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Preface 

 

This report on “Finite Element Simulations of Tensile deformation behavior of 

Bimodal  Nanoglass" is prepared under the guidance of  Dr.Indrasen Singh. 

Recent experiments and molecular dynamics simulations have shown that 

nanoglasses are more ductile that metallic glass while metallic glass possesses 

higher strength. Due to the low ductility of the metallic glass, it has very few 

industrial applications. hence nanoglasses came into the picture. To improve the 

strength of the nanoglass one of the methods given in Molecular Dynamics (MD) 

simulations is using Bimodal distribution, but the mechanistic reason for this 

behavior is not clear. In our project, we have done Finite element simulations on 

various nanoglasses to increase its strength without compromising its ductility. 

Also, various effects on the stress-strain curves and plastic strain have been 

discussed with the change in intrinsic material length. we have also included 

contour plots, graphs and figures to make the report more illustrative. 
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Abstract 

Nanoglassesx are a newxclass of noncrystallinexsolids. They differ fromxtoday’s 

glasses due toxtheir microstructurexthat resembles thexmicrostructure of 

polycrystals. xThey consist of regionsxwith a melt-quenchedxglassy structure 

connected byxinterfacial regions, the structurexof which isxcharacterized (in 

comparisonxto the correspondingxmelt-quenched glass) xby (1) a reducedx (up to 

about 10%) density, x (2) a reduced (up to about 20%) numberxof nearest-neighbor 

atomsxand (3) a different electronicxstructure. Due to theirxnew kind of atomic 

andxelectronic structure, the propertiesxof nanoglasses mayxbe modified by (1) 

controllinx the size of the glassyxregions (i.e., the volumex fraction of the 

interfacialxregions) and/or (2) by varyingxtheir chemicalxcomposition. 

Nanoglassesxexhibit newxproperties, e.g., a Fe90Sc10nanoglassxis (at 300 K) a 

strongxferromagnetxwhereas the correspondingxmelt-quenchedxglass is 

paramagnetic. xMoreover, nanoglasses were notedxto be more ductile, xmore 

biocompatible, andxcatalytically more activexthan the corresponding melt-

quenchedxglasses. Hence, this newxclass of noncrystallinexmaterials may open the 

way toxtechnologies utilizing the newxproperties. The strength–ductilityxtrade-off 

has been a commonxlong-standing dilemma inxmaterials science. xOur results 

reveal thatxlarge grains impartxhigh strength, which is inxstriking contrast to the 

physicalxorigin of theximprovement in strengthxreported in thextraditional 

nanostructuredxmetals/alloys. Furthermore, xthe mechanical propertiesxof NG 

with a bimodalxnanostructure depend criticallyxupon the fraction of large grains. 

By increasingxthe fraction of the largexgrains, a transition fromxsuperplastic flow 

to failure by shearxbanding is clearlyxobserved. We expect thatxthese results will 

be usefulxin the development of axnovel strong andxsuperplastic NG. 
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Chapter1. INTRODUCTION 

1.1 Amorphousxand crystalline solids: 

Amorphous solid: Solids inxwhich the constituentxparticles of matterxare arranged in a 

randomxmanner are calledxamorphous solids. It is axnon-crystalline solidxwith no proper 

arrangementxof atoms inxthe solid lattice. xIn other words, xwe can definx amorphous solids as 

materialsxthat don’t havexa uniformxarrangement ofxatoms andxmolecules. Mostxsolids are 

amorphousxin naturexand are utilizedxin many sectorsxas well. Onexof the mostxcommon 

examples ofxamorphous solids isxglass, which is usedxwidely in thexmanufacturing sector. 

 

Crystalline solids: xSolids in whichxthe constituentxparticles of matterxare arranged and 

organized in axspecific mannerxare called CrystallinexSolids. Thesexsolids contain crystals in 

theirxstructure and eachxcrystal has definitexgeometry. Addingxfurther, asxcrystalline solids 

havexlow potentialxenergy, they arexthe most stablexform of solids. xAlmost all solids fall in 

thexcategory ofxcrystalline solidsxincludingxmetallic elementsx (iron, silver, andxcopper) and 

non-metallix elements (Phosphorus, xSulphur, andxiodine). 

