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Abstract The need for characterization of thermophysical properties of steel was
addressed in the FFG-Bridge Project 810999 in cooperation with our partner from
industry, Bohler Edelstahl GmbH & Co KG. To optimize numerical simulations of
production processes such as plastic deformation or remelting, additional and more
accurate thermophysical property data were necessary for the group of steels under
investigation. With the fast ohmic pulse heating circuit system and a commercial high-
temperature Differential Scanning Calorimeter at Graz University of Technology, we
were able to measure the temperature-dependent specific electrical resistivity and spe-
cific enthalpy for a set of five high alloyed steels: E105, M314, M315, P800, and V320
from room temperature up into the liquid phase. The mechanical properties of those
steels make sample preparation an additional challenge. The described experimental
approach typically uses electrically conducting wire-shaped specimen with a melting
point high enough for the implemented pyrometric temperature measurement. The
samples investigated here are too brittle to be drawn as wires and could only be cut
into rectangular specimen by Electrical Discharge Machining. Even for those samples
all electrical signals and the temperature signal can be recorded with proper alignment
of the pyrometer. For each material under investigation, a set of data including chemi-
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cal composition, solidus and liquidus temperature, enthalpy, electrical resistivity, and
thermal diffusivity as a function of temperature will be reported.

Keywords AISI 9310, 1.2085, 1.7223 - High alloyed steel - Liquid phase - Solid
phase - Thermal conductivity - Thermal diffusivity

1 Introduction

For about 70 % of all industrially formed metal parts, the production starts with the
liquid metal/alloy [1]. Computer-based simulations allow modeling of casting, melting
and remelting processes, heat transport, solidification shrinkage, residual stress, heat
treatment, welding, forging, rolling, and cutting or even predictions of microstruc-
tures. A key limitation to the successful introduction of these models is the lack of
thermophysical data required as input parameters for simulation tools. Thus, experi-
mentally obtained thermophysical property data of pure metals and also of binary and
multi-alloy systems are of great importance. More accurate property data will lead to
a better scientific understanding of liquid metals and alloys and improve the results of
numerical simulation tools for optimizing metallurgical processes.

For this study a set of five high alloyed steels, optimized for different appli-
cations, was chosen: E105—used in aviation, M314 and M315—steels for plastic
molds, P800—a steel for automotive parts with soft magnetic behavior, and V320—
representing heat treatable steels. The chemical compositions (chemical analysis
performed by Bohler Edelstahl GmbH & Co KG) are listed in Table 1, and some
typical applications of the different steels are summarized in Table 2 and described in
more detail in the data sheets [2-6].

2 Experimental Apparatus and Procedures
2.1 Sample Preparation

All the samples for the density, pulse heating, and calorimetric measurements were
machined from one large cylinder of each material. The typical chemical composition
and also the actual analysis for each material are listed in Table 1. For the density
measurements, a part of the initial cylinder was cut and machined to size.

For the calorimetric measurements, the sample size was mainly informed by the
crucible size. The disk-shaped samples were also machined from a slice of the larger
block and had typical dimensions of 5.2 mm x 0.5 mm (diameter x height).

The samples for the pulse heating experiments had a rectangular cross section
(nominal: 0.5 mm x 0.5 mm, 70 mm length), as the raw material was too hard and
brittle to be drawn into a wire. The initially machined thin plate was sliced into multiple
samples by Electrical Discharge Machining (EDM).

After machining, all samples were cleaned with acetone and received no further
treatment.

@ Springer



Int J Thermophys (2017) 38:83

Page 3 of 15 83

Table 1 Composition of steel samples in mass %

Fe Cr Co Ni Mn Mo Si C S
E105
Typical comp. Bal. 1.40 - 3.40 - 0.30 0.12 -
Analysis Bal. 1.37 - 3.41 - 0.27 0.114 -
M314
Typical comp. Bal. 16.00 - 1.40 0.15 0.35 0.34 0.12
Analysis Bal. 1556 - 136 0.19 042 033 0.10
M315
Typical comp. Bal. 12.80 - 0.90 - 0.20 0.05 0.12
Analysis Bal. 1263 - 097 - 026  0.05 0.09
P800
Typical comp. Bal. 1.40 17.1 .10 - 1.20  Max. 0.004 -
Analysis Bal. 1.43 17.03 094 - 1.19  Max.0.003 -
V320
Typical comp. Bal. 1.10 - 0.70 0.20 0.30 0.41 -
Analysis Bal. 1.13 - 0.77 0.21 0.30 0.42 -

