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Abstract 

Technically relevant solid state properties of the hot-pressed group IVb carbonitrides Ti(C,N~-,).L00, Ti(C, Nj_,)0.s2, 
Zr(C~Nx_,) *j.0o and Hf(C,N~_,).].0o, such as microhardnesses, electrical conductivities, heat conductivities (from specific heats 
and temperature diffusivities) and optical reflectances (visible region), were measured as functions of the [C]/([C] + IN]) ratio. 
General b the electrical conductivities, heat conductivities and molar heat values increase with increasing nitrogen content 
whereas lhe microhardnesses decrease. In samples of the series Ti(C,N~-,)0.82 a discontinuity in the Cp vs. T curves could be 
detected at 700-820 °C depending on the [C]/([C] +[N]) ratio, indicative of a phase transition. The colour of the IVb 
carbonitrides changes from yellow through violet to grey with increasing [C]/([C] + [N]) ratio. The extension of the coloured 
region is .greater the higher the atomic number of the metal. A variety of these properties of IVb carbonitrides were measured 
for the first time. A literature review is presented. 
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1. Introduction 

Ti(C/Nx-x)l-y, Zr(C~N~ _~)~_y and Hf(CxN ~_x)x-r are 
hard, high melting compounds. Especially Ti(C, N1 -x)l-y 
has found application in carbonitride hard metals, the 
so-called cermets, where it constitutes the hard phase 
and is bonded with Ni and/or Co to form a tough and 
wear-resistant hard metal [1]. In addition, Ti(CxN~_x) 
has found widespread application as a coating for hard 
metal cutting tips in the form of chemical vapour 
deposition (CVD) layers. Modern coated hard metals 
generally feature multilayer coatings which often change 
gradually from a nitrogen-rich composition on the top 
to a nitrogen-poor composition on the layer adjacent 
to the substrate in order to meet such requirements 
as good ;adherence with the hard metal and reaction 
resistance at the surface because of tool-workpiece 
interaction. Zr(C~N~ _~)1 _ y  and Hf(C~NI_~)I--y are only 
rarely used in technical applications but have in principle 
the same favourable properties as Ti(C~N~_x)~_y and 
could be used accordingly. 

*Corresponding author. 

A number of studies have been performed in order 
to assess various solid state properties of carbides, 
nitrides and carbonitrides of the group IVb metals, the 
last of which are reviewed here. (For many of the 
properties of binary carbides and nitrides as a function 
of the non-metal/metal ratio the reader is referred to 
well-known older compilations [2,3] as well as to the 
latest reviews and results [4-6].) Isothermal sections 
of the phase equilibria in the systems Ti-C-N, Zr -C-N 
and Hf-C-N have recently been investigated [7]. 

1.1. Review of literature data 

Literature data are included whenever necessary in 
the graphical representations of Section 3. 

1.1.1. Hardness 
Some Vickers microhardness data of IVb carboni- 

trides have been reported for W i ( f x N ] _ x ) l _ y  [8-10], 
Zr(CxNl_x)]_y and Hf(C~Nl_x)l_y [10] which scatter 
by a factor of up to 2. For Ti(CxN1-x)l-y some authors 
have found positive deviations from the additivity rule 
[8], i.e. Hv(Ti(C~N~_x)) >xHv(TiC) + (1 -x)Hv(TiN),  
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whereas others have observed the opposite behaviour 
[9]. 

1.1.2. Electrical conductivity 
The electrical conductivity of Ti(C, N)l.oo has been 

found to follow the additivity rule between TiC and 
TiN, i.e. ~r(Ti(fxNl_x))=xcy(Tif)+(1-x)tr(TiN), as  

stated by Barbier and Thevenot [11] but without giving 
the detailed data. The electrical conductivity of 
n f ( f x N a _ x ) l _ y  w a s  investigated for two different 
([C] + [N])/[Hf]) ratios ( 1 - y =  1.00 and 0.83) at room 
temperature and 1200 K [12]. In the stoichiometric 
hafnium carbonitrides a distinct deviation from a linear 
behaviour was found. 

1.1.3. Heat conductivity 
Taylor [13] was the first to observe that the heat 

conductivity of TiC increases with increasing temper- 
ature. This was also found for other carbides and 
nitrides, e.g. TiN and ZrC [14,15], and is explained by 
the low electronic contribution to the heat conductivity, 
k~, at room and moderately elevated temperatures to 
the total heat conductivity k,. The heat conductivity is 
the sum of the electronic and phonon conductivities, 
i.e. k,=kp+ke; kp remains approximately constant at 
T> 300 K and k~ increases, while in metals ko is ap- 
proximately constant and kp is proportional to 1/T. The 
result is a deviation from the Wiedemann-Franz law 
k~=LotrT, where ~r is the electrical conductivity at 
temperature T and Lo is the classical Lorenz number 
which is constant for metals to a first approximation. 
At ambient and moderate temperatures Lo of the 
carbides and nitrides is much higher than that of metals 
and approaches approximately the value of pure metals 
at high temperatures. 