 

 
Figure 1- Arrangement of Atoms 
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Figure 2-Shape of Crystalline and Amorphous Solids 

 

1.2 Metallic Glasses 

Metallicxglasses are amorphousxmetal. Whenxthe moltenxmetal alloyxis cooled rapidly, xthey 

solidifyxin disorderlyxfashion thusximparting thexamorphousxstructure. MGsxoffer a 

combinationxof variousxmechanical propertiesxwhich makesxthem a suitablexcandidate for 

buildingxmaterials.  

Metallic glassesx (MGs) have shownxattractive mechanicalxproperties such asxhigh strength, 

yield strain, xgood corrosionxresistance, andxsubstantial fracturextoughness. However, they 

lackxductility underxtensile loading and failxcatastrophically byxcrack propagationxin a 

dominantxshear bandx [SB] whichxis the biggestxhindrance for theirxstructuralxapplication. 

This canxbe achievedxby arresting SBxpropagation andxforming multiplexdistributedxSBs, for 

example, xthrough the additionxof crystallinexdendrites in thexMG matrix. Also, xMGs may 

exhibitxhomogeneousxdeformation withoutxSBs when thexspecimen sizexis belowxa critical 

lengthxscale. Alternatively, xglobal plasticity can bexincreased byxpromoting thexnucleation of 

secondaryxSBs through axpriori deformation like cold rolling. xThe latest advances inxthe 

micro/nano-fabricationxtechnology of metallicxglasses have aidedxthe potential usagexof these 

materialsxfor integratedxcircuit applicationsxand also MEMS/NEMSxapplications such as 

membranexactuation structures, xpressure, andxbiochemical sensors. 

1.3 Nanoglasses 

Nanoglasses are axnew class ofxnoncrystalline solids. xA nanoglass (NG) is a novelxarchitecture 

that hasxthe potential to tunexthe properties ofxmetallic glasses (MGs). Itxconsists 

ofxnanometer-sizedxglassy grainsxseparated by thexglass–glass interfaces. xThexatomic 

structurexof thesexinterfaces isxsimilar toxindividual SBs and isxcharacterized byxexcess free 
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volumexor low density, xlack of short-rangexorder and increasexin the concentrationxof flow 

defectsxsuch asxshear transformationxzones (STZs). xConsequently, thexinterfaces actxas 

precursorsxfor SBxnucleation leading toxenhanced globalxplasticity. Thus, thexatomic structure 

andxmechanical response ofxnano glasses (NGS) xare different fromxMGs. 

 It is the ideaxof nanoglasses toxgenerate a new kindxof glass that willxallow us toxmodify the 

defectxand/or thexchemical microstructures ofxglasses in a wayxcomparable to thexmethods that 

are used todayxfor crystallinexmaterials. The basicxconcept of thisxapproach isxschematically 

explained byxcomparing thexmicrostructures ofxnanoglasses and ofxnanocrystalline materials. If 

wexconsider a melt ofxidentical atoms, wexobtain a singlexcrystal if we solidifyxthis melt under 

conditionsxclose to equilibrium. xA nanocrystalline materialxwith a highxdensity ofxdefects in 

the formxof incoherentxinterfaces is obtainedxby consolidatingxnanometer-sizedxcrystals. If the 

consolidatedxnanometer-sizedxcrystals have differentxchemical compositions, xe.g., Ag crystals 

andxFexcrystals                     

 

Figure 3- Figure showing the analogy between the defect and the chemical microstructures of 

nanocrystalline materialsxand nanoglasses. x (a) Melt of identicalxatoms, (b) singlexcrystal. The 

defectxmicrostructure (c) and chemicalxmicrostructure (d) of nanocrystallinexmaterials are 

compared withxthe correspondingxdefect microstructurex (g) and thexchemical microstructure 
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(h) ofxnanoglasses. (f) displays the glassyxstructure obtained byxquenching the meltxshown in 

(e). 

The idea behindxnanoglasses is to apply anxanalogous approach, i.e., xthe consolidation of 

nanometer-sizedxglassy clusters inxorder toxgenerate glassesxwith a highxdensity of interfaces 

betweenxadjacent glassyxregions withxeither the samexor with differentxchemical compositions. 

