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Abstract Thermal conductivities of Ni—Cr solid solution alloys have been measured
to develop a prediction equation for thermal conductivities as functions of tempera-
ture and chemical composition. Samples used were Ni—x at% Cr (0 < x < 22) and
commercial alloys of Nichrome Nos. 1 and 2. Thermal conductivity measurements
were carried out using the transient hot-strip method over a temperature range from
293 K to 1273 K. The thermal conductivities of the alloys increased with increasing
temperature and decreased with increasing Cr concentration at constant temperature.
The Smith—Palmer equation has been examined to relate the thermal conductivities of
the alloys to the electrical resistivities. The thermal conductivity and electrical-resis-
tivity data, respectively, in the present work and in the literature have confirmed that
the Smith—Palmer equation applies to Ni—Cr solid solutions and Nichrome alloys. On
the basis of this equation, the thermal conductivity of Ni—Cr solid solution alloys has
been expressed as a function of temperature and chemical composition. This analysis
has also been applied to Ni-Fe and Cu—Ni solid solution alloys.

Keywords Hot-strip method - Ni—Cr - Solid solution alloy - Thermal conductivity

1 Introduction

Many metals and alloys are produced through the molten state at high temperatures.
Heat transfer in the processes controls the energy efficiency and the production quality
and, hence, optimization of the process parameters. Heat transfer simulation is applied,
for which thermophysical properties such as thermal conductivities of molten alloys
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as well as solid alloys are essential as input data. Furthermore, there are numerous
practical alloys with a variety of chemical compositions, and thus it is very time-
consuming to measure the thermal conductivities of all practical alloys in the molten
state. Against this background, it would be useful to develop a prediction equation for
thermal conductivities of molten alloys.

On the other hand, most molten alloys are considered to have structures similar to
each other, even though they have different chemical compositions. From this struc-
tural viewpoint, molten alloys are common with solid solution alloys and, in addition,
thermal conductivities of solid solution alloys are much easier to measure. Thus, it
would be justified to investigate the development of a prediction equation for thermal
conductivities of solid solution alloys, as a first step to a prediction equation for molten
alloys, since both equations are expected to take the same mathematical form.

One of the most commonly used prediction methods is based on the Wiedemann—
Franz law (W-F law) [1], which is expressed by the following equation:

A= LoT
=LT/p M

where A, 0, p, T, and L represent the thermal conductivity, electrical conductivity,
electrical resistivity, absolute temperature, and Lorenz number, respectively. The elec-
trical conductivity is easier to measure and has a smaller uncertainty than the ther-
mal conductivity, leading to thermal conductivity predictions from Eq. 1. However,
when the W-F law is applied to the prediction, the value of L is usually fixed as
2.45 x 1078 W - Q- K~2(= L) derived on the basis of the free electron model [1],
although real values of L are different from L and have a temperature dependence [2]
even in pure metals. One reason for this difference in the Lorenz number is that thermal
energy is carried not only by electrons but also by phonons in actual metals, and this
difference in L brings about the uncertainty of thermal conductivities calculated from
the W—F law.

To relate the thermal conductivity of alloys to their electrical resistivity more rea-
sonably, Smith and Palmer [3] have analyzed thermal conductivities of Cu-based alloys
to modify the W-F law as follows:

A=ALyT/p+ B )

where A and B are constants depending on the system. The first term on the right-
hand side of Eq. 2 represents the electronic component of thermal conductivity, which
comes from the scattering of the electrons by phonons, and follows the W-F law. The
second term represents the phonon component of thermal conductivity. The applica-
bility of the Smith—Palmer formula has been reviewed for thermal conductivities of
Al-based, Ti-based, and Fe—Cr-Ni alloys by Klemens and Williams [4]; however, it
has not been sufficiently analyzed for thermal conductivities of Ni—Cr alloys. This
system includes commercial alloys such as Nichrome and Inconel, and, furthermore,
is suitable for investigations of the relationship between thermal and electrical con-
ductivities because the alloy system has a wide solid solution region; for example, Cr
dissolves into Ni up to about 30 at% at 873 K.
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As described above, thermal conductivities of metals and alloys are usually
discussed from the viewpoint of electrical resistivities; however, it is also practically
important to derive thermal conductivities of alloys from the temperature and chemical
composition. Consequently, the present work aims to measure thermal conductivities
of Ni—Cr solid solution alloys to develop a prediction equation for thermal conduc-
tivities from temperature and chemical composition on the basis of the Smith—Palmer
equation.

