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1. Introduction

In powder bed fusion Additive Manufacturing (AM)
processes, the production is conducted by adding thin layers of 
metal powder particles and selectively melting the cross 
sections of the components. The characteristic that distinguishes
the electron beam powder bed fusion (EB-PBF) process from
the other AM processes is the use of an electron beam as an 
energy source. The electron beam works in a vacuum 
environment and allows high working temperatures. The 
vacuum environment is required to prevent deviation of the 
electron beam from the air molecules and ensure a high-quality 
beam [1]. The hot environment is required to prevent the 
“smoke” phenomena [2], which consists of a violent expulsion 
of powder particles from the powder bed [3]. Among the causes 
of “smoke” [3], the momentum transferred by the electron beam 
and the accumulation of negative charges on the surface of the 
powder particles were identified as the most difficult to 
overcome [4]. The first and the most adopted approach to 
prevent smoke was the introduction of the preheating step to
increase the powder bed temperature. The high temperature
produces a partial sinter of the powder particles, detectable as a 

neck [3,5]. Fig. 1 shows an example of powder particles 
partially sintered during the EB-PBF process. In this figure, the 
powder particles have diameters of 48.43 μm and 53.89 μm.
These were maintained at a temperature around 923 K for 
approximately 1000 s. A neck diameter of 8.67 μm was found 
between the two powder particles.

The formation of the necks depends on the thermal history 
during the process. The temperature of the powder bed vary 
widely in the EB-PBF process [6]. Powder particles are 
relatively cold when raked on the build area [7]. Their 
temperature increase due to heat transmission from material 
below, that on the contrary is maintained at a high working 
temperature [8]. The temperature of the powder layer is further 
increased during the preheating step of the process, up to 50% -
70 % of the melting temperature of the material [9]. After 
preheating, the portion of the powder bed corresponding to the
cross section of the components is melted. On the contrary, the 
remaining part of the powder bed see a cooling to the working 
temperature.
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Fig. 1. Example of sintered powder particles obtained after the EB-PBF process.

This thermal history influences the dimension of the neck,
which should be fine-tuned. Small necks could not guarantee 
adequate electrical and thermal conductivity among the 
particles, consequently carrying on the process safely [10]. The 
proper thermal conductivity is required to dissipate the heat 
generated during the melting and prevent part distortion [10].
Furthermore, the reduced thermal conductivity of the powder 
material, compared to bulk material, has proven to influence 
energy absorption and melting efficiency [11].

The problem of conductivity in powder material has been 
investigated for centuries. One of the first numerical models
was proposed by Maxwell [12]. However, this model is difficult 
to apply to powder material because it neglects the contact area 
between particles and the difference between the thermal 
conductivity of the solid material and the gas [13]. Yagi and 
Kunii [14] proposed a theoretical model that considers the
packing density and the shape of the particles of the powder 
bed. This model considers the thermal conduction through the 
bulk material, the contact point of the particles and the radiation 
phenomena through the surfaces of the powder particles. On the
contrary, it neglects the thermal conductivity owed to the 
convection phenomena. A comparison between this theoretical
model and the experimental data shows a good agreement.
Hadley [15] proposed a formulation of thermal conductivity 
limited to a mixing parameter directly dependent on the powder
density and the volume of void present in the sample. These 
powder characteristics were determined experimentally. Butt 
[16] proposed a model to evaluate the thermal conductivity of 
porous media in the presence of gas. The mechanisms identified 
were solid conduction and convection. The radiation term was 
neglected. Sih and Barlow [17] proposed a comprehensive 
model that considered the conduction within the solid material
and through the contact points, the conduction through
convection of the gas filling the pores and the radiation. The 
model keeps in account also the effective shape of the powder 
particles and the effective contact area between the powder 
particles.