A variety of effects have been proposed as causes 
for the peculiar kt vs. Tbehaviour [16]. Phonon scattering 
due to non-metal vacancies was thought to be the most 
important one. In addition, ambipolar diffusion - a 
simultaneous and independent diffusion of both elec- 
trons and holes in a temperature gradient, thereby 
transporting thermal energy as long as they do not 
annihilate each other - was regarded as being re- 
sponsible for this behaviour at high temperatures [17]. 
Although quite a number of investigations have been 
published on the heat conductivities of transition metal 
carbides and nitrides, the samples on which these 
properties were measured were sometimes insufficiently 
characterized with respect to composition and porosity. 

1.1.4. Heat capacity 
Turchanin and coworkers [18-20] measured the heat 

capacities of titanium and zirconium carbonitrides. In 
one study [18] on titanium carbonitrides they stated a 
distinct minimum in Cp for a composition TiC0.66N0.28 
(pure TiC and TiN were not investigated in this study) 

at T= 500, 800 and 900 K and gave a function of Cp 
vs. composition and temperature, while in another study 
[19] a linear behaviour was reported. No heat capacity 
data on hafnium carbonitrides could be found in the 
literature. 

1.1.5. Colour 
The binary nitrides TiN, ZrN and HfN have a distinct 

yellow colour which is strongly influenced by the metal/ 
nitrogen ratio [21-26]. A reflectance minimum in the 
blue region of the spectrum of these compounds occurs, 
giving rise to their yellow appearance. Many of the 
reported studies were performed on thin films where 
the characterization of the composition is difficult and 
prone to error. Some nitrogen-rich IVb carbonitrides 
are coloured too, which has attracted a study on the 
spectral reflectance as a function of the [C]/[N] ratio 
for Ti(CxNl_x)l_y and Zr(CxNl_~)l_y [26]. With in- 
creasing C content the colour disappears and the car- 
bonitrides become dark grey. 

1.1.6. Resume of literature survey 
The published data on the IVb carbonitrides generally 

suffer from poorly characterized samples with respect 
to gross compositions of carbon and nitrogen and minor 
contaminants such as oxygen as well as to porosity. 
This is reflected in the sometimes considerable scatter 
in data for nominally identical compositions. While data 
for the binary carbides and nitrides have frequently 
been collected and compiled, data for carbonitrides are 
scarce. Because of these deficiencies, we carried out 
a systematic study of two series of titanium carbonitrides, 
Ti(CxNl_x)~l.o and Ti(CxNl_x)O.82, as well as of the 
carbonitride series Zr(CxN1 _x)= 1.oo and Hf(CxNl_x)= 1.o 
using well-characterized sample material throughout. 

2. Experimental details 

2.1. Preparation of samples 

Carbide, nitride and carbonitride powders as de- 
scribed in Table 1 were mixed in a planetary ball mill 
with cyclohexane as a milling aid, dried and hot pressed 
to nearly full density in a graphite die at temperatures 
up to about 2500 °C at a pressure of 55 MPa under 
an Ar atmosphere with a ramp time of 10 min. Samples 
of 15 mm diameter and about 8 mm height were 
prepared. Layers of graphite foil and Zr foil were placed 
between the powder and the graphite die. The graphite 
foil prevented sticking between the die and the sample, 
which otherwise led to cracking of the samples. The 
Zr foil was carburized during the hot-pressing cycle 
and served as a getter as well as a diffusion barrier. 
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Table 1 

Specifications of starting powders (H.C. Starck, Germany) 

139 

Powder Metal content  C total (C flee) N O 

iwt.%) (wt.%) (wt.%) (wt.%) 
Metal 
impurities 
(wt.%) 

Grain size 
FSSS" 
(,~m) 

TiC A - 19.57 (0.17) 1.1 ppm 1.9 ppm 
TiC - 19.28 (0.17) 0.46 6.4 ppm 
TiN A 77 0.005 (-) 21.9 0.35 
TiN B 77 0.07 (-) 22.3 0.9 
ZrC 87.0 Zr, 1.9 Hf  11.34 (0.24) 0.355 0.199 
ZrN >86.7 Z r + H f  0.73 (-)  11.2 2.1 
HfC 93.12 Hf, <0.1 Zr  6.06 (0.06) 0.278 0.033 
HfN 90.04 Hf, 2.06 Zr  0.09 (-)  7.09 0.366 
Ti(C, N) 30/70 > 76 6.6 (-)  14.3 0.45 
Ti(C, N) 50/50 >76  9.7 (-)  11.1 0.27 
Ti(C, N) 70/30 >76  13.25 (-)  6.8 0.2 

- 2.4 
- 1.3 
<0.15 4.8 
<0.15 1.3 

0.015 3.9 
- 4.3 

0.404 6.3 
0.05 4 

<0.15 5 
<0.15 3.3 
<0.15 4.1 

aFisher subsieve sizer. 

Z2. Characterization 

For phase analysis a standard powder diffractometer 
with Cu Ks radiation, a graphite monochromator and 
a rotating sample holder was used. High purity silicon 
served as a standard for goniometer calibration. 

