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a b s t r a c t

Cubic niobium nitrides �-NbNx with different x = 0.87–1.015 were prepared by the self-propagating high-
temperature synthesis (SHS) under nitrogen pressures of P(N2) = 48–230 MPa.

Nitrogen composition x as a function of P(N2) was determined in weight gain experiments and
compared with that determined by chemical (Kjeldahl) analysis. For powders with different x, the super-
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conducting transition temperature Tc was measured as a function of lattice parameter a. The Tc values
were found to grow linearly with increasing a. A maximum value of Tc = 15.0 K for cubic niobium nitride
corresponded to a maximum value of a = 4.3901 Å.

© 2009 Elsevier B.V. All rights reserved.
RD
uperconductivity

. Introduction

Among the nitrides of transition metals, cubic niobium nitride
-NbNx has the highest superconducting transition temperature
c = 17.3 K [1–3]. Critical temperature depends on crystal imper-
ection, in particular on the concentration of vacancies in the metal
nd nonmetal sublattices which can be characterized by the value
f lattice parameter a [4]. The less the imperfection of both sublat-
ices (the lower the concentration of metal and nonmetal vacancies)
he higher the value of a. In other words, the higher the a value
he higher the Tc value. In turn a depend on the nitrogen/niobium
tomic ratio x, upon variation in which, concentrations of nitro-
en and niobium vacancies vary. The a behaviour as a function of
has not yet been completely explained and a matter to which
exactly corresponds a maximum value of a is still actual. It is

elieved that a maximal a corresponds to a stoichiometric nitride
ith x = 1.00 [4–6]. On the other hand, it corresponds to a slightly

ubstoichiometric nitride with x ≈ 0.98 [7–9]. The establishment of
uch a maximum is important for clarification of the properties of
-NbNx.
For obtaining the stoichiometric composition, high pressures
f nitrogen are required. There are several publications which
escribe the synthesis of �-NbNx powders via SHS without dilution
f an initial sample with final nitride product. Some data for the

∗ Corresponding author. Tel.: +33 0 467143355; fax: +33 0 467144290.
E-mail address: rose-marie.ayral@univ-montp2.fr (R.-M. Marin-Ayral).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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pressure range 330–1260 MPa was given in [10]. For cylindrical
samples of 10 mm in diameter a maximal composition x = 0.98
(under 1260 MPa) was obtained, whereas for samples of 15 mm in
diameter both stoichiometric (x = 1 under 330 MPa) and overly sto-
ichiometric (x = 1.01–1.02 under 450–805 MPa) compositions were
obtained. In [11] �-NbNx with maximal x ≈ 0.93 (under 1000 MPa)
was obtained over the pressure range 70–1000 MPa. These two
pioneering studies [10,11] were performed under very high nitro-
gen pressures, whereas later investigations were performed under
much lower pressures. The researches [12–17] report about the
synthesis of �-NbNx powders via SHS in nitrogen gas, a maximum
pressure value being less than 10 MPa and incomplete conversion
being observed (x was less than 0.976). Buscaglia et al. [3] obtained
cubic niobium nitride with x = 1.02 (under 70 MPa). However, in
this work it was synthesized in thermal explosion mode rather
than in SHS-mode. High extent of nitriding in thermal explosion
mode was attained both due to higher initial temperature of
the synthesis and due to higher initial nitrogen pressure than
in [12–17].

Superconducting cubic niobium nitride powders can be also
prepared by high-temperature reactive diffusion [5,18], plasmo-
chemical synthesis [19] and by the direct nitridation of amorphous

Nb2O5 powders in ammonia atmosphere at high temperatures
[20,21].