In other words, xby consolidatingxnanometer-sized glassyxclusters (Figure 1g), wexgenerate a 

solid materialxthat consists ofxnanometer-sizedxglassy regions (corresponding to the nanometer-

sized crystallites in Figure 1c) xconnected by interfacesxwith an enhancedxfree volumexdue to 

the misfitxbetween the atomsxat the surfacesxof adjacent glassyxclusters. Due toxthe analogy of 

the nanometer-sizedxmicrostructures ofxboth materialsx (Figure 1c and Figure 1g), the glass 

shown inxFigure 1g is called axnanoglass. Again, if wexconsolidatexnanometer-sized glassy 

clusters ofxdifferent chemicalxcompositions (Figure 1h), wexobtain a multiphasexnanoglass that 

is microstructurallyxanalogous to thexmultiphasexnanocrystalline materialxshown in Figure 1d. 

Hence, this kind of glass is called a multiphasexnanoglass. 

The idea of nanoxglasses toxgenerate a newxkind of glassxthat will allowxus to modify the 

defect and/or thexchemical microstructuresxof glasses in axway comparable to thexmethods that 

are used todayxfor crystallinex materials.  

1.4 Production of nano glasses: 

1-Inert-gas condensation: xOne wayxto producexnanoglasses is byxmeans of inert-gas 

condensationx (Figure 4). Thisxproduction processxinvolves the followingxtwo steps [3-6]. 

Duringxthe firstxstep, nanometer-sizedxglassy clustersxare generatedxby evaporatingx (or 

sputtering) xthe materialxin an inertxgas atmosphere. xThe resultingxclusters arexsubsequently 

consolidatedxat pressuresxof up to 5 GPa into axpellet-shaped nanoglass. xSo far, nanoglasses 

have beenxsynthesized by inertxgas condensationxfrom a variety ofxalloys: Au–Si, Au–La, Cu–

Sc, Fe–Sc, Fe–Si, La–Si, Pd–Si, Ni–Ti, Ni–Zr, Ti–P. 
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Figure 4- Inert gas condensation process 

2-Magnetron sputtering: xThis method hasxbeen appliedxso far toxAu-basedxmetallic 

glasses xThe nanoglassxobtained consistedxof glassy regionsxwith an averagexsize of aboutx30 

nm. xRecent studiesxof the structurexand the propertiesxof nano glassesxproduced 

byxmagnetron sputteringxsuggest that theirxstructure and propertiesxare comparablexto the ones 

of nano glassexproduced by inertxgas condensation.  

 

Figure 5- Magnetron sputtering process 
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3-Severe plastic deformation: Due to thexenhanced freexvolume in shearxbands the 

averagexfree volumexcontent of glassxwas foundxto increasexwithxincreasing plastic 

deformation. xHowever, despitexthe similarityxbetween thexmicrostructuralxfeatures of a 

nanoglass xproduced byxconsolidatingxnanometer-sizedxglassy spheresxand axnanoglass 

produced byxintroducing a highx density ofx shear bands, thexresults ofxrecent studies by 

molecularxdynamics (MD)andxMössbauer spectroscopyxof axball-milledxmelt-quenched 

Fe90Sc10xglassy ribbonxand a Fe90Sc10xnanoglass suggest that thexatomic structurexof both 

kinds ofxnanoglass differ. Moreover, xthe result obtainedxfor an ionic material (LiAlSi2O6) 

suggests thatxthe microstructure of the ball-milledxLiAlSi2O6 glass is similar toxthe one of the 

nanocrystallinexLiAlSi2O6. 

1.5 Applications: Metallic glasses possess high physical and tensile strength and are also 

resistant to corrosion. 

1.5.1: Coating of Metallic Glass: 

      

Figure 6.1- Tools                                        Figure 6.2- Golfingxputter  

1.5.2 Electrical and Electronics: Since metallicxglasses have highxelectrical resistance, they 

are used toxmake accurate standardxresistance, computer memoriesxand magnetic resistance 

sensors. 
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Figure 6.3- Pressurexsensor                             Figure 6.4- Microxgear 

1.5.3 Biomedical Industries:(a) Due to high resistancexto corrosion, metallicxglasses are 

suitable forxcutting and making surgicalxinstruments. 

(b) They may also be used asxprosthetic materials for implantatiox in the human body. 

