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Abstract

The thermal conductivity of the powder bed during the electron beam powder bed fusion (PBF-EB) process strongly influ-
ences the process conduction and the quality of the components produced. The evaluation of this property is challenging. The
models currently available in the literature cannot provide values of the thermal conductivity that consider the temperature
evolution typical of the preheating step. This work presents a novel computational framework to evaluate the thermal conduc-
tivity of a powder bed for the PBF-EB process. The framework combines the thermal conditions of the PBF-EB process with
information on the geometrical features of the powder bed and an analytic method to calculate the thermal conductivity and
its variation with temperature and time. The proposed numerical framework is applied to the body centred structure (BCC),
a typical arrangement that can emulate the PBF-EB conditions. The numerical framework is multiscale by nature, providing
information about the whole powder bed starting from geometrical information about the neck among the powder particles.

Keywords Thermal conductivity - Powder bed - Numerical modelling - Electron beam melting - Tortuosity - Neck

1 Introduction

The quality of parts produced using the powder bed fusion
additive manufacturing process is strictly related to the pow-
der bed characteristics [1]. Thermal characteristics of the
powder bed, such as emissivity or thermal conductivity, need
to be considered as a further process variable that increases
the process complexity [2]. Thermal conductivity influences
the interaction between the energy source and the powder
[3], the heat transfer phenomena during the whole process
[4] and the cooling rate with a direct influence on the com-
ponent microstructure [5]. Moreover, the powder material's
thermal conductivity influences the manufactured compo-
nents' surface quality in the overhang and cellular structures
[6]. In the case of the powder bed fusion with electron beam
(PBF-EB), heat transfer occurs within partially sintered
powder mainly because of thermal conductivity among the
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particles. Other heat transfer mechanisms are negligible
because the process occurs under a vacuum (no convection
[7]), and the contribution of radiation is an order of mag-
nitude smaller than the conductive counterpart within solid
material [8]. The powder particles' packing structure also
influences thermal conductivity. In the PBF-EB process,
the powder size distribution ranges between 45 and 105 pm.
This powder size distribution generates a disordered packing
structure. The temperature increases during the preheating
and the high temperature during the whole process activates
diffusion phenomena. These phenomena produce a bridge of
material at the contact point between the powder particles,
usually identified as the neck. Hence, if the temperature and
the neck evolution are considered, evaluating the powder
bed's thermal conductivity remains challenging. To reduce
the complexity of the thermal conductivity evaluation, sev-
eral works consider simplified packing structures for the
powder bed, such as a body centred cubic (BCC) [7, 9].
The thermal conductivity of the powder material is
mainly investigated by considering experimental or numeri-
cal approaches. An overview of the experimental approaches
was proposed by Presley and Chreistensen [10]. Some of the
experimental methods are dedicated to the PBF-EB process
[11-14]. However, some proposed methodologies neglected

@ Springer


http://orcid.org/0000-0003-4238-4965
http://orcid.org/0000-0001-6508-2594
http://orcid.org/0000-0003-2029-8310
http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-023-00558-w&domain=pdf

Progress in Additive Manufacturing

the vacuum environment that characterises the PBF-EB pro-
cess [14]. Other works investigated the thermal conductivity
at different temperatures but neglected the influence of the
high temperature on the evolution in time of the neck that
connects the powder particles [11, 12].

Among the different numerical models for thermal con-
ductivity available in the literature, some are dedicated to
additive manufacturing techniques [9, 15, 16]. Gusarov et al.
[9] proposed a numerical model for the powder bed fusion
with the laser beam process for polymers (PBF-LB/P). In this
case, the thermal conductivity of bulk material was scaled
according to the relative density of the powder bed, the coor-
dination number, and the dimension of the neck between
the powder particles. However, the geometrical information
required to implement this model constrains the validity of
this model to simplified structures of the powder bed, such
as the simple cubic (SC), face centred cubic (FCC), or body
centred cubic (BCC) structures, where these parameters are
easy to measure. Chua et al. [15] implemented a finite ele-
ment (FE) model consisting of a couple of powder particles
in contact at a point to investigate the thermal conductiv-
ity as a function of the dimension of the bridge of material
(neck) among the powder particles. The simulations were
conducted considering processing conditions representative
of the PBF-EB conditions: air at low pressure around the
powder particles, powder particles with a diameter of 50 pm
and a temperature that varied between 0.4 Tm and the soli-
dus temperature of the material. The results obtained for a
couple of powder particles were extended to a powder bed
by linear interpolation but without considering the actual
geometry of the powder bed. To overcome such approxi-
mation in the case of micro PBF-LB/P, Grose et al. [16]
used a PF simulation to predict the neck evolution during
the process, and a FE model to perform a steady state heat
transfer simulation and evaluate thermal conductivity. This
methodology is computationally expensive and required sev-
eral adjustments to move from the sintering simulation to
the thermal conductivity. Moreover, the connection of phase
field simulation to the AM process remains unclear, as the
material parameters and the temperature evolution to set up
the PF simulation were not provided.