All these models agreed in describing the thermal 
conductivity of powder material using three contributions:
conduction within the solid material and through the neck of the 
sintered powder particles, convection of the gas in the pores and 
radiation phenomena through the pores. In the case of a vacuum 

environment, the convection mechanism can be neglected. In 
this case, the thermal conductivity (λ) is expressed according to 
Equation 1 [18]:

λ = λr + λc (1)
where λr represents the contribution of the radiation 

phenomena and λc represents the contribution of the conduction 
phenomena. When the radiation conductivity is negligible [14–
16], λ can be evaluated as a fraction of that of the solid material,
scaled according to the neck dimension [18].

The thermal conductivity in powder bed fusion AM
processes was investigated in different studies experimentally.
Wei et al. [19] adopted the transient hot wire method to obtain 
the thermal conductivity of powder for the laser powder bed 
fusion (L-PBF) process. The experimental results obtained were 
compared to the results of the numerical model proposed by
Butt [16]. The experimental results were in good agreement 
with the numerical counterparts. Zhang et al. [20] produced a
hollowed sample to investigate the density and thermal 
conductivity of the powder material processed with the L-PBF 
technique. The experimental results were combined with the
information provided by a finite element (FE) model. With this 
methodology, the powder thermal conductivity of Ti6Al4V was
found to vary from 3.4% to 5.2% of the solid material. Grose et 
al. [21] investigated the thermal conductivity of the powder bed 
of the micro selective laser sintering process using a simulation 
approach. For this scope, steady state FE thermal simulations
were performed considering the effective arrangement of the
nano powder particles at different sintering steps. Information 
about the arrangement of the powder particles was obtained 
from phase field (PF) simulations.

The approaches and the results obtained for the L-PBF
process are not applicable to the EB-PBF process, because of
different boundary conditions [22]. Modelling the thermal 
conductivity of sintered powder in a continuum FE model for
EB-PBF process, Shen and Chou [23] and Galati et al. [24]
assumed a body-centred packing structure and a constant neck 
radius between the powder particles. Gong et al. [25]
investigated the thermal conductivity of sintered Ti6Al4V
powder after the EB-PBF process. Thermal conductivity was 
evaluated using a thermal analyzer. The samples consisted of
solid cylinders and hollowed open cylinders with sintered 
powder. The thermal conductivity was evaluated at different 
temperatures. Neira Arce [6] used the laser flash method to 
identify the thermal conductivity of powder material at different 
temperatures. A partial sinter of the initially loose powder was 
obtained when performing the measures at high temperatures.
Smith et al. [10] investigated the thermal conductivity of the
powder bed of the EB-PBF process by producing square
hollowed samples that contain powder material sintered using
different preheating parameter combinations. The laser flash 
method was adopted to measure the thermal conductivity at 40 
°C and 730 °C. Leung et al. [26] investigated the effect of 
preheating parameters in EB-PBF process on the thermal 
conductivity of sintered Ti6Al4V powder. Cylindrical hollowed
samples filled with only preheated sintered powder were 
produced directly attached to the start plate. These samples 
were extracted and characterized using micro-tomography. The 
thermal conductivity was evaluated by adopting image-based
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methodologies. The results showed a small influence of the 
preheating parameters.

The current study investigates the effective thermal 
conductivity of the powder bed, considering the actual thermal 
history of the EB-PBF process. Phase field simulations were 
conducted to investigate the evolution of the neck formation 
between particles. An initial phase field simulation investigated
the influence of the temperature history on the neck radius 
between powder particles. Another simulation considered 
powder particles with a granulometry typical for the EB-PBF 
process. The results of this phase field simulation were used to 
estimate the thermal conductivity. An image-based approach 
was adopted to evaluate this property at different stages, 
keeping in account the different sintering conditions.

Methodology

The convection thermal conductivity is negligible in the
powder bed of the EB-PBF process, due to the vacuum 
environment. Moreover, the radiation thermal conductivity was 
considered negligible in the current study. This is two to three 
orders of magnitude smaller than that of solid and powder 
thermal conductivity, respectively [11]. Equation 2 was adopted 
to evaluate the thermal conductivity of the powder bed.

