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Abstract. Producing consistent and homogeneous packing structure in powder layer deposition for
cohesive raw materials under varying thermal conditions is challenging for additive manufacturing.
Interparticle cohesion and thermal parameters play key roles on the structure of powder layer deposited
on the substrate in additive manufacturing. In this work, we characterize the structural anisotropy of the
deposited powder layer and quantify the packing structure on the particle-level using a threshold-free
local packing anisotropy based on Voronoi tessellation. Based on the statistics of the local anisotropy,
we observe a transition in the structure of the deposited powder layer from homogeneous to
heterogeneous for cohesive materials at 𝐵𝑜 = 10. However, including temperature-dependence of the
normal contact force does not influence the structure of the deposited layer in powder spreading.
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1. INTRODUCTION
Powder-based additive manufacturing, e.g., powder bed fusion, has attracted significant attention [1-3]
due to its advantages of fast prototyping, superior design, and geometrical flexibility. This technique
allows near-net-shape production, enabling quick production of exact and customized parts, saving time
and reducing waste. However, a more extensive usage of this manufacturing technology is still missing
due to limitations in process quality control, e.g. getting uniform packing and the limited range of
powder materials commercially available. Various types of structural defects are observed which
strongly correlates to deficit in quality of sintered parts [4,5]. Discrete Element Method (DEM)
simulation is a distinguished technique to examine the structure of layers in powder spreading. Recently,
Nasato et al. found using DEM simulations that small frequency and amplitude of a vibrating recoating
mechanism lead to a smaller powder bed porosity [6]. The recoating velocity also plays a critical role
on the effects of particle shape influencing the powder bed porosity [7]. Shaheen et al. showed using
DEM simulations that powder layer defects are more likely to occur for higher particle rolling and
sliding friction [8]. He et al. recently did a study on the effects of particle size and cohesion on powder
spreadability by DEM simulations and experimental validations and investigated their effects on the
local packing density and surface roughness [9].
The key aspect of simulation-driven optimization of the layer quality is a good characterization of the
packing structure. Despite local packing density being widely used as a measure for characterizing
granular packing, this parameter alone is not a good indicator to identify structural defects in disordered
packing [10] since many packing arrangements correspond to the same local density. On the other hand,
local structural anisotropy is an inherent property of non-crystalline packing and is associated with
important mechanical properties in disordered packing, e.g. jamming [11], plasticity [10], shear band
formation [12-14]. Therefore, in this study, we use local structural anisotropy as a measure to
characterize structures of the deposited particles.
2. NUMERICAL MODEL
2.1 Numerical Setup
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The simulations of the spreading process are done using open-source code MercuryDPM£. We simulate
a small part of the powder bed of width 1 mm, using periodic boundary condition in y-direction. The
spreading tool blade is shown in Figure 1, moving from left to right at constant velocity 𝑣𝑇 . The substrate
is assumed to be smooth with the wall-particle friction coefficients same as that of the particle-particle.
We insert particles of diameter 𝐷50 = 37𝜇m, 𝐷min = 12𝜇m and 𝐷max = 79𝜇m in front of the spreader
tool, at (𝑥, 𝑦, 𝑧) ∈ [0.5,2.5] mm × [0,1] mm × [0, ℎ] mm until the total bulk particle volume equals
0.75 mm3 which is sufficient to create a powder layer of 7 mm length, 1 mm width and 0.1 mm height.
After the particles settle down and relax, the simulation of the spreading process starts by moving the
tool at constant velocity 𝑣𝑇 = 10 mm/s. Particles reaching the end of the powder bed (at 𝑥 = 10 mm)
are not considered for the analysis. The spreading process ends when the blade arrives at the right end.
The tool gap is 𝐻 = 100𝜇m, which corresponds to about 2.7 × 𝐷50 in z-direction. We stop the
simulation after 1.5 s when the system is static, i.e., the kinetic energy is sufficiently low.