In the case of a powder bed, determining the thermal
conductivity of the solid fraction requires knowledge of
the heat transfer region. For partially sintered powder par-
ticles, this area must consider a net of connected particles.
Therefore, it could be necessary to describe, in some way,
the complexity of the path within the material. A similarity
may be found in the concept of the tortuosity index. This
index is usually used to describe the flow of a fluid through
the void of a porous media. However, this index was only
recently proposed as a methodology to investigate the ther-
mal or electrical diffusion phenomena in a porous material.
Ahmadi et al. [17] proposed an approach based on volume
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averaging to evaluate the tortuosity of mono sized arrays
of spheres. In this case, tortuosity was evaluated as a flow
within the material's pores. The methodology was adopted
to evaluate the tortuosity of regular cubic and tetrahedral
structures of spherical powder particles. The results were
in good agreement with both theoretical and experimental
literature data. Montes et al. [18] proposed the evaluation
of thermal tortuosity as the ratio between the sample length
in the heat flux direction and the length of the shortest path
within the solid material that connects the extremes of the
sample. However, in the case of a powder substrate with low
density, the dimension of the solid connection between the
powder particles was neglected [18]. Leung et al. [13] used
an analysis of the tortuosity factor to evaluate the thermal
conductivity. The value of the tortuosity factor was obtained
using an open source application, TauFactor [19]. The soft-
ware takes as inputs the cross-section images of the porous
media that, in this case, were tomograms of the sintered
powder bed. Then, the software applied a heat flux on a sub-
volume of the powder image, at the top of the picture, and
the thermal flux was followed along the conductive phase.
The results were strictly bonded to the image adopted for the
evaluation, the dimension of the inlet area and the balance
between the phases of the system. Moreover, the sintered test
samples were not representative of the evolution of geometry
during the sintering process of the PBF-EB process.

The current work proposes a novel methodology to evalu-
ate the thermal conductivity of a powder bed at the PBF-EB
conditions based on evaluating tortuosity within the solid
material of a REV with a BCC packing structure. This meth-
odology attempts to overcome the limitations of the current
literature considering the vacuum, the temperature changes
and the evolution of the neck among the powder particles
during the PBF-EB process.

2 Methodology

The thermal conductivity of a powder bed can be evaluated
as a function of the thermal diffusivity of the powder, as
reported in Eq. (1) [12]

’Ipowzapowppowcp (1)

where a,,,, represents the thermal diffusivity of the powder
material, p,,,,, represents the density of the powder bed, and
¢, represents the specific heat capacity of the powder bed.

Ppow Can be evaluated as p .., = pon, where py is the theo-
retical density of the bulk material considered and n repre-
sents the volume fraction of the solid material within the
considered domain.

o Can be expressed as reported in Eq. (2) [13]
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in which a represents the thermal diffusivity of the bulk
material and 7 represents the tortuosity of the system.

The tortuosity is an inherent feature of a porous mate-
rial that, originally, was developed to describe the com-
plexity of a flux path within the voids. The simplest way
to measure the tortuosity is, therefore, the ratio between
the length of the tortuous flow path within the pores of the
material (L) and the shortest distance between the inlet
and outlet section of the flux (L;). The more L, differs from
L, the more the path to cover is complex.

In the case of a powder bed and the application of the
tortuosity concept to a thermal problem, the scenario is
different. The heat flows within the solid material of the
net formed by sintered particles when referring to the heat
transfer problem. As an example, Fig. 1 shows schemati-
cally the ideal concept of tortuosity applied to a 2D section
of a powder bed composed of randomly distributed parti-
cles in which the neck between neighbouring particles is
already formed. The red line in Fig. 1 highlights one of the
possible paths for the heat flow throughout the particles
connected by the neck. As can be observed, the length of
the actual path within the solid material (L, in Fig. 1) is
longer than the thickness of the section (L4 in Fig. 1).

