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b Departamento de Ingeniería Mecánica, Energética y de los Materiales, Universidad de Extremadura, 06006, Badajoz, Spain   

A R T I C L E  I N F O   

Keywords: 
TiN ceramics 
Stoichiometry 
Structural disorder 
X-ray diffractometry 

A B S T R A C T   

Accurately assessing the stoichiometry and structural disorder of TiN ceramics is very important for under
standing their properties, but is often not done because it requires complex Rietveld refinements of the corre
sponding X-ray diffraction (XRD) patterns. As an alternative, a simple procedure is developed here that allows 
such information to be extracted from the XRD patterns without Rietveld refinements. For this purpose, the 
stability ranges of super-stoichiometric and sub-stoichiometric TiN are first determined theoretically mathe
matically from the general principles of Wyckoff position occupation and electrical charge neutrality, and then 
constrained by theoretical thermodynamic calculations of the Gibbs potential. Subsequently, theoretical simu
lations of the XRD patterns of a large set of super-stoichiometric and sub-stoichiometric TiN ceramics in their 
stability ranges are used to reveal the existence of linear relationships between the stoichiometry and the in
tensity ratio of the hkl peak to the 200 peak (i.e., Ihkl/200 (%) with hkl being 111, 220, 311, 222, 400, and 331), 
which is then exploited to formulate an analytical model that easily assesses the stoichiometry and structural 
disorder of TiN ceramics from I111/200 (%). Finally, as an experimental validation and example of application, the 
stoichiometry of a TiN ceramic fabricated by spark plasma sintering is experimentally evaluated using both the 
Rietveld method and the proposed model showing marked agreement between their results.   

1. Introduction 

Titanium nitride, whose stoichiometric formula is TiN, is the most 
popular transition metal nitride and a member of the family of ultra- 
high-temperature ceramics, and as such it is very hard (i.e., ~17–21 
GPa hardness), extremely refractory (i.e., ~2930◦C melting point), 
highly resistant to oxidation and corrosion, very stiff (i.e., >400 GPa 
elastic modulus), and a good thermal (~19 W/(m⋅◦C) conductivity) and 
electrical conductor (~52.5–68 μΩ cm resistivity), to name but a few of 
its interesting properties [1-10]. Not surprisingly, whether as a bulk 
material or as a coating/thin film, TiN has great appeal as an engi
neering ceramic, especially for use in tribological applications requiring 
high wear resistance. The latter includes machine tooling (e.g., drill bits, 
milling cutters, etc.) as well as biomedical uses (e.g., hip prostheses, 
dental implants, scalpel blades, orthopaedic bone saw blades, etc.) 
because TiN is non-toxic and biocompatible. TiN is also used as a re
fractory ceramic (e.g., as a crucible for metal casting), in jewellery, and 

as a functional ceramic (e.g., as a broadband absorber, plasmonic 
photodetector, infrared thermal emitter, etc.), as well as for the fabri
cation of cermets alternative to those of WC, to name other uses. 

It may be thought that TiN ceramics are structurally very simple, but 
often they are not. The misleading simplicity is because TiN has an NaCl- 
type cubic crystal structure (i.e., fcc with space group Fm 3 m), in prin
ciple with one Ti cation in the Wyckoff position 4a (at (0,0,0)) per N 
anion in the Wyckoff position 4b (at (½,½,½)). However, in reality TiN 
ceramics can often be non-stoichiometric. Certainly, the crystal struc
ture of TiN can accommodate point defects in the form of both Ti va
cancies in the cation sublattice, thus resulting in a super-stoichiometric 
TiN, and N vacancies in the anion sublattice, thus resulting in a sub- 
stoichiometric TiN [11]. Importantly, the stoichiometry of TiN ce
ramics affects their properties (e.g., hardness, optical behaviour, con
ductivity, etc.) [12-15], attributable to the fact that super-stoichiometry 
confers increasingly covalent characteristics while sub-stoichiometry 
confers increasingly metallic characteristics [16]. 
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