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Abstract The need for characterization of thermophysical properties of steel and
nickel-based alloys was addressed in the FFG-Bridge Project 810999 in cooperation
with a partner from industry, Bohler Edelstahl GmbH & Co KG. To optimize numer-
ical simulations of production processes, such as remelting or plastic deformation,
additional, and more accurate data were necessary for the alloys under investigation.
With a fast ohmic pulse heating circuit system, the temperature-dependent specific
electrical resistivity, density, and specific heat capacity for a set of five high alloyed
steels were measured. Hence, using the Wiedemann—Franz law with a Lorenz num-
ber of L = 2.45 x 1078 V2.K~2, the thermal diffusivity and thermal conductivity
could be calculated for the solid and liquid phases up to temperatures of 2500 K. This
experimental approach is limited by the following requirements for the specimens:
they have to be electrically conducting, the melting point has to be high enough for
the implemented pyrometric temperature measurement, and one has to be able to draw
wires of the material. The latter restriction is technologically challenging with some of
the materials being very brittle. For all samples, electrical and temperature signals are
recorded and a fast shadowgraph method is used to measure the volume expansion.
For each material under investigation, a set of data including the chemical compo-
sition, the density at room temperature, solidus and liquidus temperatures, and the
change of enthalpy, resistivity, density, thermal conductivity, and thermal diffusivity
as a function of temperature is reported.
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1 Introduction

Numerical simulation of fluid flow, heat transfer, solidification, thermal induced
stresses, as well as remelting or plastic deformation, has gained a tremendous sig-
nificance in steel-working industry branches. With the advent of adequate computing
power, full three-dimensional calculation of the determining physical equations has
become possible. A major drawback of these simulation techniques is the lack of
accurate thermophysical properties. By means of a fast pulse heating technique [1],
thermophysical data for the solid and liquid material required for the simulations can
be measured. Important input parameters for the heat transfer equation are heat capac-
ity, heat of fusion, density, and thermal conductivity. Since direct measurements of the
thermal conductivity of alloys in the liquid state are almost impossible, its estimation
from the electrical conductivity using the Wiedemann—Franz law is very useful.

From the huge number of different materials, representative alloys are chosen for
this work, e.g., N709 and V720 (a maraging high-strength steel from materials for
aviation), P558 from materials for special physical and medical applications, S600
from high-speed steels, and T200 from creep-resistant steels. Some applications [2—6]
for these five steel alloys are listed in Table 1. The composition, Ty, Tiiq, and the
density at RT for the five steel alloys are presented in Table 2.

2 Experimental Apparatus and Procedures
2.1 Experimental

To obtain the density at room temperature (RT), our machine department formed
cylinders with 50 mm diameter and 50 mm height for each material, which then were
weighed in air on a Mettler Toledo PMG 800 Delta apparatus range (0.01 g division).
The samples for pulse heating were wire shaped, approximately 0.5 mm in diameter
and 70mm in length. Then these were resistively volume heated as part of a fast
capacitor discharge circuit in a Np atmosphere and at ambient pressure. In time-
resolved measurements with sub-ms resolution, the current through the specimen was
measured with a Pearson probe, and the voltage across the specimen was determined
with knife-edge contacts and subsequent voltage dividers. The radiance temperatures
of the samples were detected with an optical pyrometer operating at 1570 nm, and
volume expansions of the samples were measured with a fast acting CCD camera.
All the recorded data allowed the calculation of the specific heat and dependencies
between the enthalpy, electrical resistivity, temperature, and density of the alloy up
into the liquid phase (see Sect. 2.3). In addition to the solidus temperature T, the
liquidus temperature Tjiq and the density at RT and results for the thermal conductivity
and thermal diffusivity for the solid and liquid phases of all samples are reported as
polynomial fits. For more experimental details, see e.g., [7-12].
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Table 1 Application of the five steel alloys

Material Application

N709 Components in the aerospace industry, e.g., high strength screws, bolts, and landing gear
components

P558 Surgical implants

S600 Taps, twist drills, reamers, broaching tools, metals saws, milling tools of all types,

woodworking tools, cold work tools

T200 Highly stressed components in gas turbines, engines, and rockets, such as turbine blades and
disks, shafts, pins, bolts, screws, springs, exhaust reheaters, housing components, thrust
nozzles, liners for containers for tubes and rod extruding of copper and copper alloys

