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Thermophysical Properties of W-Re Alloys Above the
Melting Region1

V. Didoukh,2 A. Seifter,3 G. Pottlacher,3,4 and H. Jager3

In earlier experiments we have studied pure elements with a fast pulse heating
technique to obtain thermophysical properties of the liquid state. We report
here results for thermophysical properties such as specific heat and dependences
among enthalpy, electrical resistivity, and temperature, for four W-Re alloys
(3.95, 21.03, 23.84, and 30.82 at % of Re) in a wide temperature range covering
solid and liquid states. Thermal conductivity is calculated using the Wiedemann-
Franz law for the liquid alloy, as.well as data for thermal diffusivity for the
beginning of the liquid phase. Additionally, data for the entire temperature
range studied have been analyzed in comparison with those of the constituent
elements, tungsten and rhenium, since both metals have been studied previously
with the same experimental technique. Such information is of interest in the field
of metallurgy since W-Re alloys of low Re content in the region of mutual com-
ponent solubility in the solid state are widely used as thermocouple materials for
the purposes of high-temperature thermometry.

1. INTRODUCTION

Fast dynamic pulse-heating methods have been developed to extend mea-
surements to extremely high temperatures by heating up the specimen in a
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very short time into the liquid state while the sample maintains its initial
geometrical shape because of inertia [1, 2]. Since most metals and their
alloys can be produced in wire-shaped form of appropriate dimensions,
pulse heating techniques are found to be measuring methods of general
importance for the investigation of thermophysical properties of electrically
conducting solids and fluids. Using this method, refractory metals like
tungsten and rhenium have been intensively studied during the last few
decades [3-10] and the properties for almost all these metals in solid and
liquid states were determined with rather good precision. However, proper-
ties of alloys of refractory metals, despite the prospects of their practical
application, still remain less known up to now. Practically, there are no
systematic data for the thermophysical properties of these alloys in the
liquid state. In best cases, the information is available only for the solid
state [11-14].

Tungsten and rhenium have the highest melting temperatures among
the metals, i.e., 3695 and 3453 K, respectively. The phase diagram of the
binary W-Re alloy system presented in a handbook [15] is based mainly
on the results of Ref. 16, except for the solidus of the terminal phases,
which are taken from Ref. 17. In the solid state, the solubility of Re in W
is equal to 37 at % at 3273 K according to Ref. 16 or even up to 45 at %
at 3163 K as reported in Ref. 17.

To the best of our knowledge, the properties of solid and especially of
liquid W-Re alloys in the concentration range of continuous solid Re in
W solutions are reported for the first time. The information is of interest
in the field of refractory metals metallurgy, since such alloys are widely
used as thermoelectrode materials for the purposes of high temperature
thermometry.

2. EXPERIMENTAL PROCEDURE

Wire-shaped W-Re alloy specimens are resistively volume heated into
the liquid phase by passing a large current pulse through them. Heating
rates of about 108 K • s-1 were achieved. The measurements were performed
in air at atmospheric pressure. More details on the experiment and on the
data reduction are given elsewhere [18].

In contrast to pure metals, alloys have a certain melting region instead
of a constant melting temperature. The absence of a clearly detectable melt-
ing point, as well as the possible variation of the surface radiation intensity
within the melting region, complicates the proper choice of a reference tem-
perature. Therefore, in the present work, for each of the investigated alloys,
an averaged value of respective solidus and liquidus temperatures from
the phase diagram was adopted as the reference melting temperature for
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the experimental data analysis, as is discussed in Section 3. These values
together with density, chemical composition, and diameter of the wire
samples are given in Table I for each alloy studied.

The thermal conductivity A may be evaluated from electrical resistivity
p by the Wiedemann-Franz law,

L is the Lorenz number (2.45 x 10 8 V2 • K2) and T is the temperature of
the specimen. As discussed in Ref. 19, the principal carriers for the thermal
conduction in solid metals are electrons and lattice waves. However, for
temperatures close to the melting point of pure metals, electronic conduc-
tion is the predominant mechanism and lattice conduction is negligible.
The Lorenz number L for most pure metals is close to its theoretical value.
In this way, Eq. (2) is a good tool to obtain thermal conductivity in the
vicinity of the melting point. Furthermore, it is also possible to evaluate the
thermal diffusivity a, which is related to the thermal conductivity /, specific
heat Cp, and density d of the material by

3. RESULTS

Figure 1 illustrates the temperature dependences of enthalpy measured
in one single experiment for the sample N4 but calculated for three values
of the reference temperature Tref, namely, //, for Tsoi, H3 for rljq , and
H2 for Tref = (rsol + Tliq )/2, where Tso, and rliq were taken from the
phase diagram [15]. Temperatures are calculated with the help of Planck's
law.