λeff = αeffρcp (2)
In this equation, λeff is the thermal conductivity of the 

powder bed, αeff is the thermal diffusivity of the powder bed, ρ 
is the density of the powder and cp is the specific heat capacity 
of the powder. For the current work, cp was assumed equivalent 
to that of the bulk Ti6Al4V and ρ is obtained by scaling the 
bulk material density according to the density of the powder 
bed.

The thermal diffusivity of the powder was evaluated 
according to Equation 3.

αeff = α0
ε
τ (3)

where α0 is the thermal diffusivity of the bulk Ti6Al4v, ε is 
the fraction of solid material in the powder bed, and τ is the 
tortuosity factor. ε and τ can be evaluated using the image-
based approach proposed by Cooper et al. [30] and TauFactor,
an application developed to evaluate the reduction of diffusivity 
in porous media, such as a powder bed [30]. In TauFactor, ε is
calculated as the fraction of pixels occupied by bulk material 
divided by the total number of pixels of the picture adopted for 
the evaluation. τ is calculated from simulations of diffusion in 
TauFactor and describes the reduction of diffusivity in the 
powder bed owed to its convolution.

Phase field (PF) simulations were conducted to obtain the 
sintering condition of the powder bed during preheating of the 
EB-PBF process. The PF simulations were implemented 
according to the works proposed by Wang [27] and by Biswas 
et al. [28]. The PF equations were implemented in multiphysics 
object oriented simulation environment (MOOSE) [29]. The 
thermal load was described by the non isothermal conditions 
reported in Equation 4, which describes the EB-PBF 
temperature history.

𝑇𝑇(𝑡𝑡) = {
845 + 𝑖𝑖𝑖𝑖𝑡𝑡 ( 𝑡𝑡

0.38) ⋅ 17.12 ∀ 0 < 𝑡𝑡 ≤ 9.5
1273 − 5.82(𝑡𝑡 − 9.5) ∀ 9.5 < 𝑡𝑡 ≤ 60

973 ∀ 𝑡𝑡 > 60
(4)

Equation 4 was then implemented in a user code into the PF 
simulation. The temperature is updated at each simulation step 
and used to evaluate all the terms of the PF equation that 
depends on temperature. 

The influence of the temperature variability was investigated 
by simulating the sintering of two spherical Ti6Al4V powder 
particles. The diameter of the particles was assumed to be the 
same and equal to 80 μm. A simulation domain of 170 μm x 90 
μm was considered with an initial mesh dimension of 1 μm. An 
automatic refinement algorithm was adopted to reduce the mesh 
dimension at the particle interface. Quadratic elements with 
nine nodes (QUAD9) were adopted for the mesh. A simulation 
time of 7200 s was considered. The initial time step was set to 
10-3 s and was adaptively changed according to the simulation 
stability. The maximum dimension of the time step was 
however limited to 10 s for stability reasons

The material properties adopted for these simulations are 
reported in Table 1. The grain boundary diffusion was 
considered equal to DGB=0.1⋅DS.

Table 1. Material properties of Ti6Al4V alloy adopted for the phase field 
simulations.

Property Value Unit Reference

Grain boundary mobility (ϑGB) 10-11 m4⋅J-1⋅s-1 [31]

Grain boundary energy (γGB) 0.81 J⋅m-2 [32]

Surface energy (γS) 2.1 J⋅m-2 [32]

Surface diffusion activation 
energy (QS)

1.19⋅10-19 J [31]

Surface diffusion pre-
exponential factor (D0

S)
9.33⋅10-8 m2⋅s-1 [31]

Volume diffusion activation 
energy (QS)

3.2⋅10-19 J [33]

Surface diffusion pre-
exponential factor (D0

S)
2.92⋅10-19 m2⋅s-1 [33]

Molar volume (Ω) 4.05⋅10-29 m3

The results of applying the thermal load described by
Equation 4 were compared with a corresponding simulation 
performed at the constant temperature of 845 K. 

