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With increasing maturity of the laser powder bed fusion (PBF-LB/M) process, the related
products are becoming more complex. The more conventional parts are integrated into
one design, the more requirements regarding local material properties arise. This concerns
for instance products with high demands regarding temperature management. Here,
different thermal conductivities within the part enable the control of the temperature
distribution as well as the direction of heat flows. The realization of those local properties
poses a challenge, though, as the use of multiple materials in PBF-LB/M is not broadly
available. However, the different states of material in PBF-LB/M, i.e. bulk and powder
material, provide the opportunity to create thermal metamaterials with locally varied
thermal conductivities. To enable part design utilizing the bulk material as well as
enclosed powder, this study investigates the respective thermal conductivities of Ti-
6Al-4V. Powder and printed samples were measured at RT by the Modified Transient
Plane Source method, resulting in an effective thermal conductivity of 0.13W/mK for
powder and 5.4W/mK for bulk material (compared to 6.5W/mK in prior experiments). For
complete assessment of the powder material, because of the many uncertainties due to
the particle size distribution and powder application, a computational model following the
network modeling approach is created. The model is used to create a data set of 60
different powder bed configurations, which is then statistically evaluated to provide a
description independent from powder packing. Finally, the application of the investigations
to achieve thermal metamaterials capable of local temperature management with a single
material is presented in a numerical study. Here, the use cases of thermal shielding as well
as the concentration of heat flow is demonstrated.

Keywords: laser powder bed fusion, thermal conductivity, Ti-6Al-4V, thermal metamaterials, modified transient
plane source, modeling

1 INTRODUCTION

Additive manufacturing (AM) of metals is today used in numerous applications e.g., in aerospace
(Liu et al., 2017), industrial engineering (Galati et al., 2020) and tooling manufacture (Chantzis et al.,
2020), to name a few only. Of all metal AM processes, powder bed fusion (PBF) is taking a share of
90% in terms of installed machines, with laser powder bed fusion (PBF-LB/M) being the most widely
used technology within PBF (Herzog et al., 2021b).

While lightweight design is still among the key motivations for many AM applications (Plocher
and Panesar, 2019), improving the functionality of a part is another important aspect (Barbieri et al.,
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2019). Depending on the function of the part, the design freedom
of AM may be used to optimize e.g., the pressure drop of
manifolds (Herzog et al., 2021a) or the heat transfer of
structures in heat exchangers (Scheithauer et al., 2019). Such
parts are often subject to a multiphysical optimization process,
e.g., mechanical and thermal optimization. To effectively do so,
understanding of the thermo-physical properties of the additively
manufactured structures is needed in addition to the more often
published mechanical data (Stautner et al., 2017).

Furthermore, AM may be used to manufacture functionally
graded structures by either locally varying processing parameters,
by controlling density or by using property differences between
powder and bulk material (Loh et al., 2018). This could offer new
opportunities in heat sensitive applications by locally tailoring the
thermo-physical properties and directing heat flows. Here, parts
of interest include for example cryogenic applications, such as
heat switches investigated by Stautner et al. (Stautner et al., 2017)
where local thermal conduction is a specific requirement.
Another area of application are heat sinks (Wu et al., 2017)
and heat dissipation in power electronics, where increasing
cooling efficiency while locally separating cool and warm areas
are of importance. Metamaterials with anisotropic thermal
properties can be used to manipulate heat flux and design
e.g. effective thermal shielding (Fan et al., 2008; Narayana and
Sato, 2012) or local concentration (Vemuri et al., 2014). Hu
et al. (Hu et al., 2016) have shown that using such
metamaterials, heat flux can be directed in a 90° angle
comparable to reflecting light on a mirror surface. Bandaru
et al. (Bandaru et al., 2015) have shown that the manipulation
of the heat flux could ultimately be used for thermal lenses and
energy harvesting. The studies mentioned before typically use
layered structures of dissimilar materials, such as copper and
steel (Vemuri et al., 2014) or latex rubber and silicone
elastomers with boron nitride particles (Narayana and Sato,
2012) to provide the difference in thermal conductivity.

This paper discusses the thermal conductivity of Ti-6Al-4V,
a material widely used in PBF-LB/M, in bulk and powder state.
In today’s state of the art, data regarding thermal conductivity
of additively manufactured materials is sparse (Bartsch et al.,
2021), thus design engineers often turn to values measured on
material derived from other manufacturing processes, which
may not be accurate. Also, the powder thermal conductivity is
an important property when considering heat distribution
within the PBF-LB/M process itself. Based on the findings,
the possibility to manufacture metamaterials by alternating
conductive bulk and less-conductive porous structures is
investigated. This could highly facilitate the manufacture of
heat flux directing structures without the necessity of
dissimilar materials.

