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Abstract: This research article interprets the findings of experimental investigation on synthesis 

and characterization of a Ti alloy powder by using a high-energetic ball milling (HEBM) 

process. The work focuses on the synthesis of alloy powder with 70:10:20 (atomic %) of Ti, Mg, 

and Sr powders by process of mechanical alloying thereby decreasing the grain size of the 

particles to a Nanoscale regime from a micron scale. Tungsten carbide milling media was 

selected to synthesize alloy due to its higher density compared to elemental powder mixtures. 

Furthermore, the production of ternary Ti alloy with Mg and Sr additions could enhance the 

structural properties with density reduction which are quite suitable for biomedical applications.  

Mechanically alloyed powders are then characterized by X-ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM) with EDS, and High-Resolution Transmission electron microscopy 

(TEM) to investigate the structural, phase transformation, compositional, morphology, and 

topography. XRD results revealed that the crystallite size decreased to 32.07 nm, and the 

formation of nonequilibrium intermetallic phases such as MgTiO3, Mg23Sr6, Mg2Sr, and 

Sr3Ti2O7, with an increase in ball-milling duration. However, the absence of sharp peaks 

indicates partial amorphization of crystalline powders as the milling progresses. SEM analysis at 

30 hr of milling time, the powder particles fractures, disintegrate to finer size and agglomerates 

by the process of welding. TEM revealed nano crystallites and amorphous structures, whereas 

the selected area diffraction pattern shows a halo amorphous image as well as crystalline brilliant 
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rings, indicating a shift from crystalline to the partial amorphous structure during the ball milling 

process. The developed novel Ti-Mg-Sr alloy (wherein, Titanium for longer life span, Sr and Mg 

improve mineral density and bone strength) could be useful for biomedical application.  

 

Keywords: Ti-Mg-Sr alloy; Mechanical alloying; Ball milling; X-ray Diffraction (XRD); 

Scanning Electron Microscopy (SEM); Transmission electron microscopy (TEM) 

 

1. Introduction 

Synthesis of nanomaterials to a wide range of sizes and shapes with altering chemical 

compositions are of industrial relevance to develop parts possessing improved properties [1-4]. 

In nanotechnology research, the synthesis of nanoparticles or nanopowders to bulk shapes of 

nano-size is often treated as a difficult task that is useful for structural and engineering 

applications [4-6]. Synthesizing nano-powders for the development of biomaterials (titanium-

alloys) that ensure superior strength and corrosion resistance, and the highest biocompatibility 

among metallic materials [7]. The said properties help to prepare the bone implants (to treat bone 

fractures) with the addition of other alloying materials such as stainless steel and cobalt [8, 9]. 

Metallic materials as additional alloying elements are preferred to use for load-bearing implants, 

because of their enhanced strength, ductility, and high fracture resistance for a longer duration 

[10, 11]. Enhanced strength and ductility ensure metal implants fabricate complex parts with the 

processing routes namely machining, casting, and powder metallurgy [12]. Implants must be 

biocompatible and have mechanical qualities that are compatible with bone [13]. Corrosion and 

wear have an impact on the biocompatibility of metallic implants [14]. Wear and corrosion 

(harmful metal ions are produced) in metallic implants cause inflammation, cell death, and other 

tissue reactions [8, 15]. Thereby, attention is to be paid to developing novel materials for 

sustainable applications.  

Electronics, automotive, and aerospace industries could all see an increase in the use of 

lightweight structural materials [16-19]. In particular, aerospace sector demand reduced overall 

weight in structural parts with the use of low-density material [17]. Magnesium hydrides are 

considered promising materials that can be used for storing hydrogen in solid form for industrial 

applications [18, 19]. Titanium-based alloys are currently used in the aerospace sector and 

further research is still required to develop lower-density Titanium alloys [20]. Titanium-based 

alloys are being used in combination with other metals such as Mg and Al are of primary 

research interest. Mg alloys distinguished themselves from other biomaterials by imparting to 

human bone due to their compatible nature in terms of mechanical and physical properties [21]. 

Mg density and elastic modulus are approximately similar due to their elastic incompatibilities 

between implants and bone [22]. Furthermore, Mg is a naturally occurring element in bone 

composition and is the essential metal for metabolism [23]. Mg-based metal implants are being 

primarily used due to their corrosion resistance, which is unacceptable due to rapid and 

unexpected breakdown in a live system [23, 24]. The Mg-based biodegradable implants can be 

explored for industrial applications by improving corrosion resistance [25]. In addition, rapid 

progress with the use of Mg-parts in the medical sector influences the commercial parts to 
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introduce to the market which is expected in near future [8]. Therefore, Mg is a suitable material 

that offers significant technological interventions and applications alloyed with other materials.  

