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Abstract
In the present study, an attempt has been made to develop milling maps/energy maps for the formation of amorphous phase in bulk glass forming
alloys such as Zr65 Al7.5 Cu17.5 Ni10 , Ti50 Cu23 Ni20 Sn7 , Ti50 Ni20 Cu20 Al10 , Cu60 Zr30 Ti10 , Fe56 Co7 Ni7 Zr10 B20 , Ni60 Nb20 Ti12.5 Zr7.5 , Ti55 Zr20 Ni25 and
Zr55 Ti25 Ni20 . Milling parameters such as milling speed, ball to powder weight ratio have been varied over wide ranges in order to have a wide
range of milling energies. The results indicate that total energy of milling has a decisive role than the impact energy of the ball in the formation
of the amorphous phase by planetary ball mill. The paper compares the glass forming abilities of the various bulk glass forming compositions in
terms of the milling maps in order to develop better understanding of glass forming criteria by mechanical alloying.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Bulk metallic glasses (BMGs) constitute a new exciting class
of materials with unique physical and mechanical properties
for structural and functional applications [1]. Various methods
have been adopted to synthesize BMGs, namely, containerless
processing [2], fluxing techniques to suppress heterogeneous
nucleation [3] and preventing crystallization by choosing multicomponent alloys [4]. A number of multicomponent alloys
exhibiting excellent glass forming ability and high stability of
the glass against crystallization have been developed in recent
years. In a number of multicomponent systems such as Zr [5], Ti
[6], Fe [7], Cu [8], and Ni [9], cooling rates as slow as 1–100 K/s
are sufficient to obtain bulk glassy samples with dimensions of
several millimeters by conventional casting techniques. These
alloys are sufficiently stable against crystallization to investigate
the undercooled liquid state well above the glass transition temperature (Tg ) and provide new insights into thermodynamics and
kinetics of undercooled liquid alloys. However, the production of
bulk metallic glasses by slow cooling casting techniques is still
limited to narrow composition ranges, i.e., near the deep eutec-
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tics in the equilibrium phase diagram. Change in composition
strongly affects the glass forming ability [10].
It is known that crystalline phases can be destabilized by disordering process that can lead to a crystal to glass transition [11].
Mechanical alloying (MA) and mechanical milling (MM) have
been established over the past two decades as viable alternate
routes for the synthesis of amorphous and nanocrystalline materials [12–16]. The glass forming composition range is known to
be much wider in case of MA/MM than the liquid metallurgy
route and is not restricted to deep eutectic compositions [13].
Murty et al. [17] and Joardar et al. [18] have shown that amorphisation and formation of intermetallics during MA is decided
by the total energy imparted during milling and not the impact
energy of the individual balls. Mio et al. [19] and Boytsov et al.
[20] have also shown, for different materials, that total energy
input is the important parameter for transformation. Abdellaoui
and Gaffet [21] have also shown that neither the impact energy
nor the frequency of impacts govern the amorphisation process
in a planetary ball mill if taken separately but the power (which is
the product of impact energy and the frequency of impacts) only
is responsible for ball milled final product, which is supported
also by Magini et al. [22]. Interestingly, the shock power, coined
by Abdellaoui and Gaffet [21] is similar to the total energy of
milling coined by Murty et al. [17], excepting that the expression
of the latter includes the total number of balls, time of milling and
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weight of powder, in addition to the impact energy of ball and
frequency of impacts. Thus, the total energy of milling includes
the parameters contributing to shock power.
In the previous studies, various groups attempted to understand the phase formation during mechanical alloying in terms
of milling parameters using milling maps. For example Burgio
et al. [23] and Rojac et al. [24] have used ball impact energy and
cumulative kinetic energy for developing a milling map. Magini
et al. [22] have used power absorption and degree of filling for
a milling map, while Suryanaryana et al. [25] have used ball
to powder weight ratio (BPR) and milling time in a 2D milling
map. Murty et al. [17] and Joardar et al. [18] have used milling
map as an energy map with the impact energy of the ball and the
total energy as its axes, which can delineate the energy domain
of amorphisation and thus identify the conditions required for
amorphisation during MA. However, so far there has been no
attempt in the literature to develop milling maps for the bulk
metallic glasses.
The present paper reports the attempt to synthesize amorphous phase by MA in a number of bulk metallic glass forming
compositions in Zr, Ti, Fe, Cu and Ni based systems. The effect
of milling parameters on the time required for amorphisation of
a given composition has been studied in detail in an attempt to
develop the milling maps for these compositions and to correlate the energy required for amorphisation to the glass forming
ability of bulk metallic glasses.