V720 Highly stressed components for the aircraft and rocket industries. Constructional and tool
steel for hot and cold working tools used for long-time service. Machine tools, pressure
vessels, gearwheels, screws, precision parts, tools for hydrostatic presses, cold extrusion
tools, cold heading and embossing tools, plastic molds, die casting tools for aluminum and
zinc alloys, hot pressing tools, cold pilger mandrels

Table 2 Chemical composition, density, and melting temperatures of the measured alloys

Name Composition DIN/EN  Composition (Wt%) Tsol Tiiq Density at RT
UNS (kg-m’S)

N709 X3CrNiMoAll13-8-2 1.4534 bal. Fe; 12.7 % Cr; 8.2 % 1463°C  1541°C 7727 %7
S13800 Ni; 2.2 % Mo; 1.1 % Al; 1736 K 1814 K
0.8 % Si; 0.03 % C

P558 - bal. Fe; 17.3 % Cr; 10.5 % 1375°C  1450°C  7715+6
S$29225 Mn; 3.3 % Mo; 0.5 % N; 1648 K 1723 K
0.45 % Si; 0.2 % C, max.
0.05 % Ni

S600 HS 6-5-2 1.3343 bal. Fe; 6.4 % W; 5 % Mo; 1240°C  1415°C 8099 +7
~TI1302 41%Cr;1.8% V;09 % 1513K 1688 K
C, 0.3 % Mn; 0.25 % Si

T200 X4NiCrTi25-15 1.4944 bal. Fe; 25.3 % Ni; 15 % Cr; 1356°C  1446°C 7968 + 7
566286 2.1 % Ti; 1.5 % Mn; 1.3 % 1629 K 1719 K
Mo; 0.3 % V; 0.25 % Al,
0.25 % Si; 0.05 % C

V720 X2NiCoMol18-9-5 1.6354 bal. Fe; 18.5 % Ni; 9.0 % 1365°C  1465°C 8056 + 8
K93120 Co; 5.0 % Mo; 0.70 Ti; 1638 K 1738 K
0.10 Al; max. 0.10 Si;
max. 0.03 C

2.2 Data Reduction Procedure

The surface radiance (J) was determined with a high-speed pyrometer operating at
1570 nm, selected by an interference filter with a bandwidth of 84 nm. To calculate the
temperature 7 of the sample according to Planck’s radiation law (Eq. 1), the melting
plateau was used as a calibration point. The measured melting temperatures of alloy
samples often show a slightly rising temperature during the melting phase, instead of
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a totally flat melting plateau. With this setup, the most reliable point is the midpoint
of the melting range, i.e., Ty = m (as listed in Table 2).

2

T = ,
aoin {50 [erfs — 1] +1}

ey

where c; is the second radiation constant, A is the pyrometer center wavelength, and
J is the radiance intensity. Here the index m means melting.

The diameter of the specimen at RT is measured using a laser micrometer (Keyence
LS-7001 apparatus). During the experiment, the volume expansion of the wire was
recorded with a fast CCD camera, which took pictures of the diameter of the specimen
about every 5 ps, depending on the preset exposure time. Measured data of voltage,
current, and surface radiance were recorded by a fast digital data acquisition system.

Data for thermophysical quantities as a function of time are calculated using
Egs. 2-7. The specific enthalpy H as a function of time ¢ was derived from

t

H(@) = %/I(r) U(t) dr, 2)

0

where m being the mass of the sample, 7 is the current, and U is the voltage drop
across the active length, /, previously measured as the distance between the two knife-
edge probes. The electrical resistivity corresponding to the initial geometry at room
temperature, pig, is calculated by

Ut)ynrd

10l )

piG(t) =

where ro denotes the sample radius at room temperature. Due to thermal volume
expansion, the sample radius increases during the heating process which led to actual
electrical resistivity values computed from

D(T)?

