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Practical formulas for additive manufacturing

alloys: thermophysical and mechanical properties

Abstract

Accurate thermophysical and mechanical property data are essential for reliable
implementation of laser powder bed fusion and directed energy deposition. How-
ever, these data for alloys crucial in additive manufacturing remain scattered
across handbooks and original studies. They are often measured under non-
AM-specific conditions, lacking unified temperature-dependent formulations. In
this work, explicit formulas for the thermophysical and mechanical characteris-
tics of SS316L, Ti-6Al-4V and Inconel 718 alloys as a function of temperature
have been derived. The proposed expressions are obtained through critical review
and statistical analysis of over 100 experimental datasets and well-established
theoretical models, covering temperatures from room temperature to above the
melting point. Overall, eleven characteristics are described, including density,
enthalpy, heat capacity, thermal conductivity, electrical resistivity, surface ten-
sion, viscosity, Young’s and shear moduli, Poisson’s ratio, and yield strength.
An original approach is proposed that accounts for the effect of residual poros-
ity on the material properties of 3D-printed samples. The proposed correlations
show fair agreement with reference experimental data, with typical deviations
within £10% for most properties. In contrast to existing property databases, the
temperature-dependent polynomials are directly compatible with finite element
and computational fluid dynamics simulation frameworks. The property models
are relevant for predicting melt pool dynamics, thermal stress evolution, and de-

fect formation, including keyhole porosity and spattering, which are critical for



process optimization. The provided tabular data and analytical formulas can be
used for simulation and optimization of processing regimes in 3D metal additive

manufacturing.

Keywords: properties, temperature dependence, SS316L, Ti-6Al-4V, Inconel 718

1 Introduction

Thermophysical and mechanical properties of steels and other industrial alloys have
always been intensively studied in mechanical and materials engineering. Various ma-
terials with application-specific characteristics are used in aerospace technology, power
engineering, and healthcare. As an example, stainless steel 316L (SS316L) is used
broadly in the food, chemical, and atomic power domains. The titanium Ti-6Al-4V
alloy is indispensable in the manufacturing of aerospace assemblies and high-pressure
tanks employed at variable temperatures. The nickel Inconel 718 superalloy is recog-
nized in the production of hot-zone turbines and their blades. Also, its application
includes the construction of nuclear power reactors and machinery in the oil and gas
industries.

Additive manufacturing (AM) of metals [1-4] has been developing for decades and
now it has reached a mature stage sufficient for its effective utilization in industry. One
of the distinctive features is the possibility of 3D-printing of parts with the controlled
structure, complex internal geometry, and inner channels. Among a wide range of
specific AM methods, laser powder bed fusion (PBF-LB), directed energy deposition
(DED), and their variations exhibit a strong dependence on temperature. In these
processes, the consequent stages of heating, melting, consolidation, and solidification
of powder particles are conjugated with solid-phase and liquid-to-solid transitions.
Accounting for a short (of about 100 ms) thermal cycle of local treatment, proper

assessment of thermophysical properties as a function of temperature is vital for metal



AM. Other parameters like pressure, processing regimes, and residual porosity may
also affect the final characteristics.

Draft analysis of available literature data reveals that the property—temperature
relationships often show nonmonotonic behavior, discontinuity of the first derivative,
and other features. This is typical for multi-component alloys with phase transitions
and the presence of polyvalent metals. Hence, it may cause the formation of defects,
especially if an unstable PBF-LB or DED processing regime is implemented. The most
difficult and challenging problem is a substantial dependence of the surface tension ~y
on the content of sulfur and other impurities. For instance, in SS316L, sulfur has a
strong impact not only on +y itself but also on its first derivative d-y/dT" with respect to
temperature. Consequently, the sign of dy/dT alters the Marangoni coefficient (see [5,
6] and references therein). For Ti-6A1-4V and Inconel 718 alloys, experiments show a
complex temperature dependence of the thermal conductivity k owing to polymorphic
transformations. As a result, no simple approximation of k(T") by a set of piecewise
continuous curves exists (see [7]).

It is worth mentioning several additional problems with the values of the
thermophysical properties of metallic materials. (i) Alloys exhibit inhomogeneous mi-
crostructures that complicate the formulation of clear and representative data [8-11].
(ii) Thermophysical properties vary as a function of temperature non-linearly; hence,
more accurate thermal control is required in measurements. (iii) Different measure-
ment techniques may contradict each other; thus, the correct estimation of values may
be difficult. (iv) In the case of complex experimental conditions such as in additive
manufacturing, the influence of processing parameters [12-14] can be properly ac-
counted for only with the assistance of multi-physics simulations [13, 15]. The current
state of research shows a large variety of possible multiscale approaches to get decent
quantitative estimates in powder sintering experiments [14, 16-19]. The continuous

media approach tends to be a productive and precise method [20-22], but the models



are highly dependent on the values of effective physical characteristics. Therefore, the
need for the data presented in the present work is high in the AM domain.

The next feature of AM comes from the process of powder melting and its deposi-
tion, which implies the analysis of underlying phenomena in their full complexity. In
the formed multi-phase system, the gas, liquid, and solid phases interface with each
other. Hence, substantial porosity may develop, which affects the thermophysical prop-
erties. Usually, the structure of powders is complex because of a wide spread of particle
sizes and the irregular morphology of pores in individual particles [23—-25]. Thus, the
detailed prediction of the effective thermal conductivity of powders requires consider-
ation of (i) the shape and size distribution, (ii) the conductivity of particles and the
gas atmosphere, and (iii) heat transfer between the metal and gas phases [26]. There-
fore, the most comprehensive approach should combine two different methods [27]: the
classic packed bed approach [23, 26, 28] and stochastic random filling models (see [24]
and references therein).

For better accuracy and confidence, different experimental techniques have recently
been developed and cross-validated. Thermophysical measurements are conducted
via differential scanning calorimetry and dilatometry [7, 29-32], extended with local
heating by short laser pulses [7, 32-35]. The latter method provides local and effec-
tive heating of the material to high temperatures. In viscosity and surface tension
measurements, a few methods are widely used, including the oscillating vessel tech-
nique [36], the levitated drop method [36-38], the oscillating drop method in parabolic
microgravity flights [39, 40], and containerless electromagnetic levitation onboard the
International Space Station (ISS) [41, 42]. Many outstanding scientists have already
contributed to this domain of research. Their work delivered the accurate thermo-
physical data to multiple datasets widely accessible online. In the present paper, we
may highlight and cite only some papers and books, including widely cited studies by
K.C. Mills [43] and Y.S. Touloukian [44], as well as IAEA reports [45]. The modern



input of the research groups under the guidance of NIST, NASA, ESA, Roscosmos,
and JAXA is greatly appreciated.

Experimental assessment of mechanical and granulometric properties is performed
with different techniques, including various tension tests [46, 47|, scanning elec-
tron microscopy [48], ultrasonic testing (UT) [49, 50|, compression tests [51], X-ray
computed tomography [52], impulse excitation technique [53], and others. In solid
mechanics, computer simulations are often complemented by laboratory tests for the
analysis of non-linear material response. To that end, computational methods based
on finite element discretization [54] are matched with constitutive models of solid
mechanics [55].

The main objective of this paper is as follows. In literature, an extensive data
set with the thermophysical properties of SS316L, Ti—-6A1-4V and Inconel 718 is pro-
vided [6, 7, 31, 33-35, 3745, 56-72]. Often, the data are scattered over multiple
publications and valid for limited temperature intervals according to measurement
performed by the authors. In this work, the authors aim to classify and cross-validated
the properties of SS316L, Ti—-6Al-4V and Inconel 718 that are important for AM.
To that end, the following steps are performed: (i) review and critical assessment of
experimental data available in papers and handbooks, (ii) correlation and regressive
analysis, (iii) development of explicit formulas for piecewise continuous approximations
of properties as functions of temperature and porosity. Thus, the practical importance
and scientific novelty are given by the applicability of the derived formulas in the wide
temperature interval between the room and boiling temperatures. Moreover, the tem-
perature range near the melting temperature is thoroughly described both in the solid

and liquid phases.



2 Methodology

A common method for assessing measured experimental data is correlation-regression
analysis. First, it evaluates the level of correlation between two or more characteristics.
Then, in case of mutual correlation, a functional relation between them is derived
as a closed-form expression that includes the independent parameters of the system
under consideration. For better representation, both interpolation and extrapolation
techniques are widely used. In the present paper, an extended set of experimental and
simulation data available in the literature on the chosen alloys was used [6, 7, 31, 33—
35, 3745, 59-72]. The least-squares procedure and radial basis function method are
both used for the construction of the final expressions of properties as functions of
temperature. The list of all thermophysical and mechanical properties assessed in the

paper with the derivation of the closed-form expressions is provided in Table 1.

Table 1: List of thermophysical and mechanical properties
assessed in the paper with the derivation of closed-form ex-
pressions over a wide temperature range.

Parameter name Symbol Unit
Density p kg m™3
Heat capacity at constant pressure cp J kg_1 K!
Thermal conductivity k Wm ! K!
Enthalpy AH kJ kg~ !

Electrical resistivity Pel Qm
Dynamic viscosity n Pas
Liquid-gas surface tension 5 Nm™!
Young’s modulus E Pa
Shear modulus G Pa
Poisson’s ratio v -
Yield strength 00.2 Pa

For the heat transport coefficients, we combine the analytical models suggested
by different authors [24, 26, 28, 73| with the results of numerical simulations [27].

The temperature-dependent coefficients are introduced into the transport models in



the quasi-continuous approach for partially melted and dry powders, allowing one to
determine their thermal and mechanical properties considering them as multiphase
media. The evaluation procedure for the effective mechanical properties of porous
materials is based on standard constitutive models of solid mechanics averaged over the
representative volume. Owing to a high difference in elasticity between the solid matrix
and voids, well-established techniques for composite materials like the Eshelby and
Mori-Tanaka models are not directly applicable. Instead, a homogenization method
for strain averaging is employed. Several models comply with this principle and have
been used here, including the Voigt-Reuss and Hashin-Shtrikman bounds, Christensen,
Wachtman, and Mechanical Threshold Stress models [74-76].

Some properties of solids conform with the lever rule (sometimes referred to in
the literature as the rule of mixtures). This approach is based on the assumption
that specific thermophysical characteristics, such as density or specific heat, are linear

functions of their constituents’ properties according to:

N
o(T) = > wipi(T), (1)
=1

N
ep(T) = wicy(T), (2)
i=1

where z; is the mass (or volumetric, depending on the definition) fraction of the
component in a mixture, while p; and ¢, ; are the density and specific heat of the i-th
component, respectively. The temperature dependencies of density and specific heat

for individual chemical elements are taken from [72].



The mechanical properties are mutually related through the elastic relationships:
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where K, G, F, v, and A represent the bulk modulus of linear elasticity, shear modulus,
Young’s modulus, Poisson’s ratio, and the Lamé multiplier, respectively.

The construction of analytical models for the practical calculation of material
properties is performed through a multi-step algorithm. This includes a preliminary
confidence analysis of available data followed by a search for their optimal power
expansion as a function of governing parameters. The applied approach consists of the

following steps:

Step 1: Data compilation. Data collection is performed using available literature
sources, internal experimental tests, and theoretical models suggested in scholarly
works. At this stage, emphasis is placed on gathering empirical data provided by
different experimental techniques to ensure robust cross-validation.

Step 1: Confidence evaluation. Evaluation of the retrieved datasets based on con-
fidence criteria. Here, a key metric is the reproducibility of the same functional
dependency of the selected property during analysis within finite parameter intervals.
A significant deviation within the collected datasets is occasionally considered accept-

able. Some properties, such as surface tension, are reported in the literature with



contradictory functional trends due to the effect of dissolved impurities. For these sce-
narios, all datasets are retained in the analysis to allow an independent assessment of
property variability by the readers.

Step 3: Selection of the regressive model. Selection of the regressive model as
a power expansion of governing parameters. To that end, different power terms are
combined for the most accurate representation of the retrieved empirical data. Often,
the observed functional dependencies are non-monotonic and may exhibit inflections.
Under such circumstances, a piecewise approximation by continuous functions is
used, allowing for a discontinuity of the first derivative between intervals, while the

continuity of the approximated function itself is strictly preserved.

Note 1 to Step 3: The required accuracy of the expansion coefficients is property-
specific and cannot be unified. Therefore, the precision of the coefficients, defined by
the number of digits after the decimal point, is chosen to achieve fair agreement with
the verification data.

