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Welcome to the course Non-Metallic Materials and today it is the 6th lecture of module 

number 2, where I will be discussing the Defect and reaction kinetics of this non metallic 

materials.  
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And first let us start with the concept of defects in crystalline solids. And in the last 

module lecture as you remember, I discussed about the polymeric material which are 

either amorphous or semi crystalline in nature. Now we are graduating ourselves to 

crystalline material and mostly I will be focusing on ceramic material. 

And for ceramic material the defects are of immense importance. For metal also defect 

plays the major role as an example can be sighted that if you take aluminum oxide 

crystal and then you droop it with the small amount of chromium into it, then the 

resultant material can be used as ruby.  



So, this is one of the examples of the point defect that is being created inside the 

material. For metal the ductility that is related to the dislocation presence of line defects 

and when dislocations are free to move across the slip plane then the material becomes 

ductile. Also at the crystal surface where the dislocations are terminated, it has been 

shown that they are more reactive. So, this crystal dissolves to react at increased rate at 

the surface.  

So, defects are of immense importance in the non-metallic materials and this lecture will 

basically cover the different types of defects particularly to start with the point defects 

which include the stoichiometric and non-stoichiometric defects and also extrinsic point 

defects. Then we will learn how to write the notation of this defect, how you can make 

someone understand make someone understand about the notation of this defects. 

Then the thermodynamical aspect of the defect formation will be covered. And finally, 

we will take up two stoichiometric defects. Stoichiometric defects are those where the 

crystal chemistry is not changed and this defect reaction for this stoichiometric defect we 

will also cover in this particular lecture. 
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So, if I categorize the defects in different types, as you can see you can have starting 

from a point defect where the dimensions are very small only 1 or 2 atoms and remember 

in the last module lecture we told that structure plays an important role and structure at 

different lens scale. So, here the point defects are 1 to 2 atom you are talking about. 



And mostly we are concerned about vacancy where the atom or ion were supposed to be 

there, but they are not there and sometimes this atom or ions go to the interstitial position 

of the crystalline lattice. So, then it is crystalline interstitial defects or sometimes one 

type of atom is replaced by foreign atoms.  

So, we call this is a substitutional kind of point defects. Then we will talk about 

dislocation prominently there are two types of line defect one dislocation is called edge 

dislocation we will briefly introduce it and another one is screw type of dislocation both 

are line defects. 

And the ductility of the metal as I have told they are basically depend on the 

concentration of this defects line defects as well as its movement through their slip plane. 

So, then we will talk about the planar defects mainly grain boundaries one of them or 

twin boundaries will be talking about.  

So, those kind of defects are two dimensional defect of planar origin. And finally, the 

defects like void or precipitation of a secondary material that also does that also actually 

influence the property particularly the mechanical property of the material. So, we will 

also touch up on that. 
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So, to start with this point defects broadly when categorized into three type the first one 

is stoichiometric type where the crystal chemistry does not change. So, defects are there 



either Schottky or Frenkel, but the basic composition on the material they will remain 

same. The second one is in staff contrast and you will find that the stoichiometric of the 

oxide itself is changed. So, crystal chemistry composition change is there and this type of 

defect in fact, I will be focusing more on it because particularly for the ceramic system it 

is of at most importance to understand this non stoichiometric defects. 

And third one is extrinsic type that you are adding something from outside intentionally 

or in your raw material itself there are impurity atoms. So, that will also introduce defect 

point defects in the material. So, mostly we will be talking about these three different 

types of defects. So, to start with the stoichiometric defect where the crystal chemistry is 

not changed is a simultaneous creation of both anion and cation vacancies. As you can 

see that both sodium ion vacancy is there.  

So, one sodium ion is missing from its original position and also chloride ion is also 

missing from its original position they goes to the surface. So, the stoichiometry remains 

same, but point defects are introduced. We call this type of defects as Schottky defect. 

Frenkel defect is something where mostly cation which is having smaller size they go to 

the interstitial size.  

So, you have creation of one interstitial cation and where from it is coming their cation 

vacancies there. So, one interstitial ion and another vacant lattice side they constitute the 

defect and charge is balance and Frenkel defect also does not change the stoichiometry 

of the material. 
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As far as the line defect is concerned, the prominent one is we call edge dislocation 

where you can see in the crystal lattice you have an extra half plane this atoms are not 

there.  