3. Results and discussion
3.1. Parametric phase diagram
Fig. 1(a) shows the XRD patterns of Fe56 Co7 Ni7 Zr10 B20 as
a function of milling time at a milling speed of 300 rpm and
a ball to powder weight ratio of 5:1. With increase in milling
time the XRD peaks of individual elements decrease in intensity and become broader and finally disappear leading to the
formation of amorphous phase. Formation of amorphous phase
has been observed after 10 h of MA for this composition under
the above milling conditions. Fig. 1(b) shows the XRD patterns
of the amorphous phase under different milling conditions for
the above composition. Similar results have been observed for
the other compositions also, except that the time required for
amorphisation varied depending on the composition and milling
conditions (milling speed and ball to powder weight ratio).
The time required for amorphisation (determined from the
XRD patterns) in general decreased with increase in rpm and
ball to powder weight ratio as shown in Fig. 2(a) and (b),

2. Experimental details
The elemental powder blends of compositions Zr65 Cu17.5 Ni10 Al7.5 , Ti50
Cu23 Ni20 Sn7 , Ti50 Ni20 Cu20 Al10 , Fe56 Co7 Ni7 Zr10 B20 , Ni60 Nb20 Ti12.5 Zr7.5 ,
Cu60 Zr30 Ti10 , Ti55 Zr20 Ni25 and Zr55 Ti25 Ni20 have been mechanically alloyed
in a high-energy ball mill (Fritsch Pulverisette-P5). The starting elemental powders are of −325 mesh (<45 m) and with purity of about 99.9%. The milling
had been carried out in wet condition using toluene in WC vials with WC balls
of 10 mm diameter. Toluene acts as a process control agent, restricting oxidation
and excessive welding of powder during milling. WC vial has an internal diameter of 75 mm and a height of 70 mm with a capacity of 250 ml. Milling was
carried out at 200, 250 and 300 rpm. The linear velocity of the balls for these
milling speeds was calculated [21] to be 4.80, 6.10 and 7.32 m/s, respectively.
The ball to powder weight ratio is varied as 5:1, 10:1, 15:1 and 20:1 keeping
the number of balls constant at 50. The experimental conditions for different
compositions are shown in Table 1. Milled powder samples were taken out of
the vials at regular intervals and were characterized for x-ray diffraction (XRD)
using Philips X-ray diffractometer with Co K␣ (λ = 0.1788 nm). The crystallite
size has been calculated from the X-ray peak broadening after separation of
the contributions of strain and instrumental broadening by standard procedure
[26]. The alloying and amorphisation has also been monitored using a JEOL
JSM scanning electron microscope (SEM). Transmission electron microscopy
(TEM) was carried out on the milled samples using Philips CM12 microscope.
The thermal stability of the amorphous phase has been evaluated by differential
scanning calorimetry (DSC) using Netzsch DSC at a heating rate of 20 ◦ C/min.
Table 1
Milling conditions used in the present study
Composition

Milling speed (rpm)
Ball to powder weight ratio

Cu60 Zr30 Ti10 , Fe56 Co7 Ni7 Zr10 B20 ,
Ni60 Nb20 Ti12.5 Zr7.5 ,
Ti50 Cu23 Ni20 Sn7 , Ti50 Ni20 Cu20 Al10 ,
Ti55 Zr20 Ni25 , Zr65 Cu17.5 Ni10 Al7.5 ,
Zr55 Ti25 Ni20
200, 250, 300
5:1, 10:1, 15:1, 20:1

Fig. 1. XRD patterns of Fe56 Co7 Ni7 Zr10 B20 (a) as a function of milling time
at 300 rpm and 5:1 ball to powder weight ratio and (b) for the amorphous phase
obtained at different rpm and ball to powder weight ratio.

