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Experimental investigation of the Nb-Ni phase diagram
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The Nb-Ni system is an important sub-binary system
in multi-component Ni-based superalloys which have
properties at high temperatures. These properties re-
sult mainly from the precipitation of the γ ′ phase (L12)
based on Ni3Al or γ ′′ based on NbNi3 [1]. Many tech-
nologically important phases in the multi-component
Ni-based alloys contain significant amount of Nb [2].
This binary system is also one of the earliest systems
in which an amorphous phase can be produced by me-
chanical alloying (MA) method [3]. MA method avoids
the problems associated with high cooling rate, which
places a severe restriction on the synthesis of metal-
lic glass by various quenching techniques. In order to
establish the stable phase equilibria and to interpret
the relative stabilities of metastable phase equilibria in
multi-component Ni-based superalloys, knowledge of
the phase diagram and thermodynamic properties in the
Nb-Ni binary system needs to be known accurately.

The Nb-Ni system has been assessed by Nash and
Nash [4] and modeled by Bolcavage and Kattner [5].
All the literature data reviewed by them [4, 5] together
with the data later published are reproduced in Fig. 1.
As shown in this figure, the liquidus from Ni to about
50 at.% Nb and the solubility of Ni in Nb are well
established experimentally.

The liquidus and solidus in the Ni-rich side were de-
termined by Grube et al. [6] and Duerden and Hume-
Rothery [7] using the heating curves of thermal anal-
ysis, which avoids problems of undercooling. The liq-
uidus lines associated with NbNi3 and µ (Nb7Ni6)
phases were determined by several groups of investiga-
tors using thermal analysis [7–9] and a combination of
chemical analysis and thermal analysis [10]. The liq-
uidus from Duerden and Hume-Rothery [7] was prefer-
able since (I) high purity starting materials were used,
(II) the experimental procedure was well described, and
(III) the melting temperatures for pure Ni and NbNi3
are consistent with the generally accepted ones.

However, there are some uncertainties on the other
phase boundaries. The solubility of Nb in Ni was mea-
sured by several groups of investigators using differ-
ent methods, X-ray diffraction (XRD) [6–8, 11, 12],
electron probe microanalysis (EPMA) of the diffusion
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couples [13–16], and metallography [17]. The reported
experimental data show noticeable discrepancies and
two alternative interpretations for the solubility of Nb
in Ni were presented in the assessment due to Nash
and Nash [4]. Either the solubility exhibits a rapid de-
crease from the eutectic temperature (1282 ◦C) to about
1000 ◦C [6, 7], or it decreases gradually down to 800 ◦C
[8, 17].

The liquidus in the Nb-rich side was measured by
Duerden and Hume-Rothery [7] using optical pyrom-
etry method and Wicker et al. [16] employing both
chemical analysis and thermal analysis. The liquidus
line provided by the former is higher by about 200 ◦C
than that from the latter.

Several groups of authors contributed to the measure-
ment of the homogeneity ranges for NbNi3 [7, 13–15]
and µ [7, 8, 13–15, 18] as well as the (Nb) solvus [7,
8, 13–15] using different experimental methods, XRD
and metallography [7, 8], EPMA of the diffusion cou-
ples [13–15] and EPMA of alloys [18]. There is no
general agreement among the published data.

Quist et al. [19] and Wekken et al. [20, 21] suggested
the existence of the NbNi8 phase and found that its nu-
cleation and growth under the critical temperature re-
quire large concentration of excess vacancies, produced
either by rapid quenching or charged-particle irradia-
tion. It is of interest to verify whether NbNi8 phase is
really a stable one.