The synthesis of �-NbNx with different x via SHS occurs accord-
ing to the reaction:

Nb(s) + N2(g) → NbNx(s)

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rose-marie.ayral@univ-montp2.fr
dx.doi.org/10.1016/j.cej.2009.08.014
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roducing of substoichiometric �-NbNx seems to be not so com-
licated since it can be obtained under relatively low nitrogen
ressures. The synthesis of nitride with x above the unity (1.01 or
.02) via classical SHS without dilution of starting sample with final
itride product seems to be much more complicated as very high
ressures are required [10,11]. However upon combustion synthe-
is, heat loss from the sample into environment is another essential
arameter which also influences conversion extent and decrease
f heat loss seems to increase x. Firstly, because more heat will be
ept in the reaction zone and, secondly, because the combustion
roduct will cool down slower that will give an additional time for
he nitridation reaction at high temperature (the so-called “after-
urning stage” [22,23]). Thus the aim of this work was to obtain
n overly stoichiometric �-NbNx via classical SHS without dilution
f starting sample with final nitride product under lower nitrogen
ressures than in [10,11]. For that, a combination of high nitrogen
ressures with heat insulation of the samples was used.

The a(x) and Tc(a) functions for substoichiometric (x < 1) and
verly stoichiometric (x > 1) compositions will be also investigated.

. Experimental

All experiments were carried out in a high pressure SHS-reactor
nder nitrogen pressures of P(N2) = 48–230 MPa. To prepare a start-

ng sample (15 mm in diameter, 40 mm in height, porosity of
1–53%), Nb powder (average particle size 43 �m, 99.8 wt.%) was
ut into a cylindrical container of gas permeable filter paper. For
ecreasing heat loss the sample was put into a graphite container
lled with BN powder as it is shown in Fig. 1. Loose BN powder with
igh porosity of 80–85% practically did not prevent nitrogen infil-
ration to the sample from the reactor volume. The ignition of Nb
amples was accomplished by a tungsten coil heated with a current
nd by several grams of Ti powder. The combustion temperature
as measured with two WRe 5/WRe 20 thermocouples of 0.2 mm
n diameter (with an occurrence of ±50 ◦C) inserted in the core
f a sample and at 25 mm of each other. The combustion velocity
as determined using obtained thermograms with an occurrence

f ±0.5 mm/s. The pressure was measured with a piezosensor.

ig. 1. Schematic of experimental setup: (1) SHS-reactor, (2) tungsten spiral, (3)
itanium powder, (4) boron nitride powder, (5) thermocouples and (6) sample.
g Journal 155 (2009) 542–547 543

The readings from the thermocouples and the piezosensor were
recorded with a computer data acquisition system.

The SHS product was characterized by XRD. The diffraction pat-
terns were taken with a Phillips Expert diffractometer (Cu K�1
radiation, 2� = 15–125◦, angle pitch 0.017◦, acquisition time 1024 s).
The lattice parameter of synthesized cubic niobium nitrides a
was determined using the Celref software with an initial value of
4.3927 Å for cell refinement and with an accuracy of ±0.0005 Å.

Overall nitrogen composition of the product was determined
in weight gain experiments. Weight gain was measured with an
accuracy of ±0.01 g that upon conversion into coefficient x in �-
NbNx gives also �x = 0.01. Nitrogen distribution in a cross-section
of burned sample was determined by chemical analysis (using Kjel-
dahl method [24]) of two probes from the central and middle layers
(see Section 3.2). Whole the middle layer was not analyzed. The
powder which was closer to the surface of a sample was taken
(but not including a powder from the surface layer). The accu-
racy of determination of nitrogen content by Kjeldahl method was
±1.5 wt.% that upon conversion into coefficient x in �-NbNx gives
�x ≈ 0.01 (similar to weight gain experiments).

Micrographs were taken with a Jeol JXCA-733 X-ray microana-
lyzer with Oxford Instruments’ INCA system for energy dispersive
microanalysis (EDS), which was used for determination of the
combustion product composition with an accuracy of �x = 0.01.
Magnetic susceptibility was measured with a Quantum Design
MPMS-XL SQUID magnetometer working in the temperature range
1.8–300 K and a magnetic field range of 0–50 kOe. The supercon-
ducting data were obtained from AC susceptibility measurements
carried out in the temperature range 2–25 K. The amplitude of
applied AC drive signal was 3 Oe and its frequency was 7 Hz. Tc

was measured with an accuracy of ±0.1 K. For the Tc and a deter-
mination, a powder from the middle layer was taken.

