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Abstract Thermophysical properties (e.g., specific enthalpy, heat of fusion, elec-
trical resistivity, thermal volume expansion) are measured in the liquid phase up to
very high temperatures by an extreme fast pulse-heating method. Heating rates of
about 108 K · s−1 are applied by self-heating of wire-shaped metallic specimens with
a current of approximately 10,000 A. Pure elements seem to be still close to ther-
mal equilibrium as the obtained results are in good agreement with those obtained
by static methods. However, this situation might be different for alloys. The rapid
volume heating can shift diffusion-controlled phase transitions at heating to higher
temperatures or even make them not noticeable anymore. The simple binary Cu–Ni
system was chosen to test the heating rate dependence; this system is well known and
shows complete miscibility in the liquid and solid ranges of interest. This study is a
further step to test the performance of the fast pulse-heating method being applied to
simple and more complex alloys. Measured results of enthalpy, heat of fusion, heat
capacity, and electrical resistivity in the vicinity of the melting range are presented.
The results of enthalpy and heat capacity agree with simple mixing rules. The mea-
sured electrical resistivity of different compositions is compared to results obtained
by electromagnetic levitation measurements.
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1 Introduction

Microsecond pulse-heating experiments have been applied to a wide range of electri-
cally conducting elements to obtain thermophysical properties at melting and in the
liquid range. Despite the high heating rate (on the order of 108 K · s−1), the measured
results agree well with data obtained by static and quasistatic methods. Recently, these
methods have been extended to investigate alloys of technical interest. The more com-
plex the alloys are the more non-equilibrium effects might influence the results of
measurements with an increasing heating rate [1]. At the transition to the liquid phase
and moderate heating rates, mass diffusion in the solid is more or less inhibited; the
melting behavior can change dramatically. When the heating rate is further increased,
the melting phase transition takes place almost without mass diffusion.

A simple binary alloy system (copper–nickel) with a small melting range and com-
plete miscibility was chosen for this work to investigate different concentrations and to
compare the results to properties of both pure elements, which have been extensively
investigated by different authors [2–4]. The samples were die-cast and drawn to wires
of 0.5 mm in diameter. Each composition (Cu85Ni15, Tsol = 1417 K, Tliq = 1447 K;
Cu70Ni30, Tsol = 1472 K, Tliq = 1520 K; Cu55Ni45, Tsol = 1528 K, Tliq = 1576 K;
Cu35Ni65, Tsol = 1599 K, Tliq = 1638 K; and Cu20Ni80, Tsol = 1656 K, Tliq =
1678 K; mass percent) was checked by chemical analysis (ICP spectral analysis, EDX).
Solidus and liquidus temperatures close to equilibrium were partially measured by
differential thermal analysis and are in very good agreement to literature values [5].

2 Experimental

During fast pulse-heating, wire-shaped specimens (diameter 0.5 mm, length 70 mm)
are clamped in the center of a discharge circuit [6]. A capacitor (500µF) is used as
energy storage. The discharge vessel has windows for optical measurements (tem-
perature, thermal expansion), and it provides the attachments for the voltage drop
measurement along the wire performed by two knife-edge contacts which are directly
touching the sample. The current is measured with an induction coil (Pearson-probe).
The surface temperature is recorded with a high-speed pyrometer operated at 1570 nm
(bandwidth approximately 85 nm). The melting plateau is used as a reference point,
and temperatures are calculated with the assumption of a constant normal spectral
emissivity throughout the liquid phase [7,8]. Thermal expansion is recorded by a fast
CCD camera. The wire is backlit by a photoflash, and a magnified image is mapped
on a multi-channel-plate, which acts as a fast shutter and amplifier [9].

As soon as the current starts, the sample is self-heating rapidly due to its ohmic
resistivity. The high heating rate provides geometrical stability of the specimen for
several tenths of microseconds even in the liquid phase; this timespan is long enough
to perform the entire experiment. Additionally the short experimental time protects
the specimen from chemical reactions.

The experimental parameters (e.g., charging voltage, neutral density filters for the
pyrometer) were slightly different for each chemical composition of the alloy. An aver-
age of typically five individual measurements per composition was taken to calculate
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the specific enthalpy, heat capacity, and electrical resistivity. Independently of that, 12
measurements for each composition were made to obtain thermal volume expansion
from optical measurements.

3 Results

3.1 Enthalpy, Heat of Fusion, and Isobaric Heat Capacity

The specific enthalpy H as a function of time t was calculated using the equation,

H(t) = 1

m

t∫

0

I (τ ) U (τ ) dτ , (1)

where m is the mass of the sample, I is the current, and U is the voltage drop.
The linear least-squares fits for the liquid phase are shown in Table 1 and Fig. 1.

