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Combined DSC and Pulse-Heating Measurements of
Electrical Resistivity and Enthalpy of Platinum, Iron,
and Nickel!

B. Wilthan,? C. Cagran,2 and G. Pottlacher®>

Measurements of the enthalpy, electrical resistivity, and specific heat capac-
ity as a function of temperature starting from the solid state up into the
liquid phase for Fe, Ni, and Pt are presented. Two different measurement
approaches have been used within this work: an ohmic pulse-heating tech-
nique, which allows — among others — the measurement of enthalpy, spe-
cific heat capacity, and electrical resistivity up to the end of the stable liquid
phase, and a differential-scanning—calorimetry technique (DSC) which enables
determination of specific heat capacity from near room temperature up to
1500 K. The microsecond ohmic pulse-heating technique uses heating rates
up to 103K-s~! and thus is a dynamic measurement, whereas the differen-
tial-scanning—calorimetry technique uses heating rates of typically 20 K-min~!
and can be considered as a quasi-static process. Despite the different heating
rates both methods give good agreement of the thermophysical data within
the stated uncertainties of each experiment. Results on the metals Fe, Ni, and
Pt are reported. The enthalpy and resistivity data are presented as a function
of temperature and compared to literature values.

KEY WORDS: differential scanning calorimetry; electrical  resistivity;
enthalpy; iron; nickel; platinum; pulse-heating; specific heat.

1. INTRODUCTION

Thermophysical property data such as enthalpy and electrical resistivity as
a function of temperature have been measured for metals and alloys for
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many years at the Institut fiir Experimentalphysik in Graz by using vari-
ous fast pulse-heating techniques at different time scales (heating rates of
108-10° K-s~1) [1]. For our pulse-heating experiments on wire samples, the
temperature is determined by means of fast optical pyrometers, which have
a response time of about 100ns. These monochromatic instruments may
use two different detectors, namely a Si diode or an InGaAs diode. Since
monochromatic pyrometers usually are “self-calibrated” using the plateau
of the melting transition of the investigated metal, high sensitivity is
desirable. A wide temperature range for a single set of measurements is
possible with the use of a fast operational amplifier with a linear output.
When using a fast optical pyrometer to measure the temperature of sam-
ples under rapid-heating conditions, several factors limit the lower cut-off
temperature. For a short rise time the active area of the device has to be
very small, e.g., ] mm x 1 mm; also, the interference will limit the amount
of light that reaches the detector. Because of shielding reasons, the pyrom-
eter has to be housed in a shielded box, and the light of the radiating sam-
ple is conducted to it via optical light-guides; finally, there are losses due
to reflection at the windows of the experimental chamber and at the lenses
of the pyrometer, which all together strongly will decrease the flux of light
that finally reaches the detector and result in a lowest detectable tempera-
ture of our pyrometers of about 1200-1500 K. Therefore, all thermophysi-
cal properties published earlier, e.g., Refs. 1 and 2, started at temperatures
between 1200 and 1500 K.

Other than the pyrometric signal, all other basic measurements are
electrical signals (current through the sample, voltage drop across the spec-
imen) and thus not limited by the lower cut-off temperature. Therefore, we
are able to measure these electrical signals over the entire range covered
by the pulse-heating experiment starting from room temperature up to the
end of the stable liquid phase.

As a result, evaluated thermophysical properties like enthalpy and
electrical resistivity can generally be calculated over the entire tempera-
ture range, but the onset temperature of the pyrometers (of about 1200-
1500 K) limits the possibility to report these quantities versus temperature
to the range above the pyrometer onset, which is, in fact, a strong limita-
tion.

To overcome this limitation and to obtain temperature dependencies
for these quantities below the onset temperature of the pyrometers, a
differential scanning calorimeter (DSC) Netzsch DSC 404 was added
to our setup and incorporated into the basic measurement routines for
data in the temperature range of about 500-1500 K. The DSC is able
to perform accurate specific heat capacity measurements in the above
mentioned temperature range. The results are combined with those of the
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pulse-heating experiments by using the enthalpy versus temperature depen-
dence of the DSC to expand the temperature range of the pulse-heating
data. Thus, temperature dependencies of all thermophysical properties can
now be extended down to the DSC onset temperature of about 500 K.

