Crystal Imperfection
A perfect crystal, with every atom of the same type in the correct position, does not exist.
Crystalline Defects:
Any deviation from the perfect atomic arrangement in a crystal is said to contain imperfections or defects.

a crystalline defect is a lattice irregularity having one or more of its dimensions on the order of an atomic dimension.

According to geometry or dimensionality of the defect, There are 4 major categories of crystalline defects:

1. Zero dimensional : Point defects occurring at a single lattice point.
2. One dimensional : Linear defects (dislocations) occurring along a row of atoms.

3. Two dimensional : Planar (surface) defects occurring over a two-dimensional surface in the crystal.

4. Three dimensional : Volume (bulk) (void) defects.
Adding alloying elements to a metal is one way of introducing a crystal defect. Crystal imperfections have strong influence upon many properties of crystals, such as strength, electrical conductivity and hysteresis loss of ferromagnetism. Thus some important properties of crystals are controlled by as much as by imperfections and by the nature of the host crystals.

Properties of Imperfections:
1. The conductivity of some semiconductors is due to entirely trace amount of chemical impurities.
2. Color, luminescence of many crystals arise from impurities or imperfections.
3. Atomic diffusion may be accelerated enormously by impurities or imperfections.

4. Mechanical and plastic properties are usually controlled by imperfections.
Crystal Defects Classification :
1. Point defects :
a. Vacancy.
b. Interstitial Defect.

c. Substitutional Defect.
d. Schottky Defect.
e. Frenkel Defect.
f. Colour centers.
g. Polarons.
h. Excitons.
2. Line defects :

a. Edge dislocation.
b. Screw dislocation.
3. Surface defects :
a. Free Surfaces

b. Grain Boundaries.
c. Phase Boundaries.
d. Stacking Faults.
e. Twin Boundaries.
4. Volume defects :
a. Inclusions.
b. Voids.
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The dimensions of a point defect are close to those of an inter atomic space. With linear defects, their length is several orders of magnitude greater than the width. Surface defects have a small depth, while their width and length may be several orders larger. Volume defects (pores and cracks) may have substantial dimensions in all measurements, i.e. at least a few tens of (Å).

1. Point defects :(Point defects are where an atom is missing or is in an irregular place in the lattice structure).

Point defect is divided into :
a. Vacancy or vacant lattice site :(Are empty spaces which introduce when an atom is missing from a normal site, as show in figure below. Vacancies are introduce into the crystal (during solidification from high temperature (quenching ; quick cooling) or as a consequence of radiation damage by external bombardment by atoms or high energy particles, e.g. from the beam of the cyclotron or the neutrons in a nuclear reactor. There is also a method of creating excess point defects is by thermal excitation at temperature greater than zero. Another method of creating excess defects is by severe deformation of the crystal lattice, e.g., by hammering or rolling. We must note that the lattice still retains its general crystalline nature, numerous defects are introduced). In most cases diffusion(mass transport by atomic motion)can only occur because of vacancies.
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Vacancy
At room temperature, very few vacancies are present, but At high temperature, more often atoms are jumping from one equilibrium position to another and larger number of vacancies can be found(increases)in a crystal. 
The equilibrium number of vacancies, (Nv) , increases exponentially with the absolute temperature, (T) , which can be estimated using the equation of (Boltzmann Distribution) :
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       ……………1
where ;  N: is the total number of atomic sites. 
              Qv: is the energy required for the formation of a vacancy.

              T: is the absolute temperature1 in kelvins.

                K: is the Boltzmann’s constant(1.38 * 10​-23 J/atom.K), or (8.62 *                     10-5 eV/atom.K) depending on the units of Qv.2 Thus, the number of vacancies
When the density of vacancies becomes relatively large, there is a possibility for them to cluster together and form voids.
Boltzmann’s constant per mole of atoms becomes the gas constant R; in such a case (R = 8.31 J/mol.K) or (R= 1.987 Cal/mol.K).
EX (1): Calculate the equilibrium number of vacancies per cubic meter for copper at(1000oC). The energy for vacancy formation is(0.9 eV/atom); the atomic weight and density at(1000oC)for copper are(63.5 g/mol)and(8.4 g/cm3), respectively.
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b. Schottky Defect :
c. Self interstitial