 

Magnesium addition to titanium material ensures low-density possessing high specific strength 

[26]. In addition to reduced density, the modulus and strengths increased from three to five times 

in structural parts [27]. For Ti-alloys, Sr and Mg materials enhance both the mechanical and 

biological performances [28, 29]. Titanium alloying with Mg is often treated as a difficult task 

through the casting route, because of the limited solubility of Mg in Ti. This occurs because of 

the temperature gradient differences (Mg boiling point is 1380K and Ti melting point is 1941K), 

wherein Mg may tend to evaporate and possible segregations in parts with melt processing route 

[30]. It is a well-known fact that the elements such as Mg and Ti showed significant research 

attention in biodegradable implants. Sr addition to Mg showed favourable properties in terms of 

strength and grain refinement with biocompatible nature [31]. Sr added to Mg-Al resulted in 

superior creep resistance properties suitable for automotive applications. To replace aluminum 

alloys, strontium is considered as one of the promising elements to produce Mg-Al-Sr alloy [32]. 

For automotive powertrain applications, Mg-Al-Sr alloys showed favorable properties offered at 

low cost [33, 34]. For multifunctional biodegradable metals, non-toxic elements found in the 

human body are authorized for tissue regeneration [35]. Sr addition to Mg-Zn-Ca alloy showed 

reduced dendritic segregation and improved corrosion resistance properties [36]. Fabricating 

Titanium-based bulk metallic glasses (BMGs) to offer significant strength and corrosion 

resistance is of paramount importance and is treated as a challenging task. Thereby, alloying 

elements (Mg, Si, Sn, and Sr) are incorporated into Ti-based BMGs that could enhance the 

material properties in terms of good thermal and structural stability after mechanical alloying 

[37]. Milling iron ore grains altered to nano-phase played a significant role in enhancing the 

magnetic properties [38]. Table 1 showed that different combinations of adding alloying 

elements to Titanium material resulted in excellent characteristics that meet the properties 

suitable for structural and biomedical applications. From the literature it was confirmed that Sr 

and Mg are promising materials to Ti alloys and synthesizing powders by ball milling is a 

promising metallurgical route for alloy development. In addition, the ball milling process 

enabled the mechanical alloying method to synthesize powders to nanophases or phase mixtures 

is a promising technique for preparing alloys.     

 

Table 1. Summary of so far developed Ti-based alloys and their characterizations 

 

Alloys Observations  Applications Ref. 

Ti-Mo–Sn 
An increase in milling time (5-45 hrs) resulted in ↓ 

crystallite size and ↑ lattice distortion.  

Bio-medical 
[39] 

Mg–Sr 
Experimental Mg-Sr alloy in simulated body fluid resulted 

in ↓ corrosion rate. 

Bio-medical 
[40] 

Zn–Cu–Ti 
The influence of Cu, Ti and Mg alloyed with Zn resulted in 

↑ both microhardness and tensile strength.   

Structural 
[41] 

Al–Ti 

Synthesizing Al-Ti by mechanical alloying process resulted 

in the formation of intermetallic phases (α-Ti3Al and TiAl3) 

and reduce the particle size to 85 nm.   

Structural 

[42] 
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Cf/Ti/Mg Titanium in Cf/Ti/Mg laminated composites ↑ the toughness  Bio-medical [43] 

Ti–Mg 

The powder metallurgical route resulted in ↓ compression 

modulus and ↑ compression strength, biocompatibility, and 

bioactivity.  

Bio-medical 

[44] 

Mg-Ca-Sr 
Synthesized Mg-Ca-Sr resulted in ↓ a degradation rate with 

no toxicity. 

Bio-medical 
[28] 

Ti-Ni 
The high-temperature resistance behavior of shape memory 

alloys was analyzed at different temperatures and duration. 

Micro-

actuators 
[45] 

Ti-Al-Nb 
Mechanical alloying followed by sintering resulted in ↑ 

yield strength and fracture strain.    

Automotive 
[46] 

Ti-Mg-Ni 

The separate milling process enhances the electrochemical 

properties in terms of discharge capacities of Ti-Mg-Ni 

alloys.  

