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Abstract 

The phase equilibria at 1150 °C in the solid regions of the systems Ti-C-N, Zr-C-N and Hf-C-N were investigated by 
means of arc-melted as well as hot-pressed alloys which were analysed for nitrogen and carbon and investigated by X-ray 
diffraction, metallography and electron probe microanalysis. In the Ti-C-N system the 8-Wi(CxNl_x)x_y phase has a broader 
homogeneity range with respect to the ([C]+[N])/[Ti] ratio than do the f.c.c, boundary phases TiNl_y and TiCl_y. The 
subnitride phase ~r-Ti4N3_x does not perceptibly dissolve any carbon. In the Zr-C-N system the metal-rich phase boundary 
of the 3-Zr(CxNl_x)l_y phase follows a nearly straight line between ZrC~_x and ZrNI_~. Phase diagrams of the Ti-C-N and 
Zr-C-N systems are presented. Owing to the low diffusion rates of carbon and nitrogen and the resulting inhomogeneous 
samples, the Hf-C-N system could be delineated but not clarified with respect to the phase equilibria where the hafnium 
subnitride phases are involved. Similarly to the ~-Ti(CxNl-x)l-y phase, the &nf(CxNl-x)x-y phase has a broader homogeneity 
range than HfC~_y and HfN~_y have. 
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I. Introduction 

The carbonitrides of the IVb metals are interesting 
materials for a number of  high technology applications, 
e.g. as wear-resistant materials in cutting operations. 
They are used as powders for starting materials to 
produce sintered hard materials or as layers for wear- 
resistant and decorative coatings. While quite a number 
of studies are known for the binary carbide and nitride 
systems of these metals, the experimental information 
on the phase equilibria in the ternary carbonitride 
systems is restricted mainly to the quasi-binary 
MeC-Me N systems where complete miscibilities were 
observed. An attempt was made in the present study 
to clarify the phase relationships in the Ti -C-N,  Z r - C - N  
and H f - C - N  systems. 

1.1. Boundary  systems 

The binary carbide systems [1,2] Ti-C,  Z r -C  and 
Hf -C  are characterized by the presence of one inter- 
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mediate phase of the Bl-type structure, a so-called 6 
phase, if the long-range ordering which is reported to 
take place in some carbon-deficient compositions [3] 
is not taken into account. These f.c.c, phases have an 
extensive homogeneity range. A critical compilation of 
the literature on the group IVb metal-carbon systems 
is contained in Ref. [4]. 

The binary nitride systems feature isotypic 6 phases 
too, with comparable homogeneity ranges. The group 
IVb nitride systems are characterized by a high solubility 
of  nitrogen in the low temperature  modifications (a  
phases) of the metals as opposed to a low solubility 
of carbon. In the Ti -N and H f -N  systems the forma- 
tion of various subnitride phases is observed, while 
these phases are absent in the IVb carbide systems 
as well as in the Z r -N  system. For a more complete 
description of the Ti -N and H f -N  systems see Refs. 
[5-8]. 

The quasi-binary systems TiC-TiN, Z rC-ZrN 
and HfC-HfN feature complete solid solubility 
[9,10]. The most interesting physical properties of 
these compounds are presented in a separate paper 
[11]. 
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1.2. Ternary systems 

An early study of the TiC-TiN system was performed 
by Agte and Moers [9] for the melting points of Ti(C,N) 
solid solutions with a non-metal/metal ratio of unity. 
They observed a slight maximum at [TiC]/[TiN]= 1. 
Several authors measured the lattice parameters of 
Ti(CxNl_x)=i.o0 [10,12,13]. For the lattice parameter, 
additior: behaviour [12,13], a (Ti(CxN1 -x)l.OO) = 
xa(TiC) + (1 -x)a(TiN), as well as slight deviations from 
this rule: [10] have been observed. Grieveson [14] mea- 
sured the lattice parameters within the entire phase 
field of Ti(CxNl_x)l_y and Mitrofanov et al. [15] in- 
vestigated the extent of its phase field at 1923 K, finding 
that the ([C] + [N])/[Ti] ratio of the 6 phase in equi- 
librium with a is about 0.45 for [C]/([C] + [N])=0.50. 
A systematic study of the phase equilibria at the rel- 
atively low temperature of 500 °C was performed by 
Arbuzov et al. [1@ who reported an ordered 3' carbide 
phase which extended into the ternary Ti-C-N system. 
At this temperature the e-Ti2N phase was observed to 
dissolve carbon up to [C]/([C] + [N])-- 0.30. 