Chemical analyses for nitrogen and carbon were done 
by Dumas gas chromatography (GC) on a Carlo ERBA 
CHN 1108 analyser. The sample was placed in an Sn 
crucible, mixed with V205 and combusted in an He-O2 
atmosphere. The peak areas of CO2 and N2 as detected 
by the GC column were calibrated against organic 
standards of well-known composition [27]. 

Metallographic analysis was performed by grinding 
the samples first with a diamond disc, then by polishing 
with diamond paste and finally by SiO2 suspension. 

Reflectance measurements were performed with a 
photometer of our own design and using well-polished 
hot-pressed samples of about 14 mm diameter. The 
incident angle of light was 45 ° and the take-off angle 
135 ° frorrt the surface. Absolute intensity data agreed 
within better than 10% when repeated on the same 
sample. 

Heat capacity measurements were done with a 
Netzsch 404 differential scanning calorimeter under 
high purity Ar at a heating rate of 20 K min-1. The 
samples were cylindrical plates 5 mm in diameter and 
1 mm thick. A sapphire standard was used. The errors 
of the measurements are within + 1%. 

Temperature conductivity measurements were per- 
formed by the laser flash technique using cylindrical 
specimen,; 10 mm in diameter and 1 mm thick cut and 
ground from the hot-pressed material. The sample was 
placed on three thin A1203 supports to minimize the 
heat loss by conduction and heated in vacuum by means 
of a resistance furnace. The front side of each sample 
was subjected to an Nd glass laser flash with an energy 
of 40 J at a pulse duration of 0.5 ms. The temperature 

on the rear side of the sample was determined py- 
rometrically as a function of time. By applying the laws 
governing diffusion, it is possible to determine the 
temperature conductivity as [28] 

0.1388h 2 
= ( 1 )  

tl/2 

where h is the height (thickness) of the sample (around 
1 mm) and tl/2 is the time elapsed between the moment 
of the flash and the time when the rear side reached 
50% of its vertex temperature. The heat loss during 
the measurements, which introduced some error, is 
minimized by the small alumina tips on which the 
sample is placed and the introduction of radiation 
shields. The remaining error due to radiation loss was 
corrected according to Clark and Taylor [29]. The 
measurements were calibrated against a steel standard 
and were accurate to within __+ 4%. 

Temperature conductivity, specific heat and density 
measurements were combined to give the heat con- 
ductivity according to the formula 

kt(T) = c~(T)Cp(T)p(298) (2) 

where a(T) is the temperature diffusivity (Eq. (1)), 
Cp(T) is the specific heat and p(298) is the density at 
room temperature. The last value was not corrected 
for thermal expansion to yield the high temperature 
density owing to its small influence (maximum 3% at 
the highest investigation temperatures [30]) relative to 
the measurement error (maximum 8%). For calculating 
kt(T) in Eq. (2), the a(T) values were fitted by polynomial 
equations. The C o values of some intermediate car- 
bonitrides were calculated by linear interpolation of 
the experimental data. 

Electrical resistance measurements at room tem- 
perature were performed by means of an inductive 
eddy current principle (F6rster, Reutlingen, Germany). 
The readings were calibrated against standards of well- 
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defined alloys. Polished as well as ground samples about 
14 mm in diameter and 10 mm thick were used. 

Vickers microhardness measurements were made on 
polished samples with a load of 0.98 N. 

3. Results and discussion 

Table 2 gives the results of the chemical character- 
ization as well as the densities and porosities of the 
samples. It can be seen that the porosity is generally 
below about 5% and that it tends to increase with 
increasing nitrogen content of the sample. Obviously 
the sintering behaviour is not as favourable for nitrogen- 
rich as for carbon-rich samples. This is probably due 
to a small oxygen contamination present in the starting 
powders. The higher the carbon content, the more easily 
chemisorbed oxygen will be reduced by formation of 
CO upon hot pressing. Hot isostatic pressing at 2100 
°C and 200 MPa for 90 min of the hot-pressed samples 
did not yield significantly higher densities. Apparently 
the temperature was too low to induce plastic flow in 
the carbonitrides. 

The measured values of the electrical conductivities 
and temperature diffusivities were corrected for the 
porosity by utilizing the equations derived by Ondracek 
[31] for field properties of porous materials under the 

assumption that the pores are spherical, dispersed 
equidistantly within the carbonitride matrix, not inter- 
connected and do not exceed 10 vol.%: 

Xcorr =Yobs e -3/2 (3 )  

where x .... is the corrected value, Xobs is the measured 
value and P is the ratio of measured density to X-ray 
density. 

3.1. Lattice parameters 

Figs. l a - l d  show the lattice parameters of the four 
series of carbonitrides investigated. The oq-a2 splitting 
of the diffraction lines was excellent, indicating a good 
homogeneity of the samples. It can be seen from Figs. 
l a - l d  that the lattice parameters are linear functions 
of composition between the nitrides and the corre- 
sponding carbides in each case. 