In order to refine the Nb-Ni phase diagram presented
by Nash and Nash [4], ten decisive alloys in the
composition range of 5 to 65 at.% Nb were arc-melt
under purified argon atmosphere, with 99.99% purity
Ni and 99.99% purity Nb (both from Johnson Matthey
Company, MA 01835, USA). The compositions of the
samples were listed in Table I. No chemical analysis
for these alloys was performed since the weight
losses during arc-melting were generally less than
0.1 mass %. Each as-cast sample was divided into
four pieces. One piece in as-cast state was used for
metallographic inspection. The other three pieces were
encapsulated in quartz tubes under a vacuum of 10−3

bar and then annealed in a high-temperature diffusion
furnace (L-45-1-135, Qingdao, China) at different
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Figure 1 Assessed Nb-Ni phase diagram according to the present work
and the literature data, (a) in the whole composition range and (b) from
pure Ni to 30 at.% Nb in the temperature range of 1000 ◦C to 1500 ◦C.

temperatures for extended periods of time: 1100 ◦C
for 143 hr, 1050 ◦C for 336 hr, and 1000 ◦C for
209 hr. The water-quenched samples were analyzed by
means of XRD, differential thermal analysis (DTA),
and EPMA techniques, supplemented by optical
microscopy. The phase identification was made by
means of XRD (Rigaku D/max 2550VB, Japan) using
Cu Kα1 radiation with Si as an internal standard. The
microstructure observation was performed with optical
microscopy (Leica DMLP, Wetzlar, Germany).

A high-temperature DTA apparatus (DTA 701L,
Bähr Thermoanalyse GmbH, Germany) was used to
measure phase transition temperatures. Solid pieces
with weights of about 50 mg were taken from the
samples annealed at 1000 ◦C for 209 hr. The mea-
surement was carried out between room temperature
and 1500 ◦C with a heating and cooling rate of 5 K/min
in argon atmosphere. The temperature was measured
with Pt-Pt/Rh thermocouples and calibrated to the melt-
ing temperatures of Al (660.32 ◦C), Au (1064.18 ◦C)
and Si (1413.85 ◦C). The phase transition temperatures
were taken from heating curves because supercooling
phenomenon usually accompanies solidification and
reactions between samples and Al2O3 crucible mate-

T AB L E I Summary of the phases for the Nb-Ni alloys annealed at
1000 ◦C for 209 hr, and phase transition temperatures measured by DTA

No. at.% Nb Phasea

Transition
temperature
(◦C)b

1 5 (Ni) 1374, 1409
2 10.5 (Ni) 1309, 1325
3 20 (Ni) + Ni3Nb 1285, 1378
4 25 Ni3Nb 1404
5 30 Ni3Nb + µ 1181, 1396
6 34.5 Ni3Nb + µ 1180, 1317
7 45 Ni3Nb + µ 1178, 1280
8 52.5 µ 1180, 1282
9 60 µ + (Nb) 1302

10 64.5 µ + (Nb) 1303

aThe phases are identified by means of XRD and metallography.
bThe transition temperatures were obtained from the heating curves with
a heating rate of 5 K/min.

rial could not be completely excluded. The accuracy
of the temperature measurement was estimated to be
±2 ◦C.

In order to measure the temperature associated with
the peritectoid reaction (Ni) + NbNi3 = NbNi8 ac-
curately, the arc-melted alloy Nb0.1Ni0.9 was annealed
at 500 ◦C for 45 days, water-quenched, and then sub-
jected to DSC (DSC 404C, NETZSCH, Selb/Bavaria,
Germany) measurement up to 700 ◦C under a flow of
99.998% purity Ar with a heating rate of 5 K/min. The
sample was wrapped with Ta foil before put into Cu
pan in order to avoid the reaction between the samples
and Cu pans. Another Ta foil with the same weight
as that in the sample holder was inserted into Cu ref-
erence holder. The temperature in DSC measurement
was calibrated to pure elements In, Pb, and Zn.

Table I summarizes the phases identified by XRD
and optical microscopy along with the phase transition
temperatures resulting from DTA measurements. The
eutectic reactions (L = (Ni) + NbNi3 and L = NbNi3
+ µ), peritectic reaction (L + (Nb) = µ) and the con-
gruent melting feature of NbNi3 are confirmed in the
present work by the use of XRD and optical micro-
scope. Table II lists the invariant reaction temperatures
from various sources including the present measure-
ment.