So, it is an extra half plane and  you can compare it in three dimension. So, this is 

basically form a line and that line is perpendicular to the plane of the paper. So, this is 

called as dislocation and it contains a extra half plane and this dislocation can move 

through this slip plane and that yields to ductility and several other properties in metal 

system. 

In ceramic it is not that that dislocations are not there, but the slip system they are not 

that much. So, slip system is scanty. So, ductility of the ceramic material is usually not as 

much I mean it behaves like a brittle fracture its not ductile at all under normal condition.  

So, a burger circuit that you can develop at along with this line of this dislocation plane 

and you can see that if I start from here move 1, 2, 3, 4, 5, 6, 7, 8 and then move 7 atoms 

here, then move 7 atoms here and then or 8 items here and then again move 7 atoms here 

we will end up somewhere else.  

So, we have started from here, but since the edge dislocation is there we are ending up 

somewhere else and this vector this small vector which is in order of atomic dimension 

this is known as burger vector and actually this burger vector is perpendicular to the 



dislocation line. If the crystal is perfect if there is no edge dislocation present, then such 

kind of behavior will not be observed.  
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In case of screw dislocation it is something like that that crystal is here and it has been 

cut and displaced half of it along this plane. So, if you consider along this line this 

straight line, all the planes they are having some kind of coil kind of movement of the 

planes takes place and here also if you take the burger vector you can see that in order to 

complete the circuit you will have to move from this plane up to here.  

So, the movement is required, but this time the burger vector is parallel to your 

dislocation line. So, in case of screw dislocation burger vector is parallel to the 

dislocation line.  
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If you see the planar defect the most prominent one is the grain boundary. So, this is one 

particular grain which is single crystalline in nature have regular arrangement of cation 

and anion you can you can see and this grain also is having regular arrangement, but at 

the boundary region this regular arrangement is lost.  

So, this polycrystalline array actually it is formed where otherwise single crystalline 

between there are discrepancy as far as the atom orientations are concerned. So, this is 

also one kind of planar defect the grain boundaries.  

Twin boundaries is basically a mirror plane where the left hand portion is actually the 

mirror reflection of the right hand portion. So, if you just fold it, fold this crystal along 

with the twin boundaries all these atoms will fall top on top of each other. So, this is 

another type of planar defect and this is termed as twin boundary. Not only atom wise if 

you see that this configuration here also across this line you can fold it and one will fall 

on top of another. 
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Another type of planar defect is termed as antiphase boundary and in antiphase boundary 

there is a small shift of all these atoms. So, you can see that this part of the crystal has 

been displaced. So, this part is displaced as compared to this one only one atomic 

dimension it is displace along with that you can see that with respect to this part. this part 

is displaced in one atomic distance .  

So, this is called antiphase boundary and crystallographic shear plane another type of 

planar defect here one set of atom is missing. You can see that this is removed you start 

with dark and then sky blue sky blue, then dark sky blue sky blue, then dark again then 

sky blue then it used to be a sky blue, but it is missed and you have another type of atom 

which is dark one has come into its place then again it is regular.  

So, this plane is called crystallographic shear plane  
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The three dimensional defect actually it may have different sources and when I will teach 

the phase diagram you will see that the solid phase can be precipitated in a matrix of a 

different phase which is very common in case of solid solution. In case of glass also they 

are inherently unstable.  

So, if you wait for long time then devitrification takes place and small crystalline are 

dispersed in the glassy matrix. So, that is also a three dimensional precipitation kind of 

defect. For metal as you know that this alloying is quite important and that is one way to 

strengthen the metal and we call it say precipitation hardening due to the precipitation of 

secondary phase. 

And also in sudden glass like opal it is intentionally added to make the glass instead of 

transparent to make it opaque. So, the trade men is opal glass and there also these three 

dimensional defect are of utmost importance. 
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So, now, if I just summarize this you can have from this view graph, you can see that 

there are cation vacancy one of the point defects substitutional impurity, then interstitial 

cation then misplaced atom we call its antisite defect or cation interstitial, anion 

interstitial these are the prominent type of point defects. 

Now, one should have a prominent type of notation and this notation actually we have 

gotten in terms of Kroger and Vink notation right. And please be attentive to understand 

this you have three position like this one main symbol S, then you have a superscript and 

then you have a subscript.  

So, the main symbol that denotes the chemical species, it could be vacancy, it could be 

sodium ion or it could be chloride ion. So, this is the main species main chemical species 

and the charge associated with that species you will have to write in the superscript. 