P(T)corr = p16(T) D%

; “

where Do and D(T) are the diameter at room temperature and an elevated temperature,
respectively. The change of density versus temperature was obtained according to the
following equation taking into account the sample expansion D(7) during the heating;
d(T) is the actual density at high temperature and d is the density at RT:

2

0
D(T)?

d(T) =d, (5)

The thermal conductivity A was calculated from the temperature-dependent electrical
resistivity p(7") with the Wiedemann—Franz law,
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Table 3 List of polynomial fits for N709

Quantity  Units Polynomial coefficients y = a + bT + cT? Range T (K) State
y a b c

d(T) kgm™3 7.8014 x 103 —0.1179 —1.456 x 10~% 1100<T <1736 s
d(T) kgm™3 8.5604 x 103 —1.0464 7.62x 1072 1814 <T <2600 1
(Mg  pQm 1.016 274%107%  6.6x 1078 1100 <T <1736 s
o(Mig  pem 1.394 —82x107> 2.1x1078 1814 <T <2450 1
o(Teorr  PQm 1.069 1.90 x 1074 1100<T <1736 s
o(Teorr WM 1.152 1.74 x 1074 1814 <T <2450 1
H(T) KJkg~! —2329x 102 0.6627 1100 <T <1736 s
H(T) Kkg™! —2.746 x 102 0.8254 1814 <T <2550 1
2(T) W-m~ LK1 498 1.474 x 1072 1100<T <1736 s
2(T) wW-m~ LK1 828 1.217 x 1072 1814 <T <2450 1
a(T) mZ.s~! 503x 1077 3.41x107° 1100 <T <1736 s
a(T) m?Z.s~! 876 x 1078 2.88x 1077 1814 < T <2450 1

“s” means solid state; “1” designates liquid state

ary = L ©)
(D)

In this work, the theoretical value for the Lorentz number L(L = 2.45x 10~8 V2 -K‘z)
is used, assuming that it is invariant within the region of interest [13]. The thermal
diffusivity a is then estimated from the thermal conductivity, specific heat capacity at
constant pressure ¢, and temperature-dependent density d(7'), as

A LT
a = —— —_—.
de ,OIGdeO

)

From the right-hand side of Eq. 7, it can be seen that the thermal diffusivity is not
dependent on the volume expansion under the assumption of the constant Lorentz ratio
within the measuring temperature range.

The only data required for the calculation, electrical data, and temperature can
be measured with a relatively low uncertainty [14]. Assuming the same principle,
several papers have already been published from our work group dealing with steel or
Ni-based alloys, presenting also the change of enthalpy, resistivity, density, thermal
conductivity, and thermal diffusivity as a function of temperature [9-11,15-19].

2.3 Results for Density, Electrical Resistivity, Specific Enthalpy, Thermal
Conductivity, and Thermal Diffusivity

Due to the number of equations necessary to present all results for each material in a
usable format, polynomial fits are given in Tables 3, 4, 5, 6, 7 and 8. The values at the
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Table 5 List of polynomial fits for S600

Quantity  Units Polynomial coefficients y = a + bT + cT? Range T (K) State
y a b c

d(T) kg:m~3 8.0846 x 103 0.0926 —2211x107% 1050<T <1513 s
d(T) kg:m~3 9.1555 x 103 —1.3429 1.161 x 107% 1688 <T <2100 1
o(Mig  nQm 0.5747 8.407 x 1074  —2.479x 10~7 1100<T <1513 s
o(Mig  nQm 1.2860 1.57x 1073 1688 <T <2100 1
o(Tcorr  WQ-m 0.576 8.19x 1074  —2.07x1077 1100<T <1513 s
o(Tcorr  WQ-m 1.113 213 x 1074 1688 <T <2100 1
H(T) kJ-kg~! 3.532x 102 —0.2618 4121 x 1074  1100<T <1513 s
H(T) kJ-kg~! —6.209 x 102 1.1514 1688 < T <2400 1
AT w-m~ LK1 6.90 1.369 x 102 1100<T <1513 s
MT) wm LK1 813 1.185x 1072 1688 < T <2100 1
a(T) m2.s~! 856 x107%  1.95x107? 1688 <T <2100 1
“s” means solid state; “1” designates liquid state