2. MEASUREMENTS

2.1. Pulse-heating with Microsecond Time Resolution

The optics of the pyrometer views an area of 0.2mm x 10 mm of the
pulse-heated sample surface (sample dimensions: 50 mm length, 0.5mm
diameter) with a 1:1 magnification onto the rectangular entry slit of
an optical waveguide. The interference filter with a center wavelength of
650nm and a half power bandwidth of 37nm is in front of the entry slit
of the waveguide. The light delivered by this waveguide is detected by a Si-
photodiode and amplified with a fast amplifier (bandwidth 1 MHz). The
intensity signal J can be expressed as

JAT)=goM)Tt(A)er (A, T) (D

!
A5 [e% —1]’

where the symbols are defined as follows: g, geometry factor; o, sensitivity
of electronics and diode; A, wavelength; t, transmission of optic and opti-
cal waveguide; ¢, normal spectral emissivity, ¢; and c,, first and second
radiation constant; and 7, temperature.

By forming ratios of the measured radiance intensity at melting J(7y)
and the measured radiance intensity J(7) at temperature 7, one obtains
the unknown temperature 7" with the melting temperature of the investi-
gated material as the calibration point:

r= T, ? ’ @
A ln{l+% [exp(ACTZM) —l]}

where €(A,T) is the emissivity of the liquid sample and e(X, Tys) is the
emissivity at the melting temperature. For emissivity dependencies of lig-
uid metals, see, e.g., Ref. 3.

The temperature range covered by the optical pyrometer is from
about 1200 up to about 5000K, depending on the material under
investigation. Thus, the experiments extend far into the metal’s liquid
phase. The stability limit of the pulse-heated wire sample for this type of
experiment is the boiling of the sample. During one fast pulse experiment
by measuring the current through the sample, the voltage drop across it,
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and the radiation temperature, one may obtain data for the enthalpy, tem-
perature, and electric resistivity as the specimen rapidly passes through
a wide range of states from room temperature up into the liquid phase.
From these quantities the specific heat at constant pressure, the thermal
conductivity, and thermal diffusivity may be calculated. For more details
on the experiment and on data reduction, see, e.g., Ref. 1.

2.2. DSC Measurements

The DSC can be used primarily for measurements of the heat
capacity of the sample (5.2mm diameter and 0.5mm height) in the tem-
perature range from 500 to 1500 K. The sample is measured relative to a
second, inert sample of approximately the same heat capacity. One experi-
ment consists usually of three separate runs: a scan with two empty pans,
a scan with one pan containing a sapphire reference sample, and finally
a scan with the sample in the same pan where the reference sample was
previously. The heat capacity as a function of temperature of the sample
under investigation, c¢,(7), is obtained by using the following equation:

m' Az — A
c,,(T>=c§,(T);ﬁ, (3)
where Ay, As, and Az are the three DSC signals with empty pans, the sig-
nal of the reference, and the signal of the sample, respectively. m" and m
are the masses of the reference and the sample, respectively, and c), is the
heat capacity of the reference.

Using this heat capacity c,(7) obtained with DSC measurements,
one is able to calculate the enthalpy of the specimen by integrating the
heat capacity signal with respect to temperature and adding a constant
enthalpy from T=473 K to room temperature to the result:

T
Hzgg(T)zfcp(T)dT+(473—298)cp(473), 4)
473

where H(T) is the enthalpy and c, is the specific heat capacity. The
assumption in Eq. (4) of a constant heat capacity between 298 and 473 K
is taken into consideration for the uncertainty of the enthalpy values.
Therefore, the enthalpy versus temperature dependence for a given
material can be calculated directly from DSC measurements. This enthalpy-
temperature dependence can further be used to obtain the inverse depen-
dence, temperature versus enthalpy. With this result, we are able to extend
our electrical measurements (i.e., enthalpy or electrical resistivity) of the
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pulse-heating experiment to lower temperatures by combining the temper-
ature scale from the DSC (temperature versus enthalpy) with the electri-
cal measured properties versus enthalpy. It has to be noted that the above
mentioned procedure is only applicable as long as there are no phase tran-
sitions in the solid sate of the material under investigation. Phase transi-
tions can easily be observed with DSC measurements, but can be wholly
or partially suppressed under pulse-heating conditions as applied within
this experiment, due to the extreme high heating rates of 103 K-s~!. This
procedure enables us to extend the results for enthalpy versus tempera-
ture and resistivity versus temperature to lower temperature regions, start-
ing now at the onset temperature of the DSC (500K). Up to now access
to these temperature regions when using pulse-heating techniques was only
possible by experiments with millisecond time resolution [4].