The thermal conductivity of a sintered powder bed was 
calculated considering six particles representative of a portion 
of the powder bed. The sintering was simulated using the PF 
model and the results were used as input for TauFactor. The 
diameter of the powder particles was assumed to be in the range 
of the EB-PBF process (45 μm - 105 μm). A simulation domain 
equal to 300 μm × 175 μm and a mesh dimension of 1.33 μm 
were adopted for the simulation. A mesh refinement algorithm 
was adopted so that the particle interface is described by at least 
4 elements. Four nodes quadratic elements (QUAD4) were 
adopted. The simulation was performed for 9.5 s corresponding 
to the only the preheating step. The temperature was increased 
according to Equation 5.

𝑇𝑇(𝑡𝑡) = {845 + 𝑖𝑖𝑖𝑖𝑡𝑡 ( 𝑡𝑡
0.38) ⋅ 17.12 ∀ 0 < 𝑡𝑡 ≤ 9.5 (5)

Thermal conductivity was evaluated at different time during 
the sintering which corresponded to different temperatures and 
neck size. In particular, 10 pictures of the process were 
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extracted. The images were cropped and thresholded so that
only two phases are present in the pictures, considering as a 
threshold value for the solid material c=0.76. The effective 
powder thermal diffusivity was obtained from Equation 3, 
where the tortuosity factor and the porosity were automatically 
calculated using TauFactor. The diffusivity of the bulk Ti6Al4V 
alloy (α0) was evaluated according to Equation 6.

α0 =
λ0

ρ0Cp
(6)

The bulk Ti6Al4V thermal conductivity (λ0), the bulk 
Ti6Al4V density (ρ0) and the bulk Ti6Al4V specific heat (cp)
were obtained from Ref.[34]. The density of the powder (ρ) (for 
Equation 2) was obtained by scaling the density of the bulk 
Ti6Al4V by a factor equal to ε.

Results and discussions

Fig. 2 compares the estimated neck radius from the 
simulation conducted at the constant temperature to that of the 
simulation conducted under non-isothermal conditions
(Equation 4). While the neck radiuses were comparable at the 
end of the simulation time (13.92 μm), large differences can be 
detected at the beginning of the neck formation. After 60 s, at 
the end of the thermal cycle, the neck radius for the simulation 
conducted at constant temperature was found to be 6.80 μm.
The corresponding counterpart under non-isothermal conditions
was 9.43 μm, which is around 39% times larger. This proves 
the high influence of the thermal history on the neck radius. 
Moreover, smaller neck radiuses will presumably produce
smaller thermal and electrical conductivity in the powder bed 
and affect the thermal distribution.

Fig. 2. Neck radius evolution, considering a constant or variable temperature.
The temperature profile adopted for the simulation with variable temperature is 

also reported.

Fig. 3 reports an example of the picture adopted for the 
thermal conductivity evaluation. The white represents the bulk 
material, while the black represents the vacuum between the 
powder particles.

Fig. 3. Example of the cropped and thresholded image adopted for the thermal 
conductivity evaluation. The image is extracted from phase field simulations.
The white represents the bulk material while the black represents the vacuum 

between the powder particles.

Table 2 reports the results of the thermal conductivity
calculations. The mean neck diameter was also reported as the 
effective thermal conductivity depends on the temperature of 
the system and the neck area between the powder particles. The 
mean neck has been measured at different points of the thermal 
load (Equation 5). These data were adopted to calculate 
Equation 2, Equation 3, and Equation 6. As expected, the 
thermal conductivity increases with the temperature because of 
the increase in the neck size. The thermal conductivity of the 
powder bed was found to vary in a range between 1.40 W⋅m-
1⋅K-1 at 0.5 s to 4.38 W⋅m-1⋅K-1 at 9.5 s.

Table 2. Thermal conductivity of Ti6Al4V powder bed (λeff) obtained from 
image-based simulations and the data adopted for its evaluation.

