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Abstract—In continuation of a recent study on high-temperature nitridation of niobium the phase equili-
bria of the Nb—N system were investigated for 7<1400°C by means of diffusion couples, electron probe
microanalysis (EPMA) and differential scanning calorimetry (DSC). The y-NbsNs3,,— J-NbN;_, phase
transition was investigated as a function of composition and occurs at temperatures between 1070°C
(45.2 at.% N) and 1225°C (38.9 at.% N). The equilibrium composition of y-NbsNj . in this temperature
interval is—depending on the temperature—only 42-44.0 at.% N, hence the transition occurs also in
samples with a non-equilibrium composition. It can only be investigated by using in situ methods such as
DSC and high-temperature X-ray diffraction because of the fast transition rate which does not permit
quenching and which is responsible for the contradictory results in the literature. The congruent transform-
ation #-NbN— 0-NbN_, was observed between 1300 and 1320°C. Homogeneity ranges were measured
from the phase bands of the diffusion couples by means of EPMA and the results are presented in the
form of a phase diagram. © 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights
reserved.
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1. INTRODUCTION

The Nb-N system is interesting because of the
superconducting behaviour of the J-NbN;_, phase
and of its extension into ternary phases such as
(Ti, Nb)N;_, [1]. Several different phase diagrams
of the Nb—N system were proposed. Brauer and
Esselborn [2] presented a nitrogen-rich portion in
which at temperatures between 1280 and 1400°C a
two-phase field y-NbsN34, + 6-NbN;_, is shown,
whereas at higher temperatures than 1400°C the
7-NbyN3 4 ,— J-NbN|_, transition is—separated by
a tricritical point from the two-phase field—of
higher order (continuous transition without a two-
phase field). Also a so-called 6’-NbN (9 phase was
introduced at 7= 1100-1280°C. Guard et al. [3]
investigated the nitrogen-rich portion by means of
nitridation of compact Nb metal and did not find
the §’'-NbN .9 phase. Also their phase diagram
does not contain the continuous transition between
7-NbyN;3,, and 6-NbN,_,. The latter version was
taken as a basis by Levinskii [4] who constructed a
p—T—x diagram from literature data. The version of
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Levinskii was adopted for the Handbook of Binary
Alloy Phase Diagrams [5], but the 5-NbN;_, phase
designation was omitted. Brauer and Kern [6] also
presented a phase diagram, together with detailed
information on nitrogen equilibrium pressures—in
which a continuous y—¢ transition at ¢. 1400°C as
well as a two-phase field was introduced again.
From these studies it appears that the phases f-
Nb,N, 9-NbgNs.,, 0-NbN;_, and #-NbN can be
considered as stable phases, whereas the o'-
NbN 109 phase seems to occur only transiently in
the formation of #-NbN from J-NbN,;_,. Recently,
a calculation of the phase equilibria was reported
[7] but neither y-NbyNs3,, nor n-NbN was included
because they were assumed to be oxygen stabilized.
This is definitely not the case if the above-cited ex-
perimental studies are taken into consideration.
Although a lot of effort has been undertaken for
the clarification of the Nb—N system a satisfactory
and unambiguous level of knowledge on the phase
reactions has not been attained and the various pro-
posed phase diagrams [2—-8] are contradictory. This
is especially true for the phase reactions in which y-
NbyNs, . is involved. The reason for the most part
of this contradiction is the fast rate of y-NbsNs.,
phase formation from 6-NbN;_, which requires in
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situ investigation techniques, which was shown
recently by application of high-temperature X-ray
diffraction [9]. In addition, studies with compact
sample material permit insight of the thermal his-
tory by inspection of their microstructures. Thus
valuable information for the phase equilibria can be
obtained even if some transition occurs between
high-temperature annealing and ambient-tempera-
ture investigations.

In order to clarify the most controversial region
in this system, diffusion couples, some of which
were of wedge-type geometry, and DSC investi-
gations were performed in the present study.
Advantages of wedge-type diffusion couples have
been outlined elsewhere (e.g. Ref. [10]).

2. EXPERIMENTAL
2.1. DC technique

Diffusion couples of various shapes were
annealed in high-purity nitrogen of various press-
ures, times and temperatures. The starting material
was 99.9 wt% Nb. Especially at the low tempera-
ture region of the present investigation annealing
periods up to 2 weeks were necessary in order to
obtain phase band thicknesses accessible for light
optical microscopy.