3.2. Hardness 

Fig. 2 shows the Vickers microhardness Hv(0.1) for 
the two titanium carbonitride series (Fig. 2a) as well 
as for Zr(CxNl_x)l_y and Hf(CxNl_x)a_y (Fig. 2b) as 
a function of the [C]/([C] + [N]) ratio. The carbides 
are harder than the corresponding nitrides. The data 
of Bogomolov et al. [8] for titanium carbonitrides (no 

Table 2 
General characterization of hot-pressed samples. Samples with * were not analysed 

Sample C N C N Me [C]/([C] + [N]) Density Porosity 
(wt.%) (wt.%) (at.%) (at.%) (at.%) (g cm -3) (%) 

Ti 550 19.27 + 0.09 0.22 ± 0.06 48.6 0.5 50.9 0.99 4.87 0.9 
Ti 541 15.37±0.05 4.67-t-0.07 39.0 10.1 50.9 0.79 4.95 1.0 
Ti 532 11.58+0.20 9.14±0.27 29.5 19.9 50.6 0.60 5.01 1.8 
Ti 523 7.76±0.05 13.64±0.19 19.8 29.9 50.3 0.40 5.03 3.3 
Ti 514 3.94 + 0.01 22.19 ± 0.21 10.3 38.1 51.6 0.21 5.11 3.5 
Ti 505 0.20+0.05 22.19±0.21 0.5 49.2 50.3 0.01 5.16 4.3 

Ti 450 * * 45.0 0.0 55.0 1.00 4.70 0.7 
Ti 369 13.25 + 0.06 3.97 + 0.03 35.4 9.1 55.5 0.80 4.78 0.9 
Ti 2718 10.03+0.03 7.795=0.04 26.9 17.9 55.2 0.60 4.86 1.1 
Ti 1827 * * 18.0 27.0 55.0 0.40 4.94 1.4 
Ti 936 * * 9.0 36.0 55.0 0.20 5.02 1.6 
Ti 045 * * 0.0 45.0 55.0 0.00 5.11 1.8 

Zr 550 11.39 + 0.01 0.43 + 0.05 48.7 1.6 49.1 0.96 6.66 1.0 
Zr 541 9.21 + 0.03 2.42 ± 0.01 39.9 9.0 49.8 0.79 6.58 3.8 
Zr 532 7.10+0.02 4.49+__0.02 30.9 16.8 49.7 0.61 6.65 4.5 
Zr 523 5.03 ± 0.02 6.65 5:0.03 21.9 24.8 49.4 0.43 6.92 2.1 
Zr 514 2.90 ± 0.03 8.94 5:0.02 12.6 33.2 49.0 0.25 7.06 1.8 
Zr 505 1.33+0.01 10.67±0.03 5.7 39.5 49.4 0.11 7.14 2.2 

Hf 550 6.09 ±0.01 0.32±0.01 48.1 2.1 49.8 0.96 12.52 1.2 
Hf 541 4.90-t-0.01 1.665:0.01 38.7 11.3 50.0 0.78 12.37 4.1 
Hf  532 3.68 ± 0.01 3.01 ± 0.01 29.3 20.5 50.3 0.59 12.44 5.2 
I-If 523 2.5135:0.01 4.37+0.01 19.9 29.8 50.3 0.40 12.64 5.3 
Hf 514 1.333±0.01 5.68±0.04 10.6 38.8 50.6 0.21 13.02 4.1 
Hf 505 1.296 ± 0.01 6.95 ± 0.02 2.3 47.2 48.5 0.05 13.08 5.2 
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load given) show a large deviation from our values, 
except for the boundary compounds TiN and TiC, with 
a very high maximum at [C]/([C] + [N])= 0.57 of 38.3 
GPa (not shown in Fig. 2a). For Ti(C, NI_I)I_y a cross- 
over of the function hardness vs. composition of stoi- 
chiometric and substoichiometric samples could be ob- 
served, in full agreement with the fact that the hardness 
increases with the [C]/[Ti] ratio in TIC1_, [32,33] but 
decreases with the [N]/[Ti] ratio in TIN1_, [34]. Whether 
a positive deviation from the additivity rule, i.e. 
Hv(Ti(Q.NI_JI_y) >xHv(TiC) + (1 -x)Hv(TiN),  can 
really be observed in stoichiometric titanium carbo- 
nitrides has yet to be substantiated, while for the 
substoichiometric series this deviation is more pro- 
nounced. The positive deviation of microhardness as 
a function of [C]/([C] + [N]) appears to be more pro- 
nounced for Zr(C~Nl_/)l_y and Hf(C~NI-x)I-y as can 
be seen from Fig. 2b. 

3.3. Electrical conductivity 

The electrical conductivities are shown in Fig. 3. All 
three stoichiometric carbonitrides appear to behave 
very similarly. The substoichiometric Ti(CxNl _/)o 82 
could not be measured because the conductivity was 
below the range of the instrument. The electrical con- 
ductivities increase with increasing nitrogen content. 
The data were fitted to the polynomial equation 

~r =A + B [C] 
[c] + [N] 

+ J  [C] _/  [C] n -1 
C/[C]+-[N]) +/-)riGid-IN]) ( 106 cm -1) 

(4) 
and the coefficients A, B, C and D are given in 
Table 3. 