2 Experimental
2.1 Samples

Samples were Ni—Cr alloys, where the Cr concentrations were (0, 10, 20, and 22) at%.
Commercial alloys were also used: Nichrome No. 1 (JIS C2520) and Nichrome No.
2 (JIS C2532) produced by Japan Pure Chemical Co., Ltd. Chemical compositions
of the commercial alloys are shown in Table 1. Samples of Ni and the commercial
alloys purchased were in a cylindrical shape (30 mm diameter and 40 mm height).
Binary alloy samples were prepared from Ni and Cr grains (99.9 mass% purity) using
an induction or electric furnace, and machined into a cylindrical shape ((25 to 30) mm
diameter and (40 to 50) mm height). Each sample was cut into two parts in the longitu-
dinal direction, and the cut surfaces were polished with a mirror finish. The chemical
compositions of the samples were determined by X-ray fluorescence analysis.

2.2 Thermal Conductivity Measurements

The transient hot-strip method was used for the thermal conductivity measurements
[5-10]. In this method, an electric current is applied to a thin metal strip (hot strip)
placed in the center of the sample, and the temperature rise of the hot strip (AT) is
recorded continuously. This temperature rise leads to the thermal conductivity of the
sample as follows:

_Q /dAT
" 47 / dlnt

3

where Q is the heat generation rate per unit length of the hot strip and ¢ is the time. In
practice, AT is monitored as the voltage change between two potential wires of the
hot strip (A V') on the basis of the principle of the four-terminal method, and the value
of X is determined from dAV/dInt using the following equation [9]:

Table 1 Chemical
compositions of commercial
alloys in at%

Nichrome No. 1 74.5 20.6 2.6 1.5 0.1 0.7
Nichrome No. 2 54.4 16.2 1.5 1.5 25.7 0.7
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Fig. 1 Conceptual diagram of Hot strip
thermal-conductivity _ (Pt-13%Rh) Galvanostat
measurement using hot-strip Ingulatmg layer 5
method (Si0,)
25~30 mm
40~50 mm
™~
"

Standard resistance
0.01Q)

A

IPaRy;3R° /dAAV
= 4)

4 dlnt

where [ is the current supplied to the hot strip, « is the temperature coefficient of the
electrical resistivity of the hot strip at temperature 7', R»73 is the resistance between
the potential wires of the hot strip at 273 K, and R” is the resistance per unit length of
the hot strip at temperature 7. The value of dAV/dInt is determined from the slope
of the linear portion of the relation between AV and Inz.

Figure 1 shows a conceptual diagram of the thermal conductivity measurements
using the hot-strip method. A hot strip (1 mm width and 0.02 mm thickness) of
Pt—13%Rh was sandwiched between two semi-cylindrical samples, which were tightly
fixed with a hose clamp. Two platinum potential wires of 0.15 mm diameter were
attached to the hot strip spaced apart by about 20 mm to allow four-terminal resis-
tance measurements, and were connected to platinum lead wires of 0.5 mm diameter.
This setup enabled the hot strip to serve as a temperature sensor as well. To prevent
electrical leakage, the sample surfaces were covered with an insulating SiO; film
(5 pm thickness) by sputtering. Samples were placed in a flow of Ar—10%H; gas in
an electric furnace to prevent oxidation during the measurements at high temperature.
Measurements were carried out during the heating cycle in the temperature range from
293 K to 1273 K at intervals of about 100 K, and were also carried out during the
cooling cycle to confirm the reproducibility of the measurements. Three runs were
carried out at each temperature. The current (/ = (2.5 to 3.5) A) was supplied to the
hot strip via a galvanostat.

