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a b s t r a c t

The effect of changes in the composition and microstructure of the Ni3VeNi3Al pseudo-binary alloys on
their thermal conductivity has been investigated. For Ni3V and Ni3Al-based single-phase alloys, the
thermal conductivity shows a maximum value at the stoichiometric compositions, and it decreases as the
V (or Al) content of the Ni3Al (or Ni3V) alloy increases, following the Nordheim rule. For Ni3VeNi3Al two-
phase alloys, the thermal conductivity of the constituent Ni3Al phase exhibits a smaller value than that of
the Ni3V phase. Eventually, the thermal conductivity of the two-phase alloys decreases as the Al content
increases because of the increase in the volume fraction of the Ni3Al phase with low conductivity. As the
temperature increases from 293 K to 1073 K, the conductivity increases for all of the alloys but not for
stoichiometric Ni3V. However, the dependence of the thermal conductivity on the alloy composition
between 293 K and 1073 K is similar. Hence, it is confirmed that the thermal conductivity of the Ni3V
eNi3Al pseudo-binary alloys is controlled by the composition and volume fraction of the constituent
phase.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Intermetallic Ni3X (X ¼ Al, Si, Ti, V, and Nb) based alloys
comprise geometrically closed-packed face-centered cubic (fcc)
L12, hexagonal D019, tetragonal D022, and hexagonal D0a structures.
They have been attracting attention for use in parts of aero-engines
or industrial gas turbines that are subjected to high temperatures
and an oxidizing atmosphere [1e4]. In particular, Ni3Al-based al-
loys are advantageous for high-temperature applications owing to
the enhanced mechanical properties with increasing temperature
(referred to as the anomalous temperature dependency of yielding
[5,6]). Recently, so-called dual two-phase intermetallic alloys,
based on the Ni3VeNi3Al pseudo-binary system, have been shown
to exhibit very attractive properties, suitable as high-temperature
structural materials [7e9]. Fig. 1 shows the phase diagram of the
Ni3VeNi3Al pseudo-binary system, in which a eutectoid reaction is
shown to occur at 1281 K [10,11]. As the temperature decreases in
the hyper-eutectoid compositional range, the constituent phases of
the alloys changes from the fcc solid solution (A1) phase at high
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temperatures below themelting point, through the two-phase field
of fcc (Al) and Ni3Al (L12) at intermediate temperatures, and finally
to the two-phase field of Ni3V (D022) and Ni3Al (L12) at tempera-
tures below the eutectoid temperature. The resulting microstruc-
ture of the alloys is composed of primary cuboidal Ni3Al
precipitates surrounded by channel regions with fine lamellar
microstructure, where the previous A1 phase decomposes into
Ni3V (D022) and Ni3Al phases, as illustrated in Fig. 2. The alloys have
high phase stability and show coherent microstructures that co-
exist between individual constituent phases. Accordingly, these
alloys have excellent mechanical strengths at high temperatures;
e.g., they exhibit more than 1000 MPa in tensile strength at 1073 K,
which is competitive to that of conventional super alloys [8].

There has been much effort to further enhance the mechanical
properties of Ni3VeNi3Al two-phase alloys and to understand their
microstructural and compositional features [7,8,12,13]. On the other
hand, to obtain the reliability required for high-temperature
structural products, the thermal conductivity is also an important
criterion when selecting an appropriate material. Materials engi-
neered for turbine blades are expected to exhibit high thermal
conductivity that guarantees low thermal gradients of the com-
ponents, which results in lower thermal stresses and in a longer
life-time and superior resistance against thermal fatigue. However,
measurements of the thermal conductivity of Ni3VeNi3Al two-
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Fig. 1. Ni3VeNi3Al pseudo-binary phase diagram [11].
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phase alloys have been confirmed so far only for selected micro-
structure, composition, and temperature [14]. In this study, we
comprehensively surveyed the thermal conductivity of Ni3VeNi3Al
pseudo-binary alloys, including not only two-phase alloys but also
single-phase Ni3Al and Ni3V. The effects of the composition and
microstructure in the constituent phases on the thermal conduc-
tivity were investigated. The temperature dependence of the
thermal conductivity, which is important for applications at
elevated temperatures, was also examined between 293 K (i.e.,
room temperature) and 1073 K.