Figure 1. Numerical setup for powder spreading on a smooth substrate, before and during spreading.
2.2 Contact Model
We use two different contact models to study the effect of inter-particle cohesion and particle
temperature, respectively, in the powder spreading process. A simple linear elastic adhesive force is
used to study the effect of cohesion and a temperature dependent contact model is used to study the
effect of particle temperature and conductivity.
2.2.1 Cohesive Contact Model
Many models exist in DEM to describe dry cohesion of small particles by including an attractive force
due to van der Waals interaction between particles close to each other or in contact. A linear law for the
adhesive force is used, which was shown to have the same bulk rheology as the more realistic non-linear
models [15]. The normal force is composed of a linear elastic, dissipative and a linear adhesive force:
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where 𝑘 adh is the adhesion stiffness during loading and unloading. The maximum adhesion force is
adh
defined as 𝑓max
=

3
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)
𝑖

𝑗

of the two interacting particles 𝑖 and 𝑗.
2.2.2 Thermal Contact Model
A recently developed thermal discrete element model is used in this work that simulates the powder
spreading at elevated temperature. The model is developed for the application of Laser Powder Bed
Fusion (LPBF) on polymers. Here, as an initial attempt, we use this contact model for analyzing the
effect of powder temperature on the structure of deposited powder layer in the powder spreading process.
Particles are input at initial temperature 𝑇part = 430 K, which is higher than the ambient temperature
𝑇amb = 298.15 K. During the process of powder spreading, the temperature of the particles evolve as
heat is transferred between the particles in contact through conduction and with the ambient through
thermal convection and radiation. Thus, the transferred heat 𝑄𝑖 consists of 𝑄𝑖cond between particles in
contact as well as thermal convection 𝑄𝑖conv and radiation 𝑄𝑖rad between particles and the ambience,
𝑄𝑖 = 𝑄𝑖cond + 𝑄𝑖conv + 𝑄𝑖rad
𝑠

4
= ∑ 𝑘𝑠 𝑟𝑖𝑗 (𝑇𝑗 − 𝑇𝑖 ) + ℎconv 𝐴𝑖 (𝑇𝑖 − 𝑇amb ) + 𝜖𝜎𝑆𝐵 𝐴𝑖 (𝑇𝑖4 − 𝑇amb
)

(1)

𝑖𝑗

where 𝑘𝑠 is the thermal conductivity coefficient, 𝑠𝑖𝑗 is the contact area, 𝑟𝑖𝑗 is the interparticle distance,
ℎconv is the convective heat transfer coefficient, 𝐴𝑖 is the particle’s projected area, 𝜖 is the material
emissivity and 𝜎𝑆𝐵 = 5.67 × 10−8 W/(m2K4) is the Stefan-Boltzmann constant.
Temperature-dependent elastic modulus [16] and damping coefficients are used in this study to capture
the thermal effects. If no melting occurs (particles are below their melting temperature, 𝑇𝑚 = 451.15),
a purely repulsive Hertzian force is assumed. A detailed description of the thermal contact model is
described by Shaheen et al. [17].
2.3 Material Parameters
Table 1. DEM simulation parameters.
Variable
Unit
kg/m3
particle density (𝜌)
kg/s2
normal stiffness (𝑘𝑛 )
kg/s
normal dissipation (𝜂𝑛 )
kg/s2
tangential stiffness (𝑘𝑡 )
kg/s
tangential dissipation (𝜂𝑡 )
sliding friction coeff. (𝜇𝑠 )
rolling friction coeff. (𝜇𝑟 )
𝜇m
particle diameter (𝑑𝑝 )
Additional parameters for cohesive model
mJ/m2
surface energy (𝛾)
adh
kg/s2
adhesion stiffness (𝑘 )
Additional parameters for thermal model
J/kgK
solid heat capacity (𝑐solid )
W/mK
thermal cond. coeff. (𝑘𝑠 )
W/m2K
thermal conv. coeff. (ℎconv)
thermal emmisivity (𝜖)
-

Values
4430
2.2
3.3 × 10−6
(2/7)𝑘n
(2/7)𝜂n
0.1
0.005
12-79
0-0.8
0.5𝑘n
1200
0.10-0.50
150
0.9

To study the effect of particle cohesion, we simulate the powder spreading process for varying surface
energy 𝛾 from 0 to 0.8 mJ/m2 with an interval of 0.1 mJ/m2. To characterize the ratio between the
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interparticle cohesion and particle gravity, the Bond number is used, which is calculated as 𝐵𝑜 =
9𝛾
2 𝑔
4𝜌𝐷50

adh
𝑓max
𝑚𝑔

=

calculated for particle diameter 𝐷50 = 37𝜇m, e.g. the Bond number corresponding to 𝛾 =

