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A B S T R A C T

The molar heat capacities of the Fe2Nb and Fe7Nb6 intermetallic compounds are reported here for the
first time. The results were obtained via Differential Scanning Calorimetry (DSC) measurements, per-
formed in a temperature range between 348 and 1038 K. The alloys were prepared by arc-melting high
purity metals under argon flux and later heat-treated at 1200°C for 336 hours encapsulated in quartz
tubes under argon to ensure thermodynamic equilibrium. The resulting samples were then character-
ized using X-Ray Diffractometry (XRD) and Scanning Electron Microscopy (SEM). The heat-capacity
DSC measurements were carried out using an alternating step method with 20 and 50 K steps, with
the resulting Cp associated with the midpoint of each temperature interval. A fit to a simplified Cp(T )

curve was employed, due to the scatter in the data. Quasi-Harmonic Approximation (QHA) calcula-
tions were also performed, showing a good agreement with the measured values. Experimental results
of heat capacity, along with other thermodynamic properties and phase equilibria, are key information
for binary and ternary systems, specially for CALPHAD-type assessments. The results were therefore
compared with the Kopp-Neumann approximation, used in recent assessments, showing that the pa-
rameters of both compounds can be improved in current CALPHAD databases, which motivates future
work on the Fe-Nb system.

1. Introduction

The Fe-Nb system is of great interest for understanding
the microstructure and the manufacturing processes of sev-
eral alloy families, specially steels. Due to its importance,
several studies involving phase equilibria [1–5], thermody-
namic properties [5–16] and CALPHAD modeling [15–22]
are available in the literature.

Figure 1 shows the Fe-Nb equilibrium phase diagram cal-
culated with the parameters optimized by Liu et al. [16].
Two intermetallic compounds are stable: Fe2Nb, crystalliz-
ing congruently in a hexagonal Laves (C14) structure, and
Fe7Nb6, a topologically close-packed rhombohedral struc-
ture (D85) often designated by µ, that forms according to a
peritectic transformation. Table 1 shows the crystallographic
information of the stable solid phases compiled by Villars
and Calvert [23].

The CALPHAD method is a powerful tool to describe
and predict phase equilibria and thermodynamic properties
of multicomponent systems by extrapolation of lower-order
ones [24]. In this method, reliable thermodynamic (enthalpy
of formation of alloys, mixing enthalpy, heat capacities, etc.)
as well as phase equilibria data (solubility limits, tempera-
ture of invariant reactions, solidus and liquidus lines, etc.)
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are used in a fitting procedure to obtain the Gibbs energies
of all relevant phases [25]. Commonly, the heat capacities of
intermetallic compounds are unknown and estimations using
the Kopp-Neumann rule [26] are used. This is the case of
the Fe2Nb and Fe7Nb6 intermetallic compounds, for which
the Kopp-Neumann rule was employed in all recent Fe-Nb
CALPHAD assessments [16, 19, 21, 22]. Although, in most
cases, this estimation gives sufficiently accurate results, in
others some problems arise, specially in systems containing
compounds with melting temperatures higher than those of
the pure elements. These problems are discussed in details
in a recent work from Schick et al. [27]. With that in mind,
in the present work, for the first time the heat capacity of the
two stable Fe-Nb binary intermetallic compounds were ex-
perimentally measured via Differential Scanning Calorime-
try (DSC), after being characterized by X-Ray Diffractome-
try (XRD) and Scanning Electron Microscopy (SEM). Our
aim was to motivate future work on the Fe-Nb system, in or-
der to help improving future thermodynamic databases that
include this important binary system.

2. Methodology

2.1. Sample preparation
An analytical scale with a 0.1 mg accuracy was used to

weight a total of 5 g high-purity Fe (Alfa Aesar, minimum
purity: 99.95 wt. %) and Nb (Alfa Aesar, minimum purity:
99.8 wt. %). The alloys were arc-melted in a water-cooled
copper crucible under argon (minimum purity: 99.995%) us-
ing a non-consumable tungsten electrode. Five melting steps
were carried out for each alloy to ensure chemical homogene-
ity, turning the ingots upside-down from one melting step to
the next. Before each melting step a piece of pure Ti (getter)
was melted to remove residual gas impurities from the fur-
nace atmosphere. After melting, the ingots were weighed
to evaluate possible mass variations. To reach thermody-
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Figure 1: Phase diagram of the Fe-Nb system calculated with
the parameters optimized by Liu et al. [16].