3. Results and discussion

3.1. Combustion velocity

Fig. 2 shows the combustion velocity U as a function of the initial
nitrogen pressure P(N2). It follows that in the investigated pres-
sure range the combustion velocity is slightly varied between 6 and

7.6 mm/s. U seems to attain a maximal value of U = 7.6 ± 0.5 mm/s
under P(N2) ≈ 140–160 MPa and then to decrease. Such a maxi-
mum is quite low expressed however its existence can be expected
due to the following consideration. Upon an increase in nitrogen
pressure, an increase of nitrogen quantity in the pores of a sample

Fig. 2. Combustion velocity as a function of the initial pressure.
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Fig. 3. Microphotograph of the central (a), middle (b) an

ccurs and hence concentration of nitrogen closed to the surface
f niobium particles also increases. Due to this, diffusion flux of
itrogen into niobium increases, thus accelerating the nitridation of
iobium, which could lead to an increase in the combustion veloc-

ty. Decrease in the combustion velocity at pressures higher than
60 MPa is more expressed. The combustion velocity decreases
ecause of an increase of heat loss from the sample into surround-

ng gas with increasing P(N2). Such a dependence of U on P(N2)
ith a maximum is typical for the Nb–N system and can be more

learly disclosed if being investigated in a pressure range extended
o lower pressures (where U intensively increases with pressure
ncreasing). U as a function of P(N2) with a clear maximum was
bserved in our previous study [25] where the investigation was
ade starting from 0.12 MPa.

.2. Microstructure
Three layers can be visually distinguished in the sample: central
Fig. 3a), intermediate (Fig. 3b) and surface (Fig. 3c). The central
ayer was 6–8 mm in diameter and consisted of melted product
f light yellow color which is typical for cubic niobium nitride.
face (c) layers of the sample combusted under 230 MPa.

According to the presented thermogram (Fig. 4), the combustion
temperature in the center of a sample (2700–2750 ◦C) was higher
than the melting points of Nb (2469 ◦C) and of the solid solution of
nitrogen in niobium �-Nb (∼2350 ◦C) [26]. Hence in the micrograph
of the central layer of a sample the melted product can be seen. Fur-
ther towards the surface of a sample, temperature decreases (lower
2350 ◦C) and the particles preserve the morphology of the start-
ing Nb powder. The surface layer is composed of a thin gray shell
100–150 �m in thickness. The intermediate layer located between
the surface and central layers and consisted of not fused light yellow
particles of the product.

Melting of the product in the center was observed in the range
70–230 MPa. Under 70 MPa it was less intensive than under higher
pressures and the diameter of the central layer was minimal
(∼6 mm). Under 48 MPa the sample was not melted and consisted
of only two layers: internal and external. The external layer also

composed of a thin gray shell (see Fig. 5) and whole the internal
layer was similar to the intermediate in Fig. 3b.

According to EDS microanalysis, x in several points of the cross-
sections of the central (Fig. 6a) and the intermediate (Fig. 6b) layers
achieved 1.12. However the data of such analysis is appreciably
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Fig. 4. Thermogram of the sample combusted under 130 MPa.

cattered. In the central layer x is varied in the range 1.03–1.12,
hile that in the intermediate, in the range 1.015–1.10.

.3. Nitrogen composition x as a function of P(N2)

Fig. 7 shows nitrogen composition in the product inferred from
eight gain experiments (an increase in weight gain was sup-
osed to occur due to the reaction with nitrogen) as a function
f P(N2). It follows that x initially grows with increasing P(N2) and
ttains a maximal value x = 1.015 ± 0.01 under P(N2) = 170 ± 20 MPa
nd then decreases with pressure increasing (because of heat
oss increasing). Thus according to the weight gain data, a stoi-
hiometric niobium nitride was undoubtedly obtained. However,
btaining of an overly stoichiometric nitride cannot be a priori
xcluded.