3 Results

Figure 2 shows a typical voltage change, AV, as a function of the natural logarithm of
time, In¢, obtained in measurements on Ni—-20 at% Cr at 298 K. It can be seen that there
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is a linear relation between AV and Inf in the time period from 0.5 s to 5 s, and that
AV deviates from linearity in the time periods below 0.5 s and above 5 s. The former
deviation would be due to the effect of the heat capacities of the hot strip and the
coating layer, whereas the latter deviation would be due to the effect of heat reflection
at the edge of the sample [10, 11]. The value of dA V/dInt¢ has been obtained from the
slope of the linear portion and leads to a thermal conductivity of 14.3 W .m~! . K~!
from Eq. 4.

Figure 3 shows the temperature dependence of the thermal conductivities of the
Ni—Cr and commercial alloy samples obtained in the present work. The thermal con-
ductivity of Ni decreases with increasing temperature up to about 630 K—this tem-
perature would correspond to the Curie point of Ni (631 K), above which the thermal
conductivity shows no prominent temperature dependence. This temperature depen-
dence has also been reported by several researchers [12]. The thermal conductivities
of Ni—Cr and commercial alloy samples increase with increasing temperature up to
about 1000 K and are smaller than that of Ni in the temperature range measured.

Figure 4 shows the temperature dependences of the thermal conductivities of Ni—Cr
alloys along with values measured by Shelton et al. [13] and Powell et al. [14], and
those calculated from the W—F law using a value of 2.45x1078 W . Q- K~ for L
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and recommended electrical conductivities [15]. The temperature dependences of the
thermal conductivities show good agreement with each other; however, the values in
the present work are greater by about 5 W-m~!-K~! than previously reported values.
This difference could be due to measurement methods: for Ni, the reported thermal
conductivities range from (30 to 100) W - m~! . K~! in the literature [12] even at
298 K and the recommended values are 88.5 W - m~! - K=1(273 K to 373 K) [16],
87.8 W-m~! . K~! (293 K) [17], and 90.5 W - m~! . K~! (298 K) [18]. The thermal
conductivity measured in this study is 86.2 W-m~!.K~! at 298 K, for which the value
is about 3 % smaller than the recommended values; however, the discrepancy would
be acceptable for measurements at high temperatures. The values calculated from the
W-F law are smaller by about 10 % than those in the present work. This finding indi-
cates that the W-F law cannot be strictly applied to this system, as mentioned in the
Sect. 1.

4 Discussion
4.1 Smith—Palmer Plot for Thermal Conductivities of Ni—Cr Solid Solutions

Figure 5 shows the Smith—Palmer plot based on Eq.2 for the thermal conductiv-
ities of Ni—Cr alloy samples including the commercial alloys using recommended
electrical-resistivity data [4,15]. Figure 6 shows the electrical-resistivity data for
Ni—Cr solid solutions used only [15] for calculations in Fig. 5. There is good line-
arity between A and 7/ p, and constants A and B in Eq.2 have been derived as 0.283
and 10.2W - m~! . K™, respectively, by the least-squares method. Consequently,
the thermal conductivities can be expressed on the basis of the Smith—Palmer formula
as follows:

A =0.283 LoT/p + 10.2 (w m~ L. K’l) (5)
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Fig. 5 Smith—Palmer plot for 100 . -
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The dashed lines in the figure represent deviations of +5 % from the regression, which
suggests that Eq. 5 can well reproduce the experimental thermal conductivity data.
Thus, the Smith—Palmer formula can be applied to thermal conductivities for Ni—Cr
solid solution alloys.

4.2 Prediction Equation for Thermal Conductivities of Ni—Cr Solid Solutions
as a Function of Temperature and Chemical Composition

