
Chemistry and Material Science 
  
1. Physical Properties of Materials 

 Macroscopic properties inferred from bonding 
 
Metallic Bonding 

 Atoms have low electronegativity (release electrons easily) 

 Valence electrons appear to drift freely throughout metal 

 3D bonding 

 Metallic bonds are strong 
 
Ionic Bonding 

 Transfer of electrons form metal to non-metal 
 
Covalent Bonding 

 Sharing electrons between non-metals 

 Can give rise to molecules 

 Molecules have:  
- strong intramolecular bonds (covalent)  
- weak intermolecular bonds (van der Waals) 

 
Thermal Conduction 

 Mechanism 

 The contribution from ke increases with increasing free election concentrations 

 In metals: ke >> kl 
In ceramics: kl >> ke 

 k = kl + ke 

 Microstructure can affect this 
 
Thermal Shock 

 Two most important properties that determine resistance to thermal shock: 
- Thermal conductivity 
Better conductivity = less chance of thermal shock 
- Coefficient of thermal expansion 

 Lower coefficient = less chance of thermal shock 
 
Types of Properties 

 Chemical composition 

 Acidic/alkaline 

 Degradation 

 Density 

 Conductivity 

 Optical – (Transparent/ Opaque) 

 Acoustic 

 Flammability 

 Strength – (Resistance-to-force capability) 

 Elasticity – (ability to recover totally from deformation) 

 Plasticity – (permanent deformation) 

 Stiffness – (flexible/ rigid) 

 Toughness (energy absorbed during fracture) 



 Ductility (does it deform before it breaks) 

 Hardness (resistance to indentation/ scratching (permanent deformation)) 

 Size 

 Shape 

 Materials data 

 Materials classification 

 Relationships- property bar-charts 
 
Material Selection 

 Cost 

 Life 

 Durability 

 Appearance 

 Nature of liquid to be held 
 

 Balancing these factors against the properties of the available materials is the typical role of 
the design engineer. 

 Expanding the list of choices is the role of the materials scientists. 
 

 Properties, then, are the interface between the requirements of performance and 
environment and the selection of the material. 

 
Four groups for materials: 

 Chemical 

 Mechanical 

 Physical 

 Dimensional 
 
Four groups of materials: 

 Ceramics 

 Metals 

 Polymers 

 Composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2. Atomic Bonding 
 
Electrons 

 While chemical identification is done relative to the nucleus, atomic bonding involves 
electrons and electron orbitals. 

 Mass = 0.911 x 10-27 g. Negligible contribution to atomic mass.  

 Charge = 0.16 x 10-18 coulomb ( C ).  

 Electrons are excellent examples of the wave-particle duality; that is , they are atomic-scale 
entities exhibiting both wave like and particle-like behaviour. 

 The bonding of adjacent atoms is essentially an electronic process. Strong primary bonds are 
formed when outer orbital electrons are transferred or shared between atoms. Weaker 
secondary bonds result from a more subtle attraction between positive and negative 
charges with no actual transfer or sharing of electrons. 

 
Ionic bond 

 An ionic bond is the result of electron transfer from one atom to another. Electron transfers 
from metal  non-metal. 

 Ionic bonding is non-directional; a positive charged cation will attract any adjacent negative 
anion equally in all directions. 

 The NaCl structure is an excellent example of ionically bonded material, as the ions are 
stacked together systematically to maximize the number of oppositely charged ions adjacent 
to any given ion. The bond is the result of coulombic attraction between the oppositely 
charged species, 
     Fc = -K / a2 
 
a = the separation distance between the centers of ions 
 
     K = ko (Z1q)(Z2q) 
 
Z = valence of ion 
q = charge of single electron 
k = 9 x 109 V.m/c 
 

 Bond length is NOT zero, as the attempt to move two oppositely charged ions closer 
together to increase coulombic attraction is counteracted by an opposing repulsive force, Fk, 
which is due to the overlapping of the similarly charged (negative) electric fields from each 
ion, as well as the attempt to bring the two positively charged nuclei closer together. 
   

     Fk = e-a/p 
 

 & p are experimentally determined constants for a given ion pair 
 

 Net bonding force: 
   
     F = Fc + Fk 
 

 The net cohesiveness of the solid is due to the fact that any given ion is immediately 
surrounded by ions of opposite sign for which the coulombic term is positive. This 
overcomes the smaller, repulsive term due to more distant ions of like sign. 