Table 2 Application of different materials [2-6]

Material

Application

E105

M314

M315

P800
V320

Highly stressed large-sized components for aircraft and truck construction, general

engineering purposes, €.g., gear wheels, crankshafts, heavy-duty gear shafts

Mold holder for the plastic processing and die casting industries as well as ancillary
plastic processing tools

Mold frames and bolsters, frame superstructures, molds requiring corrosion resistance
and extensive machining, components

Magnetic material for automotive industry

Components in automotive, gear and engine construction, e.g., crankshafts, steering

knuckles, connecting rods, spindles, intermediate gears, pump and gear shafts

2.2 Pulse Heating Setup with s Resolution

Each specimen was clamped into a sample holder and then resistively volume heated
as part of a fast capacitor discharge circuit. A nitrogen atmosphere with 0.5 bar above
ambient pressure was maintained for all measurements. With sub-ps time resolution,
the current through the specimen was measured with a Pearson probe [7], the voltage
drop across the specimen was determined with knife-edge contacts and subsequent
voltage dividers, and the radiance temperatures of the samples were detected with
an optical pyrometer operating at 1500 nm. From these combined measurements,
the calculated specific heat and mutual dependencies between enthalpy, electrical
resistivity, and temperature of the alloys up into the liquid phase are reported in form
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Table 3 Melting ranges and densities of steel samples

Name EN/DIN AISI/UNS Ts T ™ Density at RT (kg - m3)

E105 AISI 9310 1511°C 1538°C 1798 K 7835.6 + 6.0
1784 K 1812 K

M314 1.2085 1459°C 1532°C 1769 K 7665.2 £ 5.8
1732 K 1805 K

M315 - 1494°C 1533°C 1787 K 7717.1 £ 6.9
1767 K 1806 K

P800 - 1451°C 1474°C 1736 K 78429 £ 7.0
1724 K 1747 K

V320 1.7223 1450°C 1556°C 1776 K 7828.6 £ 7.1
1723 K 1829 K

T Temperature; Subscripts s and 1 denote the property value at the solidus and liquidus, respectively; Ty
arithmetic mean of 75 and 7} and used to calibrate the pyrometer at the melting plateau

of polynomial fits. The electronic component of the thermal diffusivity is calculated
via the Wiedemann—Franz law.

2.3 Differential Scanning Calorimeter (DSC)

All DSC measurements were performed on a commercial instrument, a Netzsch
DSC 404. Prior to any measurement, a standard 5-point temperature calibration at
the melting onset of In, Bi, Al, Ag, and Au was performed [8].

The specific heat capacity c}, of the specimen was measured relative to a sapphire
reference standard with heating rates of 20 K-min~!, under argon gas flow of 6 I-h~!
and at atmosphere pressure. By integrating these data over temperature 7', specific
enthalpy (Haog) as a function of temperature was obtained from room temperature
(RT, 298 K) to 1500 K.

2.4 Solidus and Liquidus Temperatures

The solidus (7) and liquidus (77) temperatures in Table 3 are reported as determined
by Bohler from DTA measurements and Thermocalc calculations. To calibrate the
pyrometer in the pulse heating setup, the mean of 75 and Tj, Ty, is assigned to the
middle of the recorded melting plateau at each experiment.

2.5 Density Measurement

All sample densities are determined at room temperature by weighing a machined
cylinder in air on a Mettler Toledo PM4800 scale. The cylinders were machined to
a typical diameter and height of 50 mm with maximum machine accuracy and then
measured with a caliper at multiple points.

@ Springer



Int J Thermophys (2017) 38:83 Page 5of 15 83

2.6 Evaluation of Thermophysical Properties

From the signals recorded with the pulse heating setup, the temperature-dependent
current through the sample and the voltage drop across a previously measured length,
the enthalpy difference compared to RT values (Hagg) and values for the specific
electrical resistivity are computed. Due to the rectangular shape of the samples, the
volume expansion measurement based on the specimen’s shadowgraph was not fea-
sible. Therefore, all data for the electrical resistivity are reported in reference to the
initial geometry at RT (index IG). In an earlier paper [9], results on volume expan-
sions of wire-shaped samples of a chromium-nickel-molybdenum steel (1.4534) are
reported and are supposed to be similar to that of the materials reported here so that it
could be used for estimating a corrected electrical resistivity value.