Table 1

Crystallographic information of the stable solid phases in the
Fe-Nb system [23].

Phase Strukt.a Pearson
symbol

Space
group

Proto-
type

�, �(Fe), (Nb) A2 cI2 Im3m W

(Fe) A1 cF4 Fm3m Cu
Fe2Nb C14 ℎP 12 P 63∕mmc MgZn2

Fe7Nb6 (�) D85 ℎR13 R3m Fe7W6

a Strukturbericht designation.

namic equilibrium conditions, all alloys were encapsulated
in quartz tubes (under argon) and heat treated at 1200 °C for
336 h (14 days) in a tubular resistive furnace. The samples
were then cooled in the furnace to room temperature.

Samples were characterized using X-ray diffractometry
(XRD) with powder size below 80 mesh (178 µm), under
the following conditions: Cu-K� radiation, 40 kV voltage,
30 mA current, 0.02° angular step, 15 s per step, and diffrac-
tion angle (2�) ranging from 20 to 80°. Phases present in
the samples were identified by comparison between experi-
mental and theoretical diffractograms using the PowderCell
software [28], with crystallographic information reported by
Villars and Calvert [23].

For further sample characterization, micrographs were
obtained in backscattered electron (BSE) mode using a Field
Emission Gun (JSM-7600F, JEOL) Scanning Electron Mi-
croscope (SEM) equipped with Energy Dispersive Spectrom-
eter (EDS). Samples were prepared according to the follow-
ing route: (1) hot mounting; (2) manual grinding with SiC
sand paper in the sequence: 220, 400, 600, 1200, 2400, 4000
mesh; (3) final polishing with a colloidal silica suspension
(OP-S); (4) ultrasonic cleaning for 15 minutes; and (5) coat-
ing with graphite.

2.2. Differential scanning calorimetry
Heat capacity measurements were carried out with a Se-

taram Calvet-type calorimeter DSC-111, designed with ref-
erence and laboratory cells surrounded by two flowmetric
thermopiles connected in opposition. The equipment was
previously calibrated with NBS sapphire (�-Al2O3) standard,

T −T0 (K)
0 20 70 90 140

20 K 50 K 20 K 50 K

Tmeas. Tmeas. Tmeas. Tmeas.

35 K 35 K 35 K

Figure 2: Illustration of the alternating step method. Measure-
ment temperatures (T

meas.
) are associated with the midpoint of

each alternating 20 and 50 K interval, resulting in 35 K steps.
T0 is the starting temperature.

which has a well-established heat capacity available from the
literature [29, 30]. Samples of approximately 1 g were pro-
duced by crushing the heat-treated alloys and compacting in
a stainless steel matrix. The pressed samples were placed in
an alumina crucible guaranteeing adequate contact with the
bottom, and thermocouples were positioned just below and
also around the crucible. The DSC chamber was sealed and
the atmosphere purged with five cycles of mechanical vac-
uum and argon injections.

An alternating step method was adopted for the heat ca-
pacity measurements. In this method, heating steps are fol-
lowed by isothermal delays in order to reach thermal equi-
librium. A first run with two empty cells is followed by a
second run, with one cell empty and the other containing the
sample. The heat flux as a function of time and tempera-
ture is recorded for both runs. The difference between curve
1 (empty cells) and curve 2 (one cell with the sample, sec-
ond cell empty) is proportional to the amount of heat neces-
sary to increase the temperature of the sample by ΔT . We
adopted alternating 20 and 50 K steps, with a heating rate
of 3 K/min and 90 min delay before the next step. The Cp

measurement is then associated with the midpoint of the in-
terval at each step, resulting in measurement temperatures
(Tmeas.) each 35 K, as illustrated in Figure 2. This combi-
nation of steps gives an overall compromise between con-
flicting requirements: the larger steps produce sharp signals,
which are better detected and integrated, whereas the smaller
steps give more accurate values for the corresponding Tmeas..
To eliminate room temperature variations, an initial first heat
step was performed and the experiment starts at T0 = 338K
(65 °C). The system was constantly kept under argon flux and
the procedure was repeated three times for each sample, the
final results corresponding to the average value obtained in
the three measurement runs.

