
S

D
a

b

a

A
R
R
A
A

P
6
6
6
6
6
6
6
8

K
N
T
C
M
H

1

i
r
m
b
t
a
m
p
n

i
n
a

0
d

Journal of Alloys and Compounds 480 (2009) 46–49

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

ynthesis and properties of oxygen-bearing c-Zr3N4 and c-Hf3N4

.A. Dzivenkoa,∗, A. Zerrb, G. Miehea, R. Riedela

FB Materialwissenschaft, TU Darmstadt, Petersenstr. 23, 64287 Darmstadt, Germany
LPMTM-CNRS, Université Paris Nord, 99 av. J.B. Clement, 93430 Villetaneuse, France

r t i c l e i n f o

rticle history:
eceived 30 June 2008
eceived in revised form 2 October 2008
ccepted 2 October 2008
vailable online 22 November 2008

ACS:
1.05.cp
2.20.de
2.20.Qp
2.50.−p
4
4.30.−t
5.40.De

a b s t r a c t

This paper presents our recent results on synthesis and properties of high-pressure cubic zirconium(IV)-
and hafnium(IV) nitrides having Th3P4-type structure, c-M3N4 (M = Zr or Hf). c-M3N4 were first syn-
thesized in microscopic amounts in a laser-heated diamond anvil cell (LH-DAC) at pressures above
15 GPa and temperatures above 2500 K. Further, macroscopic amounts of c-Hf3N4 and of a new oxygen-
bearing zirconium nitride, c-Zr2.86(N0.88O0.12)4, were synthesized at 12 GPa and about 1900 K using a
multi-anvil apparatus. The lattice parameter of c-Hf3N4 was determined to be a0 = 670.2(1) pm. The a0

of c-Zr2.86(N0.88O0.12)4 of 675.49(1) pm was found to be slightly larger than that of c-Zr3N4 (674.0(6) pm).
The bulk moduli, B0, of 219 GPa for c-Zr2.86(N0.88O0.12)4 and of 227 GPa for c-Hf3N4 were obtained from
compression measurements. Combining the compression and indentation data we determined for c-
Zr2.86(N0.88O0.12)4 its isotropic shear modulus G0 = 96 GPa. Finally, Vickers microhardness, indentation
fracture toughness and thermal expansion of c-Zr2.86(N0.88O0.12)4 were measured.

© 2008 Elsevier B.V. All rights reserved.
1.05.Je

eywords:
itride materials
ransition metal alloys and compounds
rystal structure
echanical properties

g
i
o
p
T
p
w
i
2
h

s

igh pressure

. Introduction

The group 4 transition metal mononitrides �-MN (where M
s Ti, Zr or Hf) having cubic NaCl-type structure are well known
efractory materials with unique combinations of mechanical, ther-
al, chemical and electro-magnetic properties. They have found a

road industrial application as hard wear resistant coatings of cut-
ing tools, corrosion and abrasion protection layers on mechanical
nd optical components, diffusion barriers and superconductors in
icroelectronics [1,2]. With respect to stoichiometric M3N4 com-

ounds of the group 4 elements, only orthorhombic zirconium
itride, o-Zr3N4, was known for a long time [3–5].
Here we review our work on synthesis, characterization and
nvestigation of properties of novel cubic Zr3N4 and Hf3N4. These
itrides were first obtained via chemical reactions of zirconium
nd hafnium or their mononitrides (�-MN) with molecular nitro-

∗ Corresponding author. Tel.: +49 6151 166341; fax: +49 6151 166346.
E-mail address: dzivenko@materials.tu-darmstadt.de (D.A. Dzivenko).
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en at high pressures (>15 GPa) and high temperatures (>2500 K)
n a LH-DAC [6]. Examination of the structure and stoichiometry
f the products using XRD and EDX revealed that the reaction
roducts were stoichiometric nitrides Zr3N4 and Hf3N4 with cubic
h3P4-type structure (space group I4̄3d, No. 220) [6]. It should be
ointed out that c-Zr3N4 and c-Hf3N4 are the first binary nitrides
ith eightfold coordinated cations [6]. Preliminary compressibil-

ty measurements have indicated high bulk moduli, B0, of about
50 GPa (with B′

0 = 4) for both compounds thus suggesting their
igh hardness.