d. Frenkel

e. Colour centers

f. Polarons

g. Excitons
EX (2): Calculate the concentration of vacancies in copper at (25oC). What temperature will be needed to heat treat copper such that the concentration of vacancies produced will be(1000)times more than the equilibrium concentration of vacancies at room temperature? Assume that(20,000 cal)are required to produce a mole of vacancies in copper.
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b. Interstitial Defect : (Is an atom or ion from the crystal that is crowded into an interstitial site or void that under ordinary circumstances is not occupied. this kind of defect is represented in Figure below. These defects are most likely to be found in crystal structures having a low packing factor. Interstitial atoms or ions, although much smaller than the atoms or ions located at the lattice points, are still larger than the interstitial sites that they occupy. Consequently, the surrounding crystal region is compressed and distorted. If the interstitial atom is of the same species as the lattice atoms, it is called self-interstitial(as in metals). Creation of a self-interstitial causes a substantial distortions in the surrounding lattice because the atom is substantially larger than the interstitial position in which it is situated and costs more energy as compared to the energy for creation of a vacancy (Qi > Qv) and, under equilibrium conditions, self-interstitials are present in lower concentrations than vacancies. 
If there are dislocations in the crystals trying to move around these types of defects, they face a resistance to their motion, making it difficult to create permanent deformation in metals and alloys. This is one important way of increasing the strength of metallic materials. Unlike vacancies, once introduced, the number of interstitial atoms or ions in the structure remains nearly constant, even when the temperature is changed.
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Interstitial atom
c. Substitutional Defect : This defect is introduced when one atom or ion is replaced by a different type of atom or ion, as in Figure below. The substitutional atoms or ions occupy the normal lattice sites. Substitutional atoms or ions may either be larger than the normal atoms or ions in the crystal structure, in which case the surrounding interatomic spacings are reduced, or smaller causing the surrounding atoms to have larger interatomic spacings. In either case, the substitutional defects alter the interatomic distances in the surrounding crystal. Again, the substitutional defect can be introduced either as an impurity or as a deliberate alloying addition, and, once introduced, the number of defects is relatively independent of temperature. Examples of substitutional defects include incorporation of dopants such as phosphorus (P) or boron (B) into silicon (Si). Similarly, if we added copper to nickel (Ni), copper (Cu) atoms will occupy crystallographic sites where nickel atoms would normally be present. The substitutional atoms will often increase the strength of the metallic material. Substitutional defects also appear in ceramic materials. For example, if we add (MgO) to (NiO), (Mg+2) ions occupy (Ni+2) sites and (O-2) ions from (MgO) occupy (O-2) sites of (NiO). Whether atoms or ions added go into interstitial or substitutional sites depends upon the size and valence of guest atoms or ions compared to the size and valence of host ions. The size of the available sites also plays a role in this.
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Small substitutional defects                                    large substitutional defects
Another important substitutional point defect occurs when an ion of one charge replaces an ion of a different charge. This might be the case when an ion with a valence of (+2) replaces an ion with a valence of (+1), as show in Figure below. In this case, an extra positive charge is introduced into the structure. To maintain a charge balance, a vacancy might be created where a (+1) cation normally would be located. Again, this imperfection is observed in materials that have pronounced ionic bonding. Thus, in ionic solids, when point defects are introduced the following rules have to be observed :
A - A charge balance must be maintained so that the crystalline material as a                                                                                             whole is electrically neutral.
B - A mass balance must be maintained.

C - The number of crystallographic sites must be conserved.
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For example, in nickel oxide (NiO) if one oxygen ion is missing, it creates an oxygen ion vacancy (designated as VÖ). Each dot(.) on the subscript indicates an effective positive charge of one. To maintain stoichiometry, mass balance and charge balance we must also create a vacancy of nickel ion (designated as VNi"). Each accent ( ' ) in the superscript indicates an effective charge of negative (1).
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d. Schottky defect : Is a type of vacancy in which an atom being free from regular site, migrates through successive steps and eventually settles at the crystal surface. a pair of anion and cation vacancies, thus called Schottky defect. This type of defect is unique to ionic materials and is commonly found in many ceramic materials. For example, one (Mg+2) and one (O-2) missing in (MgO) constitute a Schottky pair. In (ZrO2), for one missing zirconium ion there will be two oxygen ions missing.
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Schottky defect
In other word : Schottky defect involves a coupled cation vacancy and anion vacancy.
e. Frenkel Defect : Is a vacancy-interstitial pair formed when an ion jumps from a normal lattice point to an interstitial site, as in Figure below, leaving behind a vacancy. This type of imperfection is more common in ionic crystals, because the positive ions, being smaller in size, get lodged easily in the interstitial positions. a Frenkel defect can also occur in metals and covalently bonded materials. Frenkel and Schottky defects together are called intrinsic defects.
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Frenkel Defect
Note : 
In pure alkali halides the most common lattice vacancies are Schottky defects; in pure silver halides the most common vacancies are Frenkel defects.
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H.W 1 : The concentration of Schottky defects in an ionic crystal (1 in 1010) at a temperature of (300K). Estimate the average separation in terms of the lattice spacings between the defects at 300K and calculate the value of the concentration to be expected at (1000K)?
H.W 2: The density of Schottky defects in a certain sample of Nacl is (5 x 1011 m3)at (25 oC). If the interionic (Na+ - Cl-) distance is (2.82Ao), what is the energy required to create one schottky defect?
f. Colour centers :
Pure alkali halide crystals, alkaline earth fluorides, or metal oxides are transparent throughout the visible region of the spectrum.