0.1mJ/m2 is 𝐵𝑜 = 4. We also perform a simulation of thermal particles with initial particle temperature
430 K and compare the results with athermal particles simulation.
3. STRUCTURAL CHARACTERISTICS OF COHESIVE PARTICLES
Figure 2 shows the deposited layer packing for two extreme cases; non-cohesive particles (𝐵𝑜 = 0) and
highly cohesive particles (𝐵𝑜 = 30). The structures are widely varying between the two cases and have
clearly distinguishable features. The particle packing is dense and homogeneously distributed for 𝐵𝑜 =
0. In contrast, cohesive particles (𝐵𝑜 = 30) show a highly heterogeneous structure with regions of
locally dense and dilute packing. In the following subsections, we illustrate the method of characterizing
the structural inhomogeneity using a threshold-free measure based on the local structural anisotropy
calculated from Voronoi tessellation.

𝑦
𝑥
Figure 2. Granular packing of spread powder layer for 𝐵𝑜 = 0 (a) , and 𝐵𝑜 = 30 (b). The
points represent the projections of particle centers on the 𝑥𝑦 plane and the corresponding 2D
Voronoi tessellations are also shown on the plane. Also shown in (a), a schematic
representation of particle packing with superimposed Voronoi tessellation (dark blue) and
Delaunay triangles (blue). Also shown are vectors 𝐶𝑝 (black) that point from each particle
center to the centroid of its Voronoi cell.
3.1 Anisotropy Vector and Divergence
The measure of the local structural anisotropy is adapted by Rieser et al. from the observation that the
center of a particle deviates from the centroid of the corresponding Voronoi cell when the configuration
is disordered [10]. Any two particles with a shared Voronoi cell face are defined as neighbors; from this
a generalized Delaunay triangulation is generated by connecting groups of three mutual neighbors into
triangles. Figure 2(a) includes a schematic illustration of the Voronoi tessellation overlaid on a particle
packing, the Delaunay triangulation 𝑘 and the anisotropy vector 𝐶⃗ pointing from particle centers to
corresponding Voronoi cell centroids. We mathematically quantify the extent to which the vectors 𝐶⃗ at
the three vertices of the Delauney triangles are pointing inward or outward in a given space of the
triangle. We quantify this by locally measuring the divergence of the vectors, taken over a Delaunay
triangle 𝑘 with area 𝐴𝑘 , which is an intuitive understanding from the concepts of constant strain triangle
of finite element analysis [18]. 𝐴̅ is the average of all 𝐴𝑘 within the packing. The local structural
anisotropy, 𝑄𝑘𝑜 , calculated from the divergence is defined as:
𝑄𝑘𝑜 ≡ (∇ ∙ 𝐶⃗)(𝐴𝑘 ⁄𝐴̅)

(2)
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By construction, 𝑄𝑘𝑜 is dimensionless with a mean near zero. It is sensitive to local structure anisotropy
and has a pure geometrical significance: positive (negative) values correspond to overpacked
(underpacked) regions. The distribution of 𝑄𝑘𝑜 values over a packing is distinguishably nearly Gaussian
[11], with median nearly equal to the mean (zero); hence, it is well described by just the standard
deviation and the skewness.
3.2 Modification for the Quasi-2D Deposited Layer
Since the deposited layer is thin and many regions only contain a single layer of particles, we are working
on 2D projections of the particles on the 𝑥𝑦 plane. While the 2D projection is informative, the
simplification of using 2D projections could lead to erroneous contributions of highly positive 𝑄𝑘𝑜 , i.e.
overpacked anisotropy, especially in non-cohesive packing, due to the vertically aligned particles in a
quasi-2D layer. The challenging aspect of applying the concept of 𝑄𝑘𝑜 analysis for structural
characterization of the deposited powder layer is to extend the 2D calculation, explained in Eqn. 1, to a
quasi-2D thin free-surface layer of height 2 to 3𝑑𝑝 . We take into account the correction by scaling 𝑄𝑘𝑜
further with the ratio of projected area of overlapping particles, 𝐴𝑝 , on the 𝑥𝑦 plane and the sum of the
real area of the particles, 𝐴𝑟 = ∑ 𝜋𝑟𝑖2 . Therefore, the new definition of 𝑄𝑘 is given as follows:
𝑄𝑘 ≡ 𝑄𝑘𝑜 (𝐴𝑝 /𝐴𝑟 ) ≡ (∇ ∙ 𝐶⃗)(𝐴𝑘 ⁄𝐴̅)(𝐴𝑝 /𝐴𝑟 )

