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ARTICLE INFO ABSTRACT

Thermal conductivities of Niz(Si,Ti) single-phase alloys with an L1, structure as functions of composition and
temperature were measured to provide information for high-temperature structural applications. It was con-
firmed that the Ni3(Si,Ti) alloy has an extremely large single-phase region for the compositions Ni;g(Sizz. x, Tix)
(x = 0-12 at.%), Nigo_,(Si11,Tiy) (y = 9.5-12 at.%), and Nigo_,(Si,,Ti11) (z = 9.5-12 at.%). The thermal
conductivities at 293 K of all the Ni5(Si, Ti) single-phase alloys were estimated to be between 8 W/mK and 12 W/
mK, which are lower than those of almost all other stoichiometric compounds. In the Ni;(Si,Ti) single-phase
region, the thermal conductivity increased more significantly by increasing the Ni content than by varying the Si
and Ti contents. The thermal conductivity of all the Ni3(Si,Ti) single-phase alloys increased monotonically with
an increase in temperature. The temperature coefficient of thermal conductivity increased as the value of the
thermal conductivity at 293 K was low, according to Mooij's relationship. Consequently, the thermal con-
ductivity in the Niz(Si,Ti) single-phase region became larger and less sensitive to the composition at higher
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temperatures above 1073 K, ranging between 22 W/mK and 24 W/mK.

1. Introduction

Nickel-based intermetallic compounds, such as Ll,-type NizAl
[1-3], Ni3Si [4], B2-type NiAl [5], and DO,-type Ni3Nb [6] based alloys,
are attractive for high-temperature structural applications, because of
their high mechanical strength at elevated temperatures. Among these
alloys, those based on NisSi have properties that are considered desir-
able for structural materials; they show increased strength with in-
creasing temperature (i.e., anomalous temperature dependency of
strength) [4,7], and excellent oxidation resistance. In particular, L1»-
type NisSi alloys to which elemental Ti has been added, and which are
denoted as Ni3(Si,Ti), are interesting from a practical viewpoint. This is
because alloys with an off-stoichiometric composition of approximately
Ni 78 at.%- Si 11 at.%- Si 11 at.% Ti can deform even in cold-rolling,
unlike a number of intermetallic compounds [8,9]. Therefore, extensive
investigations were conducted in an attempt to further enhance the
mechanical properties of Ni3(Si,Ti) alloys and to understand their mi-
crostructural and compositional features [10-14]. On the contrary, to
obtain the reliability required for high-temperature structural products,
the thermal conductivity should also be an important criterion when
selecting an appropriate material, although measurements of the
thermal conductivity of Ni3(Si,Ti) single-phase alloys have been limited
to determining the stoichiometric composition of NizTi with a D0y4
structure [15]. In this study, we measured the thermal conductivity of

Ni3(Si,Ti) single-phase alloys in the temperature range between 293 K
and 1073 K, in which the alloys are intended for high-temperature
structural applications. The effects of the composition and temperature
on the thermal conductivity of the alloys are also discussed.

2. Experimental

As shown in the Ni-Si-Ti ternary phase diagram in Fig. 1 [8], the
L1,-type Ni3(Si,Ti) phase has an extremely large mutual solid solution
range along a pseudo-binary line between NizSi with an L1, structure
and Ni;Ti with a DO,4 structure, and also a certain width of non-stoi-
chiometry in the Ni-rich region. Based on Fig. 1, 12 button ingots of
Ni3(Si,Ti) single-phase alloys were fabricated by arc-melting in an
argon atmosphere using 99.99 wt.% nickel, 99.99 wt.% silicon, and
99.9 wt.% titanium tips as raw materials. Each button was inverted and
then melted at least four times in order to ensure homogeneity. Table 1
lists the nominal and chemically analyzed compositions of the buttons
prepared in this study, and indicates that the difference between them
is insignificant. These alloys are hereafter denoted by their nominal
composition in at.%; for example, alloys with a nominal composition of
Ni 78 at.%-Si 20 at.%-Ti 2 at.% are presented as Ni,g(Siz,Tiz). The
alloys were homogenized at 1323 K for 48 h under vacuum and then
cooled in a furnace. Thereafter, the alloy buttons were cut into disk-
shaped specimens measuring 10 mm in diameter and 1.5 mm in
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Fig. 1. Nickel-corner of the Ni-Si-Ti ternary phase diagram at 1173 K [8]. Solid circles in
the Ni3(Si,Ti) single-phase region show the alloy composition prepared in this study.

