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Abstract

Compact titanium nitride (8-TiN,_,) within the compositional range TiNgz5—TiN, oo Was
prepared by a diffusion process and several of its properties were investigated as a
function of composition. The microstructures showed an equiaxial polygonal grain boundary
arrangement with some individual pores in the centre, particularly for the substoichiometric
samples, probably as a result of the diffusion process. The samples exhibited good
homogeneity. The microhardnesses HV,, (at 0.98 N) and HV, 5 (at 2.94 N) both show
maxima for TiNge; of 24.4 and 23.8 GPa respectively, whereas TiN, o, has values of
17.2 and 17.0 GParespectively. The crack formation resistance measured by the Palmqvist
method is of the order of 45 kJ m™2 and was found to be independent of the nitrogen
content. The nitrogen sublattice occupancy was determined by density measurements.
Within the accuracy of the results the titanium sublattice is fully occupied throughout
the homogeneity range of TiN,_, whereas the nitrogen sublattice is occupied according
to the stoichiometry TiN,_,. The electrical conductivity at room temperature increases
with increasing nitrogen content from 0.48X10* Q7! cm™? for TiNyg; to 3.74X 10* Q!
cem™ ! for TiN; . The rate of oxidation increases with increasing nitrogen content at
both 800 and 1000 °C for samples of composition TiN. ¢7;. Samples of composition
TiN (067 showed nitride phase transformation and a more peculiar oxidation behaviour.
The colour of &TiN, _, changes from metallic grey for TiN, 53 to golden yellow for TiN, o0,
with the first perceptible brownish yellow tinge at TiNg ;7.

1. Introduction

Among the transition metal nitrides the f.c.c. phase TiN, _, has become
the most interesting for use in “high tech’ applications such as cermets,
electronic and optical devices and protective coatings [1].

According to the phase diagram of the Ti-N system, which is shown in
Fig. 1 as constructed from the compilation of Wriedt and Murray [2]
supplemented by results from recent diffusion couple investigations [3], the
homogeneity region of the f.c.c. phase 8-TiN,_, can extend, depending on
the temperature, from less than 33 to 50 at.% N. Recently, Ohtani and Hillert
[4] developed a thermochemical model of the Ti—N system, including the
calculation of the melting behaviour of 8-TiN,;_,.

Within the homogeneity region of 6-TiN, _ ., which can be further extended
by sputter techniques [5] beyond the boundaries set by the equilibrium phase
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Fig. 1. Phase diagram of the Ti—N system. The literature compilation of Wriedt and Murray
[2] was modified by including recent results based on diffusion couple investigations [3].

diagram, the properties of 4-TiN;_, can vary substantially. Previous deter-
minations of the properties of titanium nitride were usually confined to
stoichiometric samples. However, in view of the technical importance of this
material, its more crucial mechanical, physical and chemical properties at
substoichiometric compositions are also of interest.

In several past studies dealing with the measurement of properties vs.
composition, sintered compacts were prepared from TiN-Ti powder mixtures
(see refs. 6 and 7 and references cited therein), most probably because it
is the easiest technique for preparing substoichiometric titanium nitrides.
This procedure may, however, result in a substantial oxygen contamination
of up to several weight per cent of oxygen [6] and usually does not yield
dense samples. Porosity, though, should be ruled out if basic properties of
the material are to be measured without any influence from the preparative
history and state.

Only in a very few studies were compact TiN,_, samples throughout
the homogeneity region prepared and some of their properties investigated.
With substantial apparative efforts Christensen and Fregerslev [8] obtained
large crystals of TiN,_, by zone annealing titanium or TiN rods in an N,
atmosphere. The samples were subjected to density and magnetic measure-
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ments. Density measurements did not reveal any deviation from a complete
occupancy of titanium in the unit cell. A similar preparation method was
applied by Wolf [9], who found the same results with respect to occupancies
and additionally performed several physical investigations such as super-
conductivity and ultrasonic measurements. However, as these authors [8, 9]
stated, the zone-annealing technique does not produce perfectly homogeneous
sample materials and inhomogeneities of several atomic per cent of nitrogen
must be taken into account. Hence physical measurements do not necessarily
yield exact physical data for property vs. composition relationships.

