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Abstract

In this paper, discrete element method simulations were used to study the spreading of an idealised, blade based, powder
coating system representative of the spreading of spherical, mono-sized, non-cohesive titanium alloy (Ti6AlV4) particles
in additive layer manufacturing applications. A vertical spreader blade was used to accelerate a powder heap across a hori-
zontal surface, with a thin gap between the blade and the surface, resulting in the deposition of a thin powder layer. The
results showed that it is inevitable to deposit a powder layer with a lower packing fraction than the initial powder heap due
to three mechanisms: shear-induced dilation during the initiation of powder motion by the spreader; dilation and rearrange-
ment due to powder motion through the gap; and the inertia of the particles in the deposited powder layer. It was shown that
the process conditions control the contribution of these three mechanisms, and that the velocity profile in the shear layer in
front of the gap is critical to the final deposited layer packing fraction. The higher the mean normalised velocity in the shear
layer the lower the deposited layer packing fraction. The gap thickness and the spreader blade velocity affect the properties
of the deposited layer; with the former increasing its packing fraction and the latter decreasing it. The analysis presented in
this study could be adapted to powders of different materials, morphologies and surface properties.

Keywords Additive manufacturing (AM) - Powder spreading - Discrete element method (DEM) - Dilation - Metal
powders - Powder bed fusion

List of symbols p Particle

d Particle diameter w Spreader

t Time 0 Final

v velocity

x,y,z Cartesian coordinates

6 Gap thickness 1 Introduction

An Change in packing fraction

n Packing fraction According to the American Society for Testing and Mate-
Subscripts rials (ASTM), additive manufacturing (AM) is defined

as the process of joining materials to make objects from
three-dimensional model data [1], usually in a layer upon
layer fashion. Conventional subtractive manufacturing, on
the other hand, removes material from a continuous billet.
Additive manufacturing, often referred to as 3D printing, has
been called a new industrial revolution [2] due to its intrin-
sic digital approach in manufacturing three-dimensional
objects. Complex shapes can be easily created enabling
the production of topology optimised components, which

1,2,3 First, second and third packing fraction reduction
mechanisms, respectively

back  Interrogation region at the back of the spreader

front  Interrogation region in front of the spreader
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capable of manufacturing metallic components; which are
used in aerospace, medical and dental applications [3—-6].
For both EBM and SLM, the manufacturing process starts
by spreading or depositing a thin powder layer over a flat
horizontal substrate inside an enclosed chamber. In this
deposited powder layer, specific regions conforming to the
geometry of the final manufactured object are melted using
energy from either a laser or an electron beam. The melted
powder solidifies when it cools down resulting in a continu-
ous densified solid layer. Subsequently, the substrate and the
powder cake attached to it are moved vertically downwards
by an increment equal to the powder layer thickness in order
to create a space for another layer. By sequentially repeating
this process for a finite number of layers, a near-net shape
product is manufactured.

It has been reported that the deposited powder layer prop-
erties, namely its uniformity and packing density, affect the
final porosity and the bulk density of the fabricated part [4,
7, 8]. The input parameters of the spreading process, such as
the powder characteristics and the machine operating con-
ditions, can indeed affect the layer uniformity and density
[4, 7-9]. Unfortunately, no rigorous theory describing the
physics of powder spreading in AM has been reported in the
literature. Previous studies investigated the effects of powder
and process parameters on the whole additive manufacturing
process [10—12]; an object is manufactured using powders
with different characteristics and the final properties of this
manufactured object are tested. This approach, despite being
useful in developing empirical correlations describing the
parameters of the manufacturing process, is not capable of
analysing the complex multi-physics of the AM processes.

Numerical simulations can shed some light on the
unknown physics of different AM processes. The flexibility
of numerical simulations can help in reducing the number of
experimental tests and obtain better physical understanding
of emerging engineering processes. The Discrete Element
Method (DEM) has proven itself as an excellent numerical
tool for studying powder flow dynamics, and powder spread-
ing in AM is no exception. DEM tracks the motion of each
particle throughout the spatial and temporal computational
domain, by solving its Newton’s equations of motion. In
order to calculate the interactions between the particles and
between the particles and geometry, DEM resolves every
particle—particle and particle-wall contact event. Thus,
a typical DEM simulation generates data describing the
dependent variables of individual particles; namely spatial
positions, linear and angular velocities, and applied forces
and torques; as functions of time. This allows access to
quantitative results which might be difficult, expensive and
time consuming to obtain from experiments.