Note 2 to Step 3: The construction of regressive models for mechanical properties
as functions of temperature is performed using the Akaike information [77], Bayesian
information [78], and Hannan-Quinn [79] criteria (AIC, BIC, and HQC, respectively).
These criteria are not employed for the analysis of thermophysical properties because
their temperature dependence is usually complex and non-linear. To incorporate these
complex functional dependencies, these properties are better approximated using a

piecewise approach.

Step 4: Verification of convergence. The divergence between the regressive

model and empirical data is calculated using the Lo-norm according to:

N
2
£ = ”Xmodel — Xemp. data||2 — Z (x;nodel _ xle'mpA data) ) (4)
=1

The relative data validity within 10% is assumed to be acceptable. For the final con-

firmation of the model, correspondence with at least two datasets is required. Among



the available empirical data, publications reporting datasets obtained via modern mea-
surement techniques are prioritized. The year of publication is also accounted for in
the approach implemented in this paper. Table 3 provides the chemical compositions
of the alloys selected for analysis. Table 2 collects their reference thermophysical and
mechanical properties at room and melting temperatures.

The next sections present the results of the present study according to the follow-
ing structure. Each property is considered in a separate section. First, the fundamental
definition of the chosen property is provided. Next, the recommended analytical and
regressive models with their expansion coefficients are presented. Then, the plots of
the selected regressive model combined with verification data are drawn for all stud-
ied materials. Finally, specific features of the analyzed property are discussed. The
section “Supplementary materials” contains the tabular data for all thermophysical
and mechanical properties of SS316L, Ti-6Al-4V, and Inconel 718 as a function of

temperature.

Table 2: Reference thermophysical and mechanical properties at room and melting
temperatures collected from relevant publications on material properties. NT P de-
notes normal temperature and pressure conditions equal to 298.15 K and 101325 Pa
according to NIST.

Parameter Symbol SS316L Ti—6Al- Inconel ST unit
name 4V 718

Boiling Thoil 3100 3550 3100 K
tempera-

ture

continued on next page

10



Table 2 — continued

Parameter Symbol

name

SS316L

Ti—-6Al-
4V

Inconel

718

SI unit

Melting T
temper-

ature

(liquidus)
Solidification Ty
temper-
ature
(solidus)
Heat of fu- Lyl
sion

Heat of  Loil
boiling

Radiative €rad
emissivity
Laser ab- A solia
sorptivity
by the
solids
Laser ab-  Ax melt
sorptivity
by the melt
Density (at p(NTP)

NTP)

1713

1679

2.70 x 10°

7.45 x 109

0.4

0.55

0.3

8000

1921

1878

2.82 x 10°

9.83 x 10°

0.4

0.35

0.35

4432.1

1609

1533

2.27 x 10°

7.34 x 10°

0.4

0.45

0.45

8190

Jkg!

J kg™!

kg m—3

11
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Table 2 — continued

Parameter

name

Symbol

SS316L

Ti—-6Al-
4V

Inconel

718

SI unit

Density (at
Tom)
Specific
heat  (at
NTP)
Specific
heat  (at
Tom)
Thermal
conduc-
tivity  (at
NTP)
Thermal
conduc-
tivity  (at
Tom)
Viscosity
(at Ty)
Melt-gas
surface
tension (at

Tm)

Cp (Tm )

k(NTP)

6954

463.928

735

13.24

30

0.0075

1.67

4086

525.04

855

7.0398

28.5

0.0083

1.461

7390

720

720

9.94

29.6

0.0072

1.882

Jkg 1 K71

Wm- K

Wm- K1

Pas

Nm™!

12
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Table 2 — continued

Parameter

name

Symbol

SS316L

Ti—-6Al-
4V

Inconel

718

SI unit

Temperature
coeff. of
surface
tension
Electrical
resistivity
(at NTP)
Yield stress
0.2 (at
NTP)
Tensile
stress  (at
NTP)
Young
modulus
(at NTP)
Shear mod-
ulus (at
NTP)
Poisson’s
ratio  (at

NTP)

dry/dT

pe(NTP)

JO'Q(NTP)

ouTs (NTP)

E(NTP)

G(NTP)

v(NTP)

0.0004

0.75

3.80 x 108

5.85 x 108

1.93 x 101!

7.30 x 1010

0.33

—0.0004

1.71

8.80 x 10%

4.82 x 108

1.14 x 101!

4.21 x 1010

0.339

—0.00037

1.182

1.20 x 109

1.38 x 107

2.05 x 101!

7.72 x 1010

0.294

Nm ! K-!

©dm

Pa




Table 3: Chemical composition (in wt.%) of stainless steel
316L, titanium Ti-6Al-4V alloy, and nickel Inconel 718 su-
peralloy [43, 45, 65].

SS316L

C Cr Cu Fe Mn Mo Ni Si S
0.08 16-18 0.3 65 2.0 25 10-14 1 <0.03

Ti-6Al1-4V

Al C Fe H N (0} \% Ti
5.5-6.7 0.1 04 0.015 0.05 0.2 3.5-4.5 balance

Inconel 718

C Ni Cr Ti Al Mn Fe Mo Nb Si
010 55 21 115 0.8 035 125 33 55 0.35

14



3 Results and discussion

3.1 Density p

The density of metallic alloys governs several “process—structure—property” relation-
ships important in additive manufacturing. On the one hand, alloy density influences
thermal regimes because materials with higher density typically exhibit better thermal
conductivity [24], supporting more efficient heat dissipation during laser processing.
This eventually reduces the thermal distortion [13] of printed parts. High density also
leads to a reduction in the formation of voids and porosity as a result of an improved
consolidation rate and a decrease in gas trapping [80]. Dense powder particles are less
affected by aerodynamic effects during DED deposition [81-83], which favors a more
uniform material flux. On the other hand, alloys with higher density require extra
energy for melting, which affects the overall energy balance of the process.

For multi-phase media, the effective density is usually defined by integrating the
mass over a representative volume element. The effective density of porous powders
and sintered materials processed by PBF-LB in a protective gas atmosphere can be

calculated using a linear approximation [27]:

peﬂ(T> = pmetal(T)(l - 5) + Pgas (T)E, (5)

where pmetal is the temperature-dependent density of the metal, pgas is the density of
the atmosphere, and ¢ is the local porosity. For the calculation of the gas density, the

virial equation for gases [84, 85] can be employed as:

P
RT pgas

= A+ Bpgas + Cplas + - - - (6)
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where p is the gas pressure, R = 8.314 J mol~! K~ is the universal gas constant,
Peas is the density of the gas, and A, B,C ... are the virial coefficients explicitly
determined for specific gases [86, 87]. The density of a typical shielding gas in PBF-LB
processing at a flow rate of 4 m/s and an overpressure around 10 mbar [88] differs by
three orders of magnitude compared to pmetar, which is typical even for light alloys. A
fair approximation valid for the majority of calculations is to discard the gas density,
yielding an effective density of peff & pmetal(1 —€). In contrast to density, heat transfer
via gas pores cannot be neglected [27, 88|, and this contribution is retained in the
thermal conductivity section.

The density of bulk metallic materials is fairly well approximated by a quasi-linear

function of temperature within a specific polymorphic phase:

pmetal(T) = a +bT + ¢T?,  with T? < bT, (7)

where the quadratic term ¢T? is significantly less valuable in comparison to bT. A
typical linear crossover in pumetal(T') is always observed between the solidus and lig-
uidus temperatures, where the density decreases by up to 10% during alloy melting.
This density jump between the solid and liquid phases is specific to first-order phase
transitions.

All alloys considered here do not reveal any anomalous features in their density as
a function of temperature pmetal(T). Therefore, the coeflicients a, b, and ¢ in Eq. (7)
are introduced as constants within each temperature interval. The density data are
depicted below in Fig. 1 along with a set of references, which are provided in the right
panel with the corresponding experimental methods used to obtain these results. The
characteristic solidus Ty, and liquidus T;, temperatures are designated by vertical

lines. They correspond to the bounds of the second polynomial range for each material

16



(see Eq. (7) and the corresponding coefficients in Table 4). The solid black line repre-
sents the approximation proposed in the present work, expressed through a piecewise
continuous polynomial by Eq. (7), where the coefficients at powers of T" are given for

the valid temperature ranges for each material in Table 4.

Table 4: Polynomial expansion coefficients derived for the density p(T")
(kg m~3) of SS316L, Ti-6A1-4V, and Inconel 718 for given temperature ranges.

Temperature range (K) a [TV b [T c |12
S$S316L

T < 1679 8.084 x 10° —4209x 107! —3.894 x 107°
1679 < T < 1713 2.31888 x 10* —9.48258 0
T > 1713 8.119228 x 103  —7.22938 x 10! 0
Ti—-6Al-4V

T < 1878 4.465892 x 10° —1.54 x 1071 0
1878 < T < 1921 8.10615 x 10° —2.09237 0
T > 1921 4.955 x 10° —4.52 x 107! 0
Inconel 718

T < 1533 8.32134 x 10°  —4.40753 x 10! 0
1533 < T < 1609 1.28028 x 10* —3.36408 0
T > 1609 8.21546 x 10°  —5.13027 x 107! 0

3.2 Specific enthalpy A H; and latent heat of fusion L,

Enthalpy H(T) = U(T)+pV is a thermodynamic quantity that describes the internal
energy U of a system coupled with its potential energy pV. The specific heat capacity
cp, considered further in Sec. 3.3, is the partial derivative of enthalpy at constant
pressure p, defined as ¢, = (0H/JT),. For practical purposes, enthalpy is evaluated

through its increment relative to a reference state value Hy as:

AH(T) = H(T) — Ho, where HO = H|T:298K- (8)

17
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Figure 1: Temperature dependence p(T) of density derived for (a) SS316L stainless
steel, (b) Ti-6A1-4V, and (c) Inconel 718 alloys. The solidus Ty, and liquidus T,
temperatures are designated by vertical lines.



The experimentally measured temperature dependence of AH(T') combines intervals
of steep monotonic increases and flat phase-change plateaus. Therefore, a comprehen-
sive approximation of AH(T) is provided by a piecewise continuous polynomial that

includes both integer and fractional powers as follows:

AH(T) = a+bT"?® + cT°° +dT + eT? + fT° + gT* + hT®. (9)

The coefficients of this expansion for the studied alloys are summarized in Table 5,
whereas Fig. 2 illustrates the continuous AH (T') functions constructed for all analyzed
materials.

The latent heat of fusion L4, also referred to in the literature as the specific
enthalpy of fusion AHy, is the net enthalpy change occurring between the solidus and

liquidus temperatures, expressed as:

Luett = AHy = AH(T,,) — AH(Too). (10)

In this context, Lyt represents the latent heat or thermal energy absorbed or released
during the liquid-to-solid phase transition per unit mass. These latent heat values have
been summarized previously in Table 2 of Section 2.

Furthermore, the effective latent heat of fusion Lyt for porous media is treated
as an additive physical parameter, analogous to density or mass. In a powder bed or
a sintered porous component, the volume-averaged enthalpy depends on the volume
fraction of the solid metallic matrix and voids, which is defined by the local porosity
€ as:

L(e,T) = (1 — ) AHMe*™, (11)

provided that no chemical reactions or phase transformations occur between the solid

phase and the surrounding gas atmosphere.
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Figure 2: Specific enthalpy of (a) SS316L, (b) Ti-6A1-4V, and (c) Inconel 718 alloys
as functions of temperature T. The solidus Ty, and liquidus T;, temperatures are
designated by vertical lines.
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Table 5: Polynomial expansion coefficients of specific enthalpy AH(T) (kJ kg=!) for the selected temperature ranges.