In order to investigate the more important properties of §-TiN; _, within
the homogeneity region, the present study was performed using samples
prepared by diffusion of nitrogen into titanium metal. This investigation is
related to the work reported on VN [10] and NbN [11].

2. Experimental details

2.1. Sample preparation

Since TiN, _ (like all group IVb nitrides) has an extremely low nitrogen
equilibrium pressure (e.g. 1072 Pa at 2000 K for TiNy g7 [12]), which is one
reason for its applicability as a refractory compound, it is not possible to
adjust the N, equilibrium pressure in annealing experiments for the preparation
of substoichiometric samples unless very high temperatures are applied. Such
temperatures cause problems with contact materials. Therefore a two-step
annealing process was applied. In the first step a titanium sheet (greater
than 99.7 wt.% Ti, less than 0.1 wt.% O) of size 12X 12X 1 mm?® was reacted
with high purity nitrogen (zirconium foil gettered) at 1500 °C and at a
pressure of about 2 bar in an autoclave with a contained gas volume.
Depending on the desired composition, the reaction was stopped before
complete nitridation was achieved and the nitrogen pick-up was estimated
by weighing the sample. For samples near the stoichiometric composition
a temperature of 1700 °C had to be applied since the nitrogen diffusivity
turned out te be very low for nitrogen-rich compositions.

After this procedure the samples were introduced into a molybdenum
sample holder where only one edge of each sample was in contact with the
molybdenum. The samples of substoichiometric composition were heated in
a purified argon atmosphere for up to 3 weeks. The temperature of this
treatment had to be chosen carefully since substoichiometric TiN,_, reacts
with molybdenum at high temperatures [13]. For samples at the nitrogen-
poor end of the TiN, _, homogeneity region only 1350 °C could be applied,
which required 3 weeks of annealing time for homogenization. The restriction
in temperature is partly compensated by the higher diffusivity of nitrogen
in substoichiometric TiN,_, as compared to near-stoichiometric TiN, _,.

2.2. X-ray diffraction and chemical analysis
After the usual phase analysis by X-ray diffraction the lattice parameter
of the powdered sample material was determined using nickel-filtered Cu Ko
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radiation. The four highest diffraction lines were chosen. External stand-
ardization with silicon powder was applied. Excellent al—a2 line splitting
indicated a good homogeneity of the samples.

Chemical nitrogen analysis of the samples was performed by means of
automatic Dumas-GC analysis [14] using a Carlo ERBA CHN 1108 elemental
analyser. A 1-2 mg sample of powdered material was introduced in a tin
capsule and reacted with injected oxygen. Usually five parallel determinations
were performed, which yielded an accuracy of better than +1 at.% N.

2.3. Metallography, hardness and Palmaquist measurements

The samples were embedded in cold-setting resin, ground and diamond
polished. Finally a short polishing step using aqueous silica suspension was
applied.

Vickers microhardness measurements were made with a Reichert mi-
crohardness tester using a load of 0.98 N (0.1 kp) and a Leitz microhardness
tester using loads of 0.98 and 2.94 N (0.1 and 0.3 kp). The values were
calibrated against a hardened steel standard for which the microhardness
was known at three different loads.

Measurements of the crack lengths for obtaining crack formation re-
sistance data by the Palmqvist method [15, 16] were performed on photographs
of microhardness indentations created by the Leitz microhardness tester.