 

Figure 6.5-Titanium-basedxBMG alloy tooth implant 

1.5.4 Nanoglass in Electromechanical systems: 

Figure 6.6- MEMS                          Figure 6.7-NEMS 
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1.6 Literature Review: xMD simulations of tensile loadingxhave demonstratedxthat 

ductility inxNGs increases with a decreasexin grain size and mayxeventually lead toxsuperplastic 

flow forxaverage grain sizexbelow a threshold. xThis has beenxrationalized on thexbasis that an 

increase inxinterfaces leadsxto the morexhomogeneousxrelease of storedxelastic 

energyxresulting inxthe nucleationxof multiple, xintersecting SBs. xWhile thesexSBs spread 

along withxthe interfaces, theyxdo not connectxacross the grainsxto form a contiguousxdominant 

SB when thexgrain size is sufficientlyxsmall. In otherxwords, adequatexelastic energy is not 

available for driving a single dominant SB. However, xthese studies do not explain the physical 

origin of the length scale that governs the critical grain size below which no dominant SB forms. 

Specifically, the following questions arise pertaining to the deformation behavior of NG. 

In Molecular Dynamics (MD) simulations (Z. D. Sha et al., 2015, RCS) they have reported that 

the strength of nanoglass material can be improved by using Bimodal distribution, but the 

mechanistic reason for this behavior is not clear. 

In order to address the above query, tensile loading ofBimodal NGs is analyzed in this work 

through finite element simulations using a non-local plasticity model\and the effect of grain size 

and role of interaction stress on ductility enhancement are studied. 
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Chapter2. FE Modelling 

 

2.1 Generation of bimodal nanoglass samples: 

Nanoglass consists of interface and grains. Interface width is around 1-2 nm Free volume of the 

interface is lower as compared to that of grains. The properties of interface elements are different 

than the properties of grains. 

 

Figure 7- Atomic Structure of NG              Figure 8- Image generated by NEPER software 

Here we are using Bimodal Configuration for the FEA analysis of nanoglass. Bimodal 

Configuration consists of big grains and small grains. The size of the big is around 3 times the 

size of the small grain. bimodal nanoglass are generated using NEPER (polycrystal generation 

and meshing) software. The equivalent diameter of the big and small grains is given as input to 

generate the required bimodal samples. 

2.2 Meshing of bimodal nanoglass: 

The meshing of Bimodal nanoglass is difficult to be done by standard meshing software due to 

its irregularity in grain size and also due to the interface that exists between the boundary of 
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grain domains. Here the NEPER software is used for the meshing of nanoglasses. It can deal 

with 2D and 3D polycrystals with very large numbers of grains. Meshing involves specific 

methods called regularization, multimeshing, and remeshing. The mesh size can be uniform or 

defined on a per-grain basis. Meshing with cohesive elements at interfaces. Visualization and 

analysis of the tessellations and meshes can be done. In Neper, tessellations can be generated 

using size or equivalent diameter of grains. For the generation of Bimodal NG values of small 

and big grains are given as input. NEPERalso generates images of Tessellation and Mesh in png 

format. 

 

Figure 9- Meshing through NEPER 

2.3 Collecting  Interface elements through Algorithm: 

As the interface elements have different properties than that of interior elements, it is necessary 

to segregate the elements on the interface and interior of grains. There is No standard software 

that will segregate the elements, not even NEPER is capable of this. So we came up with an 

Algorithm to distinguish the elements in interface and grains. In this algorithm, we are reading 

the image generated through NEPERusing OpenCV. Here is the Block Diagram of the Algorithm 

for getting Interface elements. 
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Figure 10- BlockxDiagram of Algorithm 

 

Image generated through NEPER                             Mesh Image                        Interface elements 

Figure 11- Interfacexelements collection 
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In the above algorithm, the interface width was taken to be around 2 nm so as covering 4 

interface elements. But then to further increase the efficiency the interface width was taken to be 

around 1nm i.e. covering 2 elements in the interface.  

2.4 Constitutive Model 

To perform thexsimulations, we will be using the model proposed by P. xThamburaja. This 

model explainsxhow free volumexgeneration propagatesxinside the shearxband. Before moving 

on to thexmodel, it is necessaryxto understand a few termsxwhich are used toxdetermine the 

equation. 

 

2.4.1 Interactionxstress, Ꞇint: For understandingxthis let’s consider anxexample of a wire 

carryingxelectric current. Thisxwire has axmagnetic field aroundxit that canxinteract with its 

surroundingsxand whenxanother wire carryingxcurrent is broughtxnear it thenxtheir magnetic 

fieldsxinteract with eachxother. Similarly, xSTZs have a fieldxof their ownxwhich interact with 

each otherxand theirxinteractionxdetermines thexdevelopment andxpropagation ofxshear strain. 

The stressxgenerated due toxinteraction betweenxthe STZs is calledxinteraction stress and 

determines thexdevelopment of plasticxstrain in the shear band. 