 Bonding energy, E, is related to bonding force through the differential expression: 
  



     F = dE/da 
 

 The coordination number (CN) is the no. of adjacent ions or atoms surrounding an ion/atom. 

 For ionic compounds, the coordination no. of the smaller ion can be calculated is a 
systematic way by considering the greatest number of larger ions (of opposite charge) that 
can be in contact with the smaller one. The CN depends directly on the relative sizes of the 
oppositely charged ions. 

 
Covalent Bond 

 The covalent bond is highly directional. 

 Involves the sharing of valence electrons between non-metals. 

 Covalent bonding can produces coordination numbers substantially smaller than predicted 
by the radius ratio considerations of ionic bonding. 

 The ionic bonding force and bonding energy curves for covalent bonding look similar to 
those for ionic bonding. The different nature of the two types of bonding implies, of course, 
that the ionic force equations do not apply. 

 The bond angle is determined by the directional nature of valence electron sharing. 
 
Metallic bonding 

 Involves electron sharing and is non-directional. 

 In the case, the valence electrons are said to be delocalized electrons; that is, they have an 
equal probability of being associated with any of a large number of adjacent atoms. 

 In typical metals, this delocalization is associated with the entire material, leading to an 
electron cloud. This is the basis for the high electrical conductivity in metals. 

 The concept of a bonding energy well, or trough applies. 

 Bond energy curve – pg. 24 

 As with ionic bonding, bond angles and coordination numbers are determined primarily by 
efficient packing considerations, so CN tend to be high (8  12). 

 
The Secondary/ van der Waals bond 

 The major source of cohesion in a given engineering material is one or more of the three 
primary bonds just covered. Typical primary bond energies range from 200-700 kJ/mol. 

 Secondary/ van der Waals bonding – some atomic bonding without electron transfer or 
sharing. 

 Attraction depends on asymmetrical distributions of positive and negative charges within 
each atom or molecular unit bonded. Such charge asymmetry is referred to as a dipole. 

 Secondary bonding can be of two types: temporary or permanent dipoles. 

 E.g. an isolated argon atom has a perfectly spherical distribution of negative electrical charge 
surrounding its positive nucleus. However, when another argon atom is brought nearby, the 
negative charge is drawn slightly toward the positive nucleus of the adjacent atom. This 
slight distortion of charge distribution occurs simultaneously in both atoms. The result is an 
induced dipole.  

 Secondary bonding energies are somewhat greater when molecular units containing 
permanent dipoles are involved. Best e.g. hydrogen bridge in H2O molecules. 

 The greater charge separation possible in a polar molecule, a molecule with a permanent 
separation of charge, gives a larger dipole moment (product of charge and separation 
distance between centers of positive and negative charge) and therefore a greater bond 
energy. 

 
3. Crystalline Structure 
 



7 systems and 14 lattices 

 The central feature of crystalline structure is that it is regular and repeating. 

 Any crystalline structure could be described as a pattern formed by repeating various 
structural units. As a practical matter, there will generally be a simplest choice to serve as a 
representative structural unit. Such a choice is referred to as a unit cell. The length of unit-
cell edges and the angles between crystallographic axes are referred to as lattice constants, 
or lattice parameters. 

 The key feature of the unit cell is that it contains a full description of the structure as a 
whole. 

 All possible structures reduce to a small number of basic unit-cell geometries, which is 
demonstrated in two ways. Firstly, there are only seven unique unit-cell shapes that can be 
stacked together to fill three-dimensional space. Second, we must consider how atoms can 
be stacked together within a given unit cell. There are a limited number of possibilities, 
referred to as the 14 Bravais lattices. Periodic stacking of unit cells generates point lattices, 
arrays of points with identical surroundings in three dimensional space. 

 7 crystal systems, 14 Bravais lattices – pg. 42 
 
Metal Structures 
Body-centred cubic  

 One atom centered on each lattice point. There is one atom at the center of the unit cell and 
one-eighth atom at each of eighth unit-cell corners. (Each corner atom is shared by eight 
adjacent unit cells.) Thus, there are two atoms in each bcc unit cell. The APF = 0.68 and 
represents the fraction of the unit cell volume occupied by the two atoms. Typical metals 
with this structure: αFe, V, Cr, Mo and W. An alloy in which on e of these metals is the 
predominant constituent will tend to have this structure also. 

