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CHAPTER 7 
 

MICROSTRUCTURE OF MATERIALS 
7.1 Fundamentals 
7.2 Bonding 
7.3 Crystalline Structure 
7.4 Density Calculation 
7.5 Direction Indices and Miller Indices 
7.6 Polymorphism 
7.7 Coordination Number and Packing Factor 
7.8 Solidification 
 
7.1 Fundamentals 
 
Materials consist of atoms or molecules (two or more atoms bonded together).  In gases, the atoms 
or molecules are in constant translational motion; in liquids, this motion is greatly reduced; and in 
solids, there is essentially no translational motion. 
 

A.  Atomic Scale: 
Arrangement of atoms 
Fundamental processes  (i.e. molecular bonding and forces, etc.) 

B.  Microscopic Scale: 
Properties observable with a microscope (i.e. phases, grains, etc.) 

C.  Macroscopic Scale: 
Typical scales of measurement (i.e. cm, inches, yield point, etc.) 

 
Figure 1: Scales of Investigation of Materials 
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7.2 Bonding 
 
In the solid state, the atoms are held together by ionic, covalent, or metallic bonding. 
 
Ionic Bonding:  Bonding force results from an electrical attraction between ions of opposite charge.  
Most commonly occurs in materials with loosely held electrons or nearly filled outside shells. 
 
Covalent Bonding:  Bonding occurs when atoms share electrons, usually to complete the outside 
shell of one or both of the atoms. 
 
Metallic Bonding:  Bonding occurs when a few electrons from an incomplete outer shell break 
free, forming a "cloud" of free electrons which move about the metal structure.  The positively 
charged "core" maintains an attraction to the negatively charged "clouds," and other similar "cores" 
are likewise attracted to the "cloud," thus creating a bond between the various atoms within the 
metallic structure. 
 

Material Symbol Type of Bond Bond Energy, eV (per atom) 
Cesium Chloride CsCl Ionic 3.4 
Sodium Chloride NaCl Ionic 4.0 
Aluminum Oxide Al2O3 Ionic 31.4 
Magnesium Oxide MgO Ionic 20.4 
Silicon Si Covalent 4.7 
Diamond C Covalent 7.4 
Silicon Carbide SiC Covalent 6.4 
Mercury Hg Metallic 0.7 
Aluminum Al Metallic 3.4 
Iron Fe Metallic 4.3 
Tungsten W Metallic 8.8 

 
 
7.3 Crystalline Structure 
 
Solids formed by these bonds may be either crystalline or non-crystalline in nature.  Crystalline 
materials have a periodic repeating of the atoms or groups of atoms throughout the material.  Non-
crystalline materials have a random arrangement of the atoms. 
 
Crystalline solids possess symmetry of atomic arrangement.  This symmetry involves a space 
lattice and a basis.  
 
Space Lattice:  Involves the concept of points in space with equal surroundings.  Consider the two-
dimensional representation of points shown in Figure 2.  This represents a simple lattice, since 
each interior point has identical surroundings.  The lattice has associated with it a lattice cell which, 
in this two dimensional case, is simply a square cell with all sides of equal length "a".  Obviously 
a lattice could be constructed with a rectangular cell shape. 
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(a)      (b) 

Figure 2: (a) Lattice and (b) Basis 
 
 
 Basis:  Suppose we have two atoms, A and B, arranged as shown in figure 3.  If we place atom A 
of the set on each lattice point in Figure 2, we then have a crystalline structure.  (A crystalline 
structure has a set of atoms repeating itself periodically and having identical surroundings as 
shown in Figure 3 ).  The set of atoms that repeats itself, i.e. A-B, A-B, is known as the basis.  The 
basis may consist of a single atom or a complex group  of atoms. 
 

 
Figure 3: Crystal structure in terms of lattice and basis 

 
The above discussions of the lattice and basis are for the illustrated two-dimensional case, but can 
easily be expanded into the real world three-dimensional case. In three-dimensions, there are only 
fourteen possible lattice cells that can exist. Some of the more common of these are illustrated in 
figure 4. 
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Figure 4: Common Lattice Structures 
 

For metals, the basis often consists of a single atom such that the corresponding crystalline 
structure consists of the appropriate space lattice with atoms located at its lattice points.  For 
example, iron has a crystalline structure consisting of single atoms located at the points of the 
body-centered cubic lattice.  Aluminum has a structure consisting of single atoms located at the 
points of a face-centered cubic structure. 
 
An exception to this is the hexagonal close-packed crystalline structure of metals such a zinc and 
titanium.  Here the lattice is hexagonal and its basis consists of two atoms such that there is an 
intermediate row of atoms between the top and bottom of the hexagonal cell  
(Figure 5).  This gives rise to the so-called ABAB stacking of atoms. Note that the lattice cells are 
described by parameters “a” and “c”. 

