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· Properties of -materials depend on chemistry and arrangement of the building blocks in three dimensional structures.

   	  	It is easy to understand or imagine that the properties of a single atom are different from a bulk arrangement of many atoms. 
			A metal is conducting, while a single metal atom is not. A small metal cluster is also not conducting. 
			So the question is how small an arrangement may be and still keep its “bulk” properties.

·     Typical dimensions where properties become very size sensitive are   between 1 and 100 nm. 

· If one, two or three dimensions of a material fall in the nanometer regime, the material may have surprising properties which are very different from the corresponding bulk material. 

· However, the new behavior at nano scale is not necessarily predictable from what we know at macro scales.
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· Two important effects which are observed in a material when it is reduced to nano scale are:
·  Finite size effects
· Surface and interface effects

     		Due to finite size effects the electronic bands are gradually converted to molecular orbitals, confining electrons to small geometries resulting in “particle-in-a-box” energy levels.

Surface and interface effects arise out of a high percentage of atoms in nanomaterials being on the surface (or at the interface).

What makes the nanoscale so special ?

· Certain phenomena and issues are significant in nanosystems
· Dominance of interfaces and interfacial phenomena
· Quantum effects and quantum size confinement
· Thermal fluctuations
      These can lead to differences between the behaviour of bulk and Nano systems.

· Unusual Properties of Nanomaterials with respect to bulk materials are in terms of difference in their:
· Mechanical Properties
· Thermodynamic Properties
· Enhanced diffusivity
· Optical Properties
· Magnetic Properties
· Electrical Properties

Finite size effects:

· Effect of reduction in size of the entity on the surface area to volume ratio of that entity.
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· Following table and a subsequent plot display the relationship between the particle size and the number of atoms at the surface of the particles.
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· Interface/surface dominance at nano level gives rise to:

      - Increase in electrical       
        conductivity in ceramic/magnetic 
        particles
       -  Increase in electrical resistivity 
           in metal
       -  Increase in hardness and strength 
           in metal and alloys
        - Enhanced formability

· Size dependence of Properties:

·   In materials where strong chemical bonding is present, delocalization of valence electrons can be extensive. The extent of delocalization can vary with the size of the system. 

· The crystal structure also changes with size.


· The above two changes can lead to different physical and chemical
properties, depending on size, namely

· Melting  point (thermodynamic effect)
· Optical properties 
· Band gap	
· Surface reactivity
· Specific heat


Melting point: 

On application of heat energy when the mean thermal displacement (d) of the atoms becomes larger than some fraction of the interatomic distance, the material melts.
Surface atoms have lower co-ordination and a higher displacement (dS), by a factor of 2 - 4 compared to bulk (dV).

When the surface / volume ratio increases, the mean displacement ‘d’ increase, i.e. the melting point decreases.
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· If we assume that the change in internal energy (∆U) and change in entropy per unit mass during melting are	independent of temperature

                ∆ = 2 To  /  L r

∆ 	=  Deviation of melting point 
           from the bulk value
To	=  Bulk melting point
	=  Surface tension coefficient for 
           a liquid-solid interface
	=  Particle density
r		=  Particle radius
L	=  Latent heat of fusion

· Lowering of the melting point is proportional to 1/r

•   can be as large as couple of 
   hundred degrees when the particle 
   size gets below 10 nm! 

· Reduction in melting point has following effects as well:
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· The melting point remains constant as long as the surface effect can be neglected!




· A commercial application of lowering in melting point due to nano size is found in case of Lead- free solders.
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· Even when such nanoparticles are consolidated into macroscale solids,   
new properties of bulk materials are 
possible. 
For example:  enhanced plasticity

Optical properties:

· In a classical sense, color is caused by the partial absorption of light by electrons in matter, resulting in the visibility of the complementary part of the light. 

· On most smooth metal surfaces, light is totally reflected by the high density of electrons and hence no color, just a mirror-like appearance. 

· The colour of colloidal gold depends on the particle diameter.
    Small particles absorb light, leading 
    to some color.

        This is a size dependent property.	

    Example:  Gold, which readily forms nanoparticles exhibits different    colors depending on particle size. 
    
    Gold colloids have been used to 
    color glasses since early days of  glass  making.
Silver and copper also give attractive 
colors.

Optical properties of Semiconductor nanoparticles:

Semiconductor nanoparticles (1 - 20nm, quantum dots, Q particles) have a structural arrangement similar to bulk materials, but very different physical properties (optical, electrical).

