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Abstract 

This paper reports the particle size characterisation of mechanically alloyed La0,5Sr0,5Fe0,5Mn0,25Ti0,25O3 prepared 
with the assistance of a high-power ultrasonic treatment. After a solid-state reaction on quasi-crystalline powders 
at 1000°C for 3 hour, the presence of a single phase was confirmed by X-ray Diffraction (XRD). It was found 
that powder materials derived from mechanical alloying and successive sintering have several disadvantages, 
namely, that the particle morphology is seldom controllable and results in large variations in the particle size and 
distribution. A significant improvement in both particle size and distribution was obtained upon subjecting the 
mechanically milled powder materials to an ultrasonication treatment for a relatively short period of time. As 
determined by a particle size analyser, the mean particle size gradually decreased from the original size of 6.23 
to 1.13m. A narrow size variation was also observed by Scanning Electron Microscope (SEM). The line 
broadening analysis by XRD revealed that the particles consist of nanocrystallites with an average size of ~ 
22-26 nm. These results indicate that the sintering of mechanically milled particles followed by a high-power 
ultrasonication treatment promotes the formation of particles containing nanocrystals.  
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1. Introduction 

Perovskite lanthanum manganites, especially those doped LaMnO3 (LMO), have shown significant potential for 
application in the field of magnetic electronic functional materials (Zi et al., 2009). Structural modification either 
through doping of La with Ca, Sr, and Ba (Pissas, Kallias, Hofmann, & Tobbens, 2002; Grossin & Noudem, 
2004) or Mn with Fe, Cu, and Ti (Ahn, Wu, Liu, & Chien, 1997; Li et al., 2006; Kallel, Oumezzine, & Vincent, 
2008) have been reported to induce electromagnetic properties such as giant magneto resistance (GMR) or 
colossal magneto resistance (CMR) (Haghiri-Gosnet & Renard, 2003; Ramirez, 1997). Another potential 
application is in the area of radar-absorbing materials (RAM) (Gama, Rezende, & Dantas, 2011). A partial 
substitution of La with Sr or Mn with Fe gives rise to new properties, in addition to the GMR or CMR, in which 
the substituted LMO has the ability to absorb electromagnetic waves, especially in the ultra-high frequency 
range (GHz) (Zhou et al., 2009; Zhou et al., 2007). 

The use of telecommunication and information technologies is currently experiencing rapid growth. With the 
introduction of advanced technologies, such as various kinds of electronic media and information technologies, 
the use of electromagnetic waves (EM) over a broad range of frequencies is becoming more important. 
Consequently, the need to find new absorbing materials is the goal of many research activities.  

Our current research interest focuses on a series of ion-substituted LMO compounds, with the structure of (La1-x 
Srx) (Fe0.5Mn0.25Ti0.25) O3 with x = 0, 0.25, 0.5, 0.75 and 1.0, for application as high-frequency microwave 
absorber materials. Our studies include the preparation of nanocrystalline-based materials to improve their 
microwave absorption characteristics. Reports have shown that processing routes such as conventional 
mechanical alloying and solid-state reaction (Suryanarayana, 2001) can be utilised for the preparation of 
nanomaterials. In addition to these conventional approaches, other methods such as sol-gel (Chen, Nass, & 
Vilminot, 1997), co-precipitation (Rashad, Zaki, & El-Shall, 2009) and hydrothermal (Wang et al., 2011) have 
also been used for nanomaterial synthesis. However, in most cases, the mechanical alloying and milling route 
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requires a relatively long milling time - from tens to hundreds of hours to obtain fine powders. In addition, the 
final product may be significantly contaminated by unwanted materials. Similarly, chemical routes such as the 
sol-gel process may be considered less effective, especially when a large amount of material is produced, 
because a significant amount of unwanted materials remains as waste.  

We devised an alternative route for overcoming the unnecessarily long milling time and excessive contamination 
to prepare fine powder materials with a homogeneous particle size distribution. The characterisation of the 
resulting crystallites and particles is discussed in this report. Beginning with quasi-crystalline materials obtained 
from mechanical alloying and successive sintering to induce crystallisation, a further refinement of the particle 
size is afforded by the application of a high-power sonicator. 