A color center is a lattice defect that absorbs visible light. Electrons in defect region only absorb light at certain range of wavelength. The color seen is due to lights not absorbed.

An ordinary lattice vacancy does not color alkali halide crystals, although it affects the absorption in the ultraviolet. This phenomenon is common in many transparent insulators (example: diamond). Many metal oxides fall in this category.
Examples of color centers:
· A diamond with (C) vacancies (missing carbon atoms) absorbs light, and these centers give green color.
· Replacement of (Al+3) for (Si+4) in quartz gives rise to the color of smoky quartz.
· A ruby (Al2O3) may contain (< 1% Cr) and it will look pink or red, but the same material without (Cr) will be completely colorless.

The crystals may be colored in a number of ways:

1. by the introduction of chemical impurities.
2. by the introduction of an excess of the metal ion (we may heat the crystal in the vapor of the alkali metal and then cool it quickly-an NaCl crystal heated in the presence of sodium vapor becomes yellow; a KC1 crystal heated in potassium vapor becomes magenta).
3. by x-ray, γ-ray, neutron, and electron bombardment.

4. by electrolysis.
Atomic and electronic defects of various types which produce optical absorption bands, in otherwise, transparent crystals such as the alkali halides, alkaline earth fluorides, or metal oxides. They are general phenomena found in a wide range of materials.
· F Centers : We usually produce (F) centers by heating the crystal in excess alkali vapor or by (X-irradiation). The (F) center has been identified by electron spin resonance as an electron bound at a negative ion vacancy.
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When excess alkali atoms are added to an alkali halide crystal, a corresponding number of negative ion vacancies are created. In other words, there is a surplus of electrons. The valence electron of the alkali atom is not bound to the atom; the electrons migrates in the crystal and becomes bound to a vacant negative ion site. A negative ion vacancy in a perfect periodic lattice has the effect of an isolated positive charge: it attracts and binds an electron. We can simulate the electrostatic effect of a negative ion vacancy by adding a positive charge (q) to the normal charge (-q) of an occupied negative ion site. The (F) center is the simplest trapped-electron center in alkali halide crystals. The optical absorption of an (F) center arises from an electric dipole transition to a bound excited state of the center.
· Other Centers in Alkali Halides : 
1. (FA) center : One of the six nearest positive neighbors which bind an (F) center is replaced with another type of alkali ion.
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2. (M) center : An (M) center consists of two adjacent (F) centers.
[image: image17.emf]
3. (R) center : An (R) center consists of three adjacent (F) centers.
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Different centers are distinguished by their optical absorption frequencies.
4. (Vk) center : The antimorph to the (F) center is a hole trapped by a pair of negative ions at a positive ion vacancy, No lattice vacancies or extra atoms are involved in a (Vk) center. The center at the left of the figure probably is not stable. Holes have a lower energy trapped in a (Vk), center than in an anti-F center.
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g. Polarons : When a charge carrier (an electron or hole) is placed into a solid, the surrounding ions can interact with it (e.g., positive ions will be slightly attracted to a negatively charged carrier). The ions can adjust their positions slightly, balancing their interactions with the charge carrier and the forces that hold the ions in their regular places. This adjustment of positions leads to a polarization locally centered on the charge carrier. The induced polarization will follow the charge carrier when it is moving through the medium. The combo of the carrier (+) the surrounding polarization is a polaron.
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h. Excitons : An exciton is a bound state of an electron and hole which are attracted to each other by the electrostatic Coulomb force. It is an electrically
neutral quasi particle that exists in insulators, semiconductors and some liquids. The exciton is regarded as an elementary excitation of condensed matter that can transport energy without transporting net electric charge
2. Line defects (One – Dimensional Defects) : 
Line defects are known as one- dimensional defects. The effect of these defects appear along a line in the crystal geometry. These defects are also called dislocations. These dislocations occur generally due to presence of incomplete atomic planes which arise due to growth accidents, plastic deformation, during solidification, thermal stresses that result from rapid cooling. the presence of dislocations in the crystal decrease its mechanical strength. Virtually all crystalline materials contain some dislocations. The density of dislocations in a crystal is measures by counting the number of points at which they intersect a random cross-section of the crystal. These points, called etch-pits, can be seen under microscope. In an annealed crystal, the dislocation density is the range of (108-1010 m-2 ).
Dislocations are characterized by the Burgers vector (b), whose direction and magnitude can be determined by constructing a loop around the disrupted region and noticing the extra inter-atomic spacing needed to close the loop. Dislocations occur when an extra incomplete plane is inserted. The dislocation line is at the end of the plane.
    Dislocations have distortional energy associated with them as is evident from the presence of tensile/compressive/shear stresses around a dislocation line. Strains can be expected to be in the elastic range, and thus stored elastic energy per unit length of the dislocation can be obtained from the following equation: 
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---------------- 1
where ;