3. RESULTS

We used the following melting temperatures for data evaluation:
nickel: 1728 K [5], iron: 1808 K [6], and platinum: 2042 K [7].

3.1. Platinum

The platinum wires used for the experiments were fabricated by
“Advent Research” with a given purity of 99.99+%.

In Fig. 1 the specific enthalpy versus temperature results for platinum
is plotted. In the temperature range 473 K< T < 1573 K we obtain from
our DSC measurements the following fit:

H(T)=—38.689+0.127T +1.344 x 10772, (5)

where H is in kJ-kg~! and T is in K.
The linear fit for solid platinum in the temperature range 1700 K<
T <2040K is obtained from 11 independent pulse-heating measurements:

H(T)=-96.07540.180T. (6)

For the liquid in the temperature range 2045K< 7 < 2830K we obtain
again from 11 pulse-heating measurements:

H(T)=1.63640.187T. @)

Figure 2 presents the specific electrical resistivity with the initial geometry,
Pel,1G, not compensated for thermal expansion, as a function of tempera-
ture for platinum. In the temperature range 473 K< T <1573 K, we obtain
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Fig. 1. Specific enthalpy versus temperature for platinum. Open circles
represent measured pulse-heating data from this work (average of 11
measurements). Solid lines: linear least-squares fits to mean values of
measured data; filled squares: values at the beginning and end of melt-
ing from [8]; dashed line: literature values for the liquid phase from [8];
vertical dashed line: end of values measured and calculated with DSC
data (1573 K); vertical dotted line: melting temperature (2042 K); open
triangle: literature value from [9] at the melting temperature; dotted line:
literature values from [10]; dashed-dotted line: data from this work (DSC
measurements).

from our DSC measurements the following fit:

el 16(T) =—0.018 +4.464 x 1074T —6.955 x 107872, (8)

where pg) ;g is in uQ2'm and 7T is in K.
The linear fit to our values for the solid in the temperature range
1740 K< T <2042K is

pe1.16(T)=0.15542.229 x 10747 ©9)
and for the liquid in the temperature range 2042 K< T <2900 K
0el.16(T)=0.854+2.713 x 107°T. (10)

In Fig. 2 the specific electrical resistivity with the volume expansion
included, pe voL, is also plotted as a function of temperature. The poly-
nomial fit to our specific electrical resistivity with volume expansion
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Fig. 2. Electrical resistivity of platinum resistivity without taking actual
volume in account, and with volume expansion taken into consider-
ation, versus temperature for platinum. Open circles represent measured
pulse-heating data with the initial geometry from this work (average
of 11 measurements). Filled squares: literature values from [11]; open
triangles: values from [9]; dotted line: measured from this work with
temperatures from DSC without taking actual volume in account. Solid
line: electrical resistivity adapted for volume expansion from Refs. 12 and
13. Lines are least-squares fits to measured data. Vertical dashed line:
end of values measured and calculated with DSC data (1573 K); vertical
dotted line: melting temperature (2042 K); dashed line: literature values
from [14] without volume correction.

included, pe vor, data of expansion the solid from [13] in the temperature
range 473 K< T <1600K is

el voL(T) =—0.01633+4.39347 x 1074T — 5.69652 x 107872, (11)
and for 1740 K< T <2042K is
pel.voL(T)=0.16142.132x 1074T +1.219 x 107372, (12)

For the liquid expansion data [12] in the temperature range 2042 K< T <
2900 K, the fit is

pelvoL (T)=0.8424+5.926 x 10757 +1.154 x 107372, (13)
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The effect of the volume expansion on resistivity is shown as an example
for platinum. For all other materials only the resistivity at the initial geom-
etry will be presented, as the compensation of volume expansion shifts the
resistivity to higher values and can be done with the corresponding vol-
ume expansion data available in the literature.

