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Abstract 
This research paper presents a comprehensive investigation into transforming micro-sized silver (Ag) 

powder into nanostructured Ag powder by applying high-energy ball milling. The ball milling process 

was executed over a total duration of 20 hours, with periodic sampling every 4 hours to monitor the 

evolving characteristics of the material. The particle size, lattice strain, Debye-Waller factor, and 

root mean square amplitudes of vibration were calculated by using X-ray powder diffraction 

techniques.  Notably, a noteworthy observation emerged in this study: a discernible increase in the 

Debye-Waller factor was observed about lattice strain, indicating a previously unidentified 

correlation. The correlation between lattice strain and the influential Debye-Waller factor, this paper 

successfully estimated Debye-Waller. From the correlation between the strain and effective Debye-

Waller factors have been estimated for Ag. The results of this research contribute to the fundamental 

understanding of the mechanical transformation of micro-sized Ag powder into nanostructured Ag 

powder and the implications for its physical properties. 
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INTRODUCTION 

Chemists, physicists and materials scientists have shown great interest in the development of new 

methods for the synthesis of nanomaterials. The previous researchers [1–3] explained the 

characterization methods. Some other researchers [4–7] used various techniques. Additionally, 

biosynthesis and characterization of silver nanoparticles [8–10] using balloon flower plants, animal 

blood, and other methods have been explored for their preventive efficiency against bacterial species. 

A study by Singh et al. [11] focused on fabricating the parameters of silver nanoparticles (AgNPs) and 

assessing their antimicrobial activity. Quintero-Quiroz et al. [12] provided clear insights into the 

optimization of AgNPs, while S.A. Akintelu et al. [13] elucidated the antibacterial potency of AgNPs. 

Hasan et al. [14] discussed the environmental 

sustainability aspects of these nanoparticles. 

Xiaoyan et al. [15] and Geethika et al. [16] 

contributed to understanding green synthesis 

methods for AgNPs. Other researchers [17–19] 

have also explored various techniques for 

synthesizing AgNPs. Therefore, it is crucial to 

continue developing novel strategies for 

nanomaterial synthesis to advance this field 

further. 

 

Inagaki et al. [20, 21] calculated Debye-Waller 

factors by using X-Ray diffraction, Sirdeshmukh 

et al. [22] and Gopi Krishna et al. [23] studied the 
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effect of lattice strains on the Debye-Waller factors. 

 

EXPERIMENTAL PROCEDURE 

The paper you refer to describes an experimental study in which micro-sized Ag (silver) particles 

are transformed into nanostructured Ag NanoParticles [AgNPs] using a high-energy ball mill. The 

fundamental details and findings of the study can be summarized as follows. 

• The study's primary goal is to reduce the particle size of Ag powder from the microscale to the 

nanoscale. Ball milling is the technique employed, carried out for a total duration of 20 hours. 

• The sample is taken out at intervals of 4 hours during the milling process.  

• The sample is characterized using X-ray powder diffraction, which provides information about 

the crystal structure and properties of the material. 

• The particle size of the AgNPs is determined. 

• The paper reports that in the case of Ag, the Debye-Waller factor increases as the lattice strain 

increases. This suggests a correlation between lattice strain and the Debye-Waller factor. 

• Using the correlation between strain and the Debye-Waller factor, the study estimates the 

Debye-Waller factors for Ag at zero pressure. These values are crucial for understanding the 

thermal vibrations of atoms in the crystal lattice. 

• This information can provide insights into the defects and properties of the nanosized Ag 

powder. 

 

This work describes the successful transformation of micro-sized Ag powder into nanostructured 

Ag powder using high-energy ball milling. The findings suggest a relationship between lattice strain 

and the Debye-Waller factor and provide essential insights into the properties of nanosized AgNPs. 