2.4. Density measurements

The densities of the compact nitride samples were measured by the
Archimedes method. For this purpose the samples were suspended in CHBrg
for which the temperature vs. density function had been previously recorded.
The usual precautions were made to keep the measurement error as low as
possible. The steel wire used as a sample holder was introduced into the
liquid to such an extent that the force measured as fictitious weight gain
originating from adhesive surface tension was exactly compensated by its
buoyancy. With this technique and the use of relatively large sample plates
the error in the density measurements was less than 0.2%, which was checked
by measuring a titanium plate (calculated 4.505, measured 4.488 g cm™3).

2.5. Electrical conductivity

The electrical conductivities were measured at room temperature by
means of two different methods. The first is based on the measurement of
inductive resistivity and was performed using a Sigmatest T apparatus from
the Institute Dr. Foerster/Reutlingen, Germany. Diamond-ground sample plates
were measured and the data calibrated against standard steel plates. The
absolute error in electrical conductivity obtained from these measurements
was estimated to be less than 3%.

Secondly, four-contact measurements were performed on prismatic sam-
ples that had been diamond cut from the plates. For this purpose four gold
pins were positioned on the samples. Currents of 0.1-10 mA were passed
through the samples via the outer two gold pins and the voltage drop was
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measured from the two centred gold pins of fixed distance (2.705 mm). The
apparatus was calibrated against NBS steel standards.

2.6. Oxidation experiments

In order to evaluate the oxidation behaviour, compact and diamond-
ground sample plates were put in a platinum boat and heated in air at 800
and 1000 °C respectively. All samples were heated simultaneously to the
given temperature. The oxidation experiments were interrupted from time
to time for measurement of the weight gain. Details of the data treatment
are given below.

3. Results and discussion

3.1. Microstructure

The diffusional treatment process produced samples with a slightly higher
nitrogen content at the edges than at the centre of the sample. Therefore
1 mm strips were cut off the edges. Microprobe analysis of nitrogen [17]
on a cross-section of the samples yielded a compositional homogeneity of
better than +2 at.% N.

Figure 2 shows the microstructure of 8-TiNg 53, which is the most nitrogen-
deficient sample. In general a grain boundary parallel to the faces of the
plate and passing through the entire sample could be observed in the centre.
Only at high nitrogen contents could a few grains be observed which interrupted
this grain boundary. The structure of the samples is created by symmetric
diffusion whereby the 8-TiN,_, grains obviously grow from both sides into
the sample until they meet each other in the symmetry plane. The argon-
annealing process does not change this structure.

It can be seen from Fig. 2 that pores occur in this symmetry plane.
They were more frequent the lower the nitrogen content and scarcely visible
in the sample with the highest nitrogen content. From investigations in which

Fig. 2. Microstructure of 5-TiN,g3, where the most frequent occurrence of pores could be
observed. In the centre of the sample a large grain boundary could be seen, indicating the
symmetry plane of the diffusion process. The bar represents 100 pm.
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the nitridation process was interrupted at a stage where most of the sample
contained transformed B-Ti(N) and «-Ti(N), it is known that a great number
of pores first occur near the surface and in the outer «-Ti(N) region [18].
When these results are compared with the microstructure in Fig. 2, the
impression is obtained that these pores move with the proceeding nitridation
and are finally located at the centre of the sample. The estimated porosity
was much less than 1% in the case of the lowest nitrogen content, with a
decrease upon reaching a single-phase sample. In stoichiometric 8-TiN;_,
the low amount of porosity can be explained by the successive filling of
pores due to the material flow arising from molar volume expansion {18]
and temperature induced material flow.

3.2. Colour, microhardness and Palmquist values

The colour of 8-TiN;_, changes considerably within the homogeneity
region. At the nitrogen-poor end the samples showed a metallic lustre and
with increasing nitrogen content they became increasingly coloured--first
very slightly brownish yellow at around TiN, ;;, already slightly yellow at
TiNggs and finally golden yellow at TiNgge and TiN, ¢o.