For semiconductors such as ZnO, CdS, and Si, the band gap changes with     size. Band gap is the energy needed to promote an electron from the valence     band to the conduction band. The energy gap between the valence band         and the conduction band widens as the particle size decreases. 
In other words, in case of semiconductors the band gap rapidly increases as the particle size decreases. When the band gaps lie in the visible spectrum, a change in band gap with size means a change in color.
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The corresponding absorption band is 
blue-shifted and becomes sharper. 

For smaller particles; the absorption is blue shifted, i.e. towards higher energy.
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Band gap:

· For metals, conductivity is based on their band structure.  If the 	conduction band is only partially occupied by electrons, they can move in all directions without resistance (provided there is a perfect metallic crystal lattice).  They are not scattered by the regular building blocks.
· Scattering of electrons mainly occurs as follows:
(i) By lattice defects (foreign atoms, 
        vacancies, interstitial positions, 
        grain boundaries, dislocations, 
        stacking disorders) 
(ii) Scattering due to thermal 
        vibration of the lattice (phonons)

The bulk metals follow Ohms law wherein there is collective movement of charge carriers i. e. electrons 
The material obeys Ohm’s law:  
                                          V =I*R  


However, below a few nanometers size of the metal particles there is a transition from metallic to non-metallic behavior. This is termed as Size-induced metal - insulator transition, SIMIT effect. 

Band structure begins to change when metal particles become small. The band gap widens to the extent that at too small a particle size in nano regime the metal loses its conductivity and becomes an insulator.
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Not only this with reduction in size of the metal, the discrete energy levels begin to dominate, and where the Ohm’s law is no longer valid. 
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Surface reactivity:

· Chemical reactivity of nanoscale materials is usually greatly different from its corresponding macroscopic form.
         Materials have vastly increased surface area per unit mass, e.g., upwards  of 1000 m2 per gram when reduced to nano size.

· Surface activity of any material depends on its shape and size. For example the surface activity is maximum at the corners of a material and lowest in its bulk form as stated below.

          Bulk < plane surface < edge < corner

· Increased surface activity leads to phenomena such as adsorption and absorption.
          Adsorption is like absorption except that the adsorbed material is held near the surface rather than inside.

· In the interior of a bulk solid, all molecules are surrounded by and bound to neighboring atoms and intermolecular forces are balanced.  
          However, surface atoms are bound only on one side, leaving unbalanced  
          atomic and molecular forces on the surface. 

· These unbalanced forces attract gases and molecules and due to Van der Waals effect give rise to physical adsorption or physisorption.

· At high temperatures, unbalanced surface forces may be satisfied / balanced by electron sharing or valence bonding with gas atoms.
          This is called as chemical adsorption or chemisorption.

· Chemisorption is the basis for hetergeneous catalysis which is a key to production of fertilizers, pharmaceuticals, synthetic fibers, solvents, surfactants gasolines & other fuels.

· The extent of chemisorption increases with decreasing particle size and change in the shape of the crystals forming that material.
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Diffusion in Nanostructures:

· Atomic transport in nanostructured materials differs considerably from that in coarse- grained materials 
· In nanostructures the grain boundaries or the crystal interfaces provide short-circuit diffusion paths for high diffusivity
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Diffusion & Sinterability:

Nano materials can be sintered at lower sintering temperatures because of their 
· Higher surface energy
· Short diffusion paths
· Low stability of interfaces
· More efficient doping characteristics
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· Finally it may be concluded that the surface reactivity increases with decreasing particle size or crystallite size.

     Specific heat:

· The specific heat ‘C’ may be defined as the amount of heat ∆Q required to raise the temperature of a sample of mass m by temperature ∆T 
· It is given by the expression C = ∆Q/m∆T and has the units of  J/kg ·K or cal/g ·K
· 1 calorie is the heat needed to raise the temperature of 1 g of water by 1 degree. 
· Cv of nanocrystalline materials are higher than their bulk counterparts.  
     
     For example:
     -  Sp. Heat of Pd:   48%  from 25 to 37 J/mol.K at 250 K for 6 nm 
        crystallite size 
		-  Sp. heat of Cu:   8.3%  from 24 to 26 J/mol.K at 250 K for 8 nm size
		-  Sp. heat of Ru:   22%  from 23 to 28 J/mol.K at 250 K for 6 nm size 


Mechanical properties:

Early in the century, when "microstructures" were revealed primarily with the optical microscope, it was recognized that refined microstructures, for example, small grain sizes, often provided attractive properties such as increased strength and toughness in structural materials. A classic example of property enhancement due to a refined microstructure-with features too small to resolve with the optical microscope-was age hardening of aluminum alloys.

