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Structure of Metals, Crystal Systems

In materials science and engineering, we use the concept of lattice to describe arrangements of atoms
or ions. A lattice may be one, two, or three dimensional. One or more atoms associated with each lattice
point, is known as the motif or basis. We obtain a crystal structure by adding the lattice and basis (i.e.,
crystal structure = lattice + basis).

The unit cell is the subdivision of a lattice that still retains the overall characteristics of the entire
lattice. Unit cells are shown in figure 1. By stacking identical unit cells, the entire lattice can be
constructed. There are seven unique arrangements, known as crystal systems, which can be used to fill
up a three-dimensional space. These are cubic, tetragonal, trigonal, hexagonal, orthorhombic,
monoclinic, and triclinic. Although there are seven crystal systems, we have a total of 14 different
arrangements of lattice points. These unique arrangements of lattice points are known as the Bravais

lattices (Figure 1 and Table 1).
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Figure 1. The fourteen types of Bravais lattices grouped in seven crystal systems.

Lattice points are located at the corners of the unit cells and, in some cases, at either faces or at the
center of the unit cell. Note that for the cubic crystal system we have simple cubic (SC), face-centered
cubic (FCC), and body-centered cubic (BCC) Bravais lattices. Similarly, for the tetragonal crystal system,
we have simple tetragonal and body centered tetragonal Bravais lattices. Any other arrangement of atoms
can be expressed using these 14 Bravais lattices. For example, if we take the face-centered cubic lattice
and assume that at each lattice point we have one atom, then we get a face-centered cubic crystal
structure.
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Table 1. Characteristics of the seven crystal systems.

Structure Axes Angles between Axes Volume of the Unlt Cell
Cuhic a=h=c  Allanglks equa 9F a*

Tetragnal a=bzc  Allangks equa 9F afc

Orthorhambic a#bic All angles equal 9(F abc

Hexagonal a=hbc Twiaanges equal 907, 0865

One angle equals 1207,
Rhombohedral a=b=c  Allangks are equaland 21 -3cosfat+2meda

ar trigonal nane equaks 90e
hancclinic azhic Twioanges equal 907, abc sin f#
Onz angle () & not
equal o 90F
Triclinic azbzc All angles are difierent aboy'l - cE2 & — cos? ff —cos? 4+ 2 cos g cos O ¥

and nane equals 977

Note that although we have only 14 Bravais lattices, we can have many more bases. Since crystal
structure is derived by adding lattice and basis, we have hundreds of different crystal structures. Many
different materials can have the same crystal structure. For example, copper and nickel have the face
centered cubic crystal structure. For the purpose of simplicity, we will assume that each lattice point has
only one atom (i.e., the basis is one), unless otherwise stated. This assumption allows us to refer to the
terms lattice and the crystal structure interchangeably. Let’s look at some of the characteristics of a lattice
or unit cell.

Lattice Parameter: The lattice parameters, which describe the size and shape of the unit cell, include the
dimensions of the sides of the unit cell and the angles between the sides (Figure 2). In a cubic crystal
system, only the length of one of the sides of the cube is necessary to completely describe the cell (angles
of 90 are assumed unless otherwise specified). This length is the lattice parameter a (sometimes
designated as ap). The length is often given in nanometers (nm) or Angstrom ( A°) units, where:

1 nanometer (nm)= 10°m= 10" cm= 10 A°

1 angstrom (A°)= 0.1nm= 10"m= 10®%cm
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Figure 2. The models for simple cubic (SC), body-centered cubic (BCC), and face-centered cubic (FCC)
unit cells, assuming only one atom per lattice point.
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Several lattice parameters are required to define the size and shape of complex unit cells. For an
orthorhombic unit cell, we must specify the dimensions of all three sides of the cell: ao, bo, and co.
Hexagonal unit cells require two dimensions, ag and co, and the angle of 120° between the a, axes. The
most complicated cell, the triclinic cell, is described by three lengths and three angles.

Number of Atoms per Unit Cell (na): A specific number of lattice points defines each of the unit cells.
For example, the corners of the cells are easily identified, as are the body centered (center of the cell) and
face-centered (centers of the six sides of the cell) positions (Figure 2). When counting the number of
lattice points belonging to each unit cell, we must recognize that lattice points may be shared by more
than one unit cell. A lattice point at a corner of one unit cell is shared by seven adjacent unit cells (thus a
total of eight cells); only one-eighth of each corner lattice point belongs to one particular cell. Thus, the
number of lattice points from all of the corner positions in one unit cell is:

1 lattice point goormersy latbce point
&  comer cell - unit cell

The number of atoms per unit cell is the product of the number of atoms per lattice point and the
number of lattice points per unit cell. In most metals, one atom is located at each lattice point. The
structures of simple cubic (SC), body-centered cubic (BCC), and face-centered cubic (FCC) unit cells,
with one atom located at each lattice point, are shown in figure 2. Example 1 illustrates how to determine
the number of lattice points in cubic crystal systems.

EXAMPLE.1 Determining the Number of Lattice Points in Cubic Crystal Systems.

Determine the number of lattice points per unit cell (na) in the cubic crystal systems. If there is only one
atom located at each lattice point, calculate the number of atoms per unit cell.

SOLUTION
In the SC unit cell, lattice points are located only at the corners of the cube:
lattice point _ 1y _
T T (8 mmers)(g) =1
In BCC unit cells, lattice points are located at each comers and with one at the
center of the cube:

M — {3 {;ﬂmers.} (é) + {1 {:EI[[EI’}{]} =2

unit cell
In FCC unit cells, lattice points are located at all comers and all faces of the cube:
% Iut = (8 comers) (%) + (6 faces) (%) =4

Since we are assuming there is only one atom located at each lattice point, the
number of aroms per unit cell would be 1, 2, and 4, for the simple cubic, body-
centered cubic, and face-centered cubic, unit cells, respectively.
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