The thermodynamics of Ti(CxN~_x)=~.00 in equilib- 
rium with nitrogen gas has been investigated by several 
authors [14,17-19]. In particular, Kieffer et al. [19] 
studied the nitridation behaviour of TiC at pressures 
up to 30 MPa. Decreasing temperatures and increasing 
nitrogen pressures shift the equilibrium between 
Ti(CxN1 -x), carbon and nitrogen towards nitrogen-rich 
carbonitdde compositions. Similar results were reported 
by Paster [20]. 

Griew:son [14] tried to measure nitrogen activities 
of Ti(CxN~_x)I _y by equilibrating it with nitrogen at 
low pressure, which was established by passing Ar over 
Si-Si3N4 mixtures. The Ti-rich corner of the ternary 
Ti-C-N system was investigated by Stone and Margolin 
[21] at four different temperatures up to 1300 °C. An 
increase in carbon solubility upon introduction of ni- 
trogen into the a lattice was observed. 

Thermodynamic modelling of the Ti-C-N system was 
performed by Teyssandier et al. [22] and Jonsson [23]. 
In the latter study ternary interactions in the various 
phases, except the /3 phase, were taken into consid- 
eration. The nitridation behaviour of TiC as described 
by Kieffer et al. [19] could be modelled well in Jonsson's 
work [231 . 

The lattice parameters in the ZrN-ZrC quasi-binary 
system were found to obey Vegard's rule [10,24,25]. 
The same investigations as in the TiC-TiN system were 
performed by Kieffer et al. [19] for the ZrC-ZrN system 
concerning the influence of nitrogen pressure and tem- 
perature on the composition of Zr(C~Nl_~)l_y. It was 
found that the attainment of thermodynamic equilibrium 
is slower than for the TiC-TiN system and that the 
onset of reaction of ZrC with N2 is at higher tem- 
peratures than of TiC with N 2. 

Danisina et al. [26] investigated the Zr-C-N system 
at 1650 °C and proposed a phase diagram which, if 
the placement of samples with respect to composition 
is taken into consideration, is of quite speculative 
character. 

Very few studies have been performed for the in- 
vestigation of phase equilibria in the Hf-C-N system. 
Similar to studies in the Ti-C-N and Zr-C-N systems, 
Kieffer et al. [19] also investigated the reaction of HfC 
with nitrogen. The reaction rate was found to be very 
slow, probably reflecting the very low diffusivity of N 
and C. The lattice parameter in the HfC-HfN quasi- 
binary system changes linearly with the [HfC]/[HfN] 
ratio [10,27-29]. 

For Ti-C-N the only systematic study of solid-solid 
phase reactions was performed at T= 500 °C [16], which 
is quite low, since titanium carbonitrides are frequently 
used at T> 1000 °C. The phase reactions for the Zr-C-N 
system have been poorly investigated [26] and 
those for the Hf-C-N system not investigated at all. 
Therefore this project was undertaken to study 
the solid-solid phase equilibria in all three systems 
systematically. 

2. Experimental details 

Carbides, carbonitrides and nitrides in powdered form 
from H.C. Starck, Berlin were used as starting materials. 
The specifications for these powders are given in Ref. 
[11]. In addition, Ti powder as well as Zr and Hf 
sponges as listed in Table 1 were used. Zr and Hf 
sponges were hydrided in an H2 atmosphere at 600 °C 
and powdered in a mortar. 