Temperature range (K) 7° 70-25 705 T! T2 T3 T4 >
S$S316L
T < 1679 —4.23105x 0 0 1.62843 —1.67136x 1.13421 x —2.79715x 1.98897 x
102 1073 1076 10710 1071
1679 < T < 1713 ~1.27124x 0 0 8.02941 0 0 0 0
10
T > 1713 1.72076 x 0 0 3.78099 x  —3.29499x 1.43054 x —3.08764x 2.65082 x
10° 102 1071 1074 1078 10710
Ti—6Al-4V
T < 1878 —4.63842x 0 0 1.14177 —2.38101x 3.90051 x —2.36861x 4.75158 x
10t 1073 1076 1079 10713
1878 < T < 1921 ~120131x 0 0 7.02070 0 0 0 0
10
T > 1921 -3911.47 94.9844 108.519 0 0 0 0 0
Inconel 718
T < 1533 194.76 0 -29.6649 1.09284 0 0 0 0
1533 < T < 1609 3.39411 x 0 0 —4.51383x 1.53034 x 0 0 0
10* 10! 1072
T > 1609 -4817.49 0 206.33 -1.57021 0 0 0 0




3.3 Specific heat capacity c,
The specific heat capacity of a powder mixture is typically calculated using a volume-

weighted average and depends on temperature, gas density, and local porosity [24, 27]:

cgletal(T)pInetal(l _ 5) 4 czg)aspgasE

pmetal(l _ 8) + pgasg

cmixture (T) —

P ) (12)

where ¢*!(T') and p™°**! represent the specific heat capacity and density of the solid
metal matrix, respectively, 1" is the temperature, c5* and p#** are the corresponding
values of the surrounding gas phase, and ¢ is the local porosity.

The specific heat capacity of metallic alloys is one of the most complex thermody-
namic characteristics regarding temperature dependence. Under constant-rate heating
conditions, the measured ¢, of any complex alloy is defined by two primary factors: (i)
its intrinsic specific heat, and (ii) extra thermal effects related to latent heat absorption
or release during phase transformations, which introduce a significant contribution to
the net balance of c,. Numerous literature sources confirm that within the elevated
temperature interval of [0.7T,,...T,,], multicomponent alloys exhibit polymorphic
transformations, magnetic phase transitions, and recrystallization phenomena. Pro-
nounced sensitivity to the heating rate (thermal history) is also frequently observed.
All aforementioned effects result in significant non-monotonicity, discontinuities, and
abrupt leaps in the ¢, = f(T') curves. The thermophysical nature of these features
is typically revealed through a thorough analysis of calorimetric DSC and DTA data
in connection with the equilibrium phase diagram and intermetallic phase formation.
Among the alloys studied in this work, Ti-6Al-4V and Inconel 718 both demonstrate
such non-monotonic profiles due to the specific role of Ti and V in their chemical
formulations.

According to experimental observations [7], the function ¢,(T") reveals a sharp

jump around T' = 1200 K, which directly reflects the o« — [ allotropic transition in
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the titanium lattice. The Ti-6A1-4V ternary alloy represents an «+ ( type solid solu-
tion with a distinct dominance of the a-phase at room temperature. As temperature
increases, the volume fraction of the -phase grows, culminating in a full transition
to the single-phase [ region at the transus temperature 73, which highly depends on
the exact chemical composition. Within this system, Al and V exert opposing ther-
modynamic effects. While Al acts as an active a-phase stabilizer, shifting T;g to higher
temperatures, vanadium, conversely, stabilizes the S-phase and promotes a downward
shift in Tj.

In the Inconel 718 superalloy, non-monotonic behavior of ¢,(7") is clearly observed
within the intermediate temperature window between 940 and 1040 K. This anomaly is
fundamentally linked [34] to microstructural transformations. Initially, the microstruc-
ture following high-temperature treatment at 1400 K and subsequent cooling comprises
a v FCC solid solution matrix with finely dispersed particles of 7 and " localized
predominantly at grain boundaries. These secondary phases exhibit a limited solv-
ability that expands non-linearly with increasing temperature. At T ~ 900 K, these
precipitate particles dissolve, providing a significant additional contribution to the to-
tal enthalpy AH and, consequently, inducing a substantial peak in the differential
heat capacity ¢, = 0AH/OT.

For the analytical approximation of the temperature dependence c,(T") of indus-
trial alloys, the classic Maier—Kelley equation is often preferred [99]. However, the
high-temperature region can be more effectively approximated by higher-order ex-
pansions [100]; the generalization of thermodynamic function expansions in regions
containing phase singularities can be elegantly implemented in the form of a Laurent

series:

Cp(T) = a_4T74—|—a_3T73+a_2T72—|—a_1T71+a0+a1T—|—a2T2—|—a3TS—|—a4T4. (13)
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The specific heat capacity over a wide temperature interval is controlled by several
distinct physical mechanisms, each characterized by its own temperature sensitivity.
At high temperatures well above the Debye temperature, ¢, asymptotes toward the
classical limit predicted by the Dulong—Petit law [100]. At intermediate temperatures,
however, lattice anharmonicity introduces terms of higher positive powers into the ex-
pansion. For metals and alloys, the electronic contribution to ¢, scales linearly with
T according to the Sommerfeld free-electron theory, which yields the a;T term. At
temperatures approaching the solidus, the equilibrium concentration of vacancies in-
creases exponentially, causing the appearance of the T—! and T2 negative power
terms. Consequently, a proper description of phase transitions requires mathematical
models containing both positive and negative powers.

An approach rooted in the thermodynamics of metallurgical processes is systemat-
ically utilized by Kenneth C. Mills [101] via an extended variant of the Maier—Kelley
equation:

cp(T)=a+bT +cT? +dT™ " + T2 (14)

The same mathematical expansion is applied in foundational thermodynamic
databases compiled by Kubaschewski [102] and Barin [103]. Similarly, the Scientific
Group Thermodata Europe (SGTE) [104] recommends modeling the property via the
expression:

ep(T) = a+bT + cT? +dT3 + eT~ ' + fT72. (15)

In the present study, we have expanded the polynomial powers up to 7-4...7T%
since this symmetric Laurent formulation ensures superior fitting accuracy near phase
transformation singularities. Specifically, high powers provide an excellent description
of structural asymmetry and capacity leaps while strictly preserving functional conti-
nuity. The resulting ¢, (1) curves evaluated for all three alloys are illustrated in Fig. 3,

and the corresponding piecewise expansion coefficients are compiled in Table 6.
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Figure 3: Calculated specific heat capacity of (a) SS316L steel, (b) Ti-6Al-4V alloy,
and (c) Inconel 718 as functions of temperature 7. The vertical lines indicate the
solidus T;, and liquidus T, temperatures.
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Table 6: Laurent series and polynomial expansion coefficients derived for the specific heat capacity c,(T)
(J kg=! K1) of SS316L, Ti-6A1-4V, and Inconel 718 alloys for given temperature ranges.

Temperature range (K) 772 /71° Tt /71! 70 /) T2 T )13 T2 /) T* T3 ) T°
558161 (Maier-Kelley / Laurent powers: T~2 to T?)
2.101 1.048
298 — 1679 0 0 %102 0 0 x10~7
—8.116 9.040
1679 — 1713 0 0 %102 %1071 0 0
7.360
1713 — 3000 0 0 %102 0 0 0
Ti—6Al-4V (High-order polynomial powers: T° to T5)
3.7828569  6.1516805  —2.8993917
298.15 — 750.837 x10° x1071 x1074 0 0 0
1.1258219 —1.6313212  6.2754916 —1.0404929  7.9757701  —2.3277462
750.837 — 939.515 x10° %103 x10° x1072 %1076 x1079
—1.4303552  7.3586097 —1.5065242  1.5356917 —7.7974868  1.5782864
939.515 — 1155.04 %108 x103 x10! x1072 %1076 x107°
1.8070973  —7.4483021  1.2278417 —1.0119354  4.1696036 —6.8717079
1155.04 — 1258.59 %107 %109 x10* x10! x1073 x10~7
3.3770361  8.0553049  —6.5345471  1.9532729
1258.59 — 3000 x10° %1071 x1074 x1077 0 0
Inconel 718 (High-order polynomial powers: T° to T®)
—7.849 —1.225 1.712 —1.074 2.467
298 — 1609 %101 4.123 x1072 x107° %1078 x10712
7.200
1609 — 3000 %102 0 0 0 0 0




3.4 Thermal conductivity k

Thermal conductivity ¥ (W m~! K~!) in metal powders during PBF-LB and PBF-G
(Powder Bed Fusion using G-code) processing is fundamentally defined by the con-
ductivities k™ of the solid or melted metal matrix and k8 of the surrounding gas
phase, respectively. For a proper transport analysis, the temperature and pressure de-
pendencies of k8%(T, P) and k™ (T) are first introduced. Subsequently, these functions
are employed as inputs for advanced models of heat transport in powder beds that

explicitly account for the local porosity ¢ of the material [27].

3.4.1 Heat transfer in the gas atmosphere and metals

Table 7: Coeflicients of the gas thermal conductivity
kg2 = f(T, P) from Eq. (16), provided for vacuum, air,
nitrogen, and argon atmospheres.

Gas phase Ty (K) k(Tp) Wm™ K™Y =z B

Vacuum 1 0 1 1
Air 300 26.3 x 1073 09 5.85
Ny 273 24.3 x 1073 0.8 5.95
Ar 373 25.6 x 1073 05 5

The temperature and pressure dependence of k8°5(T, P) follows from the non-linear
interpolation of experimental data [85]:

T\" logyo P

k&S (T, P) = k(Tp) (TO> T (16)

where k(Ty), To, x, and B represent the empirical fitting coefficients summarized in
Table 7. For thermodynamic reasons common to both specific heat and thermal con-

ductivity described in Sec. 3.3, the thermal conductivity &™ of industrial alloys also
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exhibits a highly non-linear temperature dependence. Thus, the computational opti-
mization approach discussed in Sec. 3.3 has been implemented to approximate the
temperature dependence of the metal conductivity, expressed as kmetal = f(T). Table 8
gathers the piecewise polynomial expansion coefficients for all investigated alloys,
while Fig. 4 summarizes the compiled experimental datasets alongside the resulting

theoretical curves of k™ (7).

Table 8: Polynomial expansion coefficients of the bulk thermal conductivity &™(7")
(W m~ K71) of SS316L, Ti-6A1-4V, and Inconel 718 for the selected temperature
ranges.

Temperature range (K) 7° Tt 70-2 706
SS316L

298 — 1679 9.248 1.571 x 1072 0 0
1679 — 1713 2.98386 x 102 —1.56499 x 10! 0 0
1713 — 3000 3.38621 1.58145 x 1072 0 0
Ti-6Al1-4V

298 — 1878 1.67846 1.30835 x 1072 0 0
1878 — 1921 —71.801 5.22099 x 10~2 0 0
1921 — 3000 —6.66 1.83 x 1072 0 0
Inconel 718

298 — 3500 —1.60683 0 1.36774  0.287506

3.5 Heat transfer in powders

After evaluating various analytical models for dry and partially melted powders
proposed by Lykov, Ofuchi-Kunii-Smith, Zehnder—Schliinder, Chen—Cheng—Hsu, Ka-
viany, and Hadley [23, 24, 26, 28, 73, 119, 120], this research has been narrowed to the
highly adaptable Hadley statistical model suggested in [73]. The model introduces a
consolidation coefficient a7, which effectively behaves as a crossover parameter match-

ing two limiting cases: the Maxwell upper bound (Lykov model [119]) and the lower
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Figure 4: Thermal conductivity of bulk ™ matrix for (a) SS316L, (b) Ti-6A1-4V

alloy, and (c) Inconel 718. The solidus Ty
nated by vertical lines.
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Figure 5: Effective thermal conductivity keg(e, T') of the SS316L powder: (a) compar-
ison of the present model (Hadley), Eq. (17) with ag = 8 x 1073, our model in the dry
powder limit with ay = 0.01, and the Zehnder—Schliinder model [26] for dry powders
as a function of the local porosity &; (b) literature data and models for the effective
thermal conductivity keg(e,T) as a function of temperature T at a fixed porosity of
e =0.38.

bound model [24]. Utilizing this approach, it is possible to cover most scenarios of par-
tial melting and track consolidation of metallic powders during laser processing and

consolidation [27]:

5f0 + (1 _ SfO) [kmetal/k.gas] N
1—e(1— fo) +e(l— fo) [kmetal/kgas]
2(1 — ) [kmetal /kEns]® 4 (14 2¢) [hmetal /pees]
1—e+ (2 + E) [kmetal/kgas] ’

keff = kgas(l — OéH)

as
k& (6578
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Figure 6: Verification of the effective thermal conductivity keg(P) in metal powders
as a function of gas pressure P by comparing the modified Hadley model with experi-
mental data from [8] at a fixed porosity of ¢ = 0.38 and a temperature of T = 273 K:
(a) SS316L and (b) Ti-6Al1-4V.