 
Face-centred cubic 

 Bravais lattice with one atom per lattice point. There is one-half atom (i.e. one atom shared 
between two unit cells) in the center of each unit-cell face and one-eighth atom at each unit 
cell corner, for a total of four atoms in each fcc unit cell. APF = 0.74, which is the highest 
value possible for filling space by stacking equal-sized hard spheres. Also, known as cubic 
closed packed (ccp). 
Typical metals: γFe, Al, Ni, Cu, Ag, Pt and Au. 

 
Hexagonal close-packed 

 Two atoms associated with each Bravais lattice point.  
One atom centered within the unit cell and various fractional atoms at the unit-cell corner 
(four 1/6 atoms and four 1/12 atoms) for a total of two atoms per unit cell. This structure is 
as efficient in packing spheres as is the fcc structure, = 0.74. 
The two structures are each regular stackings of close-packed planes. The difference lies in 
the sequence of packing of these layers. The FCC arrangement is such that the fourth close 
packed layer lies precisely above the first one. In the HCP structure, the third close packed 
layer lies precisely above the first one. 
FCC stacking = ABC ABC  
HCP stacking = AB AB 
Typical metals: Be, Mg, α-Ti, Zn and Zr. 

 BCC, FCC, HCP stacking structure – pg. 44 

 Relationship between Unit-cell size (edge length) and Atomic Radius for the Common 
Metallic Structures 

 BCC  a = 4r/31/2 

 FCC  a = 4r/21/2 



 HCP  a = 2r 
 
Ceramic Structures 

 The wide variety of chemical compositions of ceramics is reflected in their crystalline 
structures. 

 The following is only a list of the most important and representative. 

 Ionic packing factor (IPF) is the fraction of the unit-cell volume occupied by the various 
cations and anions. 

 MX Ceramics 

 Where M is a metallic element and X is a non metallic element. E.g. NaCl structure 
can be viewed as the intertwining of two fcc structures, on e of the sodium ions and 
one of chlorine ions. The NaCl structure can be described as having an fcc Bravais 
lattice with two ions (Na+ and Cl-) associated with each lattice point. There are eight 
ions (4Na and 4Cl) per unit cell. Some important ceramic oxides with this structure 
are MgO, CaO, FeO and NiO. 

 MX2 

 E.g. fluorite (CaF2) structure, which is built on an fcc Bravais lattice with three ions 
associated with each lattice point. There are 12 ions per unit cell. Typical ceramics 
with this structure are: UO2, ThO2, and TeO2. There is an unoccupied volume near 
the center of the fluorite unit cell that plays an important part in nuclear materials 
technology. 

 Perhaps the most important ceramic, silica (SiO2), has a complex structure. There is 
not a single structure to describe it, but many (under different conditions of 
temperature and pressure). The general feature of all SiO2 structures is the same – a 
continuously connected network of SiO4

4- tetrahedral. The sharing of O2- ions by 
adjacent tetrahedral gives the overall chemical formula SiO2. Although the basic 
tetrahedral, are present in all SiO2 crystal structures, the arrangement of connected 
tetrahedral changes.  

 M2X3 

 Includes the important corundum (Al2O3). This structure is in a rhombohedral 
Bravais lattice, but it closely approximates a hexagonal lattice. There are 30 ions per 
lattice site and unit cell. The Al2O3 structure closely approximates close packed O2- 
sheets with two-thirds of the small interstices between sheets filled with Al3+. Both 
Cr2O

3 and α-Fe2O3 have the same structure. 
 

 Graphite 

 Although monoatomic, graphite is much more ceramic like than metallic. The 
hexagonal rings of carbon atoms are strongly bonded by covalent bonds. The bonds 
between layers are, however, of the van der Waals type, accounting for graphite’s 
friable nature and application as a useful “dry” lubricant. 

 Buckminsterfullerene 

 C60 molecule. Discovered during experiments on the laser vaporization of carbon in a 
carrier gas such as helium. The experiments had intended to simulate the synthesis 
of carbon chains in carbon stars. The result, however, was a molecular-scale version 
of the geodesic dome. 

 The uniform distribution of 12 pentagons among 20 hexagons is precisely the form of a 
soccer ball, leading to the nickname for the structure as a buckyball. 