3.2. Nickel

The wires used for the pulse-heating experiments were fabricated with
a given purity of 99.98% by “Advent Research.” The cylindrical samples
for the DSC measurements have a purity of 99.99+% (Ca — 10 ppm, Mg
— 0.3ppm) and were obtained from Aldrich Chemical Company.

Figure 3 presents the enthalpy versus temperature results for nickel.
In the temperature range 473 K< T < 1270 K we obtain from our DSC-
measurements the following fit:

H(T)=—166.644+0.546T +2.394 x 107972, (14)
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Fig. 3. Specific enthalpy versus temperature for nickel. Solid lines rep-
resent measured data from this work; vertical dashed line: end of values
measured and calculated with DSC data (1266 K); vertical dotted line:
melting temperature (1729 K); open squares: literature values from [15];
filled stars: values from [16]; filled squares: literature values for the liquid
phase from [17]; dotted line: data from [18].
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the linear fit for solid nickel obtained by pulse-heating in the temperature
range 1200K<T <1715K is

H(T)=-272.961 +0.634T, (15)
and for the liquid in the temperature range 1740 K< 7 <2240K,
H(T)=-151.913+0.720T. (16)

Figure 4 depicts the electrical resistivity with the initial geometry versus
temperature for nickel. The change of the slope in this figure is due to a
ferromagnetic to paramagnetic transformation in the nickel sample.

In the range 473 K< T < 627K we obtain from the DSC:

el 16 (T) = —0.04242.080 x 1077 4+ 5.126 x 10~/ 7> (17)
and in the range 627K<T < 1270K,
el 16 (T) =—0.181+0.0017 —8.197 x 10~'T% +2.351 x 1071973, (18)
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Fig. 4. Electrical resistivity of (with initial geometry) versus temperature.
Solid line represents measured data from this work; vertical dashed line:
end of values measured and calculated with DSC data (1266 K); vertical
dotted line: melting temperature (1729 K); filled squares: values from [11]
in the solid phase; half-filled circles: data from [19]; open squares: values
from [20]; open triangles: values from [16]; dashed line: values for the lig-
uid phase from [21]; dotted line: data from [18]; filled star: value at melt-
ing temperature in the liquid phase from [22].
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By means of pulse-heating we obtain in the range 1300 K< 7 < 1715K,
el 16 (T) =0.094+3.764 x 10747 — 5.644 x 107872 (19)
and in the range 1750 K< T <2200 K:
oel.16(T)=0.728 4+2.546 x 107°T. (20)

3.3. Iron

The iron wires from “Advent Research” with a purity of 99.5% were
also used as received. The DSC samples have a purity of 99.99%.

In Fig. 5 the enthalpy versus temperature results for iron are pre-
sented. For the temperature range from 473 K< 7 <1270 K our DSC mea-
surements are presented in Table I, as the data can not be described by a
polynomial fit (also a higher-order polynomial fit would cause unaccept-
able differences in the accuracy of the graph).
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Fig. 5. Specific enthalpy versus temperature for iron. Solid lines repre-
sent measured data from this work; vertical dashed line: end of values
measured and calculated with DSC data (1266 K); vertical dotted line:
melting temperature (1808 K); open squares: literature values from [15];
filled circles: data from the liquid phase from [23]; open stars: high tem-
perature values from [17].
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Table I. Experimental DSC data for Enthalpy
Versus Temperature for Solid Iron

TK) H& kg TE) H K- kg™

473 92.330 1034 478.620
500 106.625 1050 497.253
550 133.844 1066 513.856
600 162.086 1100 543.701
650 191.385 1150 583.496
700 221.806 1187 611.617
750 253.464 1191 615.813
800 286.575 1200 630.727
850 321.450 1205 637.155
900 358.630 1214 644.517
950 398.821 1250 667.282
1000 443.645 1270 679.802

The linear fit for solid iron in the temperature range 1420K< 7T <
1790 K obtained by pulse-heating is

H(T)=-276.650+0.732T (21)
and for the liquid in the temperature range 1830 K< 7T <2370 K we obtain
H(T)=-107.306+0.770T. (22)