2.4.2 IntrinsicxMaterial Length, Lc: Infinite elementxsimulations, we don’txhave a direct 

method ofxcontrolling thexcomposition of thexspecimen. Thereforexwe use anotherxparameter 

that canxcapture thisxeffect. The intrinsicxmaterial length is responsiblexfor controllingxthe 

widthxof thexshear bandxand is shortxordered of fewxnanometers, i.e., it plays axsignificant role 

when thexspecimen is onxthe nanometer scale. xIncreasing Lc increasesxthe width ofxshear 

bands and thusxenables easierxinteraction of STZs andxhigher plastic strainxin the region.  

Now that we have discussed a few basicxdefinitions, we can proceedxwith understanding how 

free volume generationxhappens in the shear bands. 

�̇� = 𝜉0̇ (
𝑠1

𝑠3
) (∇2𝜉) + 𝜁𝛾�̇� − (

𝜉0̇�̅�

𝑠3
) − 𝜉0̇ (

𝑠2

𝑠3
) (𝜉 − 𝜉𝑇)                                                      (1) 

�̇� = {𝛾�̇� (
𝑓

𝑐
)

1

𝑎

  𝑓 = (𝜏 − 𝜏𝑖𝑛𝑡 − 𝜁(𝑠2(𝜉 − 𝜉𝑇) + 𝑝) > 0

0       𝑓 ≤ 0                                                        

       𝑊ℎ𝑒𝑟𝑒 𝜏𝑖𝑛𝑡 = −𝜁𝑠1𝛻2𝜉 (2) 
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I- Free VolumexDiffusion 

When amorphousxmetals are subjectedxto any stress, then thexfree volume diffusesxthroughout 

the specimen. xThis diffusionxof the free volumexis dependent on thextemperature of the 

specimenxand thus thix behavior can bexunderstood as happeningxspontaneously in 

thexmaterial, xsimilar to creepxeffect in certain materials. 

II- Free VolumexGeneration due to Plastic Shearing 

When the specimenxreaches its elastic limit, xthe STZs convert into shearxbands. If thexgrowth 

of the shearxband is controlled, xthen plastic strainxdevelops in this region. 

….(c) 

From equations (a) and (b), we canxobserve interactionxstress is dependentxon intrinsic material 

length, Lc. xWhen interactionxstress reaches negativexvalue, the ratexof developmentxof plastic 

strainxincreases therebyx increasing the ratexof free volume generation. xSo the intrinsic length 

governs shearxbandwidth in MGs. 

III- Free VolumexGeneration due toxHydrostatic Stress-xUnlike metals, MG hasxbeen found 

to bexaffected by hydrostaticxstress significantly. 

IV- Free Volume Generation due to StructuralxRelaxation 

When amorphous metals are subjectedxto tensile loading, due to thexconcentration ofxstress in a 

region thexfree volumes diffusextowards that regionxcollapsing togetherxand forming shear 

bands inxthose regions. 
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2.5 Modelling Aspects:  

                          
Figure 12- FE Model 

A rectangular specimen (48(W)*96(L))nm has meshed with quad type mesh elements. The size 

of the mesh elements is 0.6 nm. The bimodal sample has small grains and large grains whose 

size is approximately 3 times of smaller grains. The size of the small grains is kept constant 

throughout the experiments which are 6 nm while the size of the large grains has been selected to 

get appropriate results. All the nodes in X-direction are restrained from moving while a constant 

strain rate of 2x10-3s-1 was applied in the Y-direction. The material will follow the constitutive 

Thamburaja equation which was discussed earlier.The material Property for the above FE Model 

is- 

2.6.1-Property for the elements in the grains:

 

2.6.2-Property for Interface elements: All values are same except: K= -100,C0 = 0.8 Gpa 
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Chapter 3. Results and discussion 

On running various simulations by changing the number of small grains and large grains thus 

changing the total number of grains keeping the size of small grain as 6nm and large grain as 

12nm constant, it was observed that the significant rise in the peak of the stress-strain curve was 

shown by two models. The Bimodal configuration with 10 large grains and with 15 large grains 

showed a significant rise. So further studies of parametres are done on these two configurations. 

Before that, we made some simulations to check our results are in accordance with MD 

simulations results. 

 
                  Figure 13- FEA  results                                       Figure 14- MD results 

fig 13. and fig 14. -Comparison of our FEA results with molecular dynamic simulations results 

 

In the above image of the stress-strain curve, the Bimodal NG curve is shown by the black color. 