Ni-MH 

batteries [47] 

Mg-Si-Sr 
Sr showed a significant effect compared to Mg and Si, on 

bone formation in fluorapatite for filling bone defects.  

Biomedical 
[48] 

Mg-Al-Sr 
Sr addition to Mg-Al alloy resulted in ↑ creep resistance 

useful for high-temperature automotive applications.  

Automotive 
[34] 

Ti2AlNb  
Mechanically alloyed Ti2AlNb powders for 40 hr, resulted 

in ↑ strengths of parts. 

Orthopaedic  
[49] 

Ti6Al4V 
As-milled nanocrystalline powder showed ↑ microhardness 

value compared with the conventional casting route. 

Industrial, 

Biomedical 
[50] 

Ti -Fe-Ni 

Substituting Ni from Fe resulted in intermetallic formation 

and hydrides which acts as a promising material for 

hydrogen storage.  

Hydrogen 

storage [51] 

MgH2-Ti 
Ti added to MgH2 showed a prominent effect on sorption 

properties subjected to high-pressure ball milling. 

Hydrogen 

storage 
[52] 

Cu50Ti50 

Cu50Ti50 amorphous alloy processed viz. mechanical 

alloying method resulted in designing bulk materials 

possessing unique properties.  

Technology 

applications  [53] 

Ti Cp 
The ball milling process ensures ↓ crystallite size and ↑ 

lattice strain and dislocation density. 
Not reported [37] 

 

Solid-state processes enable significant plastic deformation during ball milling of the constituent 

powders, leading to alloy formation [54]. The mechanical alloying process overcomes the 

shortcomings of conventional processes (i.e., melting and casting) such as undesirable 

segregation or evaporation due to large temperature differences between alloying processes [30]. 

However, the MA method produces nanocrystalline formations [55]. The repetitive fracturing, 

welding, re-welding of particles that occurred during ball milling of single and multi-component 

powders are due to interaction between ball to ball, the ball to wall collisions [56,57]. To attain 

desired properties, the final particle material must be appropriate for consolidation and 

subsequent processing [57,58]. The MA process produces alloys that would be impossible to 

make viz. traditional casting route [59]. Compared to conventional methods, MA based on ball 

milling offers significant technical advantages in terms of reduced cost, low processing 

temperatures, and the potential for easy optimization [60]. The ball milling technique of 
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elemental powders can thus be used to achieve a non-equilibrium and non-conventional mode of 

synthesis, wherein nanocrystalline/nano amorphous powdered alloys offer superior structural, 

microstructural, and mechanical properties [1,61].  

 

In this work, mechanical alloying processing routes to develop novel titanium-based alloys 

possessing low density and high specific strengths are focused on biomedical and aerospace 

applications. Mg as alloying elements ensures biocompatibility for preparing medical implants. 

Sr as alloying element ensures grain refinement that offers enhanced strength and properties with 

biocompatible nature. In the present work, attention is being paid to synthesizing and 

characterize nanostructured ternary Ti-Mg-Sr alloy (70:10:20 atomic %) utilising high-energy 

ball milling equipment. The prepared alloy is investigated for structural properties using XRD, 

SEM with EDS, and TEM to know the phase change and nanostructure morphology of the 

powders.  

 
 

2. Experimental Procedures 

 

2.1 Ball milling 

 

HEBM is a mechanical alloying process, wherein material grinds rapidly to colloidal fineness 

viz. centrifugal or planetary motion of mills.  The powder materials and balls are placed in a vial 

to blend the samples. The balls-to-powder weight ratio is decided according to the powder type 

and fineness required. The entire assembly (bowl, rotating base, counterbalance weights) are 

revolved in the opposite direction of the bowl rotating base with centrifugal forces. The 

experimental set-up of a HEBM (Retsch PM-100) with vials was used for the present research 

work. The grinding media are made of steel, zirconium oxide (ZrO2), tungsten carbide (WC), 

sintered corundum, and stainless steel. For reduction of coarse size particles, large-sized balls are 

preferred, whereas to ensure ultra-fineness small balls are used. Note that, higher ball density 

ensures higher pulverization energy. The procured average size of elemental powder particles of 

