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Magnesium based bulk metallic glasses have attracted significant attention of researchers due to better
mechanical and corrosion properties when compared to their crystalline counterparts especially for
biomedical applications. Scaling up the part size and production volumes of such materials through liquid
metallurgy route is challenging. In this work amorphous Ca5Mg60+xZn35�x (X = 0, 3 and 7) alloys have been
successfully synthesized through solid state amorphization using a high energy planetary ball mill. X-ray
diffraction was used to identify the crystalline phases of the powder during reaction. Evolution of amor-
phous phase was analysed using a parameter involving the ratio of integral area of peaks to the integral
area of background (IPB) obtained from XRD patterns. Results showed reaction time increases with
decreasing Zn content in Ca5Mg60+xZn35�x (X = 0, 3 and 7) alloy to obtain maximum amorphous structure
with a small amount of residual crystalline phase. Prolonged milling of these powders, to eliminate resid-
ual crystalline phases, resulted in the nucleation of Mg102.08Zn39.6 phase. The composition dependent
characteristic temperatures and thermal stabilities were studied using differential scanning calorimetry.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Magnesium based materials have attracted the interest of many
researchers for biomedical applications due to their physical,
mechanical and biodegradable properties. However, the high rate
of biodegradation and hydrogen evolution are the major problems
of Mg based alloys especially for biomedical applications [1].
Degradation or corrosion is a surface phenomenon in Mg alloys
and the penetration of corrosive products into the alloy depends
on the type of secondary phases and their distribution. The net-
work of secondary phases present at the grain boundaries acceler-
ate galvanic corrosion of adjacent matrix and promote stress
corrosion [2]. Currently researched Mg-Zn-Ca based bulk metallic
glasses (BMG) have shown decreased degradation rates due to
the absence of grain boundaries and chemical homogeneity. They
also, exhibit high strength and ductility [3,4]. The part dimensions
of these BMG’s produced by copper mold casting technique are
limited to a fewmillimetres and close control of composition is dif-
ficult due to elemental evaporation. Further, rapid solidification
techniques require complex environment for processing as all the
three elements (Mg, Zn and Ca) are highly reactive with oxygen
and moisture. Mechanical alloying by high energy ball milling
techniques can potentially surpass the difficulties associated with
processing BMG’s using conventional methods. Further, the syn-
thesized powders can be consolidated to full density in desired
shapes using both conventional routes, such as cold pressing and
sintering, and non-conventional routes like plasma arc sintering,
pulsed current sintering and 3D laser printing.

Calka et al. in 1989 produced the first Mg-Zn amorphous alloy
by ball milling of prealloyed powders. Their study reported that
mechanically alloyed powders exhibited lower thermal stability
compared to melt spun method and exothermic peak in DSC
traces corresponds to crystallization was broad over a range of
temperature [5]. Later syntheses of amorphous phase through
mechanical alloying and consolidation techniques have been
explained in the literature for Mg-Y-Cu system [6,7] and Mg-Ni-
Si systems [8]. A major interest was showed on Mg-Zn-Ca system
for biomedical applications due to the involvement of these
elements in the human metabolism and products of corrosion
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can be excreted out of the body safely for maintaining the bal-
anced human metabolism. Also, another functional application
of this class of materials is azo dyes (potential organic pollutants
in water) degradation. Wang et al. [9] synthesized Mg-Zn-Ca
based amorphous powders via melt quenching of the master alloy
on a rotating copper wheel to produce amorphous ribbons. Ball
milling was then carried out to decrease the particle size. Their
work explored this class of material for degrading azo dyes. They
reported that the azo dyes degrading ability of this class of mate-
rials is 1000 times greater than the commercially available Fe
based crystalline materials and around 20 times greater than
Mg based crystalline materials. Zhao et al. [10] used the gas
atomization technique to produce Mg-Zn-Ca amorphous powders.
Their study also reported excellent azo dyes degrading ability of
the Mg-Zn-Ca system. Even though high production volumes
can be synthesized using the gas atomization technique, the envi-
ronmental conditions required for processing are complex. Datta
et al. [11] studied the application of Mg-Zn-Ca alloy for biomed-
ical implants. In this work, a nominal composition of Mg60Zn35Ca5
amorphous powder was synthesized using the SPEX 8000 shaker
ball mill. Although the shaker mills are known for their short
reaction times, the number of milling batches and associated
man hours are high for the production of large volumes of pow-
ders. Also, the order of particle size which was obtained through
shaker mills in the above study is highly difficult to handle in the
atmospheric conditions while consolidating into a product (This
problem is also observed in the present work when the particle
size reduced to below 0.5 lm). High energy planetary ball mills
are known for high production volumes per batch as compared
to shaker mills [12]. Therefore, in this work the potentiality of
solid state amorphization of Ca5Mg60+xZn35�x (X = 0, 3 and 7) is
explored using a high energy planetary ball mill. X-ray diffraction
(XRD) studies are performed to examine the progress of reaction
in the ball milling process. Differential scanning calorimetry (DSC)
studies are used to understand the crystallization characteristics
in the milled powders.
2. Experimental procedures