The experimental heat capacity data was initially fitted
according to the general equation Cp = a + bT + cT 2 +

dT 3 + eT −1 + fT −2 + gT −3, where T is the absolute tem-
perature in Kelvin. However, due to the inherent errors in
the measurements, and the fact that the heat capacity of an
intermetallic compound is expected to be a monotonically
crescent function of temperature, we restricted the fit to the
following equation:

Cp = a + bT − cT −2 , (1)

in which a, b and c are parameters to be obtained by a least-
squares fit to the experimental data. This simplification is
commonly adopted ([31], for instance) when the use of equa-
tions with more parameters would lead to meaningless oscil-
lations in the best-fittedCp(T ) curve due to scatter in the data.
In order to always have a positive slope, we used b+2T −3 > 0

as a constraint during the parameter optimization procedure.
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2.3. Quasi-Harmonic calculations
Calculations based on the Quasi-Harmonic Approxima-

tion (QHA), or Debye-Grüneisen method [32–35], were per-
formed in order to provide a theoretical validation of the ex-
periments. Here we follow closely the procedure delineated
by Ferreira et al. [36], in which the heat capacity of a non-
magnetic compound or phase, at a constant given pressure
and ignoring anharmonic effects, is given by

Cp = Cel
p
+ Cvib

p
(2)

in which Cel
p

and Cvib
p

are, respectively, the electronic and
vibrational (phonon) contributions. In this work we will not
consider the electronic contributions, as there are no data
available in the literature. The phonon contribution, on its
turn, is given by

Cvib
p

= Cvib
V

+ �2BTV (3)

where Cvib
V

is the vibrational heat capacity at constant vol-
ume, � is the volumetric thermal expansion coefficient, V is
the volume and B is the isothermal bulk modulus. Both V

and B (as well as �, Cvib
p

and Cvib
p

) are, in fact, functions
of temperature, according to the equation of state adopted
for the system, such as, for instance, the Birch-Murnaghan
equation [37, 38]. Then, according to the Debye model,

Cvib
V

= 9Nk

(

T

ΘD

)3

∫
ΘD∕T

0

x4ex

(ex − 1)2
dx (4)

in which k = 1.381 × 10−23 J K−1 and N is the number of
atoms. In the QHA the Debye temperature ΘD is considered
volume dependent according to

ΘD = Θ0
D

(

V0

V

)


(5)

where Θ0
D

is the Debye temperature at 0 K and zero external
pressure and 
 is the Grüneisen parameter [34],


 = g +
1 + B′

p

2
(6)

with B′
p

being the 0 K pressure derivative of the bulk mod-
ulus at zero pressure, obtained from a fit of an equation of
state to isotropic deformation data (ab-initio or otherwise).
The coefficient g was fixed at g = 2∕3, as our aim is the
high-temperature regime [32]. In Eq. (5), Θ0

D
is given by

Θ0
D
=

ℏ

k

(

6�2N

V

)1∕3

vm (7)

where ℏ = 1.054 × 10−34 J s and vm is the effective average
sound velocity in the solid, given by

3

�3
m

=
1

�3
l

+
2

�3
t

. (8)

In the above expression, �l and �t are the longitudinal and
transverse propagating modes, respectively, in which

�l =

√

� + 2�

�
, �t =

√

�

�
, (9)

with � and � being the Lamé parameters, determined from
Poisson’s ratio � and 0 K bulk modulus B0:

� =
3�

1 + �
B0 , � =

3

2

1 − 2�

1 + �
B0. (10)

The thermal expansion coefficient that appears in Eq. (3) is
given by

� =

CV

BV
(11)

Finally, it should be noted that, in order to use Eq. (6), B′
p

must be calculated from the equation of state, which requires
a series of isostatic deformations to the structure. In the
present case, however, such data were not available in the
literature, and we had to resort to the approximation B′

p
=

4, as this parameter usually falls in the range 3 − 5 [38].
All other quantities were derived from lattice parameters and
elastic constants from the literature using the Voigt-Reuss-
Hill (VRH) approximation [39, 40] for B0 and �.