Figure 2 shows enthalpy values at 1750 K (dashed line in Fig. 1) as a function of nickel
content. The heat of fusion �H was obtained as the difference of H between Tsol and

Table 1 Specific enthalpy, heat of fusion, and heat capacity of five Cu–Ni alloys

H ( kJ ·kg−1) Range �H ( kJ ·kg−1) cp (J ·kg−1 ·K−1)

Cu85Ni15 −26.1 + 0.545T 1447 K<T<2000 K 246.9 545

Cu70Ni30 −182.9 + 0.663T 1520 K<T<2000 K 275.0 663

Cu55Ni45 −137.5 + 0.658T 1576 K<T<2000 K 286.6 658

Cu35Ni65 −175.6 + 0.685T 1638 K<T<2000 K 286.1 685

Cu20Ni80 −148.7 + 0.701T 1678 K<T<2000 K 291.3 701
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Fig. 1 Specific enthalpy of five Cu–Ni alloys, pure copper [2,3], and pure nickel [4] as a function of
temperature; numbers refer to mass% nickel, dashed line: 1750 K (see Fig. 2)
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Fig. 2 Specific enthalpy of five Cu–Ni alloys, pure copper [2,3], and pure nickel [4] at 1750 K (as indicated
by the dashed line in Fig. 1) as a function of nickel content; solid line: linear interpolation
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Fig. 3 Specific heat capacity of five Cu–Ni alloys, pure copper [2,3], and pure nickel [4] for the liquid
phase as a function of nickel content; solid line: linear interpolation according to Kopp–Neumann rule

Tliq (subscript sol refers to solidus, liq to liquidus temperature). From its definition
as the temperature derivative of enthalpy (under constant pressure), the isobaric heat
capacity cp can be obtained from the slope of the linear enthalpy fits (see Table 1).
Figure 3 shows isobaric heat capacities for the liquid phase as a function of nickel
content.

3.2 Resistivity

The electrical resistivity corresponding to the geometry at room temperature (initial
geometry) ρIG was calculated using the equation,

ρIG(t) = U (t)πr2
0

I (t)l
, (2)
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Table 2 Electrical resistivity ρ and �ρ of five Cu–Ni alloys; subindex IG: with initial geometry

ρIG (µ� · m) ρ (µ� · m) Range �ρ (µ� · m)

Cu85Ni15 0.325 − 1.968 ×
10−4T +
1.140 × 10−7T 2

0.358 − 2.599 ×
10−4T +
1.515 × 10−7T 2

1200 K<T<1417 K 0.150

0.276 + 7.763 × 10−5T 0.233 + 1.459 × 10−4T 1447 K<T<2000 K

Cu70Ni30 0.587 − 2.292 ×
10−4T +
1.097 × 10−7T 2

0.673 − 3.609 ×
10−4T +
1.746 × 10−7T 2

1200 K<T<1472 K 0.161

0.560 + 3.211 × 10−5T 0.482 + 1.309 × 10−4T 1520 K<T<2100 K

Cu55Ni45 0.647 − 2.905 ×
10−4T +
1.338 × 10−7T 2

0.808 − 5.290 ×
10−4T +
2.370 × 10−7T 2

1200 K<T<1528 K 0.188

0.625 + 2.702 × 10−5T 0.584 + 9.953 × 10−5T 1576 K<T<2100 K

Cu35Ni65 0.545 − 7.253 ×
10−5T +
6.149 × 10−8T 2

0.528 − 4.267 ×
10−5T +
6.463 × 10−8T 2

1200 K<T<1599 K 0.221

0.688 + 4.538 × 10−5T 0.610 + 1.438 × 10−4T 1638 K<T<2100 K

Cu20Ni80 0.441 + 2.309 ×
10−5T +
4.130 × 10−8T 2

0.425 + 5.167 ×
10−5T +
4.549 × 10−8T 2

1200 K<T<1656 K 0.234

0.751 + 1.919 × 10−5T 0.635 + 1.397 × 10−4T 1678 K<T<2100 K

where r0 is the sample radius at room temperature and l is the length. Due to the ther-
mal volume expansion, the sample radius changes during the heating process. This
can be considered by the following equation:

ρ(T ) = ρIG(T )
D(T )2

D2
0

, (3)

where D2
0 is the diameter at room temperature squared and D is the diameter at elevated

temperature measured by the fast CCD-camera.
The least-squares fits for both ρIG and ρ are shown in Table 2. Fits are made with

polynomials of the appropriate low order. Figure 4 shows the resistivity results cor-
rected for thermal expansion including results obtained by electromagnetic levitation
[10].

4 Discussion

4.1 Temperature and Melting Behavior

The traces of the pyrometer output signal exhibit a slightly sloped plateau at the melt-
ing transition. Figure 5 shows a single experiment for Cu55Ni45 where the slope is
most significant. It should be noted that the temperature of the onset and end of this
plateau is not directly correlated to the equilibrium solidus and liquidus temperatures.
Slight changes in emissivity as well as the noise influence the signal. The middle of
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Fig. 4 Electrical resistivity of five Cu–Ni alloys, pure copper [2,3], and pure nickel [4] as a function of
temperature; numbers refer to nickel content; dots: literature values measured by electromagnetic levitation
[10], open circles: extrapolation of levitations measurements
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Fig. 5 Close up of the melting range in a temperature curve as a function of experimental time for a
single experiment on Cu55Ni45. Solid horizontal line: arithmetic mean of solidus and liquidus temperature
(dashed lines) which was assigned to the middle of the melting plateau