Table 6 List of polynomial fits for T200

Quantity  Units Polynomial coefficients y = a + bT + cT? Range T (K) State
y a b c

d(T) kg-m—3 8.0913x 103 —0.3362 —930x 1073  1100<T <1629 s
d(T) kg-m~3 7.8426 x 103 —0.5937 3.15x 1073 1719 < T <2500 1
o(Mig nQm 1.1426 9.41 x 107 1200<T <1629 s
o(Mig nQm 1.2962 8.8 x 1070 1719 < T <2600 1
o(Tcorr  WQ-m 1.0711 2.105 x 1074 1200< T <1629 s
o(Tcorr  WQ-m 1.3095 1.171 x 1074 1719 < T <2500 1
H(T) kJ-kg~! —3.456 x 10 0.7293 1200<T <1629 s
H(T) kJ-kg~! —5.88x 101 0.7013 1719 < T <2600 1
MT) wm LK1 538 1.407 x 102 1200<T <1629 s
A(T) w-m LK1 537 1.317 x 1072 1719 < T <2600 1
a(T) m2.s~! 473x 1077 2.97x 1079 1200<T <1629 s
a(T) m2.s~! 1.04x 1077 3.28x 1077 1719 < T <2600 1

TR
S

means solid state; “1” designates liquid state

melting transition are presented separately in Table 9. All given data for the specific
heat capacity are derived from the slope of the linear fit of the specific heat capacity.
Thus, in the solid phase, values only have been considered to 100 K below the solidus
temperature.
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Table 7 List of polynomial fits for V720

Quantity  Units Polynomial coefficients y = a + bT + cT? Range T (K) State
y a b c

d(T) kg-m~3 8.0395 x 103 0.127 —235x107%  1200<T <1638 s
d(T) kg-m™3 8.9429 x 103 —1.056 717 %1073 1738 <T <3300 1
o(Mig  wem 0.989 1.58x 1074 1150 <T <1638 s
oM  wem 1.228 4.6x1073 —6.4x 1077 1738 <T <2950 1
o(Teorr  WQm 0.909 2.49 x 1074 1150 <T <1638 s
o(Teorr WM 1.109 1.77x 1074 1738 < T <2950 1
H(T) kI kg~! 4253 x 102 —0.305 3.353x 1074 1100<T <1638 s
H(T) kl-kg~! —2.20x 102 0.7852 1738 < T <3100 1
2(T) w-m LK1 515 1.655 x 1072 1200 < T <1638 s
2(T) w-m~ LK1 1.18 1.835 x 1072 1738 < T <2950 1
a(T) m?.s~! 1.87x1077  2.90x 1072 1738 <T <2950 1

e

s” means solid state; “I” designates liquid state

Table 8 Values of resistivity and enthalpy at solidus and liquidus, and specific heat capacity for the end of
the solid and liquid phases

Alloy 016,501 PIG.lig  Pcorr,sol  Pcorr,liq Hgol Hliq AH Cp.sol Cp,liq
MQm) (Wm) (uQm) (Wem) kikg™!) *kikg ) KIkg) kg 'K kg KD

N709 1.29 1.31 1.40 1.47 918 1223 305 663 825
P558 1.27 1.29 1.36 1.41 820 1126 306 687 851
S600  1.28 1.31 1.28 1.47 901 1323 422 - 1151
T200 1.30 1.31 1.30 1.31 842 1147 304 729 701
V720 1.25 1.29 1.32 1.42 825 1145 320 - 785

Table 9 Relative expanded uncertainties (k = 2) for specific enthalpy as a function of temperature, solid
phase Hg, liquid phase Hj, electrical resistivity (p) with initial geometry as a function of temperature, heat
capacity (cp) in solid and liquid phases, and thermal diffusivity (a) in solid and liquid phases

Alloy U(Hs) U(H U(p) Ulep,sol) Ulep,iig) U (asol) U (aiig)
(%) (%) (%) (%) (%) (%) (%)
L306 +5 +4 +2 +6 +4 +8 +6
N709 +6 +38 +19 +42 +33 +58 +49
P558 +55 +36 +22 +6.6 +24 + 8.4 +43
S600 +55 +4.0 +18 - +2.1 - +39
T200 +6 +35 +2.0 +72 +35 +89 +35
V720 +16—12 +45 +32 - + 14 - +65
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3 Discussion

The results for four investigated alloys show a similar behavior of H(T") in both the
liquid and solid phases, as shown in Fig. 1. Only S600 stands out, and its specific
enthalpy is 20 % to 30 % higher at a comparable temperature. From the slope of these
results, we obtain ¢, values for both phases. In the liquid phase, ¢, is a constant value
by theory (see, for example, Grimvall [20]), whereas ¢, in the solid phase typically
varies with temperature. When a linear fit to our measured values can describe the
specific enthalpy in the solid phase, we estimate ¢, also there, but the validity strongly
depends on structural and phase changes in the solid material. To be cautious, ¢,
values given for the solid phase are only valid in a range of 100 K below the solidus
temperature. No ¢, values are given in Table 8 for S600 and V720 before melting where
the enthalpy can only be fitted with a quadratic polynomial, as ¢, is only described
by the slope of a linear polynomial.