For arc melting, the starting powders were mixed 
and cold pressed. Prior to arc melting, the hydride- 
containing samples were heated to 1000 °C in a vacuum 
in order to decompose the hydride, thereby avoiding 
rapid decomposition in the furnace which would cause 
ejection of the melt in the arc furnace. Arc melting 
was performed in a Ti-gettered Ar atmosphere. During 
the arc-melting process the samples lost substantial 
amounts of nitrogen. For the Hf-C-N system difficulties 
were encountered because of the high melting points 
of HfC and HfN. The samples either lost much of the 
nitrogen or were incompletely melted. Figure 1 shows 
these results for the Hf-C-N samples. 

In order to prepare nitrogen-rich samples, hot pressing 
of powder mixtures was performed in graphite dies at 
temperatures up to 2400 °C and at a pressure of 55 
MPa. The powder mixtures were prepared as described 
above, but no dehydridation cycle was carried out prior 
to hot pressing; instead, the temperature was slowly 
increased to 900 °C to allow the moderate escape of 
hydrogen. 
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Table 1 
Impurity contents of Ti powder and Zr and Hf  sponges as given by the supplier 

Ti Zr O C N Fe A1 Na CI 

Ti > 99.7% -- 0.106% 0.006% 0.001% 0.005% -- 0.06% 0.081% 
Zr <25 ppm -- 57 ppm 54 ppm 15 ppm 678 ppm 30 ppm -- -- 
Hf <25 ppm 1.86% 640 ppm <30 ppm 22 ppm 175 ppm 210 ppm -- -- 

10 

Hf 

Hfc/L/L/ HfN 
10 20 30 40 

at.% N 

Fig. 1. Nitrogen loss during arc melting of HfC-HfN-Hf  powder 
mixtures: @, starting composition; ©, composition after arc melting. 

Both the hot-pressed and the arc-melted samples 
were homogenized at 1300-1400 °C in an Mo crucible 
for 1-2 weeks, with the samples placed on coarse IVb 
carbonitride particles to avoid interaction with Mo. The 
carbonitrides were annealed on the same type of car- 
bonitride bed. 

Cut or coarsely crushed samples were placed in Mo 
foil and annealed in sealed silica tubes under an Ar 
atmosphere for 3 weeks at 1150+5 °C. After this 
equilibration treatment the capsules were quenched in 
water. 

All samples which could be powdered were chemically 
analysed for carbon and nitrogen by Dumas gas chro- 
matography (GC) [30]. The powdered samples were 
mixed with VzO5 as a combustion booster in a Sn 
crucible and oxidized in an He-O2 atmosphere. The 
reaction products were analysed using a GC column. 
The accuracies are of the order of + 1 rel.% C or N 
respectively. 

Standard metallographic and X-ray diffraction (XRD) 
characterizations of the samples were carried out (see 
e.g. Ref. [11]). Electron probe microanalysis (EPMA) 
was used in order to establish the tie-lines in multiphase 
samples for the Ti--C-N and Zr-C-N systems. A fully 
automatized Cameca Camebax SX50 microprobe with 
four spectrometers, two with crystals for light element 

analysis (W/Si multilayer crystals) and two with crystals 
for heavier elements (TAP and PET crystals), was used. 
Because of the coincidence of the N Ka and Ti L1 
lines, nitrogen could not be analysed directly but was 
taken as the balance for the Ti-C-N samples. Five 
Ti(CxNl_x)l_y and four Z r ( f x N l _ x ) l _ y  homogenized 
and chemically characterized standards were used for 
calibration. 

3. Results and discussion 

3.1. The Ti--C-N system 

Fig. 2 shows the phase diagram of the Ti-C-N system 
at 1150 °C which was established on the basis of 27 
arc-melted and nine hot-pressed and equilibrated sam- 
ples (Table 2). In addition, the Ti-C [4] and T i N  [7] 
boundary systems are shown. It can be seen that the 
phase width of 6-Wi(CxNl_x)m_y reaches lower values 
at medium [C]/([C]+ [N]) ratios compared with the 
nitrogen or carbon contents in the binary nitride or 
carbide systems. This was established by microprobe 
analysis and with single-phase samples. The corners of 
the three-phase equilibrium a+/3 + 6 were determined 
by microprobe analysis on the basis of two independent 
samples; the obtained concentrations agreed well for 
the two sets of compositions (samples Ti L9 and Ti 
H9, arc melted and hot pressed respectively). These 
and further microprobe results for the tie-lines are 
contained in Table 3. The solid solution of N and C 
in a-Ti exists only at high nitrogen/carbon ratios. Because 
the lattice parameters of the subnitride phase ~-WiaN3_x 
did not change in different alloys, it is assumed that 
no nitrogen atoms can be replaced by carbon in this 
phase. This is in contrast with the results for the e- 
Ti2N phase, which was reported by Arbuzov et al. [16] 
to dissolve carbon up to [C]/([C]+ [N])=0.30 at 500 
°C.  