2. Experimental Work 

Designated (La1-x Srx) (Fe0.5Mn 0.25Ti 0.25) O3 with x = 0, 0.25, 0.75 and 1.00 compositions were prepared using a 
conventional milling technique. Stoichiometric quantities of analytical-grade MnCO3, SrCO3, Fe2O3, TiO2 and 
La2O3 precursors with a purity of greater than 99% were mixed and milled using a planetary ball mill to a 
powder weight ratio of 10:1 for up to 70 hours. All samples were characterised by powder X-ray diffraction 
(XRD) using Philips PW3710 diffractometer with CoK radiation ( = 1.78896 Å). In all cases, powders 
obtained after 10 hours of milling time were found to be highly deformed materials, as indicated by the absence 
of Bragg diffraction peaks and the presence of broad and diffuse peaks by XRD analysis. Thus, these powders 
may be considered quasi-crystalline or amorphous phases. A small quantity of milled La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 
powders was removed from time to time for mean particle size characterisation during the 70 hr milling process. 

One portion of mechanically alloyed powders obtained after 10 hours of milling time were investigated further to 
determine the effects of ultrasonic irradiation on the particle size refinement. The refinement was performed in 
the following manner: after mechanically milling for 10 hours, powders were successively sintered at 1000oC for 
3 hours to produce crystalline materials. The sintered powders were then dispersed in distilled water to form 
powder solutions of various concentrations. The solutions were then irradiated ultrasonically using a 1.2 kW 
sonicator operating at 40 kHz for different periods of time up to 70 hrs. The suspensions were then collected by 
precipitation using a centrifuge. The particle size was evaluated using a Helos simpatec particle size analyser for 
micron-sized particles and a Zeta nanosizer analyser for nano-sized particles. Additional XRD analysis was 
performed to determine the mean crystallite size. In this case, un-overlapping diffracted peaks were selected, and 
reliable line broadening data were obtained using the step-scanning mode. Intensity data were recorded for each 
0.005° step using a 2-second scanning time, and the mean crystallite size was derived from Scherrer’s formula 
(Cullity, 1976). The diffraction peak width of the test sample, Bs, was calculated from the full-width at 
half-maximum (FWHM), whereas the true width, B, was determined using Equation 1. Finally, the mean 
crystallite size was obtained from Equation 2, 

B = (Bs – B0)
½         (1) 

d = 0.9  / B.Cos           

where d is the mean crystallite size, λ is the X-ray wavelength, θ is the Bragg angle, and B0 is the FWHM of a 
standard sample that takes into account the instrumental broadening correction. A correction factor due to lattice 
strain was not utilised in the analysis. Microstructural examination of the samples was taken from fracture 
surfaces of the bulk samples using JEOL JSM-5310LV and JED-2300 scanning electron microscopes (SEM). 

3. Results and Discussion 

3.1 Effect of Milling Time on the Mean Particle Size 

The fit XRD profile of a La0,5Sr0,5Fe0,5Mn0,25Ti0,25O3 sample prepared after 10 hours of mechanical alloying 
followed by sintering at 1000oC for 3 hours is shown in Figure 1. The resulting profile of the residue shows 
almost no intensity over the entire diffraction angle range.  
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Figure 1. XRD trace of La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 prepared by mechanical alloying and sintering at 1000oC for 
3 hours 

 

 

Figure 2. Plot of diffracted intensities of mechanically alloyed La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 powders after 10 hrs 
of milling time and sintered at 800oC (S800), 1000oC (S1000) and 1200oC (S1200) for 3 hours and that of the 

sample S1000 with additional treatment ultrasonically (F1) 

 

The convergent fitting process parameter was obtained with an acceptable 2 value of 1.24. The trace matches 
with the peaks of a Perovskite LaMnO3 structure, despite a small shift in the peak positions due to the presence 
of a partial Sr ion substitution for La, in addition to Fe and Ti ion substitutions for Mn. Thus, the material is a 
single phase within a 4 % uncertainty for the phase fraction (Cullity, 1976). Similarly, the XRD traces of sintered 
powders obtained using sintering temperatures in the range of 800-1200 oC also exhibit a pattern similar to that 
of the LaMnO3 phase. In addition, all XRD traces consistently exhibit diffraction line broadening. Figure 2 
compares the diffraction intensity of the (400) peak for sintered powders obtained by step scanning in the range 
of 66-70 o. 
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Figure 3. Comparison of mean particle size of powders prepared by conventional mechanical alloying with that 
of powders subject to ultrasonication. The ultrasonic irradiation was applied to crystallised mechanically alloyed 

powders 

 