where fo is an empirical constant determined as fo = 0.9 in our previous study [27].
This model, defined by Eq. (17), provides a proper description of both partially melted
and dry (i.e., unprocessed) powders within a single coherent approach. At ay ~ 0.01,
the medium is loosely packed and k.g closely matches the data reported by Nozad
et al. [121, 122] for dry powders. Using our internal experimental data, we obtained
ap =8 x 1073 for the dry steel powder. This approximation can be reliably extended

to other metallic alloys as a first estimate.
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Following the numerical procedure introduced in our previous work [27], the Hadley
model has been successfully applied to partially melted powder beds. Based on the
assumption of a close-to-spherical particle morphology and following averaging over
random particle packings within the representative volume element during consolida-
tion, it is possible to eliminate the explicit dependence on the particle diameter d¢,
which commonly complicates alternative formulations [123, 124]. Therefore, a new

analytical formula for the consolidation coefficient oy is proposed in the form:

g
= 31— — 18
o= {f1- (18)

where g( represents the initial porosity of the unprocessed powder bed. The func-
tional relation for g expressed in Eq. (18) demonstrates an excellent agreement with
experimental data and multi-physics numerical simulations of partially melted com-
pacts [27]. Figs. 5 and 6 illustrate the resulting effective thermal conductivity profiles
of SS316L and Ti—6Al-4V powders as functions of local porosity, temperature, and

atmospheric gas pressure.
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3.6 Electrical resistivity pe

Electrical resistivity pel (2m) is a fundamental transport measure of a material’s
resistance to electric current. It is defined as the reciprocal of electrical conductivity,
Pel = 1/0c1, and uniquely characterizes the conductor matrix. Electrical conductivity

is directly related to thermal conductivity k& by the Wiedemann—Franz law:

2 2
i = kpel = T (kB> T, (19)

Oel 3 e

where kp is the Boltzmann constant, e represents the elementary charge, and T is
the absolute temperature. This thermodynamic law remains valid in both low- and
high-temperature boundaries where the approximation of electronic relaxation time
applies.

For metals and industrial alloys, the temperature dependence of p) is governed by
several concurrent electron scattering mechanisms. According to Matthiessen’s rule,

the total electrical resistivity can be formulated as the sum:

pel(T) = po + ppu(T) + pa(T) + pm(T), (20)

where pg is the residual resistivity resulting from electron scattering off crystal lat-
tice defects (assumed to be temperature-independent), ppi (1) represents the phonon
contribution driven by scattering from thermal lattice vibrations, pq(T) is the contri-
bution from scattering on structural defects and chemical impurities, and p,, (T') is the
quantum contribution associated with localized magnetic interactions. The net elec-
trical resistivity of metallic alloys displays a complex relationship with temperature,

influenced by multiple processing and structural factors:

1. Electron-phonon scattering dominates at elevated temperatures, yielding a strictly

linear contribution p,n(T) o< T above the characteristic Debye temperature.
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2. Lattice vibration anharmonicity introduces higher-order polynomial terms at
intermediate temperature intervals.

3. Structural phase transformations, such as the polymorphic o + 8 — 3 allotropic
transition in Ti-6Al-4V or the dissolution of secondary ' and ~" precipitate
phases in Inconel 718, induce distinct anomalies, including local extrema and sharp
slope variations.

4. Pronounced sensitivity to thermal history and processing heating rates is observed,
particularly for Ti-6A1-4V, where the transus temperature shifts significantly un-
der microsecond pulse-heating conditions compared to quasi-static states |7, 33,

34, 118].

As established in the heat capacity analysis (Sec. 3.3), the most robust approach
for approximating thermophysical properties across extended temperature ranges con-
taining phase transitions is a piecewise continuous polynomial representation utilizing
Laurent expansions with both positive and negative powers of temperature. This op-
timization approach, inspired by the work of Mills [101] and the international SGTE
group [104], is equally applied here to model the electrical resistivity pe (7).

To measure the electrical resistivity of SS316L, Ti-6Al-4V, and Inconel 718, vari-
ous high-temperature experimental techniques are employed. These include fast ohmic
pulse-heating, with independent evaluation of the initial geometry pig and thermal
expansion corrected peorr profiles [7, 33, 68|, millisecond pulse-calorimetry [34, 35],
the standard four-probe stationary method for baseline calibration at room tem-
perature [125], and the comparative guarded longitudinal heat flow technique for
low-temperature validation [116, 118]. A critical feature common to all transient
pulse-heating frameworks is that neglecting the thermal expansion correction results
in a severe 5-10% underestimation of pe (7)) in the liquid state. This error criti-
cally propagates into subsequent indirect evaluations of thermal conductivity via the

Wiedemann—Franz relation [7, 32, 68].
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For the SS316L alloy, which undergoes no solid-state polymorphic transformations,
the temperature dependence of pe(T') in the solid region is accurately captured by a

second-degree polynomial:

pel(T) = a+bT +cT?, for 500K < T < 167T9K. (21)

Within the melting range (1679 < T < 1713K), a standard linear interpolation is
implemented. In the single-phase liquid region above the liquidus, the resistivity cor-
rected for thermal expansion increases monotonically with temperature [68] according
to:

pet(T) =a+0bT, for T >1713K, (22)

where the expansion coeflicient b is strictly positive and approximately equal to 1.9 x
1074 uQmK—1.

The Ti-6A1-4V alloy exhibits highly complex transport behavior due to the poly-
morphic a +  — [ transformation. In the low-temperature o + S phase field below
1150 K, pei(T) grows monotonically and can be effectively fit by standard linear or
quadratic functions [125]. The transformation interval between 1150 and 1350 K rep-
resents the most critical region. Driven by the kinetics of the o +  — [ transition,
pel(T) exhibits a heavily non-monotonic profile, reaching a local maximum near 900 K,
followed by a sharp drop to a local minimum near 1250-1300 K, before rising again in
the single-phase 8 region |7, 125]. This anomalous path cannot be replicated by a sin-
gle low-degree polynomial. Instead, it requires either dedicated piecewise continuous
fits for each discrete phase window or a high-order Laurent series to smoothly cap-
ture the local extrema. In the single-phase 8 zone (T' > 1350 K) and the subsequent
liquid phase, the corrected resistivity pe (7)) follows a linear dependence with a posi-
tive slope. A key transport feature of Ti-6A1-4YV is its behavior during the solid-liquid

transition: the uncorrected raw resistivity peio(7") shows a non-physical drop upon
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melting (Apeo < 0). This artifact completely disappears once the volumetric ther-
mal expansion correction is integrated, correctly yielding a positive resistivity jump,
Apq >0 [7].

With the Inconel 718 superalloy, pe(7') exhibits a complex sequence of structural
phase transformations. In the low-temperature range (300-800 K), pei(T) increases
monotonically with temperature. A highly complex transport behavior is observed
within the intermediate window between 800 and 1000 K, where pe(T') reaches a
local maximum near 900 K and subsequently decreases to a local minimum near
1000 K [118]. This distinct anomaly is fundamentally attributed to the dissolution ki-
netics of the key strengthening phases, namely 7/ (Niz(Al,Ti)) and 4" (NizgNb) [34].
Consequently, a simple linear or quadratic fit is insufficient for this region, and a
higher-order polynomial (fourth degree) is required to accurately capture the local
maximum and minimum.

Above 1000 K, following the completion of these microstructural phase transforma-
tions, pe1(T) increases linearly with temperature up to the solidus limit [33]. Pottlacher
et al. [33] provided an explicit polynomial fit for both uncorrected and expansion-
corrected profiles. In the single-phase solid region (1000 < 7' < 1528 K), the electrical
resistivity corrected for volumetric thermal expansion is described by a third-degree

polynomial:
Inconel 718: p (T) = —0.9604-0.0057—3.919x 10~ °T?+9.713x1071°T3 for 1000K < T < 1528 K.
(23)

In the liquid phase (1610 < T < 2100K), the corrected resistivity follows a stable

linear dependence:

Inconel 718: po(T) = 1.251 4+ 1.364 x 1077, for 1610K < T < 2100K. (24)
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The uncorrected raw resistivity peo(7") exhibits a maximum near 1200 K followed by
a continuous decrease, which acts as a geometric artifact of the transient calculation.
For the liquid phase without the volumetric expansion correction, a linear fit with a

significantly smaller slope must be implemented:

Inconel 718: peo(T) = 1.307 + 3.438 x 107°T, for 1610K < T < 2100K. (25)

It should also be noted that pe(T) of Inconel 718 is highly sensitive to the prior
thermal history and heat treatment conditions, which can introduce localized varia-
tions of up to £1.5% over time at temperatures within the range of 600-900 K [118].
Therefore, Inconel 718 is not recommended as a standard reference material for high-
precision calibration measurements unless its baseline thermal history is exceptionally
well established [126].

Based on the thorough analysis of experimental datasets compiled from the lit-
erature, the following general polynomial expansion strategies are recommended for

approximating the temperature dependence pey = f(T):

e SS316L: A standard quadratic expansion in the solid phase, transitioning to a strict
linear function in the single-phase liquid region.

® Ti-6Al1-4V: A linear or quadratic fit within the low-temperature « + 3 field; ded-
icated separate linear functions or a higher-order Laurent series for the allotropic
transformation interval to properly isolate the local maximum and minimum; and a
positive-slope linear function in the single-phase 5 region and liquid state following
volumetric expansion correction.

¢ Inconel 718: A higher-order polynomial (minimum fourth degree) in the solid state
to accurately isolate the localized maximum near 900 K and the minimum near
1000 K, transitioning to a stable linear fit in the liquid phase for both corrected and

uncorrected configurations.
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Table 9: Piecewise polynomial expansion coefficients derived for the electrical resistivity pe(T) (u2m) of SS316L, Ti-6A1-4V, and
Inconel 718 alloys for given temperature ranges.

Temperature range (K) 70 T! T? T3 T4 >
SS316L

298 — 1679 —0.0461101  4.14023 x 1073 —6.54767 x 1076 581120 x 1072  —2.58613 x 10~ 12  4.49240 x 10~ 16
1679 — 1713 —2.06276 2.05882 x 1073 0 0 0 0
1713 — 3000 0.740303 0 0 5.43411 x 10~13 0 0
Ti—6AlI-4V

273 — 1878 1.43923 1.35640 x 1072 —1.20147 x 1076 3.04690 x 10710 0 0
1878 — 1921 7.23444 —2.91054 x 1073 0 0 0 0
1921 — 3550 1.96871 —2.55261 x 107*  5.91686 x 10~ —7.56988 x 10712 0 0
Inconel 718

298 — 1533 1.08529 —4.46749 x 1072 517135 x 107*  —3.08833 x 1079 0 0
1533 — 1609 0.110681 1.21607 x 1072 5.42825 x 10™% 0 0 0
1609 — 3000 1.26202 —1.63701 x 10~%  1.34385 x 10~* 0 0 0




+ ‘Hosaeus ‘
16 F X @a_ic}:miu /
: ilthan
Pichler /“
model *
g 1.4 —
& / x
x
x
Po 12 %
- x
Q” 1 * QQRI1AT
DOI10L
0.8 /

0 500 1000 1500 2000 2500 3000
Temperature, K

(a) SS316L
00T
1.9 %
© o
18 f 5 N VTE
) . V106
s/ *
© 1.7 e
= ° -
- N
< 16 +  Basak \\
X Bovi
Baynee N
15 F Kaschnitz
B ©  Milosevic
‘mcds\ )

0 500 1000 1500 2000 2500 3000
Temperature, K

(b) Ti-6Al-4V

Pep 10°°0Omm

13 / IN

12 x / +  Hust T
x  McElroy

11 Hosaeus

v
0 500 1000 1500 2000 2500 3000

Temperature, K

(c) Inconel 718

References
Pichler (subsecond ohmic pulse-heating ap-
paratus) [68], Kaschnitz (millisecond pulse-
heating) [127], and Wilthan (DSC, pulse-
heating) [32].

References
Basak (millisecond-resolution pulse-heating
system) [34], Boivineau (TU-Graz sys-

tem, DSC and pulse-heating) [7], Cezair-
liyan (transient subsecond technique) [110],
Deem [128], Kaschnitz (millisecond and mi-
crosecond pulse-heating) [35], and MiloSevié
(subsecond pulse calorimetry) [125].

References
Pottlacher (fast resistive pulse heating tech-
nique) [33], Hust (axial one-dimensional heat
flow method) [116], and McElroy (guarded
comparative longitudinal heat flow tech-
nique) [118].