the plateau was used to assign the arithmetic mean of the solidus and liquidus tem-
peratures of the phase diagram as a reference point for the temperature measurement.
The temperature is calculated by Planck’s law with the assumption of a constant nor-
mal spectral emissivity throughout the liquid phase [7]. Basak et al. [1] report for a
binary NbTi-alloy that the heating rate (and grain size) can affect the melting behavior.
Assuming a local equilibrium at the phase boundary at a moderate heating rate (max.
5×103 K · s−1), the melting range tends to be a plateau which converges to the liquidus
temperature. For heating rates of approximately 108 K · s−1 as used for this work, this
approach is not applicable, as full diffusion in the liquid fraction at melting cannot
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take place. For a full understanding of melting at these high speeds, measurements
of normal spectral emissivity at melting and a theoretical approach to diffusionless
melting have to be included in the future. Since the melting range of copper–nickel
alloys is reasonably small, the influence of the uncertainty of the temperature reference
point on the temperature measurement is limited.

4.2 Enthalpy and Heat Capacity

Figure 1 compares the traces of the five CuNi alloys with pure copper and pure nickel
as a function of temperature. The dashed line (1750 K) represents the vertical sec-
tion which is displayed in Fig. 2. Both figures show that the variation of enthalpy
as a function of composition is more or less a linear function between the two pure
elements.

The Kopp–Neumann rule predicts such a linear behavior for the specific heat
capacity:

cp12 = ω1cp1 + ω2cp2, (4)

where ω1 and ω2 are the mass fractions of the constituent elements and cp1 and cp2
are their respective heat capacities. Figure 3 shows the specific heat capacity as a
function of composition; within our uncertainties the results follow more or less the
Kopp–Neumann rule. The specific heat capacity value at approximately 30 mass%
Ni is higher than expected by the Kopp–Neumann rule. No explanation can be given
for this behavior which indicates that the linear function in Fig. 2 is abandoned with
increasing temperature.

4.3 Electrical Resistivity

Figure 4 shows the results of the electrical resistivity as a function of temperature for
the range of chemical compositions in the copper–nickel binary alloy system. The
resistivity of pure copper is significantly lower than an alloyed material. The resis-
tivity increases rapidly with the amount of alloyed nickel and reaches a maximum
at approximately 80 mass% nickel. The only results available in the literature with
which to compare are obtained with different compositions by a levitation technique
[10]. These values are partially gained in the undercooled liquid state. A comparison
of the undercooled values to our results can be made by an extension to the regu-
lar liquid phase. There is a reasonable agreement between the quasi-static levitation
measurement results and the results of this work, obtained by extreme fast heating.

A vertical section of the resistivity function at 1750 K is displayed in Fig. 6. It
should be noted that the models for the electrical resistivity, which are discussed sub-
sequently, refer to atoms and hence are described in mole fractions. The figure shows
the obtained resistivity measurement results as well as a function obtained by an ideal
solution model and the Nordheim rule converted into mass% to be consistent to prior
text and images. A literature value for pure nickel [11] was added to the plot. The ideal
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Fig. 6 Electrical resistivity of five Cu–Ni alloys, pure copper [2,3], and pure nickel [4] at 1750 K; open
circles: literature values measured by electromagnetic levitation [10]; open star: literature value converted
from [11]; dashed line: Eq. 5; solid line: Eq. 6

solution model calculates the resistivity by

ρ =
∑

i xi Ziρi∑
i xi Zi

, (5)

where xi is the concentration of element i , Zi is the number of s-band electrons, and
ρi is the resistivity of the pure component (ZCu = 1 and ZNi = 2). The Nordheim
rule is calculated by

ρ = xNiρNi + (1 − xNi)ρCu + xNi(1 − xNi)ρNi,Cu, (6)

where ρNi,Cu is a fit parameter which was found to be 95 × 10−8� · m.
Again, the resistivity value at approximately 32 at.% Ni is significantly higher than

expected by the Nordheim rule and therefore was excluded from the fit.

5 Summary

Experimental results of enthalpy, heat capacity, and electrical resistivity of binary cop-
per–nickel alloys are presented in this work. It shows that fast pulse-heating can be
applied to binary alloys with a small melting range that are miscible in the solid and
liquid. The results agree with that obtained by quasi-static measurements. However,
for more complex alloys, the behavior of melting in very short time spans needs to be
further analyzed.
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6 Uncertainties

A detailed analysis of the estimation of uncertainties is given in [12]. Uncertainties
calculated according to GUM [13] are as follows (relative uncertainties with a cov-
erage factor k = 2): enthalpy in the solid state: Hsol ± 6 %; enthalpy in the liquid
state: Hliq: 4 %; specific heat capacity: cp,sol: 7 %; cp,liq: 7 %; electrical resistivity with
initial geometry: ρIG,sol: 3 %; ρIG, liq: 3 %; electrical resistivity: ρsol: 4 %; ρliq: 4 %.

A possible change of the normal spectral emissivity throughout the liquid phase is
not considered [7].
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