Al,Zn)49 phase has been shown by Bergman
et al. [3] to be bcc with a = 1.416 nm and 162 atoms
and contain icosahedral clusters and is a typical Frank-
Kasper phase. It has been shown by Ramachandra Rao
and Sastry [4] that by rapid solidification this phase
can give rise to a quasicrystalline (QC) phase, which
is also known as icosahedral phase [5].

In the present investigation we have adopted two pro-
cessing techniques in order to synthesize nanophase
materials. We have produced nanocrystalline and
nanoquasicrystalline (nanoQC) phases by RSP from
an as-cast Frank-Kasper phase Mg32(Al,Zn)49 alloy as
well as by MM of the as-cast alloy for up to 60 h in a high
energy ball mill. The results obtained in all the cases
are discussed in the light of our current understanding.

2. Experimental details
Mg32(Al,Zn)49alloy was prepared in a graphite coated
fire clay crucible inside a muffle furnace using a
protective (high fluidity) flux (MgCl2 + KCl in ra-
tio of 2:3). Melt spinning was used to produce foils
of Mg32(Al,Zn)49. High energy ball milling using a
Pulverisette-P5 planetary ball mill was used to produce
fine powder of Mg32(Al,Zn)49 alloy. Fine powder was
prepared from alloy ingots by ball milling for up to
60 h to study the phase transformation. Milling was
done in tungsten carbide vial containing 50 tungsten
carbide (WC) balls of 10 mm diameter using a ball-
to-powder ratio of 15:1. The rotation speed has been
at 300 rpm for this planetary ball mill. The milling
was carried out using toluene as a medium to prevent
oxidation during milling. For structural characteriza-
tion the X-ray diffraction (XRD) was carried out by
Rigaku X-Ray diffractometer using Cu Kα radiation
(λ = 1.5409 Å) and Phillips PW 1710 using Co Kα ra-
diation (λ = 1.789 Å). Scanning Electron Microscopy
(SEM) was done using a JEOL 840 A having an en-
ergy dispersive X-ray (EDX) attachment. Transmission

Figure 1 X-ray diffraction (λ = 1.54 Å) pattern of Mg32(Al,Zn)49 alloy (a) as-cast, (b) RSP foil, showing the crystalline T-phase in the as-cast sample
and the mixture of QC and T-phases in the RSP foils.

Electron Microscopy (TEM) was done by using a JEOL
200CX operated at 100 kV. We analyzed the full width
at half maximum (FWHM) of the Bragg peaks as a
function of the diffraction angle. It is known that peak
broadening will be due to grain size refinement, in-
duced strain and instrument broadening. Instrumental
broadening was determined by calibration with a stan-
dard silicon sample and it was considered while cal-
culating the strain and size effect. It is known that the
X-ray peak broadening due to small crystallite size is
inversely proportional to cosθ , but due to lattice strain
it is proportional to tanθ . Thus, when βcosθ is plotted
against sinθ , a straight line is obtained with slope as
ε and intercept as 0.9 λ/d. From these, we have cal-
culated the crystallite size d and lattice strain ε [6]. A
Tukon Microhardness tester was used to measure the
microhardness of as cast and rapidly solidified sample.
Each hardness value reported is typically the average of
ten values. The same experiment was conducted with
various loads of 5, 10, 25 and 50 g.

3. Results and discussions
3.1. As-cast Mg32 (Al,Zn)49

Frank-Kasper phase
From the EDX analysis it is confirmed that chemical
composition is within the single T-Frank-Kasper phase
region of the ternary phase diagram of Mg-Al-Zn al-
loy [7]. XRD analysis confirmed the bcc structure with
lattice parameter a = 1.42 nm (Fig. 1a). The XRD
trace shows intense peaks at (530), (532), (541) and
(710) reflections. Among these (530) and (532) are
intimately related to vertex vector (211111) and edge
vector (221001) reflections of quasicrystals (following
the Elser’s indexing scheme for QC phase). It has been
shown that the (600) and (532) reflections together form
all (221001) type vectors of the icosahedral phase. As a
result the (600) reflections and (532) reflections merge
together and get more intense than the (530) reflection.
It must be emphasized that though all these reflections
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are related to the quasicrystal reflections, there is a shift
in all these vectors [8] as has also been seen in the
Mg-Al-Ag T-phase [9]. Generally, the peak at (530) is
more intense than the peak at (532) in the crystalline
phase whereas the reverse is true in the QC phase. The
peaks positioned at (530), (532) and (600) reflections
are taken as reference peaks to understand the trans-
formation behavior from crystalline to QC phases and
vice versa.

