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ABSTRACT 

Mechanical alloying is one of the important techniques used to produce the homogeneous alloys and amorphous 

materials. This paper investigates the effects of different ball sizes to achieve the amorphous phase in Mg-Zn-Ca 

(Mg66Zn30Ca4) alloy system through the mechanical alloying technique. The compositions of Mg66Zn30Ca4 (at.%) 

powders are synthesized by using the mechanical alloying for 10 hours in a planetary mill with 10:1 BPR (ball to powder 

ratio). The two different diameters of ball 6mm and 15mm are used in this dry milling process. It has shown that the 

15mm balls produce the good broadened diffracted (halo) peaks than the 6mm balls. The 6mm balls produce more nano 

(88.82nm) sized crystalline peaks than the 15mm balls.  
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1. INTRODUCTION  

Magnesium (Mg) alloys and magnesium based 

amorphous materials offer exceptional properties in 

constructional and bio-medical applications than the 

conventional metallic materials. Due to the poor creep 

and corrosion resistance of Mg alloys, it is necessary to 

develop the new Mg alloys by combining the different 

alloying elements [1, 2]. The element of calcium (Ca) is 

added to the Mg alloys to improve the creep resistance 

effectively [3]. Similarly zinc (Zn) is added to the 

magnesium alloys to increase hardness by solid solution 

hardening [4, 5]. Combined Mg-Zn-Ca metallic glass 

(MG) materials are found as biocompatible, because the 

release of hydrogen is significantly reduced by zinc and 

oxygen-rich passivating layer [6-8]. Many techniques 

are available for producing alloys and amorphous 

materials, but the mechanical alloying (MA) is one of 

effective method [9]. In ball milling, the grinding balls 

are transferred high-energy to the powders by collision. 

Also the grinding balls produce a severe plastic 

deformation in the milled powders (elemental or alloy). 

During deformation, the powder particles are fractured 

and welded by the grinding media (contains grinding 

balls and PCA) and produces the homogeneous 

microstructures. Normally in high energy milling, the 

crystal sizes are decreased to some critical values. More 

and more of energy supplied to these crystals and 

energy accumulation in the volume or at the surface of 

crystals causes further deformation of crystals, 

subsequently it leads to amorphization [10]. To form 

the amorphization quickly, the alloy systems must 

satisfy the following three empirical rules: (1) system 

consists of more than three elements (multi-

component); (2) significant difference in atomic size 

ratios above (about12% or more) among the constituent 

elements; and (3) negative heat of mixing among the 

constituent elements [11]. There are several variables 

like ball size, ball and vial material, ball to powder 

ratio, milling time, milling environment and 

temperature rise are involved in the milling process 

which may affect the characteristics of milling [12]. To 

produce an amorphous powder effectively it is very 

much important to control these milling variables. 

Presence information about the physical metallurgy of 

Mg-Ca-Zn alloys is complicated to understand and 

unclear. This work aims to understand the effects of ball 

size in amorphization of (Mg66Zn30Ca4) Mg-Zn-Ca 

alloy for a specified milling time. And this information 

introduces the knowledge to produce the metallic 

glasses through mechanical milling/alloying technique. 

2. EXPERIMENTAL PROCEDURE 

Elemental powders of Mg (99.9%, -50 mesh), Zn 

(99.9%, < 5µm), and Ca (99.9%, -8 mm to3.25 mm), 

were weighed to yield the desired composition of 
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Mg66Zn30Ca4. The weighed powders took in the 250 ml 

high speed steel vial together with high carbon steel 

balls in argon-filled glove box equipment. Two 

different diameters of balls (15 and 6 mm) were used in 

this milling process to understand their effects in 

producing the amorphous phases. Intentionally, no 

addition of process control agent (PCA) was employed 

in this process. The ball to powder ratio was maintained 

as 10:1. The Planetary ball mill (PM-400) was 

employed for the mechanical alloying. The planetary 

ball mill was operated by the following program: 10 

min-OFF and 10 min-ON, speed: 300 rpm, Directions: 

reverse and forward. The powders were milled for 10 

hours. After milling the powders were carefully 

removed from the vial and balls. The SEM, XRD and 

DSC analyses were performed on the powder samples. 