Ti, Mg, and Sr is ≈ 60 µm, with 99% purity. The powders of pure titanium, magnesium, and 

strontium were subjected to mechanical alloying viz. HEBM equipment. Note that, WC jar and 

balls with a ball-to-powder weight ratio maintained equal to 10:1. Before experimentation, the 

jars and balls of the planetary ball mill were cleaned by operating the ball mill in a toluene 

solution [62]. Titanium, Magnesium, and Strontium powders (99.5% purity, average particle size 

≈60 µm) are used with a material composition of 70% Ti, 10% Mg, and 20% Sr in terms of 

atomic percent. The RETSCH High Energetic Planetary Ball Mill PM100 was used as milling 

equipment, where milling was carried out in WC media at a vial speed of 200 rpm up to a 

maximum of 30 hours of duration. After each milling trial of 5 hr, 15 hr, and 30 hrs duration, 

milling was stopped, and a small proportion of powder samples are examined subjected to 

different characterizations (XRD, SEM with EDS, TEM). Note that, milling experimentations 

are conducted in a toluene solution that limits the extent of contamination from the outside 

atmosphere. The specification details of the high-energy ball milling process are presented in 

Appendix A. 

X-ray diffraction investigations are carried out on mechanically alloyed powders to examine the 

structure, phase change, and compositional characterization of each sample. The structural 
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characteristics and phase transition are investigated using an X-ray diffractometer with a Cu K 

radiation (=0.1542 nm). Scherrer equation to estimate the average crystallite size D is done viz. 

Eq. 1 [63, 64].  

 

                               (1)
cos

Crystallite

k

D





  

 

The term, K, λ, and θ refers to the Scherrer constant, incident radiation wavelength, and 

Bragg angle, respectively. The term, β corresponds to peak's full width at half maximum, was 

determined by subtracting the instrumental broadening βi, from the observed broadening βo, with 

the formula: 
2 2 2-                             (2)Crystallite o i    

FEI Quanta Field Emission Gun 200 SEM with EDS is used to analyse the microstructure, 

phases, and chemical composition of milled powdered samples. Furthermore, the alloyed 

powders were examined viz. transmission electron microscope (TEM) to know the internal 

structure and phase change information. TEM with Selected area diffraction pattern (SADP) of 

mechanically alloyed powder samples was also analysed. 

3. Results and Discussion 

Results obtained from the characterization of mechanically alloyed powders (Ti, Mg, and Sr) 

with different milling durations examined viz. XRD, SEM, and TEM, are discussed. Fig. 1 

illustrates the framework of this research work.  

 

Figure 1: Flowchart illustrating the characterization of powders viz. ball milling process 
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3.1. XRD characterization of un-milled and ball-milled samples 
 

 

Figure 2: XRD pattern: a) un-milled powder mixture and b) 5 hours ball milled powder mixture  
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Figure 3:  XRD pattern of powder mixture: a) 15 hours ball milled and b) 30 hours ball milled 

with Rietveld analysis 
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Fig. 2a shows the XRD patterns of an un-milled powder mixture of elemental Titanium, 

Magnesium, and strontium. Note that, the peaks are narrow and symmetrical with relatively high 

intensity that indicates there exists a complete crystalline phase. Prominent among the diffraction 

peaks at position 2θ° with a value equal to 22.7190, 40.4909, and 47.7122 indicating a very 

narrow peak with heights count of 305.52, 163.41, and 11.81. Note that, the crystallite size of the 

un-milled powder mixture was found to be in the range of 50 µm.  

After 5 hours of ball milling duration, the XRD peak intensities of elemental Ti, Mg, and Sr 

decreases gradually, wherein broadening of Bragg peaks are observed with 5 hrs of ball milling 

duration (refer to Fig. 2b). The broadening of Bragg peaks is primarily due to grain refinement 

and increased lattice strain [65, 66]. According to XRD theory, Bragg’s principle of λ = 2dsinθ, 

(where, λ = wavelength of X-ray, θ° = Bragg angle, d = interplanar spacing) depicted that narrow 

Bragg peaks result in coarse grain size and broad Bragg peaks refine grain sizes [67]. Similarly, 

for lattice strain, narrow Bragg peaks result in less strain and broader Bragg peaks indicate more 

strain [65].  