J. Bhatt, B.S. Murty / Journal of Alloys and Compounds 459 (2008) 135–141

137

Fig. 2. Time required for amorphisation at different rpm and ball to powder
weight ratio for (a) Zr65 Al7.5 Cu17.5 Ni10 and (b) Fe56 Co7 Ni7 Zr10 B20 .

for Zr65 Cu17.5 Ni10 Al7.5 and Fe56 Co7 Ni7 Zr10 B20 , respectively,
which are chosen to represent all the compositions studied. Similar results were obtained by Murty and Ranganathan [13] for
Ti50 Ni50 and Ti50 Cu50 , which demonstrated that glass forming
ability increases with increasing milling intensity.
Fig. 3(a) and (b) is the parametric phase diagrams giving
the phase field of amorphous phase in the ternary diagram of
milling speed, ball to powder weight ratio and milling time for
Zr65 Cu17.5 Ni10 Al7.5 and Fe56 Co7 Ni7 Zr10 B20 . The figure shows
the time required for amorphisation at different combinations of
milling speed and ball to powder weight ratio. It can be seen
from the parametric phase diagram that slope decreases with
decrease in ball to powder weight ratio from 20:1 to 5:1, irrespective of the composition studied. This suggests that at higher
ball to powder weight ratio, the time required for amorphisation
is not very sensitive to the milling speed, while at lower ball to
powder weight ratio it is quite sensitive to the milling speed. Similar result can be observed in case of milling speed as observed
in Fig. 2(b) that at higher milling speed the time required for
amorphisation is less sensitive to ball to powder weight ratio.
The minimum time required for amorphisation ranged between
5 and 8 h for all the compositions at 300 rpm and 10:1 ball to
powder weight ratio. Fig. 4(a) and (b) shows the time required
for amorphisation for different compositions as a function of ball

Fig. 3. Parametric phase diagrams indicating the domain of amorphous phase
for (a) Zr65 Al7.5 Cu17.5 Ni10 and (b) Fe56 Co7 Ni7 Zr10 B20 .

to powder weight ratio at 300 rpm and as a function of rpm at a
ball to powder weight ratio of 10:1, respectively. It is very clear
that at low milling speed and ball to powder weight ratio, different compositions studied form amorphous phase over wider
time frame, while at higher milling intensities (speed and ball
to powder weight ratio) the time required for amorphisation is
more or less the same for all the compositions.
Interestingly, the time required for amorphisation is 5 and
10 h for Ti55 Zr20 Ni25 Ti50 Cu23 Ni20 Sn7 , which indicates faster
amorphisation kinetics in the former alloy, though its Ti content
is comparable with that of the latter. This could be attributed to
the Zr present in the former composition, which easily dissolves
in Ti (being isomorphous with Ti) and results in solid solution
hardening. It is known [13] that such solid solutions become
nanocrystalline faster during MA due to work hardening in comparison to pure metals. It is also known that nanocrystallization is
always a prerequisite to amorphisation during mechanical alloying [13]. In case of Ti50 Cu23 Ni20 Sn7 as the solubility of Cu, Ni
and Sn in Ti are low, the crystallite size of Ti does not decrease
faster, which limits the rate of amorphisation.
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Fig. 5. SEM micrographs of Ti50 Cu23 Ni20 Sn7 (a) just before (10 h) and (b) just
after (20 h) amorphisation.
Fig. 4. Time required for amorphisation for all the compositions studied at (a)
300 rpm for different ball to powder weight ratio and (b) 10:1 for different rpm.