In these excellently reproducible measurements, the
general features of the previously established Nb-Ni
phase diagram are confirmed. However, the quantitative
data need to be revised and an amendment of the phase
diagram published in a recent paper [4] is necessary.

The DTA measurement of the alloy Nb0.2Ni0.8 shows
that the eutectic reaction L=(Ni)+NbNi3 occurs at
1285 ± 2 ◦C. This temperature corroborates the value
of 1285 ◦C from Svechnikov et al. [8] and the average
temperature of 1282 ◦C resulting from the measure-
ment of four samples [7]. Compared with the above
temperatures, the values of 1270 ◦C form Pogodin and
Selikmann [17] and 1265 ◦C due to Grube et al. [6]
appear relatively low.

For the alloy Nb0.25Ni0.75 annealed at 1000 ◦C for
209 hr, the only DTA signal was observed at 1404 ±
2 ◦C. Optical microscopy examinations of the as-cast
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T AB L E I I Summary of the measured invariant reaction temperatures (◦C) in the Nb-Ni system

Reaction This work [7] [10] [15] [16] [17] [20]

L ↔ NbNi3 1404 ± 2 1402 1430 1403 1400
L + (Nb) ↔ µ 1302 ± 2 1295 1320 1290
L ↔ (Ni) + Nb Ni3 1285 ± 2 1282 1285 1270
L ↔ Nb Ni3 + µ 1180 ± 2 1175 1170 1175 1175
(Ni) + Nb Ni3 ↔ µ 515 ± 2 ≈535

Figure 2 X-ray diffraction pattern for the sample Ni0.75Nb0.25 annealed
at 1000 ◦C for 209 hr.

and annealed states reveal the existence of NbNi3
single phase, which is confirmed by XRD measure-
ment, as shown in Fig. 2. In Table III, the presently
calculated lattice parameters for NbNi3 phase were
compared with those in Villars and Calvert’s handbook
[22], showing a reasonable agreement. Thus, it is
concluded that the measured congruent melting tem-
perature for NbNi3 is 1404 ± 2 ◦C, which is in nearly
perfect agreement with the value of 1402 ◦C from
Duerden and Hume-Rothery [7]. The present value
also agrees very well with the temperature of 1400 ◦C
from Kornilov and Pylaeva [9], and 1403 ◦C from
Pogodin and Selikmann [17]. Only compared with the
data of Svechnikov et al. [8], there is a discrepancy.
This discrepancy could be due to the imperfect tem-
perature calibration in the experiment of Svechnikov
et al. [8]. Their calibration [8] for temperatures less
than 1500 ◦C was done with pure Fe assuming the
transformation γ (fcc A1(Fe))↔δ(bcc A2(Fe)) to
occur at 1440 ◦C rather than the generally accepted
value of 1394 ◦C, as pointed out by Kocherzhinsky
[23]. This might have played a role in causing the
discrepancies in the Nb-Ni system too.

The DTA measurements on three alloys Nb0.3Ni0.7,
Nb0.35Ni0.65 and Nb0.45Ni0.55 result in the temperature
of 1180±2 ◦C for the eutectic reaction L=NbNi3+µ.

This temperature is slightly higher than the literature
value of 1175 ◦C from three groups of investigators [7,
10, 17].