The ultrasmall size (< 100 nm) of the grains in these nanocrystalline materials can result in dramatically improved or different-properties from conventional grain-size (> 1 µm) polycrystalline or single crystal materials of the same chemical composition.
Mechanical properties of Nanomaterials
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Mechanical Properties of Nanostructured Materials

•   There is a wide scatter in mechanical properties data for nanocrystalline  
     Materials

•   Due to lack of a suitable consolidation technique, there are not enough 
     tests or samples to make mechanical property samples which are usually 
     large in size

•    Different consolidation technique produces samples with varying
                                    –  Surface flaws and finish
                                    –  Porosity
      which are very sensitive to mechanical properties such as strength,   
      hardness, ductility, fracture toughness and elastic modulus


General Trends in Mechanical Properties of Nanostructured Materials:
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· Mechanical strength and hardness of nanostructured metals & alloys is largely controlled by their grain size
· Strength  increases as the grain size decreases
· Hardness increases as the grain size decreases
· Ductility decreases  as the grain size decreases
· Toughness decreases  as the grain size decreases
· Elastic Modulus does not change as grain size decreases
               (elastic modulus may decrease at a lower grain size!!!!)



Strength &hardness 

In conventional materials, hardness & strength are give by Hall Petch relation.
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· However, the Hall-Petch relation cannot be extrapolated  to very small grain sizes. At that low grain size the dislocation pile-up containing large no. of dislocations  require stress exceeding even the theoretical strength
· In conventional materials, strengthening occurs due to movement of dislocations which assemble at grain boundary resulting in strengthening.

· If this concept is extrapolated for very small grains, exceedingly high ó (yield stress), almost theoretical limit for shearing atomic planes should be obtained
· However, it is not true and a decrease in strength is observed for grain size < 10- 25 nm for different materials
· The fall in strength, for grain size below 10 - 25nm is called “Inverse Hall Petch” behavior

As grain size become very small (10-25 nm), grains cannot support dislocations. New dislocations cannot be created as the grain size drops  down to ~10nm because the stress needed to activate Frank Read dislocation source is inversely proportional to the distance of separation between the two dislocations. Not only this, at that low grain size the dislocation pile-up containing large number of dislocations require stress exceeding even the theoretical strength.

· This results in Inverse Hall Petch Relation at nano level.

· Ductility i.e. Elongation to failure is lower with a decrease in grain size. Materials with smaller grain size possess higher dislocation density, causing quick strain hardening and thus lower ductility.

· Nanocrystalline materials with (d < 30nm) are usually  brittle


Bimodal Distribution and Fracture Toughness:

· The smaller grains impart high yield strength according to Hall-Petch          relationship. The larger grains provide strain hardening effect           attributed to their comparatively low grain boundary area.Thus, bimodal distribution over a range will have a beneficial influence on the fracture toughness by improving tensile ductility while maintaining high yield strength.

Elastic Modulus

· Surface flaws, pores size, consolidation makes data very unpredictable
· E does not depend so much on grain size but it does depend on defects
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· Elastic modulus does not change significantly with grain size but contributes to extrinsic defects (pores & crack) for grain size < 25nm E nano < E conventional (for grain size < 25 nm). For materials with grain size < 25nm: decrease in E  is found which may be attributed to the fact that the number of atoms associated with grain boundaries          becomes very large below 25 nm grain size.

· Finally it may summarized that elastic modulus does not change significantly with grain size but contributes to extrinsic defects (pores & crack) for grain size < 25nm
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Grain Growth in Nanoparticles

· Because of very small size and high surface area, there is a strong driving force for diffusion.
· Grain growth in polycrystalline materials is usually given by
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Where 
D = mean grain diameter
Do = grain size at time t = 0
T = temperature

· For most of the materials with ASTM grain size number n>2, there is a parabolic rate of grain growth