2.2. DSC

Differential scanning calorimetry was made in a
Netzsch DSC 404 calorimeter at heating rates of 5,
10 and 20 K/min in purified Ar (activated Cu,
99.999 vol.% Ar) using a Pt crucible. A thin sap-
phire disc was put between the sample and the cru-
cible in order to avoid reaction of the sample with
Pt. Standardization was performed by using five
certified metal standards In, Sn, Al, Au and Ni of
which the melting temperature was fitted by a poly-
nomial expression. The error in temperature is less
than 0.5%.

The samples were made of nitrided Nb sheet of
various thickness up to 1 mm. Different nitrogen
contents were adjusted by establishing appropriate
temperatures and nitrogen pressures for prolonged
annealing times [l1] in order to obtain homo-
geneous samples. The samples were measured by
GC-Dumas for their nitrogen content.

The sheets were lapped on one side in order to
guarantee good contact with the sapphire disk in
the crucible for optimum heat flow. Plates of 3 mm
in diameter were prepared from the lapped sheets
with a hollow drill bit.

2.3. Electron probe microanalysis

Electron probe microanalysis (EPMA) was car-
ried out with wavelength-dispersive spectrometers
(using a W/Si multilayer crystal for nitrogen) and
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application of niobium nitride standards, which
were chemically analysed for nitrogen, carbon (GC-
Dumas), oxygen (hot extraction) and niobium
(combustion in air). The EPMA conditions were
optimized to a level where independent measure-
ments on the same samples performed over more
than one year yielded a difference of a few tenths
at.% N only. Details are given elsewhere [12].

3. RESULTS AND DISCUSSION
3.1. Formation of the y-NbyNs., phase

The microstructure of the phase band of the
0-NbN_ +7-NbsN3 4 phases formed in a tempera-
ture region around 1350°C where, according to the
literature [2, 3], -NbN;_, and y-NbyN3,, should
coexist, is characterized by a hatched microstructure
at the y-Nby4Ns,, inner side which continuously
fades into the J-NbN,_, outer side (Fig. 1). The
absence of a metallographically visible clear inter-
face between these two phases in diffusion couples
is representative of the absence of a two-phase field.
Figure 2 shows that the nitrogen profile within this
region is smooth. If the composition of y-NbyNs,
is different from §-NbN;_, due to a two-phase field
then a much more scattered profile would occur es-
pecially at the position where y-NbsN;,, and J-
NbN,_, merge into each other.

In a previous study [9] high-temperature X-ray
diffraction measurements (HTXRD) yielded that
this transition is reversible and occurs actually
around a temperature of 1120°C—much lower than
reported in the literature. However, measurements
of the transition temperature as a function of com-
position could not be performed by HTXRD
because the measurements were applied on J-

o—Nb (N) B—Nng 'Y—Nb4N3ﬂ

8-NbN «

Fig. 1. Microstructure of a diffusion couple annealed at

T = 1350°C. The hatched structure is due to the formation

of y-NbyNj3., which fades into the J-NbN;_, phase.

Anodically oxidized, polarized light, makes the hatching
of the y-NbsNs;,, phase visible.
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Fig. 2. EPMA line scan showing a smooth variation of the
nitrogen profile in the y-NbsN3 4 + J-NbN;_, phase field.

NbN, _,/y-NbyNj3, diffusion layers made by heat-
ing Nb strips within the HTXRD chamber (at
appropriate temperature and nitrogen pressure con-
ditions suitable for preparing a nitrogen-poor o-
NbN;_,) and by subsequent investigation by dif-
fraction without cooling to room temperature. This
was made in order to guarantee high-purity in situ
conditions. The investigated phase band is inhomo-
geneous in composition by nature and because of
the penetration depth of X-rays of several micro-
metres the transition seen from a diffusion layer
cannot be attributed to a single composition.