And the position of that particular point defect you will have to write in the subscript 

position. So, the site one example say you want to write vacancy in sodium sub lattice. 

So, it is vacancy. So, the chemical notation is V, then the position is in sodium. So, you 

will have to write sodium here and sodium ion they are positively charge. So, when the 

vacant site is there; that means, the positive site has done positive charge has come out.  



So, this is negative charge it is coming. So, negative charge is given by this small hyphen 

and in case of chloride ion again if vacancy occurs. So, chloride ion was there, but now it 

is not there. So, it is still a vacancy in chloride ion site and the charge will be positive. 

If it is an interstitial like sodium interstitial, it will bring positive charge. So, I will put a 

dot if calcium replace sodium. So, calcium is having plus 2 valence state, it is replacing 

sodium plus 1 valence state, it is bringing one extra positive charge. So, I will write 

calcium sodium dot will be there.  

Similarly, you can write for aluminum interstitial or vacancy in aluminum, alumina is 

having plus 3 valence state. So, 3 negative sign will be there and this kind of notation is 

known as Kroger and Vink notation which is used to define the chemistry of this kind of 

defect. 
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Now, the question arises why exactly the defect will form because you see that a bulk 

atom which is coordinated with say covalent bond. So, it will have to the bond will have 

to be broken and then this atom you will have to take it out right. So, its you will have to 

spend energy, it is endothermic in nature you will have to spend energy for the defect 

creation. So, the question is that if I have to spend energy then how come this defect 

formation is energetically favorable? 



But the point is that you know that we are not In fact, for the equilibrium when the 

equilibrium defect concentration once get then it is not free energy that is being 

minimized it is actually sorry it is not the formation this each enthalpy is not minimized, 

but the free energy is getting minimized. So, that is number 1. Second is the entropy 

change also takes place and this entropy change entropy having different types of 

entropy I will introduce. So, this entropy change is some way related to this vacancy 

formation. 

And finally, we will show that the energy free energy after the defect is form and free 

energy of otherwise perfect crystal, this if you subtract this the formal from the latter it is 

negative. So, it is energetically favorable. So, once it is energetically favorable then the 

defect formation will be there. In fact, if you cross the temperature the sub zero the 

temperature then all material will have defect.  
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So, in order to understand it better let us take help of thermodynamics. In fact, many of 

these thing again I will discuss in another lecture, but to start with if you start to write the 

free energy of a perfect crystal, then you can write that energy for a perfect crystal is 

related to enthalpy, temperature and is entropy right.  

So, this entropy they have two parts: one is configurational entropy that you have to say 

in lattice site in the crystal. So, how many way you can arrange it in a lattice side? 

Because crystal site the lattice site you cannot change. So, we will have to arrange it. So, 



only one way you can arrange it. So, if you can arrange only one way for a perfect 

crystal then configurational entropy is 0. 

Now, the thermal entropy because the continuously your atoms are vibrating at a 

particular temperature. So, thermal entropy can be given by this formula N is the number 

of atom, k is Boltzmann constant and υ is the frequency of vibration of this atom right. 

So, this thing I will proof part of my other lecture. So, at present you just take it that the 

thermal entropy can be related by this particular equation.  

Now you put it back you get it the free energy for a perfect crystal. So, I have just put 

perfect enthalpy minus this S T I have just put it. So, this is my equation for the free 

energy. So, as I said N here is a number of atom, k is the Boltzmann’s constant and υ is 

the frequency of atoms for the perfect crystal. 
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Now, let us look at the situation where defect is been created. So, this is the perfect 

crystal and now here a point defect has been created. So, these bonds are broken and this 

material this particular atom has done somewhere else towards the surface right. So, the 

vacancy has been created. So, again I will write the equation for the enthalpy it will be 

for perfect crystal, the internal enthalpy will be there and say number of vacancy that is 

created per unit volume is n v and the enthalpy associated with each volume. 



So, that will be there. So, my enthalpy will be this and hd is to create one defect this 

enthalpy and nv is the defect that has been created. Now here configurational entropy you 

cannot omit because now there are nv number of vacancy and this can be distributed 

regular lattice site plus vacant lattice site.  

So, there is a possibility for distribution. So, you cannot neglect it. So, configurational 

entropy again it can be defined by this relation, at present you just go with me and one 

can prove it. In fact, I will show you how to prove that in my next lecture next to next 

lecture actually. 