The microhardness measurements are shown in Fig. 3. It can be seen
that the data obtained by different microhardness testers agree well. In all
three series the maximum hardness was observed in a sample of composition
TiNy 7. At higher nitrogen contents the hardness decreases substantially with
increasing nitrogen content. From these results it can be seen that stoichi-
ometric TiN, which is commonly used in technical applications, is obviously
not the hardest Ti—N compound available.

Unfortunately, in the literature data on the microhardness of TiN (e.g.
refs. 19 and 20) the composition has not always been specified carefully.
Most of these authors give a value of about 20 GPa. If this value is attributed
to a stoichiometric composition, which is most probably the case, then it
is considerably higher than observed in the present study. The difference is
probably due to different grain sizes of the samples. It was shown [21] for
TiC and WC that the hardness increases substantially with decreasing grain
size, which can be attributed to the Hall-Petch effect. The samples of the
present study had large crystallites and thus the hardness data showed no
yield stress influence.

Andrievski and Spivak [22] reported on two more detailed microhardness
studies which were performed on samples in the composition interval
TiNy55—TiNg ge. All cited data sets reflected generally the same behaviour—a
decreasing microhardness with increasing nitrogen concentration. These data
were obtained from samples which consisted of sintered powder compacts
and contained up to 0.15 wt.% O.

As in TiN, a similar situation of decreasing hardness with increasing
nitrogen content was observed for 5-VN,_, [10], 6-NbN,_, [11, 23] and &-
TaN, _, [23], where, however, the hardness maxima are located at the nitrogen-
poor boundary.
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Fig. 3. Microhardness values of TiN,_,: top, at a load of 0.1 kp (0.98 N) obtained with a
Reichert tester (nearly identical values were obtained with a Leitz tester); bottom, at a load
of 0.3 kp (2.94 N) obtained with a Leitz tester. A maximum in the &TiN,_, microhardness
is observed at a large nitrogen deficiency at both loads.

Fig. 4. Length of cracks created by Vickers indentations at loads of 0.98 and 2.94 N. The
slope corresponds to a crack resistance of 45 kJ m~2.

In Fig. 4 a summary of the crack length created by microhardness
intendations vs. load is given. All investigated samples behaved similarly and
no significant interdependence of crack length and composition could be
detected within the homogeneity region of TiN, _,. The slope of the straight
line in Fig. 4 gives the crack resistance of the material, which is 4.5x 102
N um™!. In other words, the energy required for crack formation in 6-TiN, _,
is, independently of composition, 45 kJ m~? in the sense of a Palmqvist
analysis.

3.3. Densities and lattice occupancies
Table 1 lists the measured densities of the investigated titanium nitrides.
For the calculation of sublattice occupancies the formula

1
ni=a3pNAﬁ m; (1)

1



300

JUSUIBINSEIW AATONPUL ‘NI {JUSWDINSEIUL JIRIU0I-IN0] ‘D,
VIFEe3=>F1)e'eg 0o ‘(sHuontsod Jse[ SY) Ul UOTIEIASD pIepue)s 3} JOUdp sasayuadred Ul somBLd,

gPLT— 8¢l 060 L9'€ L90 ¥%1 30¢ GS¥'1 (ND pL'8 L'86 186 618’ (oLt (onz it (1o192ZF0 001
- - - - - - - - (ND 922 - - - (@zL1 GV)O6T (1)L882%°0 96°0
(GEIRANE
8GLI— EFI 96'0 ¥y 980 ¥2T LT'F  8E1 (ND 92T 988 #'66 9vg's (161 (gUser (1)eSesh 0 680
D 601
- - - - - - - - (ND ¢60 ¥°28 £'66 L33'¢ - - (Dzgezro 88°0
T'LLT- SP1 821 €9'¢ II'T €21 ¥¥9 98T (ND #6'0 0'€8 000T 812'¢ (FL'61 (11802 (1)3382%°0 €80
- - - - - - - - - 99L 966 L3231 (9912 (60)2°2%3 (1)¥832H'0 LL0
8°06T— 291 €18  ¥3L L9T 8T'T 889 621 (0D 290 299 8'86 986’y (9)8'ez (QU¥¥2 (1)2922H 0 L9°0
T'11g— #'81 66'1T 109 AT 881 029 6F1 D 8V°0 938 £66 998'% (Lg18 (PDeeg (1991850 £9°0
(;_fowt %01 U 0T u
rD A0T 0T w (W (edn) (edo)
O (@Dur D, 000T . 008 Do 0001 0. 008 N 1L S0AH oAl (o)
G-wd U 01 ——————  (gouw L
- gZe'T=u Jnanonpuod  Louednddo 8 — —  I90urered [t)/IN]
j01d sniuayLIY 10 uonepx( ((¥) 'ubs) are wr uoEpPIXQ Teowoary  e2omie[qns ANsuag SSIUPILYOIIA 9omyer] uonsoduio)