3. Results and Discussion

Figure 3 shows the X-ray diffractograms of the two al-
loys, while Table 2 shows compositions (nominal and mea-
sured via EDS) of alloys prepared for this work (after heat-
treatment at 1200 °C for 336 h). EDS area scan data con-
firm that the aimed compositions were kept. A Fe2Nb single-
phase XRD diffractogram was successfully obtained for the
Fe67Nb33 alloy.

In the case of the Fe52Nb48 alloy (bottom panel in Fig.
3), besides the peaks related to Fe7Nb6, secondary minor
peaks related to the (Nb) phase were found, as well as a single
unidentified peak that probably comes from traces of Fe2Nb
surviving from the as-cast microstruture. A simple Rietveld
refinement [41] of lattice parameters and phase fractions in
PowderCell showed a volume fraction of (Nb) correspond-
ing to 1.5 %. Such low contents of (Nb) precipitates will not
appreciably affect the measurements, being considered neg-
ligible, as argued in Appendix A.

Figure 4 shows SEM/BSE micrographs of the alloys af-
ter heat treatment at 1200 °C for 336 h. The microstructure
of the Fe67Nb33 alloy (Fig. 4a) shows small precipitates of
Fe7Nb6 at the Fe2Nb grain boundaries. The presence of such
small quantity of secondary phase was not traceable in the

Figure 3: X-ray diffractograms of the Fe67Nb33 (top) and
Fe52Nb48 (bottom) samples, equilibrated at 1200 °C for 336
hours. In the latter diagram, minor peaks correspond to the
(Nb) solid solution, except for a single unidentified peak labeled
with a question mark.
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Figure 4: SEM/BSE micrographs of the (a) Fe67Nb33 and (b) Fe52Nb48 alloys equilibrated at 1200 °C for 336 hours; (c) Fe52Nb48

at a higher magnification, showing the presence of (Nb) precipitates.
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Figure 5: Heat capacities of (a) Fe2Nb and (b) Fe7Nb6 samples. The points are the experimental values measured in this work,
with the error bars corresponding to the standard deviations in Table 3. The full lines are the fit to the data using Eq. (1) and
the dashed lines give the Kopp-Neumann approximation used by Liu et al [16]. The insets show the comparison between the
experimental data and QHA calculations using ab-initio data from Qi et al [42] and Ladines et al [43].

Table 2

Nominal and EDS-measured compositions and XRD phase
identification of the alloys prepared for heat capacity measure-
ments.

Sample at % Nb XRD phase identi-
Nominal EDS fication (vol.%)

Fe67Nb33 33.3 33.7 Fe2Nb - 100%
Fe52Nb48 48.0 48.4 Fe7Nb6 - 98.5% +

(Nb) - 1.5%

XRD spectrum, as shown in the top view of Figure 3. Con-
sequently, it will not affect appreciably the heat capacity mea-
surements. Figure 4(b) shows a Fe7Nb6 matrix with a typi-
cal single phase microstructure in the case of Fe52Nb48. The
(Nb) phase, detected in the XRD in this alloy, as mentioned
previously, was found in the interior of the grains, but visible
only at higher magnifications, as shown in Figure 4(c).