 

High Energy Ball Milling 

Highly pure silver, sourced from the Solid State Physics Laboratory in New Delhi, served as the 

foundational material for this study. The methodology involved obtaining powder samples 

meticulously: the pure Ag metal ingots were delicately filed using a jeweler's file. A portion of this 

resulting powder was reserved for creating the initial piece. At the same time, the remainder 

underwent a transformative process in a high-energy planetary ball mill, specifically a Retsch PM 100 

model from Germany. The milling process, conducted within a stainless steel chamber, introduced 

strains into the material and concurrently reduced the particle size. This mechanical alteration was 

achieved using tungsten carbide and zirconia balls, measuring 10 mm Φ and 3 mm Φ in diameter, 

respectively. The milling durations spanned 4, 8, 12, 16, and 20 hours, each imparting its unique 

impact on the material's characteristics. This carefully executed procedure laid the foundation for the 

subsequent investigations into the structural and mechanical properties of the silver powder, providing 

valuable insights into its evolution as a function of milling time. 

 

X-Ray Diffraction Studies 

In this study, X-ray diffractograms played a crucial role in analyzing the material's structural 

properties at various processing stages. X-ray diffractograms were acquired using a Philips CWU 

3710 X-ray powder diffractometer, a reliable and widely utilized instrument for such investigations. 

The scans encompassed a 2θ range from 20 to 120 degrees, allowing for a comprehensive exploration 

of the material's crystallographic characteristics. Filtered CuKα radiation served as the X-ray source. 

This choice is common in X-ray diffraction (XRD) experiments due to its specific wavelength 

characteristics. The goniometer was set to operate at 0.5 degrees per minute, ensuring precise and 

controlled sample scanning. The chart speed was established at 20 mm per minute, generating precise 

and informative X-ray diffractograms. All XRD measurements were conducted under ambient room 

temperature conditions, maintaining a stable and consistent environment throughout the experiments. 

To enhance the accuracy of the data, observed integrated intensities underwent rigorous correction for 

thermal diffuse scattering. This correction step was carried out meticulously using the well-
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established method developed by Chipman and Paskin [24]. This correction is crucial as it helps to 

eliminate artifacts and ensure the reliability of the obtained diffraction patterns. 

 

 
Figure 1. XRD patterns of AgNPs. 

 

The XRD patterns of silver (Ag) are visually represented in Figure 1, capturing the evolution of the 

material's crystal structure throughout the milling process. These X-ray diffractograms are a 

fundamental tool for characterizing and comprehending the structural alterations induced by 

mechanical processing. They contribute valuable insights to the broader investigation, aiding in the 

understanding of the material's transformation under different milling durations and conditions. 

 

ANALYSIS OF DATA 

According to Klug and Alexander [25], Cromer and Waber [26], International Tables for X-ray 

Crystallography [27], and Cromer and Liberman [28], the observed intensity is given by 

I0 = 
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where I c is the intensity corresponding to the static lattice. 

 

From Eq. (1) it can be seen that log (I0/Ic) is linearly related to (sin θ/λ)2. By a least square treatment 

of data, B was determined. 

 

From the Debye-Waller theory  
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From the above relation, the Debye temperature is given by 

θM = xT (5) 

 
Figure 2. Plot of Brcos/ λ Vs sin/ λ for Ag after milling for 12 hours. 

 

The total peak broadening Br may be expressed as,  

Brcos =  ins
t

kλ
+   (6) 

The lattice strains were determined from the plot of Brcosθ/λ against sinθ/λ following standard 

procedures [30–37]. The Figure 2 Br cos versus sin gives a straight line, the straight lineslope is 

equal to lattice strain and the intercept gives the particle size. 

 

RESULTS AND DISCUSSION 

In this study, the research findings regarding the values of AgNPs (Silver Nanoparticles) were 

compiled and presented in Table 1. The primary aim of this investigation was to explore the 

relationship between lattice strain (ε) and Debye-Waller factor (B) for AgNPs at various milling 

times, depicted in Figure 3. The Debye-Waller element of Ag powder samples exhibits sensitivity to 

lattice strain. In comparing the experimentally derived Debye-Waller factors with those calculated 

using lattice dynamical models, Vetelino et al. [38] observed disparities. These disparities were 

attributed to inaccuracies in the experimental values, primarily stemming from omitting thermal 

diffuse scattering (TDS) corrections. The iterative milling of the powder sample induces lattice 

distortion, resulting in the emergence of microstrains within the lattice structure, it becomes 

imperative to assess lattice strain when determining Debye-Waller factors from X-ray intensities of 

powder samples. In instances where lattice strain is substantial, it is prudent to apply a suitable 

correction, as exemplified in the present study.  