According to chemical analysis, upon variation in a sample

adius, nitrogen composition is varied on �x ≈ 0.02–0.04 on aver-
ge (see Fig. 8). Meanwhile, x as a function of P(N2) both in the
entral (curve 1) and in the intermediate (curve 2) layers reveals
similar dependence to that plotted by the weight gain data. In

articular, nitrogen composition in the center is seen also to grow

ig. 6. SEM analysis of the sample combusted under 170 MPa: (a) central layer (point 1
point 1: x = 1.015; point 2: x = 1.03; point 3: x = 1.10).
Fig. 5. Photograph of the sample combusted under 48 MPa.

with increasing P(N2) and attains a maximal value x = 1.015 ± 0.01
under 170 ± 20 MPa and then decreases with pressure increasing.

The dependence of extent of nitriding on pressure is similar to
that of the combustion velocity with the difference that the max-
imum of x(P) happens under higher pressure P(N2) = 170 ± 20 MPa
than the maximum of U(P) under P(N2) = 140–160 MPa. It can be
explained by the fact that the nitridation of Nb occurs not only in
the combustion front but also behind it while subsequent cooling
of the product (the so-called “afterburning stage”).

Almost for all samples nitrogen composition in the center

exceeds x in the intermediate layer. It would seem that the melting
of a sample has to prevent nitrogen infiltration in the center and
thus to result in lower extent of nitriding than in the intermediate
layer. However, according to chemical analysis, this does not hap-

: x = 1.03; point 2: x = 1.04; point 3: x = 1.09; point 4: x = 1.12) and (b) middle layer
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ig. 7. Stoichiometric coefficient x in NbNx as a function of P(N2) inferred from
eight gain experiments.

en that testifies an absence of filtration difficulties or at least their
ow influence on the final nitrogen distribution in a cross-section
f burned sample. On the other hand, before the melting, pores of
sample already contain some quantity of nitrogen which reacts
ith niobium and thus contributes in the final extent of nitriding.

robably heat loss into surrounding gas is a main factor that effects
he final nitrogen distribution in a cross-section of burned sample.
n the center heat loss is minimal and due to this the central layer
ools down slower than the others. That gives an additional time
or the nitridation reaction at high temperature (or for the “after-
urning stage”) that seems to promote a higher extent of nitriding

n the center. Owing to lower heat loss the combustion temper-
ture in the center is higher than in the intermediate and in the
urface layers. At higher temperature the diffusion coefficient of
itrogen both into niobium and into its nitrides (such as �-Nb(N),
-Nb2N and �-NbN) is higher [27,28] that could also promote a
igher extent of nitriding of Nb powder in the center.

It should also be noted that in our work [25] on the combustion
ynthesis of similar Nb samples (15 mm in diameter, 40–50 mm in

eight and porosity of 51–59%) under P(N2) = 0.12–10 MPa a max-

mum value x = 0.94 was attained (under 8 MPa). Upon deviation
rom 8 MPa, nitrogen concentration decreased. I.e. neither stoichio-

etric, no overly stoichiometric niobium nitride was obtained. In
25] the experiments were realized without heat insulation with

ig. 8. Stoichiometric coefficient x in NbNx of the central (curve 1) and the interme-
iate (curve 2) layers as a function of P(N2) inferred from chemical analysis.
Fig. 9. X-ray diffraction pattern of the product with x = 0.977.

BN powder. But in this work, using BN filler both stoichiometry
and superstoichiomety was obtained. Thus it can be considered as
a good promoter for obtaining higher x.

3.4. XRD analysis

Despite the visual difference between three layers in the sample,
both the central and intermediate layers consisted of �-NbNx. Their
diffraction patterns were similar. As an example, Fig. 9 presents
the diffraction pattern of the product with x = 0.977 (intermediate
layer). The surface layer seems to consist of a mixture of �-NbNx

and niobium carbonitride NbN1−yCy with cubic structure. The peaks
of carbonitride in diffraction patterns are similar to those of cubic
niobium nitride with the same type of crystal lattice and hence
coincide [29]. However, these compounds have different color. That
allows us to assume that the surface layer with gray color contains
considerable amount of NbN1−yCy in contrast to the internal layers.
Carbonitride formation on the surface could be due to the interac-
tion with the pyrolysis products of the filter paper. Meanwhile, the
volume fraction of the surface layer composed a minor part of the
sample (about 1.3%).