During the ball milling process, atmospheric contamination likely occurs, wherein the 

oxygen reacts with Ti, Mg, and Sr resulted in the formation of TiO2, MgO2, and SrO. XRD peaks 

depict the peaks of TiO2, Mg, Ti, MgTiO3, and SrO for 5 hours duration of the ball milling 

process. XRD profile (Fig. 2b and Fig. 3) after 5, 15, and 30 hours of ball milling, clearly shows 

the emergence of new Bragg peaks corresponding to magnesium-strontium (Mg-Sr), 

magnesium-titanium oxide (Mg-TiO), and Strontium-titanium oxide (Sr-TiO) solid solution. 

Similar observations with different phases emerge that are reported in the literature [68-70]. The 

broadening of Bragg peaks indicated that the phases evolved during mechanical alloying are 

attributed to severe plastic deformation of elemental powders converted gradually to 

nanocrystalline.   

Table 2 provides the details of structural parameters and XRD profile of Fig. 3b, subjected to 30 

hrs of the ball milling process. Ti, Mg, and Sr Bragg peaks tend to decrease their intensity with 

increased ball milling duration when compared to diffraction peaks of unprocessed powder. Such 

decreased Bragg peaks of Ti, Mg, and Sr suggested that diffusion of Mg atoms into the crystal 

lattice of Ti and Sr led to the alloy formation of non-equilibrium binary solid solutions of Mg-Sr, 

Mg-TiO, and Sr-TiO. Simultaneously, the elemental Ti, Mg, and Sr peaks tend to decrease their 

intensity with a shift of diffraction peak to lower Bragg angles and peak broadening, which 

strongly depicts the alloy formation at the expense of elemental phases. Such changes in the 

diffraction peaks during the ball milling process suggested the evolution of new phases. The new 

phases that emerged during the milling process are the non-equilibrium binary solid solution of 

Mg-Sr, Mg-TiO, and Sr-TiO. Compared to Ti and Sr, Mg possesses a low melting point due to 

which Mg atoms readily diffuse into the crystal structure of Ti and Sr forming Mg-Sr, Mg-TiO, 

and Sr-TiO binary solid solution. Traces of elemental phases left are mechanically alloyed into 

the binary solid solution at 30 hrs of milling durations. Table 2 confirms the intermetallic phases 

formed which are attributed to peak broadening, which results in decreased crystallite size with 

an increase in lattice strain.  

 

 

Table 2. Phases and structural parameters of ball-milled (30 hr) powder mixtures 
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Position 

(2θ°) 

Height 

[cts] 

d-spacing 

[Å] 

FWHM 

[2θ°] 

Lattice 

parameters (nm) 

HKL/Phase Phase 

(%) 

25.2349 
34.30 3.52928 0.0394 3.9162 001/ 

Sr3Ti2O7 

11.8 

31.4379 
19.17 2.84564 0.0787 a & b = 10.4998 

c = 10.3521 

002/ 

Sr2Mg17 

0.1 

35.5694 
56.55 2.52402 0.1968 a & b = 3.2143 

c = 5.2236 

010/Mg 34 

38.5534 
129.24 2.33525 0.0984 5.0140 111/ 

MgTiO3 

43.8 

40.4460 194.01 2.23024 0.2362 6.1543 011/Sr 0.2 

53.3770 
24.95 1.71648 0.2755 a=b=2.9346 

c=4.6542 

012/ Ti 0.6 

58.8518 13.17 1.56918 0.2362 3.9162 022/ SrTiO3 9.2 

63.2076 
11.80 1.46992 0.5760 a=b=10.5246 

c= 28.3120 

110/ SrMg2 0.3 

 

Quantification of each phase is carried out by conducting the Rietveld analysis on the XRD 

profile of 30 hr ball-milled powdered mixtures using Xpert High Score software is presented in 

Fig. 3b. Table 2 shows the results (lattice parameters, miller indices, phase percentage, and 

interplanar spacing) of the Rietveld analysis of the 30 hr ball milled powder sample. However, 

some of the phases are still minute in quantities for XRD to detect, so the indexed peaks of 30 hr 

milled powdered mixtures are subjected to TEM analysis. Grain size/crystallite size calculated 

by using Scherrer equation after 30 hours of milling duration is found equal to 30.04 nm. The 

result depicts the nanocrystalline structure was obtained in addition to mechanical alloying. The 

average grain size before ball milling of elemental powders mixture was 34 microns. As the 

milling progresses, due to severe plastic deformation during the ball to ball and ball to vial 

collisions resulted in new phases formation with a notice of crystallite size refinement (30.04 

nm). Table 3 present the details of structural information and new phases formed at different ball 

milling duration. 