2. Experimental

Button ingots of Ni3VeNi3Al pseudo-binary alloys were fabri-
cated by arc-melting in argon atmosphere using 99.99 wt.% nickel,
99.99 wt.% aluminum, and 99.9 wt.% vanadium tips as raw mate-
rials; melting was performed out four times to attain compositional
homogeneity. We prepared thirteen Nie(25 � x) at.% V � x at.% Al
alloys with nominal compositions of x ¼ 0, 2.5, 5, 7, 8, 9, 10, 11, 12.5,
15, 17.5, 20, and 25. These alloys are hereby designated by the Al
content x; for example, the Nie22.5 at.% Ve2.5 at.% Al alloy is
referred to as the “2.5 Al alloy”. The alloys were homogenized at
1553 K for 3 h in vacuum and then cooled in the furnace. Thereafter,
the alloyswere cut into plate-shaped specimens (measuring 20mm
in length, 2 mm in width, and 1 mm in thickness) and disk-shaped
specimens (measuring 10mm in diameter and 1.5 mm in thickness)
employing electrical-discharge machining. The plate-shaped
specimens were used for electron-microscopy observations, and
the disk-shaped specimens were used for thermal-conductivity
measurements.
Fig. 2. Illustration of the microstructure of the Ni3AleNi3V dual two-phase alloys.
The microstructures of the specimens were observed with a
field-emission scanning electron microscope (FE-SEM; SU8000,
Hitachi) operating at 15 kV, and a transmission electronmicroscope
equipped with an energy-dispersive X-ray spectrometer (TEM-
EDX; Titan, FEI) operating at 300 kV. For the FE-SEM-based
microstructural observations, the specimens were mechanically
polished using 2000-grade emery paper and then electrochemi-
cally polished with a solution of 15 vol.% sulfuric acid and 85 vol.%
methanol at 258 K, at an applied DC voltage of 15 V for 20 s. For the
TEM-based microstructural observations, the disk-shaped speci-
mens were ground to thin, foil-like samples with a thickness of less
than 50 mm. They were then subjected to low-angle ion milling
using an argon ion beam accelerated at voltages below 3 kV. High-
purity (6N) argon gas was used as argon ion-beam source.

The thermal diffusivity, a, and heat capacity, Cp, were measured
by the laser-flash method at temperatures between 293 K and
1073 K using a thermal constant analyzer (TC-8000, ULVAC-RIKO).
The specimen surface was covered with graphite powder to ensure
sensitive response to the thermal flow detected by an infrared
sensor. A short-duration laser pulse, whose wavelength was
approximately 700 nm, was emitted from a sapphire rod onto the
surface of the specimen. The values of a and Cp were analyzed from
the time dependent thermal profile of the surface opposite to the
irradiated side of the specimen. The thermal conductivity l was
calculated from a, Cp, and the density r, using the following
equation:

l ¼ a � Cp � r0 (1)

The density r0 of each alloy was obtained from the size and
weight of the disc-shaped specimens. Details of the laser-flash
apparatus and measuring principle of the thermal conductivity
have been reported in Refs. [15e17].

3. Results

3.1. Microstructure

Fig. 3 shows FE-SEM images of the microstructures of the 2.5, 5,
7, 10, 12.5, and 15 Al alloys. The 0 and 2.5 Al alloys exhibited a single
Ni3V phase with a typical lamellar structure, as shown in Fig. 3(a),
which was also observed in previous studies [18]. The microstruc-
ture of the 5 Al alloy could not be resolved from the FE-SEM image,
as evident from Fig. 3(b). Fig. 4 shows a bright-field (BF) TEM image
and selected area electron diffraction (SAED) patterns of the 5 Al
alloy. A small amount of a cuboidal phase, marked by a solid circle
in Fig. 4(a), is visible within the lamellar structures indicated by a
dotted circle. The SAED pattern corresponding to the cuboidal
phase (Fig. 4(b)) was identified to be the Ll2 structure of Ni3Al, and
that corresponding to the lamellar structure (Fig. 4(c)) was identi-
fied as the D022 structure of Ni3V, superimposed on the former
structure. Thus, the microstructure observed in the 5 Al alloy cor-
responds to a hyper-composition slightly higher than the eutectoid
composition, which is consistent with the phase diagram shown in
Fig. 1. In the 7e12.5 Al alloys, two-phase microstructures consisting
of the primary Ni3Al phase and channel regions were clearly
observed, as shown in Fig. 3(cee). In the alloys whose Al content
was above 15 at.%, the microstructure was dominated by a single-
phase of Ni3Al, as shown in Fig. 3(f).

