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Abstract The thermal expansion of Ni–W, Ni–Cr, and Ni–Cr–W alloys has been
measured by quartz dilatometry for the 20 ◦C to 800 ◦C temperature range. It is found
that substitution of nickel by tungsten leads to a considerable decrease of the thermal
expansion coefficient (TEC), while chromium has only a small influence on the TEC
of the alloy.
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1 Introduction

The development of high-temperature superconducting (HTS) materials for electric
current transfer, called coated conductors, has seen rapid progress in recent years. Sev-
eral approaches have been shown to bring success. One of these approaches is based on
the use of biaxially textured tapes of nickel-based alloys, with Ni–5 at% W alloy being
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the most widely used composition. This alloy is ferromagnetic below 335 K, which is
not desirable for many ac applications. Some elements, such as W, Mo, and Cr have
been shown to reduce the Curie temperature at a rate of about 50 K per atomic% [1];
however, it is a challenging task to obtain biaxial texture in these non-magnetic alloys
and to deposit coatings on them without oxidation.

A knowledge of the basic properties of substrate materials is important for tech-
nology development. Many of them are already known: mechanical properties [2],
ferromagnetic ordering temperature [3,4], and oxidation behavior [5,6]. However, as
far as we know, no systematic studies have been yet performed on the thermal expan-
sion coefficient (TEC) of these prospective alloys. The values of the TEC are quite
important for understanding of processes, which may take place on heating or cooling
of the wire. The thermophysical stability is especially important, since the preparation
of coatings and operation of HTS wire cover a large span of temperatures between
above 1000 K and below 77 K, so any little difference in TECs of the metal base and
layers may result in appreciable strain. In our study we have performed measurements
of the TECs for nickel alloys with W and Cr and a ternary Ni–Cr–W alloy.

2 Experimental

All the alloys studied were single phase and possessed cubic fcc structure accord-
ing to X-ray diffraction (XRD). We have studied alloys with similar or very close
compositions to those that are used for production of biaxially textured tapes for HTS
deposition. Alloy ingots have been prepared by inductive vacuum melting as described
elsewhere [7]. The compositions studied are reported in Table 1.

Table 1 Alloy compositions
([Ni] = rest) and TEC values
found (TEC = aT(◦C) + b)

[Cr] (at%) [W] (at%) a (10−9 ◦C−2) b (10−5 ◦C−1)

0.0 0.0 7.35 1.29

0.0 1.1 6.60 1.24

0.0 1.7 7.02 1.17

0.0 1.8 8.60 1.11

0.0 5.0 7.76 1.05

2.3 0.0 6.76 1.28

5.6 0.0 8.33 1.21

13.6 0.0 11.71 1.10

14.8 0.0 11.73 1.08

16.5 0.0 11.85 1.04

22.0 0.0 12.51 1.01

7.7 3.5 8.79 1.10

9.1 1.8 10.93 1.06

9.2 2.4 10.00 1.06

9.4 2.3 9.85 1.09
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A quartz dilatometer constructed in our lab has been used to measure the thermal
expansion. To measure the elongation of the sample, a linear optical raster encoder
LIR-14 with a resolution of 1 µm was used (made by SK BIS Company, Russia).
The temperature was controlled by a Type K thermocouple placed near the sample.
A programmable temperature controller was used to control the temperature of the
sample. Typically, the sample was heated from room temperature to 800 ◦C at a rate
of 10 ◦C · min−1, then held at 800 ◦C for 5 min, and cooled to 200 ◦C at the same
rate. The procedure was performed twice or more, to ensure that the results were
reproducible. The dimensions of the samples were typically 2 × 2 × 10 mm3. In our
calculations we accepted that the TEC changes linearly with temperature (that means,
elongation has a quadratic temperature dependence). According to literature data for
nickel [8], such a linear approximation works well for the temperature range used. In
our study we have neglected the effect of ferromagnetic ordering on the TEC, since
the measurement system did not allow us to measure this relatively small effect with
the necessary accuracy. For the one ternary alloy we have performed the measurement
of thermal expansion repetitively 10 times. The standard deviation of these measure-
ments amounted to ∼2 % of the measured value. Therefore, the measurement error of
results presented in this paper is about 4 % of the TEC value.

All the measurements have been performed in air. Oxidation of alloys has been
observed; however, it had a negligible effect on the measurements. Indeed, the oxide
layer thickness hardly exceeds a few micrometers under our experimental condi-
tions [5,6]. Even if the absolute difference in TECs of oxide and metal is as large
as 10−5 K−1, the error of the �L/L0 determination does not exceed 0.1 % of its value.

High-temperature X-ray diffraction was performed on the Ni–9.2 at% Cr–2.4 at%
W ternary alloy, using a Rigaku D/MAX 2500 diffractometer with a high-tempera-
ture attachment. Measurements were performed in vacuum (10−2 mbar), and sample
oxidation did not have any impact on alloy lattice parameters.