2 Thermal Conductivity of Bulk Ti-6Al-4V
In the literature, several studies have dealt with experimentally
determining the thermal conductivity of bulk Ti-6Al-4V. They
found it to be between 6.2 and 7.66 W/mK (Timmerhaus, 1963;
Bolzoni et al., 2013; Gong et al., 2013; Bartsch et al., 2021).
However, the data concerning thermal conductivity and other
thermo-physical properties of Ti-6Al-4V is still sparse.

There is a variety of different methods for measuring thermal
conductivity of bulk materials such as metals. One common
technique is the steady state method using guarded parallel
plates (Cha et al., 2012; Rausch et al., 2013). Here, a known
heat flux ( _Q) is applied to a sample, between two plates, with
known surface area (A) and thickness (t), and the difference in
temperature (ΔT) is measured between the plates. The ideal, one-
dimensional Fourier’s law can then be used to calculate the
thermal conductivity at the respective ambient temperature
Tamb (Rausch et al., 2013). Note that ΔT is significantly
smaller than the ambient temperature.

_Q � k(Tamb) p A p
ΔT
t

Additionally, transient techniques are available. Among
others, transient methods include transient hot wire (Healy
et al., 1976) or laser flash (Cha et al., 2012; Zajas and
Heiselberg, 2013; Bartsch et al., 2021) techniques. In the
transient plane source method (TPS), a thin disc sensor is
placed between two identical samples. The disc sensor acts as a
source of heat and a temperature sensor at the same time.
During measurement, the disc sensor heats up and the heat
dissipates into the material. The speed at which the heat
dissipates can be measured by the temperature sensor.
Thus, by recording temperature over time this technique
can calculate the thermal conductivity of a given sample
material (Gustafsson et al., 1974; Gustafsson, 1991). A
rather novel method is the modified transient plane source
technique (MTPS) which can measure thermal conductivity
and effusivity of solids, liquids and powders (Emanuel, 2006;
Emanuel et al., 2022). The MTPS sensor has a spiral heater that
heats a sample with a unidirectional heat flux. The voltage drop
on the sensors heater is measured before and during the
heating. Emanuel et al. (Emanuel, 2006) showed that the
voltage drop is directly correlated to the effusivity of a
material. Since the effusivity is defined as

e �
��������
k p ρ p cp

√
with the density ρ and specific heat capacity cp, the thermal
conductivity k can be calculated directly. The advantage of the
MTPS as a transient method is that it requires a single sample,
while the TPS method requires two identical samples.

In the following a MTPS C-Therm TCi Analyzer (C-Therm
Technologies Ltd., Fredericton, Canada) was used to
determine the thermal conductivity of Ti-6Al-4V PBF-LB/M
samples with varying relative density to analyze the influence
of porosity in bulk material on the thermal conductivity.

2.1 METHODS

Different test specimen are manufactured on a TruPrint 1000
(Trumpf GmbH & Co. KG, Ditzingen, Germany) with different
process parameters with the goal to vary porosity between the
samples. The sample geometry is chosen as cylindrical to fit the
MTPS sensor probe with a height of 7 mm and a diameter of
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18 mm seen in Figure 1. The process parameters used are shown
in Table 1.

Accompanying density cubes with the same parameters and
an edge length of 10 mm are printed for density measurement
via metallographic analysis. No separate contour parameters
are used. After printing, all samples are removed manually
from the build plate and the measurement surface of the
cylindrical samples smoothed using grinding paper. The
thermal conductivity is measured in as-built condition using
distilled water as a contact agent. Last, a 500 g weight is put on
top on the sample to enhance the contact further. Five
individual measurements are averaged and the setup is
repeated at least twice for each sample. Before each
repeating measurement, the samples are dried to minimize
the error due to potential water absorption into the porous
samples. After the thermal conductivity measurement of the
grinded samples, the surface was polished to further improve
the contact between the sample and the sensor. The density
cubes are metallographically prepared in XZ-plane according
to ISO/ASTM 52900:2017 and the relative density is measured
optically.

For application in part design or process simulation,
material properties at temperatures up to 500 °C are of
interest. The measurements are conducted at room
temperatures, though, since the calibration of the available
technical equipment does not allow for high temperature
measurements.

2.2 Results and Discussion
Different relative densities between 90.24 and 99.95% have been
achieved with the proposed process parameters. The correlation
with the thermal conductivity is shown in Figure 2.