Thus homogeneous samples were prepared and
subjected to differential scanning calorimetry
(DSC). The C, curve of a transition between y-
NbyNjs., and 6-NbN,_, is shown in Fig. 3. The in-
tegration of C, yields 3.6 kJ/mol for the heating
cycle and 4.0 kJ/mol for the cooling cycle, where
1 mol refers to NbNy 7, which is 102.33 g. DSC in-
vestigations of samples different in compositions
within a narrow compositional region resulted in a
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Fig. 3. C, of the transformation y-NbyN3.— 6-NbN;_,

upon heating and on the reverse reaction

0-NbN|_,—-NbyN3 ., for 102.33 g (1 mol) of NbNy¢7,.
Sample composition 40.2 at.% N.
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drop in transition temperature upon increasing
nitrogen content (Fig. 4). A transition could be
observed by DSC even if the 6-NbN;_,/y-NbsNs,
samples had a nitrogen content lower or higher
than corresponding to the equilibrium composition
of y-NbyN3,, (the preparation of nitrogen-poor J-
NbN,_, is possible because at high temperatures
the nitrogen-poor phase boundary bends towards
Nb; upon cooling it transforms to y-NbsNj.,).
Therefore, in Fig. 4 transitions are indicated also
below and above the given homogeneity range of o-
NbN, _,/y-NbsgN;,, at 1100-1300°C. From these
DSC results it can be concluded that the transform-
ation into y-NbsNs.,, as shown in Fig. 1 occurs on
the nitrogen-poor side of 6-NbN;_, upon cooling.

Different heating/cooling rates interestingly
showed an increasing hysteresis in temperature
upon increasing heating rate. The increase is caused
by the shift of the transition temperature of the
reaction J-NbN;_,—7-NbsN34, (cooling) and not
upon the reverse reaction P-NbyNji,— 0-NbN;_,
(heating), see Fig. 5. Obviously, the lattice distor-
tion caused by the formation of the tetragonal y-
Nb4N;., phase upon cooling creates stresses which
are overcome only within some time (compare the
hatched microstructure in Fig. 1). For the reverse
transformation no lattice distortion occurs with the
formation of the f.c.c. 6-NbN;_, and the trans-
formation remains at the same temperature irre-
spective of the heating rate.

Several diffusion couple annealings were made
within  the temperature range where the
0-NbN;|_—7y-NbyNs3, transformation occurred.
An interface caused by a compositional discontinu-

1300 —
B-Nb;N + 5-NbN,,
1250 | B-NoM,, / ]
S S 5-NON,
8 1200 } | | n-NbN i
®
T 1150 | o-Noa s N, |-t tan
8 no transition
5 1100 | l |
1050 | ]
1-NbNs., + n-NbN
1000 L . . L
38 40 42 44 46 48

composition [at% N]

Fig. 4. Results on the 79-NbsN3,,—J-NbN;_, trans-

formation as a function of composition (partial
Nb-N phase diagram). Triangles: heating cycle
(y-NbsN3 4 — 0-NbN|_,), squares: cooling cycle

(0-NbN;_y—7)-NbyN3 4 ). The solid phase field lines rep-
resent the equilibrium phase diagram, the dotted lines the
non-equilibrium situation because samples with lower or
higher nitrogen content than given by the equilibrium
phase boundaries also showed a transition. In samples
annealed at 1100°C a homogeneity range of 41.9—
43.4 at.% N was measured for the y-NbsNj, . phase.
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Fig. 5. Heating/cooling cycles with different heating and
cooling rates (the numbers give the rates in K/min). Top:
heating  (y-NbyN34,—J-NbN;_,), bottom: cooling
(0-NbN;_—p-NbsN3 4 ). Upon cooling the temperature of
the reaction 0-NbN;_,—7-NbsyNs,, shifts to lower tem-
peratures the higher the cooling rate. This is due to the
formation of the tetragonal y-NbyNj, , which causes stress
because of lattice deformation.

ity within the y-NbsN3., + J-NbN;_, phase band
should be metallographically visible if a two-phase
field y-Nb4Nj3,, + 0-NbN,_, was present at the
annealing temperature. In order not to overlook the
presence of an interface due to a first-order reaction
occurring in some small temperature region a tem-
perature-gradient diffusion couple (cf. Ref. [13]) was

o-Nb(N) y-NbNiu
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used one end of which was held at 1170°C and the
other at 1300°C. Again no interface could be
detected. Thus it can be concluded that a two-phase
field between y-NbyNj3., and J-NbN,_, is absent
and the 7-NbyNj34,/0-NbN,_, transformation is
quasi continuous.

The structures of both phases are so closely re-
lated [14] that upon transformation of one structure
into the other the nitrogen atoms have to jump
only over very small distances, presumably only to
next-neighbour positions. The Nb sublattice
behaves like in a martensitic transition, character-
istic of a change in the lattice axes only. Hence this
transition cannot be quenched and in situ investi-
gation methods have to be applied to find the tran-
sition temperature.