 

Figure 4. Particle size distribution of La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 powders prepared by conventional mechanical 
alloying and that of the powder subject to ultrasonication, demonstrating a significant size reduction due to 

ultrasonication treatment 

 

We performed the particle size characterisation of mechanically milled and successively sintered materials using 
a particle size analyser. We observed that during the early stages of the milling process, the particle size 
increases due to the incorporation of material components, and it then progressively decreases until it plateaus 
after 10 hrs of milling time. The long-term mechanical treatment during the advanced stage of the process causes 
the particles to experience embrittlement due to the accumulation of internal stresses. Continuous plastic 
deformations of the brittle particles cause a further reduction in the particle size. 

The evolution of the mean particle size of powder samples of mechanical milling after 10 hrs milling time is 
shown in Figure 3. The results indicate that particle size approaches a limit as the milling times is increased to 70 
hours. There is no significant reduction in the mean particle size of mechanically alloyed powders during this 
period of time. The mean particle size after 70 hours of milling is 5.5 m, which is only 0.73 m smaller than 
that of the powder obtained after 10 hours of milling (time zero for the graphs in Figure 3). This finding indicates 
that a further decrease in the particle size results in an increase in the particle’s fracture resistance, which, in turn, 
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causes the particles to become agglomerated. 

Based on these results, we induced the de-agglomeration of the particles by subjecting sintered materials 
obtained after 10 hours of mechanical alloying to a powerful ultrasonication treatment. The results shown in 
Figure 3 demonstrate that the mean particle size is reduced to ~ 1.13 m after 7 hours of sonication treatment. 
Extending the sonication time to 20 hours leads to a further decrease in the mean particle size to 0.23 m. In 
addition to the mean particle size, the typical particle size distribution for materials obtained by mechanical 
milling is demonstrated in Figure 4. The bimodal curve indicates that the suspended particles in the dispersant 
media are inhomogeneous, despite sample already de-agglomerated by the normal ultrasonic treatment. The 
curve with the dashed line demonstrates that all particles are below approximately 20 m in size. This behaviour 
is different from the results obtained for the powders subjected to ultrasonication, which show a particle size of 
less than 7 m and a monomodal spectrum with a narrower particle size distribution. The mean particle size of ~ 
1.13 m is clearly much smaller. 

3.2 Effects of Sintering Temperature on the Mean Crystallite Size 

It is well-accepted that the line broadening of diffraction peaks is caused by fine crystallites sizes, crystal defects 
and induced microstrains, in addition to instrumental broadening (Samaila, Hashim, Yusof, & Abbas, 2010). The 
measured FWHM values of the diffraction peaks were calculated from Figure 2 and used to estimate the mean 
crystallite size for samples with a quasi-crystalline structure that were sintered at different temperatures to induce 
crystallisation. The mean particle and crystallite sizes for these samples are provided in Table 1. The table also 
includes the mean size for the sample subjected to the ultrasonication treatment in addition to the mechanical 
treatment. 

If microstrain is neglected, values for mean crystallite size in the range of 20-26 nm were found. It is also noted 
that with the exception of the ultrasonically treated sample, the mean crystallite size for all samples was 
approximately 200-300 times smaller than that of the respective mean particle size. Moreover, although the mean 
particle size was much smaller for the ultrasonically treated sample in comparison to the first three, the mean 
crystallite size remained nearly the same. This result implies that there is no direct relation between the particle 
and crystallite sizes and that sintering temperatures do not significantly influence the mean size of the crystallite 
in the particles. 

 

Table 1. Mean particles and crystallite sizes for crystallised samples 

Sintering Temp. 