Table 1
Nominal and chemical compositions of the alloys used in this study.

Specimen Ni/at.% Si/at.% Ti/at.%
Nizg(Siza —x, Tix) Niyg(Sizo, Tiz) 78.5 19.4 2.1
Niyg(Sii7,Tis) 78.5 17 45
Nizg(Sii6,Tie) 78.0 15.6 6.4
Nig(Siy3,Tio) 78.4 12.8 8.8
Ni,g(Siy1,Tizg) 78.0 11.2 10.9
Niyg(Sio,Tiy3) 77.5 9.3 13.2
Nigo —y(Si11, Tiy) Nizo.5(Si11,Tio.5) 79.9 10.6 9.5
Nizo(Si11,Tiz0) 79.5 10.5 10.0
Niyg(Sii1,Ti11) 78.0 11.2 10.9
Niy7(Si11Tizo) 77.3 10.6 12.1
Nigg—,(Siz, Ti11) Niyg.5(Sig.s,Tiz1) 79.9 9.2 10.9
Nizo(Si10,Ti11) 78.9 10.0 11.1
Niyg(Si11,Tit1) 78.0 11.2 10.9
Ni7(Siy2Ti11) 77.5 11.8 10.7

thickness via electrical-discharge machining.

The microstructures of the specimens were observed with a field
emission scanning electron microscope (FESEM; SM-7000F, JEOL) op-
erating at 15 kV. For the FESEM-based microstructural observations,
each disk-shaped specimen was mechanically polished using 2000-
grade emery paper and then electrochemically polished with a solution
of 15 vol.% sulfuric acid and 85 vol.% methanol at 258 K under an
applied DC voltage of 15 V for 20 s. The structure of the prepared alloys
was analyzed by X-ray diffraction (XRD) using a PANalytical X'pert Pro
diffractometer with CuKa radiation (wavelength, A = 0.1542 nm) in
the Bragg-Brentano geometry. The lattice parameter of the Ni3(Si,Ti)
phase was determined by extrapolating the lattice parameters measured
from the five reflections 111, 200, 210, 220, and 311 to 26 = 90° as a
function of cos®0. The thermal conductivity, A, of the disk-shaped
specimens was measured by the laser-flash method at temperatures
between 293 K and 1073 K using an ULVAC-RIKO TC-8000 instrument.
Details of the mechanism of these measurements were described else-
where [16-18]. The electrical conductivity A° [(Qm) '] of the disk-
shaped specimens was measured by way of an eddy-current method
using a SIGMATEST 2.069, FOERSTER meter [19]. The A° value was
converted into thermal conductivity A using the Wiedemann-Franz law
[20,21], as given by the following equation,

A= AL, TA*+B m
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Fig. 2. FESEM micrograph of the Ni;g(Siq1,Tiq1) alloy.

where Lo is the Lorenz number (L, = 2.45 x 10~ 8 WQ/K?), T is the
absolute temperature [K], 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 [20], which were
adopted in this study.

3. Results
3.1. Microstructure

Fig. 2 shows the FESEM micrograph for the Ni,g(Sii1,Tii1) alloy.
The microstructure of the Ni,g(Si;1,Ti;1) alloy exhibited a single phase
with a grain size of several hundred micrometers. Fig. 3 shows the XRD
profile for the Ni,g(Si;1,Ti;1) alloy, in which all the peaks were indexed
by an Ll, structure (Space group: Pm3()m, lattice parameter:
a = 0.3550 nm). Therefore, it was confirmed that the Ni,g(Siy1,Ti11)
alloy has a Ni3(Si,Ti) single phase. Similarly, it was confirmed that the
other alloys prepared in this study were also constituent of a Ni3(Si,Ti)
single phase. The result is consistent with the Ni-Si-Ti ternary phase
diagram shown in Fig. 1.