3.2. Rapidly solidified Mg32(Al,Zn)49 alloy
In the present study RSP foil was made by melt
spinning. Diffraction pattern of RSP foil revealed the
presence of original bcc along with QC peaks (Fig. 1b).
Comparing the peak positions with that of the as-cast
structure, the peak shift and the intensity reversal has
been observed. This lends support to the fact that the
RSP foils contain both quasicrystal and crystalline
phases. In RSP foil the peak corresponding to (532)
is stronger than (530). This is the basic signature for
the formation of QC phase by rapid solidification [9].
Though the crystalline phase of the as-cast alloy has not
been completely transformed to the QC phase, however
it has changed to a nanostructured phase. TEM analysis
of the RSP foils shows a spotty ring diffraction pattern
(Fig. 2a) where intense and medium intense rings
corresponding to (211 111) and (221 001) reflections
of icosahedral quasicrystallline phase (Fig. 2a) were
observed. A dark field image (Fig. 2b) obtained from
a portion of these two rings shows clearly the presence
of the nanostructured phases with particle size ranging
from 30 to 50 nm. The formation of nanoQC and
nanocrystalline phases, from the as-cast microcrys-
talline materials is possible because of the high
undercooling available during rapid solidification. It
can easily be understood that the undercooling required
is higher for the formation of nanoQC phase than that of
the nanocrystalline phase. It has been shown earlier that
a nanoQC phase can be formed in Mg-Al-Zn-Cu system
by a gun quenching technique where high undercooling
can be attained due to the high cooling rate [10].

3.3. Mechanical milling of as-cast Mg32
(Al,Zn)49 alloy

In the present study Mg32(Al,Zn)49 alloy was milled
up to 60 h. Samples were taken after 5, 10, 20, 30,
40, 50 and 60 h of milling for characterization. In
as-cast condition (Fig. 1a) the X-ray diffraction pattern
revealed the bcc structure of Frank-Kasper phase.
After 5 h of milling the XRD pattern (Fig. 3) revealed
a decrease in the (600) reflection and an intensification
of the (532) reflection, which is a clear indication of
the formation of a QC phase. On further milling to
10 h, the (600) peak had completely vanished and the
relative intensity of (532) is more than (530) (Fig. 3).
On further milling to 20, 30 and 40 h the XRD patterns
show a consistent increase in the relative intensity of
(532) peak (Fig. 3). As the milling time is increased
the peak broadening is seen due to refinement of grain
size and induced strain (Fig. 4). The crystallite size

Figure 2 (a) TEM diffraction of RSP foil; (b) Corresponding dark field
image using the portion of the intense rings. The rings are indexed in
(a) as due to QC phase and the nanoQC phase can be observed from the
dark field image in (b).

decreased from 29 to 7 nm and the strain increased
from 0.4% to 1.1% as milling time increased from 5
to 60 h. It appears that nanocrystallization has induced
a phase transition from crystalline to nanoQC phase.
Similar phase transitions in nanocrystalline state have
been observed earlier in a number of systems [11]. It
is interesting to point out that Bokhonov et al. [12, 13]
have suggested that icosahedral phase can nucleate
topotactically owing to the generation of rotation
defects and disorder of lattice plane due to plastic de-
formation during milling. However during subsequent
heat treatment this nanoQC phases transforms back to
crystalline Frank-Kasper phase, which is in conformity
with the earlier report by Ivanov et al. [14].