Stage 1 is the elastic region, stage 2 is in the plastic region where the formation of the shear band 

starts, stage 3 and 4 are in the phase where the shear band gets saturated this behavior of curves 

can be understood better by the contour plots. 

Stage 1 

Stage 2 Stage 3 
Stage 4   
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                           E2=0.015       E2=0.02               E2=0.03              E2=0.035 

                           Stage-1          Stage-2                Stage-3                 Stage-4 

Figure 15 - Contour plots of maximum Logarithmic plastic strain at different strains 

 
3.1-Effect of Interface Width:The number of large grain in this Bimodal Configuration is 

10 with an average size of 19nm. The number of small grains is 50 with average small grain size 

is 6nm interface width lies between 1.2-1.8 nm and area fraction interface is 0.184. 

 

(a) Bimodal Configuration (b) Interface width 1.8nm         (c) Interface width 1.2nm  

Fig 16-Configuration with 10 large grains 
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 Figure 17- Normalized nominal stress vs strain curve for Lc=8nm showing interface width 

effect for 10 grains                        

As observed from the stress-strain curves the rise in the Bimodal graph is more for less interface 

width as compared to sample with an interface width of around 1.8nm. The rise in peak is  3%. 

Some similar trend is observed when the Bimodal configuration is changed. IN the changed 

configuration the number of larger grains is 15 with an average size of nm and the number of 

small grains is with an average size of nm. 
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  (a)Bimodal Configuration          (b) Interface width of  1.8nm      (c) Interface width of 1.5nm  

Fig 18-Configuration with 15 large grains          

 

Figure 19- Normalized nominal stress vs strain curve for Lc=8nm showing interface width effect 

for15 grains        
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3.2 Effect of Intrinsic Material Length:Intrinsic Material Length is an internal 

parameter depending on the composition of the material and size of the component. 

 
Where s1 is resistance to plastic deformation and c0 is initial cohesion which is resistance to 

plastic yielding or simply shear strength of the material. Here we have taken lc values as 8,15,20. 

Here the material length effect is seen on Bimodal 10 and 15 configurations. From the curves, it 

is observed that as the lc values increase the drop in the graph is slow. Reason can be explained 

through the contour plots 

.     

(a)Pure Nanoglass               (b) Configuration 1                  (c) Configuration 1 

                                                             (10 large grains)              (15 large grains) 

 Figure 20- Different structure of Bimodal NG 

 

(a)Pure Nanoglass                          (b)Config 1 (10 large grains) 
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(c) Config 1 (15 large grains) 

 

 

 

 

 

 

 

 

Figure 21- Normalized nominal Stress-Strain Comparison for different lc values for 10 and 15 

large grains 

 

 

Contour plot of maximum logarithmic plastic strain (Logλ1
p) 

1- Configuration 1 (10 large grains)  

 

             Lc=8nm                                Lc=15nm                            Lc=20nm 

Figure 22- Contour plots of maximum logarithmic plastic strain forConfiguration 1 at a plastic 

strain E2=0.04 for 10 large grains 
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2- Configuration 1 (15 large grains) 

 

                      Lc=8nm             Lc=15nm                            Lc=20nm 

Figure 23-Contour plots of maximum logarithmic plastic strain forConfiguration 1 at a plastic 

strain E2=0.04 for 15 large grains 

As observed from the contour plots as we increase the strain, the shear band formation begins 

and slowly it grows in magnitude and thickness with rising strain levels. Until the dominant 

shear band forms the depict permanent failure of the sample. Also observed from the contour 

plots of logarithmic plastic strain that the maximum plastic strain occurs at the center of the shear 

band which is depicted by the dark red color. As we move away from the center of the shear 

band the magnitude of the plastic strain decreases. Also at higher lc, the magnitude of maximum 

strain is less than that at lower lc. With the increase in lc formation of shear band delays and its 

width increases which is depicted by the light green and yellow colors on the shear band of lc15 

and lc20 samples. 