Mass variations during the heat capacity measurements
were analyzed and found to be minimal for both alloys (an in-
crease of less than 0.4% of the original mass), which means
that no significant oxidation or evaporation occurred during
the measurements. Table 3 presents the heat capacity mea-
sured values for both alloys as a function of temperature. The
columns 1, 2, and 3 show the heat capacities of three mea-
surement cycles. Also shown are the average and standard

deviation values (based on the values measured on the three
cycles) as a function of the average temperature in alternat-
ing 20 and 50 K steps. The reproducibility of the cycles is
reasonably good and the standard deviation is low. The av-
erage values were employed in the fitting procedure using
Eq. (1). The values for the parameters a and c are shown in
Table 4. Due to the positive slope constraint, the b parame-
ter vanished in both cases. It is important to notice that the
error bars on a are quite low. Considering that there is some
fluctuation in the data at higher temperatures, the error bars
on c are higher, specially for Fe7Nb6, a fact to be discussed
in the next paragraph.

Figure 5 presents the heat capacity data of the Fe2Nb
and Fe7Nb6 compounds as a function of temperature, cor-
responding to the average of the three heat cycles shown in
Table 3, while the solid lines represent the fit according to
Eq. (1). The “zigzag” character of the measured points, and
also of the error bars, comes from the alternating step method,
a consequence of the compromise between more precise mea-
sured Cp values in the larger steps and more precise associ-
ated temperatures in the smaller ones. The measurements at
higher temperatures are performed at the limit of the appara-
tus, therefore decreasing the reliability of the measurements
in this region, which causes the increase in the error on the c
fitting parameters shown in Table 4.

Comparing the heat capacities of both compounds, it is
seen that the Fe2Nb values are higher than those for Fe7Nb6
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Table 3

Measured Fe2Nb and Fe7Nb6 molar heat capacities as a func-
tion of temperature, using the alternating step method. The
avg. and stdev. columns correspond, respectively, to the aver-
age and standard deviation of three cycles (1, 2, and 3).

T
meas.

(K) Cp (J K−1 mol−1)

1 2 3 avg. stdev.

Fe2Nb

348 26.37 26.82 26.34 26.51 0.27
383 26.33 27.18 27.10 26.87 0.47
418 26.93 27.27 27.28 27.16 0.20
453 26.78 27.51 27.52 27.27 0.42
488 27.24 27.57 27.61 27.47 0.21
523 27.23 27.63 27.74 27.53 0.27
558 27.47 27.85 27.81 27.71 0.21
593 27.20 27.77 27.62 27.53 0.30
628 27.64 27.89 28.00 27.84 0.19
663 27.35 27.93 27.81 27.70 0.31
698 27.55 27.98 28.20 27.91 0.33
733 27.33 27.95 27.68 27.65 0.31
768 27.79 28.10 28.31 28.07 0.26
803 27.40 28.13 28.04 27.86 0.40
838 28.08 28.08 28.15 28.10 0.04
873 27.60 28.18 27.89 27.89 0.29
908 27.89 27.99 28.10 27.99 0.11
943 27.23 27.87 28.18 27.76 0.48
978 28.10 27.83 28.16 28.03 0.17
1013 27.35 27.78 28.05 27.73 0.35
1038 28.03 28.08 27.99 28.03 0.05

Fe7Nb6

348 25.55 25.81 25.75 25.70 0.14
383 25.34 25.94 25.97 25.75 0.35
418 25.65 26.13 26.08 25.95 0.26
453 25.58 25.90 26.34 25.94 0.38
488 26.12 26.31 26.54 26.32 0.21
523 25.90 26.08 26.35 26.11 0.23
558 26.44 26.56 26.57 26.52 0.07
593 25.94 26.19 26.34 26.16 0.20
628 26.64 26.70 26.72 26.69 0.04
663 26.59 26.20 26.40 26.40 0.20
698 26.57 26.77 26.77 26.70 0.12
733 26.66 26.41 26.28 26.45 0.19
768 26.52 26.73 26.80 26.68 0.14
803 26.37 26.03 26.22 26.21 0.17
838 26.57 26.85 26.86 26.76 0.17
873 26.06 26.22 26.14 26.14 0.08
908 26.71 26.88 26.87 26.82 0.10
943 25.58 25.81 26.40 25.93 0.42
978 26.25 26.51 26.82 26.53 0.28
1013 25.88 25.76 25.96 25.87 0.10
1038 26.66 26.81 26.89 26.79 0.12

and both slopes decrease above 500 K, as expected from the
Dulong-Petit law for the constant-volume heat capacity (Cv).
The small remaining slope is due to other contributions, such
as thermal expansion, electronic degrees of freedom and an-
harmonic effects [35].

