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In a high-energy SPEX 8000 shaker mill, the process of mechanical alloying (MA) was 

carried out on blended elemental Se and Zn powder blends. The resulting mixtures 

corresponded to the stoichiometric composition of Se-50 at. percent Zn. The generated 

phases' phase evolution was computed. In the early phases of milling, a supersaturated 

solid solution of Zn in Se generated. As the milling process progressed, the solid 

solubility grew, and after milling the powders for ten hours, it had achieved its maximum 

value of around 50 at. percent zinc. Milling the powders for 30 minutes resulted in the 

beginning of the formation of the zinc selenide phase, while milling the powders for 10 

hours resulted in the formation of a homogenous zinc selenide phase. The thermal 

stability of zinc selenide was achieved by annealing this sample for one hour at a 

temperature of 1000℃. The findings demonstrate that nanocrystalline zinc selenide with 

high thermal stability may be produced by MA of pure Se and Zn powders, followed by 

annealing. 
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1. INTRODUCTION

Zinc selenide is a kind of binary semiconductor that falls 

within the category of group II-VI with a large band gap (2.45 

eV) has attracted significant attraction in recent years because 

of its photo-optic properties [1, 2]. Since ZnSe has a wide band 

gap [3, 4], it is possible to being used as a substitute for CdS 

compound which is used in photovoltaic cells [5, 6]. Beside 

this application field, investigated application usage of the 

alloy ZnSe is short wavelength visible-light laser devices [7]. 

Earlier studies on semiconductor quantum dots have showed 

that it is essential to synthesis nano-crystallites size smaller 

than the excitation Bohr diameter which is about 9 nm to reach 

quantum size effects [8, 9]. Therefore, some techniques were 

developed to synthesize ZnSe nanoparticles which are stable 

at room temperature [10, 11]. However, the nanocrystal ZnSe 

can obtain by other methods such as molecular beam epitaxy 

method [12, 13], chemical vapor disposition method [14, 15], 

and hydrothermal method [16]. Producing the material by 

these methods is not only expensive but also controlling the 

size of nanoparticles is difficult. 

Mechanical alloying is a powder processing method which 

has been described in details in this work [17, 18]. This 

processing method is a non-equilibrium solid state processing 

technique. During the process the powder particles faced an 

extreme plastic deformation in a ball mill with high energy. It 

is easily possible to produce nanostructured materials by 

mechanical alloying especially those whose elements have 

very high melting temperatures, making the utilization of 

fusion-based procedures challenging [19]. Moreover, in 

different times, the crystallite size is refined to nanometer 

structures and the lamellar spacing usually becomes small [17, 

18]. Additionally, Achimovičová et al. [20] revealed that ZnSe 

may be created by mechanically alloying powdered elements. 

The authors indicated the formation of cubic and hexagonal 

crystal structures ZnSe intermetallic compound during 

mechanical alloying synthesis. Moreover, they showed the 

hexagonal ZnSe phase disappears with extending the milling 

period due to the metastability of a hexagonal ZnSe phase. 

Motivated by the fact that MA produces nanocrystalline 

materials with lower energy consumption and in short times, 

intermetallic compound ZnSe was produced by a high energy 

ball mill. 

2. EXPERIMENT

Selenium (99.99% purity and 88µm) and zinc powders 

(99.99 purity and 100µm) were blended to produce ZnSe 

compound according to the ZnSe phase diagram [21]. 10 

grams of powder were mixed in a steel container in the 

proportion to 50 at. % Zn and Se accordingly. They were 

milled in (SPEX 8000) a high energy shaker mill up to 10 h. 