 
Figure 5: Hexagonal Close Packed Lattice 

 
Hard-Ball Model.  If we consider atoms to be hard spheres of definite radius in contact with other 
atoms in the directions of closest approach, we can relate the atomic radius to lattice parameter. 
For the face-centered cubic (FCC), the spheres are in contact along the face diagonals. For a body-
centered cubic (BCC) the spheres must be in contact along the cube diagonal.  
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4𝑟 = √3𝑎  → 𝑟 =
√3𝑎

4
 

 
Figure 6: Body Centered Cubic 

 
 

 

4𝑟 = √2𝑎  → 𝑟 =
√2𝑎

4
 

Figure 7: Face Centered Cubic 
 
 

 
 

Figure 8: Hexagonal Close Packed
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7.4 Density Calculation 

The density of the material may also be calculated from a knowledge of the lattice parameters and 
the atomic weight (A.W. the weight in grams of Avogadro's Number (6.024 x 1023) of atoms) of 
the material.  If n = number of atoms in a lattice cell, then 

 
Or, using the weight of one atom, 

ρ=

n(
A.W

6.024 x 1023)

Lattice volume of cell 

 
 
For metals with cubic arrangement of atoms, the volume of the lattice cell is simply the cube of 
the lattice parameter (defining the length of the sides of the cells.  Noting that lattice cells repeat, 
and can be considered in contact with one another, it can be seen that an atom at a corner of a cell 
is actually shared with 7 other cells, so only 1/8 atom belongs to any one cell.  The 8 corners of a 
cell thus provide only one net atom to the cell. 
 
Also, for a FCC cell, the atoms on each face are shared with an adjacent cell, so that the 6 atoms 
on the faces of any cell provide a net of 3 atoms per cell.  The corner and face atoms together thus 
provide a net number of 4 atoms per cell. 
 
For a BCC cell, the 8 corner atoms contribute the same, namely one atom, while the atom at the 
center is not shared by any other cell, thus giving a net number of 2 atoms per cell. 

 
Example: Aluminum (A.W. = 26.98 grams)has a FCC lattice cell, with a measured lattice 
parameter (from x-ray diffraction studies) of a = 4.05 x 10-8 cm.  Determine its mass density. 

ρ = 

4(
26.98

6.024 x 1023)

4.05 x 10-8

ρ = 2.70 
gm

cm3 = 0.10 
lb

inch3

  

 
7.5 Direction Indices and Miller Indices 
 
Direction indices and Miller indices may be used to describe the geometry of a particular lattice 
structure.  Direction indices refer to a specific direction in a cubic unit crystal; whereas Miller 
indices refer to planes. 
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Direction indices refer to a specific direction in the cubic unit crystal. By standard convention, the 
notation is: 

[ℎ, 𝑙, 𝑘] = ℎ𝑥 + 𝑙𝑦 + 𝑘�̂� 
Where, ℎ, 𝑙, 𝑘 are vector components of the directions 𝑥, 𝑦, �̂� reduced to the smallest integer. 
Negatives are denoted with an overbar, so ℎ = −ℎ 

 
The method to find the direction indices is as follows: 

1. Locate origin – at the tail of the vector 
2. Find the vector projections in 𝑥, 𝑦, �̂� 
3. if not all integers, multiply by least common denominator 
4. Simplify if needed 
5. Place in brackets 

 
Example: Find the direction indices for the following vector. 

 
Solution 

1. Origin at (0,0,0) 
2. Projections 

 x y z 
 1 0 0 

3. Integers – Yes! 
4. Simplified- Yes! 
5. Answer [1 0 0] 

 
Example: Find the direction indices for the following vector. 

 
  



EN380 Naval Materials Science and Engineering Course Notes, U.S. Naval Academy 
 

7 - 8 
 

Solution 
1. Origin at (1,0,0) 
2. Projections 

 x y z 
 -1/3 1/2 1 

3. Integers – No, but multiply by 6 will do 
 x y z 
 -2 3 6 

4. Simplified- Yes! 
5. Answer [2 3 6] 

 
 
Miller indices refer to a plane in the cubic unit cells. 
 
Method: 

1. Choose origin so plane does not pass through it 
2. Find axis intercepts with plane in 𝑥, 𝑦, �̂� 
3. Take the reciprocal of the intercepts 
4. Form integers by multiplying by the least common denominator 
5. Simplify by dividing by the least common denominator 
6. Place in parentheses 

 
Example: Find the Miller indices for the plane shown below 

 
Solution: 

1. Find Origin (0,0,0) 
2. Projections 
 x y  z 
 +1 infinity  infinity 
3. Reciprocals 
 +1 0  0 
4. Integers – OK 
5. Simplified- OK 
6. (1 0 0) ANS 
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Example: Find the Miller indices for the plane shown below 
 

 
Solution: 

1. Origin (0,0,0) 
2. Projections 
 x y z 
 1 1 infinity 
3. Reciprocals 
 1 1 0 
4. Integers -OK 
5. Simplified – OK 
6. (1 1 0) 

 
7.6 Polymorphism.   
 
The ability of a material to have more than one crystalline structure is known as polymorphism. 
The transition from one structure to another at a specific temperature and pressure is known as a 
polymorphic change. 
 