 

Glyde [39] derived the following relation between the energy of vacancy formation (Ef) and the 

Debye temperature () of a solid. The relation is 

Ef = A(k/ħ)2 M2a2  (5) 
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The validity of eq.(5) was verified for a number of fcc, bcc and hcp metals [40]. Therefore, the X-
ray Debye temperatures obtained in the present work have been used to study the variation of vacancy 
formation energy as a function of lattice strain in Ag. The values of vacancy formation energies are 
also included in Table 1. 

 
Table 1. The values of present investigation. 

Metal Milling 
time (hrs) 

ε x 103 t(nm) <u>(Å) B(Å2) M(K) Ef(eV) 

Ag 0 1.72 114 0.1595 (7) 0.67 (4) 219 (25) 1.81 

 4 2.01 71 0.1710 (6) 0.77 (3) 204 (14) 1.57 

 8 2.26 53 0.143 (7) 0.80 (4) 200 (16) 1.51 

 12 3.24 46 0.1910 (7) 0.96 (3) 183 (12) 1.26 

 16 3.72 36 0.1939 (6) 0.99 (3) 180 (8) 1.22 

 20 4.06 28 0.1988 (7) 1.04 (4) 178 (11) 1.19 

 

 
Figure 3. Plot of Milling time vs (a) lattice strain (b) Crystallite size, (c) Debye-Waller factor and (d) 
lattice strain Vs Debye-Waller factor curves for AgNPs. 
 

From the table,  

• Lattice strain increases as milling time increases. At 0 hours of milling, the strain is 1.72 × 10-3, 
but it steadily rises to 4.06 × 10-3 after 20 hours. This indicates that the crystal lattice of the 
silver nanoparticles is becoming more distorted with prolonged milling. 

• The lattice strain decreases from 114 nm at 0 hours to 28 nm at 20 hours, further confirming the 
distortion of the lattice structure with increased milling. 

• Debye-Waller factor (DWF) increases as milling time increases. At 0 hours, DWF is 0.67 Å², 
but it increases to 1.04 Å² after 20 hours.  

• The Debye temperature decreases with longer milling times. It starts at 219 K at 0 hours and 
decreases to 178 K at 20 hours. 

• It drops from 1.81 eV at 0 hours to 1.19 eV at 20 hours. This decrease signifies that the lattice 
vibrations become less energetic with extended milling. These changes are indicative of the 
evolving structural and thermal characteristics of the material under the influence of 
mechanical milling. 
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From the Figure 3, 

• As milling time increases, lattice strain increases, indicating a growing distortion of the crystal 
lattice structure. 

• As milling time increases, the particle size decreases, reflecting the progressive reduction in the 
dimensions of the silver nanoparticles due to mechanical milling. This reduction occurs due to 
the mechanical forces exerted during milling, which break down larger particles into smaller 
ones over time. 

• As milling time increases, the Debye-Waller factor also increases, signifying more excellent 
thermal vibrations and disorder within the material's crystal lattice. 

• The increase in lattice strain is accompanied by a corresponding increase in the Debye-Waller 
factor, indicating a direct relationship between lattice distortion and enhanced thermal 
vibrations within the crystal lattice. 

 
As lattice strain increases, the Debye-Waller factor also increases. This suggests that the lattice 

distortion and structural changes induced by milling lead to more pronounced thermal vibrations 
within the crystal lattice. This implies that the mechanical milling process effectively reduces the size 
of the AgNPs. The prolonged milling induces lattice strain, reducesparticle size, and enhances thermal 
vibrations, as evidenced by the increase in the Debye-Waller factor. These findings highlight the 
dynamic structural changes that occur during high-energy ball milling of silver nanoparticles. 