It should also be noted that the phase composition of the sur-
face layer of not melted sample (burned under P(N2) = 48 MPa, see
Fig. 5) did not change (as compared with the samples burned under
P(N2) = 48–230 MPa) and whole the internal layer consisted of only
�-NbNx.

Meanwhile, the values of lattice parameters of powders from the
intermediate layer remain in the range 4.3849–4.3985 Å and some
of them exceed that known for �-NbNx [5,18,29] (amax = 4.3934 Å).
Lattice parameter of NbN1−yCy (with any y) is known to have higher
value than that of �-NbNx [19,29,30]. Thus a minor percentage of
carbon in the intermediate layer of some samples seems to exist
though. Upon burning, the pyrolysis products of the filter paper
evaporated into a gas atmosphere and could be infiltrated with
nitrogen to the reaction zone through the pores of the sample.

Fig. 10 shows the a(x) dependence according to the present work
(x was determined by chemical analysis, curve 1) and the data of our
previous study [18] (curve 2). Our data is in incomplete agreement
with that obtained previously since not all the points correspond
to �-NbNx without impurities. The points with a > 4.3934 Å corre-
spond to NbN1−yCy as it was mentioned above.

Oxygen-containing compounds may arise and react with Nb
powder in nitrogen atmosphere at high temperatures. The peaks
of niobium oxynitride NbN O with cubic structure also coincide
1−z z

with those of �-NbNx and of NbN1−yCy [29]. NbN1−zOz is known
to have lower values of lattice parameter (amax = 4.3896 Å) than
�-NbNx and NbN1−yCy [30]. Hence the point with a = 4.3849 Å cor-
respond to NbN1−zOz and is in discrepancy with [18]. Taking into
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Fig. 10. Lattice parameter a as a function of x: curve (1) present work and curve (2)
literature data [18].
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ig. 11. Critical temperature Tc as a function of a: line (2) present work and line (1)
iterature data [18].

ccount the accuracy of determination of x and a in both investi-
ations (�x = 0.01, �a = 0.0005), the other points can be regarded
s agreeing with our previous work [18]. Despite the impurities in
he product the data of present investigation is in agreement with
7–9] and also supports the idea that maximal a is exhibited by a
lightly off-stoichiometric composition.

.5. Critical temperature Tc as a function of a

Fig. 11 shows Tc as a function of a: line 1 corresponds to the
iterature data [18], while line 2, to this work. The behaviour of
c upon an increase in a in the range of values known for �-NbNx

amax = 4.3934 Å) is quite similar to the data reported in [18]. How-
ver, some points of the present work are in the range a > 4.3934 Å
nd are in discrepancy with [18]. These points seem to correspond
ot to cubic niobium nitride but to cubic niobium carbonitride.
hat explains a higher value of a and also a discrepancy with the
iterature data for �-NbNx.
Thus for �-NbNx a maximal Tc = 15.0 K was obtained. This is
ower than the Tc values reported in the literature (Tc = 17.3 K)
1–3]. In general, a maximum value of Tc = 15.4 K was obtained
hich was found to correspond to the product with maximal lattice
arameter a = 4.3985 Å.

[

[

[

g Journal 155 (2009) 542–547 547

4. Conclusions

Cubic niobium nitride powders with x both above and below
than unity were prepared. A possibility of obtaining of �-NbNx with
x ≥ 1.00 via classical SHS without dilution of starting Nb samples
with final product was first realized under lower pressures than
in [10,11]. It was attained due to applying of special heat condi-
tions. The samples were put into a gas permeable heat insulator of
BN powder that gave an additional time for a course of the “after-
burning stage” and thus promoted higher extent of nitriding of Nb
powder. In order to increase cooling time more, a greater sample
size than in [12–17] was used. The combustion product of a greater
sample cooled down slower than that of a smaller one.

With increasing a of cubic niobium nitride, Tc linearly grows.
This dependence is in a good agreement with the literature data.
For �-NbNx, the maximum value of Tc was found to be 15.0 K.
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