Figure 6 depicts the electrical resistivity versus temperature results for
iron. In the range 473 K< T <1000 K by means of DSC we obtain

Pel. 16 (T)=0.01541.998 x 10747 +5.433 x 107/7% +1.935 x 1071973
(23)
and in the range 1000 K< 7 < 1270K,
el 16 (T) = —20.603 4 0.053T —4.269 x 107572 +1.161 x 107373, (24)
By pulse-heating we obtain in the solid range 1250 K< 7 <1790K,
el 16(T) =0.59146.594 x 1074T — 1.648 x 107772 (25)
and in the liquid range 1830 K< T <2370K

pel,1(T) =1.232+2.342 x 10°T. (26)
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Fig. 6. Electrical resistivity of iron (with initial geometry) versus temper-
ature. Solid line represents measured pulse-heating data from this work;
vertical dashed line: end of values measured and calculated with DSC
data (1266 K); vertical dotted line: melting temperature (1808 K); open
squares: literature data from [24]; filled squares: values for the solid phase
from [11]; filled stars: data from [25]; dashed line: data for liquid iron
from [21].

4. DISCUSSION

For solid platinum we obtain a ¢, value of 180J kg~ K~! in the
range from 1700 to 2040 K. Seville [26] reports a value of 187.5J - kg 1. K~!
at 1850 K, Righini and Rosso [14] report a value of 189J)-kg~! K~!
at 2000K, and at the onset of melting, Hultgren et al. [10] report
179.6J - kg~!- K. For the liquid we acquire a c,, value of 187J-kg™!.K~1,
Margrave [27] reports a value of 186.7J-kg=!-K~!, and Chaudhuri et al.
[28] report a value of 186J-kg—!-K~! obtained by levitation calorime-
try. Hixson and Winkler [8] report 211.97-kg—!.K~! at a pressure of
2000 bar obtained by pulse-heating and Hultgren et al. [10] recommend
178.1J-kg~'-K~!. The measured values show very good agreement with
the literature values for both the solid and the liquid phases within the
estimated uncertainties.

As shown in Fig. 1, we obtain a value of (11249) kJ-kg™! for the
melting enthalpy A H, while Hultgren et al. [10] recommend 100.8 kJ -kg~!.
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For a detailed discussion of the melting enthalpy of platinum, see Ref. 30.

At the onset of melting (2042K), which is indicated by a
vertical dotted line in Fig. 2, we obtain a value of 0.610 u2-m for the
electrical resistivity of platinum, and at the end of melting, a value of
0.909 €2 - m; thus, an increase of Ap=0.299 12 - m at melting is observed.
At 2000 K, Righini and Rosso [14] report a value of 0.617 u2-m, and
Martynyuk and Tsapkov [9] report for the onset of melting 0.621 ©Q2-m
and for the end of melting 0.926 u€2 - m. For the case when volume expan-
sion is taken into account for the resistivity values, at the onset of melt-
ing we obtain a value of 0.647 uQ2-m and at the end of melting a value
of 1.012 u2-m. An increase of Ap=0.365u -m at melting is observed.
Platinum was the only material where we compared the measured resis-
tivity results to literature values for the initial geometry and with volume
expansion considered. All measured values show excellent agreement with
literature values. Based on these results, we suggest that platinum could
be used as a calibration standard for pulse-heating circuits regarding mea-
surements of enthalpy and resistivity.

For solid nickel using pulse-heating in the temperature range 1200 K<
T <1715K, we obtain a ¢, of 634.4J-kg~!-K~!, and for the liquid in the
temperature range 1740 K< T <2240K, a c;, value of 797.9) kg~ KL
Cezairliyan and Miiller [29] report c,(1700 K)=654.87-kg~!.K~!, and
Hultgren et al. [10] give ¢, (1726 K)=734.87-kg~!.K~!. The measured
results show good agreement with literature values.

As shown in Fig. 3, we obtain a value of (276+22) kJ-kg~! for the
melting enthalpy AH and Hultgren et al. [10] recommend 298 kJ-kg ~!.
For a detailed discussion of the melting enthalpy of nickel, see Ref. 16.