Initially as-printed samples were unsuitable for measurement
with the MTPS method. After polishing one surface the resulting
heat conductivities were between 4.00 and 6.18 W/mK for
different samples, with an average of 5.4 W/mK. For
comparison, the highest density samples were measured also
with the TPS method according to ISO 22007-2, resulting in
average thermal conductivity of 5.5 W/mK.

Partially the data points follow a trend that decreasing
relative density results in lower thermal conductivity.
However, samples at 99 and 97% rel. density have lower
than expected thermal conductivity, respectively.

FIGURE 1 | (A) Schematic drawing of MTPS sensor with liquid/powder cell (B) MTPS sensor without and (C) with bulk sample.

TABLE 1 | Process parameters for manufacturing density and MTPS samples.

Parameter Set

1 2 3 4 5 6 7

Laser Power [W] 90 90 90 90 90 120 150
Scan speed [m/s] 1.1 0.7 1.5 1.1 1.1 1.1 1.1
Hatch distance [μm] 100 100 100 90 110 100 100
Layer thickness [μm] 20

FIGURE 2 | Thermal conductivity against relative density of PBF-LB/M
samples.
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Additionally, the most porous sample at 90% is measuring
higher than expected values. Thus, contrary to the original
hypothesis no clear correlation of thermal conductivity and
density can be observed.

In Figure 3, four micrographs with varying densities and
thermal conductivity are shown. It can be observed that for (a),
(b) and (c) there is random porosity in varying degree in the
sample. Sample (d) shows an ordered open porosity.

Since no clear correlation is present the thermal conductivity
of polished samples is averaged to 5.47 W/mK and compared
against literature also shown in Figure 2. Here, both the MTPS
and TPS measurements show lower conductivity than that
reported by (Ziegler et al., 1963; Benjamin and Kirkpatrick
1980; Mills, 2002; Gong et al., 2013), 6.6–7.2 W/mK, and by
Bartsch et al. (2021), conducted on similar PBF-LB/M as-built Ti-
6Al-4V samples with the LAF method (6.5 W/mK). The samples
in this study are measured as-built with one surface polished and
are predominantly in the martensitic (α’) phase. Contrary to
expectation, no clear positive correlation of heat conductivity can
be identified with relative density. The overall surface roughness
has been ruled out as an explanation for the missing correlation.
A possible solution for the underlying problem with porous bulk
material and surfaces on the measurement should be negated in
the future by using contour parameters to minimize surface
porosity as well as prevent water absorption into the samples.
Overall, it has been shown that it is possible to measure the
thermal conductivity of Ti-6Al-4V by the MTPS method in a
convenient measurement setup. However, for optimal
measurement conditions the contact quality between samples

and sensor needs to be improved by polishing the samples and the
use of contour parameters in the PBF-LB/M process.

3 THERMAL CONDUCTIVITY OF POWDER
Ti-6Al-4V

For powder material, typically the effective thermal conductivity
(ETC) is of interest, because a volume filled with powder cannot
be defined by the powders bulk thermal properties.While De Beer
et al. (Beer et al., 2018) showed that there is extensive research on
the ETC of packed powders in literature in general, there is only
scarce experimental data available for the ETC of different PBF-
LB/M feedstock. Comparing with bulk material the thermal
properties of powder feedstock depend on additional powder
specific properties, such as particle size distribution (PSD),
particle shape, packing density or the surrounding medium
(i.e., gas or liquid). This makes thermal characterization of
powders challenging. Wei et al. (Wei et al., 2018) investigated
the ETC of different feedstocks with the transient hot wire
method. For Ti-6Al-4V the thermal conductivity is determined
as approximately 0.2 W/mK at room temperature and ambient
pressure. Gu et al. (Gu et al., 2014) used the steady-state method
and found ETCs in the range of 20–60% of the bulk material.
Lastly, Bartsch et al. (Bartsch et al., 2021) use theMTPS technique
to measure Ti-6Al-4V feedstock at different temperatures and
found thermal conductivities in the range of 0.17–0.19 W/mK at
room temperature which is in good agreement with the
measurements of (Wei et al., 2018). However, the effect of

FIGURE 3 |Micrographs for optical relative density measurements for different density cubes (A) ρ = 99.95%, k = 5.62 W/mK (B) ρ = 99.90%, k = 4.20 W/mK, (C)
ρ = 97.40%, k = 3.33 W/mK, (D) ρ = 90.24%, k = 4.93 W/mK.
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different powder properties on thermal conductivity is still
unknown. Thus, this study aims to show the influence of
particle size distribution as well as packing density on the
thermal conductivity of Ti-6Al-4V powder feedstocks using
the MTPS method.