The portion of the Ti-C-N system where phase 
equilibria with ~'-Ti4N3_ x are involved could only be 
drawn tentatively, because no samples within the a +  
and ~'+ 8 phase fields were obtained. This is due to 
the line compound character of ~-TiaN3_x [7] together 
with small inhomogeneities involved in the applied 
technique (see below). 
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Fig. 2. Ten ta t ive  phase  d i a g r a m  of  the  T i - C - N  sys tem at 1150 °C t o g e t h e r  wi th  bounda ry  sys tems [4,7]. F o u r  conodes  are  d rawn in the  a +  6 

p h a s e  field. 

Tab le  2 
Resu l t s  o:, ~ gross  chemica l  and  m e t a l l o g r a p h i c  analyses  of  T i - C - N  samples .  Samples  wi th  * were  duct i le ,  could  no t  be p o w d e r e d  and  w e r e  

the re fo re  no t  ana lysed  by D u m a s  GC. Because  of  negl ig ib le  loss  of  n i t rogen  ( and  ca rbon)  in s amp le s  of  low me ta l l o id  content ,  the  s t a r t ing  

compos i t i ons  were  t aken  as the  t rue  s a m p l e  compos i t i ons  

Sample  C N C N Ti  X R D  M e t a l l o g r a p h y  resul t s  

(wt. %)  (wt. %)  (at.  %)  (at. %)  (at.  %)  resul ts  

Ti  L1 3.45 +0 .01  7.74 +0 .05  10.7 20.5 68.8 6, a 6, a 
Ti  L2 6 . 6 2 + 0 . 2 2  5 . 1 3 + 0 . 1 5  20.0 13.2 66.8 6 6, (13) 
Ti  L3 10.65 + 0.15 2.66 + 0.04 30.7 6.6 62.7 6 6, (/3) 
Ti  LA 4 .45+0 .01  6 .30+0 .01  13.8 16.8 69.4 6, a 6, a,  (/3) 
Ti  L5 9.54 + 0.18 2.68 + 0.06 28.2 6.8 65.0 6, (or) 6, (/3) 
Ti  L6 2 . 2 7 + 0 . 1 6  7 .65+0 .04  7.2 20.7 72.1 6, a 6, a 
Ti  L7 5 . 7 7 + 0 . 0 6  3 .55+0 .04  18.3 9.6 72.1 6, a 6, /3, (or) 
Ti I-,8 2.25 + 0.02 4.74 + 0.02 7.6 13.7 78.7 6, a 8, a 
Ti L9 4 .64+0 .04  3 . 2 1 + 0 . 0 6  15.2 9.0 75.8 6, a 6, a,  /3 
Ti L10 2.09-t-0.03 3.29-t-0.05 7.3 9.9 82.8 8, a 6, a,  /3 
Ti  L l l  0 . 98+0 .03  3 .57+0 .03  3.5 10.9 85.6 a, (6) 04 /3, (6) 
Ti  L12 * * 2 3 95 ot a, /3 
Ti L13 1 .14+0 .03  10 .77+0 .04  3.5 28.5 68.0 8, (~) 6, a, (e) 
Ti  L14 0 .64+0 .03  9 . 8 4 + 0 . 0 7  2.0 26.8 71.2 a,  6, (, ~ a, 6, ~', E 
Ti  L15 1 .61+0 .03  9 .42+0 .03  5.1 25.2 69.7 6, a 6, a 
Ti  L16 0 .65+0 .03  9 .33+0 .04  2.1 25.6 72.3 a,  6, r, (e) a,  3, r, (E) 
Ti  L17 1 .22+0 .02  9 . 0 0 + 0 . 0 4  3.9 24.6 71.5 a,  6 a, 6 
Ti L18 5 . 0 2 + 0 . 0 2  7.21 +0 .03  14.4 18.7 66.9 8 6 
Ti  L19 8 .98+0 .11  3 .60+0 .05  26.4 9.1 64.5 6 6, (/3) 
Ti  L20 12.85 + 0.10 0.92 + 0.06 36.4 2.3 61.3 6 6, (/3) 
Ti  L21 7 . 4 7 + 0 . 1 9  1 .81+0 .03  23.5 4.9 71.6 6, ot 6, /3 
Ti  L22 0.77 + 0.09 2.65 + 0.06 2.8 8.3 88.9 a a, /3 
Ti L23 * * 9 1 90 6, a 6, /3 
Ti  L24 0 . 4 9 + 0 . 0 6  6 .19+0 .03  1.7 18.1 80.2 a a 
Ti L25 * * 5 3 92 6, a 6, /3 
Ti L26 * * 4 1 95 6, a 6, /3 
Ti L27 * * 1 1 98 04 (6) /3, (6) 
Ti  H1 * * 1 33 66 6 8 
Ti H2 * * 2 31 67 6 6 
Ti H3 * * 7 26 67 6 6 
Ti  H4  * * 1 24 75 a,  8, (E) a, 6, (~) 
Ti  H5 * * 16 16 68 6 6 
Ti H6  * * 19 12 69 6 6 
Ti H7 * * 36 0 64 6 8 
Ti H8 * * 3 9 88 a a 
Ti  H9  * * 7 5 88 6, a 6, a,  /3 
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Table 3 