The present findings for Ti(CxNl_1)l.00 are not entirely 
in agreement with the results of Barbier and Thevenot 
[11], who reported a linear function. Also, the values 
of Schulz [12] for Hf(C~NI_x) are in poor agreement 
with the present data. 

Even if the Wiedemann-Franz law cannot be applied 
to the carbonitrides of the IVb transition metals, the 
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Fig. 3. Electrical conductivities of stoichiometric IVb carbonitrides 
at room temperature as a function of  [C]/([C] + [N]) ratio fitted by 
polynomials. The coefficients for the polynomials are given in Table 
3. l ,  Ti(C~NI_~); *, Zr(C~N~_~); O, Hf(C~N~_~); O, Hf(C~N~_~) 
[121. 

Table 3 
Coefficients of  the polynomial ~ = A  +B[C]/([C] + [N]) + C{[C]/ 
([C] + [N])}2+D{[C]/([C] + [N])} 3 for the electrical conductivity as a 
function of the [C]/([C] + [N]) ratio (see Fig. 3) 

Compound A B C D 

Ti(C~,N~ -x) 0.0389 - 0.0903 0.1467 - 0.0868 
Zr(C~NI_x) 0.0630 -0 .1 9 9 9  0.3091 -0 .1611  
Hf(C~N1 _~) 0.0387 - 0.0505 0.0800 - 0.0548 
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, ,  Z,r(C.N,_~); e, Hf(C.NI_.). 

similar behaviours of electrical and temperature con- 
ductivities as functions of the [C]/([C]+ [N]) ratio at 
stoichiometric compositions and at 50 °C (lowest in- 
vestigation temperature) are quite obvious if Figs. 3 
and 4 are compared. 

3.4. Molar heat capacity 

The molar heat capacities of IVb carbides and nitrides 
are shown in Figs. 5a-5c together with literature data. 
Generally, with increasing temperature the molar heat 
approaches the theoretical value of 52 J mol-~ (Du- 
long-Petit rule) or even exceeds it. Nitrides show a 
larger heat capacity than carbides and the carbonitrides 
have intermediate values. The data points for each 
composition were fitted to the equation 

C ~ ( T ) = A + B T + C T 2 + D T  -~ (J mol -~ K -~) (5) 

where T is the absolute temperature. The coefficients 
of the polynomials are given in Table 4. 

The values of the present study for TiC are slightly 
lower than those reported in the literature [35,36] (Fig. 
5a). For TiN the agreement with literature data is 
closer [35], except for high temperatures. It cannot be 
entirely precluded that at high temperature, even in 
high purity argon, a slight oxidation of the sample took 
place and therefore the heat of reaction results in low 
values for the specific heat capacity. The values of 
Turchanin [37] for TiC (not shown in Fig. 5b) are only 
slightly lower than ours. For ZrC the values in the 
literature scatter widely [38--40] (Fig. 5b). The best 
agreement with our values is found for the data of 
Hultgren et al. [40] at temperatures lower than about 
700 K, whereas our ZrN values are somewhat higher 
than those determined by Coughlin and King [41]. Quite 
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Fig. 5. Molar  hea t  capacities of  IVb carbides and nitrides as a 
funct ion of t empera tu re  together  with l i terature data. The  heat  
capacities of the cor responding  stoichiometr ic  carbonitr ides as a 
funct ion of  t empera tu re  were  found to lie in be tween  the two curves 
(l inear dependence  on  [C]/([C l + [N]) ratio). T h e y w e r e  not  introduced 
in this graph because  of  legibility, but  are contained in numerical  
fo rm in Table 4. Fo r  the substoichiometr ic  t i tanium carbonitr ides 
see also Fig. 8. a: I I ,  TiC; O, TiN; ~ ,  TiC [35]; IS], TiC [36]; x ,  
TiC [39]; O, T iN [36,39,40]. b: I I ,  ZrC; O,  ZrN;  IS], Z rC  [38]; <~, 
Z r C  [39]; × ,  Z rC  [40]; O, Z r N  [41]. c: I I ,  HfC; Q,  HfN;  U], HfC 
[39]; x ,  H f C  [40]; O, H f N  [39,40]. 

Table  4 
Coefficients of the polynomial  Co(T ) = A  +BT+ CT2+DT -2 for the 
Cp data fit for the  s toichiometr ic  samples  (see Figs. 5a-5c).  The Cp 
data  of  Ti(C,  N1-,)0.82 were  not  fitted owing to the discontinuity 

[CI/([C] + [N]) A B × 10 3 C x 10 6 D/10 s 

Ti(C~N,_,) 
0.01 41.45 16.26 - 3.884 - 6.734 
0.60 42.30 20.63 - 10.560 - 11.155 
0.99 48.38 1.302 1.742 - 14.834 

Zr(CxNl -x) 
0.11 44.87 18.0 - 9.752 - 8.554 
0.25 47.11 11.9 - 6.029 - 9.503 
0.96 48.18 5.35 - 1.851 - 12.021 

Hf(CxN~ -x) 
0.05 54.39 - 4 . 5 0  4.616 - 11.454 
0.40 45.64 13.51 - 6.459 - 9.358 
0.59 45.70 13.20 - 6.070 - 8.523 
0.96 48.19 6.22 - 3.142 - 11.320 
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good agreement could be found for both HfC and HfN 
with literature values [39,40] (Fig. 5c). 