3.1 Experiments
3.1.1 Methods
In this study, different Ti-6Al-4V feedstocks used in additive
manufacturing are characterized with regard to their PSD,
apparent and tap density, as well as thermal conductivity. PSD
was determined by measuring d10, d50 and d90 with the laser
diffraction method (LS 13 320, Beckmann Coulter, Brea,
United States). Apparent density is measured by pouring
powder feedstock into a pycnometer and taking the volume
and weight. The tap density is determined thereafter by
densifying the powder volume in a tap density tester and
taking the tapped powder volume. The respective densities are
related to the bulk density of Ti-6Al-4V of 4.43 g/cm³ resulting in
a relative powder density. Furthermore, the morphology is
confirmed to be mostly spherical by SEM shown exemplary in
Figure 4.

The ETC of the powder feedstocks is characterized by the
MTPS method using a powder measurement cell shown in
Figure 5. Each powder is measured in its apparent state by
pouring the powder into the cell as well as in its densified
state by tapping the powder until no further densification took
place. The sensor is operated in its ‘liquids & powders’ mode
which is optimized for low thermal conductivities. The sensor
takes five different measurement points which then are averaged.

FIGURE 4 | SEM of 15–45 μm Ti-6Al-4V PBF-LB/M powder.

FIGURE 5 | MTPS setup with powder measurement cell.
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3.1.2 Results and Discussion
Figure 6 shows the correlations between the ETC and relative
density. It includes the apparent as well as the tap density MTPS
measurements. ETC ranges from 0.08 to 0.17W/mK depending
on the underlying relative density. A positive linear correlation
can be observed between ETC and relative density with few
outliers to higher ETCs especially in the lower density range.
The experimental data is linearly fitted to:

ETC � 0, 2994[ W

mK
] p ρrel − 0.0181[ W

mK
]

Also shown is the effect of PSD on ETC. The diagram shows
the powder feedstock PSDs from d10 to d90 with ETC being
indicated by color mapping in apparent and tapped state. The
powders are sorted by ETC in tapped state with one data point
being estimated since it was not able to be densified in the
measurement setup.

The ETC of Ti-6Al-4V powder feedstocks that are determined
in this study are in good agreement with (Wei et al., 2018) and
(Bartsch et al., 2021), but are significantly lower than shown in
(Gu et al., 2014). The heat conductivity is largely governed by the
relative density of the powder in themeasurement cell leading to a
positive correlation of those. One possible explanation is that with
increasing rel. density the metal content in the powder volume
increases. Since Ti-6Al-4V has a significantly larger heat
conductivity than the surrounding air, this can lead to higher
ETC in the powder volume. Additionally, a larger relative powder
density increases the contact powders and potentially the contact
area of the particles further increasing the heat conductivity
between the particles. As expected, finding a clear correlation
with PSD is more complex. However, powder feedstock that is
typically used in PBF-LB/M with a PSD between 20 and 60 μm
largely shows similar ETC. Finer and broader powder PSD on the
other hand show lower ETC whereas there are contrary data
points and no clear trend for coarser powders. It is plausible that
finer powders show lower ETC due to lower packing density.
However, there is no apparent explanation regarding the low ETC
of powders with a broader PSD. Thus, other powder

characteristics influencing packing behavior such as particle
morphology, inter-particle friction and flowability have to be
analyzed further. Overall, it was possible to show a clear
correlation of ETC with relative density using the MTPS
method. The influence of PSD on ETC could also be partially
explained. This offers unique possibilities regarding powder
quality control e.g., as an in-situ sensor in PBF-LB/M powder
cycles to indicate powder degradation and changes in powder
quality.

Additionally, it can be shown that a given powder volume
regardless of densification is a poor conductor compared to bulk
material. Relative powder bed density in the PBF-LB/M process is
in the range of 50% (Rausch et al., 2013). According to Figure 6
the ETC of such powder beds are in the range of 0.13W/mK.
When relating this to bulk material, the powders thermal
conductivity is roughly 50 times lower. Thus, it can be used in
design to guide heat through optimized paths and shield
temperature sensitive parts. Since the empirical effort to
characterize different powder packings and materials at the
complete temperature range of PBF-LB/M is very large, it can
be beneficial to use numerical approaches to gauge the heat
conductivity of different powders.