3 Results and Discussion

The observed nickel TEC averaged over the 20 ◦C to 800 ◦C temperature interval is
close to that from the literature: 15.8 × 10−6 ◦C−1(our study), 16.3 × 10−6 ◦C−1 (as
calculated from experimental data of [8]).

The typical elongation curve and TEC of pure nickel and the most widely used
nickel–tungsten alloy, Ni–5 at% W, are given in Fig. 1. It can be seen that substitution
of nickel by tungsten leads to a noticeable decrease of the thermal expansion. To the
best of our knowledge, there is only one report on the TEC of Ni–W alloys, and it
gives values for room temperature [9]. The authors have calculated lattice parameters,
bulk moduli, the TEC, and the mixing energy of Ni–W alloys using Harris functional
LMTO–CPA calculations. Additionally, two experimental points are given in their
article. Our data for room temperature are compared in Fig. 2 to their results. Our
measurements systematically differ from those of [9] giving somewhat lower values
of the TEC. The reason for this difference is unclear. However, the decreasing trend of
the TEC is evident in both cases. The TEC of Ni–W alloys decreases on substitution
also at higher temperatures (Fig. 3a).
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Fig. 1 Temperature dependence of normalized elongation of nickel and Ni–5 at% W alloy

Fig. 2 Room temperature TECs for Ni–W alloys: � present study, � calculated data from [9], © experi-
mental data from [9]

In contrast, an increase of the chromium content leads to a decrease of the TEC
at low temperature and an increase of the TEC value at high temperature. It results
in a relatively constant average TEC (20 ◦C to 800 ◦C) value of Ni–Cr alloys. This
behavior, in comparison with the data for Ni–W alloys is presented in Fig. 3. The weak
dependence on chromium content observed for Ni–Cr TECs is in accordance with data
reported in the literature [10]. Judging by the atomic concentration, tungsten produces
a much stronger effect on the TEC than chromium.
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Fig. 3 TECs for Ni–W and Ni–Cr binary alloys at 20 ◦C, 800 ◦C, and average values

TEC values have also been measured for several ternary Ni–Cr–W alloys. They
are summarized in Table 1. The TEC of the Ni–9.2 at% Cr–2.4 at% W ternary alloy
determined from high-temperature XRD corresponds with our dilatometry result rather
well: 14.1 × 10−6 ◦C−1 (high-T XRD), 14.8 × 10−6 ◦C−1 (dilatometry).

Using the data collected by dilatometry of alloys studied, we derived a simple
empirical formula to calculate the average TEC (20 ◦C to 800 ◦C) value for binary and
ternary alloys:

TEC (20 ◦C to 800 ◦C)10−6 ◦C−1 = 15.63 − 0.416[W] − 0.0097[Cr] (1)

The comparison of experimentally measured and calculated values is given in Fig. 4.
It is evident from this presentation, that the TEC (20 ◦C to 800 ◦C) value of any fcc
Ni–Cr, Ni–W, or Ni–Cr–W alloy can be calculated with an uncertainty of better than
5 % of the experimental value, which is comparable to our measurement error. We also
added to the graph the TEC values reported for typical buffer layer materials and for
YBCO. The unit cell symmetry of YBCO changes from orthorhombic to tetragonal
on heating, and the change of the TEC is not uniform (in fact, it is even negative for
the b lattice parameter in a narrow temperature range). Therefore, for the calculation
of the TEC from the data of [14], we took into consideration the average (a + b)/2
values of YBCO.

It can be seen that the thermal expansion of YBCO is close to that of Ni–Cr and
Ni–W alloys with a minor tungsten content. The TEC of the conventional Ni–5 at% W
alloy differs from that of YBCO significantly, while it corresponds rather well to the
TEC of MgO. In contrast, the TEC values of CeO2 and YSZ are considerably lower
than those of the alloys studied.

When the coated conductor technology is developed, it should be kept in mind that
the larger the TEC difference is, the larger are stresses that appear on heating or cool-
ing. If the oxide is deposited on metal at a relatively high temperature—which is often
the case—it is put under compressive strain on cooling. Even though the compres-
sive strain does not favor the formation of cracks, the stresses generated may relax,

123



1936 Int J Thermophys (2009) 30:1931–1937

Fig. 4 Calculated values of TEC versus experimental values. Dashed line represents an exact correlation
between experiment and calculation. Literature data for YSZ [11], CeO2 [12], MgO [13], and YBCO [14]
are given for comparison

causing the spallation of the layer [15]. When the oxide layer is grown at a relatively
low temperature, the cracks in the oxide layer can appear on subsequent heating [16].

4 Conclusions

Thermal expansion coefficients of several Ni–W, Ni–Cr, and Ni–Cr–W alloys with
cubic fcc structure were measured in a temperature range of 20 ◦C to 800 ◦C. It was
found that tungsten significantly reduces the TEC value of nickel-based alloys at a
rate of approximately 0.416 ◦C−1 per atomic percent of W. In contrast, chromium
was shown to have negligible effect on the average 20 ◦C to 800 ◦C TEC value, even
though it has an influence on TECs at 20 ◦C and 800 ◦C.
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