Fig. 5 shows the volume fractions of the Ni3Al and Ni3V phases
for alloys with different Al content. To obtain the volume fractions,
we first measured the volume fractions of the primary Ni3Al pre-
cipitates and the channel regions containing both Ni3Al and Ni3V
phases by the point-count method using the FE-SEM images, as
shown in Fig. 3. Next, the volume fraction of the two phases in the



Fig. 3. FE-SEM micrographs of the (a) 2.5, (b) 5, (c) 7, (d) 10, (e) 12.5, and (f) 15 Al alloy.
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channel regions was calculated from the tie line at the eutectoid
temperature in the phase diagram shown in Fig. 1, according to the
lever rule at equilibrium. For the Ni3VeNi3Al two-phase alloys, i.e.,
alloys with Al content ranging between 7 and 12.5 at.%, the volume
fraction of the Ni3Al phase increased linearly with increasing Al
content. Note that we excluded the data of the volume fraction for
the 5 Al alloy because the corresponding FE-SEM image was blur-
red. Fig. 5 suggests that the solubility limit of Al in the Ni3V phase
was approximately 3 at.%, and that of V in the Ni3Al phase was
10 at.%, which does not appears to be very far from the values
shown in Fig. 1.

Table 1 lists the contents of the elements Ni, Al, and V in the Ni3V
and Ni3Al phases of the 7, 9, and 11 Al alloys (i.e., two-phase alloys),
Fig. 4. (a) BF TEM image and (b, c) SAED patterns of the 5 Al alloy. The pattern in (b) was obt
the L12 structure of Ni3Al. The pattern in (c) was obtained from the channel region marked b
Ni3V and the L12 structure of Ni3Al. Note that the incident electron-beam directions in the
which were analyzed by TEM-EDS measurements. It is noted that
the compositions of the Ni3V and Ni3Al phases are almost identical
in the three alloys. The compositions of the Ni3V and Ni3Al phases
in these two-phase alloys were approximately Nie3 at.% Ale22 at.%
V and Nie12 at.% Ale12 at.% V, respectively, although the precision
of the contents on the basis of TEM-EDX remains controversial.
These compositions are not significantly different from the result
determined from the volume fractions shown in Fig. 5.

3.2. Thermal conductivity

Fig. 6(a) and (b) shows the thermal diffusivity a and heat ca-
pacity Cp of the pseudo-binary alloys, measured by the laser-flash
ained from a cuboidal particle marked by the solid circle in (a), which was identified as
y the dotted circle in (a), which was identified as superposition of the D022 structure of
SAED patterns were [001]L12 and [001]D022.



Fig. 5. Volume fractions of the constituent phases of the Ni3VeNi3Al pseudo-binary
alloys. The values were obtained from the total of the cuboidal precipitates,
measured by the point-counting method from the FE-SEM micrographs as shown in
Fig. 3, and the total of the channel regions calculated from the pseudo-binary phase
diagram shown in Fig. 1.
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method at 293 K. The value of a of the 0 Al alloy was 8.2 � 10�6 m2/
s. The value of a decreased to 4.1 �10�6 m2/s as the Al content rose
to 12.5 at.%, above which it increased to 8.5 � 10�6 m2/s. The heat
capacity Cp appeared to either remain constant within the experi-
mental accuracy or to increase slightly as the Al content increased.
Fig. 6(c) shows the measured density r0 of the pseudo-binary alloys
together with values calculated from the lattice parameter and
weight of the unit cell of the constituent phases. In the case of two-
phase alloys, the alloy density was determined by combining the
density of the constituent phases and their corresponding volume
fraction (see Fig. 5). The measured r0 decreases as the Al content
increases, which is in good agreement with the calculated values.

Fig. 6(d) shows the thermal conductivity at 293 K, l293, calcu-
lated from Eq. (1), together with the data previously reported by
Terada et al. [19,20]. The l293 values for the stoichiometric Ni3V and
Ni3Al intermetallic compound were measured to be 31 and 29 W/
mK, respectively, which are close to previously reported data
(marked by open circles in Fig. 6(d)). In the single-phase regions of
Ni3V (and Ni3Al), l293 decreased with increasing Al (and V) content.
In the Ni3V and Ni3Al two-phase region, l293 steadily decreased
with increasing Al content and appeared to coincide with the
values at the solubility limits of the Ni3V and Ni3Al phases.