Subsequent theoretical studies of these transition metal nitrides
upported the structure assignment and a low compressibility of c-

3N4 [7–9]: The B0 values of 195–265 GPa and 215–283 GPa were
redicted for c-Zr3N4 and c-Hf3N4, respectively. Using these results
nd an empirical correlation between hardness and elastic moduli

10], Mattesini et al. [8] suggested the Vickers hardness value of
bout 20 GPa for the both compounds. Further interest in these
aterials was excited by the finding that thin films of c-Zr3N4

re significantly harder than those of �-ZrN and dramatically out-
erform �-TiN (by one order of magnitude) in wear resistance by

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:dzivenko@materials.tu-darmstadt.de
dx.doi.org/10.1016/j.jallcom.2008.10.011
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achining of low-carbon steels [11]. Titanium mononitride, in turn,
s a well-known hard wear-resistant material which is tradition-
lly used in mono- and multilayer coatings of cutting and milling
ools because it considerably increases their service life [12,13]. The
lms of pure c-Zr3N4 were prepared via the technique of physical
apour deposition (PVD) by applying a modified filtered cathodic
rc method [11]. The authors were able to control the stoichiometry
nd the structure of the nitrides and to deposit stoichiometric �-ZrN
r Zr3N4 with either orthorhombic or cubic structure. These results
emonstrated a great potential of c-M3N4 for industrial application
s hard wear-resistant coatings.

Very recently we succeeded in synthesis of macroscopic
mounts (>1 mm3) of oxygen-bearing cubic zirconium(IV) nitride,
-Zr2.86(N0.88O0.12)4 [14], as well as of c-Hf3N4 at high pressures
nd temperatures. The obtained materials were examined using the
RD-, TEM-, EPMA- and SEM-techniques. The results are described
elow. We also present accurate values for B0 of c-Zr2.86(N0.88O0.12)4
nd c-Hf3N4 derived from their equations of state (EOS), V(P),
easured on compression at RT [15,16]. Applying nanoindenta-

ion technique we obtained the reduced elastic modulus, Er, and
ardness, H, of c-Zr2.86(N0.88O0.12)4. Combining the results for B0
nd Er we derived the shear modulus, G0, for c-Zr2.86(N0.88O0.12)4
15]. Hardness and fracture toughness of porous oxygen-bearing c-
r3N4 were determined from Vickers indentation testing. Finally,
he first results on thermal expansion of c-Zr2.86(N0.88O0.12)4 from
igh-temperature XRD measurements will be described.

. Experimental methods

The high-pressure high-temperature synthesis of macroscopic amounts of
xygen-bearing c-Zr3N4 and of c-Hf3N4 was performed in a multi-anvil apparatus.
s a starting material we used nanocrystalline powders of nitrogen-rich zirconium
nd hafnium nitrides (N:M > 1.33) having distorted NaCl-type structure [17]. The
tarting materials in platinum capsules were compressed to 12 GPa and heated
p to 1900 K, kept at the maximum temperature for about 20 min and quenched.
he recovered products were characterized using an electron probe micro-analyzer
AMECA SX-50, a scanning electron microscope Philips XL30 FEG and a TEM Philips
M20 equipped with an EDX-detector. The powder X-ray diffractograms of high-
ressure nitrides were collected using a STOE STADI P diffractometer with Mo-K�1

adiation.
The EOS of c-Zr2.86(N0.88O0.12)4 and c-Hf3N4, synthesized in a multi-anvil appa-

atus [14] and in a LH-DAC [6], respectively, were measured on compression at RT
n a DAC to about 45 GPa. Argon was used as quasi-hydrostatic pressure medium.
ressure values were determined from the EOS of crystalline argon [18]. Specific
olumes of the sample material and of argon at high pressures were derived from
he EDX powder diffraction patterns measured using a polychromatic synchrotron
adiation (beam-line F3 at the HasyLab, DESY, Hamburg, Germany).