DTA measurement for the alloys Nb0.6Ni0.4 and
Nb0.65Ni0.35 up to 1500 ◦C was performed. Only one
DTA signal was observed at 1302±2 ◦C for both alloys.
This temperature is assigned to be the reaction temper-
ature for L+(Nb)=µ. This value is somewhat higher
than 1290 ◦C from Wicker et al. [10] and 1295 ◦C from
Duerden and Hume-Rothery [7]. However, Svechnikov
et al. [8] reported an even higher value of 1320 ◦C. This
discrepancy could be also due to their improper calibra-
tion in the experiment of Svechnikov et al. [8]. In the
literature, there are two measurements on the Nb-rich
liquidus. The liquidus temperature published by Duer-
den and Hume-Rothery [7] is much higher than that by
Wicker et al. [10], as shown in Fig. 1. Had the liquidus
established by Wicker et al. [10] been accurate, the
liquidus temperature for the alloy Nb0.6Ni0.4 should be
below 1500 ◦C. The present DTA measurement shows
that this is not the case. Consequently, the Nb-rich liq-
uidus provided by Duerden and Hume-Rothery [7] is
consistent with the present measurement.

The XRD examination on the alloy Nb0.1Ni0.9 an-
nealed at 500 ◦C for 45 days shows that the NbNi8
single phase is present, as seen from Fig. 3. As shown
in Table III, the lattice parameter calculated for NbNi8
phase agrees well with that reported by Ardell [24]. The
Bravais lattice for NbNi8 phase is body centered tetrag-
onal (b.c.t), while its crystallography can also be conve-
niently described by the larger face centered tetragonal
(f.c.t) unit cell and the constant a′

0 in the f.c.t cell equals
the constant a0 in the b.c.t cell multiples by

√
2 [24].

Wekken et al. [20] reported the lattice parameter in
terms of the f.c.t unit cell. This value is comparable
with that in this work after a corresponding conver-
sion, as shown in Table III. The DSC measurement on
this annealed alloy shows a thermal effect at 515 ◦C,
which is assigned to be the temperature for the peritec-
toid reaction (Ni) + NbNi3 = NbNi8. This temperature
is lower by 20 ◦C than the approximate temperature
from Wekken et al. [20], who estimated the reaction

T AB L E I I I Summary of the measured lattice parameters (nm) for the NbNi3 and NbNi8 phases

Phases Space Group Pearson Symbol a b c Reference

NbNi3 Pmmn tI8 0.5021 0.4240 0.4627 This worka

0.5116 0.4259 0.4565
NbNi8 I4/mmm tI18 0.7615 0.7615 0.3589 This workb

0.7612 0.7612 0.3593 [24]
0.7638 0.7638 0.3600 [20]

aThe alloy Nb0.25Ni0.75 annealed at 1000 ◦C for 209 hr was used for XRD measurement.
bThe alloy Nb0.10Ni0.90 annealed at 500 ◦C for 45 days was used for XRD measurement.
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Figure 3 X-ray diffraction pattern for the sample Ni0.9Nb0.1 annealed
at 500 ◦C for 45 days with Si as an internal standard.

temperature by means of the electrical resistivity mea-
surement.

To get some insight into the homogeneity ranges for
NbNi3 and µ as well as the mutual solid solubility be-
tween Nb and Ni, EPMA (JXA-8800R, JEOL, Japan)
measurement on the alloys annealed at 1050 ◦C for
209 hr was performed. Pure Nb and Ni, which were
subjected to the same treatment as that employed for
the alloys, are used as standards. Conventional matrix
correction, which deals with the deviation from lin-
earity by including the effects of atomic number (Z),
absorption (A) and fluorescence (F), was employed to
calculate the compositions from the measured X-ray
intensities with an accelerating voltage of 20 kV and
a beam current of 20 nA. The obtained experimen-
tal data are shown in Fig. 1 along with the literature
data.

The starting materials with high purity are used in the
present work and the experimental results from several
approaches are consistant with each other. This im-
plies that the present experimental results are reliable.
Based on the critical review of experimental phase dia-
gram data, supplemented by new measurement, the re-
vised Nb-Ni phase diagram is presented in Fig. 1. The
presently revised Nb-Ni phase diagram is also shown in
Fig. 4 for easy perception without the data points and
in the practical Celsius scale. This phase diagram is

Figure 4 Assessed Nb-Ni phase diagram according to the present work.

expected to substitute for the currently accepted version
[4, 5].
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