Table I. Parameter of Wire Samples; Density Values Are Calculated Assuming that
Each Component Contributes to the Sample Density in Proportion to

Its Percentage Weight in the Alloy

Sample

N l
N2
N3
N4
W
Re

Cone, at % of Re

3.95
21.03
23.84
30.82

Weight % of Re

4.00
21.24
24.07
31.09

Density
( k g - m - 3 )

19.362
19.637
19.683
19.798
19.300
21.000

T,,,
( K )

3618
3423
3398
3358
3683
3180

Diameter
( m m )

0.35
0.35
0.35
0.50
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Fig. 1. Temperature dependences of enthalpy measured in one single experi-
ment for the sample N4, analyzed for three values of the reference temperature:
(1) 7"sol; (2) (T s o l . + rlk,)/2; (3) rlk|.

The heat of fusion seems to be insensitive to a variation of the
reference temperature between Tsol and rliq.. The enthalpy in liquid and
solid states increases almost linearly with temperature. This dependence
may be described by a linear least-squares fit, and its slope yields a con-
stant specific heat value. Because of the lack of sharp discontinuities at the
beginning and at the end of the melting region, those data points, which lie
in the transition between premelting and the plateau, and postmelting and
the plateau, were excluded from the data fits.

In this way, we have obtained in Fig. 1 for the same material three
values 292.2, 280.4, and 270.4 J • kg^1 • K~' of the specific heat in the liquid
for the three reference temperatures TS o l , (T s o l + 7liq,)/2, and r,iq. The
difference between the maximum and the minimum values does not exceed
8%. Up to 15% uncertainty in specific heat values in pulse heating experi-
ments has to be assumed. Therefore, temperatures averaged between respec-
tive solidus and liquidus points of each alloy concentration (Tsol+ Tl[q)/2
were taken as references for the analysis of the measured data. These tem-
peratures are listed in Table I.

Figure 2 presents the enthalpy as a function of temperature for sample
N4. During the melting transition, the enthalpy changes from Hs =
O.SieMJ-kg- 1 to H, = 0.734 MJ-kg" 1 , yielding AH = 0.2\8 MJ-kg" 1 for
the latent heat of fusion. The dependence of enthalpy on temperature for
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Fig. 2. Enthalpy as a function of temperature for sample Nl and N4, in
the form of least-squares fits.

solid and liquid states is given by the following expressions, where H is in
M J - k g - ' and T is in K:

The derivative of the linear regressions gives Cp = 243 J • kg -1 • K -1 and
Cp = 289 J • kg ~' • K ~' for the specific heat of the alloy N4 in solid and
liquid states, respectively.

The least-squares fits which summarize measured H ( T ) dependences
for the other alloys investigated are given below. The values for N1 and N4
are illustrated in Fig. 2; N2 and N3 are not given in Fig. 2, as they are
between the values of N1 and N4.

Alloy N3:

Alloy N2:
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Fig. 3. Electrical resistivity of the alloy N3, least-squares fit for p (corrected for
thermal expansion; c), and least-squares fit po (not corrected; b) as a function of
temperature, (a) Results of a single measurement. Electrical resistivity />„ (not
corrected; 1) of alloy Nl as a function of temperature in form of least-squares fits.

Figure 3 presents the electrical resistivity of alloy N3 [pQ, not corrected
(3b); p, corrected for thermal expansion (3c)] as a function of temperature
using least-squares fits. The results of a single typical measurement are
given as open circles (3a). Electrical resistivity p0 of alloy Nl as a function
of temperature is also given in Fig. 3. The determined dependences may be
described by the following expressions for uncorrected resistivity p0 in
iuQ • m and T in K.

Alloy N3:

For volume corrected resistivity (p in juQ-m, T in K) the relations are as
follows.

Alloy Nl:
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which is for the solid and the liquid states.
The other W-Re alloys investigated in this work show a very similar

temperature behavior of noncorrected resistivity, i.e., increasing in the solid
state and decreasing in the liquid state. By means of least-squares fits, the
following p0(T) dependences were obtained from a large number of experi-
mental data points.

Alloy Nl:

Alloy 2:

Alloy 4:

The fits for N2 and N4 are again very close to the other plots and therefore
not shown in Fig. 3.

The set of experimentally determined properties can be used with Eqs.
(1) and (2) to calculate the temperature behaviors of the thermal conduc-
tivity 1 and thermal diffusivity a. As an example, Fig. 4 shows the results
of such an estimation for alloy N3. The values of these properties, and their

Alloy N3:
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dependences on temperature can be described (/I is in W • K ' -m ' and a
in m2- s"1) by

and

which is for the solid and the liquid states.
The values of the specific heat of the W-Re alloys in solid and liquid

states, their melting enthalpies, enthalpies, and uncorrected electrical resis-
tivity values at the beginning and at the end of melting, compared with
results for pure tungsten and rhenium, are summarized in Table II.