Fig. 4 shows the variation of the lattice parameter of the Ni5(Si,Ti)
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Fig. 3. X-ray diffraction profile of the Ni,g(Siq1,Ti1) alloy.
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Fig. 4. Variations of the lattice parameters of the (a) Nizg(Sizz - x,Tix), (b) Nigg - (Si11,Tiy), and (c) Nigo —,(Si,,Ti11) alloys with the elemental content, together with the data by Takasugi

et al. and Oya et al. [8,22].

phase as a function of the composition of the alloy, together with the
data by Takasugi et al. [8] and Oya et al. [22]. The lattice parameters of
the Ni3(Si,Ti) phase with a constant Ni content of 78 at.%, denoted as
Niyg(Sizn 4, Tiy), increased linearly with increasing Ti content, x, which
is in good agreement with the previous report by Takasugi et al. [8].
This indicates that the Ni3(Si,Ti) lattice expands when Si atoms are
replaced with Ti atoms, and supports the aforementioned finding that
the specimens are composed of a compositionally continuous Ni3(Si,Ti)
single phase. The increase in the lattice parameter of the Ni3(Si,Ti)
phase with increasing Ti content can also be explained by the term of
Vegard's law in the case of solid solution phases; the Goldschmidt
atomic radii of Ni, Si, and Ti are 0.124 nm, 0.124 nm, and 0.132 nm,
respectively. Therefore, the replacement of Si with Ti in the Ni,g(Sizs.
xTiy) alloys would reasonably be expected to result in the expansion of
the L1, lattice as shown in Fig. 4(a). The lattice parameters of the
specimens with a constant Si or Ti content of 11 at.%, shown in
Fig. 4(b) and (c), respectively, either seem to be the same or to increase
slightly with increasing Ti or Si content, although the variation oc-
curred within the experimental accuracy. Taking into account the
Goldschmidt atomic radii abovementioned, replacement of Ni atoms by
Ti atom in Nigo.,(Si;1,Tiy) alloys (Fig. 4(b)) should cause a similar in-
crease with the case of the Ni,g(Sizs 4, Tiy) alloys shown in Fig. 4(a),
whereas replacement of Ni atoms by Si atoms should not change in
lattice parameter. The discrepancy between prediction and experi-
mental results must be because the compositional range of y and z was
not wide enough to detect the change in lattice parameter clearly.

3.2. Thermal conductivity

Fig. 5 shows the thermal conductivity at 293 K, Ay93, for the
Ni3(Si,Ti) single-phase specimens, together with the data converted
from the electrical conductivity, A,93° using eq. (1). The values of A,93
measured by the laser-flash method agreed well with those of A,95°,
although the former values were always slightly lower than the latter.
The Ao93 of the Ni3(Si,Ti) single-phase alloy specimens prepared in this
study range between 8.5 and 11 W/mK, which, according to expecta-
tion, are lower than that of NizAl (28 W/mK), NisGa (27 W/mK), and
NizGe (25 W/mK) in L1, stoichiometric compounds, and NisTi (30 W/
mK) in DO,y [15,23-25].

The Ay93 of the Ni,g(Sizs -, Tiy) specimens decreases gradually with
increasing Ti content, x, as shown in Fig. 5(a). The A,93 of the Nigg.
(8i11,Tiy) and Nigo_,(Si,,Ti1;) specimens also decrease with increasing
Ti and Si content, respectively, and these changes were more significant
than in the case of the Ni;g(Sizs_,,Ti,) specimens (see Fig. 5(b) and
(c)). The decreasing of the A,93 per at.% of added element was ap-
proximately measured to be 0.12 W/mK-at.% for the Ni;g(Sizs_,Tiy)
specimens, 0.89 W/mK-at.% for the Nigy.,(Si11,Tiy) specimens, and
0.73 W/mK-at.% for the Nigo,(Si,,Ti1) specimens. These changes are
relatively small in comparison with that of NizAl to which a ternary
element has been added; e.g., approximately 2.3 W/mKat.% for the
Ni;s(Alys — ,Siy) specimen, and 2.7 W/mK-at.% for the Ni,5(Alys_ ,Tiy)
specimen [23]. Thus, we can state that the A,g93 of Ni3(Si,Ti) single-
phase alloys shows less compositional sensitivity than the other L1,
intermetallic compounds.

Fig. 6 shows the variation of the thermal conductivity of the
Nig(Si11,Ti11), Niyg(Size,Tiz), Nizos(Sii1,Tios), and Niyg s(Sio s, Tiin)
alloys as a function of temperature. The thermal conductivity of all four
specimens increased monotonically with temperature. A similar ten-
dency was observed for the other specimens prepared in this study. The
temperature coefficient of thermal conductivity, a, is defined by the
following equation:

a = {()\‘1073 - )\.293)/(1073 - 293)} /7\,293 (2)

where A3 is the thermal conductivity at 1073 K. Fig. 7 plots the value
of the coefficient a of the Ni3(Si,Ti) single-phase specimens as a func-
tion of the elemental content. In the Ni5(Si,Ti) single-phase specimens,
a increases as the values of x, y, and z increase.