 
 

Figure 4 the agreement between the particle sizes obtained from TEM (Transmission Electron 
Microscopy) images using the Hall Williamson method and those calculated by the ball milling 
method for zero and 20 hours is a significant finding in this study.  

• Zero Hours (Initial State): When the material is in its initial state (zero hours of ball milling), 
the TEM analysis using the Hall Williamson method determined a particle size of 114 nm. 

• 20 Hours (After Milling): After 20 hours of ball milling, the TEM analysis, still using the Hall 
Williamson method, found that the particle size had reduced to 28 nm. 

• Similarly, using the ball milling method, the particle size was calculated as 100 nm when the 
material was in its initial state (zero hours). 

• 20 Hours (After Milling): After 20 hours of ball milling, the particle size was calculated as 20 
nm. 

 
The critical observation here is that the TEM analysis using the Hall-Williamson method produced 

particle size estimates that closely match the results obtained from the ball milling method. 
Specifically, for the initial state (zero hours), both ways made values near 100–114 nm. Likewise, 
after 20 hours of Milling, both methods converged to indicate a reduction in particle size to around 
20–28 nm. 

 

   
Figure 4. TEM images of AgNPs after ball milling time zero hours and 20 hours. 
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This agreement between the two independent measurement techniques strongly supports the 

accuracy and reliability of the reported particle size data. The Hall-Williamson method employed in 

TEM analysis provides consistent and corroborative results with the ball milling method, reinforcing 

the confidence in the findings and the validity of the experimental approach. The close agreement 

between particle size measurements obtained via TEM with the Hall Williamson method and the ball 

milling method for both the initial and milled states underscores the reliability and robustness of the 

particle size characterization in this study. It strengthens the scientific credibility of the reported 

results and provides a comprehensive view of the material's behavior during the high-energy ball 

milling process.  

 

A few applications of AgNPs are given below: 

• Nano-sized AgNPs can be incorporated into food packaging materials, benefiting from their 

antimicrobial properties to extend the shelf life of perishable goods. 

• AgNPs can improve the efficiency of solar cells by enhancing light absorption and electron 

transport, influenced by their particle size and lattice strain. 

• AgNPs' strong surface plasmon resonance, related to particle size, enhances the Raman 

scattering signal, making them valuable for sensitive chemical analysis. 

• AgNPs' antimicrobial properties, driven by lattice strain, can be used in textiles to develop self-

cleaning and odor-resistant fabrics. 

• AgNPs can serve as contrast agents in medical imaging techniques like computed tomography 

(CT) and magnetic resonance imaging (MRI) due to their unique scattering properties, which 

relate to their particle size. 

 

These applications highlight the versatility of silver nanoparticles in various fields, where their 

specific properties, influenced by the Debye-Waller factor, Debye temperature, lattice strain, and 

particle size, can be tailored to meet particular requirements. 

 

CONCLUSIONS 

• Milling silver (Ag) powders for 20 hours systematically affects particle size, resulting in a size 

reduction. This indicates that prolonged milling leads to a significant decrease in the size of the 

Ag particles.  

• The milling process induces lattice strain in the material, suggesting that the crystal lattice 

structure of Ag is distorted and altered during milling.  

• The influential Debye-Waller factor increases as a result of milling. This implies a greater 

degree of thermal vibration and disorder within the crystal lattice due to the mechanical milling.  

• By extrapolating the relationship between the Debye-Waller factor and lattice strain, the zero 

strain Debye-Waller factor for Ag is determined.  

• This value is vital for understanding the thermal vibrations of Ag atoms in the absence of lattice 

strain. The study explores how the energy of vacancy formation varies with lattice strain.  

• This provides insights into the material's defect properties and energetics, shedding light on the 

impact of strain on vacancies in the crystal lattice. 20-hour milling of Ag powders reduces 

particle size, induces lattice strain, and increases the Debye-Waller factor.  

 

The study also provides valuable data on the zero-strain Debye-Waller factor and the energy of 

vacancy formation, contributing to a comprehensive understanding of the material's behavior under 

mechanical strain. 
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