Figure 7: Electrical resistivity of (a) SS316L steel, (b) Ti-6Al-4V alloy, and (c)
Inconel 718 as functions of temperature T'. The vertical lines indicate the liquidus and

solidus temperatures.



3.7 Surface tension

The surface tension coefficient v of metal melts describes a specific contractive force
acting on the surface between the liquid and gas phases. The liquid surface is stim-
ulated to reduce its surface area, thereby lowering the overall free energy of the
multiphase system. The physical reason for surface tension is a difference in the bal-
ance of intermolecular forces between molecules in the bulk and on the surface. The
surface molecules have fewer neighbors, thus the net force appears directed inwards of
the liquid phase.

The surface tension for pure liquid metals decreases with increasing temperature
T, hence dvy/dT < 0. It happens because heating increases the kinetic energy of atoms
at the liquid-vapour interface. That weakens their interatomic interactions. Alloying
can also strongly affect the surface tension [65, 69, 129, 130]. For example, the addition
of certain alloying elements can either increase or decrease the surface tension. Some
metals are prone to oxidation and formation of surface oxide films, which may either
alter the surface tension during metal processing. Thus, correct assessment of the
v = f(T) function for a specific alloy is a complicated task that should account for
the following methodological complexities.

(i) Large scatter and poor reproducibility of experimental data. In experimental
studies on SS316L, a significant scatter in the experimentally measured values of sur-
face tension is usually observed. Therefore, the chosen approximation of measured data
significantly affects both the values of  itself and the thermal coefficient of surface
tension dy/dT. As a result, the study [131] shows that different linear approximations
of surface tension lead to distinctive convection patterns in the simulation of melt pool
hydrodynamics. Thus, melt pools with varying geometrical parameters are predicted.

(ii) Effect of the chemical composition, oxygen level, and sulfur content. The most
reasonable explanation for this scatter is the presence of sulfur and oxygen impurities

in the tested experimental samples. The studies on molten pool formation during
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welding [132-134] have shown that if the sulfur concentration in stainless steels exceeds
a specific threshold, then the thermo-capillary shear stress changes its sign. The sulfur
concentration range between 30 and 60 ppm is identified as the threshold beyond
which the Marangoni-driven flow reverses its direction [132, 135, 136]. As confirmation,
in [137] it is shown that the surface tension of SS316L yields dvy/dT > 0 within a certain
temperature range because of the relatively high content of sulfur (40 ppm) and oxygen
(500 ppm). The underlying reason is the presence of surface-active elements with
concentrations exceeding the abovementioned thresholds. Thus, oxides and sulfides in
the melt pool not only change the magnitude of dy/dT but also reverses its sign [138—
140]. More data on this effect is provided in [138-140]. As a precondition for all alloys
analyzed in this paper, the function v(7') is considered as experiment-dependent and
not uniquely defined for the specific material. The surface tension coeflicient exhibits
high sensitivity to the sulfur and oxygen concentrations, even at the level of a few tens
of ppm.

(iii) Effect on hydrodynamics in the molten pool. In additive manufacturing, the
flow pattern and fluid velocity intensity are mainly controlled by Marangoni convec-
tion. The temperature gradient along the melt pool surface is as high as dT/dT ~
10" K m~!', where 7 is the vector tangential to the pool surface. Hence, the sign
and magnitude of dv/dT determine the flow direction and its intensity in the melt
pool [141]. The Marangoni effect on the surface of the molten pool directs the liquid
from the region of low surface tension to the one of high surface tension. For most
metals and alloys, dvy/dT < 0 and it leads to outward convection in the molten pool,
i.e. the flow is directed from the high to low temperature regions. If dvy/dT < 0, the
flow is oppositely directed and inward from the pool edge to its center.

(iv) Non-monotonic temperature dependence near the boiling temperature. Surface
tension deviates from the linear dependence on temperature if the melt is significantly

overheated above the melting temperature. The latest experimental and simulation
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results on steels [142] show that the surface tension takes lower values than expected
theoretically if the temperature both exceeds T,,, and is shifted to the boiling temper-
ature Tpos. . It means that the reduction of force interaction between atoms has a more
prominent effect than was suggested in the literature before. Once the melt tempera-
ture approaches its boiling point T3,;;, the surface tension does not vanish completely,
and it varies between 15% and 25% of its value v(T = T,,) measured at the melting
temperature. This observation is explained by the fact that at T' = Tp.;; the melt is
still far from the state of super-critical fluids where the difference between the liquid

and vapor disappears.

Derived expressions and employed approximations.

The temperature dependence of the surface tension coefficient is generally expressed
by a linear function of temperature [143]:

AT generat = AT) + PH(T = To), (26)
where v(T,,) is the surface tension coefficient at the melting temperature T, and
dy/dT is its thermal coefficient. The thermal coefficient is usually of the order of
dy/dT ~ 10=* N m~! K~ If this coefficient is unknown, this value is recommended
as a first-choice estimate for various alloys.

Usually, the v(7") approximation depends on the particular chemical composition
and temperature range. The linear, 2"¢ and 3"¢ order polynomial, and nonlinear ther-
modynamically consistent models [144, 145] are invoked for this purpose. In the present
work, the literature data were approximated with a function linear in 7'. For numer-
ical simulation, the focus is laid on the value of v(7},) and the sign of dvy/dT. The

approximated results are summarized in Table 10 where the proper coefficients for all
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studied alloys are listed. The corresponding plots are depicted in Figure 8. The pro-
vided approximations are valid in the vicinity of the melting temperature and up to
300 K above T,,.

The experimental data on SS316L clearly show that the surface tension of lig-
uid alloys undercooled below the melting temperature still complies with the linear
law given by Eq. 26. This conclusion has been confirmed [41, 42] by many quali-
fied research groups through levitation measurements of surface oscillations of molten
metallic droplets. Upon solidification, the surface tension changes to the surface energy

across the liquid-solid interface.

Table 10: Surface tension parameters for SS316L, Ti—6Al-4V, and Inconel 718 rec-
ommended for practical numerical calculations.

Parameter Symbol SS316L Ti—-6A1-4V Inconel 718 SI unit
name

Surface tension y(Tm) 1.67 1.461 1.882 Nm™!
at the liquidus

point

Thermal coeffi- dy/dT  40x10"% —40x107* -37x107* Nm!K™!
cient of surface

tension

Melting temper- Ty, 1713 1921 1609 K

ature (liquidus)

3.7.1 Discussion on SS316L

In commercial metal production, the SS316L stainless steel matrix is most frequently
contaminated with trace concentrations of sulfur or interstitial oxides [137, 146, 147]. In
foundational studies rooted in metallurgical thermodynamics [148], a specialized non-
linear expression has been proposed to describe the functional dependence of surface
tension on temperature alongside sulfur and oxygen mass fractions [137, 147]. This

comprehensive approach integrates a regular correction to the interfacial energy that
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Figure 8: Calculated regression lines and compiled literature data on the liquid-gas
surface tension. The solidus Ty, and liquidus T, temperatures are designated by

vertical lines.
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directly correlates with the chemical activity of dissolved oxygen and sulfur impurities

according to:

SS316L: ¥(T) = v(Tn)+A(T—T,,)— RT [I's In(1 + Ksas) + Ty In(1 + Kya,)], (27)

where R is the universal gas constant, (T},) = 1.77 N m~! represents the reference
surface tension at the melting point, A = —4.3 x 107* N m~! K~ is the baseline
temperature coefficient evaluated for high-purity (desulfurized) SS316L, while a, and
a, denote the thermodynamic activities (or concentrations in wt.%) of the dissolved
sulfur and oxygen elements, respectively.

The equilibrium constants of impurity segregation are further defined by

AH, AH,
K, =k sexp (— RT ), K, =ki,,exp (— AT > (28)

Here k; s = 0.00318 and k;, = 0.0138 are the entropic factors, AH; = —1.66 x

10° J mol~! and AH, = —1.463 x 10° J mol~! are the standard adsorption heats of
sulfur and oxygen, I'y = 1.3 x 107° mol m~2 and I, = 2.03 x 10~° mol m~2 represent
the surface excess amount of both additions.

The calculated values of v and d~y/dT for SS316L are obtained at sulfur and oxygen
concentrations of 0.03 wt.% (300 ppm) and 0.01 wt.% (100 ppm), respectively, as
illustrated in Fig. 9. If the temperature elevates from 1800 K to 2400 K, the effective
v value increases from 0.75 to 1.33 N m™!, yielding dy/dT > 0 at the specified
chemical composition. This anomalous behavior is fundamentally explained by the
temperature-driven desorption of surface-active constituents. Under intensive heating,
the adsorbed sulfur and oxygen atoms evaporate completely from the melt interface.
Consequently, the surface tension switches back to the regular baseline behavior typical

for an impurity-free refined melt.
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Then, above 2400 K and up to 2900 K, v decreases from 1.33 to 1.20 N m~1.
This downward trend perfectly corresponds to the negative dv/dT behavior expected
for desulfurized matrices. Thus, the comprehensive (T approximation framework
for commercial SS316L reveals a distinct non-monotonic dependence on temperature,

where the local maximum of v(T') is reached at T ~ 2400 K [149].

13 14
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Figure 9: Non-monotonic temperature dependence of the effective surface tension
for the SS316L alloy at high sulfur (0.03 wt.%, 300 ppm) and oxygen (0.01 wt.%,
100 ppm) concentrations, as originally revealed in [147] and discussed in [149].

3.7.2 Discussion on Ti-6A1-4V

The highly reactive nature of the Ti—6Al-4V melt introduces severe methodological
challenges. Therefore, high-precision measurements of its surface tension are typically
performed utilizing containerless processing methods, such as electromagnetic levita-
tion. A recent microgravity study conducted onboard the International Space Station
(ISS) [42] provides exceptionally accurate data on v(T") within the temperature window

between 1700 K and 1950 K, which is well fitted by the linear function:

Ti-6A1-4V: 4(T) = (1.493+0.008) — (1.9+0.5) x 10™*- (T —1933) (N m~!). (29)
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The registered stable linearity in v(7") is attributed to a low initial oxygen level and
the decay of competing adsorption processes. The performed mathematical extension
of Eq. (29) to higher-order polynomials has retained the same statistical accuracy of
approximation. In sharp contrast to the contaminated SS316L system, this ternary
alloy does not demonstrate a sign change of dy/dT within the measured temperature
range.

However, the obtained onboard ISS value of dy/dT = —1.9x 107* Nm~! K~ [42]
differs by a factor of two from the baseline value compiled in Table 10. Diverse lit-
erature data (see [150] and references therein) confirm that the track hydrodynamics
during the additive manufacturing of Ti—6Al-4V are strongly affected by the partial
oxygen pressure inside the processing chamber. This chemical sensitivity explains the
notable discrepancy from previous ground-based tests [39, 40] performed via the os-
cillating drop method onboard parabolic flights. Hence, the ambient O2 level must be
thoroughly examined and tracked in both v and d~y/dT input functions for numerical

multiphysics simulations.

3.7.3 Discussion on Inconel 718

The nickel-based superalloy Inconel 718 represents a complex multi-component sys-
tem, making the experimental evaluation of its surface tension exceptionally difficult.
As demonstrated in foundational metallurgical works [37, 43|, the melt surface of In-
conel 718 is highly prone to the rapid formation of CroO3 and NiO oxide surface films
characterized by high mechanical strength. These surface oxide films retain their struc-
tural rupture strength up to extreme temperatures of T' ~ 1750°C. The recommended
regular approximation [37] for an Inconel 718 melt containing approximately 10 ppm

of trace sulfur is expressed as:

Inconel 718: v(T) = 1.842 — 1.1 x 10~*- (T = 1998) (N m™'). (30)
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The linear regression model expressed in Eq. (30) remains strictly valid only for
highly overheated melts where T° > 1725°C. Its direct extrapolation to lower tem-
perature boundary fields common to track boundaries in metal AM must carefully
incorporate the purity conditions of the protective shielding atmosphere. The resulting
thermal coefficient of Inconel 718 (dvy/dT = —0.11x 1073 N m~! K1) is substantially
smaller compared to pure liquid nickel matrices. This stabilizing transport feature is
directly attributed to complex alloying by refractory elements, which actively behave

as surface-stabilizing active impurities.
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3.8 Viscosity u

The viscosity of metallic melts is typically monotonically dependent on temperature.
This behavior follows from the fact that viscosity can be fundamentally considered
as a generalized transport characteristic related to momentum transfer at the molec-
ular level. On the other hand, the momentum flux in viscous media depends on the
frequency of molecular jumps, which is a direct function of temperature. Therefore,
metallic melts that do not undergo any anomalous structural transformations in their

localized short-range order comply with one of the following functional relationships:

1. the Arrhenius equation [151] for single-phase liquid melts, valid if the temperature
exceeds the liquidus point T, or if the melt is undercooled below T;,,
2. the Hirai regression model [152], implemented in scenarios where the melt

undergoes active solidification and behaves as a semi-solid slurry.