The dashed lines in Figure 5 show the Kopp-Neuman ap-
proximation, which was used in the thermodynamic assess-
ment by Liu et al [16], obtained from non-magnetic body-
centered cubic (bcc) Nb and Fe data from SGTE [44] using
Thermo-Calc [45]. It is clear that an important discrepancy

Table 4

Adjusted parameters a and c in Eq. (1) for Fe2Nb and Fe7Nb6

(the b parameter vanished in both cases).

Compound a (JK−1 mol−1) c (105 JK mol−1)

Fe2Nb 28.18 ± 0.32 1.886 ± 0.342
Fe7Nb6 26.62 ± 0.71 1.093 ± 0.764

exists between the values obtained via Kopp-Neumann and
the experimental data. Moreover, this discrepancy increases
with temperature.

The insets in Fig. 5 show the result of constant-pressure
heat capacity calculations based on the Quasi-Harmonic Ap-
proximation (QHA) [32], following the approach described
in Section 2.3 using ab-initio lattice parameters and elastic
constants from Qi et al. [42] and Ladines et al [43]. As men-
tioned before, B′

p
= 4 was adopted for the pressure derivative

of the bulk modulus, since the original papers [42, 43] do not
provide this value. It must be kept in mind that the QHA cal-
culations contain only the vibrational part of the heat capac-
ity, ignoring other degrees of freedom, such as electronic and
anharmonic contributions. Therefore, the calculated lines do
not reach the same plateau as the experiments. Still, we con-
sider that the experimental and calculated curves shown in
the insets in Fig. 5 are in good agreement since the “shoul-
der” in the calculated curves (located at T ∕ΘD ≈ 0.8) occur
below the lowest measured temperature, which means that, at
the start of the experiment, CV had already reached its satura-
tion value, as the experimental curves seem to indicate. Also,
the difference of about 1.6 J K−1 mol−1 in the constant a (see
Table 4) between Fe2Nb and Fe7Nb6 is duly reproduced by
the calculations, which points to a larger contribution of the
�2BTV term in Eq. (3) for Fe2Nb than for Fe7Nb6.

4. Conclusions

For the first time, the constant pressure heat capacities of
the two stable intermetallic compounds in the Fe-Nb system,
Fe2Nb and Fe7Nb6, were measured between 348 and 1038 K
using a DSC Calvet-type calorimeter, after being character-
ized by XRD and SEM/BSE. Comparison with calculations
based on the Quasi-Harmonic Approximation, using ab-initio
data from the literature, confirms the accuracy of the experi-
mentally determined data. The measurements of the heat ca-
pacities of both compounds showed that the Kopp-Neumann
approximation, used in most CALPHAD assessments, gives
very different results, specially at higher temperatures, indi-
cating that the parameters for these compounds need to be
improved in current and future databases, therefore motivat-
ing revisions in the thermodynamic modeling of the impor-
tant Fe-Nb system.

A. Appendix: details on the Fe52Nb48 sample

As discussed in the text, from Rietvel refinement of XRD
measurements we found 1.5 vol% of (Nb) solid solution in the
Fe52Nb48 sample that we used to obtain the heat capacity for
the�-Fe7Nb6 compound. In Sec. 3 we claimed that this small
amount of secondary phase is negligible for the degree of
precision our experiments can reach. In fact, the real sample
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Figure 6: (a) Ab-initio heat capacities for �-Fe7Nb6 (red) and Nb (blue). (b) Difference in heat capacities between the same
molar amounts of 0.985� + 0.015 (Nb) and a single-phase � sample, according to Eq. (14). In both panes, the green dashed lines
show the results using the experimental values for pure Nb [44].

heat capacity (Cr
p
) is given approximately by

Cr
p
= 0.985C�

p
+ 0.015CNb

p
(12)

in whichC�
p andCNb

p
are the heat capacities of the � and (Nb)

phases, respectively. In the following, we supposed that the
1.5 vol% of (Nb) translates into 1.5 mol% of the phase in the
sample. We also consider that CNb

p
is given by pure Nb, that

is, we will ignore the small Fe content dissolved in (Nb) as
seen in Figure 1. Moreover, we are not considering inter-
face effects. All these approximations introduce only small
deviations from the true Cp values.