3.2 Modeling of the Powder Thermal
Conductivity
The modeling of the ETC of a packed bed has been the scope of
research for roughly a century today (Aberdeen and Laby, 1926;
Kannuluik and Martin, 1933). A packed bed is defined as system
of solid particles in contact, which are surrounded by a fluid
phase, either liquid or gaseous (Tsotsas and Martin, 1987). This
definition includes powder beds, although some authors (e.g., (S.
C. Cheng and Vachon, 1969)) distinguish these two terms,
because the particle size as well as particle shape may be
significantly different. Currently, the main application of
interest are pebble or packed bed gas-cooled reactors (van
Antwerpen et al., 2010; Beer et al., 2018). This longtime
interest leads to a variety of approaches, which may be
categorized as analytical or numerical. Analytical approaches

FIGURE 6 | Results of powder ETC measurements: (A) Density-dependent, (B) PSD-dependent.
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aim at either directly solving heat transfer equations or describing
the thermal resistance of the packed bed. Both methods often
consider a unit cell representation rather than the complete
packed bed. This simplification restricts the analytical
approaches to packed beds with only a few particle sizes and a
defined packing structure. With increasing computational
resources available, the numerical approaches developed to
overcome the limitations of the analytical techniques. The
network method represents the complete powder bed as a
graph, where contact between particles is indicated. Then, the
individual local thermal conductivity between two particles is
modeled and the heat transfer equation is solved iteratively. A
second numerical approach is the discrete element method
(DEM). Here, the particles are physically modeled and their
time-dependent interactions computed. DEM is often coupled
with computational fluid dynamics (CFD) to incorporate the
fluid phase in a packed bed. However, DEM is computationally
demanding and therefore restricted in the applicable number of
particles observed. Additionally, various heat transfer
mechanisms within the packed bed can be distinguished (Yagi
and Kunii 1957). Independent of the fluid flow in the packed bed
are the thermal conduction through solid and contact surfaces of
two particles, often referred to as particle-particle conduction, as
well as the radiant heat transfer between two particle surfaces or
adjacent gas voids. Fluid flow dependent heat transfer
mechanisms include the thermal conduction through the fluid
film near the contact surface of two particles, convection, and the
heat transfer by lateral mixing of the fluid. In summary, various
approaches to modeling the ETC of a packed bed exist, based on
the packed bed representation, solution of heat transfer equation,
and considered heat transfer mechanisms.

While there is a significant number of publications
considering packed beds, only few publications deal with
the powder bed as found in PBF-LB/M. On the one hand,
this may be due to the complex geometrical situation created
by a large PSD and the random packing due to the powder
application process. On the other hand, the technical
application of the powder bed’s ETC in part design or
process simulation is rare.

Moser et al. (Moser et al., 2016) developed a DEM model to
gain detailed insight regarding thermal conduction at the active,
applied powder layer of various metal materials. They use
Powell’s method (Powell, 1964) with Jacobians calculated by
finite differencing to determine the particle temperatures in
steady-state condition. Then, the heat fluxes from the walls are
derived and from these the ETC is determined via Fourier’s law.
They consider particle-particle conduction, particle-fluid-particle
conduction as well as radiation. The investigation of various
parameters led to the conclusion, that the powder bed
temperature as well as the gas conductivity influence the ETC
the most.

In (Chua et al., 2018), finite element analysis (FEA) is applied
to determine the ETC of a Ti-6Al-4V PBF-LB/M powder bed near
melting range. The FEA model consists of a unit cell
representation of two particle halves. Particle-particle
conduction as well as particle-fluid-particle conduction near
the contact surface is modeled. Considering several contact

geometries and ambient temperatures, data is collected to
perform regression analysis for ETC estimation.

De Moraes and Czekanski (Moraes and Czekanski, 2018)
investigated the effect of several parameters such as packing
density on the ETC by implementing a thermal macro-scale
PBF-LB/M FEA model. The ETC is represented by an
analytical function (Wakao and Kato, 1969). In (Gusarov
et al., 2003), the contact thermal conductivity between two
particles is analytically evaluated. Wei et al. (Wei et al., 2018),
Gu et al. (Gu et al., 2014), as well as Alkahari et al. (Alkahari
et al., 2012) experimentally evaluated PBF-LB/M powder
bed ETCs.

3.2.1 Methods
The sparse work on PBF-LB/M specific powder bed ETC calls
for the setup of a new model. Because of the randomness
involved due to PSD and the powder application procedure
requires the use of statistics for the derivation of a general
model, unit cell approaches and DEM are not suitable. The
unit cell approach is not able to model the random geometries,
whereas the computational resources necessary for DEM do
not meet the goal of a large dataset. Therefore, the network
approach is followed. Here, various powder bed configurations
can be modeled and evaluated at several ambient temperatures
to create a description of the temperature-dependent powder
bed ETC. To reduce computational resources, the model is
implemented for a 2D case. The Matlab 2021a software of
Mathworks Inc. (Natick, United States) is used for
programming.