Under thermal boundary conditions common to industrial casting, the undercool-
ing level rarely exceeds a few Kelvins. Greater undercoolings approaching several
hundred Kelvins can be achieved during containerless solidification processing [153].
However, the viscosity of undercooled melts strictly complies with the Arrhenius re-
lation even in deeply undercooled states, as confirmed by robust electromagnetic
levitation and free-drop experiments onboard parabolic flights [41].

The viscosity of light liquid metals typically varies within the range of 1-3 mPa-s,
whereas iron-based melts yield a baseline viscosity between 5 and 15 mPa-s when
evaluated near the liquidus point. As the melt temperature elevates, its effective vis-
cosity drops according to the Arrhenius relation. This framework incorporates a joint
functional dependence on both chemical composition and temperature through the

expression:

M) g exp (Ea) , (31)
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where p represents the dynamic viscosity, A is the pre-exponential kinetic factor, E,
is the activation energy specific to the alloy configuration, R is the universal gas
constant, T is the absolute temperature, and p(T') is the temperature-dependent den-
sity. Generally, the transport parameters A and E, are extrapolated from empirical
kinematic viscosity curves (u/p = f(T)) obtained via high-temperature oscillating
viscosimetry [154, 155].

Once the melt undergoes solidification, it must be mathematically treated as a
two-phase mushy mixture [156]. Owing to solute redistribution ahead of the moving
solidification front, the local viscosity of the remaining liquid phase varies slightly;
however, this chemical variation rarely exceeds 5-10%. Thus, temperature and solid
fraction exert a far more dominant impact on the effective viscosity than local solute
segregation.

The apparent viscosity of a semi-solid metal slurry demonstrates a pronounced
correlation with the fluid shear rate, exhibiting a sharp decline as the shear rate
escalates. Furthermore, it is heavily influenced by the local cooling rate [156]. For

practical numerical calculations, the Hirai formulation is highly recommended [152]:

a
Msemi-solid (fS) = UL 1+ <11> ) (32)

fs  fg

where fisemisolid represents the apparent effective viscosity of the slurry, uy is the
dynamic viscosity of the pure liquid phase at the liquidus line, fg is the local solid
fraction varying within the range of 0 < fg < 1, a is a parameter dependent on the

crit

fluid shear rate, and f&™" is the critical solid fraction at which the semi-solid medium
transitions into a super-viscous state. For various industrial alloys, the critical fraction
fgrit varies between 0.3 and 0.6. Consequently, two distinct transport subintervals of

fs can be emphasized: (1) a solid fraction range of 0 < fg¢ < 0.3 yields a weak,
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weakly non-linear rise in viscosity; (2) when fg exceeds 0.3, the function p(7") becomes
strongly non-linear as the internal dendritic network begins to impinge.
The parameter a and the critical fraction are directly defined utilizing experimental

data on the shear flow of solidifying slurries as follows [152]:

a=apnCP351 0, fgt =012 pCt,

¥\ /3 X\ /3 (33)
— 2 2= — el
o =2.03 x 10 <100> . B 19'0<100> ,

where p,,, represents the density evaluated at the melting point, C' = dfs/dt is the solid-
ification rate evaluated within the initial window (0 < fg < 0.4), 4gp is the fluid shear
rate, and X denotes the mass percentage of the primary matrix component. The Hirai
framework is highly effective for evaluating the rheology of solidifying track regions in
metal AM before a fully rigid, interconnected crystalline network is established.

All optimized constants recommended for the Arrhenius (Eq. (31)) and Hirai
(Egs. (32) and (33)) models are compiled in Table 11. The resulting effective viscosity
curves evaluated as functions of temperature for the selected alloys are illustrated in

Fig. 10.

Table 11: Viscosity-related validation parameters for the Arrhenius (Eq. (31)) and
Hirai (Egs. (32) and (33)) models recommended for numerical AM simulations.

Parameter name Symbol SS316L Ti—-6A1-4V  Inconel 718 SI unit

Activation energy FEj 1.78 x 10° 5.10 x 10* 5.02 x 10* J mol™!
(Arrhenius)

Pre-exponential fac- A 6.00 x 1012 7.68 x 108 219 x 108 m?s7!
tor (Arrhenius)

Slurry parameter a 1 4.5 8.76 -
(Hirai)

Critical solid frac- &t 0.85 0.45 0.33 -

tion (Hirai)

51



T T
100 b i Kokubo ~ +
Matson,PF x

Matson,ESL
Matson,EML
model

e
L L

1400 1600 1800 2000

W, Paxs

SS316L

0.003 . . . . . !
1700 1750 1800 1850 1900 1950 2000

Temperature, K

(a) SS316L

" Mohr  +
T T Valencia X

T
100 b Wunderlich,High
Wiinderlich,Low
model
0.1 g 3
L L X L

01 F 1500 1800 2100 E

T.K VT6

u, Pas

\ \ \ L X \
1900 1950 2000 2050 2100 2150 2200
T,K

(b) Ti-6Al-4V

Overfelt ' +
2 b Mills A

997.7 1 udsu &
09977 Lk i model
‘[ "

0.0009977
1200500802100

W, Pasks

o |
1600 1700 1800 1900 2000 2100 2200

Temperature, K

(c) Inconel 718

References

Kokubo (oscillating crucible method) [157],
and Matson (parabolic flights, electrostatic
levitation, and electromagnetic levitation
frameworks) [41].

References

Mohr (containerless electromagnetic lev-
itation onboard the International Space
Station) [42], Valencia (comprehensive re-
view) [72], and Wunderlich (oscillating drop
method onboard parabolic flights) [40].

References

Overfelt (oscillating vessel technique) [36],
and Mills (recommended thermophysical
dataset compilation) [43].

Figure 10: Calculated effective dynamic viscosities of (a) SS316L steel, (b) Ti-6Al-
4V alloy, and (c) Inconel 718 as functions of temperature T'. The vertical lines indicate

the respective liquidus points.



3.9 Young’s modulus E

The linear relationship between normal stresses and relative linear strains in the initial

loading regime of elastic deformation is described by Hooke’s law:

c=F-¢,
(34)

ag
E = — =tanq,
€

where E represents the proportionality coefficient (Young’s modulus), o is the normal
stress (Pa), ¢ is the relative strain, and « is the slope angle of the linear elastic region
on the stress-strain curve.

Young’s modulus, or the longitudinal elastic modulus E (Pa), is a mechanical quan-
tity characterizing the capacity of a material to resist uniaxial tension and compression

under elastic loading conditions. It is generally formulated as:

F-lp

E:&ym’

(35)
where F' is the normal component of the applied load, [y is the initial length of the
specimen, A represents the cross-sectional area over which the force is distributed,
and Al is the absolute change in length resulting from elastic deformation. The ra-
tio P = F/Ac characterizes the magnitude of internal normal stresses developing
within the deformed material, while Al/ly represents the engineering strain or specific
elongation.

The Wachtman model is an empirical formulation that describes the continuous
temperature dependence of Young’s modulus E for crystalline and ceramic structures.
This framework is widely utilized to capture the non-linear degradation of elastic
properties in metallic superalloys at elevated temperatures. Based on experimental

trends, the model was originally proposed by Wachtman and subsequently developed
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in Refs. [158-160] to evaluate the effective Young’s modulus E(T) according to:

E(T)—Eob~T~exp(C§?)7

(36)

where Fj represents the theoretical Young’s modulus at absolute zero (T' = 0 K), b

is an empirical material parameter, and Tj is a characteristic temperature parameter

related to the Debye temperature of the crystalline lattice.

The recommended polynomial models for calculating the temperature-dependent

Young’s modulus are presented in Fig. 11.
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Figure 11: Young’s modulus calculated using the recommended regression model and
validation data for (a) SS316L, (b) Ti-6A1-4V, and (c¢) Inconel 718.
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3.10 Shear modulus G

The shear modulus G (Pa) is a fundamental mechanical property characterizing the
capacity of a material to resist shear deformation, and it represents the second Lamé
parameter. The shear modulus is defined by the following expression:

T F/As Fl

~tand Ax/l - A Az’ (37)

where 7 = F'/A¢s is the shear stress, F is the applied force, A¢g is the cross-sectional
area over which the force acts, and 0 is the shear strain angle, with Axz/l = tan6
representing the shear strain where Ax is the lateral displacement and [ is the initial
object length.

The Mechanical Threshold Stress (MTS) model is a well-established theoretical
framework describing the dependence of the mechanical properties of materials, in-
cluding the shear modulus (G, on temperature, strain rate, and microstructure. The
MTS model [167, 168] is widely implemented to analyze the plastic deformation of
metals and alloys under high-temperature and dynamic loading conditions. Originally
developed within the framework of the MTS plasticity model, it is commonly referred
to as the MTS shear modulus model. According to this formulation, the temperature

dependence of the shear modulus is defined as:
D
To ’
i
exp ( L )

where G represents the reference shear modulus at the baseline temperature, Ty =

G=Go— (38)

273 K, and D is a material-specific empirical constant.
The recommended polynomial models for calculating the temperature-dependent

shear modulus are presented in Fig. 12.
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Figure 12: Shear modulus calculated using the recommended regression model and
validation data for (a) SS316L, (b) Ti-6A1-4V, and (c¢) Inconel 718.

3.11 Poisson’s ratio v

Poisson’s ratio v is a dimensionless mechanical characteristic of a material that defines
the ratio of relative transverse compression to relative longitudinal extension under

clastic deformation:
. 757’ L Ad/dy
o - Al/ly’

(39)

where ¢’ = Ad/dy is the relative transverse strain (change relative to the initial di-
ameter or width), and e = Al/lj is the relative longitudinal strain (change in length
relative to the initial length). The minus sign is introduced because during tensile

deformation (¢ > 0), the transverse dimensions decrease (¢’ < 0), ensuring that the
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ratio remains positive for most engineering materials. The recommended polynomial

models for calculating Poisson’s ratio are presented in Fig. 13.
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Figure 13: Poisson’s ratio calculated using the recommended regression model and
validation data for (a) SS316L, (b) Ti-6Al-4V, and (c) Inconel 718.

3.12 Yield strength o2

The 0.2% yield strength (o¢.2) is the stress at which a material begins to plastically
deform, reaching 0.2% of its original length. This parameter is typically used for the

evaluation of strength and deformability of materials that do not have a clear yield
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point. The 0.2% yield strength can be determined using the following formula:

002 = —/ (40)

where o 2 is the 0.2% yield strength (Pa), F' is the force applied to the specimen (N),
and Ay is the initial cross-sectional area of the specimen (m?).

The 0.2% offset yield strength on a stress-strain curve is typically identified by the
point aligning with 0.2% permanent strain on the horizontal axis. The recommended

polynomial models for calculating the 0.2% yield strength are presented in Fig. 14.
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Figure 14: 0.2% yield strength calculated using the recommended regression model

and validation data for (a) SS316L, (b) Ti-6A1-4V, and (c¢) Inconel 718.
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The selection of the optimal polynomial degree was conducted using a unified
algorithm based on the following information criteria:

1) Akaike information criterion (AIC):

AIC:2k—n-ln<RSS>, (41)
n
N
RSS = (y; — )% (42)
=1

where k is the number of model parameters, n is the number of points, RSS is the
residual sum of squares calculated by Eq. (42), y; represents the experimental points,
v; stands for the values generated by the polynomial model, and N is the total number
of data points.