The measure of L, is non-trivial because, in complex
structures, multiple heat flow paths within the solid mate-
rial may be created. To overcome this issue, Ahmadi
et al. [17] proposed an innovative formulation for fluid
flow within voids, in which the tortuosity is calculated
as a macroscopic property of the material, considering
only the geometrical characteristics of the structure. This
formulation has been adapted in this work to provide a
new formulation for the tortuosity valid for the heat path
within a bulk material consisting of a net of sintered par-
ticles. Even if the nomenclature has been formally kept
analogous to the one proposed by Ahmadi et al. [17], the
hypothesis and the physical meaning of each term are valid
only for determining the tortuosity of a net of particles.
Equation 3 reports the calculation of T under the following
hypotheses:

e The porous material is made of two phases: a persistent
solid phase and the void space between the solid parti-
cles.

e The solid phase is distributed heavenly over the
domain.

e The phases where the flux occurs should be connected.
This means that any two points inside the conducting
phase should be linked by a curve that is entirely con-
tained within the conducting phase.

Solid substrate

IR IR R

Fig.1 Scheme of a partially sintered powder structure under the
action of the electron beam. The red line within the powder parti-
cle represents one possible heat flow path from the inlet to the out-
let section. L, represents its length. L, represents the straight distance
between the inlet and the outlet

ndy 2+ T)

3
36(1 —n?) 3ATY )

For the definition of the quantities presented in Eq. (3),
it is necessary to define a domain for the calculation called
representative elementary volume (REV). The main char-
acteristic of the REV is that the distribution of the solid
material and the void is statistically representative of the
powder bed.

Within the REV, n represents the volume fraction of the
solid material with respect to the total volume (Eq. (4)); A¢
represents the hydraulic radius defined as the ratio of the
volume of the solid material and the void-solid interface area
(Eq. (5)). T¢* represents the tortuosity tensor of the fraction
of volume occupied by the solid material. For an isotropic
medium, this can be written as in Eq. (6), where 5ij is the
Kronecker delta function and 6% =5/S,,.
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U, represents the volume of the solid material within the
REYV and U, represents the total volume of the REV.

S represents the interface area between the solid material
and the vacuum inside the REV.

Sgg represents the area of the material that crosses the
REV boundaries, while S, represents the total lateral surface
of the REV.

U, and S, are evaluated as the volume and surface of the
minimum convex polygon or convex hull [20] that contains
all the centres of the powder particles and represents the
REV.

Assuming a generic REV, the volume of the solid phase
contained on the inside (U,) was evaluated as reported in

Eq. (7)

Uys= // N f(x,y) dDyg @)

where x and y represent the coordinates of the plane that con-
tains the generic function f(x,y) that describes the boundaries
of the solid material and the integration domain (D). f(x,y)
can be determined assuming that the sintering structure is
made of spherical powder particles connected by the neck
that can be approximated by a one sheet hyperboloid. The
interface area of solid material to the void, Sts, was evalu-
ated as reported in Eq. (8), assuming that the geometry of
the solid material is axisymmetric.

b
Sis =9 / g1 + (g'(0)H))dx 8)

where J is the rotation angle, a and b represent the extreme
of integration and g(x) represents the function that describes
the profile of the solid material. This profile was considered
as the sum of the segment of a circle representing the pow-
der particle and a hyperboloid representing the neck. g'(x)
represents the first order derivative of g(x).

Finally, the area of the solid material that crosses the REV
(S, 1s defined as in Eq. (9).

b
Seg= / h(x)dx )
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where h(x) is a function that describes the profile of the
2D section representing the surface that crosses the REV
boundary.

The methodology presented in this paragraph, applied
repeatedly, can provide thermal conductivity at different
instants during the sintering process. To obtain the thermal
conductivity, in addition to the data relating to the mate-
rial, the necessary information is the geometry of the neck
between the particles. The neck geometry can be obtained
from experimental methodologies or numerical models. The
presented model is multiscale by definition because it starts
from information on the neck dimension of a couple of pow-
der particles and provides information about the complete
powder bed at the macroscale level.

3 Results and discussion

As an example of the application of the methodology pre-
sented in Sect. 2, the thermal conductivity of a BCC struc-
ture made of nine powder particles was evaluated. Figure 2
shows the BCC cubic REV considered for the calculations.