G : shear modulus and , b : Burger’s vector. 


Dislocations in the real crystal can be classified into two groups based on their geometry – full dislocations and partial dislocations. Partial dislocation’s Burger’s vector will be a fraction of a lattice translation, whereas Burger’s vector is an integral multiple of a lattice translation for full dislocation. As mentioned above, elastic energy associated with a dislocation is proportional to square of its Burger’s vector; dislocation will tend to have as small a Burger’s vector as possible. This explains the reason for separation of dislocations that tend to stay away from each other.
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In general, dislocations are classified into two categories:

a. Edge dislocation (Taylor-Orowan dislocation):
This dislocation is characterized by a Burger’s vector that is perpendicular to the dislocation line. It may be described as an edge of an extra plane of atoms within a crystal structure. Thus regions of compression and tension are associated with an edge dislocation. Because of extra incomplete plane of atoms, the atoms above the dislocation line are squeezed together and are in state of compression whereas atoms below are pulled apart and experience tensile stresses. Edge dislocation is considered positive when compressive stresses present above the dislocation line, and is represented by (┴). If the stress state is opposite i.e. compressive stresses exist below the dislocation line, it is considered as negative edge dislocation, and represented by (┬). A schematic view of edge dislocations are shown in figure below.
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A pure edge dislocation can glide or slip in a direction perpendicular to its length i.e. along its Burger’s vector in the slip plane (made of b and t vectors), on which dislocation moves by slip while conserving number of atoms in the incomplete plane. It may move vertically by a process known as climb, if diffusion of atoms or vacancies can take place at appropriate rate.
As shown in the set of images below, the dislocation moves similarly a small amount at a time. The dislocation in the top half of the crystal is slipping one plane at a time as it moves to the right from its position. In the process of slipping one plane at a time the dislocation propagates across the crystal. The movement of the dislocation across the plane eventually causes the top half of the crystal to move with respect to the bottom half. However, only a small fraction of the bonds are broken at any given time. Movement in this manner requires a much smaller force than breaking all the bonds across the middle plane simultaneously.
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b. Screw dislocation (Burgers dislocation) : 
has its dislocation line parallel to the Burger’s vector. A screw dislocation is like a spiral ramp with an imperfection line down its axis. Screw dislocations result when displacing planes relative to each other through shear. Shear stresses are associated with the atoms adjacent to the screw dislocation; therefore extra energy is involved as it is in the case of edge dislocations. Screw dislocation is considered positive if Burger’s vector and t-vector or parallel, and vice versa. (t-vector – an unit vector representing the direction of the dislocation line).
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A positive screw dislocation is represented by “a dot surrounded by circular direction in clock-wise direction”, whereas the negative screw dislocation is represented by “a dot surrounded by a circular direction in anti-clock-wise direction”. A schematic view of a negative screw dislocation is shown in figure below.
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Notes :
· A screw dislocation does not have a preferred slip plane, as an edge dislocation has, and thus the motion of a screw dislocation is less restricted than the motion of an Edge dislocation. As there is no preferred slip plane, screw dislocation can cross-slip on to another plane, and can continue its glide under favorable stress conditions. However, screw dislocation can not move by climb process, whereas edge dislocations can not cross-slip.
· Edge dislocation arises when there is a slight mismatch in the orientation of adjacent parts of the growing crystal. A screw dislocation allows easy crystal growth because additional atoms can be added to the ‘step’ of the screw. Thus the term screw is apt, because the step swings around the axis as growth proceeds. Unlike point defects, these are not thermodynamically stable. They can be removed by heating to high temperatures where they cancel each other or move out through the crystal to its surface.
· Other geometrical characteristics of dislocations are : 