 

Table 3. Summary results of XRD peaks (Bragg angle and structural parameters) at different 

milling time 

Milling 

time in 

hrs 

Pos. 

(2θo) 

Height 

[cts] 

D-

spacing 

[Å] 

Structure Compound Name 

Crystallite 

size ‘D’ 

nm/lattice 

strain% 

0 

22.7190 305.52 3.91410 Hexagonal Titanium  
<50000 

nm or 50 

µm 

40.4909 163.41 2.22603 Hexagonal Magnesium  

47.7122 11.81 1.90460 Cubic Strontium  

5 25.156 154.83 3.53718 Tetragonal Anatase  

50.16 

nm/ 

0.458% 

15 9.709 213.40 9.10279 Hexagonal Magnesium Strontium 35.08 
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10.265 312.52 8.61060 Cubic Magnesium Strontium nm/ 

0.693% 
43.774 150.69 2.06639 Hexagonal Magnesium Strontium 

30 

25.2349 
34.30 3.52928 

Cubic 
Strontium Titanium 

oxide 

32.07 

nm/ 

0.716% 

31.4379 

19.17 2.84564 

Rhombohedral  

Geikielite 

(Magnesium Titanium 

Oxide) 

35.5694 
56.55 2.52402 

Cubic 
Strontium Titanium 

oxide 

38.5534 129.24 2.33525 Hexagonal Magnesium Strontium 

40.4460 194.01 2.23024 Hexagonal Magnesium Strontium 

53.3770 24.95 1.71648 Hexagonal Titanium 

58.8518 13.17 1.56918 Hexagonal Magnesium 

63.2076 11.80 1.46992 Cubic Strontium 

 

The lattice strains are estimated based on the broadening of XRD peaks by considering the full 

width at half maximum (FWHM) [71].  

                                            (3)
4 tan





                                        

Terms, 

 is the full-width half maximum (FWHM) = o i   

o is the observed peak broadening 

i  is the instrumental peak broadening 

  is the Bragg angle 

  
Fig. 4 shows the curves of lattice strain and crystallite size. Note that, increase in milling time 

resulted in increased lattice strain and thereby greater reduction in the crystallite size was 

observed. This clearly shows that due to severe plastic deformation and repeated fracturing of 

powdered particles resulted in the synthesis of nano-sized powders [72-73]. Various 

nonequilibrium binary solid solutions formed during the alloying process which are mapped with 

reference code (JCPDS) are presented in Table 4. 

 

Table 4. Pattern list of un-milled and ball-milled powder mixtures at different milling duration 

Condition Reference 

JCPDS Code 

Compound Name Scale 

Factor 

Chemical 

Formula 

 

Un-milled 

00-001-1198 Titanium 0.259 Ti 

01-089-7195 Magnesium 0.057 Mg 

03-065-5959 Strontium 0.045 Sr 

 

Ball-milled 

for 5 hrs 

00-005-0682 Titanium 0.758 Ti 

00-004-0770 Magnesium 0.232 Mg 

00-006-0494 Geikielite 0.318 Mg TiO3 

00-033-1381 Titanium Oxide 0.442 TiO2 

00-027-1304 Strontium Oxide 0.274 SrO 
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Ball-milled 

for 15 hrs 

00-018-1404 Titanium Oxide 0.050 Ti8O15 

00-004-0770 Magnesium 0.075 Mg 

03-065-5959 Strontium 0.283 Sr 

03-065-4319  Magnesium Strontium 0.028 Mg23Sr6 

03-065-1777  Magnesium Strontium 0.524 Mg23Sr6 

03-065-3585 Magnesium Strontium 0.486 Mg2Sr 

 

 

 

Ball-milled 

for 30 hrs 

00-005-0682 Titanium 0.669 Ti 

00-004-0770 Magnesium 0.018 Mg 

00-006-0494 Magnesium Titanium Oxide 0.256 MgTiO
3
 

00-006-0383 Magnesium Strontium 0.026 SrMg
2
 

00-018-1275 Magnesium Strontium 0.425 Sr
2
Mg17 

01-089-4045 Strontium 0.765 Sr 

00-011-0663 Strontium Titanium Oxide 0.854 Sr
3
Ti

2
O

7
 

00-003-0769 Strontium Titanium Oxide 0.542 SrTiO
3
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Figure 4: Crystallite size and lattice strain variations of ternary Ti-Mg-Sr alloy for different 