SEM analysis was performed to understand the particle 

size and morphology of milled powders. SEM-EDS 

(Energy Dispersive Spectrum) analysis was used to find 

out the influence of alloying elements in the milled 

powders by quantitatively. XRD characterization was 

used to verify the amorphous state and to check the 

formation intermetallic phases with respect to the ball 

sizes. The XRD patterns were obtained using 

PANalytical X’pert Pro powder X-ray diffractometer 

with a CuKα radiation. The XRD spectrum was 

acquired from 20°to 120° 2θ with a 0.02° step size and 

7s of scan time. All the obtained X-ray patterns were 

analyzed using X’Pert HighScore Plus software. The 

thermal transformations, thermal stability, glass 

transition and crystallization temperatures were studied 

by means of calibrated non-isothermal DSC Instrument 

under a continuous flow rate of (50.00 ml/min) purified 

nitrogen. Samples were placed in an alumina crucible 

and covered with a lid before starting thermal analysis. 

The samples were heated at rates of 10°C/min 

subsequently cooled to room temperature at a constant 

cooling rate of 10°C/min.  

3. RESULTS AND DISCUSSIONS 

Fig. 1 shows the SEM images of Mg, Zn, Ca powders 

used in the milling process. The Mg and Ca powders 

exhibit the micron sized particles with irregular 

morphologies. The Zn powder shows finer particles 

with spherical morphology. 

 

Fig. 1 SEM images of (a) Mg (b) Zn (c) Ca powders- As 

received condition 

Normally in the ball milling process, different 

techniques are adopted to reduce the cold welding to 

promote fracturing. By adding the suitable process 

control agent (stearic acid or hydrocarbons) to the 

constituent powders employed in the milling process, 

contributes to perfect metal to metal contact which is 

necessary to avoid cold welding phenomenon. But in 

this work, intentionally no PCA is added and the 

powders were dry milled in an argon environment. 

Whenever two grinding balls start colliding in the 

milling process, a small amount of powder is trapped 

and collided/fractured in between them. In this process, 

different powder morphology is obtained due to the 

absence of PCA. For the soft powders like magnesium, 

the powder particles were flattened as layers due to the 

cold welding. This generates the formation of layered, 

powder particles around the vial and balls. The layer 

consist the ingredients of starting powders. Fig. 2  

shows the images of balls and vials after 10 hours of 

milling. The macroscopic image clearly shows the 

sticking of powder particles in and around the balls and 

vials. The 6mm diameter of ball outer surfaces is 

completely enclosed by the powder particles whereas 

15 mm diameter ball surfaces are less enclosed.  

 

Fig. 2 Macroscopic images of vial and two different 

diameters of balls used in milling (a) 6 mm (b) 15 mm. 

Fig. 3 shows the SEM images of Mg66Zn30Ca4 powders 

milled for 10 hrs. The milled powders exhibit an 

agglomerated particle. Due to the agglomeration effect, 

the milled powder particles are enlarged which makes 

difficult to measure the particle size of the powder from 

the SEM images. The SEM-EDS analysis, results that 

the milled particles contain oxygen and iron as 

contamination. The atomic percentile values of 

individual elements (Mg, Zn and Ca) in the milled 

powders are less when compared to the atomic 

percentile values of as mixed powders, which indicates 

the formation of intermetallic phases among the 

constituent elements. 

