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TYBackground

PROPERTY VALUE

Structure Diamond Cubic

High Stiffness (E) 140 – 165 GPa

Hardness 9 – 11 GPa

Compressive strength       

(σf)

3200 – 3500 

GPa

Density, ρ (g/cm3) 2.3

6. Fracture toughness, KIC

(MPa 𝑚 )
0.8 – 1.0 

7. Melting Point 1414℃

SILICON

Motivation

Ashby Chart for material selection
CES EDUPACK RESOURCE: Material and process charts Mike Ashby, Engineering 

Department Cambridge CB2 1PZ, UK 

Silicon, a multidisciplinary element, has a distinct place in the semiconductor industry in more or less its elemental form. Other than the electronic industry, silicon has also found application

as a deoxidizer in the steel industry and is used for the synthesis of silicones. Compounds of silicon and carbon, known as silicon carbides, are used in the abrasives industry and also for the

reinforcement of metal matrices. Although silicon has a hardness in the range of 8-11 GPa and bears one of the lowest density of 2.3 g/cm3, neither silicon nor its alloys have found much

application as a structural material. This is primarily due to its low fracture toughness, which is quite low compared to most metallic materials and ceramics. Since silicon is a brittle material

similar to ceramics, it could be considered as a substitute for ceramics subject to its improvement in fracture toughness. At 1410 °C, silicon has a significantly low melting temperature

compared to most engineering ceramics. Consequently, the processing of silicon-based materials is expected to be easier compared to engineering ceramics. In this study, we are exploring the

thermal stability of ball milled silicon w.r.t the thermodynamics model in order to identify the suitable candidate for stabilization of nanocrystalline silicon.

Enhancing the strength by Hall Petch   

Strengthening.

Improving fracture toughness by preparing  

composites. 
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Powder Metallurgy Route 
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Objective 

Introduction

Bulk powder

Ball milling 

Characterization

Fig. XRD plot for 7 h ball milled silicon Fig. TEM for as received Si sample 

Fig. Comparative DSC plot for 7 h Si  

and Si + B ball milled silicon

Properties desired 

• Hardness /Strength

• Fracture Toughness

Achieving high strength by grain size refinement

Hall-Petch relation 

𝝈 = 𝝈𝟎 + Τ𝑲 𝒅

Thermal Stability

• Non Equilibrium 

Structure

• High Volume 

Fraction of Grain 

Boundary (GB)

Nanocrystalline material

High tendency for grain 

growth in nc - materials

Stabilization of Nanocrystalline Grains

Kinetic approachThermodynamic  

approach

1. Darling, Koch et al. model

2.  Murdoch & Schuh model

Darling, Koch et al. model 

Governing Equation

𝛾 = −
34∆𝐻𝑚𝑖𝑥

3𝜎
𝑋∗2 +

𝛾𝐴
𝑠 − 𝛾𝐵

𝑠 𝜎 − ∆𝐻𝑚𝑖𝑥 − 6∆𝐸𝑒𝑙
3𝜎

𝑋∗ + 𝛾0

∆𝐸𝑒𝑙=
2𝐾𝐴𝐺𝐵(𝑉𝐴 − 𝑉𝐵 )

2

3𝐾𝐴𝑉𝐵+4𝐺𝐵𝑉𝐴

Metastable equilibrium condition; 𝜸 = 0 

Where, 

𝛾 = Grain boundary energy,  𝛾0 = Intrinsic GB energy

𝜎 = Molar area interface = 𝑉𝐵
2/3
𝑁𝑎𝑣𝑔 = (Molar volume ×Avogadro No.)

𝑋∗= Solute atom fraction,∆𝐻𝑚𝑖𝑥 = Enthalpy of mixing, ∆𝐸𝑒𝑙 = Misfit energy

K = Bulk modulus, G = Shear modulus, 

Identifying the alloying elements for stabilization of nanocrystalline silicon

Fig. Darling plot for Si - X system 

(X = alloying elements)

Boron was chosen on the 

basis of the Darling’s model

Jöns Jacob Berzelius

Applications

Armor Plates Wear Resistant Liners

FE - SEM

PSA

XRD

Glove Box

Planetary PM 400 Ball Mill 

Spex 8000D HE Ball Mill 

DSC

-325 mesh 

Si

Literature Thermodynamic model Results and Discussion

Fig. TEM for 7 h sample showing

(a) Dark Field image (b) SAED Pattern. 

Fig. XRD plot for 7 h ball milled silicon 

w.r.t  7 h DSC sample 

Thermal analysis using Differential Scanning 
Calorimetry

Fig. SEM micrograph with EDS  for 7 h ball milled silicon
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Conclusion 

Fig. SEM micrograph with EDS  for 7 h ball milled Si + B

Fig. Peak temperature  for 7 h Si 

and Si + B ball milled silicon

• The DSC curves for 7 h ball milled Si samples

could to interpreted corresponding to structural

relaxation, grain growth and crystallization.

• An extra DSC exotherm for Si + B sample

could correspond to an exothermic reaction at a

temperature above 1200 K.

• The shifting of peak temperature to higher

value indicates a probable stability with

addition of Boron.

• Further investigation is required to validate the

thermal stability of ball milled Si + B system.

Research    
Scholars’     

Day
11th

Feb 2021