At the onset of melting, which is indicated with a vertical dotted
line in Fig. 4, we obtain a value of 0.576 u2-m for the electrical resis-
tivity of nickel, and at the end of melting, a value of 0.772 u2 - m; thus,
an increase of Ap=0.196 u2-m at melting is observed. Cezairliyan and
Miiller [29] report p(1700K)=0.596 u2-m for the solid phase, Hixson
et al. [22] report pig(1729K)=0.937 uQ-m, and Seifter [18] has mea-
sured pig(1729K)=0.790 u2 - m.

The measured values show good agreement with literature values for
the solid phase, whereas in the liquid phase there is more scatter in the
data. It should be noted that recent measurements tend to lower resistivity
values in the liquid phase, even when compared to earlier measurements
at the same laboratory [16,18]. Up to now, we could not find a reason-
able explanation for this behavior, as other materials, e.g., molybdenum
[31] that also have been recently re-measured, did not show such discrep-
ancies in the liquid resistivity data.
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In the temperature range 1420K < 7' < 1790 K we obtain for solid
iron a c, of 728.81] -kg=!.K~!, and for the liquid in the temperature
range 1830 K< T <2370K, a ¢, value of 766.4]J - kg~ K~!; literature val-
ues are c¢,(1800K)=799] -kg=!-K~! from Cezairliyan and McClure [6]
and ¢, (1809 K)=824.7T-kg~!.K~! from Hultgren et al. [32]. The mea-
sured values are in good agreement with literature values.

As shown in Fig. 5, we obtain a value of (238 +19)kJ-kg~! for the
melting enthalpy AH, and Hultgren et al. [10] recommend 247kJ-kg~!.
For a detailed discussion of the melting enthalpy of iron, see Ref. 23.

At the onset of melting, which is indicated with a vertical dotted line
in Fig. 6, we obtain a value of 1.244 uQ2-m for the electrical resistivity of
iron, and at the end of melting, a value of 1.275 uQ-m; thus, an increase
of Ap=0.031 uQ-m at melting is observed. Cezairliyan and McClure [6]
report p;(1800K)=1.269 u2-m for the solid phase, and Beutl et al. [23]
report p;g(1808 K)=1.29 u2-m for the liquid. Our values are in good
agreement with literature values, but as mentioned above, recent measure-
ments in the liquid phase tend to lower resistivity values.

5. UNCERTAINTY

According to the guide to the expression of uncertainty in measure-
ments [33] uncertainties reported here are expanded relative uncertainties
with a coverage factor of k=2. An evaluated set of uncertainties is given;
for the measured pulse-heating data, the following uncertainties are esti-
mated: current, I, 2%; voltage drop, U, 2%; temperature, 7, 4%; mass m,
2%, from which we obtain for enthalpy, H, 4%; enthalpy of melting AH,
8%, specific heat capacity c,, 8%; specific electrical resistivity with initial
geometry, p.;.1G, 4%, and specific electrical resistivity with volume expan-
sion considered, pejvor, 6%. The corresponding expanded uncertainties
are indicated on the figures.

For the DSC data the uncertainties are as follows: temperature, T,
2K; and specific heat capacity, c,, 3%. The uncertainties of the temper-
ature values after the merging of pulse-heating and DSC data results are
dominated by the uncertainty of the enthalpy values obtained by pulse-
heating. Out of this, the uncertainty over the whole temperature interval
is estimated in Figs. 2, 4, and 6 with 4%.

6. CONCLUSION

In this study the temperature dependencies of the enthalpy and
electrical resistivity of the metals Fe, Ni, and Pt have been reported and
compared to literature values. The temperature dependencies could be
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extrapolated down to a temperature of about 500 K. Despite the differ-
ent heating rates, both methods used here give very good agreement of
the obtained thermophysical data within the stated uncertainties of each
experiment. The fast pulse-heating technique can suppress phase trans-
formations in the solid phase [34] and allows measurements in metasta-
ble phases. Therefore, one has to be very careful in data evaluation, and
all data have to be compared with quasi-static methods. For pure metals,
melting establishes equilibrium, and in the liquid phase, the values will be
again close to thermodynamic equilibrium.
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