Within the accuracy of the results the present findings 
indicate a linear dependence for Cp as a function of 
the [C]/([C] + IN]) ratio for titanium carbonitrides. Yur- 
chanin et al. [18] found a minimum in Cp at [C]/ 
([C] + [N]) = 0.70 for a near-stoichiometric series of 
titanium carbonitrides. However, in another study Tur- 
chanin et al. [19] reported a linear behaviour for Cp 
as a function of composition and gave higher values. 
The values are compared in Fig. 6 for selected tem- 
peratures. The heat capacity data of the zirconium 
carbonitrides agree quite well with the values of Tur- 
chanin and Babenko [20], as can be seen from Fig. 7. 

An interesting Cp vs. T behaviour was observed for 
the Ti(C~N~-x)o.82 series. A distinct and reproducible 
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endothermic Cp discontinuity could be detected, which 
is also present in the binary compounds TiN and TiC 
(Fig. 8) upon heating. Upon cooling, a reversible nature 
of the Cp behaviour was observed but shifted towards 
slightly lower temperatures, which is evidence of a 
phase transition. Fig. 9 shows the transition temperature 
Tc as a function of the [C]/([C] + [N]) ratio (where 
([C]+[N])/[Ti] is fixed at 0.82). It is seen that the 
transition temperature increases with increasing nitro- 
gen content. 

Standard X-ray powder diffraction measurements of 
samples quenched or cooled from temperatures both 
above and below the Cp discontinuity did not reveal 
any deviations with respect to the line pattern or the 
lattice parameters. If the discontinuities can be con- 
sidered to stem from an ordered phase, it must be a 
different phase from the one described by Arbuzov et 
al. [42], who, upon investigation of the Ti-C-N system 
at 500 °C, described an ordered titanium carbonitride 
phase which forms at T< 1000 °C and reaches from 
the Ti-C boundary system at about 38-40 at.% C into 
the ternary with a minimum [TiC]/[TiN] ratio of about 
0.70. Furthermore, it is also different from the 
3 ' -T iNl_x  phase [43-45] which exists in the Ti-N 
boundary system and can be obtained by heat treatment 
of 6-TiN1 -x followed by cooling to room temperature. 

3.5. Temperature diffusivity 

The temperature diffusivity measurements were made 
on the same samples as for the molar heat capacity 
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Fig. 9. Phase transition temperatures T¢ (midpoint of transition) of 
Ti(C.Nl_.)0.82 as a function of [C]/([C]+ IN]) ratio as reflected in 
Cp measurements. Upper curve: 0 ,  heating, Lower curve: ~ ,  cooling. 

work. The temperature conductivity generally increases 
with increasing nitrogen content (Figs. 10a-10d). A 
steep increase exists between the nitrogen-richest car- 
bonitrides (the nitrogen-richest carbonitrides studied 
were practically pure nitrides except for the nitrogen- 
richest zirconium sample, which, however, showed a 
similar increase). This increase is less pronounced for 
Hf(C, Na_~)a.oo (Fig. 10d) than for the other two stoi- 
chiometric series (Figs. 10a and 10c). The data points 
were fitted to the polynomial equation 

o t (T )=A+BT+CT2+DT -2 (10 2 cm 2 s -~) (6) 

and the results are given in Table 5. Substoichiometric 
titanium carbonitrides show a deviation from this be- 
haviour at T< 500 K (Fig. 10b). In this region the order 
in temperature diffusivity is practically reversed as 
compared with the high temperature values. The lower 
temperature diffusivity of Ti(C~N~_.)o.s2 as compared 
with Ti(C,N, -,)1.oo can be explained by a lower number 
of electrons contributing to the transport process. Ob- 
viously the higher the nitrogen content, the more tem- 
perature sensitive the temperature diffusivity is. 

3.6. Heat conductivity 

It is clear that when the temperature diffusivity and 
heat capacity generally behave similarly with respect 
to the [C]/([C] + [N]) ratio - increasing with increasing 
nitrogen content - the heat conductivity also increases 
with increasing nitrogen content. At small carbon con- 
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Fig. 10. Temperature diffusivities of IVb carbonitrides as a function 
of temperature. The coefficients of the polynomials are contained 
in Table 5. a: O, Ti 550; E], Ti 541; 0 ,  Ti 532; O, Ti 523; x ,  Ti 
514; II, Ti 505. b: O, Ti 450; [3, Ti 369; ~1,, Ti 2718; O, Ti 1827; 
X, Ti 936; II, Ti 045. c: Q, Zr 550; 12], Zr 541; 0 ,  Zr  532; O, Zr 
523; x ,  Zr  514; I1, Zr 505. d: O, Hf 550; 15% Hf 541; 0 ,  Hf 532; 
O, Hf 523; x ,  Hf 514; II, Hf 505. Compositions of samples are 
given in Table 2. 

tent the temperature conductivity decreases steeply with 
increasing [C]/([C] + [N]) ratio, which is a similar func- 
tion to the electrical conductivity at room temperature 
(Fig. 3). It stems from the behaviour of temperature 
diffusivity vs. [C]/([C]+[N]) ratio, since the Cp data 
are approximately linear with [C]/([C] + [N]). The de- 
tailed results are presented graphically in Figs. l l a - l l d  
and the coefficients of the polynomial equation 

k t ( T ) = A + B T + C T 2 + D T  -2 (W m -1 K -a) (7) 

are listed in Table 6 (same type of polynomial as for 
the Cp data fit). 