So, configurational entropy you can derive from this equation. Now you see the thermal 

entropy is always there thermal entropy will be there, but now there is a difference when 

the vacancy is there, the frequency is different from the regular lattice site right. So, we 

have two different types of frequency one is υ dash which is nearby to this vacancy and 

another one a regular vacancy which is υ.  

So, now, your thermal entropy has two part one part is for the otherwise regular lattice 

and other part is related to the defect right. So, here the total number of site was N. So, I 

am assuming nv vacancy has created with the coordination number of ξ. So, therefore, 

this total numbers minus this site I will just put and remaining relation will be same like 

the last slide also I have defined. So, one component is vibrational frequency unaffected 

and another is vibrating with a new frequency. 
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Now if you write the free energy of a defective crystal then this relation is valid. So, I 

will just put this value. So, H defect I will put, then T will be there k will be there and I 

will put the configurational entropy and thermal entropy. So, the difference between 

these two is this one and this algebra you have to do you have already derive the G of 

perfect and you have derived what is G for the defect. So, now, you subtract it you will 

come up with this relation this relation. 

So, here in this relation you can see that the free energy change. This free energy change 

this upon introduction of the defect in an otherwise perfect crystal is a function of the 

defect density nv and temperature.  

(Refer Slide Time: 25:14) 

 

We will plot this relation and this relation will be something like this. So, you have two 

component, one component is related to the formation of the defect is a straight line 

related to hd, another one is the entropy term part and then this is the actual subtraction or 

addition whatever you do out of these two curves, you will get a curve with a minimum. 

So, this curve is having a minimum; that means, if you just differentiate that the free 

energy position you will be able to calculate the equilibrium defect concentration we will 

be doing that. 

But as I said the first the free energy change as a function of number of defects the top 

line this is the energy needed to create a particular defect, the lower curve is energy 



gained as a result of the configurational entropy and the center line is basically the sum 

of these two components.  

So, then you see the same plot here, but at higher temperature. So, in higher temperature 

what is the difference? That this depth will be more it is more stable the defect is more 

stable and not only that this equilibrium concentration this is also shifted to relatively 

higher temperature. So, that is the difference. 
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Now, you can estimate the equilibrium vacancy concentration by just differentiating this 

free energy curve and we will come up with this relation. This is the equilibrium defect 

concentration and this is related to a particular defect formation. This defect formation a 

particular term and this part is your vibrational entropy remember there is no 

configurational entropy is there.  
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So, this formulation now I will write I will used to write a Frenkel relation and as you 

can see three things you will have to consider one the mass balance there should not be 

any change in the mass during this process electroneutrality will have to be maintained 

and the total site ratio should be constant. So, this is a typical relation written for the 

Schottky defect that creation of anion vacancy and cation vacancy depending on what 

type of composition it is there and this is the general form. 

(Refer Slide Time: 27:50) 

 



So, a defect equation whatever we already created now I will put instead of one defect to 

different defects. One is anion vacancy and cation vacancy and then finally, we do the 

algebraic way to get the relation something like this the anion vacancy concentration is 

equal to cation vacancy concentration because it is a Schottky defect and that is related to 

the entropy and the enthalpy of Schottky defect formation. 
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Similarly, we can write for the Frenkel defect exactly the same formulation you will have 

two way and in one of the assignment problem I have asked you to solve this relation in 

fact. So, it is a same principle that is followed and this is the final relation of the vacancy 

of cation and interstitial and how it is related to the Frenkel energy.  
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So, finally, there is an antisite defect where instead of one particular atom this is replaced 

by another particular atom. No stoichiometry is changed and it is a straight forward 

defect only the configurational entropy changes for antisite defects.  
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So, that ends the part of the stoichiometric defect how you can write stoichiometric 

defect equations and these are four very major book and you can consult as a reference 

book. 
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And in this particular lecture I have introduced point defect, line defect, planar defect 

and three dimensional defect.  

Concept of various types of point defect and how it is written in terms of Kroger and 

Vink notation that we have done, the thermodynamic basis for the point defect creation is 

illustrated and concept of the stoichiometric defect reaction particularly for Schottky and 

Frenkel we have walked it out and then we have described it. So, in the next class we 

will be talking about non stoichiometric defect. 

Thank you so, much for your attention. 