Here we have calculated the shear band width at different strain points for different lc values. 
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3.3 Variation of logarithmic plastic strain ( Logλ1
p) in the shear band: 

3.3.1: Configuration 1 (10 large grains)  

 

 

Lc=8nm                                                                 Lc=20nm 

Figure 24- Shear band width comparison for different lc values for 10 large grains 

 

3.3.2: Configuration 1 (15 large grains)  

 

 

lc= 8nm                                                     lc=20nm 

Figure 25- Shear band width comparison for different lc values for 15 large grains 

The sheer bandwidth is around 1.5-2 nm for 10 large grain configuration and for 15 large grain 

configuration, the shear bandwidth is around 2-3 nm. So it can be observed that with the increase 
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in lc values the log values decrease. 

 

3.4 Effect of interaction stress (𝝉𝒊𝒏𝒕)  for different values of lc 

 

                             lc=8nm                                      lc=15nm 

Figure 26 Contour plot of interaction stress (𝝉𝑖𝑛𝑡)  for different values of lc at E2=0.015 

 

This can be explained by the Contour plot of interaction stress  for different lc. 

At a strain of 1.5% just after yielding after the beginning of the development of interaction 

stresses. This happens due to interaction stresses formed in the sample. As lc of the samples is 

increased from 8nm to 20 nm, negative interaction stresses are formed in the grain depicted by 

the blue color while positive interaction stresses are formed in the interfaces depicted by the blue 

color. Negative interaction stresses formed in the grain promote further plastic deformation while 

positive interaction stresses formed in the interfaces resist the plastic deformation thereby 

delaying the formation of the shear band. 

This can be mathematically explained by the constitutive equations given above in the 

constitutive model. 

Negative interaction stresses increase the driving force and driving force is directly proportional 
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to plastic strain increases the deformation. 

While positive interaction stresses formed in the interfaces lowers the driving force thereby 

decreasing the plastic stain and resisting the plastic deformation. 

 

3.5-Configuration effect: 

To show the stochastic effects of size and spatial distributions of grains in the samples, our 

simulations are repeated for a set of different samples with the same number fraction of large 

grains  Here we tried to change the position of large and small grains i.e the orientation is 

changed. The sample-to-sample variations in stress-strain curves are found to be insignificant. 

The stress-strain curves are the same for all configurations for different values of lc. The results 

are in accordance with the MD results. 

3.5.1-Number of large grains is 10: 

 

                 Config 1                                         Config 2                                  Config 3 

Figure 27- Different Configuration of 10 large grains 

Lc8nm                                                                               Lc=15nm 
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lc=20nm                                                              MD results 

Figure 28- Curve comparison of different lc values of configurations with 10 large grains 

 

3.5.2-Number of large grains is 15- 

 

                Config 1                                        Config 2                            Config 3 

Figure 29- Different Configuration of 10 large grains 
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Stress Strain Curves- 

 

Lc=8nm                                                             Lc=15nm 

 

                              MD Results                                                      Lc=20nm 

 Figure 30- Curve comparison of different lc values of configurations with 15 large grains 

 

In summary, the FEA of NG with bimodal grain size distributions has been performed. At no 

ductility tradeoff, a modest but relevant improvement in the strength is observed in NG with a 

bimodal grain size nanostructure. Our results reveal that the large grains are responsible for the 

strength enhancement observed, which is in striking contrast to the physical origin of the 

improvement in strength reported in the traditional nanostructured metals/ alloys. Furthermore, 

the mechanical response of NG with a bimodal nanostructure is found to be strongly dependent 

on the fraction of large grains. On increasing the fraction of large grains, a transition in 

deformation mode from superplasticity to shear banding is observed. Our results provide not 

only an in-depth atomic understanding of the mechanical properties and deformation mechanism 

of NG with a bimodal grain size distribution but also propose an effective way to attain superior 

mechanical properties of NG through the use of grain size distributions as a design parameter. 
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Chapter 4. Conclusion and Future scope: 

 

4.1 Conclusions: 

Finite element simulation of bimodal nanoglass for tensile deformation was performed and 

change in deformation mechanism was studied by changing the lc i.e. intrinsic material length on 

the various configuration of  10 and 15 large grains. After analyzing the stress-strain plots and 

contour plots, we made the following conclusions: 

1. Rise in the strength of nanoglass without compromising ductility has been achieved for 

both 10 and 15 large bimodal nanoglass configurations. 

2. As we increased lc from 8nm to 20 nm there was a delay in the formation of shear band 

i.e. with an increase in lc formation of shear band delays. 

3. Shear band width enhances with an increase in lc. 

4. Change in the position of grains does not change the deformation mechanism. 

4.2 Scope for Future Work 

1. Perform simulations on samples with regular grain shapes 
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