Microprobe results for phases in samples of the Ti-C-N system. 
Phases with * could not be analysed owing to the restricted lateral 
resolution of E P M A  

Sample Element 6 a /3 

(a t .  % )  (at .  % )  (a t .  % )  

Ti L9  C 22.5 4.4 1.2 

T i  68.1 87.6 95.5 

N 9.4 8.0 3.3 

Ti  H 9  C 22.1 3.6 1.1 

Ti  67.3 85.6 95.4  

N 10.6 10.8 3.5 

Ti  L 7  C 19.4 1.0 

Ti  70.0  * 94.1 

N 10.6 4 .9  

Ti L 1 0  C 4.0 

Ti * 85.8 * 

N 10.1 

Ti  L21 C 29.0  

T i  67.3 - -  * 

N 3.7 

Ti  L25  C 22.0 

T i  65.0  - * 

N 12.0 

Ti  L6  C 5.9 2.5 

T i  68.0  77.9 - 

N 26.1 19.6 

Ti  H 4  N 3.0 1.4 

Ti  70.0  77.4 - -  

N 27.0  21.2 

Ti  L8  C 14.0 3.8 

Ti  68.3 81.9 - -  

N 17.7 14.3 

Ti  L17  C 4.7 2.0 

T i  68.7 77.2 - 

N 26.6  20.8 

Ti  L16  C 1.3 

Ti  * 78.3 - -  

N 20.4 

Ti  L14  C 2.0  

T i  70.7  * - 

N 27.3 

No literature values could be found for a direct 
comparison of these experimental results; the only 
available experimental studies are by Mitrofanov et al. 
[15] for T= 1650 °C and the Ti(CxNl_x)a_r phase only 
and by Arbuzov et al. [16] for 500 °C. The Arbuzov 
results could be excellently modelled by Jonsson [23]. 

The results of the thermochemical model for the 
Ti-C-N system by Jonsson [23] are in generally good 
agreement with those obtained here. In these calcu- 
lations the ternary phase field a + 13 + 6 is narrower and 
the metal-rieh phase boundary of Ti(CxN1 -x)a -y is nearly 
straight. The phase equilibria in the subnitride were 
not included in the calculations and hence cannot be 
compared with our experimental results. 