3.2. §-NbN phase formation

Wedge-type diffusion couples annealed in the
temperature range of 1100-1400°C were inspected
at the outermost region where the n-NbN phase
should form. At the low temperature end the diffu-
sion of nitrogen in the various phases is so slow
that annealing cycles of several weeks were necess-
ary in order to obtain diffusion layers suitable for
investigation in the light-optical microscope and es-
pecially by means of electron probe microanalysis

O—NbN;

o—~Nb(N) B-Nb,N

Y-NbyNi.x

n—-NbN

Fig. 6. Microstructures of a wedge-type diffusion couple annealed above (a) and below (b) the de-

composition temperature of #-NbN. Note the thickness enhancement of the #-NbN phase band at the

tip. Anodically oxidized. Polarized light used for (a). In sample (a) the inner (yellow—brown) part of the
0-NbN,_, phase transformed into y-NbsNs., upon cooling.
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Fig. 7. EPMA line scan along the symmetry axis of a
wedge-type diffusion couple of the type shown in Fig. 6(b)
(n-NbN phase present).

which requires thicknesses of at least about 10 um
in order to measure concentration profiles.

By means of wedge-type diffusion couples the
presence or absence of the #-NbN phase could be
unambiguously seen because this phase thickens
considerably towards the tip. It is hardly detectable
at larger sample thicknesses or in plane-sheet
samples of large thickness if the annealing time is
too short. Thus it can be overlooked and concluded
to be not stable at a given annealing temperature.
In addition, thicker phase bands could be character-
ized by measuring the nitrogen profile by EPMA
and thus the homogeneity ranges.

A wedge-type sample in which the #-NbN phase
is absent also at the tip because of thermodynamic
instability is shown in Fig. 6(a) where the J-

2000
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Fig. 8. Phase diagram of the Nb—N system from results of

the present study together with high-temperature data of a

previous study [11]. The thin lines are from Ref. [8]. The

broken line represents the non-equilibrium J-NbN;_,/y-

NbyN;,, transition (midpoints of the heating and cooling
cycles), for the equilibrium portion see Fig. 4.

2637

NDbN,_, phase extends to the surface (an EPMA
scan of such a sample type is given in Fig. 2).
Contrary, in the microstructure of the sample
shown in Fig. 6(b) the #-NbN phase is clearly vis-
ible at the near-tip positions of the wedge-type
sample. A corresponding EPMA scan of a sample
in which the n-NbN was stable at the annealing
temperature is shown in Fig. 7. This scan was
recorded in the symmetry plane of a wedge-type
sample in order to further increase the number of
data points. From the metallographic investigation
of such samples the stability temperature of 1#-NbN
could be found to be located between 1300 (n-NbN
present) and 1320°C (n-NbN absent).

3.3. Phase diagram for the Nb—N system

From the DSC, metallography and EPMA, a
phase diagram of the Nb-N system was drawn
(Fig. 8) in which also the high-temperature results
of a previous study were introduced for complete-
ness. Thus it is representative for nitrogen equili-
brium pressures <30 bar N,.

The broken line in the area of the
7-NbsgN3 4 . —J-NbN;_, phase transition represents
also the results of the samples which had a non-
equilibrium composition at the investigation tem-
peratures. The solid lines in this region give the
transition for the equilibrium samples (cf. also
Fig. 4). For this the midpoints of temperatures of
the heating and cooling cycles were used.

Microprobe line scans of all wedge-type samples
showed that upon increasing temperature the
0-NbN,_, 4+ 7-NbN two-phase region narrows down
until the -NbN,_, phase attains the same compo-
sition as #-NbN and the congruent reaction
between #-NbN and 6-NbN/_, takes place.

4. CONCLUSION

The region below 1400°C of the Nb—N system,
most controversially reported in the literature, was
investigated by diffusion couples and compact
samples. This has several advantages over powder
samples used in the past because also metallo-
graphic inspection and electron probe microanalysis
is possible. The p-NbsNj,,—J-NbN;_, transition
could be characterized to be of quasi continuous
nature (absence of a two-phase field). This could
not be performed by powder samples and the find-
ings from such sample material were misinterpreted
[2, 6].

Also the decomposition temperature of #-NbN
was obtained and the measurement of the hom-
ogeneity ranges of all phases stable in the tempera-
ture range 1100-1400°C was performed. In
combination with the high-temperature data from a
previous study [9] the phase diagram of the Nb—N
system up to 50 at.% N could be established.
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