paresnssam spunoduiod ay) Jo saradorg

I JTdVL



301

was applied [10], where ¢ denotes the atomic species (¢=Ti, N), n; is the
number of atoms in the unit cell, a® is the volume of the unit cell, p is the
density, N, is the Avogadro number, M; is the atomic weight of species ¢
and m,; is the mass fraction of species 7 in the compound.

The values for the percentage occupancy in both sublattices of §-TiN; _,
were calculated on the assumption that both sublattices can accommodate
a maximum of four atoms per unit cell and that the small fraction of oxygen
present in the material occupies the nitrogen sublattice. A small systematic
error arises from the porosity of the samples. However, even for the most
substoichiometric sample, where there were most pores in the centre, this
error is much less than 1%.

The results of the occupancy analysis are presented in Fig. 5. Throughout
the homogeneity region of 8-TiN, _, the occupancy of the titanium sublattice
is nearly 100% whereas the occupancy of the N atoms corresponds to the
composition [N]/{Ti]. This result is in agreement with the results reported
by Christensen and Fregerslev [8] and Wolf [9], who measured compact
samples, and Nagakura et al. [24], who had determined the density of
powders. Generally powder determinations (a complete citation of references
is given in ref. 9) show an apparent vacancy concentration of 2%-5% at
the stoichiometric composition, mostly because of poor wetting of the samples
by the immersion liquid. Such vacancy concentrations in the metallic sublattice

are most probably present only at superstoichiometric compositions [9, 25,
26].
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Fig. 5. Occupancy of the titanium and nitrogen sublattices vs. composition based on the
assumption that both species can accommodate a maximum of four atoms per unit cell (NaCl
lattice).

Fig. 6. Electrical conductivity of titanium nitride as a function of composition (*, this work).
Note the sharp increase in the electrical conductivity as the stoichiometric composition is
approached (———, data of Lvov et al. from ref. 6; O, data from Aivazov et al. [27]; both
from powder compacts).
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3.4. Electrical conductivity

The inductive resistivity measurements on the sample plates indicated
a steep increase in electrical conductivities with increasing nitrogen content.
Samples at compositions with less nitrogen than TiN, g3 could not be measured
by this technique owing to the restricted range of the apparatus. These were
measured by the four-contact method. For samples higher than TiN, gy the
four-contact method yielded scattered results and a much lower electrical
conductivity than the inductive resistivity measurements. Upon applying
different currents, a current-dependent conductivity was observed in most
cases for the latter samples. This is an indication that grain boundary effects
or microcracks might influence the results for samples with high nitrogen
contents. Since the grain sizes are only slightly different (they are slightly
larger for nitrogen-rich compositions since the samples were annealed at
higher temperatures), the differences in electrical conductivity most probably
arise from microcracks which were introduced by the cutting and/or grinding
procedure necessary to obtain bar-shaped samples from the plates. Obviously
this mechanical treatment has a different impact on nitrogen-poor and nitrogen-
rich samples, although no differences in the Palmqvist measurements could
be detected.