Resistivities at the initial geometry (see Fig. 2) lie within two bands, separated by
up to 3 %; an upper band with N709, S600, and T200 and a lower one with P558 and
V720. In the solid phase, the resistivity of all materials increases with temperature. The
transition from solidus to liquidus is accompanied by a sudden increase in resistivity,
and in the first 500 K to 1300 K into the liquid phase, the p(7") values show a small
increase or can almost be assumed as constant considering the stated uncertainties.

Using the values of ¢, from Table 8 and the temperature-dependent resistivity data
at the initial geometry, the thermal diffusivity is calculated from Eq. 7 and curves
for all materials are plotted in Fig. 3. Each steel alloy shows an increase in thermal
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Fig. 1 Enthalpy as a function of temperature for five alloys
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Fig. 4 Density as a function of temperature for five alloys

diffusivity with temperature in both phases. Above melting, S600 has the lowest and
T200 the highest values of a. Only for the material T200, the values increase at the
transition from solidus to liquidus whereas for N709 and P558 a significant decrease
is observed at this transition. With no ¢, results for S600 and V720 in the solid phase,
only values in the liquid phase are calculated for these alloys. However, the reader
could estimate ¢, for both materials using the first derivative of the polynomial fits of
H(T).

Figure 4 depicts density values as a function of temperature. For all the materials,
the density is decreasing with temperature. The highest values are recorded for S600,
V720, and T200, while the densities of P558 and N709 are about 350 kg~m_3 lower.
From RT up to Ty (Tiiq), a decrease of density is observed. The highest decrease at the
melting point represents those of S600: 4.69 % (14.9 %) and T200: 8.42 % (13.2 %).
A minimal decrease of density at melting is observed for P558: 6.66 % (8.1 %), and
values for N709 7.37 % (10.5 %) and V720: 5.39 % (9.0 %) are in between. A rule of
thumb [21] estimates a 7 % density decrease up to solidus, which is roughly confirmed
here.

Data obtained from the expansion measurements with a fast CCD camera were
applied for the correction of electrical resistivity values. Figure 5 shows corrected
values of the electrical resistivity as a function of temperature. In the liquid phase,
steeper increase rates of pqor are observed for all specimens; however, the order
between the data, lowest to highest value, is not changed by including this correction.

Figure 6 depicts the thermal conductivity as a function of temperature, as calcu-
lated with the Wiedemann—Franz law (Eq. 6). Due to its density versus temperature
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dependence, the results for V720 are significantly higher than those for the other four
materials. Regarding the thermal conductivity of metals and alloys in the solid state, it
has to be noted that it is important to include both electronic and lattice components,
as shown in the theoretical work of Klemens [13]. The measurement principle used in
this work can only measure electronic components, but for Fe-Cr-Ni alloys, Klemens
suggests lattice contributions that vary from 4.8 W-m~!.K~! for Nimonic 80 and
Inconel 718 [13] up to values of 6.8 W-m~!.K~! for SRM 735 and 7.4 W-m~!.K~!
for Nimonic 75. These influences were discussed in our previous work for Inconel 718
[7] and after including a correction for the lattice parameter, the experimental values
were in good agreement with existing literature values for that alloy. From that reason,
for the solid state, a value of about 5 W-m~ ! K~! to 6 W-m~!.K~! should be added
to the thermal conductivity values reported here. In the liquid phase, no such compen-
sation is necessary, as there is no additional influence from the lattice contribution to
the thermal conductivity.

3.1 Uncertainties

All uncertainties reported in Table 9 represent expanded relative uncertainties with a
coverage factor of k = 2 (95 %), calculated following the GUM for all specimens
[22]. Corresponding uncertainty bars are not depicted in the individual figures.
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