1. vectorial sum of Burger’s vectors of dislocations meeting at a point, called node, must be zero.
2. t-vectors of all the dislocations meeting at a node must either point towards it or away from it.
3. a dislocation line can not end abruptly within the crystal. It can close on itself as a loop, or ends either at a node or at the surface. 

Q : Write a short note on Burger’s vector ?
Ans : Burger’s vector : (The magnitude and direction of the dislocation can be understood from the concept of Burger’s vector.

Let us consider a starting point (P) in a crystal and move (X-times) the atomic distance in the positive (X- direction) and move (Y- times) the atomic distance in the positive (Y- direction) and then move (X-times) the atomic distance in the negative (Y-direction). After this process the starting and ending point will be same (P). this happens in the case of an ideal crystal. It is shown in Figure 1 and Fig. 2. This circuit is known as a Burger’s vector.
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In the case of dislocated crystal, if the starting point is (P), then ending point will be (Q). It means to reach the initial point (P), there is an extra distance (b) as shown in Fig. 3 and Fig. 4, The connecting vector between the starting point and ending point is known as Burger’s vector of the dislocation. This given direction and magnitude of the dislocation. The Burger’s vector is perpendicular to the edge dislocation and is parallel to the screw dislocation.
Q : Distinguish between edge and screw dislocations ?

Ans: The difference between edge dislocation and screw dislocation is ;
	Sl.

No.
	Edge dislocation
	Screw dislocation

	1. 
	In edge dislocation, an edge of atomic plane is formed internal to the crystal.


	In screw dislocation, only distortion of the lattice cell in the immediate vicinity is proved.

	2. 
	It is perpendicular to its Burger’s vector.
	It is parallel to Burger’s vector.

	3. 
	It moves in the direction of the Burger vector
	It moves in a direction perpendicular to the Burger’s vector.

	4. 
	If the incomplete plane is above the slip plane then it is known as positive edge dislocation and is represented by the symbol (┴).
	If the spiral motion of the dislocation is in clock-wise direction then it is known as right handed screw dislocation.

	5. 
	If the incomplete plane is below the slip plane then it is known as negative edge dislocation and is represented by the symbol ┬.
	If the spiral motion of the dislocation is in anti – clock wise direction then it is known as left handed screw dislocation.

	6. 
	The amount of force required to form and move an edge dislocation is less.
	The amount of force required to form and move a screw dislocation is more.

	7. 
	Speed of movement of an edge

dislocation is lesser.
	Speed of movement of a screw dislocation is greater.
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Dislocation Climb:

Climb is the name given to the motion of dislocations when the extra “half” plane is extended farther into a crystal or partially withdrawn from it. Clearly, the climb process is not a motion of the plane, but rather its growth or shrinking as a result of the addition of atoms or “vacancies” respectively from the environment of the dislocation, as figure below.
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Dislocation climb by (a) loss of atoms to surrounding vacancies

and (b) incorporation of interstitial atoms.
Multiplication of Dislocations:

Since during slip each dislocation leaves the matrix, macroscopic deformation could not take place given normal dislocation densities in the range of (106 – 108 cm3). Examination of the deformed crystals indicates that multiplication of dislocations takes place during deformation. While there are a multitude of multiplication mechanisms.
Dislocation Interactions :

The relative ease with which dislocations move across a solid matrix can be attributed to the severe displacements of atoms in the core of dislocations. If these local stresses are reduced, the mobility of dislocations - and thus the ease of slip - is reduced. It is found that impurities in the vicinity of dislocation cores tend to reduce the local distortion energy of the dislocations and thus stabilize the system against slip. In many systems impurities are intentionally added (e.g., solid solution hardening) to increase the strength of materials. Similarly, micro-precipitates tend to impede dislocation motion (e.g., precipitation hardening).
Surface (Planar) Defects (Interfacial Imperfections) : 

Planar defects, or two-dimensional defects, refer to irregularities in the crystalline lattice that occur across a planar surface of the crystal. These may be due to an internal error in the crystal structure, or interfaces between two different materials, including interfaces with different phases of matter. Internal planar defects include stacking faults, twin boundaries, grain boundaries, and interphase boundaries, while external planar defects refer to surface defects caused by an interaction of the crystal with a gas or liquid environment.