2.1. Synthesis of amorphous powders

Elemental powders of Mg (99.8%, �325 mesh), Zn (99.9%,
�100 mesh) and Ca (99%, �6 mesh) were precisely measured to
yield desired composition of Ca5Mg60+xZn35�x (X = 0, 3 and 7)
alloy. The elemental powders were subjected to mechanical alloy-
ing in a Fretsch (Pulverisette 6) planetary ball mill. This planetary
mono mill has a disc speed of 650 rpm and is programmable for
both cycle time and reversing cycles. Milling was carried out with
a ball to powder (BPR) weight ratio of 10:1 in a sealed stainless
steel vial using 10 mm stainless steel balls. Loading, scrapping
of the powders stuck to the vial, sampling and batching of pow-
ders were carried out in a glove box with an argon atmosphere.
Milling was performed at a speed between 250 and 300 rpm to
avoid excessive heating and consequent crystallization of synthe-
sized alloy. Ten minutes of idle time after every thirty minutes of
milling was programmed to avoid excessive heating of the vial.
Reversed milling was used after each cycle of milling. A total of
carefully weighed 30 g of powders were added to the vial for
the reaction. Initially milling of Ca was carried out, in 0.3 ml/g
of toluene, to reduce the particle size and enhance the diffusion
as its particle size was relatively larger than that of Mg and Zn.
Later, Mg and Zn were added to the vial along with 3–4% of
toluene as a process control agent. To avoid adhesion of the pow-
ders to the vial, 1 ml of toluene was added after eight hours for
every eight to ten cycles of milling.
2.2. Characterization

The process of amorphization was examined by X-ray diffrac-
tion (XRD) analysis of a small amount of mechanically alloyed sam-
ples collected at different intervals of milling. The XRD patterns
were obtained by Rigaku Miniflex II equipped with Cu Ka
monochromator (1.5406 Å), operating at 40 kV and 30 mA. The
scanning range was 10–80� with a scan speed of 2�/min and step
size of 0.01�. The analysis of the X-ray pattern was carried out
using X’pert HighScore Plus Rietveld analysis software loaded with
ICDD database PDF-2.

In the process of solid state amorphization, the intensity of
amorphous background grows as a function of milling time while
the intensity of crystalline peaks decreases. Therefore, the ratio
of integral area of peaks to integral area of the background was
used as a parameter to analyse the advancement of the reaction
in ball milling and it is mathematically expressed as

IPB ¼ IP=IB ð1Þ

where IPB is a ratio of integral area of peaks (IP) to integral area of
background (IB). The ratio and slope tend to infinity when the mate-
rial is crystalline and tend to zero when the material is completely
amorphous.