Nanoindentation testing was carried out on a polished surface of the porous
olycrystalline c-Zr2.86(N0.88O0.12)4 using Nanoindenter XP equipped with the con-
inuous stiffness measurement (CSM) module [19]. Experiments were performed
o two maximum loads of about 23 mN and 14 mN which corresponded to maxi-

al indentation depths of about 260 nm and 210 nm, respectively. In the Vickers
ardness measurements the loads between 0.49 N and 9.8 N were applied. Thermal
xpansion of c-Zr2.86(N0.88O0.12)4 was examined to 873 K using a STOE STADI P X-ray
iffractometer equipped with a curved imaging plate position sensitive detector.

. Results and discussion

The XRD examination of the zirconium nitride product syn-
hesized in a multi-anvil apparatus showed only lines of a cubic
hase having Th3P4-type structure (Fig. 1). The EPMA revealed
resence of a minor amount of oxygen (mass fraction of 0.024).
ince in the TEM investigations no amorphous oxidic layers were
bserved on the grain surfaces, we concluded that oxygen was
ncorporated in the crystal structure and the composition of the

roduct could be expressed as Zr2.86(N0.88O0.12)4. This suggested
ormation of an oxygen-bearing cubic zirconium(IV) nitride of the
eneral composition Zr3−u(N1−uOu)4. Here, formation of vacancies
t the cation sites required by the condition of electrical neu-
rality is taken into account. This supposition was verified by a

o

s
F
e

ig. 1. Powder XRD patterns of c-Zr2.86(N0.88O0.12)4 (top) and c-Hf3N4 (bottom) syn-
hesized at 12 GPa and 1900 K in a multi-anvil apparatus. The Bragg positions of the
h3P4-type phases are displayed below the patterns. The asterisks denote the XRD
eflexes from an oxidic impurity in the hafnium nitride sample.

ull-profile Rietveld structure refinement of the XRD data (Fig. 1)
14]. The lattice parameter of c-Zr2.86(N0.88O0.12)4 was found to
e a0 = 675.49(1) pm which is slightly larger than a0 = 674.0(6) pm
eported earlier for c-Zr3N4 [6]. This observation contradicts to
n expected decrease of a0 due to both substitution of N3− by
2− anions having smaller ionic radius and formation of cation
acancies. However, recent theoretical calculations have shown
hat incorporation of oxygen in c-M3N4 (M = Zr or Hf) results in
weakening of the cation-anion bonding [20]. This leads to reduc-

ion of elastic moduli of oxygen-bearing c-M3N4 and, on reaching
f a critical oxygen concentration, to expansion of the unit cell [20].
he formation of cation vacancies, however, was not considered in
he calculations.

The EPMA detected a minor amount of oxygen (mass fraction of
0.02) in hafnium nitride sample as well. However, in contrast to
xygen-bearing c-Zr3N4, results of XRD-, SEM- and EDX-analyses
evealed the presence of a crystalline hafnium oxide or oxynitride,
n addition to c-Hf3N4. The nature of the contaminating oxidic
hase could not be determined unambiguously due to a low inten-
ity of its XRD reflexes (Fig. 1). The lattice parameter of c-Hf3N4 of
0 = 670.2(1) pm was found to be in agreement with that reported
arlier (a0 = 670.1(6) pm) [6]. If a0 of c-M3N4 is influenced by sub-
titution of nitrogen by oxygen [20], it should be recognized that, in
ontrast to zirconium, cubic hafnium(IV) nitride precludes oxygen
ncorporation in the structure. Influence of oxygen impurities on
he lattice parameter and properties of c-M3N4 could be a subject

f future experimental and theoretical work.

The V(P) dependences of c-Zr2.86(N0.88O0.12)4 and c-Hf3N4 mea-
ured at RT in a DAC to about 45 GPa [15,16] are shown in Fig. 2.
rom the least-square fit of the Birch-Murnaghan EOS [21] to the
xperimental data we obtained B0 = 219(13) GPa, B′

0 = 4.4(10) and
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0 = 227(7) GPa, B′
0 = 5.3(6) for c-Zr2.86(N0.88O0.12)4 and c-Hf3N4,

espectively. For B′
0 fixed at 4 we obtained B0 = 224(5) GPa for

-Zr2.86(N0.88O0.12)4 and 241(2) GPa for c-Hf3N4. The theoretical
redictions for B0 of c-M3N4 [7–9] scatter around our experimental
alues.