There are several different types of interfacial, or planar imperfections, in solids can be grouped into the following categories :
1. Interfaces between solids and gases, which are called free surfaces.

2. Interfaces between regions where there is a change in the electronic structure, but no change in the periodicity of atom arrangement, known as domain boundaries.

3. Interfaces between two crystals or grains of the same phase where there is an orientation difference in the atom arrangement across the interface; these interfaces are called grain boundaries.

4. Interfaces between different phases, called phase boundaries, where there is generally a change of chemical composition and atom arrangement across the interface.
Grain boundaries are peculiar to crystalline solids, while free surfaces, domain boundaries and phase boundaries are found in both crystalline and amorphous solids.

a. Free Surfaces :
Because of their finite size, all solid materials have free surfaces. The arrangement of atoms at a free surface differs slightly from the interior structure because the surface atoms do not have neighboring atoms on one side. Usually the atoms near the surface have the same crystal structure but a slightly larger lattice parameter than the interior atoms.

Perhaps the most important aspect of free surfaces is the surface energy (") associated with surfaces of any solid. The source of this surface energy may be seen by considering the surroundings of atoms on the surface and in the interior of a solid. To bring an atom from the interior to the surface, we must either break or distort some bonds - thereby increasing the energy. The surface energy is defined as the increase in energy per unit area of new surface formed. In crystalline solids, the surface energy depends on the crystallographic orientation of the surface - those surfaces that are planes of densest atomic packing are also the planes of lowest surface energy. This is because atoms on these surfaces have fewer of their bonds broken or, equivalently, have a larger number of nearest neighbors within the plane of the surface. Typical values of surface energies of solids range from about (10-1 to 1 J/m2). Generally, the stronger the bonding in the crystal, the higher the surface energy.

Surface energies can be reduced by the adsorption of foreign atoms or molecules from the surrounding atmosphere. For example, in mica the surface energy of freshly cleaved material in a vacuum is much higher than the surface energy of the same surface cleaved in air. In this instance, oxygen is adsorbed from the air to partially satisfy the broken bonds at the surface. Impurity atom adsorption makes it almost impossible to maintain atomically clean surfaces. As a result, surface properties such as electron emission, rates of evaporation and rates of chemical reactions are extremely dependent on the presence of any adsorbed impurities. These properties will be different if the measurements are made under conditions giving different surface adsorption.
b. Grain Boundaries

Crystalline solids are, usually, made of number of grains separated by grain boundaries. Grain boundaries separate regions of different crystallographic orientation or (When two or more single crystals of different orientation meet, grain boundaries are formed). 
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The simplest form of a grain boundary is an interface composed of a parallel array of edge dislocations. This particular type of boundary is called a tilt boundary because the misorientation is in the form of a simple tilt about an axis, parallel to the dislocations, in other word (The axis of rotation is parallel to the plane of the grain boundary), as shown in Figure below. Tilt boundaries are referred (called) to as low-angle boundaries because the angle of misorientation is generally less than 10°.
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When a grain boundary has a misorientation greater than 10° or 15° or the axis of rotation is perpendicular to the plane of the grain boundary, as shown in figure below, it is called twist boundary which is formed of screw dislocations. 
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It is no longer practical to think of the boundary as being made up of dislocations because the spacing of the dislocations would be so small that they would lose their individual identity. The grain boundary represents a region a few atomic diameters wide where there is a transition in atomic periodicity between adjacent crystals or grains.
Grain boundaries have an interfacial energy because of the disruption in atomic periodicity in the vicinity of the boundary and the broken bonds that exist across the interface. The interfacial energy of grain boundaries is generally less than that of a free surface because the atoms in a grain boundary are surrounded on all sides by other atoms and have only a few broken or distorted bonds.