Thus, the present results (Fig. 4) indicate that the time
required for amorphisation is almost the same for all the bulk
metallic glass forming compositions, particularly at the higher
milling intensities. This gives a clue that total energy required for
the formation of amorphous phase is similar for different bulk
metallic glass forming systems. This could be easily understood
as the structure of amorphous phase is expected to be similar for all the bulk metallic glass forming compositions. Hence
the energy required to destabilize the crystalline solid solution
formed during MA is expected to be quite similar in all the bulk
metallic glass forming systems.
Due to repeated fracturing and welding that occurs during
mechanical alloying it results in the formation of alternate layers of pure metals powders. With the progress of milling, the
particles become finer and the layer thickness decreases and
finally alloying occurs when the particles become nanocrystalline. Fig. 5(a) and (b) shows the SEM photomicrographs of
Ti50 Cu23 Ni20 Sn7 elemental blend after 5 and 8 h of milling,
respectively, at 300 rpm and 10:1 ball to powder weight ratio.
Fig. 5(a) represents the microstructure just before amorphisation when the individual agglomerates are very fine (1–2 m).
Fig. 5(b) is the SEM micrograph after amorphisation, which
indicates an increase in the particle size. This suggests excessive

welding after amorphisation, which could be due to viscous flow
of the amorphous phase. Similar results have been observed in all
the other compositions studied. It has to be noted that the actual
crystallite size is nanocrystalline and the particles seen in SEM
are the agglomerates of these nanocrystallites. Under the highenergy electron beam in TEM these agglomerate get dispersed
into nano-sized particles. Fig. 6 shows the TEM bright field
image of the Fe56 Co7 Ni7 Zr10 B20 alloy showing the nano-sized
more or less spherical amorphous particles and the selected area

Fig. 6. TEM bright field image on Fe56 Co7 Ni7 Zr10 B20 alloy mechanically
alloyed for 10 h at the speed of 300 rpm and 5:1 ball to powder weight ratio.
Inset is the selected area diffraction pattern from the particles.
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diffraction pattern (inset of Fig. 6) from these particles confirms
their amorphous nature.
3.2. Milling maps/energy maps
The results observed in the present study can be better understood if one considers the energy transfer during milling. Such
and attempt was earlier made by Burgio et al. [23], Murty et al.
[17], Joardar et al. [18] and Abdellaoui and Gaffet [21]. All the
milling parameters such as type of mill, type of milling media,
size of ball, number of balls, speed of the mill, ball to powder
weight ratio and time of milling can be converted into two energy
parameters, namely, the effective impact energy of the ball (Eb∗ )
and the total energy of milling (Et ) [17,18]. The milling map is
a plot between Eb∗ and Et . The basic equations are given here
and for details the reader is requested to refer to the early work
[17,21].
The effective impact energy of the ball is given by:
Eb∗ = φb Eb = φb 0.5mb v2b
where φb is the correction factor for different degree of filling
of the vial, which is ≤1. For an efficient filling of the vial with
milling media and powder (one third filling of the vial), the value
of φb turns out to be 1. mb and vb are the mass and linear velocity
of the ball:


 ω 
2π 
vb =
(Rp Ω)2 + (Rv − Rb )2 ω2 1 + 2
60
Ω
where Rp , Rv and Rb are the radii of disc, vial and ball, respectively, ω and Ω are the speeds of the vial and disc, respectively.
The total energy (Et ) transferred per unit weight of powder
from the balls to the system during milling is given by:
Et =

Eb∗ nb fb t
Wp

where nb is the number of balls, fb is the frequency of impacts,
t is the duration of milling and Wp is weight of powder in vial.
The fb for single ball is calculated by [27]:
fb = K(Ω − ω)
where K is 1.5 for a ball diameter of 8–10 mm.
The impact energy and total energy for Zr65 Cu17.5 Ni10 Al7.5
and Fe56 Co7 Ni7 Zr10 B20 at different milling speeds and ball
to powder weight ratio have been calculated according to the
above formalism and are plotted in Fig. 7(a) and (b). The above
plots between Eb∗ and Et can give and idea about the conditions
required for amorphisation during mechanical alloying. Milling
energies in excessive of that required (shown as second dashed
line on the right) for the formation of amorphous phase will
lead to in situ crystallization of the amorphous phase. This in
situ crystallization of the amorphous phase is caused by either
due to the raise in temperature during milling, or due to large
number of defects generated, which can enhance the diffusivity.
Thus, there is definitely an energy window, in which amorphous
phase forms during MA. Similar results have been observed in
all the compositions studied. The milling maps in Fig. 7 show
the energy domains for amorphous phase from the elemental