3.4. Comparison between the results
of as-cast and rapidly solidified
Mg32 (Al,Zn)49

Microhardness tests were conducted on both as-cast
as well as RSP foil at loads ranging from 5 to 50 g.
The microhardness measurement was also carried out
at 100 g load for as-cast microcrystalline material where
individual crystals of size 10–20 µm are present. The
same load could not be applied to the RSP foils due to
the thickness of the foil. Therefore, the hardness values
of as-cast material as well as RSP foils were compared
up to the load of 50 g. Fig. 5 shows the variation of
hardness with load in both the as-cast material and RSP
foils. The variation of hardness with load (which is
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Figure 3 X-ray diffraction (λ = 1.79 Å) patterns of mechanically milled Mg32(Al,Zn)49 powder: (a) 5, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60 h of
milling. The important reflections are indicated. It shows the continuous transformation from crystalline to nanoQC phases. The minimum size was
found to be ∼7 nm at 60 h of milling.

Figure 4 A variation of crystallite size (CS) and strain (ε) with milling time. Two stages of changes in both the curves can be discerned.

known as indentation size effect) is more in case of RSP
foils. It has been observed that the cumulative crack
length (radial as well as corner) is higher in the case of
as-cast material compared to that in the RSP foil, which
suggests as-cast is more brittle than the RSP foil. The
lengths of this cracks were measured to get the value
of fracture toughness, KIC. The relation between KIC
and indentation crack length is given by [15], which is
expressed as:

KIC = 0.035

(
a√

l

)(
H

E

)−0.4

φ−0.6 H (1)

where, a = half of indentation diagonal (µm), l =
crack length in (µm), H = bulk hardness (GPa); φ =
H/σy ≈ 3; E = Young’s modulus (GPa); E is taken
as 90 GPa for Mg32(Al,Zn)49 considering the melting
point of the phase. Thus putting all the above values for
50 g load gives

KIC (as-cast) = 0.55 MPa
√

m where (a = 8.6 µm,
l = 11.05 µm) and

KIC (RSP foil) = 0.924 MPa
√

m where (a =
7.24 µm, l = 4.25 µm).

From the above calculation it can be seen that
the fracture toughness of the RSP foil containing the
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Figure 5 A plot showing microhardness varying with load in Mg32(Al,Zn)49 (a) RSP foil (b) as-cast. The variation of the hardness with the load
(Indentation Size Effect) can be noticed to be more in RSP foils.

nanophases is nearly twice that of the as-cast sample
containing the micro-phases. It is known that the de-
formation of nanophases is not controlled by disloca-
tion movement, rather it is controlled by grain boundary
sliding. The toughness will not be affected significantly
whether it is nanoQC or nanocrystalline as in both the
cases the same mechanisms are expected to operate.
The increase in hardness in the RSP foil may be due to
refinement in grain size. Also it is important to notice
that the indentation size effect is more pronounced in
the nanophase RSP sample than in the microphase as-
cast sample. The indentation size effect can be related
mostly to the elastic recovery (H/E) [16]. This indi-
cates that the elastic recovery is higher in case of the
nanophase material.

4. Conclusions
(1) In RSP foil the nanophases in the order of 30–50 nm
are found to consist of nanoQC as well as nanocrys-
talline phases. It implies that the region where the cool-
ing rate was very fast favored the formation of nanoQC
and the region where cooling rate was slow, favored the
formation of nanocrystalline phases.

(2) Mechanical milling up to 60 h showed the pres-
ence of a dominant nanoQC phase. The average crys-
tallite size obtained in case of the RSP foil was more
than 30 nm while in case of 60 h MM it was 7 nm.

(3) Microhardness is greater in case of the RSP foil
compared to as-cast Mg32(Al,Zn)49, which suggests
that the grain refinement has caused the increase of
hardness. The fracture toughness of the nanophase sam-
ple is nearly twice that of microphase as-cast sample, in-
dicating that the nancrystallites had improved the hard-
ness and toughness of the brittle Frank Kasper phase.
It is also observed that the elastic recovery is higher
in case of the nanophase RSP material compared to
microphase as-cast material.
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