(oC) 

Mean Size 

Particles (nm) Crystallites (nm) 

1200 5380 23 

1000 6230 20 

800 4770 21 

with additional treatment ultrasonically 

1000 1130 26 

The SEM micrograph of the fracture surface for a loosely compacted and sintered sample is provided in Figure 
5, which reveals that the particles are nearly spherical in shape and exhibit clean particle edges.  
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Figure 5. SEM image of the fracture surface of La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 sample prepared by mechanical 
alloying and sintering at 1200oC 

 

Based on the visual estimation of the particle size from Figure 5, the sample has a mean particle size of 
approximately 2 to 5 m. The SEM estimation is close to the value calculated from the particle size distribution 
shown in Figure 3. Larger particles can be clearly seen in micrograph and represent clusters containing a number 
of particles. These clusters may be de-agglomerated further to a free-standing particle using a higher power 
sonicator. 

We employed a 1.2 kW sonicator for the ultrasonic treatment of sintered powders to study the effect of the 
ultrasonication treatment on the shape and morphology of the particles. Based on the particle size evaluation, 
after more than 20 hrs of ultrasonic treatment, the mean particle size was reduced to ~ 220 nm, which is far 
below the mean particle size of the as-milled powders (Figure 3). Moreover, the shape morphology changed 
from that of spherical particles with clean edges to almost equiaxed particles. A SEM micrograph of a 
synthesised sample subjected to the ultrasonication treatment is shown in Figure 6. The image reveals the 
morphology and size of nanocrystallites and the presence of particles that exist as aggregates of fine grains. This 
may be compared with the SEM image of the as-milled particles in Figure 5. It is clear that the additional 
ultrasonication treatment of mechanically alloyed powders is quite effective, not only in reducing the particle 
size, but also in changing the shape of the particles and producing a significant improvement in their size 
distribution. 

 

 

Figure 6. High-resolution SEM image of La0.5Sr0.5Fe0.5Mn0.25Ti0.25O3 powders after sonication demonstrating the 
presence of nanocrystals 
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Despite our limited understanding of the physical processes created by ultrasonic irradiation in the presence of 
liquids, it has been reported that the ultrasonication treatment commences with the creation of thousands of 
cavitation bubbles, which eventually result in an implosive collapse. This collapse of cavitations is accompanied 
by a high release of energy, which itself produces local sound waves with pressures of hundreds of atmospheres 
and transient hot spots with temperatures of several thousand K (Gedanken, 2004). It was also reported that 
shock waves generated by cavitations in liquids containing metal particles drives the particles together at 
extremely high speeds, causing a series of unavoidable collisions among the particles (T. Prozorov, R. Prozorov, 
& Suslick, 2004). This results in severe destruction of the particles and forces large grains into fragments of 
particles and grains of smaller sizes. As the grain boundaries are the most reactive areas and are present at a high 
energy state, they are considered to be the most vulnerable part of the system. Thus, the local pressure generated 
by the bubbles is assumed to be responsible for splitting the particles into fine crystallites, whereas the collisions 
among the particles are responsible for the resulting particle shape. 

The above results suggest that there is a significant difference between the mean size of the particle and 
crystallites. Mechanical alloying by ball milling results in heavily deformed particles that form alternate layers 
with almost free crystallites. This is evident by the absence of diffraction peaks in the XRD trace for a sample 
prepared after 10 hours of mechanical alloying. The sintering of this material induces crystallisation, 
transforming the amorphous material into a poly-crystalline material. We believed that upon sintering of the 
mechanically alloyed powder materials, the solid-state reaction and crystallisation occur, which promote the 
formation of particles containing nanocrystals. Upon further treatment by ultrasonic irradiation, the mean size of 
the particles containing nanocrystals is significantly reduced.  

4. Conclusion 

The preparation and evaluation of mechanically alloyed La0,5Sr0,5Fe0,5Mn0,25Ti0,25O3 powders was discussed. The 
conventional milling produced an inhomogeneous particle size distribution, with an average particle size of ~ 6 
m. However, a much finer crystallite size of ~ 20-26 nm was observed for these particles. When the 
mechanically alloyed particles were subjected to an additional ultrasonication treatment, even smaller particles 
with a mean particle size below 200nm were obtained, although the mean crystallite size did not change. We 
conclude that mechanical alloying coupled with ultrasonication can be an alternative route for the preparation of 
fine and homogeneous powder materials leading to nanoparticle-based materials. 
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