Now let’s consider that we have a single-phase � sample.
Its heat capacity Cs

p
will be given simply by

Cs
p
= C�

p
(13)

Comparing one mole of the real sample with the same quan-
tity of the single-phase sample, the difference in heat capacity
would be given by

ΔCrs
p

= Cr
p
− Cs

p
= 0.015

(

CNb
p

− C�
p

)

(14)

In order to estimate ΔCrs
p

, we will use ab-initio calculations

to obtain C
�
p and CNb

p
. The curve for �-Fe7Nb6 is the same

as shown in Figure 5(b), obtained using the Quasi-Harmonic
Approximation (QHA) from ab-initio data from the litera-
ture [43]. We used the same methodology for Nb, but per-
formed the calculations ourselves using Quantum ESPRESSO

[46], using 120 Ry for the cutoff energy and a 12×12×12 k-
mesh in reciprocal space, with an energy-convergence crite-
rion of 10−6 Ry. For the exchange and correlation functional,
we used the PBE parameterization [47], as implemented in
ultrasoft pseudopotentials from the PSLibrary [48]. We then
calculated several isostatic distortions from −10% to +10%

and used the Birch-Murnaghan equation [38] to obtain the
equilibrium lattice constante a, the bulk modulus B0 and its
pressure derivative B′

P
. The Poisson ratio, on the other hand,

would require the calculation of the elastic constants of the
structure, so that we adopted a different strategy and, instead,

Table 5

Equilibrium lattice parameter (a), bulk modulus (B0), its pres-
sure derivative (B′

p
), and Poisson ratio (�) for pure Nb. The

first three were obtained at 0 K using ab-initio calculations and
the Birch-Murnaghan equation [38], while the last was derived
from the experimental elastic constants at 4.2 K [49].

a (Å) B0 (GPa) B′
p

�

3.314 164.9 3.63 0.391

used the low temperature experimental values from Carroll
[49], using the Voigt-Reuss-Hill (VRH) approximation de-
scribed elsewhere [36, 39, 40] (we do not provide the equa-
tions here to keep this note as short as possible). All resulting
calculated values are shown in Table 5.

The QHA calculations for the �-Fe7Nb6 and pure Nb
phases are shown by the solid lines in Figure 6(a). We see im-
mediately that both curves are similar, a conclusion further
confirmed by the solid curve in Figure 6(b), which shows the
result for ΔCrs

p
as a function of temperature. On the other

hand, the QHA approximation fails to describe the strong an-
harmonic effects manifested in the experimental heat capac-
ity curve for Nb, as shown by the dashed line in Figure 6(a),
obtained by the fit due to Dinsdale [44]. Even in this case,
the 0.015 factor in Eq. (14) still strongly attenuates the ΔCrs

p

curve, as indicated by the dashed line in Figure 6(b). Be-
sides, anharmonic effects are also expected to appear for the
Fe7Nb6 compound, which in practice would bring the dashed
curve in Figure 6(b) still further down.

The conclusion we reach is that, whether we consider the
calculated or the experimental Cp curve, the small amount
(1.5 vol%) of (Nb) precipitates will not cause appreciable dif-
ferences with respect to a clean �-Fe7Nb6 sample, as the
maximum ΔCrs

p
is much smaller than the measured Cp for

the sample, as shown in Table 3, and also smaller than, or
at least comparable with, the standard deviations shown in
the same table. This is the reason that led us to neglect such
corrections and attribute the measured heat capacity for the
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Fe52Nb48 sample entirely to the �-Fe7Nb6 compound.
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