The X’pert High Score software was used to extract the back-
ground intensities from the diffraction pattern which runs with
an automatic mode and approximates the background iteratively
according to Sonneveld et al. [13]. The adjustable parameters in
this mode were granularity and bending factor. Granularity influ-
ences the number of intervals used for determining the back-
ground while bending factor influences the curvature effects. In
this work, the granularity was set to 5% and bending factor to 0%
(in order to avoid curvature effects near the diffraction peaks) for
all the analysis. Integral area of the background (extracted from
X’pert HighScore software) and integral area of the total diffraction
was calculated using OriginPro 8.0 software. The integral area of
the peaks is the difference of integral area of the total diffraction
and the integral area of the background. In order to compute inte-
gral area under background, the intensity of the background with
respect to diffraction angles is extracted using X’pert HighScore
software by adjusting the mentioned parameters. An illustration
of extraction of background intensities is shown in Fig. 1.

The morphology and size of the particles was studied using JEOL
JSM-638OLA scanning electronmicroscope (SEM). Thermal analysis
was carried out to estimate the apparent activation energies needed
to understand the thermal stability using Perkin Elmer differential
scanning calorimeter (DSC) operated under the continuous flow of
nitrogengas. TheDSC traceswere obtained in the temperature range
of 30–450 �C. The characteristic temperatures were determined by
taking an average of 3 DSC traces on each sample.
3. Results and discussions

3.1. Solid state amorphization

Fig. 2 shows particle morphology changes during milling and
Fig. 3 shows the morphology of the milled powders. It is evident
from Fig. 2 that particle flattening, cold welding, plastic deforma-
tion of welded particles and fracturing are continuous phe-
nomenon in scaling down the particles in mechanical alloying. In
the process of mechanical alloying, interdiffusion of atoms in the
welded layers dominates the self diffusion in the elements. This
is because of the high impact energy and microscopic tempera-
tures generated in milling. The occurrence of interdiffusion can
also be supported by the large negative heat of mixing of the
elements. Later the formation and stability of amorphous or



Fig. 1. Illustration of extraction of background and crystalline peak intensities for IPB calculations.

Fig. 2. SEM micrographs showing particle morphology during milling: (a) flattening, (b) cold welding, (c) plastic deformation and (d) fracturing.
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non-equilibrium crystalline phase depends on whichever the
phase has lowest free energy state. The final morphology of the
milled powders, shown in Fig. 3, was of non-layered structure
and the particle sizes were 0.9–1.1 lm, 1.5–2.2 lm and 2–2.5 lm
for X = 0, 3 and 7 respectively in Ca5Mg60+xZn35�x after milling. It
appears that the particle size decreases with increase in the con-
centration of Zn in the alloy. The variation in the particle size could
be attributed to different amounts of plastic deformation and frac-
turing for varied compositions. Generally, the strength/hardness of
Mg-Zn alloy increases with increase in the Zn concentration [14]
enabling better fragmentation of the alloy powder during milling.
On the other hand, when the alloy contain high amount of Mg,
i.e., low concentration of Zn, the ductility of the systemwill be high
and therefore particle fragmentation become difficult. Therefore, in
general the particle size decreased with increase in the Zn
concentration of present alloy.



Fig. 3. SEM micrographs showing morphology and size of mechanically alloyed
powders: (a) X = 0 (20 h), (b) X = 3 (21 h) and (c) X = 7 (21.5 h) in Ca5Mg60+xZn35�x.

Fig. 4. XRD patterns of milled Ca5Mg60+xZn35�x where (a) X = 0 (b) X = 3 and (c) X = 7
at various time durations.
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XRD patterns obtained at various intervals of milling are pre-
sented in Fig. 4. Continuous decrease in the intensity and broaden-
ing of the native crystalline peaks was observed as a function of
milling time. No peaks correspond to any intermetallics was
noticed from XRD peaks during the course of reaction. The initia-
tion of amorphization (characteristics amorphous background)
can be clearly seen after 8 h of milling in all three compositions.
The amorphous phase gradually became dominant after 14–15 h
of milling. The formation of amorphous hallo hump was observed
at 2h = 22�, 35–45� and 55–75�. The reaction times were observed
to be 20 h, 21 h and 21.5 h for X = 0, 3 and 7, respectively, in Ca5-
Mg60+xZn35�x composition to obtain amorphous structure with a
small amount of residual crystalline phase. The reaction trends
studied with IPB as a function of milling time are shown in Fig. 5.
The value of IPB provides a qualitative index of amorphization,