3.2. The Zr--C-N system 

Fig. 3 shows an isothermal section of the phase 
diagram of the Zr-C-N system. The microprobe data 
for these results as well as for establishing the two tie- 
lines are included in Table 4 and the gross compositions 
of the samples are listed in Table 5. Compared with 
the Ti(CxNl_x)l_y phase, the metal-rich boundary of 
Zr(CxN1-x)l-y runs as a nearly straight line between 
the metal-rich compositions in the boundary systems. 
The composition of the Zr(CxNl_x)l_y phase in the 
equilibrium a +/3 + 6 shows a nitrogen-richer compo- 
sition than the corresponding 6 phase in the Ti-C-N 
system. 

The tentative Zr-C-N phase diagram by Danisina 
et al. [26] at 1600 °C agrees qualitatively with our 
results for the metalloid-poor boundary of 
Zr(C~Na_x)l_y despite the fact that they did not in- 
vestigate the course of this boundary in detail. Com- 
pletely different results were obtained by these authors 
for the compositions of the a-(Zr,C,N) phase and the 
6 phase in the a+/3+~3 triangle. The a phase has a 
much lower metalloid content, thereby giving a different 
shape to the ot phase field. The 6 phase in this triangle 
is located at the Zr-C boundary side, thus the three- 
phase field is very narrow. The discrepancies cannot 
be explained by the different investigation temperatures 
and are probably due to the peculiar location of the 
samples; with these locations it is difficult for the reader 
to arrive unambiguously at roughly the same tentative 
phase diagram as the one presented by the authors 
[26]. 

Table 4 

Microprobe results for several Zr-C-N samples 

Sample Element 6 a 

(at. %) (at. % )  

Z r  L3  C 21.9  1.5 

N 14.9 12.4 

Z r  63.2  86.1 

Z r  L10  C 22.3 1.4 

N 14.8 12.2 

Z r  62.9 86.4 

Z r  L16  C 25.3 

N 13.7 - -  

Z r  61.0  

Z r  L17  C 31.8 

N 7.5 - -  

Z r  0.7 

Z r  L1 C 17.0 2.0 

N 21.3 15.8 

Z r  61.7  82.2 

Z r  L I 5  C 17.7 0.9 

N 18.9 13.4 

Z r  63.4 85.7 
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Fig. 3. Tentat ive phase  d iagram of the Zr- -C-N system at 1150 °C together  with boundary  systems [4]. Two conodes  are  d rawn in the a+6 
phase  fie]& 

Table  5 
Resul t s  of  gross chemical and metal lographic  analyses of Zr---C-N samples.  Samples  with * were  ductile, could not  be powdered  and were  
therefore  no t  analysed by D u m a s  GC.  Because of  negligible loss of  ni t rogen (and carbon)  in samples  of  low metalloid content,  the  start ing 
composi t ions  were  taken as the t rue sample composit ions 

Sample  C N C N Z r  X R D  Metal lography results  
(wt. %)  (wt. %)  (at. %) (at. %) (at. %) results 