Taylor [13] and Taylor and Morreale [14] report the 
opposite behaviour with a much higher heat conductivity 
for TiC than for TiN (see Fig. 11a) and their values 
for TiC (one sample with free carbon and one with 
the composition TiCo.95) and ZrC (contained in Ref. 
[15]) are substantially higher than our values for stoi- 
chiometric TiC and ZrC, respectively. Their low value 
for TiN can be attributed largely to the much-lower- 
than-stoichiometric nitrogen content, which was about 
[N]/[Ti] =0.79. Indeed, they agree more closely with 
our values for [N]/[Ti]=0.82; see Fig. 11b (the dis- 
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Table 5 

Coefficients of  the polynomial a(T)=A+BT+CT2+DT -2 for the 
temperature diffusivity data fit (see Figs. 1 0 a - 1 0 d )  

[ C ] / ( [ C ]  + [hi])  A B x 103 C x 107 D / 1 0 "  

Ti(GN,_x) 
0.01 

0.21 

0 .40  

0 .60  

0 .79  

0 .99  

Ti(C.NI _.) ~.82 
0.00 
0.20 
0.40 
0 .60  

0 .80  

1.00 

Zr(C=N, _,) 
0.11 

0 .25 

0 .43 

0.61 

0 .79  

0 .96  

Hf(C,N~ _~) 
0.05  

0.21 

0 .40  

0 .59  

0 .78  

0 .96  

8 .49  1.84 - 7 .177  - 4 .276  

5 .61 3 .44  - 10.94 - 0 .489  

5 .96  1.84 - 4 .938  - 6 .508  

5 .52  3 .24  - 11.53 - 9 .016  

5 .14  3 . 0 2  - 9 .494  1.145 

4 .97  3 .03  --  6 .603  - 4 .805  

1.83 3 .85  - 8 .045  0 .0602  

1.41 3 .94  - 8 .973  1.809 

1.97 2 .97  - 5 .051  1.922 

2 .32  2 . 2 0  - 3 .422  3 .210  

2 .36  1 .79 - 2 .219  2 .698  

2.71 1.33 - 1 .720 2 .694  

13.37 0 .447  - 4 .403  - 17.323 

7 .69  4 .25  - 11 .960  1 .886 

7 .37  3 .63  - 9 .464  - 1 .397 

5 .18  5 .98  --  19 .414  0 .169  

5 .30  4 .67  - 15 .680  2 .193 

7 .53  0 .69  3 .468  - 2 .938  

9 .05  5 . 1 8  --  19 .205 - 1.181 

7 .72  6 . 5 0  - 23 .210  - 10 .292 

7 .50  4 . 8 2  - 15 .223 - 6 .080  

6 .91 4 .93  - 16 .189  - 10.161 

5 .92  4 . 1 0  - 12 .638 0 .940  

6 .49  2 .77  - 5 .186  2 .060  

continuities in the heat conductivities at around 980 
K could not be detected by Taylor and Morreale [14], 
possibly because they did not use Cp data to calculate 
the heat conductivity at T> 880 K). Similar arguments 
of composition cannot, however, be applied to the 
differences relative to our values for TiC and ZrC, 
since their samples correspond closely in composition 
to ours. Grossman [46] made thermal conductivity mea- 
surements on ZrC at 1400-2600 K and found values 
about 30% lower than those of Taylor [15] and in 
better agreement with the values of the present study 
(Fig. l lb).  

3. Z Colour 

The reflectance curves for the carbonitride series are 
presented in Figs. 12a-12d. For the nitrides a distinct 
minimum in the reflectance curves in the blue region 
could be observed, indicative of a yellow appearance 
of the nitrides which is well known from the literature 
[21-26]. Upon introduction of carbon this minimum 
shifts towards higher wavelengths and becomes weaker. 
This was also found by Knosp and Goretzki [26] for 
titanium and zirconium carbonitrides. The reflectance 

50 

40 

..~ 35 o / 

o 3 0  / / / . .  ~" 

15 I~[ . . . . . . . . . . . . . . . . .  ' l , , ' ' ~  

300 500 700 900 11 O0 1300 

(c) 

30 7 

25 4 

5 
300 

50 

45  / - " ~ 45 

/ 

~ 40  40 
/ 

35 ~ 35 

30 30 

~ 25 25 

2O 

300 500 700 900 11 O0 
TEMPERATURE,  K 

(b) 

500 700 900 1100 1300 

2O 

15 
300 

(d) 