The results of the electrical conductivity measurements are shown in
Fig. 6 and are compared with conductivities reported for sintered powder
compacts [6, 27]. The latter were the only systematic studies available
covering the homogeneity range of 5-TiN, _,. Literature compilations of single
values [19, 20] generally give very scattered results for the electrical con-
ductivity of 8-TiN; _, at room temperature, with sometimes unspecified sample
compositions.

The data of Lvov et al. (cited in ref. 6) show higher electrical conductivities
at substoichiometric compositions and good agreement with the present
study at the stoichiometric composition, and hence a lesser slope for
the conductivity vs. composition curve. The data of Aivazov et al. [27]
suggest an even more moderate slope of conductivity vs. composition
and at stoichiometric composition do not agree with the other two sets.
A similar low value at stoichiometric composition was found by Hojo
et al. [26]. The reasons for this can be quite varied. Too high elec-
trical conductivities at substoichiometric compositions could be attributed
to the presence of nitrogen-rich surface layers on the powder particles
arising from the sintering process [28]. These surface layers can be
formed during the cooling period by small amounts of nitrogen in the gas
phase originating either from the compacts themselves or from a nitrogen
contamination in the protective gas. Too low values could be due to
oxygen contamination or to too high a contact resistance between
powder particles.

Interestingly, TiC;_, [29] shows a very similar electrical conductivity
dependence at room temperature to that found for TiN,;_, in the present
study.
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3.5. Oxidation behaviour

Phase analysis of the oxidation products revealed the existence of rutile
(TiO,) as the only phase in the oxide layer at both reaction temperatures.
The scales formed at 1000 °C were brownish yellow, as opposed to white
at 800 °C.

The microstructures of the oxide scales generally showed a striped texture
together with a recrystallized TiO, surface layer. This was also reported by
Desmaison et al. [30, 31] for plates of the compositions TiNg g, TiNy g3 and
TiNgg, oxidized in pure oxygen. The stripes could be easily observed in
normal light in all samples oxidized at 1000 °C. The striped texture, which
originates from a periodic detachment of the scale from the substrate after
a critical TiO, layer thickness has been reached, became more predominant
the lower the nitrogen content was. At 800 °C this texture phenomenon was
much less pronounced. Especially at higher nitrogen contents the oxidation
scale appeared speckled and only upon a near complete cross of the polarizing
filters was a striped texture observable. Obviously, the higher the nitrogen
content and the lower the temperature, the lower the critical thickness is
before the oxide layer detaches from the nitride. This reduces the gaps
between the detached layers, yielding a denser scale and an increased oxidation
resistance, a quantification of which is given below.

Figure 7 shows an electron probe microanalysis (EPMA) scan for nitrogen
and oxygen across the oxide scale of a sample oxidized at 800 °C. The
results were corrected for the overlap of N Ka and Ti Ll lines [17]. Clear,
sharp concentration steps occurred at the oxide—nitride interface, with no
perceptible nitrogen content in the rutile scale and no perceptible oxygen
content in the nitride. The latter result is interesting since it is known that
8-TiN, _, forms a complete solid solution with TiO. The very small grey
interface described by Desmaison et al. [30], which was considered to be

TiN| 00

at% 0

at% N,

G L ralibudiiwiiunlind T—Tl‘ L J 0
-100-80 ~60 -40 -20 20 40 B0 B0 100
distance / microns

Fig. 7. Microprobe scan across the TiO, scale and the oxide—nitride interface showing a sharp
concentration jump at the oxide-nitride interface (sample oxidized at 800 °C).
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titanium oxynitride, could not be observed and would probably be too thin
to be determined by EPMA.
The oxidation reaction can be formulated according to

TiN,_,+ 0y — TiO; +#(1 —2)N, 2

so that the mass gain upon oxidation is slightly reduced by setting the
nitrogen free. For data treatment the observed mass gain was corrected on
the basis of the above reaction, yielding