All detailed information on the evaluation and the equations used to compute the
electrical resistivity, enthalpy, and heat capacity have been reported in several previous
papers [9,10]. It is important to reiterate that the temperature-dependent electronic
component of the thermal diffusivity a is estimated using the Wiedemann—Franz law
with the Lorentz number L (L = 2.45 x 1078V? . K~2), assuming that L is invariant
within the region of interest.

L.T
a=——" )
PIG - Cp * dRT

From the right-hand side of Eq. 1, it is evident that thermal diffusivity only depends
on the ¢p, density at room temperature drr, and electrical resistivity ;g at room
temperature geometry. Thermal diffusivity is independent of volume expansion and
can therefore also be measured for samples with rectangular cross sections. Additional
information to our procedures is given in several papers published by our workgroup
on different steels and Ni-based alloys [9-18].

3 Measurement Results

The next subsections list the results from the pulse heating and DSC measurements in
the form of polynomial fits. Each DSC measurement was repeated four times with a
different specimen. The microstructures of the alloys change during the cooling with
constant rate and then differ from those of the original materials. Thus, only mean
values from the first heating cycle of each sample are reported here to represent the
material with the manufacturers initial heat treatment.

In pulse heating, the samples vaporize at the end of each measurement; thus, a new
specimen is used each time. The reported polynomials represent mean values of 10, 6,
13, 15, and 11 measurements for E105, M314, M315, P800, and V320, respectively.
All other parameters used in the evaluations, namely 7Ty, Ti, Ty and density at RT, are
summarized in Table 3.

3.1 E105

All measurement results for E105 are summarized in Table 4. During melting, the
specific electrical resistivity at initial geometry increased from pjg = 1.245 1 - Q - m
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Table 4 Thermophysical property data for E105 from pulse heating (Pulse) and DSC measurements rep-
resented by polynomial fits

Property Method Polynomial coefficients: Y = A+ B-T +C - T2+ D. T3 Validity range
A B c D T

01G Pulse  1.031 120x 1074 — - 1450-1784
01G Pulse  0.879 521 x 1074 =233 x 1077 3.6 x 10711 1811-2650
Haog Pulse  —220.5 0.6813 - - 13001784
Hrog Pulse  —87.2 0.7533 - - 1811-2500
Hoog DSC  —2274 0.9144 —7.419 x 1074 4.999 x 1077 473-1009
Hhog DSC  —1334 0.6294 - - 1052-1500

a Pulse  9.66 x 1077 3.15x 1079 — - 1500-1784

a Pulse 293x1077 3.10x 1079 - - 1811-2650

pIG Specific electrical resistivity at initial RT geometry (p - €2 - m), Hpgg Enthalpy (kJ - kg_l), a Thermal
diffusivity (m2 sl ), A, B, C, D Polynomial coefficients, T Temperature (K)

atTy =1784 Kto 1.272 p - Q-mat 7} = 1811 K, resultingina Ap of 0.027 i - Q- m
for this transition.

From the slope of the enthalpy curve, we obtained the corresponding specific heat
capacity from pulse heating as 681 J - kg=! - K~! at the end of the solid phase, and
753 J-kg~!'-K~! in the liquid phase; both values are valid within the stated temperature
intervals (see Table 4).

At the melting transition, the specific enthalpy increased by AHy = 282 kJ - kg~
from Haog = 995 kJ - kg~ ! at the solidus, to 1277 kJ - kg~ ! at the liquidus.

3.2 M314

All measurement results for M314 are summarized in Table 5. During melting, a
change in resistivity from pjg = 1.280 - Q-mat 7y = 1732 Kto 1.294 - Q2 - m at
Ti = 1805 K was observed, resulting in a Ap of 0.014 p - Q2 - m.

From the slope of the enthalpy curve, we obtained the corresponding specific heat
capacity from pulse heating as 755 J - kg~! - K~! for the end of the solid phase, and
757J-kg~'-K~!in the liquid phase; both values are valid within the stated temperature
intervals.

At the melting transition, the specific enthalpy increased by AH = 318 kJ - kg™!
from Hpog = 1007 kJ - kg~ at the solidus, to 1325 kJ - kg~ ! at the liquidus.