The thermal conductivity at the high temperature of 1073 K, A1973,
for the Ni5(Si,Ti) shingle-phase specimens is also plotted in Fig. 5. This
reveals that the value of A,y;3 was enhanced in comparison with that of
293 in each specimen, because the coefficient a was always positive as
shown in Fig. 7. The value of A¢73 varied with the elemental content in
a manner similar to that of Ay93. The decreasing of the A593 per at.% of
added element was measured to be 0.11 W/mKat.% for the
Ni7g(Sizz—xTix) specimens, 0.85 W/mK-at.% for the Nigg_,(Si;1,Ti))
specimens, and 0.60 W/mK-at.% for the Nigg_,(Si,,Ti;;) specimens,
which were the same or slightly less than the case of Ayg3.
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Fig. 5. Variations of the thermal conductivity at 293 K and 1073 K of the (a) Nig(Siz2 - x,Tix), (b) Nigo —(Si11,Tiy), and (c) Nigg_,(Si,, Ti11) alloys as a function of the elemental content.
The thermal conductivity at 293 K, converted from the electrical conductivity measurements, was also plotted (open circles).
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Fig. 6. Temperature dependence of the thermal conductivity of the Ni;g(Sii1,Tiz1),
Ni7g(Siz0,Ti2), Nizo 5(Si11,Tio 5), and Nizo 5(Sig 5, Ti11) alloys.

4. Discussion
4.1. Compositional dependency
In a metallic A-B binary alloy system with continuous solid solu-

tions, the compositional dependence of the thermal conductivity can be
estimated by Nordheim's relationship, which was originally proposed

122

for electrical conductivity and resistivity [26,27]. The compositional
dependence of the electrical conductivity A° and resistivity p® is ap-
proximately expressed by the following equation:

LAS = of = pat + K Go1—Ca) . ®

where p,° are the electrical resistivity of the pure metal of element A, Cg
is the composition of additional solute element B, and k’ is a constant
that depends on the A-B alloy system. When the Wiedemann-Franz
relation is available for the A-B alloy system, the thermal conductivity,
A, can be given as follows [20,21,25]:

1A =p=1/As + k Cs(1—-Cp) ... @

where p is the thermal resistivity, A, is the thermal conductivity of the
pure metal of element A, and k is a constant that depends on the A-B
alloy system.

It has been recognized that the relationship holds not only for solid
solutions but also for intermetallic compounds [24,28]. Fig. 8 shows the
plots for the inverse of A (i.e., thermal resistivity, p) at 293 K and
1073 K as a function of the elemental content. The values of A [W/mK]
exhibited linear behavior against the elemental content of x, y, and z,
and therefore could be fitted by the Nordheim equation given in eq. (4)
as follows;

Nizg(Siza—Tiy) at 203 K: 1/A = 0.0952 + 0.0014 x(1 — x) ...  (5)
Nigo _(Si11,Tiy) at 293 K: 1/A = 0.0066 + 0.0090 y(1 — y) ...  (6)
Nigo_4(SizTii1) at 293 K: 1/A = 0.0231 + 0.0077 z(1 — 2) ...  (7)
Niyg(Sizz—xTiy) at 1073 K: 1/A = 0.0414 + 0.0002 x(1 — x) ... (8)
Nigo_,(Siz1,Tiy) at 1073 K: 1/A = 0.0248 + 0.0020 y(1 — y) ... (9)

Nigg_(SizTi1) at 1073 K: 1/A = 0.0309 + 0.0012 z(1 — 2) ... (10)

The above measurements and equations enable us to draw an ap-
proximate contour map of the thermal conductivity at 293 K and
1073 K on the Ni-Si-Ti phase diagram, as shown in Fig. 9. The maps
enable us to derive some notable features. For instance, both the
thermal conductivities of A93 and A1973 in the Ni3(Si,Ti) single-phase
specimens are more sensitive in terms of Ni content than Si and Ti
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Fig. 7. Variations of the temperature coefficient of the (a) Niyg(Sizz— x,Tiy), (b) Nigo_y(Siy1,Tiy), and () Nige_,(Si,,Ti;1) alloys as a function of the elemental content.

content. This suggests that A,93 and 11473 would have a maximum value
for the alloy with a maximum content of Ni in the Ni3(Si,Ti) single-
phase specimens. The maximum value of the thermal conductivity is
estimated to be 12 W/mK at 293 K and 24 W/mK at 1073 K for the
Nig1(Sig5,Tigs) alloys. The interval of the contour curves for the
thermal conductivity should be wider at a high temperature (i.e., the
compositional dependence for the thermal conductivity should become
less sensitive at higher temperatures).