milling time 

3.2. Transmission electron microscope (TEM) 

Fig. 5a and b, present the transmission electron micrographs of powdered particles ball 

milled for 30 hours of duration. During the ball milling process, due to repeated fracturing and 

welding the fragments of mechanically alloyed powders are observed, wherein the powder 

agglomerates as a result of a set of crystalline particles such as Ti, Mg, and Sr. Mechanical 

alloying by high energetic ball milling process resulted in severe plastic deformation of alloyed 

powdered particles. Fig. 5b shows the features associated with severe plastic deformation of 

particles observed with TEM. Figure 5b show the visible grain boundaries in nano-size.   
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Figure 5: TEM micrographs of 30hr mechanically alloyed powder (a) morphology of powder 

particles (b) nanograins are observed 

 

Furthermore, the majority of the regions show amorphous structure in the 30 hr ball 

milled powder particle (Fig. 6a). As milling continues for a longer duration, Selected Area 

Diffraction Pattern (SADP) ring becomes more diffused and blur without sharp rings. Fig. 6b 

shows the clear star rings which indicate the amorphous structure formation. Grain boundaries 

are observed without any texture in the polycrystalline material possessing nanograins in the 

TEM image as shown in Fig. 6.  

 

Figure 6: SADP of 30 hr of the ball-milled powder samples: a) lower magnification and b) 

higher magnification 

The presence of minute spots in diffraction rings suggested the formation of solid 

solution in polycrystalline. Fig. 7 shows the indexed SADP of 30 hr ball-milled powder sample. 

XRD profiles often find it difficult to detect the minute quantities of phases. Therefore, XRD 

peaks of 30 hr ball-milled powdered mixtures are compared with the TEM analysis. The results 

showed the XRD peaks emerge from the same crystallographic planes as SADP rings. This 

confirms that TEM crystallographic rings were found to be in good agreement with XRD results.  
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Figure 7: Indexed SADP of 30 hr ball-milled powder sample: a) Magnesium, b) Titanium, c) 

Strontium, d) Magnesium strontium, e) Strontium titanium oxide, and f) Geikielite 

 

3.3. SEM analysis of un-milled and ball-milled powder 

SEM micrographs of an un-milled and milled powder mixture of Ti, Mg, and Sr are 

shown in Fig. 8. Flake-shaped structure with the powdered particles sticks among themselves 

and no deformation in the shape of particles was observed correspond to un-milled powders. 

Similar observations are seen in the earlier literature [74]. Furthermore, SEM images clearly 

showed the change in powdered shape after undergoing a ball milling process of 5, 15, and 30 

hours of duration. After 5 hr of the ball-milling process, the powder particles tend to fracture to a 

smaller size and starts deforming with welding to neighboring particles (refer to Figure 8b). 

Larger particles formation occurs due to continuous welding of smaller particles and powders 

tend to deform and agglomerate as the ball milling progresses (refer to Figure 8 b-d). Similar 

observations are reported in TiC particles reinforced stainless steel matrix [75], and AlSi10Mg 

matrix nanocomposites [76]. After ball milling of 15 hours of duration, the powdered particles 

tend to partially flatten their shape. These observations are in good agreement with published 

literature [39]. Flattening occurs due to the impingement of ball-powder-ball and ball-powder-

vial collisions, wherein powder particles undergo repeated fracturing, and rewelding in different 

directions causes a change in the shape of powdered particles. At 30 hr of milling time 

(compared to 5 & 15 hrs) due to prolonged fracturing process, the powder particles begin to 
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disintegrate to finer size and agglomerates by the process of welding. Similar observations are 

reported in the earlier literature [30].   

 

 
Figure 8: SEM images: (a) un-milled TiMgSr powders; (b) ball milled for 5 hr, (c) ball milled 

for 15 hr, and (d) ball milled for 30 hr. 