(3)

For highly dense packings of vertically aligned particles, 𝐴𝑝 ⁄𝐴𝑟 < 1 and, thus, the overpacked
anisotropy is reduced. For dilute packings, 𝐴𝑝 ⁄𝐴𝑟 = 1 and thus 𝑄𝑘 value in this case is same as the
original definition without correction.
3.3 Divergence Fields and Distributions
Figure 3(a) and (b) show the divergence map for 𝐵𝑜 = 0 and 𝐵𝑜 = 30, respectively. The Delaunay
triangles are colored according to the corresponding value of 𝑄𝑘 , with cyan color corresponding to 𝑄𝑘 ≈
−0.75, indicative of underpacked triangles and magenta color corresponding to 𝑄𝑘 ≈ 0.75, indicative
of overpacked triangles. The value of each individual triangle is determined by its immediate
surroundings, rather than the overall packing density. Thus, the dense and uniform regions (dark
triangles in both 𝐵𝑜 = 0 and 𝐵𝑜 = 30) are not indicated as overpacked and only anisotropic regions
show extreme values, which mostly exist in 𝐵𝑜 = 30.

Figure 3. Delaunay triangles with color representing local values of 𝑄𝑘 for 𝐵𝑜 = 0 (a), and 𝐵𝑜 = 30
(b) for a section of deposited layer 𝑥 ∈ (4 … 6) mm and 𝑦 ∈ (0.2 … 0.8) mm.
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The distribution of 𝑄𝑘 is a strong structural indicator that is associated with important mechanical
properties of a disordered packing, including jamming and shear band formation [11-14]. Note that in
dense and uniform regions, 𝑄𝑘 fluctuates randomly, giving a Gaussian peak [11]. In anisotropic regions,
one can observe that the highly positive and negative 𝑄𝑘 values show up together, suggesting that the
distribution of 𝑄𝑘 is rather a good indicator of the structural characterization.
The aforementioned properties of 𝑄𝑘 distribution is also manifested in Figure 4(a) showing the
probability density of 𝑄𝑘 for different 𝐵𝑜. The majority of the 𝑄𝑘 resides in the region around zero with
a Gaussian distribution, which is made clear by fitting a Gaussian distribution using values between
𝑄̅𝑘 − 0.5 to 𝑄̅𝑘 + 0.5 for each dataset, where 𝑄̅𝑘 is the mean of the distribution. The solid curves are
Gaussian fits for different 𝐵𝑜. For lower 𝐵𝑜, we observe a consistent slope of the distribution throughout
the range 𝑄𝑘 < 0 which is an indicative of homogeneous structure throughout the packing. In contrast,
a transition of the slope of the distribution at 𝑄𝑘 = −1 is clearly distinct for higher 𝐵𝑜, suggesting the
coexistence of dense uniform regions and dilute anisotropic regions for cohesive materials. For 𝑄𝑘 <
−1, the distribution deviates from Gaussian and becomes exponential-like instead for higher 𝐵𝑜. This
exponential tail corresponds to the existence of highly underpacked sites distributed throughout the
structure. For −1 < 𝑄𝑘 < 1, the distribution is narrower with increasing 𝐵𝑜, indicating the existence of
locally uniform packing. This variation in structures is also evident in cohesive system from the
experimental studies by Xiao et al. [12] which is lacking in non-cohesive particles system as
distinguished by Harrington et al. [13] for disordered particles.
We show the results of the standard deviation and the skewness of 𝑄𝑘 distribution, respectively, in
Figure 4(b) and observe a transition behavior of the parameters from low-high 𝐵𝑜. The standard
deviation (and skewness) remains constant up to 𝐵𝑜 = 10 and a monotonic increase (decrease) for 𝐵𝑜 >
10. Thus, 𝐵𝑜 = 10 shows a transition in structural anisotropy for cohesive materials. For higher
cohesion (𝐵𝑜 > 10), particles are under cohesive strain and are not allowed to relax fully, leading to a
more anisotropic structure. We observe fluctuations in the trend for higher 𝐵𝑜 which is contributed to
the high anisotropy of the structures. We also compared the standard deviations and skewness of the
distributions with the divergence calculated from Eqn. 2 (𝑄𝑘𝑜 ) and Eqn. 3 (𝑄𝑘 ). The divergence 𝑄𝑘𝑜 from
Eqn. 2 gives slight higher values of both the standard deviations and skewness of the distributions but
qualitatively show the same behavior as 𝑄𝑘 .