Fig. 5. Illustration of change in integral area of peak to background ratio with the
variation of milling time and composition.
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which varies generally from one (crystalline) to zero (amorphous).
Initial IPB value of the alloys containing higher Zn concentration
was found to be high and decreased with decreasing Zn concentra-
tion. This may be due to dominant un-diffused Zn crystalline phase
over amorphous phase in the alloys with high concentration of Zn.
The general trends showed negative slope moving from higher
slopes at the beginning of the reaction tending towards zero slope
at the end of the reaction. These trends indicate change of crys-
talline phase to amorphous phase in the alloys as a function of
milling time. Increased slope and reduced reaction time was
noticed with the increase in Zn loading. This can be attributed to
increase in crystal straining caused by Zn alloying. The value of
IPB was found to be 0.08, 0.12 and 0.10 for X = 0, 3 and 7 respec-
tively in Ca5Mg60+xZn35�x at the end of the reaction. This is because
of the small residual crystalline peak retained in these alloys. Sev-
eral researchers have observed a broad hallow peak in these com-
positions with different amorphization techniques without any
residue [12,15,16]. However, the small amount of residue retained
in the hallow peak could not be avoided in the present work. Fur-
ther, prolonged milling of the powders resulted in the nucleation of
Mg102.08Zn39.6 phase and small traces of MgZn intermetallic nano-
phases from the amorphous phase (Fig. 6). The nucleation of such
phases was even noticed in the isothermal heat treatment of Ca5-
Mg67Zn28 amorphous ribbons above the temperature of 160 �C
[17]. The microscopic temperatures in milling were reported to
be very high even though the temperature of the vial is at room
temperatures [12]. Also, the availability of large surface area of
the scaled down particles in the milling process could enhance
the heat transfer to the particle. These could be the reasons for
Fig. 6. XRD patterns illustrating nano-crystallization from amorphous phase in
Ca5Mg60Zn35 alloy during milling.
the in-situ heat treatment and nucleation of new phases in the
course of prolonged milling. Similar nucleation of new phases from
amorphous phase was also observed in other ternary systems by
the mechanical alloying route [18,19].

3.2. Characteristic temperatures and thermal stability

Fig. 7 shows the DSC traces of synthesized powders (IPB = 0.78,
0.13 and 0.11 for X = 0, 3 and 7 respectively with the range of par-
ticle size mentioned in Section 3.1) obtained at a constant heating
rate of 40 K/min. Traces showed start of crystallization tempera-
ture (Tx), peak exothermic temperatures (Tp1 and Tp2) which corre-
spond to peak crystallization events and an endothermic event (Tl)
may corresponds to solid state transformation or melting of
phases. Composition dependent characteristic temperatures
extracted from DSC traces are shown in Fig. 8. The variation of
these characteristic temperatures obtained from DSC traces was
±2 �C. All the characteristic temperatures monotonically increased
with the increase in Zn alloying content in Ca5Mg60+xZn35�x. Start
of crystallization (Tx) events and first peak crystallization events
were found to be increased for x = 0, 3 and 7 respectively. Second
peak crystallization was observed for the two compositions Ca5-
Mg67Zn28 and Ca5Mg63Zn32 while the Ca5Mg60Zn35 did not show
the same. Endothermic events were observed at around 627 K in
all the DSC traces of the compositions studied. Another endother-
mic event was observed for Ca5Mg60Zn35.