Eight eighths of powder particles were considered cen-
tred at the edges of the cube. The diameter of these powder
particles was considered constant and equal to 80 pm. A
powder particle was considered at the centre of the REV.
The diameter of this powder particle was assumed to be
58.6 pm. A particle with this diameter precisely fits the

Fig.2 REV with a BCC structure adopted to evaluate thermal con-
ductivity. d,, represents the radius of the powder particle. S is the lat-
eral size of the REV considered
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vacuum at the centre of the structure. The diameters of the
considered powder particles are comprised in the powder
size distribution of 45-105 pm commonly processed during
the PBF-EB process. Information about the neck and geom-
etry evolution can be obtained from experimental data or
numerical models. For the current work, geometrical infor-
mation about the sintering powder particles was obtained
using the model of sintering proposed by Rizza et al. [21].
According to this methodology, phase field simulations were
performed under a temperature profile, which emulates the
preheating step of the PBF-EB process. The temperature
load consisted of a linear increase of the temperature in steps
from 879 to 1273 K. Each simulation considered a couple of
powder particles undergoing sintering due to only diffusion
mechanisms, while the rigid body motion of the particles
was neglected. More details about modelling can be found
in Ref. [21]. The material considered was Ti6Al4V.

Table 1 summarizes the geometrical information for the
neck among two powder particles with a diameter of 80 pm
and the neck among the powder particles of 80 pm and
58.6 pm at different steps of the sintering simulation and
different temperature conditions.

The total volume and the lateral surface of the REV were
calculated considering the convex Hull geometry with the
vertices placed at the centre of the considered powder parti-
cles. For this geometry, the total volume and the total surface
of the REV were U,=512,000 pm® and S,=238,400 um>.

The geometrical information required to evaluate Eq. (4),
Egs. (5) and (6) were retrieved from Eq. (7), Egs. (8) and
(9), which summarised in Table 2, while n remains constant
and equal to 0.75.

The geometrical information and the tortuosity factor
in Table 2 were used to evaluate the thermal conductivity
of the powder structure under consideration, from the bulk
properties of the Ti6AI4V (4, ay, py and cp), according to
Egs. 1 and 2.

Table2 Geometrical information evaluated according to Eq. (7),
Eqgs. (8) and (9) and the tortuosity factor for the BCC REV under
consideration

Time Temperature Ups St Sss T

[s] (K] [pm’] [um?] [um?’] (-]
0.5 879 380,954 30,442 30,530 2.39
1.5 913 380,449 30,726 31,150 2.39
2.5 964 380,239 31,408 31,570 2.43
3.5 1016 381,013 32,038 30,984 2.50
4.5 1050 381,653 32,662 32,174 2.53
5.5 1101 380,559 33,308 31,706 2.57
6.5 1153 382,206 34,302 31,619 2.80
7.5 1187 382,177 35,221 31,496 2.75
8.5 1239 382,709 36,283 31,334 2.85
9.5 1273 381,155 37,423 31,240 2.92

Table 3 reports the data of the bulk material and the
corresponding thermal conductivity of the powder bed at
different sintering conditions and temperatures of the sys-
tem. Table 3 also includes the ratio between 4 € 4. As
can be observed, this ratio remains approximately constant
during the sintering. A slight decrease is observed when
the temperature rises. This result is justified by the fact that
the densification mechanism due to the rigid body motion
has been neglected. If the rigid body motion was present,
under the temperature increase, the centres of the particles
modify their position by approaching each other. The neck
radius, therefore, would increase and the geometry of the
structure would be slightly modified. Under this variation is
excepted 4,,,,, to grow. Therefore, owing to the densification
of the structure, it would be expected that the ratio ¢/4,,,,
slightly increases (or at least remains constant). This result
is in agreement with the literature, where this ratio is usually
assumed to be constant, e.g. Ref. [22]. In other cases, in the

Table 1 Geometrical

. . Couple of particles 80-80 pm 80-58.6 pm

information about the neck

evolution of the couples Time Temp X x+dx h X x+dx h

80—80 pm and the 80-58.6 pm

powder particle, evaluated with [s] (K] (pm] (pm] (pm] (hm] (m] (pm]

the methodology proposed by 05 879 3.84 7.02 0.80 426 5.93 0.70

Rizza et al. [21]
1.5 913 5.40 9.01 1.40 5.31 6.17 0.92
2.5 964 6.31 10.08 1.78 5.96 7.98 1.33
35 1016 6.80 12.40 2.18 6.38 7.87 141
4.5 1050 7.28 10.79 1.87 6.70 8.95 1.77
55 1101 7.48 12.33 2.42 7.02 8.84 1.78
6.5 1153 7.95 13.48 2.53 7.25 9.61 2.14
7.5 1187 8.19 14.35 2.89 7.64 9.65 2.12
8.5 1239 8.42 15.24 3.10 7.90 10.42 2.50
9.5 1273 8.62 16.02 3.54 8.09 10.48 2.61