The great interest in the mechanical behavior of nanostructured materials originates from their unique mechanical properties namely
· lower elastic moduli (i.e. E value) than for conventional grain size materials - by as much as 30 - 50%  if the grain size is less than 25 nm
· strength and hardness of nanostructured metals & alloys is largely controlled by their grain size
· reducing the grain size to nanometric regime increases the strength & hardness considerably. Hardness values for nanocrystalline pure metals (~ 10 nm grain size) are 2 to 7 times higher than those of larger grained (>1 µm) metals 
· However, a negative or reverse Hall-Petch slope, i.e., decreasing hardness with decreasing grain size in the nanoscale grain size regime (below ~ 10 nm grain size)
Hardness and strength of conventional grain size materials (grain diameter, d > 1 µm) is a function of grain size. In terms of yield stress, this expression is σ0 = σ i + kd-1/2, where σo = yield stress, σ i = friction stress opposing dislocation motion, k = constant, and d = grain diameter. Similar results are obtained for hardness, with Ho  = Hi + kd-1/2.
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· For the larger end of the nanoscale grain sizes, about 50 - 100 nm, dislocation activity dominates. However, creation of new dislocations is also made difficult as the grain size reaches the lower end of the nanoscale (< 10 nm). Stresses needed to activate dislocation sources, such as the Frank-Read source, are inversely proportional to the distance between dislocation pinning points. Since nanoscale grains will limit the distance between such pinning points, the stresses to activate dislocation sources can reach the theoretical shear stress of a dislocation-free crystal at the smallest grain sizes (~ 2 nm). Thus, at the smallest grain sizes we may have new phenomena controlling deformation behavior. It has been suggested that such phenomena may involve grain boundary sliding and/or grain rotation accompanied by short-range diffusion-assisted healing events. Hence, the Hall-Petch relation cannot be extrapolated to very small grain sizes. 

· Ductility - perhaps superplastic behavior at low homologous temperatures in brittle ceramics or intermetallics with nanoscale grain sizes is observed. This is believed due to diffusional deformation mechanisms.
· A significant increase in the elongation of a material with increasing temperature without necking or fracture is attributed to superplasticity. Nanocrystalline ceramics may be ductile, as opposed to traditional ceramics.
It is well known that grain size has a strong effect on the ductility and toughness of conventional grain size (> 1 µm) materials. For example, the ductile/brittle transition temperature in mild steel can be lowered about 40°C by reducing the grain size by a factor of 5. Grain size refinement can make crack propagation more difficult and therefore, in conventional grain size materials, increase the apparent fracture toughness.

However, the large increases in yield stress (hardness) observed in nc materials suggest that fracture stress can be lower than yield stress and therefore result in reduced ductility.

Superplasticity is the capability of some polycrystalline materials to exhibit very large tensile deformations without necking or fracture. Typically, elongations of 100% to > 1000% are considered the defining features of this phenomenon. There is evidence of enhancement of superplastic behavior in nc ceramic materials at temperatures > 0.5 TM. 

· For example, superplastic behaviour in Mg - 8.3wt%Al - 8.1 wt.%Ga alloy offered a maximum elongation of 1080 % at 573 K at a high strain rate of 10-2 S-1
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Size dependent melting of metals
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Size dependence of Optical Properties
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Figure 7-6. Dependence of the
absorption spectrum of CdS
nanoparticles on the particle size (a-f:
6.4,7.2,93,11.6,19.4, and 28 nm).
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Change in the density of statcs, g(E), as the number of confining
dimensions is increased.
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Change of electronic structure
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•

Surface chemistry is important in catalysis    

Nanostructured materials have some advantage in catalysis

▪

Huge surface area and hence large 

proportion of atoms on the surface

▪

Enhanced intrinsic chemical activity

as size gets smaller which is 

likely due to changes in crystal shape

(Ex:  When the shape changes from 

cubic to polyhedral, the number of 

edges and corner sites goes up

significantly)
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Elastic properties of nanocrystalline and conventional materials

Crystal Young ‘s modulus E Shear modulus G
Material ~ size ( nm) (1,000 N/mm?2) (1,000 N/mm?2)
Pd 8 88 (123)* 32-35 (43)*
Mg 12 39 (41)* 15 (15)*
CaF, 38 (111)* 19 (42)*

* Values for corresponding isotropic conventional polycrystal
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Strength / Hardness of Nanostructured

Materials with respect to grain size
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Some insight into the importance of interfaces
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Spherical iron nanocrystals

J. Phys. Chem. 1996, Vol. 100, p. 12142
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For example, 5 cubic centimeters 

For example, 5 cubic centimeters 

–

–

about 1.7 cm per side 

about 1.7 cm per side 

–

–

of 

of 

material divided 24 times will produce 1 nanometer cubes and 

material divided 24 times will produce 1 nanometer cubes and 

spread in a single layer could cover a football field

spread in a single layer could cover a football field

Repeat 24 times

Nanoscale = High Ratio of Surface Area to Vol.

Nanoscale = High Ratio of Surface Area to Vol.

Source: Clayton Teague, NNI


image6.png
{_... Melting Polntof old Particles [JI§§

The melting point decreases dramatically as the particle
size gets below 5 nm

100 s

Melting Point [C]

0 1z 3 & 5 6 7 8 8 f0m
Particle Radius [nm]

A ———