Figure 4. (a) Probability density of normalized divergence of center-to-centroid vectors for the quasi2D packing of powder deposited for different 𝐵𝑜. 𝑄𝑘 > 0 regions are more dly packed than their
surroundings; hence, we call these regions overpacked. 𝑄𝑘 < 0 regions are more loosely packed than
their surroundings, and are therefore labeled underpacked. (b) Standard deviations (red circles) and
skewness (blue squares) Vs 𝐵𝑜. We also compared the standard deviations and skewness of the
distributions with divergence calculated from Eqn. 2 (𝑄𝑘𝑜 , hollow points) and Eqn. 3 (𝑄𝑘 , solid points).
The dashed lines indicate the standard deviations and skewness of 𝑄𝑘 distribution for 𝐵𝑜 = 0.
4. STRUCTURAL CHARACTERISTICS OF THERMAL PARTICLES
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To investigate the temperature dependence, simulations of particles with temperature-dependent contact
models are performed. Simulations are initiated with homogeneous particle temperature 𝑇part = 430 K
which are below the melting temperature (𝑇𝑚 = 430 K). The temperature of the particles evolves during
the process as heat is transferred between the particles in contact through conduction and with the
ambient through convection and radiation. The wall-particle contacts are assumed to be adiabatic. The
normal force between the solid particles consists of the elastic and the damping components which are
temperature dependent. Since particles are below their melting temperature, the normal forces due to
viscosity of the melt and sintering effects are not active in the thermal contact model.

Figure 5. (a) Granular packing of powder layer for thermal particles. The particles are colored
according to their temperature with color scale varying from 330 K (black) to 380 K (yellow). (b)
Probability density of the normalized divergence of center-to-centroid vectors for quasi-2D packing of
powder deposited for athermal particles (blue squares) and thermal particles (yellow circles).
Figure 5(a) shows a packing of deposited quasi-2D layer of thermal particles with the particles colored
according to their temperature after deposition. The qualitative structure shows that particles are densely
packed similar to the case of athermal non-cohesive particles. Interesting features emerge through our
numerical implementation, such as, the larger particles show less heat loss compared to smaller particles
and hence have higher temperature. Figure 5(b) shows a quantitative comparison of structures showing
the 𝑄𝑘 distributions of athermal particles and thermal particles. The distributions are overlapping,
indicating that the structure of the deposited layer is not sensitive to the initial particle temperature. Note
that inter-particle cohesion such as Van der Waals forces could be temperature dependent as well, which
is not included in the interaction of thermal particles but will be included in our studies in future.
5. CONCLUSIONS
The concept of the divergence of anisotropy vector, 𝑄𝑘 , is extended as a geometrical measure of
structural anisotropy to our example of a quasi-2D system of a thin free-surface layer of deposited
powder. In particular, 𝑄𝑘 with zero mean, by construction, is easy to interpret in terms of overpacked
and underpacked regions in the powder layer packing. Additionally, the transition of the slope of 𝑄𝑘
distribution at 𝑄𝑘 = −1 displays a strong signature coexistence of local sites of dense regions with
uniform and isotropic structures as well as dilute regions with highly anisotropic structures for cohesive
materials. The standard deviation and the skewness of the 𝑄𝑘 distributions show a monotonic increase
for 𝐵𝑜 > 10, indicating a transition in structural anisotropy of deposited layer at 𝐵𝑜 = 10. An analysis
of the structures of the thermal particles deposited on the substrate reveals that features start to emerge,
such as, the larger particles show less temperature loss through heat transfer, and their implications on
the packing structure and the sintering process will be investigated in future studies.
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