In order to understand the dependency of crystallization events
with the heating rates, DSC studies were carried out at different
heating rates. The DSC traces of one powder composition Ca5Mg67-
Zn28 at heating rates of 10 K/min, 15 K/min, 20 K/min, 40 K/min
and 60 K/min is depicted in Fig. 9. It is clear from these traces that,
peak crystallization temperatures (Tp1 and Tp2) shift to higher val-
ues with increase in the heating rate indicating that the nucleation
and phase transformations are thermal activated processes. The
apparent activation energies were estimated for the first peak crys-
tallization event (Tp1) using Kissinger’s method [20]. This calcula-
tion is based on sensitivity (shifting to higher values) of
characteristic temperatures to the heating rates and is given as.

lnðT2=bÞ ¼ E=RT þ C ð2Þ
Fig. 7. DSC traces of mechanically alloyed Ca5Mg60+xZn35�x (X = 0–7) taken at 40 K/
min heating rate.



Fig. 8. Composition dependent characteristic temperatures for milled Ca5Mg60+-
xZn35�x (X = 0, 3 and 7).

Fig. 9. DSC traces of milled Ca5Mg67Zn28 powder at heating rates of 10 K/min, 15 K/
min, 20 K/min, 40 K/min and 60 K/min.

Fig. 10. Kissinger’s plot for milled Ca5Mg60+xZn35�x (X = 0, 3 and 7).
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where E is the apparent activation energy, T is the characteristic
temperature, b is the heating rate and R is the gas constant. The
slope of plot ln(T2/b) versus 1/RT gives the associated apparent
activation energy for the given characteristic temperature. The Kis-
singer’s plot for the first peak crystallization event Tp1 of the compo-
sition Ca5Mg60+xZn35�x (X = 0, 3 and 7) is shown in Fig. 10. The
activation energies thus estimated were found to be 144.84 kJ/mole,
52.108 kJ/mole and 44.95 kJ/mole for x = 0, 3 and 7, respectively.
These activation energies were observed to be much lower in order
as compared to the alloys synthesized through liquid metallurgy
route [21,22]. This is due to the known fact that mechanically
alloyed compositions exhibit layered structure and the alloying of
the innermost layers cannot be ensured. Thermal stability of the
amorphous alloys were found to be more sensitive to Mg concentra-
tions and decreased with the increase in the Mg concentration in
contrary to that reported in literature [21,22]. This variation could
be attributed to the residual crystallinity retained in amorphous
phase synthesized. The crystallinity present in the amorphous
phase acts as a nucleus for further crystalline growth in the material
under thermal activation. This results in a reduction in the thermal
stability of the material which can be observed as a shift in the char-
acteristic temperatures in the DSC traces [23,24].
4. Conclusions

Amorphous Ca5Mg60+xZn35�x (X = 0, 3 and 7) alloys were syn-
thesized using high energy planetary ball milling and the conclu-
sions from the work are outlined as below.

1. High energy planetary ball milling method by passed the poten-
tial environmental risks of bulk amorphous alloy production via
liquid metallurgy route with high production volumes of pow-
der viable for mass production of parts for biomedical, struc-
tural and degrading azo dyes in water treatment applications.
Critically resulted particle sizes in ball milling of 1–2.5 lmwere
sufficient to bypass powder handling problems in air for consol-
idation into parts without any flames.

2. Reaction times of milling and particle size were found to be
composition dependent.

3. Prolongedmilling to avoid native crystalline peaks and to obtain
completely amorphous phase had resulted in the nucleation of
Mg102.08Zn39.6 and along with the traces of MgZn nanophases.

4. The quality of amorphous phase was assessed by a parameter
involving ratio of integral area of peaks to integral area of back-
ground (IPB) obtained from XRD pattern. These trends were
found to be composition dependent.

5. The thermal stabilities of the alloys were evaluated using Kis-
singer’s plot taking the peak crystallization temperatures from
the DSC traces. Results reveal that the thermal stability of these
alloys was found to be lower than alloys synthesized conven-
tionally through liquid metallurgy route.

6. This work provides future scope for consolidation of the alloyed
powders to a bulk component. The mechanical properties and
corrosion behaviour can be evaluated for biomedical and struc-
tural applications. These powders can also be explored for azo
dyes degrading in pollute water.
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