4.2. Temperature dependency
The temperature dependency of the thermal conductivity of ordered

intermetallic compounds, together with the data for pure metals, Cu-Al
solid solutions, Ni-based alloys, low and high alloy steels, and

disordered fcc alloys with compositions of Pt3Cu, NisZn, and Pt3Ni, was
summarized by Terada et al., and is shown in Fig. 10 [15,24]. Here,
Terada et al. expressed the temperature coefficient of thermal con-
ductivity, 8, by the following equation:

B = (1/A300{(M1100 — A300)/(1100 — 300)} ... an

As an overall tendency, the thermal conductivity at 300 K for me-
tallic materials should be inversely correlated with the temperature
coefficient, which is known as Mooij's relationship for the electrical
resistivity for binary alloys [29,30]. Fig. 10 indicates that pure metals
and low alloy steels have a high thermal conductivity at 300 K but a
negative temperature coefficient, which means that the thermal con-
ductivity decreases with increasing temperature. In contrast, high alloy
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Fig. 8. Variations of the thermal resistivity at 293 K and 1073 K of the (a) Nizg(Sizs - x,Tiy), (b) Nigg - y(Si11,Tiy), and (c) Nigo - ,(Si,,Ti11) alloys as a function of the elemental content.
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Fig. 9. Contour map of the thermal conductivity at (a) 293 K and (b) 1073 K for the Ni;(Si,Ti) single-phase specimens, which were drawn in the partial phase diagram of Ni-Si-Ti ternary
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the references to colour in this figure legend, the reader is referred to the web version of
this article.)

steels and nickel alloys with a low thermal conductivity at 300 K exhibit
a positive coefficient. In the case of NisX and Pt3X compounds, the
inverse correlation is held and can be classified into either ordered
intermetallic compounds or disordered alloys as indicated by the two
thick solid lines in Fig. 10.

The temperature coefficient of thermal conductivity, S, of the
Ni3(Si,Ti) single-phase specimens was converted from the temperature
coefficient, a, calculated by eq. (2), and then plotted using solid circles
in Fig. 10. This confirmed that 8 for the Ni3(Si,Ti) single-phase speci-
mens was located near the curve for the ordered intermetallic com-
pounds. The Ni(Si,Ti) single-phase alloys have a relatively higher 8
than the other ordered intermetallic compounds, such as NizGa, Ni3Ge,
and Pt3Ti, because they have a relatively lower thermal conductivity at
room temperature. This suggests that the thermal conductivity of the
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Ni3(Si,Ti) single-phase alloys at high temperatures above 1073 K ap-
proach that of the compounds NizGa, NizGe, and Pt3Ti, although the
thermal conductivity at 300 K is low. This is favorable for high-tem-
perature applications.

5. Summary

The effects of composition and temperature on the thermal con-
ductivity at temperatures ranging from 293 K to 1073 K were in-
vestigated for Ni3(Si,Ti) single-phase alloys. The microstructure of the
alloys with a nominal composition of Ni,g(Sizs—,Ti,) (x = 2 to 12 at.
0/0), Ni89—y(Sill:Ti11—y) (y = 9.5 to 12 at.%), and Nisg_z(SiZ,Till)
(z = 9.5 to 12 at.%) was identified as single-phase Ni3(Si,Ti) with an
L1, structure. The thermal conductivity at 293 K, A3, of the single-
phase alloys was found to range from 8 W/mK to 12 W/mK, which is
lower than that of other alloys with an ordered L1, structure such as
NizAl and NisGa. The observed increase in A,g93 was more sensitive
toward the increase in the Ni content than toward the Si and Ti content.
The thermal conductivity of the Ni3(Si,Ti) single-phase alloys increased
monotonically with increasing temperature, which should be more
significant than the other ordered alloys with an L1, structure, and
follows Mooij's relationship. Since the temperature coefficient of
thermal conductivity tends to increase because of the low value of A593,
the compositional dependency of the Ni3(Si, Ti) single-phase alloys be-
comes less significant at higher temperatures.
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