Z r  L1 1.12+0.03 3 .43+0 .2  6.7 17.7 75.6 6, a 6, a 
Z r  L2 4 .34+0.04 1.96+0.03 23.6 9.2 67.2 6, a 6, /3 
Z r  L3 2 .32+0.03 2.32+0.01 13.8 11.8 74.4 6, at 6, /3, a 
Z r  L4 1.05+0.07 2.94-/-0.08 6.4 15.6 78 6, a 6, a 
Z r  L5 4.52-1-0.11 1.28+0.06 25.1 6.1 68.8 6, ot 6, /3 
Z r  L6 * * 13 8 79 6, a 6, /3 
Z r  L7 0 .92+0.02 2 .23+0.03 5.9 12.3 81.8 6, ot 6, a, (/3) 
Z r  L8 * * 15 2 83 6, at 6, /3 
Z r  L9 * * 10 5 85 6, at 6, /3 
Z r  LIO * * 5 7 88 6, at 6, at, /3 
Z r  L l l  * * 4 2 94 6, at 6, a, /3 
Z r  L12 * * 1 4 95 a a, /3, (6) 
Z r  L13 1.18+0.09 5 .13+0.12  6.6 24.6 68.8 6, a 6, a 
Z r  L14 0 .65+0.03 4 .69+0.10  3.8 23.4 72.8 6, at 6, at 
Z r  L15 2.03 + 0.06 3.60 + 0.08 11.6 17.6 70.8 6, a 6, at 
Z r  L16 3.75 + 0.07 2.86 + 0.03 20.3 13.3 66.4 6, at 6, /3 
Z r  L17 5.024-0.05 1.434-0.05 27 6.6 66.4 6, at 6, /3 
Z r  L18 6.50 + 0.06 0.71 + 0.03 33.6 3.2 63.2 6, (at) 6, (/3) 
Z r  L19 5.454-0.04 1.014-0.02 29.2 4.7 66.1 6, a 6, /3 
Z r  L20 0.35 4- 0.02 2.59 4- 0.02 2.3 14.5 83.2 at, (6) a, (8) 
Z r  L21 0.54+0.01 2 .70+0.02  3.5 14.8 81.7 6, a ~5, o~ 
Z r  L22 * * 1 9 90 at, (6) at, /3, (6) 
Z r  L23 * * 9 1 90 6, at 6, /3 
Z r  L24 * * 1 1 98 a, (6) at, /3, (6) 
Z r  H1 0.424-0.02 7 .69+0.07 2.2 34.5 63.3 6 6, (a) 
Z r  H2 5.06 + 0.05 3.43 + 0.02 25.2 14.7 60.1 6 6 
Z r  H3 7.99 + 0.08 0.41 + 0.03 39.2 1.7 59.1 6 6 
Z r  H4  0.17 + 0.01 2.95 ± 0.02 1.1 16.4 82.5 at at 
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3.3. The Hf--C-N system 

A total of 23 arc-melted and five hot-pressed samples 
were prepared for the phase equilibria investigations 
which are listed in Table 6. The Hf-C-N system is the 
only one in the series where the /3 phase does not 
occur at the investigation temperature. 

No unambiguous proposal for the nitrogen-rich sub- 
nitride portion of the phase diagram could be derived 
from the results. Only the boundaries of the a and 
phase fields could be obtained from those samples in 
which the number of phases agreed with the phase 
rule. The scatter in the results for the subnitride region 
of the Hf-C-N system can be attributed to the un- 
favourable coincidence of low diffusion rates with the 
presence of line compounds. The arc-melted samples 
from powder mixtures contain more phases than allowed 
by the phase rule. This is of course not so obvious in 
samples without line compounds, so that the results 
obtained for the a and ~ phase boundaries agree with 
the phase rule, although the gross homogeneity is 
certainly not better than that of the subnitride-con- 
taining samples. 

A rough estimate can be obtained using the rela- 
tionship x=  (D~t) ~/2, where x is the mean diffusion 
distance and D~ is the diffusion coefficient of nitrogen 
in ~'-Hf4N3_,. D~ is 8.3×10 -11 cm 2 s -1 as extrapolated 
from high temperatures to 1150 °C [31]. For a typical 
diffusion distance of 1 mm in arc-melted buttons an 
annealing time t of more than 33 000 h results. Therefore 
an increase in annealing time did not seem appropriate. 

In addition to these difficulties, the formation char- 
acteristics of ~'-Hf4N3_x are not yet clear. It was observed 
that it does not form in annealing experiments with 
Hf  metal in an N2 atmosphere at temperatures lower 
than about 1200 °C [32]. However, once formed it does 
not decompose at temperatures lower than 1200 °C. 
The peculiar formation is influenced by the low diffusion 
rate of nitrogen. Recent investigations [33] showed that 
~-Hf4N3_x layer formation does not occur at this tem- 
perature if Hf metal is annealed in nitrogen. Instead, 
a Widmannst/itten-type structure forms containing this 
phase. 