2) Bayesian information criterion (BIC):

BICzlnn-k—n-1n<RSS>, (43)
n
3) Hannan-Quinn criterion (HQC):

HQC =2In(Iln(n)) -k —n-1n (RSS> . (44)

For each temperature dependence, polynomial models were sequentially calculated
over a degree range from —5 to 5 (including both positive and negative powers to an-
alyze inverse dependencies). Subsequently, for each model, the AIC, BIC, and HQC
values were determined. The optimal model was selected by minimizing these cri-
teria, balancing fitting accuracy and model complexity. All calculation results are

summarized in Table 12.
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Appendix A Tabulated thermophysical and
mechanical properties at different

temperatures

This section contains the tabular data for all thermophysical and mechanical properties
of SS316L, Ti-6A1-4V and Inconel 718 as a function of temperature. The properties
are calculated using the recommended piece-wise polynomial models derived in the
present paper. The listed below characteristics are split in two tables over different
temperature intervals: (1) between the room and solidus temperatures, (2) between

the solidus and boiling temperatures.
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Table 12: Results of determining the optimal order of polynomial decomposition for
316L steel, Ti-6Al1-4V, and Inconel 718 alloys.

Property Optimal degree AIC BIC HQC Polynomial
fit
558161
Young’s modulus [0;2] 1960.6 19659  1962.6  2.45 - 1011 —
1.30 - 1037 +
2.912- 10772
Shear modulus [0; 2] 941.45  942.78  944.72  9.27 - 10! —
5.82-107T +
1.91-10%7?
Poisson’s ratio [0; 1] —117.47  —116.50 —117.83 2.73-10"' +
4.87-107°T
Yield strength [—1;0] 615.05  616.94  615.37  4.92 -
10971 4
6.45- 107
Ti-6Al-4V
Young’s modulus [0; 1]*BIC 2390.6  2394.5  2392.1
[0; 3]*HQC 2387.2  2395.0  2390.2 1.38-10' —6.73-107T
[0; 4]*AIC 2387.1  2396.8  2390.8
Shear modulus** [-3;3] —~104.74 —105.12 —109.42 4.94 - 10'° —
2.045- 10T
Poisson’s ratio™** [—3;3] —438.89 —439.27 —443.57 0.326 — 5.4 -
107°T  +
1.397
10-71?
3.39-107 173
Yield strength**** [0; 1]*BIC 632.01  633.68  632.18
[0; 4]*AIC 637.22 63593 63218  1.32-10° —1.12-10°T
[0; 4]*HQC 637.22 63593  632.18
Inconel 718
Young’s modulus [0;2] 1030.18  1032.32  1029.77  2.0784-10* —
1.9704
10°T -
2.9188-10%772
Shear modulus [0;1] 1592.75  1595.75  1593.61 8.47 - 1010 —
2.344-107T
Poisson’s ratio [0; 2] —108.33 —108.82 —110.91 0.33 — 1.65 -
10747 41.37
107717
Yield strength [0; 3] 3648.41  3658.27  3652.14 1.4065
109 — 2.0429 -
1057 +
3.4921
10372
2.002173

* — Because of conflicting results obtained from vari®as criteria, the final choice was made based on visual
analysis. The linear model shows the best agreement with the experimental data and was therefore adopted

as the primary one.

Hok ok ko

s — Although formal criteria deliver the optimality of higher-degree polynomials (from —3 to 3 and
from 0 to 4), visual analysis of their fitted curves revealed excessive complexity and non-physical behavior.
Thus, a simple and interpretable linear model was chosen for the correct representation of the data.

ok ok

— The analysis showed that although formal optimality criteria were achieved for polynomials in the

range [—3; 3], visual assessment of their adequacy revealed several drawbacks. As a compromise between
criterion-based accuracy and clarity of representation, a limited polynomial range from 0 to 3 was selected.



Table A1: Thermophysical properties of SS316L stainless steel in the solid state
versus temperature.

TK) phkegm™®) kWm "K' pg(pQm) ¢ Jkg™'K™') AHJg )

273 7966.19 13.5368 0.700735 456.300 -
323 7943.99 14.3223 0.777330 471.186 -
373 7921.59 15.1078 0.841982 484.780 5.225
423 7898.99 15.8933 0.896759 497.367 43.583
473 7876.20 16.6788 0.943467 509.145 79.283
523 7853.22 17.4643 0.983667 520.250 112.804
573 7830.04 18.2498 1.018690 530.788 144.581
623 7806.67 19.0353 1.049660 540.836 175.010
673 7783.10 19.8208 1.077500 550.457 204.445
723 7759.33 20.6063 1.102970 559.702 233.199
773 7735.38 21.3918 1.126630 568.611 261.545
823 7711.22 22.1773 1.148950 577.219 289.713
873 7686.88 22.9628 1.170230 585.554 317.895
923 7662.34 23.7483 1.190670 593.641 346.240
973 7637.60 24.5338 1.210390 601.500 374.857
1023 7612.67 25.3193 1.229430 609.150 403.815
1073 7587.54 26.1048 1.247750 616.607 433.141
1123 7562.22 26.8903 1.265280 623.884 462.825
1173 7536.71 27.6758 1.281940 630.994 492.812
1223 7511.00 28.4613 1.297610 637.948 523.009
1273 7485.09 29.2468 1.312190 644.756 553.284
1323 7458.99 30.0323 1.325610 651.426 583.464
1373 7432.70 30.8178 1.337840 657.967 613.334
1423 7406.21 31.6033 1.348900 664.386 642.641
1473 7379.53 32.3888 1.358900 670.690 671.093
1523 7352.65 33.1743 1.368010 676.884 698.356
1573 7325.57 33.9598 1.376550 682.974 724.056
1623 7298.31 34.7453 1.384930 688.965 T47.782
1673 7270.84 35.5308 1.393720 694.862 769.081
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Table A2: Thermophysical properties of SS316L stainless steel in the liquid state and melting
range versus temperature.

P k Pel Cp AH Y m

TK (gm™®) (Wm 'K (0Om) (ke 'K) (Jg) Nml)  (Pas)

1679 7267.54 35.6251 1.394840 695.563 771.451 - 302.427000
1682 7239.10 35.1547 1.400180 708.880 793.068 - 299.556000
1688 7182.20 34.2157 1.412530 714.304 841.244 - 0.027311
1691 7153.76 33.7462 1.418700 717.016 865.332 - 0.016374
1694 7125.31 33.2767 1.424880 719.728 889.421 - 0.012266
1697 7096.86 32.8072 1.431060 722.440 913.509 - 0.010218
1700 7068.41 32.3377 1.437230 725.152 937.597 - 0.009061
1703 7039.97 31.8682 1.443410 727.864 961.685 - 0.008368
1706 7011.52 31.3987 1.449590 730.576 985.773 - 0.007945
1709 6983.07 30.9292 1.455760 733.288 1009.860 - 0.007693
1712 6954.62 30.4597 1.461940 736.000 1033.950 - 0.007556
1723 6946.66 30.6346 1.472970 736.000 1062.920 1.674 0.007303
1773 6910.51 31.4253 1.483730 - 1141.800 1.694 0.006305
1823 6874.36 32.2160 1.494360 - 1204.490 1.714 0.005487
1873 6838.22 33.0068 1.504870 - 1256.040 1.734 0.004811
1923 6802.07 33.7975 1.515250 - 1300.460 1.754 0.004247
1973 6765.92 34.5882 1.525520 - 1340.850 1.774 0.003773
2023 6729.78 35.3789 1.535680 - 1379.540 1.794 0.003372
2073 6693.63 36.1697 1.545740 - 1418.110 1.814 0.003029
2123 6657.48 36.9604 1.555690 - 1457.550 1.834 0.002735
2173 6621.34 37.7511 1.565560 - 1498.330 1.854 0.002482
2223 6585.19 38.5418 1.575330 - 1540.520 1.874 0.002261
2273 6549.04 39.3326 1.585010 - 1583.870 1.894 0.002069
2323 6512.90 40.1233 1.594610 - 1627.930 1.914 0.001900
2373 6476.75 40.9140 1.604130 - 1672.120 1.934 0.001752
2423 6440.60 41.7047 1.613580 - 1715.870 1.954 0.001620
2473 6404.45 42.4955 1.622950 - 1758.670 1.974 0.001503
2523 6368.31 43.2862 1.632260 - 1800.210 1.994 0.001399
2573 6332.16 44.0769 1.641490 - 1840.470 2.014 0.001305
2623 6296.01 44.8676 1.650670 - 1879.800 2.034 0.001221
2673 6259.87 45.6584 1.659780 - 1919.040 2.054 0.001146
2723 6223.72 46.4491 1.668840 - 1959.630 2.074 0.001077
2773 6187.57 47.2398 1.677840 - 2003.670 2.094 0.001015
2823 6151.43 48.0305 1.686790 - 2054.050 2.114 0.000958
2873 6115.28 48.8213 1.695690 - 2114.550 2.134 0.000907
2923 6079.13 49.6120 1.704540 - 2189.910 2.154 0.000860
2973 6042.99 50.4027 1.713340 - 2285.960 2.174 0.000816
3023 6006.84 51.1934 1.722100 - 2409.730 2.194 0.000776
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Table A3: Thermophysical properties of Ti-6A1-4V alloy in the solid state versus
temperature.

T(K) phkgm™) k(Wm K po (uQm) ¢ (Jkg' K1) AH (Jg™)

273 4423.85 5.25026 1.726180 530.587 -

323 4416.15 5.90443 1.762270 550.365 181.329
373 4408.45 6.55861 1.793820 568.258 208.228
423 4400.75 7.21278 1.821070 584.390 236.373
473 4393.05 7.86696 1.844250 598.884 266.429
523 4385.35 8.52113 1.863580 611.861 298.854
573 4377.65 9.17531 1.879290 623.445 333.922
623 4369.95 9.82948 1.891620 633.759 371.737
673 4362.25 10.48370 1.900780 642.924 412.250
723 4354.55 11.13780 1.907020 651.064 455.283
e 4346.85 11.79200 1.910550 658.301 500.537
823 4339.15 12.44620 1.911600 664.448 547.621
873 4331.45 13.10040 1.910410 671.258 596.059
923 4323.75 13.75450 1.907210 683.957 645.318
973 4316.05 14.40870 1.902210 705.811 694.817
1023 4308.35 15.06290 1.895650 740.089 743.950
1073 4300.65 15.71710 1.887770 790.059 792.103
1123 4292.95 16.37120 1.878780 858.987 838.671
1173 4285.25 17.02540 1.868910 954.641 883.074
1223 4277.55 17.67960 1.858400 1120.080 924.780
1273 4269.85 18.33380 1.847470 707.995 963.319
1323 4262.15 18.98790 1.836350 713.395 998.300
1373 4254.45 19.64210 1.825260 719.364 1029.430
1423 4246.75 20.29630 1.814450 726.025 1056.540
1473 4239.05 20.95050 1.804140 733.499 1079.580
1523 4231.35 21.60460 1.794540 741.910 1098.660
1573 4223.65 22.25880 1.785910 751.381 1114.070
1623 4215.95 22.91300 1.778450 762.033 1126.270
1673 4208.25 23.56720 1.772400 773.990 1135.940
1723 4200.55 24.22130 1.767990 787.375 1143.960
1773 4192.85 24.87550 1.765450 802.309 1151.480
1823 4185.15 25.52970 1.765010 818.916 1159.900
1873 4177.45 26.18390 1.766890 837.318 1170.880

88



Table A4: Thermophysical properties of Ti-6Al-4V alloy in the liquid state and melting range
versus temperature.