Solids with grain boundaries are referred to as polycrystalline, since the structure is composed of many crystals - each with a different crystallographic orientation. In the case of iron the grain boundary structure can be revealed by preferential chemical attack (etching) at the grain boundaries, while the grain structure in polyethylene is revealed by the use of polarized light. The grain structure is usually specified by giving average grain diameter or by using a scheme developed by the American Society for Testing and Materials (ASTM). In the ASTM procedure the grain size is specified by a “grain size number” (n) where ((N = 2n-1)) with (N) equal to the number of grains per square inch when the sample is viewed at (100X) magnification. For example, at a magnification of (X = 100), a material with grain size number (8) will show (128) grains per inch2 - this material in effect has (at X = 1) (1.28 x 106) grains per square inch. If the grains are approximately square in cross section, this corresponds to an average grain dimension of (8.8 x 10-4 in).
In polycrystalline samples the individual grains usually have a random crystallographic orientation with respect to one another, and the grain structure is referred to as randomly oriented. In some instances, however, the grains all have the same orientation to within a few degrees. In this instance the material is said to have a preferred orientation or texture.
The spacing between the dislocations, (D), of low angle grain boundaries is given in equation below, where (b) is the magnitude of the burgers vector, which measures the degree of the misalignment introduced into the lattice due to one dislocation, and Bis the rotation angle.
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The size of the grains and the orientation between neighboring grains has an effect on properties of the polycrystalline material. For instance, a material with large grains and only a small misorientation between grains would have properties closer to a single crystalline material than a material with small, highly disordered grains.
c. Phase Boundaries :
A phase is defined as a homogeneous, physically distinct and mechanically separable portion of the material with a given chemical composition and structure. Phases may be substitutional or interstitial solid solutions, ordered alloys or compounds, amorphous substances or even pure elements; a crystalline phase in the solid state may be either polycrystalline or exist as a single crystal.
Solids composed of more than one element may - and often do - consist of a number of phases. For example, a dentist’s drill, something painfully familiar to all of us, consists of a mixture of small single crystals of tungsten carbide surrounded by a matrix of cobalt. Here the cobalt forms a continuous phase. Polyphase materials such as the dentist’s drill are generally referred to as composite materials. Composite materials have great importance in the engineering world because they have many attractive properties that set them apart from single-phase materials. For example, the dentist’s drill has good abrasive characteristics (due to the hard carbide particles) and good toughness and impact resistance (due to the continuous cobalt matrix). Neither the tungsten carbide nor the cobalt has both abrasion resistance and impact resistance, yet the proper combination of the two phases yields a composite structure with the desired properties.
The nature of the interface separating various phases is very much like a grain boundary. Boundaries between two phases of different chemical composition and different crystal structure are similar to grain boundaries, while boundaries between different phases with similar crystal structures and crystallographic orientations may be analogous to low-angle grain boundaries in both energy and structure.
The concept of a solid consisting of a continuous phase and a discontinuous phase (or phases) leads to a simple classification of the various types of composite materials. Table below gives this classification, which is based on the structure (whether amorphous or crystalline) of the continuous and discontinuous phases.
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Interphase boundaries occur when one crystalline material shares an interface with another crystalline material. Depending on the properties of each material, the interface will be either coherent, semi-coherent, or incoherent.
Coherent interphase boundaries will form when the two materials have similar geometries and a layer thickness less than the critical thickness for that material interface. The critical thickness, (dcrit) is approximated by equation below, where (b) is the magnitude of the Burger's vector for a dislocation and (f) is the lattice mismatch between the two materials. Since the critical thickness is indirectly proportional to the lattice mismatch of the two materials, in order to have a coherent interface it is necessary to have a small enough lattice mismatch in order to have a reasonable critical thickness (thicker than a few monolayers):
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While a small amount of strain may be introduced at a coherent boundary, no defects will be introduced due to the material change. A coherent boundary is shown in figure below.

[image: image36.emf]
Semi-coherent interphase boundaries will form when the two materials have similar geometries but a larger lattice mismatch, or the layer thickness exceeds the critical thickness. In this case, edge dislocations tend to form due to increased strain within the material. A semi-coherent boundary is shown in figure below.

[image: image37.emf]
Incoherent interphase boundaries have a highly disordered structure that lack orientation relationships and have high energies. Little is known about the detailed structure of this type of interface. External planar defects occur when the crystal periodicity is interrupted and bonds are broken, leading to dangling bonds. This occurs at the surface of the crystal and affects the outermost atomic layers, or surface region. When this occurs, the atoms on the surface have a smaller coordination number, or number of nearest neighbors, than the atoms in the bulk crystal, and therefore have significantly different properties than the bulk crystal. The dangling bonds cause the surface to be more chemically and electrically active.