3.3 M315
All measurement results for M315 are summarized in Table 6. During the melting

transition, a change from pjg = 1.260 - 2 -mat 7y = 1767 K to 1.280 p - 2 - m at
T = 1806 K was observed, resulting in a Ap of 0.020 p - 2 - m.
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Table 5 Thermophysical property data for M314 from pulse heating (Pulse) and DSC measurements
represented by polynomial fits

Property Method Polynomial coefficients: Y = A+ B-T +C - T2+ D. T3 Validity range
A B c D T

01G Pulse  1.096 1.06 x 1074 - - 1340-1732
01G Pulse  1.201 8.6x107> —19x1078 1805-2450
Hoog Pulse  —301.0 0.7552 - - 1230-1732
Hoog Pulse  —42.1 0.7574 - - 1805-2400
Hoog DSC  —2329 0.9427 —8.023 x 107% 5.581 x 1077 473-1000
Hoog DSC  —241.7 0.7181 - - 1100-1650

a Pulse 696 x 1077 291 x 1079 - - 13501732

a Pulse 8.04x 1078 321x1079 - - 1805-2450

p1G Specific electrical resistivity at initial RT geometry (p - €2 - m), Hpgg Enthalpy (kJ - kg*l), a Thermal
diffusivity (m2 . s_l), A, B, C, D Polynomial coefficients, T Temperature (K)

Table 6 Thermophysical property data for M315 from pulse heating (Pulse) and DSC measurements
represented by polynomial fits

Property Method Polynomial coefficients: Y = A+ B-T 4+ C - T24+D.T3 Validity range
A B c D T

01G Pulse  0.821 425x107%  —1x1077 - 1300-1767
21G Pulse  1.0425 3479 x 1074 —1.695 x 1077 2.75 x 1011 1806-2700
Hoog Pulse  —335.3 0.7747 - - 1250-1767
Hoog Pulse  120.0 0.6658 - - 1806-2700
Hhog DSC —241.1 0.9907 —8.927 x 107% 5991 x 1077 473-1014
Hoog DSC  —147.5 0.6279 - - 1130-1500

a Pulse 7.39x 1077 283x107° - - 1300-1767

a Pulse 1.03x 1077 3.68x107° — - 1806-2700

p1G Specific electrical resistivity at initial RT geometry (p - €2 - m), Hpgg Enthalpy (kJ - kg*l ), a Thermal
diffusivity (m2 . s_l), A, B, C, D Polynomial coefficients, T Temperature (K)

The enthalpy at melting changed between the solidus and liquidus temperature
from 1034 kJ - kg~! to 1322 kJ - kg~!; thus, an enthalpy of fusion for M315 of
AHg =288kJ-kg~! was obtained.

At the end of the solid phase, the specific heat capacity c, was 775 J - kg~ KL
This number decreased to 666 J - kg~! - K~! for the observed temperatures above the
liquidus point.

3.4 P800

All measurement results for P800 are summarized in Table 7. During the melting
transition, a change in electrical resistivity from pjg = 1.265 o - Q-mat 7y = 1724 K
to 1.290 w - 2 - mat 7] = 1747 K yielded a Ap of 0.025 . - 2 - m.
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Table 7 Thermophysical property data for P800 from pulse heating (Pulse) and DSC measurements rep-
resented by polynomial fits

Property Method Polynomial coefficients: Y = A+ B-T +C - T2+ D. T3 Validity range
A B C D T

P1G Pulse  0.6299 7.022x 1074 —1.935 x 1077 - 1300-1724
PIG Pulse 1.246 2.5 %1072 - - 1747-2200
Haog Pulse —288.2 0.7706 - - 1250-1724
Hyog Pulse —228.9 0.8851 - - 1747-2200
Hyog DSC —221.2 0.8625 —6.413 x 1074 4.232 x 1077 473-1175
Hyog DSC —70.1 0.6002 - - 1192-1500

a Pulse 7.09%x 1077 278 x 1079 - - 1300-1724

a Pulse 203x 1077 2.62x1079 - - 1747-2200

p1G Specific electrical resistivity at initial RT geometry (p - €2 - m), Hpgg Enthalpy (kJ - kg*l), a Thermal
diffusivity (m2 . s_l), A, B, C, D Polynomial coefficients, T Temperature (K)

Table 8 Thermophysical property data for V320 from pulse heating (Pulse) and DSC measurements
represented by polynomial fits

Property Method Polynomial coefficients: Y = A+ B-T +C - 724+ D.T3 Validity range
A B c D T

