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The Fifth Lecture 
1.Ceramic Structures
Because ceramics are composed of at least two elements, and often more, their crystal structures are generally more complex than those for metals. The atomic bonding in these materials ranges from purely ionic to totally covalent; many ceramics exhibit a combination of these two bonding types, the degree of ionic character being dependent on the electronegativities of the atoms. Table 1 presents the percent ionic character for several common ceramic materials.

Table 1 For Several Ceramic Materials, Percent Ionic Character of the Interatomic Bonds
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2. CRYSTAL STRUCTURES
For those ceramic materials for which the atomic bonding is predominantly ionic, the crystal structures may be thought of as being composed of electrically charged ions instead of atoms. The metallic ions, or cations, are positively charged, because they have given up their valence electrons to the nonmetallic ions, or anions, which are negatively charged. Two characteristics of the component ions in crystalline ceramic materials influence the crystal structure: the magnitude of the electrical charge on each of the component ions, and the relative sizes of the cations and anions. With regard to the first characteristic, the crystal must be electrically neutral; that is, all the cation positive charges must be balanced by an equal number of anion negative charges. The chemical formula of a compound indicates the ratio of cations to anions, or the composition that achieves this charge balance. For example, in calcium fluoride, each calcium ion has a +2 charge (Ca2+), and associated with each fluorine ion is a single negative charge (F-). Thus, there must be twice as many F- as Ca2+ ions, which is reflected in the chemical formula CaF2.
The second criterion involves the sizes or ionic radii of the cations and anions, rc and ra respectively. Because the metallic elements give up electrons when ionized, cations are ordinarily smaller than anions, and, consequently, the ratio rc/ ra is less than unity. Each cation prefers to have as many nearest-neighbor anions as possible. The anions also desire a maximum number of cation nearest neighbors.
Stable ceramic crystal structures form when those anions surrounding a cation are all in contact with that cation, as illustrated in Figure 1. The coordination number (i.e., number of anion nearest neighbors for a cation) is related to the cation–anion radius ratio. For a specific coordination number, there is a critical or minimum ratio for which this cation–anion contact is established (Figure 1); this ratio may be determined from pure geometrical considerations (see Example 1).
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Figure 1 Stable and unstable anion–cation coordination configurations. Red circles represent anions; blue circles denote cations.

Table 12.2 Coordination Numbers and Geometries for Various Cation–Anion Radius Ratios (rc/ra)
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The coordination numbers and nearest-neighbor geometries for various rc/ra ratios are presented in Table 2. For rc/ra ratios less than 0.155, the very small cation is bonded to two anions in a linear manner. If rc/ra has a value between 0.155 and 0.225, the coordination number for the cation is 3.This means each cation is surrounded by three anions in the form of a planar equilateral triangle, with the cation located in the center. The coordination number is 4 for rc/ra between 0.225 and 0.414; the cation is located at the center of a tetrahedron, with anions at each of the four corners. For rc/ra between 0.414 and 0.732, the cation may be thought of as being situated at the center of an octahedron surrounded by six anions, one at each corner, as also shown in the table. The coordination number is 8 for rc/ra between 0.732 and 1.0, with anions at all corners of a cube and a cation positioned at the center. For a radius ratio greater than unity, the coordination number is 12. The most common coordination numbers for ceramic materials are 4, 6, and 8.
Table 3 gives the ionic radii for several anions and cations that are common in ceramic materials.
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It should be noted that the relationships between coordination number and cation–anion radii ratios (as noted in Table 2) are based on geometrical considerations and assuming “hard sphere” ions; therefore, these relationships are only approximate, and there are exceptions. For example, some ceramic compounds with ratios greater than 0.414 in which the bonding is highly covalent (and directional), have a coordination number of 4 (instead of 6).
The size of an ion will depend on several factors. One of these is coordination number: ionic radius tends to increase as the number of nearest-neighbor ions of opposite charge increases. Ionic radii given in Table 3 are for a coordination number of 6. Therefore, the radius will be greater for a coordination number of 8 and less when the coordination number is 4.
In addition, the charge on an ion will influence its radius. For example, from Table 3, the radii for Fe2+and Fe3+ are 0.077 and 0.069 nm, respectively, which values may be contrasted to the radius of an iron atom—viz. 0.124 nm. When an electron is removed from an atom or ion, the remaining valence electrons become more tightly bound to the nucleus, which results in a decrease in ionic radius. Conversely, ionic size increases when electrons are added to an atom or ion.
PROBLEM 1
Computation of Minimum Cation-to-Anion Radius Ratio for a Coordination Number of 3
[bookmark: _GoBack]Show that the minimum cation-to-anion radius ratio for the coordination number 3 is 0.155.
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