Fig. 4 shows the XRD patterns of Mg, Zn and Ca 

elemental powders used in the milling process. There 

are no new peaks were found other than the peaks of 

individual elements.  
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Fig. 3 SEM images of ball milled Mg66Zn3Ca4 powders 

- 10 h (b) EDS distribution chart 

 

Fig. 4 X-ray patterns of Mg, Zn and Ca powders –As 

received condition 

As per the thermodynamic calculations and ternary 

phase diagrams of the Mg-Zn-Ca system, consists of 

four solution phases (fcc, hcp and bcc terminal solid 

solutions, and liquid), fourteen binary compounds 

(Ca3Zn, Ca5Zn3, CaZn, CaZn2, CaZn3, CaZn5, CaZn11, 

CaZn13, CaMg2, MgZn2, Mg2Zn11, Mg2Zn3, Mg7Zn3 and 

MgZn) and one ternary compound 

(Ca2Mg6Zn3/Ca2Mg5Zn13) [13-19].  Since the milled 

powder particle contains the oxygen and iron as 

contamination, the reflections of MgO, ZnO, CaO and 

Fe are included in the XRD peaks indexing. Fig. 5  

shows the X-ray patterns of Mg66Zn30Ca4 powders 

milled by different ball sizes. The 10 hours milled 

Mg66Zn30Ca4 powders reveals different 

phases/compounds for different ball sizes. Both the 

milled powders reveal broad diffracted (amorphous like 

halo regime) and crystalline peaks. The powders milled 

using 15mm balls shows a very broad diffracted peak 

(2θ range from 28° to 50°) with less intensity crystalline 

peaks. But the powders milled using 6mm balls shows a 

broad diffracted peak (2θ range from 34° to 48°) with 

high intensity crystalline peaks because of small ball 

size. The 6mm balls transfers more energy to the 

powders during milling results better amorphization. 

However, the presence of crystalline peaks and broad 

diffracted peaks indicates the coexistence of crystalline 

and amorphous phases.  

 

Fig. 5 XRD patterns of Mg66Zn30Ca4powders milled for 

10 hours using different diameters of ball 6mm (bottom) 

and 15 mm (top) 

Mg2Zn3, Mg2Zn11, CaZn, Zn, ZnO and 

Ca2Mg6Zn3phases were mostly present in both kinds of 

milling. The phases were identified using the X´Pert 

high score plus software which contains the reflections 

of all phases in Mg-Zn-Ca [20]. Depends on the amount 

of Mg, Zn and Ca are mixing or trapping between the 

grinding balls, the formations of intermetallic phases 

varies with respect to the ball sizes. The crystallite size 

has been calculated by using the Scherrer 

formula/calculations. The crystallite size of powder 

milled using 15mm (big) balls are calculated as 55.5nm 

whereas the crystallite size of powder milled using 

6mm (small) balls is calculated as 88.82nm. The small 

sized ball produces more nano-sized particles than big 

balls. Fig. 6 shows the DSC plot of Mg, Zn and Ca 

elements. There are no thermal transformations in the 

samples of Mg and Ca. But Zn shows one shallow 

transformation (endothermic reaction) around 275°C 

which may possibly due to the contamination of zinc 

powders. 

Fig. 7 shows the DSC analysis of Mg66Zn30Ca4 powders 

milled for 10 hours. Both kinds of milled powders 

(milling using 6mm and 15mm balls) reveal an identical 

DSC transformation. Two endothermic peaks are 

revealed at 335°C (E1) and 350°C (E2), which may 

similar with the previous studies reported for Mg-Zn-Ca 
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system [21]. The first endothermic peak is related to the 

melting onset of some metastable phases, such as 

Mg2Zn3 with a lower melting point. Meanwhile, the 

second endothermic peak may be related to the 

dissolution of some stable precipitates such as MgZn2 or 

Ca2Mg6Zn3. 

 

Fig. 6 DSC plots of Mg, Zn and Ca elements 

 

Fig. 7 DSC analysis of milled Mg66Zn30Ca4 powders 

4. CONCLUSIONS 

The milled powders revealed that the powders were 

coated around the balls and vials. The oxygen 

contamination and the intermetallic phases of Mg-Zn-

Ca composition were observed from SEM-EDS results. 

The powders milled with different ball size revealed the 

amorphous and crystalline peaks. The 15mm diameter 

balls resulted as broadened amorphous range, whereas 

the 6mm diameter balls revealed nano-sized 

intermetallic phases. The DSC results of the milled Mg-

Zn-Ca system showed two endothermic peaks with 

shallow glass transition point.  
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