DEM has been recently used to study the powder spread-
ing dynamics in AM [13-16]. Parteli and Poschel [13]
performed DEM simulations of powder spreading using a
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cylindrical-shape spreader. The powder used consisted of
non-spherical particles. Their results showed that increas-
ing the spreading speed leads to an increase in the surface
roughness of the deposited powder layer. They also found
that powders with broader size distributions lead to larger
values of layer surface roughness. Haeri et al. [14] used
DEM simulations to study the spreading of rod-shaped poly-
mer particles using a cylindrical roller spreader as well as a
flat vertical blade spreader. They found, in agreement with
Parteli and Poschel [13], that the layer quality, quantified by
the layer surface roughness and the packing density, deterio-
rates by increasing the roller or blade spreader velocity. They
also found that the roller gives better layer quality compared
to the spreader. Xiang et al. [15] used DEM simulations
to study the formation of a powder bed consisting of 4000
spheres. The powder bed formation process had three con-
secutive stages: packing, layering and compression. Their
results showed that the bed packing fraction and coordina-
tion number increase by increasing the bed height (initial
layer thickness) and the bed compression. Haeri [16] used
DEM simulations to optimise the geometry of the spreader
in order to produce a powder layer with maximum packing
fraction. These studies, despite being novel in investigating
the spreading process, require further insights to understand
the main mechanisms of spreading. The main aim of this
paper is thus to develop, using DEM simulations, a better
understanding of the dynamics of metal powder spreading
in powder bed fusion additive manufacturing. A key objec-
tive is to understand the physical mechanisms affecting the
quality of the deposited layer.

2 Methodology
2.1 DEM

As DEM is becoming a standard simulation tool of particu-
late processes, its fundamental details are not presented here
and the reader is referred to the published literature [17,
18]. In this paper, the simulations were carried out using
the commercial DEM software EDEM®; supplied by DEM
Solutions, Ltd. The ‘Hertz-Mindlin (no slip)’ contact model
of the EDEM software [19] was used to compute the parti-
cle—particle and particle—walls interactions.

2.2 Materials

In order to accurately simulate particle motion using DEM;
the material properties of powder particles and enclos-
ing walls are required as input parameters. Some of these
parameters are, however, difficult to measure [20] and thus,
they are often estimated [21-25]. A common approach used
in DEM simulations is to calibrate the model predictions
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[26-31] with the static angle of repose, defined as the angle
of inclination of the free surface to the horizontal of a coni-
cal bulk solid pile [31]. The DEM input parameters used in
this study, see Table 1, predicted a static angle of repose of
18°; whereas the value of EBM titanium alloy (Ti6Al4V)
powder, supplied by ARCAM, was measured by the authors
at 20°. This confirms that the values presented in Table 1 are
within a realistic range. Spherical mono-sized non-cohesive
particles of 50 um diameter were used in all DEM simula-
tions of this study. Ti6Al4V is a widely used material in
metal AM and the powder is close to spherical as confirmed
by SEM images of Ti6Al4V alloy particles used in ARCAM
EBM machine [8]. Using mono-sized particles is a simpli-
fication of the real powder, though the median diameter of
the number-based size distribution (50 um) is the same. This
simplification allowed the layer thickness to be described
using a single parameter, the number of particles inside it,
which facilitate the comparison between different spatial
regions in a single simulation as well as between different
simulations. The analysis presented in this paper can thus be
applied in the future to assess the exact powder size distribu-
tions encountered in AM applications.