The described model is based on the assumption, that Ti-6Al-
4V PBF-LB/M powder particles are spherical and have a smooth
surface. Experimental investigations (e.g., (Seyda et al., 2017))
support this assumption. To generate powder bed configurations
as found in PBF-LB/M, a three-step procedure is applied: First,
the position and size of a specific number of particles in a defined
space is determined. Here, the approach of a rain model with
multiple restructuring, as described by Meakin & Jullien (Meakin
and Jullien, 1987), is followed. A uniform random distribution of
X,Z-coordinates in an area high above the powder bed ground
(Z � 0) is created. These coordinates denote the centers of the
particles. Then, the center points are assigned a diameter, again
randomly, but following a pre-defined PSD. Thus, the particles
are assumed perfectly spherical. Having generated a particle
cloud, the individual particles are moved to the ground in a
drop-roll manner by simulating gravity. One by one, the particles
are moved downwards until contact with the ground, the wall, or
another particle is established. At contact, the stability of the
particle’s position is checked: A stable position is existent when
the particle either has reached the ground or has a point of
contact on each side of its vertical axis. If the particle is not stable,
it is rolled along the surface of its particle in contact (which is
stable), until a new contact is achieved. This procedure of contact,
stability check, and rotation is repeated until a stable position is
reached. Following the approaches of (Sahimi and Tsotsis, 1997;
Cheng et al., 1999; Cheng and Yu, 2013; Wu et al., 2016), the
resulting powder bed configuration is converted into a Voronoi
diagram in a second step. The last step consists of the calculation

Frontiers in Mechanical Engineering | www.frontiersin.org July 2022 | Volume 8 | Article 8301047

Bartsch et al. Thermal Conductivity of PBF-LB/M Ti-6Al-4V

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


of the Voronoi network by Delaunay triangulation. Now, a
network where the nodes represent the center of the particles
and the edges denote particles in interaction is available. In
Figure 7, such a powder bed configuration is depicted.

The steady-state heat conduction through the powder bed
in X-direction is computed to determine the ETC (Kanuparthi
et al., 2008; Yun and Evans, 2010; Liang, 2015; Lee et al., 2017).
To satisfy energy conservation, the sum of all heat flows
towards or out of a particle i needs to be in equilibrium:

∑ qi � 0

The heat flow between the i th and j th particle is defined as

qij � kij(T) p (Ti − Tj)
where kij is the temperature-dependent local coefficient of
thermal conductivity between those two particles. For the local
conductivity, the conductivity network modeling approach
(Yun and Evans, 2010; Batchelor and O’Brien, 1977) is
applied. Particle-particle as well as particle-fluid-particle
conduction is considered, radiation effects are neglected.
This is because the aim of the simulation is to model a
point deep within the powder bed rather than the upper,
freshly applied powder layer and the temperature difference
between two adjacent particles is extremely small. Both types
of conduction are modeled as a series of conductivities
consisting of the solid particles conductivity and either the
fluid or particle contact conductivity in-between.

kij(T) �
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

⎡⎢⎣ 1
ki(Ti) +

1
kcontactij (T) +

1

kj(Tj)⎤⎥⎦
−1

particle − particle

⎡⎢⎣ 1
ki(Ti) +

1
kcontactfluid (T) +

1

kj(Tj)⎤⎥⎦
−1

particle − fluid − particle

The major assumption the model is based on is that the heat
flux across the particle’s surface towards another particle is
approximated by a cylindrical segment of equivalent radius Rij

as proposed by Batchelor & O’Brien (Batchelor and O’Brien,
1977). Rij is defined by the respective particle radii Ri, Rj as

Rij � 2pRipRj

Ri + Rj

The particle conductivity is then formulated in relation to Rij:

kn(Tn) � πpkp(Tn)p
(χ pRij)2

Rn
, n � i ∨ j

Here, kp denotes the thermal conductivity of the powder
material, i.e. the solid alloy. Furthermore, χ is an estimate of
the fraction of the mean radius of curvature, which is set to χ �
0.5 according to (Yun and Evans, 2010). The contact conductivity
of two particles in contact is further determined to be

kcontactij (T) � πpkf(Tamb)pRijp[Kc + ΔKp + ln(α(T)2)]
where the auxiliary terms Kc and ΔKp are defined as follows:

Kc �
2pβij
π

ΔKp � −2p ln(βij)
⎫⎪⎪⎪⎬⎪⎪⎪⎭ for βij → ∞

Kc � 0.22pβ2ij

ΔKp � −0.05pβ2ij

⎫⎪⎬⎪⎭ for βij < 1

The thermal conductivity ratio between the powder and the
fluid (kf) is denoted by α, while βij is a parameter describing the
overlap of two particles in contact:

βij �
α(T) p rc

Rij

The contact radius rc is defined by

rc � sin(θi)pRi

θi � cos−1(D2
ij + R2

i − R2
j

2pDijpRi
)

Here, Dij is the distance between the particle’s centers. If the
particles are not in contact, but separated by fluid, the contact
thermal conductivity is determined as

kcontactfluid (T) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

πpkf(Tamb)pRijp ln(α(T)2) for λij(T)≪ 1

πpkf(Tamb)pRijp ln(1 + χ2pRij

hij
) otherwise

The particle separation parameter λij, similar to the overlap
parameter βij, is defined as follows:

λij(T) � α(T)2phij
Rij

Instead of the contact radius, the gap distance hij is utilized as
geometrical measure, which is determined via Dij:

hij � Dij − (Ri + Rj)
To determine the global ETC of the powder bed, the total

heat flow out of the boundary wall ∑ qij,wall is used by applying
Fourier’s law. Here, l stands for the powder bed width in
X-direction, e.g. the distance of conduction, and ΔT denotes
the temperature difference applied to the boundary walls.

FIGURE 7 | Powder bed configuration including voronoi tessellation
(blue) and network (red).
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ETC � ∑ qij,wallp
l

ΔT
The algorithm is implemented in MATLAB 2021b (MathWorks

Inc., Natick, United States). The material model presented in
(Bartsch et al., 2021) is used. A total of 60 powder bed
configurations with a width of 2mm is created, which consist of
500 particles each. The PSD ranges from 20-60 μm with a normal
distribution. A temperature difference of ΔT = 60 K is imposed on
the boundary walls, and the temperature range of 300–1600 K is
investigated with a step size of 50 K. Note that thermo-physical
phenomena such as sintering of the particles as well as the
coexistence of the solid and liquid phase in the so-called ‘mushy
zone’ are not considered.

3.2.2 Results and Discussion
Figure 8 shows the computed ETC data as well as the linear fit,
which is found to be

ETC(T) � 3.77p10−5pT − 0.0065

The ETC data of the respective powder bed configurations is of
linear nature. Powder beds differ in their individual slopes, though
the majority tends towards a very flat slope. The observed variance is
attributed to the geometrical powder bed configuration. As
visualized in Figure 9, some powder bed configurations include
notches, narrowing the cross section of heat flow.

Compared to the experimental data of Section 3.1, the simulated
ETC is significantly lower, e.g. ETC (300 K) = 0.00481W/mK. This
is attributed to the powder bed configuration, where no elastic
particle deformation at the contact points is considered, i.e. point
contact is modeled. This leads to local conductivities kcontactij at the
scale of 10−5 W/mK.

In summary, the network modeling approach in combination
with the rain method is deemed suited to incorporate the
uncertainties arising from the PSD and powder application
process. It can therefore be used to extend experimental data
to higher temperatures, as those are hard to measure, and to
decrease experimental efforts in general. However, the presented
model requires further work to be validated. This includes the
extension to 3D spheres as well as the consideration of the mass
and elastic deformation of the particles. Additionally, the
influence of radiation at high temperatures may be investigated.

4 DESIGNING THERMAL METAMATERIALS
BY USING BULK AND POWDER MATERIAL

To demonstrate the possibilities of including un-molten powder
particles in PBF-LB/M part design, the study of (Narayana and
Sato, 2012) is reproduced. Here, the engineering of an artificial
material capable of controlling the path of energy transport via

FIGURE 8 | ETC data from simulation.

FIGURE 9 | Powder bed configuration with notch (arrow).
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thermal conduction is shown. As use case, a hollow cylinder
embedded in a block of a different material is used. On both sides
of the setup a specific temperature is applied, 315 and 273 K
respectively. Then the steady-state temperature profile is
evaluated and the heat flow is visualized. The cylinder may be
designed in different ways to achieve varying thermal behavior:
either as homogeneous or metamaterial consisting of alternating
sections of different materials.

Applying the methodology to PBF-LB/M, the two different
materials are powder and bulk Ti-6Al-4V. In the first use case, the
cylinder is designed as thermal barrier consisting of powder
material only (see Figure 10A). The second use case, where
the heat flux is to be concentrated in the middle of the cylinder,
the cylinder consists of alternating, radial layers of powder and
bulk material (see Figure 11A). The block the cylinder is
embedded in consists of bulk Ti-6Al-4V. The model is
implemented in COMSOL Multiphysics 5.2a (COMSOL Inc.,
Burlington, United States). The material data is based on (Bartsch
et al., 2021), with the thermal conductivities of Section 2 and 3.1
added. Since the applied temperature difference is small,

temperature-independent values at room temperature (293 K)
are considered, see Table 2. The initial temperature is set to the
minimum edge temperature of 273 K.