Fig. 7 shows the temperature dependence of the thermal con-
ductivity of the 0, 7, 11, 15, and 25 Al alloys. The thermal conduc-
tivity of the 0 Al alloy decreased gradually with increasing
temperature, whereas those of the other alloys showed a mono-
tonic increase with temperature. We can roughly conclude from
Fig. 7 that the thermal conductivity increased monotonically with
Table 1
Ni, Al, and V content in the Ni3V and Ni3Al phases of the 7, 9, and 11 Al alloys,
determined by TEM-EDX measurements.

Ni/at.% Al/at.% V/at.%

7 Al alloy Ni3V 75.3 ± 1.0 2.8 ± 0.4 21.9 ± 0.9
Ni3Al 76.3 ± 1.0 12.0 ± 0.8 11.7 ± 0.4

9 Al alloy Ni3V 75.5 ± 1.4 2.9 ± 0.9 21.6 ± 2.1
Ni3Al 76.7 ± 0.6 11.6 ± 0.5 11.7 ± 0.3

11 Al alloy Ni3V 75.4 ± 0.6 2.7±1.1 21.9 ± 1.5
Ni3Al 76.3 ± 0.7 11.5 ± 0.6 12.2 ± 0.3
temperature. These plots demonstrate that the thermal conduc-
tivities of the stoichiometric compounds Ni3V and Ni3Al (i.e., the
0 and 25 Al alloys, respectively) were relatively insensitive against
temperature compared to other alloys, whose behavior has been
explained in previous reports [19,21], corresponding to Mooiji's
rule in case of the electrical resistivity [22]. As shown in the
Appendix, the thermal conductivity and resistivity of the Ni3Ve-
Ni3Al pseudo-binary alloys were gauged with the electrical con-
ductivity and resistivity, and their correspondence could be
explained by free-electron theory. The thermal conductivity at
1073 K, l1073, of all investigated the alloys is also plotted in Fig. 6(d)
and reveals that the value of l1073 varied with the Al content in a
manner similar to that of l293.

Fig. 8 shows the temperature coefficient of the thermal con-
ductivity b as a function of the Al content of the Ni3VeNi3Al
pseudo-binary alloys, calculated by the least-squares method for
the conductivity�temperature relationship shown in Fig. 7. In the
single-phase region of Ni3V (or Ni3Al), b steeply increased with
increasing Al (or V) content. In the Ni3V and Ni3Al two-phase re-
gion, b slowly increased with increasing Al content and almost
coincided with the values at the solubility limits of the Ni3V and
Ni3Al phases.

4. Discussion

In this section, the relationship between the microstructure and
thermal conductivity of the Ni3VeNi3Al pseudo-binary alloys is
discussed in detail. As confirmed by Figs. 3 and 5, the alloys can be
divided into three microstructural groups: (i) the 0 to 2.5 Al alloys
comprising the Ni3V single-phase microstructure, (ii) the 5 to 12.5
Al alloys comprising the Ni3VeNi3Al two-phase microstructure,
and (iii) the 15e25 Al alloys comprising the Ni3Al single-phase
microstructure. It can be considered that the distribution of the
elements in the constituent phases principally followed Gibbs
phase rule of the Ni3VeNi3Al pseudo-binary system, although the
present alloys actually presented the ternary Ni, V, and Al system.
This approach was justified by the fact that the compositions of the
constituent phases Ni3Al and Ni3V were almost identical in all
investigated two-phase alloys (see Table 1), as well as the increase
in volume fraction of the Ni3Al phase with increasing Al content.