01G Pulse  —1.200 4.09 x 1073 —2.321 x 1070 4.54 x 10710 1300-1723
01G Pulse  1.243 32x 1075 - - 1829-2500
Haog Pulse  —454.2 0.8614 - - 1200-1723
Haog Pulse  —338.6 0.9221 - - 1829-2500
Haog DSC  —287.84 1.16123 —1.06 x 1073 6.27866 x 1077  298-1043
Hrog DSC  —11548 0.62535 - - 1070-1500

a Pulse 998 x 1077 227 x 1072 - - 1300-1723

a Pulse 2.94x 1077 245x1072 - - 1829-2300

pIG Specific electrical resistivity at initial RT geometry (W - €2 - m), Hpgg Enthalpy (kJ - kg_l), a Thermal
diffusivity (m2 . sfl), A, B, C, D Polynomial coefficients, T Temperature (K)

The enthalpy at melting changed from 1040 kJ - kg~! to 1317 kJ - kg~! resulting
in an enthalpy of fusion for P800 of AH; = 277 kJ - kg.

The corresponding specific heat capacity for the end of the solid phase was 771 J -
kg~! - K~! and increased during melting to 885 J - kg~! - K~! for the liquid phase.

3.5 V320

All measurement results for V320 are summarized in Table 8. During the melting
transition, the electrical resistivity with initial geometry changed by Ap = 0.023 -
Q-m, from1.279 p - Q -mat Ty = 1723 Kto 1.302 p - Q- m at 7} = 1829 K.
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Temperature,°C
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Fig. 1 Specific Enthalpy (Hp9g) as a function of temperature, blue dots values from DSC and black line
values from pulse heating for E105. Vertical lines indicate the temperatures of the melting transition, T
and 7j (Color figure online)

Specific heat capacities of 861 J - kg~ - K~! and 922 J - kg~ - K~! were obtained
at the end of the solid phase and for the liquid phase, respectively.

The change of enthalpy at the melting transition from 1030 kJ-kg ™! to 1348 kJ-kg ™!
resulted in an enthalpy of fusion of AH = 318 kJ - kg~ !.

4 Discussion

Information on nominal composition for all measured steels is stated in the products
data sheets [1-5]. To confirm those numbers, an additional individual analysis was
performed for each steel in the laboratory of Bohler, and both data sets are compared
and stated in Table 1. Typical applications for each steel are listed in Table 2. The
melting ranges (7, T, Tm) and densities at RT are presented in Table 3 for all 5
alloys.

For the steels E105, M314, M315, P800, and V320, the specific enthalpy versus
temperature values are plotted in Figs. 1,2, 3, 4, 5 and were obtained by means of DSC
with heating rates of 20 K/s. At the end of the solid phase, these data overlap with data
points obtained by pulse heating with significantly higher heating rates of 108 K/s.
Only the dataset for V320 shows a slight difference at the onset of the pulse heating
data, which vanishes above 1400K. This difference is caused by a phase transition
occurring at about 1050K that is clearly visible in the measured DSC data, but cannot
be resolved with the higher heating rates from pulse heating. Only 200 K higher the data
from the two methods are indistinguishable again. These plotted results also support
that pulse heating with heating rates of 108 K/s can still be assumed as “quasistatic” if
there are no significant phase changes in the solid phase. To our knowledge, processes
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Temperature, °C
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Fig. 2 Specific Enthalpy (H>9g) as a function of temperature, blue dots values from DSC and black line
values from pulse heating for M314. Vertical lines indicate the temperatures of the melting transition, T
and 7j (Color figure online)
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Temperature, K

Fig. 3 Specific Enthalpy (H»9g) as a function of temperature, blue dots values from DSC and black line
values from pulse heating for M315. Vertical lines indicate the temperatures of the melting transition, T
and 7j (Color figure online)

with heating or cooling rates up to 10'°K/s can be assumed to be “quasistatic” [19].
A second proof for this assumption is the clearly visible melting plateau for pure
elements and the melting transition for alloys between solidus and liquidus.
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Fig. 4 Specific Enthalpy (Hpgg) as a function of temperature, blue dots values from DSC and black line
values from pulse heating P800. Vertical lines indicate the temperatures of the melting transition, 75 and 7}
(Color figure online)
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Fig. 5 Specific Enthalpy (H»9g) as a function of temperature, blue dots values from DSC and black line
values from pulse heating for V320. Vertical lines indicate the temperatures of the melting transition, T
and 7j (Color figure online)

Enthalpy data for all the materials are plotted together in Fig. 6 and show that the
individual data sets do not differ by more than ~10 % from each other. While ¢}, in the
liquid phase is a constant value (see also Grimvall [20]), ¢, in the solid phase typically
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Fig. 6 Specific Enthalpy (H9g) from pulse heating as a function of temperature for all five alloys (Color
figure online)
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Fig. 7 Specific electrical resistivity at initial geometry from pulse heating as a function of temperature for
all five alloys (Color figure online)

varies with temperature. At the end of the solid phase, we again calculate a constant
cp value from the linear slope of the enthalpy data.