(TO ) ”uuoxide (3)
m(TiO,) =

2 M yige —Myn(1 —2)
where m(TiO,) is the mass of rutile formed, m is the measured mass gain,
M yiqe is the molar weight of rutile, My is the molar weight of nitrogen and
1—x is the composition [N]/[Ti] of the titanium nitride sample TiN, _,.
The mass gain as a function of temperature was treated in the form

m(TiO,)" =kt 4

where m(TiO;) is the mass gain per square centimetre arising from TiO,
formation, n is an exponent, k is a rate constant and ¢ is the time in minutes.
An optimization refinement on the basis of a least-squares routine was applied
in order to find the best exponent 7 for each data set of a specific composition
at a given temperature. It should be noted that the n and k values vary with
the duration of the annealing time. This is an indication that the apparent
order of the reaction changes during the reaction. In the following, oxidation
times up to 120 min are considered and effects occurring at longer reaction
times are discussed later.

At 800 °C the exponent 7 is between 1.35 and 1.49 whereas at 1000
°C it is between 1.18 and 1.38. The oxidation of titanium nitride in air thus
cannot be described by a parabolic law. The data sets for the two different
temperatures were used to calculate the activation energy and the rate
constant of the oxidation reaction according to an Arrhenius plot, k=k,
exp(-Q/RT), where k is the rate constant, k, is a pre-exponential factor and
@ is the activation energy of the oxidation process.

For this treatment an average exponent n of 1.32 was calculated from
the data sets of the individual mass gain functions, since only reactions of
the same order, which is expressed by %, should be compared. Hence a
comparison of the & values (Table 1) gives directly the relative oxidation
resistance.

The data of the Arrhenius plots are given in Table 1. Ln(ky) and @
remain approximately constant for samples higher in nitrogen content than
TiNpgo. The values are centred around In(k,) =16 and Q= —191 kJ mol %,
This is in good agreement with the activation energy obtained by Desmaison
et al. [30, 31] of about — 185 kJ mol ! for the oxidation in pure oxygen.
For samples with nitrogen contents less than TiN, g, these values are higher
(Table 1).
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Fig. 8. Mass gain (eqn. (4)) of 6-TiN,_, as a function of composition and time: top, 800 °C;
bottom, 1000 °C.

From the plot of weight gain vs. time in Fig. 8, where longer reaction
times were also taken into consideration, it is clear that the oxidation resistance
increases with increasing nitrogen content of 8-TiN;_, at both investigation
temperatures. For the two lowest compositions the oxidation behaviour has
more peculiar features. At 800 °C the oxidation rate is slower for TiNg 55
than for TiNy g7 at the beginning, but at longer reaction times this behaviour
changes. At 1000 °C TiNgys; first shows a lower oxidation resistance than
TiNo g7, followed by a higher value at longer reaction times. Metallographic
investigations revealed that the sample with the lowest nitrogen content
shows e-Ti,N phase formation at 1000 °C and &'-TiN,_, phase formation
upon annealing at 800 °C within the nitride phase, which is consistent with
the known phase reactions in the Ti—N system [3, 32]. The formation of &'-
TiN;_, at 800 °C is slower (within hours) than the formation of e-Ti,N at
1000 °C (within a few minutes) [32, 33]. The oxidation times after which
a cross-over of the mass gain curves occurs correspond qualitatively to the
formation of these phases within the nitride phase, yielding some evidence
that the oxidation resistance is increased at 1000 °C through the formation
of eTizN and decreased at 800 °C by the formation of §'-TiN, _, in samples
of low nitrogen content.

4. Conclusions

In technical applications titanium nitride with a stoichiometric
composition is usually applied or proposed for application. However, this
stoichiometric composition may not represent an optimum in the properties
vs. composition function. This was, for example, stated by Hultman et al.
[34] and Ristolainen et al. [35], who found better lattice matching for
substoichiometric than for stoichiometric titanium nitride with the carbides
of high speed steel.
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