Fig. 4. Thermal conductivity A (solid line) and thermal diffusivity a (dashed line) as
a function of temperature for the alloy N3. Reference values from Ref. 19 for solid
(filled figures) and liquid (open figures) rhenium U, diamonds; a squares) and for
liquid tungsten U, open circle) are also indicated.
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4. ESTIMATE OF UNCERTAINTIES

Enthalpy is the most accurate of all the properties measured, with an
estimated uncertainty of ±4%. For the temperature measurements the
uncertainty is ±5% in the melting region, increasing to about +10% in
the liquid phase. The uncertainty in the uncorrected electrical resistivity is
estimated to be +4%, increasing to +7% for the corrected electrical
resistivity. An uncertainty of + 5 % is estimated for the density in the solid
phase, increasing for the lowest densities in the liquid phase up to +10%.
The estimated uncertainty in the melting enthalpy is +5%, in the specific
heat about +15%, and in thermal conductivity and thermal diffusivity
about +15%. The individual error bars are indicated in each figure.

5. DISCUSSION

As can be seen from the data in Table II, the investigated W-Re alloys
have enthalpy values at the beginning and the end of melting comparable
with those of pure W and Re (see Fig. 5). For each alloy the enthalpy at
the end of melting does not exceed the respective value of pure tungsten

Fig. 5. Enthalpy values at the beginning (small tilled squares) and the end of
melting (small open squares) for different weight % Re, compared to those of pure
W and Re. Filled symbols indicate the beginning, and open symbols indicate the
end of melting. Triangles: Hixson and Winkler [3] for Re and Hixson and Winkler
[8] for W. Circles: Kaschnhz et al. [6] for W and Pottlacher et al. [4] for Re.
Diamonds: Thevenin et al. [5] for Re. The values of Berthault et al. [7] for W can-
not be indicated here, as they would overlap the W values [8].



and decreases continuously with increasing Re contamination, as expected.
The enthalpy at the beginning of melting shows the same concentration
dependence, but the absolute values are lower than those for rhenium [3, 5]
and are very close (with the exception of the alloy Nl) to the Hs value
reported in Ref. 4. However, even in this case the enthalpy at the beginning
of melting of the alloy with the highest Re content (N4; Hs = 0.516
MJ • kg"1) is slightly lower than the lowest value of 0.520 MJ -kg"1 reported
for pure rhenium in [4]. Since enthalpy is a linear function of temperature,
the H& dependence on the component concentration reflects the shape of
the solidus line on the phase diagram. The minimal Hs value for sample 4
evidently shows that its solidus temperature is lower than the melting point
of pure rhenium, and Fig. 5 may be considered as a part of the W-Re
phase diagram in the enthalpy-concentration plane.

Such diagrams give important additional information for purposes of
metallurgy, especially for high-melting alloys in the region of their solid-
liquid transition. In the case of W-Re alloys, the solidus and liquidus curves
were not measured but, rather, estimated. We have found no information
about exact melting temperatures for W-Re alloys containing less than
38 wt % Re in the literature [16, 17]. To the best of our knowledge, the
solidus temperature was measured for only one W-Re alloy (3.24 wt% Re)
by means of a fast dynamic technique [11]. The value reported (3645 K)
is higher than the reference temperature adopted in our evaluation for an
alloy of 4wt% Re (see Table I). The absence of measured solidus and
liquidus temperatures, which results in an increased uncertainty in the choice
of the reference temperature, should be always taken into account when
considering the results given above. However, the uncorrected resistivity for
all W-Re alloys in the liquid state is a decreasing function of the tempera-
ture. This may be caused by an influence of rhenium, which demonstrates
the same behavior [4, 5]. Volume-corrected resistivity shows a temperature
dependence typical for metals (see Fig. 3) with slightly increasing resistivity
with temperature.

To the best of our knowledge, measurements of the heat of fusion of
W-Re alloys as well as their heat capacities in the liquid state have never
been performed before. Consequently, there are no data for comparison.
However, following the procedure used in Ref. 20, an estimated value for
each alloy can be computed from values of the heat of fusion of the con-
stituent metals in the alloy, assuming that each metal contributes to the
total heat of fusion in proportion to its percent weight in the alloy. The
computations were performed using the values for heat of fusion of
tungsten, 0.256 MJ • kg- 1 [6], and rhenium, 0.150 MJ • kg - 1 [4], being
measured previously with the same experimental technique. The computed
values are 251.7, 233.5, 230.5, and 223 MJ - k g - 1 for the alloys Nl, N2, N3,
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Fig. 6. Calculated Cp values (filled circles) and experimental values (open
diamonds).

and N4, respectively. The experimentally determined values are in good
agreement with these estimates.

The same relationship for the specific heat of alloys in the liquid state
is well known from Kopp's law [21]. The calculations were performed
based on the Cp values for liquid tungsten and rhenium obtained pre-
viously using the same pulse-heating technique [4, 6]. As can be seen from
Table II and Fig. 6, the calculated Cp values according to the percentage
weight for all investigated W-Re alloys agree within experimental error
with those derived from the H(T) diagrams. Since these experiments were
performed for alloys in the concentration range of solid solutions [15], it
can be suggested that this rule also might be valid for other high-melting
binary alloys for the respective regions of their phase diagrams. Systematic
investigations of the Ni-Fe system with this fast pulse heating technique
[22] demonstrate the same behavior.
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