Resistivities at initial geometry (see Fig. 7) also lie within a narrow band and show
a variation of about +4 % between each other. Nevertheless, each material differs
somewhat from the others. In the solid phase, resistivity of all the materials increases.
The evident kinks in all the curves represent the transition from solidus to liquidus.
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Fig. 8 Calculated thermal diffusivity as a function of temperature for all five alloys from pulse heating
results (Color figure online)

In the liquid phase, the values are constant for M314 and M315 and show just a small,
but positive, temperature coefficient for the other three alloys.

With the presented results, ¢, from the slope of H (T'), resistivity at initial geometry,
and the density at room temperature, thermal diffusivity is calculated as a function of
temperature according to Eq. 1. A summarizing plot of all thermal diffusivity results is
shown in Fig. 8. Thermal diffusivity in the liquid phase increases for all materials. The
alloy M315 has the highest values in the liquid phase. For M314 and M315, the plot
also shows an increase in thermal diffusivity at the solidus—liquidus transition while
it decreased for all the other materials. The decreasing behavior is well known from
other materials. Up to now, however, we do not have an explanation for the increasing
behavior of the two steels.

In this context, it is important to remember that the calculated thermal diffusivity
values presented in this paper are based on electric measurements from pulse heating
experiments that do not take into account any lattice contributions, which has already
been discussed in an earlier publication [10]. Also Klemens [21] considers electronic
and lattice components in his theoretical work regarding thermal conductivity of metals
and alloys in the solid state. Klemens reports various values for lattice contributions
in Fe—Cr—Ni alloys [22] which can be used as guiding values to correct for the lattice
contributions in the solid phase. For the reported values of the liquid phase, no such
correction is necessary, as there is no influence from the lattice any more.

4.1 Uncertainties
According to GUM [23], the uncertainties reported in Table 9 are relative expanded

uncertainties with a coverage factor of k = 2. The uncertainty bars are depicted within
the individual Figures.
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Table 9 Uncertainties for the properties measured with the fast pulse heating setup

Alloy H;s (%) Hy (%) AH (%) pi6(T) (%)  cpsol (%) cplig (%) asol (%) aiiq

E105 +6.5 +3.5 +32 +2.5 +8.2 +4.3 £10 +6
M314  £7 +3 +29 2.6 +10.3 +5.4 +13 +7.2
M315  £7 +3 +33 +2.4 +10.3 +32 +12 +5
P800 +5.5 +3.4 +30 +2.2 +6.5 +5.0 +8.3 +6.7
V320 +£9to5* +4 +27 +2.2 +6.3 +4.7 +8 +6.5

H Specific Enthalpy, AH Enthalpy of fusion, pig Specific electrical resistivity at initial RT geometry, ¢p
Specific heat capacity at constant (ambient) pressure, a thermal diffusivity

Subscripts s and 1 denote the property value at the solidus and liquidus, respectively; subscripts sol and liq
identify data for the solid and liquid phase

* The uncertainty decreases from 9 % to 5 % in the stated validity range from 1200 K to 1723 K

The main contribution in the uncertainty budget for the DSC measurements is the
repeatability of the signal base line. This variability dominates other effects including
the repeatability of the temperature calibration, the sample position in the crucible,
and the uncertainty introduced by the reference sapphire. For all presented DSC data,
the relative expanded uncertainty increases from 3 % at the lowest temperatures to 4 %
at 1500 K.

For the pulse heating circuit, the uncertainties are also strongly dependent on the
absolute property value. This is reflected by the varying numbers stated in Table 9
and requires a individual uncertainty budget for each material. Included therein are
the contributions from the measurements of: the sample dimensions, pyrometric tem-
perature, current through the sample, and the voltage drop between the knife-edge
contacts. It also accounts for the uncertainty in the solidus and liquidus temperature
as well as the influence of the accuracy of the used data acquisition card.

A more detailed description of the uncertainty calculations for the DSC and pulse
heating measurements is published in previous articles [24-26].
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