@ Springer
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Table 3 Material properties adopted for the evaluation of thermal conductivity and the values of thermal conductivity for the powder bed (4,,,,)
Time Temperature A [22] ag ¢, [22] Po Ppow Ao Apow Apow! Ao
[s] [K] (Wm™' K™ [ms7] Ukg™' K71 [kem™]  [kem™]  [m’7] (Wm™' K™ -]
0.5 879 11.52 2.95%x107° 912.53 4273.69 3180 9.19%x 1077 2.67 0.23
1.5 913 11.97 2.99% 107 937.61 4262.54 3167 9.30x 1077 2.76 0.23
2.5 964 12.64 3.05%x107° 975.24 424581 3153 9.34x 1077 2.87 0.23
35 1016 13.33 3.11x107° 1013.61 4228.75 3146 9.25%x 1077 2.95 0.22
4.5 1050 13.78 3.14x107° 1038.69 4217.60 3143 9.26x 1077 3.02 0.22
55 1101 14.45 3.20%107° 1076.32 4200.87 3122 9.24x 1077 3.10 0.21
6.5 1153 15.14 3.25%107° 1114.68 4183.82 3137 8.71x 1077 3.04 0.20
7.5 1187 15.59 3.28x107° 1139.77 4172.66 3115 8.89x 1077 3.15 0.20
8.5 1239 16.27 531x107° 736.80 4155.61 3106 1.39%107° 3.19 0.20
9.5 1273 16.72 5.43x 107 743.6 4144.46 3085 1.38x107° 3.18 0.19

range of the investigated temperature in this work, calculat-
ing the powder properties via other modelling approaches,
the ratio 4y/4,,,, is a quite constant value, e.g. Ref. [7].

Numerically, the values of the thermal conductivity
obtained with the proposed methodology were in the same
order of magnitude of data available in the literature [7,
23-25]. Comparing the results with the ones reported in [7,
23-25], the values are slightly larger. However, the detected
differences can be explained by considering the experimen-
tal conditions [23, 24] or the numerical approximations [7].
In fact, the analysis reported in Ref. [23, 24] refers to stud-
ies about the PBF process with a laser beam, which differs
significantly from a PBF-EB, where the effect of the sinter-
ing cannot be neglected as in the case of Ref. [23, 24]. In
Ref. [7], for simplicity, the neck has been assumed to be
constant, neglecting the neck growth owed to the sintering
phenomena.

As regards the data recently measured by Galati et al.
[25], it was found that the thermal conductivity for the hol-
lowed closed samples produced by PBF-EB and that con-
tained inside sintered particles in vacuum varied approxi-
mately between 1.5 and 2.4 W/m~! K~ at 823 K and
between 0.7 and 3.4 W/m~! K~! at 1023 K. These values,
that more representative of the PBF-EB conditions (sinter-
ing, temperature and vacuum environment) were found in
good agreement with the data obtained in this work.

4 Conclusions

The thermal conductivity of the powder bed during the
PBF-EB process strongly influences the process conduc-
tion and the quality of the components produced. The
current work proposed a novel methodology to evaluate
the thermal conductivity of a powder bed, considering
the peculiar evolution of the powder bed structure during

@ Springer

the preheating phase of the PBF-EB process. Although
this methodology was specifically designed 1for the PBF-
EB process, it is applicable in general to all the powder
beds. The information required to evaluate thermal con-
ductivity, besides the information about the material, is
the geometric information on the neck among the pow-
der particles. This information can be obtained in several
ways, such as experimentally or from numerical models.

The thermal conductivity of a BCC powder packing
structure was evaluated as an application of the methodol-
ogy developed. The BCC structure was selected because
it is the most adopted in literature to represent the pow-
der bed conditions during the PBF-EB process. The BCC
structure was assumed to be made of nine spherical pow-
der particles made of Ti6Al4V. Information about the neck
growth and the geometry evolution were retrieved from
phase field simulations conducted with the approach pro-
posed by Rizza et al. [21].

For the BCC structure, the thermal conductivity was
found to vary between 2.67 and 3.18 Wm™! K~!. These
values of thermal conductivity were found to be in good
agreement with the experimental data reported in the liter-
ature for PBF-EB. Different from the approaches available
in the literature [25], the methodology presented in the
current work allows the evaluation of thermal conductiv-
ity at different stages and conditions of the powder bed.

Future works should include densification of the struc-
ture and analyses of other powder bed structures to inves-
tigate the influence of the packing geometry on thermal
conductivity.
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