P k Pel Cp AH Y m

T(K) (kem®) (Wm 'K (uOm) (kg 'K (Jg ') Nm (Pa-s)
1878 4176.68 26.2493 1.767210 839.262 1172.190 - 406.417000
1881 4170.40 26.4058 1.755270 840.437 1192.840 - 404.305000
1884 4164.12 26.5625 1.746540 841.620 1213.900 - 402.211000
1887 4157.85 26.7191 1.737810 842.809 1234.960 - 400.134000
1890 4151.57 26.8757 1.729080 844.006 1256.020 - 398.075000
1893 4145.29 27.0323 1.720350 845.209 1277.090 - 396.033000
1896 4139.02 27.1890 1.711620 846.420 1298.150 - 394.008000
1899 4132.74 27.3456 1.702880 847.638 1319.210 - 391.999000
1902 4126.46 27.5022 1.694150 848.863 1340.270 - 0.470545
1905 4120.19 27.6589 1.685420 850.095 1361.330 - 0.042571
1908 4113.91 27.8155 1.676690 851.334 1382.400 - 0.020274
1911 4107.63 27.9721 1.667960 852.580 1403.460 - 0.013149
1914 4101.35 28.1287 1.659230 853.834 1424.520 - 0.010130
1917 4095.08 28.2854 1.650490 855.095 1445.580 - 0.008802
1921 4088.80 28.4420 1.641760 856.363 1466.640 - 0.008329
1923 4085.80 28.5309 1.642810 856.787 1476.300 1.4602 0.008264
1973 4063.20 29.4459 1.637270 - 1541.820 1.4402 0.007622
2023 4040.60 30.3609 1.631790 - 1606.490 1.4202 0.007058
2073 4018.00 31.2759 1.626390 - 1670.340 1.4002 0.006561
2123 3995.40 32.1909 1.621040 - 1733.400 1.3802 0.006119
2173 3972.80 33.1059 1.615750 - 1795.700 1.3602 0.005725
2223 3950.20 34.0209 1.610500 - 1857.270 1.3402 0.005373
2273 3927.60 34.9359 1.605300 - 1918.130 1.3202 0.005057
2323 3905.00 35.8509 1.600140 - 1978.300 1.3002 0.004771
2373 3882.40 36.7659 1.595010 - 2037.810 1.2802 0.004513
2423 3859.80 37.6809 1.589900 - 2096.680 1.2602 0.004279
2473 3837.20 38.5959 1.584820 - 2154.920 1.2402 0.004065
2523 3814.60 39.5109 1.579750 - 2212.560 1.2202 0.003870
2573 3792.00 40.4259 1.574690 - 2269.620 1.2002 0.003692
2623 3769.40 41.3409 1.569640 - 2326.110 1.1802 0.003528
2673 3746.80 42.2559 1.564580 - 2382.050 1.1602 0.003377
2723 3724.20 43.1709 1.559520 - 2437.450 1.1402 0.003237
2773 3701.60 44.0859 1.554440 - 2492.330 1.1202 0.003109
2823 3679.00 45.0009 1.549340 - 2546.710 1.1002 0.002989
2873 3656.40 45.9159 1.544220 - 2600.590 1.0802 0.002878
2923 3633.80 46.8309 1.539060 - 2653.990 1.0602 0.002775
2973 3611.20 47.7459 1.533880 - 2706.930 1.0402 0.002679
3023 3588.60 48.6609 1.528650 - 2759.410 1.0202 0.002589

89



Table A5: Thermophysical properties of Inconel 718 alloy in the solid state versus
temperature.

T(K) phkem™) k(Wm 'K') pa (uQm) ¢ Jkg™'K') AH(Jg ")

273 8201.01 10.9173 1.148850 426.084 -

323 8178.98 11.9448 1.166240 443.244 14.604
373 8156.94 12.9021 1.183600 452.505 29.465
423 8134.90 13.8030 1.200790 457.738 46.914
473 8112.86 14.6572 1.217710 461.897 66.504
523 8090.83 15.4718 1.234270 467.103 87.903
573 8068.79 16.2523 1.250400 474.744 110.856
623 8046.75 17.0031 1.266040 485.563 135.164
673 8024.71 17.7276 1.281140 499.752 160.667
723 8002.68 18.4286 1.295650 517.043 187.234
e 7980.64 19.1087 1.309520 536.804 214.756
823 7958.60 19.7696 1.322720 558.129 243.141
873 7936.56 20.4131 1.335210 579.928 272.313
923 7914.52 21.0406 1.346950 601.027 302.205
973 7892.49 21.6534 1.357910 620.253 332.758
1023 7870.45 22.2527 1.368050 636.530 363.922
1073 7848.41 22.8392 1.377360 648.971 395.654
1123 7826.37 23.4140 1.385800 656.972 427.913
1173 7804.34 23.9778 1.393350 660.301 460.666
1223 7782.30 24.5312 1.399970 659.193 493.880
1273 7760.26 25.0749 1.405640 654.444 527.528
1323 7738.22 25.6094 1.410350 647.500 561.584
1373 7716.19 26.1353 1.414050 640.550 596.026
1423 7694.15 26.6529 1.416740 636.624 630.832
1473 7672.11 27.1627 1.418390 639.677 665.984
1523 7650.07 27.6651 1.418980 654.689 701.464
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Table A6: Thermophysical properties of Inconel 718 alloy in the liquid state and melting range
versus temperature.

14 k Pel Cp AH Y m

TEK) (kegm™®) (Wm 'K (uOm) kg 'K (Jg) Nm) (Pa-s)
1533 7645.67 27.7647 1.418970 659.641 708.598 - 438.203000
1540 7622.12 27.8343 1.423850 663.564 721.661 - 430.428000
1547 7598.57 27.9037 1.428730 667.885 736.385 - 422.859000
1554 7575.02 27.9730 1.433620 672.624 752.607 - 415.490000
1561 7551.47 28.0422 1.438490 677.800 770.330 - 408.314000
1568 7527.92 28.1112 1.443370 683.434 789.552 - 401.324000
1575 7504.37 28.1801 1.448240 689.547 810.274 - 394.515000
1582 7480.83 28.2489 1.453110 696.162 832.496 - 387.879000
1589 7457.28 28.3175 1.457980 703.299 856.217 - 0.044285
1596 7433.73 28.3860 1.462850 710.983 881.439 - 0.014206
1603 7410.18 28.4544 1.467710 719.235 908.159 - 0.008577
1609 7389.49 28.5227 1.471810 720.000 933.423 1.88200 0.007610
1623 7382.82 28.6491 1.473530 720.000 946.367 1.87682 0.007385
1673 7357.17 29.1312 1.480150 720.000 994.925 1.85832 0.006608
1723 7331.51 29.6072 1.486770 720.000 1041.600 1.83982 0.005951
1773 7305.86 30.0773 1.493390 720.000 1086.470  1.82132 0.005391
1823 7280.21 30.5418 1.500010 720.000 1129.610  1.80282 0.004910
1873 7254.56 31.0008 1.506640 720.000 1171.090 1.78432 0.004495
1923 7228.91 31.4546 1.513260 720.000 1210.980  1.76582 0.004133
1973 7203.26 31.9033 1.519890 720.000 1249.350  1.74732 0.003817
2023 7177.61 32.3472 1.526520 720.000 1286.240 1.72882 0.003539
2073 7151.96 32.7865 1.533150 720.000 1321.710  1.71032 0.003293
2123 7126.30 33.2212 1.539780 720.000 1355.820  1.69182 0.003075
2173 7100.65 33.6516 1.546410 720.000 1388.610 1.67332 0.002880
2223 7075.00 34.0777 1.553040 720.000 1420.120  1.65482 0.002706
2273 7049.35 34.4998 1.559670 720.000 1450.410  1.63632 0.002549
2323 7023.70 34.9179 1.566310 720.000 1479.500 1.61782 0.002407
2373 6998.05 35.3322 1.572940 720.000 1507.450  1.59932 0.002279
2423 6972.40 35.7429 1.579580 720.000 1534.270  1.58082 0.002162
2473 6946.74 36.1499 1.586210 720.000 1560.020 1.56232 0.002056
2523 6921.09 36.5534 1.592850 720.000 1584.720  1.54382 0.001959
2573 6895.44 36.9535 1.599490 720.000 1608.400  1.52532 0.001870
2623 6869.79 37.3503 1.606130 720.000 1631.090 1.50682 0.001788
2673 6844.14 37.7440 1.612770 720.000 1652.820  1.48832 0.001713
2723 6818.49 38.1345 1.619410 720.000 1673.620  1.46982 0.001643
2773 6792.84 38.5220 1.626050 720.000 1693.510 1.45132 0.001579
2823 6767.18 38.9065 1.632690 720.000 1712.510  1.43282 0.001519
2873 6741.53 39.2881 1.639330 720.000 1730.660  1.41432 0.001464
2923 6715.88 39.6669 1.645980 720.000 1747.970 1.39582 0.001412
3023 6664.58 40.4164 1.659270 720.000 1780.160  1.35882 0.001319
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Table AT7: Mechanical properties of SS316L stainless
steel versus temperature.

T (K) FE (GPa) G (GPa) v 09.9% (MPa)
273 195.18 79.41 0.302561 305.59
323 194.91 77.02 0.305411 251.29
373 193.00 74.80 0.308261 211.29
423 189.92 72.71 0.311111 182.57
473 186.08 70.74 0.313961 162.58
523 181.81 68.85 0.316811 149.13
573 177.33 67.05 0.319661 140.41
623 172.82 65.32 0.322511 134.93
673 168.40 63.65 0.325361 131.52
723 164.11 62.04 0.328211 129.25
773 159.96 60.48 0.331061 127.48
823 155.90 58.96 0.333911 125.74
873 151.85 57.48 0.336761 123.75
923 147.72 56.04 0.339611 121.40
973 143.37 54.63 0.342461 118.68
1023 138.67 53.26 0.345311 115.67
1073 133.48 51.92 0.348161 112.53
1123 127.67 50.60 0.351011 109.42
1173 121.14 49.31 0.353861 106.53
1223 113.79 48.04 0.356711 104.00
1273 105.59 46.79 0.359561 101.91
1323 96.56 45.57 0.362411 100.25
1373 86.79 44.36 0.365261 98.89
1423 76.44 43.18 0.368111 97.54
1473 65.78 42.01 0.370961 95.75
1523 55.19 40.86 0.373811 92.82
1573 45.18 39.73 0.376661 87.84
1623 36.41 38.61 0.379511 79.61
1673 29.71 37.51 0.382361 66.63
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Table A8: Mechanical properties of Ti-6A1-4V alloy
versus temperature.

T (K) FE (GPa) G (GPa) v 00.20% (MPa)
273 114.35 38.37 0.324456 874.40
323 113.39 37.32 0.323085 871.21
373 112.06 36.27 0.322975 854.69
423 110.41 35.22 0.323993 826.92
473 108.49 34.17 0.326004 789.84
523 106.32 33.12 0.328873 745.29
573 103.96 32.07 0.332467 694.97
623 101.42 31.02 0.336653 640.46
673 98.74 29.97 0.341303 583.22
723 95.96 28.92 0.346291 524.59
773 93.10 27.87 0.351498 465.77
823 90.19 26.82 0.356809 407.84
873 87.26 25.77 0.362115 351.77
923 84.32 24.72 0.367316 298.40
973 81.41 23.67 0.372320 248.43
1023 78.54 22.62 0.377045 202.47
1073 75.73 21.57 0.381418 160.96
1123 73.01 20.52 0.385380 124.27
1173 70.39 19.47 0.388881 92.60
1223 67.89 18.42 0.391887 66.04
1273 65.52 17.37 0.394377 44.58
1323 63.31 16.32 0.396345 28.05
1373 61.25 15.27 0.397800 16.17
1423 59.38 14.22 0.398772 8.95
1473 57.70 13.17 0.399305 4.66
1523 56.21 12.12 0.399462 3.85
1573 54.94 11.07 0.399330 5.34
1623 53.90 10.02 0.399011 8.25
1673 53.08 8.97 0.398634 11.54
1723 52.50 7.92 0.398347 14.07
1773 52.17 6.87 0.398324 14.58
1823 52.10 5.82 0.398762 11.67
1873 52.29 4.77 0.399885 3.82
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Table A9: Mechanical properties of Inconel 718 alloy
versus temperature.

T (K) FE (GPa) G (GPa) v 09.2% (MPa)
273 202.39 77.35 0.291713 1108.20
323 198.94 77.09 0.293780 1106.97
373 195.53 76.54 0.291774 1104.87
423 192.16 75.77 0.287378 1101.52
473 188.83 74.83 0.281952 1096.53
523 185.54 73.75 0.276566 1089.43
573 182.29 72.56 0.272018 1079.72
623 179.08 71.29 0.268868 1066.91
673 175.91 69.95 0.267459 1050.49
723 172.78 68.57 0.267948 1029.94
773 169.69 67.15 0.270327 1004.83
823 166.64 65.72 0.274452 974.77
873 163.64 64.28 0.280070 939.45
923 160.67 62.85 0.286843 898.69
973 157.74 61.43 0.294377 852.47
1023 154.85 60.03 0.302245 800.94
1073 152.00 58.67 0.310016 744.47
1123 149.19 57.35 0.317279 683.69
1173 146.42 56.07 0.323672 619.52
1223 143.70 54.85 0.328905 553.20
1273 141.01 53.70 0.332789 486.37
1323 138.36 52.61 0.335261 421.09
1373 135.75 51.60 0.336408 359.86
1423 133.18 50.68 0.336498 305.72
1473 130.66 49.84 0.336004 262.28
1523 128.17 49.10 0.335629 233.74
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