As described earlier, within the single-phase region of Ni3V (or
Ni3Al), the thermal conductivity of the alloys decreased with
increasing Al (or V) content at temperatures from 293 to 1073 K
(see Fig. 6(d)). Fig. 9 shows the thermal resistivity r at 293 K and
1073 K for the Ni3V and Ni3Al single-phase alloys as a function of
the Al content. Here, r was calculated as the inverse of the thermal
conductivity shown in Fig. 6(d). We can see in Fig. 9(b) that there is
a linear relationship between r and the amount of V (Cv [at.%]) in
the Ni3Al single-phase alloys, following Nordheim's rule with
respect to the electrical resistivity [23,24]. Therefore, when the Al
sites in the Ni3Al single-phase alloys were replaced by V atoms, the
thermal conductivity lNi3Al at 293 K and 1073 K can be approxi-
mately obtained from the experimental results using the following
equation:

1
.
lNi3Al=293K

¼rNi3Al=293K
¼0:0035CVþ0:0341 ½mK=W�

1
.
lNi3Al=1073K

¼rNi3Al=1073K
¼0:0020CVþ0:0309 ½mK=W�

(2)

CV is the concentration of V [at.%] in the Ni3Al phase. The ther-
mal conductivity of the Ni3V single-phase alloys lNi3V is also given
by the following equation using the data of Fig. 9(a), although the
accuracy of their equation requires verification because it is based
on only two experimental data points.



Fig. 6. Variations in the (a) thermal diffusivity, (b) heat capacity, (c) density, and (c) thermal conductivity at 293 K as a function of the Al content of the Ni3VeNi3Al pseudo-binary
alloys, together with previously reported data [19,20]. The conductivities measured at 1073 K are also plotted in (d) and are represented by open diamonds.
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1
.
lNi3V=293K

¼rNi3V=293K
¼0:0040CAlþ0:0326 ½mK=W�.
1 lNi3V=1073K
¼rNi3V=1073K

¼0:0006CAlþ0:0328 ½mK=W�
(3)

CAl is the concentration of Al [at.%] in the Ni3V phase. These
results confirm that the thermal conductivity becomes less
dependent on composition at higher temperatures for both Ni3V
and Ni3Al single-phase alloys.
Fig. 7. Temperature dependence of the thermal conductivity of the 0 (i.e., stoichio-
metric Ni3V), 7, 11, 15, and 25 Al (i.e., stoichiometric Ni3Al) alloys.
In two-phase alloys of a binary system, the thermal conductivity
is known to be determined by the microstructure, such as the vol-
ume fraction and distribution of the constituent phases, because the
individual phase composition in the alloys is constant, according to
Gibbs phase rule. Assuming that a simple spherical second phase is
homogeneously distributed in the two-phase alloys, the thermal
conductivity l is given by the following equation [25]:

l ¼ 3
4

" 
f1 �

1
3

!
l1 þ

 
f2 �

1
3

!
l2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��

f1 �
1
3

�
l1 þ

�
f2 �

1
3

�
l2

�2
þ 8
9
l1

s
l2

#
(4)
Fig. 8. Temperature coefficient of the thermal conductivity as a function of the Al
content of the Ni3VeNi3Al pseudo-binary alloys, obtained from the correlation be-
tween thermal conductivity and temperature shown in Fig. 7.



Fig. 9. Thermal resistivity at 293 and 1073 K as a function of the Al content of (a) Ni3V
and (b) Ni3Al single-phase alloys, together with the values reported in previous studies
[19,20]. The values were calculated using Eqs. (2) and (3).
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f1 and f2 are the volume fractions, and l1 and l 2 are the thermal
conductivities of the matrix and second phase, respectively. In the
case of the Ni3VeNi3Al two-phase alloys, the lNi3Al and lNi3V can be
approximately calculated to be 14 and 23 W/mK, respectively, from
Eqs. (2) and (3) using the solubility limit of V in the Ni3Al phase
(10 at.%) and that of Al in the Ni3V phase (3 at.%), as seen in Fig. 5.
Fig. 10 shows the thermal conductivities at 293 K and 1073 K for the
Ni3VeNi3Al two-phase alloys as a function of the volume fraction of
the Ni3Al phase, together with the curves derived from Eq. (4) for
l293 and l1073. Fig. 10 reveals good agreement between measured
and calculated thermal conductivity, even though the calculation
was based on rough estimations.

Thus, the premise underlying Eq. (4) is not an odd explanation of
the thermal conductivity in the region of the Ni3VeNi3Al two-
phase microstructure: the decrease in thermal conductivity with
increasing Al content of the two-phase alloys can be explained by
the increasing volume fraction of the constituent Ni3Al phase,
which had a smaller thermal conductivity than the Ni3V phase. The
Fig. 10. Thermal conductivity at 293 K and 1073 K as a function of the Al content of the
Ni3VeNi3Al two-phase alloys.
smaller conductivity of the constituent Ni3Al phase is attributed to
a large amount of substituting V atoms at Al sites (approximately
10 at.%), which significantly decreased the thermal conductivity of
stoichiometric Ni3Al (29 W/m K). It should be noted that at the
interface between the Ni3V and Ni3Al phase, especially in the
channel regions, the thermal conductivity might be decreased. It is,
however, speculated that the contribution of the interface to the
thermal conductivity should be small (at least within the limit of
the present experimental accuracy), because the thermal conduc-
tivity seems to vary continuously throughout the entire composi-
tional range of the alloys.