Since it takes energy to break the bonds, creating a surface takes energy, referred to as surface energy, which is always a positive amount. The surface wants to minimize its energy by reducing the number of dangling bonds, which it may do through surface relaxation or surface reconstruction. Surface relaxation is achieved by a change in the distance between the first and second layers of atoms at the surface. Typically the distance is reduced but there are a few cases where it is increased. Surface reconstruction occurs when the surface forms a different structure than the bulk structure. The silicon (001) surface relies on surface reconstruction in order to minimize its surface energy.
d. Stacking faults :
Stacking faults occur when a single plane of atoms within the crystalline lattice is misoriented or out of order. For example, the cubic close packed structure follows an (ABCABC …..) stacking order, however an error in this order such as a stacking of (ABCABABC …..) produces a stacking fault, as show in figure below.

There are two kinds of stacking faults in FCC crystals which is :

(a) ABC AC ABC…where CA CA represent thin HCP region which is nothing but stacking fault in FCC.

(b) ABC ACB CABC is called extrinsic or twin stacking fault.
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e. Twin boundaries : 

It is a special type of grain boundary across which there is specific mirror lattice symmetry. Twin boundaries occur in pairs such that the orientation change introduced by one boundary is restored by the other. The region between the pair of boundaries is called the twinned region. Twins which forms during the process of recrystallization are called annealing twins, whereas deformation twins form during plastic deformation. Twinning occurs on a definite crystallographic plane and in a specific direction, both of which depend on the crystal structure. Annealing twins are typically found in metals that have FCC crystal structure (and low stacking fault energy), while mechanical/deformation twins are observed in BCC and HCP metals. Annealing twins are usually broader and with straighter sides than mechanical twins. Twins do not extend beyond a grain boundary. 

[image: image39.emf]
Twin boundaries are also occur when a stacking fault reorients the rest of the crystal, forming a mirror plane within the crystal. For example, in the (ABCABC …..) stacking order of the cubic close packed structure, a new stacking order of (ABCABACBA …..) would cause a twin boundary, where the center "B" plane would be a mirror plane. A schematic of a twin boundary is shown in figure below.
[image: image40.emf]
4. Volume defects :
Volume defects also known as bulk defects, as name suggests are defects in 3-dimensions. These include pores, cracks, foreign inclusions and other phases. These defects are normally introduced during processing and fabrication steps. All these defects are capable of acting as stress raisers, and thus deleterious to parent metal’s mechanical behavior. However, in some cases foreign particles are added purposefully to strengthen the parent material. The procedure is called dispersion hardening where foreign particles act as obstacles to movement of dislocations, which facilitates plastic deformation. The second - phase particles act in two distinct ways – particles are either may be cut by the dislocations or the particles resist cutting and dislocations are forced to bypass them. Strengthening due to ordered particles is responsible for the good high-temperature strength on many super-alloys. However, pores are detrimental because they reduce effective load bearing area and act as stress concentration sites.
Anther definition of Volume defects; are clusters of point defects. Clusters of defects are produced when the crystal become supersaturated. Each point defect introduced into a crystal has a certain level of solubility, which defines the maximum concentration of the impurity in the host crystal. In general, solubility is temperature dependent and decreases as the crystal is cooled down. When the concentrations of defects exceed their solubility limit or the crystal is cooled down after it gets saturated, it becomes supersaturated with that defect. The crystal under a supersaturated condition tries to achieve an equilibrium condition by condensing the excess defects into clusters with different phase regions. Clusters of vacancies forming small regions where there are no atoms are called voids. High concentration of point defects in semiconductors results in formation of microvoids.
Clusters of foreign atoms forming small regions of different phase are often called precipitates. For example, (Zn) in In (P) at a doping level exceeding (1x 1018 cm-3) forms precipitates. Another example is precipitates in silicon which occurs during the processing of wafers into integrated circuits. There are two foreign particle formation mechanisms; precipitates and inclusion incorporation. Precipitates are formed due to the retrograde solubility of native point defects. When the grown crystal is cooling down, the solidus line is crossed and nucleation of the second phase takes place. In contrast to precipitates, inclusions are formed by capturing melt solution droplet from the diffusion boundary layer adjacent to the growing interface and enriched by the rejected excess component.
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