The experimental results for the Hf-C-N system are 
presented in Fig. 4. Future investigations of the phase 

Table 6 
Results of gross chemical and metallographic analyses of Hf -C-N samples. Samples with * were ductile, could not be powdered and were 
therefore not analysed by Dumas GC. Because of negligible loss of nitrogen (and carbon) in samples of low metalloid content, the starting 
composition was taken as the true sample composition 

Sample C N C N Hf XRD Metallography results 
(wt. %) (wt. %) (at. %) (at. %) (at. %) results 

Hf L1 0.32+0.02 2.87+0.20 3.4 26.5 70.1 a, 6, rt, ( 0  a, 6 
Hf L2 0.31+0.01 3.17-1-0.01 3.2 28.5 68.3 a, 6, r/, ~ a, 6 
Hf L3 0.38+0.02 2.83-t-0.01 4.0 26.1 69.9 a, 6, ~7, ~" a, 6 
Hf IA 0.23_+0.05 3.49-1-0.01 2.3 30.8 66.9 a, "q, ~ a 
Hf L5 0.35_+0.03 2.77-t-0.02 3.8 25.7 70.5 a, 8, r t a, 8, rt 
Hf L6 0.96+0.01 1.89_+0.02 10.6 17.7 71.7 a, 6 a, 8 
Hf L7 1.02-t-0.01 2.02+0.01 11.0 18.6 70.4 a, 6 a, 6 
Hf L8 1.73"t-0.02 1.70-t-0.03 17.9 15.0 67.1 a, 6 04 8 
Hf L9 2.59-t-0.04 1.05+__0.01 26.0 9.0 65.0 04 3 a, 6 
Hf L10 2.52-t- 0.03 0.55 +_ 0.01 26.5 4.9 68.6 a, 3 a, 6 
Hf L l l  3.64 ± 0.01 0.32 5:0.01 35.1 2.6 62.3 8, (a) 6, (a) 
Hf L12 0.40+0.04 1.41+0.11 4.8 14.7 80.5 a, 3 "a, 6 
Hf L13 0.91-t-0.02 1.10+0.06 5.2 11.8 83.0 a, 6 a, 6 
Hf L14 0.37-t-0.02 0.505:0.04 4.9 5.8 89.3 a, 6 04 3 
Hf L15 0.38-1-0.01 0.25+0.01 5.2 2.9 91.9 a, 6 04 8 
Hf L16 1.73-t-0.03 1.44-t-0.02 18.2 13 68.8 a, 6 a, 8 
Hf L17 3.08_+0.06 0.81:k0.1M 30.1 6.8 63.1 a, 8 a, 6 
Hf L18 0.90+0.02 1.03-t-0.02 10.5 13 76.5 04 6 a, 6 
Hf L19 1.42-+0.01 0.72+0.03 16.5 7.1 76.4 a, 6 a, 6 
Hf L20 0.16 5:0.01 1.29 :t: 0.04 2.0 14 84.0 a a 
Hf L21 0.19-t-0.03 0.32-+0.03 2.6 3.8 93.6 a a 
Hf L22 * * 5.0 0 95.0 a, (8) 04 (8) 
Hf L23 * * 2.0 0 98.0 a a 
Hf H1 2.25 :l: 0.02 2.56 -+ 0.02 20,8 20.2 59.0 6, (a) 6, (a) 
Hf H2 1.41:5:0.01 3.28:1:0.01 13.3 26.4 60.3 a, 3 or, 8 
Hf H3 0.64-+ 0.01 4.81 -+ 0.03 5.8 37.1 57.1 6, (~) 3, (~) 
Hf H4 0.28-+0.01 4.07+0.04 2.7 34.2 63.1 rt, (or) "q, a 
Hf H5 0.30_+0.01 4.62±0.01 2.9 37.1 60.0 6, g" 8, 
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at.% N 

Fig. 4. Results for the Hf-C-N system at 1150 °C together with boundary systems [4,33]; the phase reactions involving the subnitride phases 
could not be unambiguously established: A, single-phase samples, or; O, two-phase samples, a +  6; 0 ,  four-phase samples, o~+ 6+ rl + ~'. 

compositions using microprobe analysis as well as a 
clarification of the formation-decomposition kinetics of 
the ,~-HfaN3_x phase will probably make it possible to 
determine the phase reactions in the subnitride region. 
Also, a homogenization pretreatment (e.g. 1600 °C) 
would decrease the diffusion distance to values much 
below 0.1 mm for the subsequent heat treatment at 
the equ:]ibration temperature. 
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