A process control agent PCA was used, around 2 wt. % of 

stearic acid, to limit the influence of excessive cold welding 

that occurs between the container walls and powder and also 

between the powder particles. In order to avoid powder 

contamination from the surrounding air, all handling of the 

powder took place inside of an argon-filled glove box. Heat 

treatment was done in ambient atmosphere at 1000℃ for 1 hr 

with a heating rate of 5℃/min after the powder was milled for 

10 hrs. In order to evaluate the microstructural changes that 

occurred during the mechanical alloying, at a 10 kV 

acceleration voltage, in a Zeiss Ultra 55 microscope, scanning 

electron microscopy (SEM) was performed. A Rigaku-DXR 

3000 diffractometer was adopted to perform X-ray diffraction 
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(XRD) using CuKα radiation (λ=0.15418 nm) 30 mA and at 

40 kV settings. Diffraction patterns from 20° to 60° were 

recorded in the 2 range with a dwell time of 3 s and 0.05° step 

size. EDS was adopted in order to examine the milled powders 

chemical compositions and link them with the findings of the 

XRD experiment. Based on the success of synthesizing the 

ZnSe phase, this procedure has been subsequently extended to 

synthesize the Zn-50 at. % Se phases by milling zinc and 

selenium powders in the ratios of 50:50. However, in these 

particular instances, the relevant intermetallic were not 

capable of being directly produced by mechanical alloying; 

probably related to the ductile selenium being present in the 

powder mixture instead of the brittle ZnSe compound in the 

earlier investigation. Moreover, with an increase in the Ball to 

Powder Ration (BPR), the amount of time needed to finish the 

reduction reaction became shorter. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 XRD 

 

When powders were milled for 15 mins ZnSe compound 

peaks could not be detected (Figure 1). Increasing the milling 

time to 30 mins causes almost complete alloying occurred as 

X-ray pattern agree with previous works. Further milling time 

up to 60 mins results in broadening of the ZnSe peaks which 

means that longer milling time deforms crystallinity of the 

material. Driving force for the solid-state reaction is attributed 

not only to heat mixing of elements, but also collisions of 

powders to steel balls. This collision causes fracture creating 

new surfaces and progressive increase in grain boundaries. 

Since grain boundaries are the energetic regions and surface 

area increases surface energy, particles may lower their energy 

by forming alloys. 

 

 
 

Figure 1. X-ray patterns of as received powder and 15, 30, 

45, 60 min. milled powder 
 

To see the effect of annealing on the crystal structure of 

milled powders, powders which were milled for 10 h were 

annealed at 1000℃ for 1 hr. As seen in the Figure 2 no phase 

transformation occurred which means that the phase produced 

by MA is highly stable, but annealing results in sharpening of 

the peaks together with the formation of shoulders. Sharpening 

was expected due to increase in crystallinity as annealing 

occurs.  

In order to compute the lattice strain and crystallite size, 

peak broadening was applied. This was done by measuring in 

radians the peak width Bo, at an intensity equal to half the 

maximum value, which is termed the full width at half 

maximum (FWHM), and then applying the Williamson–Hall 

method [22, 23]. 

Crystallite size of powders was calculated by using Scherrer 

Equation [23]: 

 

𝐷 =
𝐾 × 𝜆

𝐵 × cos(𝜃)
 (1) 

 

where, λ=Wavelength of the CuKα radiation, K=Shape factor 

(0.9), and D=Crystallite size. 

 

 
 

Figure 2. X-ray patterns of 10 hours milled and annealed 

powder 

 

 
 

Figure 3. Calculated crystallite size and lattice strain during 

milling time 
 

To get rid of the broadening coming from the instrument, 

the following formula was used. 

 

𝐵 = [𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2 − 𝐵𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙

2 ]0.5 (2) 

 

From the Figure 3, as milling time increases crystallite size 

decreases initially, but tends to saturate eventually which 

shows a logarithmic behavior. This is encouraging because in 

order to achieve quantum size effects, one must first create 

nanoscale crystallites with a size that is less than the excitation 

Bohr diameter (electron-hole pair), which is around 9 nm. This 

is why this development is so promising. Calculated crystallite 

size of the 10 hours milled powders which then annealed for 1 

hour at 1000℃ was 73.3 nm. This is an expected result since 

annealing causes ordering of atoms. 
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The lattice strain induced in milled powder due to distortion 

and structural defects was calculated using the formula given 

below [10]: 

 

ɛ =
𝐵

4×tan(𝜃)
  (3) 

 

According to the Figure 3, lattice strain also shows a 

logarithmic behavior as milling time increase. The lattice 

strain of the sample milled for 15 min was 0.554%, whereas it 

was 1.601% after milling for 10 hours. To show the effect of 

annealing on the lattice strain behavior, the sample that was 

milled for 10 h and annealed for 1 h exhibited a strain of 

0.201%. 