SEM investigations have shown that our samples were highly
orous with pore sizes of 0.05–2 �m. The average volume frac-
ion porosity (VFP) was estimated to be about 0.25–0.3 for both
irconium- and hafnium-nitride products. Nanoindentation mea-
urements on a polished surface of the porous c-Zr2.86(N0.88O0.12)4
ave Er = 231 GPa and H = 18(2) GPa [15]. Using the experimental
alues for B0 and Er and the well-known relations between isotropic
r, E, B, G, and � [22] we determined for c-Zr2.86(N0.88O0.12)4

0 = 96 GPa and E0 = 252 GPa [15]. The obtained values should be
onsidered as the lower limits since they could be altered by poros-
ty. We were also able to perform reliable Vickers microhardness

easurements for our porous c-Zr2.86(N0.88O0.12)4 and obtained
V(1) = 12.0(6) GPa [14]. This value is similar to HV(1) of single crys-

al �-ZrN (12.2 GPa) [23] but about 2.5 times higher than that for
orous polycrystalline �-ZrN with the VFP of ∼0.18 [24]. Based on
he known hardness-porosity relations for hard ceramic materials
24,25], we estimated the HV value of fully dense c-Zr3N4 to exceed
0 GPa.

For high indentation loads (≥2.94 N) our SEM investigations
evealed presence of radial cracks having their origin at the cor-
ers of the Vickers impressions. The crack lengths were used

or estimation of the indentation fracture toughness, KIc-if, of c-
r2.86(N0.88O0.12)4 according to the equations of Niihara et al. [26]
nd Shetty et al. [27]. The average value of KIc-if was derived to
e 3.2(3) MPa m1/2 which is slightly lower than KIc-if reported for
ot-isostatically pressed �-MN [28–30]. As above for other elasto-
echanical values, the present KIc-if is considered as the lower limit

or dense c-Zr3N4.
In order to obtain the thermal expansion coefficient of

-Zr2.86(N0.88O0.12)4, its XRD powder patterns were collected
n heating in air to 873 K. The observed nonlinear tempera-

ure dependence of the lattice parameter of c-Zr2.86(N0.88O0.12)4
Fig. 3) was fitted with a third order polynomial function:
(T) = 674.6 + 8.422 × 10−6 T2 − 2.205 × 10−9 T3 [pm]. This depen-
ence fulfils the boundary condition for the thermal expansion
oefficient (lim ˛(T) = 0 for T → 0) and the tendency of ˛(T) to a

ig. 2. Pressure dependences of V/V0 of c-Zr2.86(N0.88O0.12)4 (open circles) and
-Hf3N4 (solid squares) measured at RT. Solid lines represent the least-squares
t of the third-order Birch-Murnaghan EOS to the experimental data. The
ts yielded B0 = 219(13) GPa, B′

0 = 4.4(10) and B0 = 227(7) GPa, B′
0 = 5.3(6) for c-

r2.86(N0.88O0.12)4 and c-Hf3N4, respectively.
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ig. 3. Thermal expansion data for c-Zr2.86(N0.88O0.12)4: Lattice parameter, a(T), mea-
ured at elevated temperatures (solid circles) and fitted by a third order polynomial
unction (solid line). Linear thermal expansion coefficient, ˛, as a function of tem-
erature (dashed line).

onstant value at high temperatures [31]. Applying this result we
erived the linear thermal expansion coefficient ˛(T) defined as
(T) = (∂a(T)/∂T)/a(T) (Fig. 3). It can be seen from Fig. 3 that ˛(T)

ncreases from 6.6 × 10−6 K−1 to 14.2 × 10−6 K−1 in the investigated
emperature region and is about twice as large as those of �-
rN [32–34] and o-Zr3N4 [5] at 900 K. Such a high ˛(T) value of
-Zr2.86(N0.88O0.12)4 can be explained by a less symmetric inter-
tomic potential in c-Zr3N4 due to higher atomic coordinations
hen compared with �-ZrN and o-Zr3N4. It should be also men-

ioned that, similar to o-Zr3N4 and zirconium oxynitrides [35],
-Zr2.86(N0.88O0.12)4 starts to oxidise in air above 773 K. The main
xidation product was found to be �-Zr2ON2 [36] which further
xidises to monoclinic ZrO2.
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