According to the findings obtained in this study, in order to
increase the thermal conductivity of the two-phase alloys, the
volume fraction of the Ni3Al phase or the substitutional content of
V (or Al) in the Ni3Al (or Ni3V) phase, or both parameters must be
decreased effectively. For example, heat-treatment at a tempera-
ture below the eutectoid temperature of 1281 K could be a prom-
ising route, and the results will be confirmed and reported in a
future paper.

5. Summary

The effect of composition and microstructure on the thermal
conductivity at temperatures from 293 to 1073 K were investigated
for Ni3VeNi3Al pseudo-binary alloys with various compositions of
Ni�(25e x) at.% V� x at.% Al (0 < x < 25). The alloys with 0e2.5 at.%
Al and 15�25 at.% Al exhibited the Ni3V and Ni3Al single-phase
microstructures, respectively. On the other hand, the alloys with
5e12.5 at.% Al consisted of primary cuboidal Ni3Al precipitates and
channeling regions containing fine Ni3Al and Ni3V phases. In the
two-phase alloys, the volume fraction of the Ni3Al phase increased
linearly with increasing Al content.

In the two single-phase alloys, the thermal resistivity increased
linearly with increasing deviation from stoichiometry, following
the Nordheim rule, and the thermal conductivity decreased
accordingly. In the Ni3Al and Ni3V two-phase alloys, the thermal
conductivity of the alloys decreased with increasing Al content,
which can be explained in terms of the conductivity and volume
fraction of the constituent phases: an increase of the Al content in
the alloys led to an increase in the volume fraction of the Ni3Al
phase, which had lower conductivity than the Ni3V phase. It should
be noted that the variation of the thermal conductivity as a function
of the alloy composition is identical at the temperatures between
293 K and 1073 K, although the absolute value of the thermal
conductivity increases as the temperature increases, with the
exception of stoichiometric Ni3V. Thus, it is concluded that the
thermal conductivity of the Ni3VeNi3Al pseudo-binary alloys is
controlled by the composition and volume fraction of the constit-
uent phase.
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Appendix. Relationship between thermal and electrical
conductivities of Ni3VeNi3Al pseudo-binary alloys

An empirical relationship between the thermal conductivity l

[W/mK] and electrical conductivity s [m/U] has been adopted to
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describe metallic alloys. With the exception of extremely low
temperatures, the following equation based on the Wiede-
mann�Franz law can be used:

l ¼ AL0Tsþ B (A-1)

L0 is the Lorenz number (L0 ¼ 2.45 � 10�8 WU/K2), T is the ab-
solute temperature, and A and B are constants that are adjusted to
fit the data. In the case of a Ni-based alloy, A and B have been re-
ported to be 0.869 and 8.4 W/mK, respectively [26]. In the present
study, the electrical conductivity of the Ni3VeNi3Al pseudo-binary
alloys was measured to confirm the relationship between their
thermal and electrical conductivity. The values of the electrical
conductivity of the alloyswere obtained bymeasuring the electrical
resistivity using the standard DC four-probe technique at room
temperature. For these resistivity measurements, plate-shaped
specimens with the dimension of 20 mm in length, 2 mm in
width, and 1 mm in thickness were used.

Fig. A1 shows the experimental data of the Ni3VeNi3Al pseudo-
binary alloys investigated in this study, as well as the plots obtained
from Eq. (A-l). As evident from Fig. A1, the experimental data
reasonably coincided with the line derived from Eq. (A-l). This
demonstrates that the thermal and electrical conductivities of the
Ni3VeNi3Al pseudo-binary alloys show conventional metallic
behavior, according to the Wiedemann�Franz law.

Fig. Al. Thermal and electrical conductivity of the Ni3VeNi3Al pseudo-binary alloys at
room temperature (293 K) fitted by the Wiedemann-Franz law (solid line) [26].
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