Thermal conductivity predictions using the Smith—Palmer formula require electrical-
resistivity data, and thus a prediction equation for the thermal conductivity of alloys
from temperature and chemical composition would be more useful in practical use. In
this part, Eq. 2 is modified into an equation that is a function of temperature and chem-
ical composition only. For this purpose, first, the electrical-resistivity data in Fig. 6
are expressed as a function of temperature and the mole fraction of Cr. Generally, the
electrical resistivity of a solid solution is considered as the sum of resistivities due to
thermal lattice vibrations (p1) and impurities (p;) as follows:

p=pr+pi (6)
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The term pt corresponds to the electrical resistivity of a pure metal and is expressed
by the equation ptr = aT + b, where a and b are constants; on the other hand, for a
binary solid solution, the term p; is related to the mole fraction of the solute component
(X) as follows:

pi = DrX (1 - X) (N

where Dr is a temperature-dependent coefficient for the binary system. Equation 7 is
known as the original Nordheim rule [19]. Thus, the total electrical resistivity (p) is

p=(@aTl +b)+DrX( —X) ®)

This equation is valid when the solute concentration is less than 50 %. To express
electrical resistivity for full concentration range, Eq. 8 can be extended as follows
[20]:

P = Xpsolute + (1 — X) psolvent + D7 X (1 — X) 9)

where psolue and pgolvent TEpresent the electrical resistivities of the pure solute and
solvent metals, respectively. In this study, the concentration of solute, Cr, is less than
50 %, thus, Eq. 8 is applied for further discussion. On the basis of Eq. 8, the elec-
trical resistivities of Ni—Cr solid solution alloys have been regressed to the following
equation:

0 = (0.0501 (T — 298) + 8.6178) + (—0.2734 (T — 298) + 605.12)
xXer (1 — Xey) (10_8§24n) (10)

where Xc; is the mole fraction of Cr; in addition, a reference temperature of 298 K
has been used for convenience, and D7 has been approximated as a linear function of
temperature. Substitution of Eq. 10 into Eq. 2 enables the thermal conductivity to be
predicted from the temperature and the mole fraction of Cr. In the above method, how-
ever, electrical-resistivity data for alloys are indispensable to obtain such an expression
as Eq. 10.

Second, a prediction equation for the thermal conductivities of Ni—Cr solid solution
alloys is formulated using thermal-conductivity data only. Substitution of Eq. 8 into
Eq. 2 results in the following equation:

- ALyT n
T @l +b)+ (T +d)X(1 —X)

B (11)

where ¢ and d are constants. However, it is very difficult to determine constants
A, B, a, b, c and d using thermal-conductivity data only since A is a complicated func-
tion of T and X. For simplicity, Eq. 11 has been approximated using the Maclaurin
expansion technique as follows:
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where ¥ = X (1 — X), and the Maclaurin expansion has been made with respect to
1/T and 1/Y.

On the basis of Eq. 12, consider a plot of thermal conductivity versus 1/7. It is
found that there is a linear relationship between thermal conductivity and 1/7T and
that both the slope and intercept of the linear line are functions of Y.

Figure 7 shows the thermal conductivities of Ni—Cr solid solution alloys plotted
against 1/7T, where only the data at temperatures above 631 K have been used for
Ni because the thermal conductivity of Ni is affected by ferromagnetism below 631
K. It can be seen that there is good linearity between the thermal conductivities and
1/T in the alloys and that the slope of each straight line has almost the same value,
—5.167 x 10> W - m~!. This finding suggests that the slope is independent of Y, i.e.,
the mole fraction of Cr within the experimental uncertainty in the composition and
temperature ranges investigated. Accordingly, the effect of Cr is reflected only in the
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intercepts of the straight lines, and consequently, Eq. 12 can be roughly simplified to
the following equation:

LA | (13)
T a+cY
where ¢ = —5.167 x 10> W - m~! for Ni—Cr solid solution alloys and f are also

constants. Now consider determination of the term f/(a + ¢Y) on the basis of Fig. 7,
for which the intercept of the straight line in Fig. 7, corresponding to f/(a + cY), is
defined as Ajpgercept. and its reciprocal has been plotted against Y, i.e., Xcr (1 — X¢y),
resulting in Fig. 8. The value of 1/Ajntercept 18 linearly proportional to Xc (1 — Xc¢r)
and can be regressed to the following equation:

1/ hintercept = 0.1055 X (1 — X¢p) +0.0156 (W1 . m - K) (14)
Consequently, using Eqs. 13 and 14, the thermal conductivity of Ni—Cr solid solution

alloys has been approximately expressed as a function of temperature and the mole
fraction of Cr as follows:

1 1
A= —5167 x 103~ (w. -1, K‘l) 15
A T T 01055 X (1 — Xeo) + 0.0156 o (15

This equation can be applied to the concentration range from (0 to 22) at% Cr.
Figure 9 shows the thermal conductivities for Ni—Cr solid solution alloys measured
and predicted from Eq. 15, which are represented by symbols and curves, respectively.
For Nichrome Nos. 1 and 2, the value of X¢; has been estimated as the sum of mole
fractions of all solutes. This figure indicates that there is good agreement between
the measured and predicted thermal conductivities, including the commercial alloys.
The difference between the measured and predicted thermal conductivities is less than
20 %. Consequently, the thermal conductivities of Ni—Cr solid solution alloys at high
temperatures have been described as a function of temperature and the mole fraction
of Cr using thermal conductivity data only.

4.3 Applicability of Prediction Equation for Thermal Conductivity to Other Solid
Solution Alloys

The applicability of the above analysis to other solid solution systems has also been
investigated using thermal conductivity data for Ni-Fe and Cu—Ni systems reported
in the literature [21]. Table 2 shows the parameters determined in the same way
as described in Sect. 4.2. Figure 10 compares literature and predicted thermal con-
ductivities of Ni—Fe alloys, which are in very good agreement with each other in
the temperature range from 800 K to 1200 K and the Fe concentration range from
(6.3 to 25) at%. However, there are sufficient discrepancies between the reported and
predicted values in the alloys containing less than 4.5 at% Fe and more than 30 at%
Fe. The former discrepancy could be due to the compositional dependence of the
coefficient of 1/T, and the latter discrepancy could be due to the possibility that the
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Fig. 9 Measured and calculated
thermal conductivities for Ni—Cr
solid solution alloys

Fig. 10 Thermal conductivities
of Ni—Fe system [16] in
comparison with predicted
values (solid lines)

Fig. 11 Thermal conductivities
of Cu—Ni system [16] in
comparison with predicted
values (solid lines)
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Table 2 Parameters for thermal conductivity prediction: A = (@ + c¢X (1 — X ))_1 +eT ™!

System aWl.m K cW™ . m-K) e (103W-m™1) Conditions

Ni-Cr 0.0156 0.1055 —5.167 Xcr < 0.22

Ni-Fe 0.0175 0.0459 —~10.70 800K < T < 1200K
0.045 < Xge < 0.3

Cu-Ni 0.0296 0.0347 —4.440 700K < T < 1200K

0.028 < Xni < 0.23

system is in the two-phase state. Figure 11 compares the thermal conductivities of
Cu-Ni alloys measured and predicted, indicating that the prediction equation can be
applied to Cu—Ni alloys in the temperature range from 700 K to 1200 K and the Ni
concentration range from (2.8 to 23) at%. Figures 10 and 11 suggest that the prediction
equation for thermal conductivity proposed in the present work could be applied to
liquid alloys as well as other solid solution alloys.

5 Conclusions

The thermal conductivities of Ni—Cr solid solution alloys (Cr concentration < 22 at%)
and Nichrome Nos. 1 and 2 alloys have been measured by the hot-strip method in
the temperature range from 293 K to 1273 K. The thermal conductivities of Ni—Cr
and commercial alloy samples increase with increasing temperature up to 1000 K and
are smaller than those of Ni in the measured temperature range. The measured ther-
mal conductivities have been expressed on the basis of the Smith—Palmer equation as
follows:

A =0.283LoT/p + 10.2 (w m- L. K—l)

The prediction equation of thermal conductivities of Ni—Cr alloys has also been for-
mulated as a function of temperature and the mole fraction of Cr as follows:

1 |
A=—5167 x 10°— + (w-m*‘.K”)
T " 0.1055Xcr (1 — Xop) + 0.0156

This equation could reproduce the thermal conductivities of Ni—Cr solid solution
alloys including the commercial alloys, and the difference between the measured and
predicted thermal conductivities is less than 20 %. The prediction equation could be
extended to other solid solution systems such as Ni-Fe and Cu—Ni alloys.
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