The result of the thermal barrier simulation is shown in
Figure 10. The overall temperature distribution is similar to
the one presented in (Narayana and Sato 2012). The heat flux
lines prove the effectiveness of the thermal barrier, as the heat
flux lines avoid the powder cylinder. However, as the
temperature within the cylinder has risen to 294 K, the

FIGURE 10 | Thermal barrier simulation (A) Setup: blue–powder material, grey: solid material (B) Temperature distribution, (C) Heat flux lines.

FIGURE 11 | Thermal concentration simulation (A) Setup: blue–powder material, grey: solid material (B) Temperature distribution, (C) Heat flux lines.

TABLE 2 | Material model of Ti-6Al-4V used in demonstration.

Parameter Value Ref

Solid ρs 4,420 kg/m³ Bartsch et al. (2021)
ks 5.62 W/mK Section 2
cp,s 556.25 J/kgK Bartsch et al. (2021)

Powder ρp 2,431 kg/m³ (ρs* 0.55) Bartsch et al. (2021)

kp 0.146 W/mK Section 3.1
cp,p 305.94 J/kgK (cp,s* 0.55) Bartsch et al. (2021)
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thermal barrier is not perfect in its performance. Proper
dimensioning of the cylinder’s thickness allows controlling
the inner temperature, though.

The case of the thermal concentrator is shown in Figure 11.
Here, it can be seen that the heat flux is directed towards the
center of the cylinder. The center temperature is still 294 K,
just as the first use case. This is on the one hand due to the
steady-state study type, on the other hand the symmetrical
design of the metamaterial facilitates both heat flow towards
and from the center. As a result, the thermal gradient in the
center area is greater than in the first use case (cf. Figure 10B
and Figure 11B), where the temperature in the center is
almost even.

Compared to (Narayana and Sato, 2012), it is concluded
that the configuration of powder and bulk material is capable
of reproducing the results and hence may be used to create
thermal metamaterials. The corresponding designs can be
complex and e.g. combine different aspects such as thermal
barriers and concentration to not only direct heat towards a
specific location, but also hold it there by shielding the
colder side.

5 CONCLUSION

The thermal conductivity of grinded and polished Ti-6Al-4V
PBF-LB/M samples has been measured using MTPS and TPS
methods. Obtained values ranged from 4.00 to 6.18 W/mK for
polished samples and thus are lower as those reported by Laser
Flash Analysis (6.5 W/mK) for the same material but with
different samples.

Measurements of the effective thermal conductivity of powder
using MTPS resulted in ETC values correlating well with the tap
and apparent density of the powder. For tap density values
around 50% of bulk density, which is typical for PBF powder
beds, ETC is within a close range around 0.13 W/mK. Measuring
the ETC of a given powder using MTPS may therefore also allow
to conclude on the powder’s tap density, which is a relevant
property for powder quality in PBF processes. For different
powder PSDs, no clear correlation with the ETC was found,
however a tendency was observed that low particle sizes below
20 μm reduce the ETC.

While these values are valid at room temperature, a
simulation of the steady-state heat conduction through a
powder bed was set up to predict ETC values for higher
temperatures up to 1600 K, which are not easy to obtain
experimentally. It was found that the powder beds
generated through a rain model vary significantly in their
ETC, although the D10 and D90 values were kept constant.
This can be attributed to the random local distribution of the
particles as well as to differences in the actual individual
powder particle sizes. This supports the observation from
the experiments that the ETC of a powder may not be

described by the PSD alone in a sufficient way. The model
is able to show the linear increase in ETC with temperature.
However, it underestimates the ETC by approx. two orders of
magnitude compared to the experiments. One possible
explanation is that elastic particle deformation has been
neglected. Additionally, thermo-physical aspects such as
sintering at high temperatures are not considered. Further
work on incorporating the effect in the simulation is therefore
planned.

It can be concluded that the thermal conductivity of the
bulk material is approximately one order of magnitude higher
than the ETC of the powder. This would allow for the design of
thermal metamaterials by switching between densified and
non-densified regions in a part, enabling the designer to
manipulate heat flux as desired. To prove the concept, a
study previously published by Narayana and Sato was
partially reproduced using the values for thermal
conductivity of bulk Ti-6Al-4V and powder Ti-6Al-4V,
resulting in similar temperature distributions. Thus, it was
shown that by Additive Manufacturing such metamaterials
could easily be obtained and might be used for different
applications in thermal shielding or concentration, e.g. to
direct heat to the hot end of thermoelectric generators.
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