500 700 900 11 O0 
TEMPERATURE, K 

Fig. 11. Heat  conductivities of  IVb carbonitrides as a function of 
temperature (for compositions of samples see Table 2). The coef- 
ficients for the polynomials are given in Table 6. T h e  discontinuity 
at around i 0 0 0  K observed for the substoichiometric titanium car- 
bonitrides is an intrinsic property due to a phase transformation 
(see Figs. 8 and 9). a: - - - ,  T i  550;  - - ,  T i  541;  . . . . .  , T i  532;  

- - ,  T i  523;  . . . .  , T i  514;  . . . . . .  , T i  505;  D ,  T i C  [13]; <>, TiCo.9 

[14]; O ,  TiNo.8 [14]; × ,  TiNo.8 [14].  b:  - - - ,  T i  450;  - - ,  T i  369;  

. . . . .  , T i  2718;  - - ,  T i  1827; . . . .  , T i  936;  . . . . . .  , T i  045;  © ,  

TiCo.9 [14]; © ,  TiNo.8 [14]; x ,  TiNo.8 [14].  c:  - - - ,  Z r  550;  - - ,  Z r  

541;  . . . . .  , Z r  532;  - - ,  Z r  523;  . . . .  , Z r  514;  . . . . . .  , Z r  505;  

O ,  Z r C  [15]; × ,  Z r C  [46] (extrapolated). d: - - - ,  H f  550;  - - ,  H f  

541;  . . . . .  , H f  532;  - - ,  H f  523;  . . . .  , H f  514;  . . . . . .  , H f  505.  

behaviour they observed is in full agreement with our 
present findings. The wavelength shift corresponds to 
a conversion of colour appearance towards violet. This 
colour change from yellow through violet to grey is 
shifted towards higher carbon contents the higher the 
atomic number of the transition metal is. Thus for the 
same composition the wavelength minima in the re- 
flection curve have the order Arnin(Hf(CxNl-x)a_y)< 
Amin(Zr(CxNi-x)l -y) < Ami,(Ti(CxNl -:,)1 -y). For in- 
stance, the position of the minimum in the reficc,..-:'~e 
curves for Me(Co.6No.4) carbonitrides is at 520, 570 and 
640 nm respectively and H f ( f o . 6 N o . 4 )  still appears to 
be faintly coloured, definitely more so than Z r ( f o . 6 N o . 4 )  , 

while Ti(Co.6No.4) is already grey. The substoichiometric 
carbonitrides show almost linear reflectance curves with- 
out a pronounced minimum in any spectral region (Fig. 
12b), which is the reason for their uncoloured grey 
appearance. 
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Table 6 
Coefficients of the polynomial k ( T ) = A + B T + C T 2 + D T  -2 for the 
heat conductivity data fit for the stoichiometric samples (see Figs. 
l l a ,  l l c  and l l d ) .  The data of Ti(C~NI-~)o.82 were not fitted owing 
to the discontinuity in Cp 

[C]/([C] - b  [ i ] )  A B X 103 C X 1 0  6 D/IO 5 

n(C.N,_.) 
0.01 33.453 9.679 - 0.147 - 8 . 1 6 6 6  

0.21 19.842 19.090 - 3.708 - 4 . 7 0 4 9  

0.40 22.105 11.328 - 1.718 - 7 . 6 3 2 4  

0.60 13.496 29.968 - 10.754 -5.4960 
0.79 20.098 11.630 - 1.143 -5.8377 
0.99 15.887 16.740 - 2.281 -5.7473 

Zr(CxN, _,) 
0.11 48.209 1.799 - 1.616 - 17.0671 
0.25 25.067 19.029 - 5.976 --5.7869 
0.43 22.761 17.266 -5 .262  -6.0278 
0.61 15.031 23.285 --7.725 -4.5450 
0.79 16.394 16.873 -5 .644 -4 .6822 
0.96 22.110 7.224 -0 .804 -6.6003 

Hf(C~NI -x) 
0.05 34.379 14.250 -2 .694  -8.1179 
0.21 21.727 33.683 -11.692 -7.1762 
0.40 21.273 24.601 - 8.006 -5.9277 
0.59 19.253 24.543 - 8.981 -7.3301 
0.78 17.392 18.476 - 6.517 -4.3039 
0.96 19.484 14.264 -4 .788  -4.6140 
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Fig. 12. Reflectance of stoichiometric IVb carbonitrides and 
Ti(C~Nj-~)o.~2 as a function of [C]/([C l + [N]) ratio. A shift in the 
y axes between each curve was introduced for the graphical rep- 
resentation (the reflectances at around 800 nm are very similar), a: 
Ti(C~N~_x)l.~o, from top to bot tom Ti 505, Ti 514, Ti 523, Ti 532, 
Ti 541, Ti 550. b: Ti(CxN1-~)o.~2, from top to bot tom Ti 045, Ti 936, 
Ti 1827, Ti 2718, Ti 369, Ti 450. c: Zr(C~Nt_~)~.0o, from top to 
bottom Zr 505, Zr 514, Zr 523, Zr  532, Zr 541, Zr 550. d: Hf(CxN1 -~)1.o0, 
from top to bottom Hf 505, Hf 514, Hf 523, Hf 532, Hf 541, Hf 
550. For compositions of samples see Table 2. 
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