A common and important example is iron, which has a BCC cell structure (known as  
α-Fe) for temperatures up to 910o C.  Above this temperature, the structure is FCC (known as  
γ-Fe) until a temperature of 1400o C is reached. It then reverts back to an BCC structure  
(known as δ-Fe). 
 
Example:  Calculate the change in density of an iron specimen as it changes from BCC to FCC at 
910o C.  The lattice parameter of iron at 20o C is 2.87 Å and the coefficient of thermal expansion 
is 15 x 10-6/o C.  The lattice parameter of iron at 910o C is 3.65 Å. 
 
Solution:  
 

   Mass = (55.85/6.024 x 1023) = 9.273 x 10-23 gm 
    n = 2 
    BCC lattice parameter at 910o C,  

 
    a = 2.87 + 2.87(15 x 10-6)(910-20) = 2.91 Å 
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ρBCC = 
(2)(9.273 x 10-23)

(2.91 x 10-8)3

ρBCC = 7.53 
gm

cm3

ρFCC = 
(4)(9.273 x 10-23)

(3.65 x 10-8)

ρFCC = 7.63 
gm

cm3

hence

ρFCC - ρBCC = 0.10 
gm

cm3

ρFCC - ρBCC
ρBCC

 = 1.33%

  

 
Example: Using the results above, calculate the change in volume of the iron specimen as it 
changes from BCC to FCC at 910o C 
 
Solution: Let M = total mass of the specimen and V be its volume.  The density ρ is given  
 

ρ = M/V so ρ/V = M (constant) 
 

ρBCC / ρFCC = VFCC / VBCC = 7.53/7.63 = 0.987 
 

(VFCC - VBCC) / VBCC = (1 - 0.987)/(1/0.987) =  - 0.0133 = -1.33% 
 
7.7 Coordination Number and Packing Factor 
 
Additional terms of interest include the coordination number and the packing factor.  The 
coordination number is the number of nearest neighbors of an individual atom in a lattice structure.  
An FCC lattice has a coordination number of 12, while a BCC structure has a coordination number 
of 8.  The packing factor (p.f.) is the ratio of the volume of atoms (using the hard ball model) to 
the total volume of the lattice cell structure. 

 
p.f. = Volume of atoms/volume of lattice cell 
 

For a cubic structure with hard-ball radius r 
 

p.f. = n(4/3)(πr3)/a3 

 
where a = lattice parameter. 
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Example 1: Find the packing factor for aluminum. 
 
Solution: Aluminum is an FCC structure. As shown previously, the lattice parameter was related 
to the radius r by 

r = 
( 2)

4 a

n = 4
thus

p.f. = 
(4)(

4
3)(π)(

2
4 )

a3

p.f. = 0.74

  

 
Example 2:  Find the packing factor for NaCl. 
 
Solution:  NaCl forms an FCC lattice, but now the basis consists of a combination of Na and Cl 
atoms.  As a result the volumes in the equation are different than those in the previous example. 
 

 
The volume of the atoms VA is now 

 
VA = (4/3)π(rNa

3 + rCl
3) = (4/3)π(.953 + 1.813) 

 
The volume of the lattice, VL, has also changed and is now 

 
VL = (2rNa + 2rCl)3 = (2(0.95) +   2(1.81))3 

 
Thus 

 
p.f. = 4(VA)/(VL) =  0.67 

 
The packing factor is independent of the lattice parameter and the atomic radius provided that only 
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one atom as present at a lattice site (as is the case for most commom metals of interest in this 
course).  Similar calculations for a BCC structure show p.f. = 0.68, HCP = 0.74, and 0.52 for a 
simple cubic.  
 
7.8 Solidification 
 
When cooling, metal often solidifies as shown in Figure 9.  The stages of solidification include 

a. Crystal Nucleation 
b. and c. Crystal Growth 
d. Solid Metal with Grain boundaries 

 

 
Figure 9: Metal Solidification  

Polycrystalline Structures 
Because of the solidification process shown above, metals generally consist of regions called 
grains, where the crystalline arrangement of atoms exists.  These regions differ from one another 
only in that the spatial orientation (see figure 10); that is, the orientation of the unit cells describing 
the crystalline symetry differ from one grain to another.  These grains typically have dimensions 
on the order of 10-2 inches or less.  They can easily be seen with light microscopes, provided the 
specimen is smooth enough, since light is reflected differently from the various grains.  
Photographs showing this "microstructure" are known as photo-micrographs.   
 
In many cases, the grains are randomly oriented relative to one another, so that a specimen with 
characteristic dimensions of 1 inch will contain many grains.  The material will appear isotropic, 
(properties the same in all directions) even though the grains are anisotropic (different properties 
in different directions).  
 
Single Crystal 
It is possible to control the formation of crystals such that a piece of material has a single crystal 
structure, rather than the grain boundaries.  This is used for solid state devices, and turbine blades. 
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Figure 10: Polycrystalline Structures 