Fig. 7. Milling maps indicating the energy required for amorphisation in (a)
Zr65 Al7.5 Cu17.5 Ni10 and (b) Fe56 Co7 Ni7 Zr10 B20 .

blends. This map can be taken as a glass formation map that
can separate out the glass forming energy regime and non-glass
forming energy regime distinctly.
The milling map in Fig. 7 clearly predicts that irrespective of the Eb∗ , crystal to amorphous transition occurs in a
narrow Et range of 500–600 J g−1 in both Zr and Fe based
compositions. Interestingly, all other bulk metallic glass forming alloys studied in the present work could be amorphised
at similar total energy level. The conditions of amorphisation
observed in the present study could not be determined using
mechanical power (Eb∗ × fb ) as both Eb∗ and fb remains constant for a particular rpm. In contrast, the total energy Et clearly
delineates the conditions for amorphisation as milling time is
included in this parameter.It is interesting to note that the different glass forming criteria such as Tx (=Tx − Tg , where Tx
and Tg are the crystallization and glass transition temperatures
of the alloys), Trg (=Tg /Tl , where Tl is the liquidus temperature of the alloy) and the recently proposed γ [28], α and β
[29] parameters are also quite similar for all the above highly
glass forming compositions. Thus, there appears to be strong
correlation between the GFA from the liquid and that during
MA. Strong correlations have been observed in the present
study with all the above glass forming criteria and the milling
energy required for amorphisation [30]. Present milling map
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Fig. 8. Crystallite size of various systems showing nano-formation as prerequisite of amorphisation.

also suggests that there is common energy window for all the
compositions in which amorphisation is seen. In addition, the
present study has also shown that amorphisation occurs when
the crystallite size of the solvent element reaches a critical
value of about 20 nm in all the compositions studied as shown
in Fig. 8.

Fig. 9(a) and (b) shows typical DSC traces for the mechanically alloyed Ti based compositions. Fig. 9(a) shows the DSC
traces of Ti55 Zr20 Ni25 after 4 and 5 h of MA at 300 rpm and
10:1 ball to powder weight ratio. For this composition, amorphisation has been observed after 5 h of MA under the above
milling conditions. Interestingly, the DSC trace of the sample
before amorphisation shows two exotherms, while that of the
amorphous sample shows one exotherm. The first exotherm in
the sample milled for 4 h can be attributed to the solid-state
amorphisation of the elemental blend by the thermal activation
provided during heating, while the second exotherm is due to
the crystallization of the amorphous phase. Similar results were
observed by Murty et al. [31] in Ti-Ni-Cu alloys. It is obvious
that the amorphous sample (5 h milled) does not show the first
exotherm that was observed in case of the 4 h milled sample.
DSC traces of most of the compositions studied show clear Tg
and Tx with a wide supercooled liquid region before the onset of
crystallization. This proves that the amorphous phase prepared
by mechanical alloying is comparable in its structure to that synthesized by liquid metallurgy route. The thermal stability of the
amorphous phase in the milled samples is similar to the results
reported for melt spun and slowly cooled samples of similar
compositions. Fig. 9(b) is an example of the compositions studied, which shows a Tx of 60 ◦ C for Ti50 Cu23 Ni20 Sn7 , which
is higher than that reported for the same composition by the liquid metallurgy route (Tx = 49 ◦ C) [6]. This suggests that the
amorphous phase obtained by MA is more stable than that made
by the liquid metallurgy route at least in some compositions.
4. Conclusions
(1) Milling maps/energy maps have been developed for a number of bulk metallic glass forming compositions. The results
indicate that the energy required for amorphisation falls in
a range of 500–600 J g−1 for all the compositions studied.
(2) Amorphisation in all the compositions has been observed
below a critical crystallite size of about 20 nm.
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