 

3.2 SEM and EDS 

 

Figures 4-9 shows microstructure and EDS analysis of 

blended and alloyed powders for various times. Figure 4 

shows the blended Zn and Se powders before MA. While Se 

particles are generally <50 µm with angular shape, Zn particles 

are rounded and ligament shape with the size of <80 µm. Most 

of the Se particles appear <20 µm with irregular shape. 

However, there was no big difference in the Zn powder 

particles size. Initial powder size and hardness are very 

important for MA. The mean powder size after MA can range 

from 3 to 500 µm; this being a function of starting powder size 

distribution, composition and milling time.  

 

 
 

Figure 4. SEM micrograph showing Zn (white) and Se 

(grey) particles before milling 

 

 
 

Figure 5. The appearance of Zn and Se powders after 

mechanical alloying for 15 min 

The XRD result (Figure 1) showed that 15 minutes is not 

enough for the formation of ZnSe intermetallic compound. 

SEM result of 15 min milled powders also proved 

aforementioned claim (Figure 5). Nevertheless, partial MA 

was observed from the white regions which were marked as 

red circles. This means that elemental powders still exist in 

these marked areas. EDS analysis also supported this result 

where atomic percentage of Zn to Se is 16:84 at point 1 in the 

Figure 5. Moreover, the powder particles during milling are 

fractured, welded, flattened, and re-welded repeatedly. In the 

beginning of milling, the powder particles are tended to weld 

together. In addition, the size of the particles grows, with some 

becoming as much as three times larger than the particles that 

were there initially [16]. As seen in the Figure 5 partially 

alloyed powders are bigger in size comparing to as-blended 

powders (Figure 4) owing to over-welding in the beginning of 

alloying process. The particles get work-hardened when the 

mechanical milling process is repeated, and they break apart 

due to the brittle flake’s fragmentation and/or by a fatigue 

failure mechanism as the process continues [16]. Figures 7 and 

8 influence of milling time on the alloy formation and particle 

size. After 2 hours (Figure 7) more homogenous distribution 

of the particle size can be observed. This means that 

mechanical alloying process was done successfully. 

Furthermore, EDS analysis of 2 h milled powders show almost 

complete alloying composition where atomic percentage of Zn 

to Se is 58:42. Increasing the milling time to 10 h creates even 

more homogenous size distribution shown in the Figure 9. 

This would also result in more homogenous composition 

distribution of powders. 
 

 
 

Figure 6. EDS result of milled powders for 15 min 

 

 
 

Figure 7. SEM micrograph of milled powders for 2 h 
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Figure 8. EDS result of milled powders for 2 hr taken from 

the X point in the Figure 7 

 

 
 

Figure 9. SEM micrograph of milled powders for 10 h 

 

 

4. CONCLUSIONS 

 

The mechanical alloying of nanocrystalline ZnSe 

intermetallic compound can be successfully synthesized 

beginning with elemental powders of pure zinc and selenium, 

having a composition of 50 percent zinc and 50 percent 

selenium. The research employing XRD and SEM methods 

revealed that an intermetallic compound of ZnSe is created 

within the first 15 minutes of milling. After 10 hours of milling, 

the powders were able to form a uniform ZnSe intermetallic 

compound. No phase transformation occurred after annealing 

the powder 1000℃ for 1 hr which means that the phase 

produced by MA is highly stable. 
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