Time 
[s]

Temperature 
[K]

Mean neck 
[μm]

αeff

[m2⋅s-1]
λeff

[W⋅ -1⋅ -1]

0.5 879 2.10 5.30⋅10-7 1.40

1.5 913 5.34 6.64⋅10-7 1.80

2.5 964 ⋅10-6 2.98

3.5 1016 ⋅10-6 3.15

4.5 1050 ⋅10-6 3.45

5.5 1101 ⋅10-6 3.53

6.5 1153 ⋅10-6 3.71

7.5 1187 ⋅10-6 3.94

8.5 1239 ⋅10-6 4.10

9.5 1273 ⋅10-6 4.38

Figure 4 shows graphically the variation of thermal 
conductivity in the powder bed with the temperature and 
compares the obtained data with the corresponding bulk 
material. A strong difference was found in the thermal 
conductivity values in the first two temperature steps, in which 
the neck grows rapidly. For the subsequent steps of the 
simulation, in which the neck growth rate is constant, the 
thermal conductivity varies linearly with the temperature. 
Therefore, it seems that two different trends can be detected for 
the thermal conductivity of the powder bed, in which the neck 
growth rate can play a determinant role. Another possible 
explanation for this difference could be the reduced neck 
dimension at the two initial temperature steps. The neck 
dimension may be more influential on thermal conductivity 
below a certain dimension. Above this dimension, temperature 
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of the system may become more influential than neck 
dimension. The thermal conductivity of the powder bed is an
order of magnitude lower of the corresponding bulk material. 
When the neck growth rate becomes constant, the variation rate 
of the thermal conductivity of the powder bed became 
comparable to that of the bulk material.

Fig. 4. Thermal conductivity of powder bed and bulk material at 
different temperatures.

Conclusions

For the EB-PBF process, a proper thermal conductivity for
the unmelted sintered powder is required to conduct the process 
safely and ensure a good beam matter interaction. In this work,
the influence of the sintering degree on the thermal conductivity 
of the powder bed has been investigated. The thermal 
conductivity of the powder bed has been evaluated with an 
image-based approach. PF simulations have been adopted to 
investigate the sintering conditions during the preheating step of 
the EB-PBF process. 

The temperature history was found to strongly influence the 
neck dimension. Two PF simulations have been conducted
considering isothermal and non isothermal conditions. 
Negligible differences have been identified between the neck 
radiuses at the end of the simulation time. On the contrary, 
Strong differences have been found at the beginning of the 
simulations. The neck radius was found to be larger for the non 
isothermal simulations than that obtained with simulations at a
constant temperature. This difference assumes higher relevance 
considering the influence of the powder bed characteristics 
before the melting step. 

To evaluate thermal conductivity, another PF sintering 
simulation has been conducted. For this simulation, six powder 
particles have been considered under the non isothermal 
conditions that characterize the preheating step. Ten images at 
different points of the thermal history were extracted. These 
pictures were adopted to evaluate the thermal conductivity of 
the powder bed with an image-based approach, using 
TauFactor. 

The thermal conductivity of the first two temperature steps 
differs from that of the remaining thermal history. This 
difference may have been caused by the different neck growth 
rates of the initial simulation steps. This effect has been found
less influential on the other time steps, where the neck growth 
ratio became constant. Another possible explanation for this 

difference in the first two steps, may be the presence of a 
boundary value for the neck dimension. Above this dimension,
the temperature of the system become more influent on the 
thermal conductivity than the neck dimension. On the whole, 
the thermal conductivity of the powder bed was found to vary 
between 1.40 W⋅ -1⋅ -1 at 0.5 s to 4.38 W⋅ -1⋅ -1 at 9.5 s.

The approach presented in the current work has shown the 
capability to evaluate the thermal conductivity without using 
expensive experimental campaigns. This approach can easily be 
extended to other materials and other additive manufacturing 
techniques. In the case of the EB-PBF process, this approach
may help to speed up the new material development and to gain 
a deeper knowledge of how to manage the process condition to 
conduct a safe process assuring a good beam matter interaction
and finally a good quality of the produced components.
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