 Although pentagons are necessary to give the approximate spherical curvature of the 
buckyballs, extensive research on these unique mats led to the realization that cylindrical 
curvature can result from simply rolling the hexagonal graphite sheets, resulting in a 
buckytube. 



 
 
Polynumeric Structures 

 Compared with the stacking of individual atoms and ions in metals and ceramics, the 
arrangement of these long molecules into a regular and repeating pattern is difficult. As a 
result, most commercial plastics are to a large degree non-crystalline. 

 The complexity of the unit cells of common polymers is generally quite complex. One 
relatively simple e.g. is polyethylene. -(-C2H4-)-n, is quite simple, but the relatively elaborate 
way in which the long chain molecule folds back and forth on itself. 

 For metals and ceramics, knowledge of the unit-cell structure implies knowledge of the 
crystal structure over a large volume. For polymers, you must be cautious. Single crystals of 
polyethylene are difficult to grow. When produced (by cooling a dilute solution), they tend 
to be thin platelets, about 10 nm thick. Since polymer chains are generally several hundred 
nm long, the chains must be folded back and forth in a sort of atomic-scale weaving. 

 
Semiconductor Structures 

 The technology developed by the semiconductor industry for growing single crystals has led 
to crystals of phenomenally high degrees of perfection. 

 The elemental semiconductors (Si, Ge and gray Sn) share the diamond cubic structure. This 
structure is built on an FCC Bravais lattice with two atoms associated with each lattice point 
and eight atoms per unit cell. A key feature of this structure is that it accommodates the 
tetrahedral bonding configuration of these group IV A elements. 

 
X-ray Diffraction 

 Diffraction is the result of radiation being scattered by a regular array of scattering centers 
whose spacing is about the same as the wavelength of the radiation. 

 E.g. parallel scratch lines spaced repeatedly about 1µm apart cause diffraction of visible light 
(EM radiation with a wavelength just under 1µm). The precise direction of observed 
scattering is a function of the exact spacing between scratch lines in the diffraction grating, 
relative to the wavelength of the incident light. 

 For x-rays, atoms are the scattering centers. The specific mechanism of scattering is the 
interaction of a photon of electromagnetic radiation with an orbital electron.  A crystal acts 
as a 3D diffraction grating. Repeated stacking of crystal planes serves the same function as 
the parallel scratch lines. 

 For diffraction to occur, x-ray beams scattered off adjacent crystal planes must be in phase. 
Otherwise, destructive interference of waves occurs and essentially no scattering intensity is 
observed. 

 

 Bragg equation 

     n = 2dsin 
 
where: 

 n = the difference in path length between the adjacent x-ray beams 

  = wavelength 

 d = spacing between adjacent crystal planes 

  = angle of scattering 
 

 The magnitude of interplanar spacing (d) is a direct function of the Miller indices for the 
plane. For a cubic system, the relationship is fairly simple. The spacing between adjacent hkl 
planes is  
   



     Dhkl = a / (h2+k2+l2)1/2 
 
Where ‘a’ is the lattice parameter 

 X-ray diffraction - pg. 74 
 
4. Crystal Defects and Noncrystalline Structure – Imperfection 
 
The Solid Solution – Chemical Imperfection 

 Many engineering materials contain significant amount of several components. E.g. 
commercial metal alloys. As a result, all materials that the engineer deals with on a daily 
basis are actually solid solutions.  

 E.g. a solid solution of copper and nickel atoms sharing the fcc crystal structure. Nickel acts 
as a solute dissolving in the copper solvent. This particular configuration is referred to as 
substitutional solid solution because the nickel atoms are substituting for Cu atoms on the 
fcc atom sites. This configuration will tend to occur when the atoms do not differ greatly in 
size. 

 Solid Solutions – pg. 103 

 Hume-Rothery rules: 
1. Less than about 15% difference in atomic radii 
2. The same crystal structure 
3. Similar electronegativities (the ability of the atom to attract an electron) 
4. The same valence 

 If one or more of the Hume-Rothery rules are violated, only partial solubility is 
possible. 

 Figure above shows a random solid solution. By contrast, some systems form ordered solid 
solutions. 

 When atom sizes differ greatly, substitution of the smaller atom on a crystal structure site 
may be energetically unstable. In this case, it is more stable for the smaller atom simply to fit 
into one of the spaces, or interstices, among adjacent atoms in the crystal structure. Such is 
an interstitial solid solution. Interstitial solution is a dominant phase in steels. 