 

3.4. SEM with EDS 

 The presence of Ti, Mg, and Sr with approximate average compositions of each element 

is presented in Figure 9. However, elemental mapping by energy dispersive spectroscopy 

revealed the homogeneous distribution of Ti, Mg, and Sr of mechanically alloyed powder 

examined for 30 hours duration is presented in Fig. 9. EDS analysis also revealed the traces of 

W, C, and O elements in addition to Ti, Mg, and Sr implies the contamination from the outside 

atmosphere and milling media to a certain extent. Note that, the phase transition, particle size, 

and contamination in powder particles of EDS and XRD results were found to be consistent. 
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Figure 9: SEM with EDS of 30 hr mechanically alloyed powder mixture particles at different 

regions (a) Region 1 (b) Region 2 
 

4. Conclusions  

The mechanical alloying-based metallurgical processing route is focused to develop novel 

Titanium-based alloys (Ti-Mg-Sr) useful for biomedical applications. The findings of synthesis 

and characterization of nanostructured ternary Ti-Mg-Sr alloy (70:10:20 atomic percent) are 

explained below, 

 

1. From XRD analysis, the peaks are narrow and sharp with high relative intensity 

indicating a complete crystalline phase at beginning of the milling process. However, as 

milling progresses due to ballistic diffusion the new phases of MgTiO3 solid solution 

coupled with TiO2 and SrO with elemental peaks of Ti, Mg is formed at the end of 5 hr of 

ball milling. 

2. At 15 hr of the ball milling process, a solid solution of Mg23Sr6 and Mg2Sr has emerged 

due to the diffusion of Mg atoms into the crystal lattice of Sr.  

3. At a prolonged duration of 30hr, ball milling has shown the formation of new phases and 

reduction of crystallite size to the nanoscale regime (30.04 nm), leading to the formation 

of intermetallic phases like Sr2Mg17, SrMg2, Sr3Ti2O7, and Sr (TiO3). 

4. Decreased height of all the diffracted peaks with increased peak width was observed. 

This occurs due to the transformation of the crystalline phase to an amorphous one during 
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MA for a duration of 30 hrs. 

5. SEM micrographs indicate the particle size reduction to nano-size during ball milling. 

Elemental compositional analysis by EDS has shown the atomic % of Ti, Mg, and Sr, and 

thereby confirms the alloy formation. 

6. The TEM analysis with SADP shows the diffused diffraction rings with clear stars 

indicating the formation of an amorphous structure with intermetallic phases. The 

indexing of diffraction rings well matches with XRD results and thereby confirms the 

presence of phases. 

 
Nomenclature 

Al–Ti Aluminium titanium SADP Selected Area Diffraction Pattern 

BMGs Bulk metallic glasses SEM Scanning Electron Microscopy 

CuTi Copper titanium SrMg Strontium Magnesium 

Cf/Ti/Mg Carbon fiber titanium magnesium SrTiO Strontium Titaniumoxide 

Cu  Copper Ti Titanium 

D Average crystallite size TEM Transmission Electron Microscopy 

EDS Energy Dispersive Spectroscopy Ti Cp Commercially Pure Titanium 

FEI Field Emission In-Lens Ti–Mg Titanium Magnesium 

FWHM Full Width Half Maximum Ti-Ni Titanium Nickel 

HEBM High-Energetic Ball Milling Ti-Al-Nb Titanium Aluminium Niobium  

HKL Miller Indices TiAlV Titanium Aluminium Vanadium 

K Scherrer constant Ti -Fe-Ni Titanium Iron Nickel 

MA Mechanical alloying Ti-Mg-Ni Titanium Magnesium Nickel 

Mg Magnesium Ti-Mo–Sn Titanium Molybednum Tin 

Mg-Al Magnesium aluminium Ti-Mg-Sr Titanium Magnesium Strontium 

Mg–Sr Magnesium strontium WC Tungsten Carbide 

MgTiO Magnesium titaniumoxide XRD X-Ray Diffraction 

Mg-Al-Sr Magnesium aluminium strontium Zn–Cu–Ti Zinc Copper Titanium 

Mg-Ca-Sr Magnesium calcium strontium λ Incident Radiation Wavelength 

Mg-Si-Sr Magnesium silicon strontium θ Bragg Angle 

Mg-Zn-Ca Magnesium zinc calcium β Full Width Half Maximum 

Sr Strontium Å Angstrom 

cts Counts d-spacings Interplanar Distance 

a, b, c Lattice parameters   

 

 

Appendix A: Specification of high energy ball milling 

 

High energetic ball milling specifications 

Ball to Powder weight ratio 10:1 

Milling media Toluene 

Speed 200 rpm 

Ball and Vial material Tungsten carbide (WC) 

Container (vial) volume 250 ml 

Utility volume 50-150 ml 

Diameter of ball 10 mm 

Weight of each ball 7.5 gm 
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Number of balls 80 

Total weight of balls 600 gm 

Total milling time 30 hours 
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