 
Point Defects-Zero-Dimensional Imperfect Ions 

 Structural defects exist in real materials independently of chemical impurities. Imperfections 
associated with the crystalline point lattice are called point defects. 

 Point Defects – pg. 90 

 Figure above illustrates the two common types of point defects associated with elemental 
solids: (1) the vacancy is simply an unoccupied atom site in the crystal structure, and (2) the 
interstitial, or interstitiancy, is an atom occupying an interstitial site not normally occupied 
by an atom in the perfect crystal structure or an extra atom inserted into the perfect crystal 
structure such that two atoms occupy positions close to a singly occupied atomic site in the 
perfect structure. 

 The Schottky defect is a pair of oppositely charged ion vacancies. This pairing is required in 
order to maintain local charge neutrality in the compounds crystal structure.  

 The Frenkel defect is a vacancy-interstitialcy combination. Most of the compound crystal 
structures mentioned previously were too “tight” to allow Frenkel defect formation. 

 Defect structures in compounds can be further complicated by charging due to “electron 
trapping” or “electron hole trapping” at these lattice imperfections. 

 
Linear Defects, or Dislocations – One – Dimensional Imperfections 

 As seen, point (zero-dimensional) defects are structural imperfections resulting from 
thermal agitation. 



 Linear defects, which are one-dimensional, are associated primarily with mechanical 
deformation. Linear defects are also known as dislocations. 

 Linear Defects – pg. 92 

 The above linear defect is commonly designated by the ‘inverted T’ symbol, which 
represents the edge of an extra half-plane of atoms. The edge dislocation, so named 
because the defect, or dislocation line, runs along the edge of the extra row of atoms. For 
the edge dislocation, the Burgers vector is perpendicular to the dislocation line.  

 The screw dislocation derives its name from the spiral stacking of crystal planes around the 
dislocation line. For the screw dislocation, the Burgers vector is parallel to the dislocation 
line. The edge and screw dislocations can be considered the pure extremes of linear defect 
structure. Most linear defects in actual materials will be mixed. 

 
Planar Defects-Two dimensional Imperfections 

 We must also consider that we are limited to a finite amount of any material and that 
material is contained within some boundary surface. This surface is, in itself, a disruption of 
the atomic-stacking arrangement of the crystal. There are various forms of planar defects. 

 Planar Defects – pg. 95 

 The twin boundary separates two crystalline regions that are, structurally, mirror images of 
each other. This highly symmetrical discontinuity in structures can be produced by 
deformation, and by annealing. 

 Hirth-Pound model 
 Model of a crystal surface which shows elaborate ledge systems rather than atomically 
 smooth planes. 

 The most important planar defect to be considered occurs at the grain boundary, the region 
between two adjacent single crystals, or grains. In the most common planar defect, the 
grains meeting at the boundary have different orientations. 

 The predominant microstructural feature of many engineering materials is the grain 
structure. Many materials’ properties are highly sensitive to such grain structures. The 
structure of a grain boundary on the atomic scale depends greatly on the relative 
orientations of the adjacent grains. 

 A grain boundary between two grains at some arbitrary, high angle will tend to consist of 
regions of good correspondence separated by grain-boundary dislocations (GBD), linear 
defects within the boundary plane. The GBD associated with high-angle boundaries tend to 
be secondary in that they have Burgers vectors different from those found in the bulk 
material (primary dislocations). 

 
Noncrystalline Solids – Three-Dimensional Imperfections 

 Some engineering materials lack the repetitive, crystalline structure. These non-crystalline, 
or amorphous, solids are imperfect in 3D. 

 The Zachariasen model is the visual definition of the random network theory of glass 
structure, which is the analog of the point lattice associated with crystal structure. 

 Amorphous metals/ Metallic glasses 
 Because metallic crystal structures are typically simple in nature, they can be formed quite 
 easily. It is necessary for liquid metals to be cooled very rapidly to prevent crystallization. 
 Cooling rates of 1oC per microsecond are required in typical cases. The uniformity of the 
 noncrystalline structure eliminates the grain boundary structures associated with the typical 
 polycrystalline metals, which results in unusually high strengths and excellent  corrosion 
 resistance. 
 