Because the used DEM model did not consider cohesive
forces, it is a valid assumption to reduce the shear modulus
of both particles and walls in order to reduce the computa-
tional time [13]. The shear modulus was varied over three
orders of magnitude (1, 10 and 100 MPa) and the differences
in the corresponding DEM predictions of powder kinematics
were insignificant. Thus, a fixed value for the shear modulus
of 1 MPa was used, which resulted in a computational time
step of 1.12 ps. These values resulted in a maximum particle
contact-overlap of 0.2% of particle diameter for the maxi-
mum impact velocity of 0.1 m/s; which is within the recom-
mended overlap range of accurate predictions, 0.1% to 0.5%
[32, 33]. A combination of sliding and rolling friction, as
shown in Table 1, were used to partially supress the particle

Table 1 Materials properties and DEM input parameters

Particle size (um) 50
Particle material density (kg/m?) 4300
Walls material density (kg/m®) 8500
Particle shear modulus (MPa) 1
Particle Poisson ratio 0.3
Wall shear modulus (MPa) 1
Walls Poisson ratio 0.3
Particle—particle coefficient of restitution 0.5
Particle-wall coefficient of restitution 0.5
Particle—particle coefficient of sliding friction 0.5
Particle-wall coefficient of sliding friction 0.5
Particle—particle coefficient of rolling friction 0.01
Particle-wall coefficient of rolling friction 0.1

slip at the walls. The particle-wall rolling friction was one
order of magnitude higher than that of the particle—particle
to account for the relatively larger surface asperities of the
walls. The density of the walls equals to that of stainless-
steel, a common material used to construct the internal walls
of metal AM machines.

2.3 Geometry

A model geometry was used to represent a generic powder
spreading system with a blade spreader, which is applicable
to both EBM and SLM, see Fig. 1. The system consists of a
vertical powder spreader blade (1), powder heap (2) and a
horizontal build surface (3). The initial powder heap (2) is
located over the build surface to allow the spreader to sweep
the powder across the whole length of the build surface. A
key feature of this spreading system geometry is the verti-
cal gap between the spreader blade (1) and the build surface
(3). This gap controls the thickness of the deposited powder
layer, which corresponds to the resolution of the 3D printed
component. Throughout the simulations performed in this
paper, this gap was varied between 100 and 300 um; which
covers most of the layer thickness range of a typical elec-
tron beam melting (EBM) machine, between 50 and 200 um
[4, 7] and is anticipated to be typical of the gap between
the blade and the melted surface being recoated (this itself
is determined by packing fraction of the deposited layer).
Using the particle size and gap thickness of EBM systems
does not deem the current study irrelevant to SLM systems,
whose layer thickness is between 20 and 100 um [4] and
particle size distribution between 15 and 45 um [4], because
this layer thickness correlates with the particle diameter used
and can be scaled down with it.

In the operation of a typical 3D printer, one aims to fill
this gap with as much powder as possible; so as to minimise
the voids in the 3D printed component and consequently
avoid the deterioration of its mechanical properties [4].
However, a thick powder layer should be avoided because
it reduces the resolution of the 3D printed component. If
spherical particles with a specific size distribution are used,
an intuitive requirement of their maximum diameter will be
the gap thickness [34], because particles larger than the gap
cannot get deposited on the build surface.

Due to the overwhelming computational requirements
associated with simulating the process of powder spreading
in a whole AM machine, whose dimensions are at least of
the order of tens millimetres and contains billions of parti-
cles, the simulation geometry in this study was chosen to
represent a longitudinal slice of a typical AM machine. The
simulation employs periodic boundaries for the horizontal
y-direction, which implies that the end effects in the y-direc-
tion are negligible. The simulation domain was further
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Fig.1 Computational domain used in the simulations. (1) Spreader:
Ay=1 mm, and Az=3 mm. (2) Powder heap: Ax=2 mm, Ay=1 mm,
and Az=2 mm. (3) Build surface: Ax=12 mm (2 mm underneath the

reduced by considering a 12 mm length in the horizontal
x-direction, with 10 mm effective length monitored for the
analysis of layer deposition.

2.4 Initial conditions

The initial powder heap was generated at the beginning of
the simulation using the raining method [16]. Particles were
generated from a horizontal plane and left to fall downwards
under the effect of gravity in a bounded box opened from the
top. Subsequently, the enclosing side walls were removed,
resulting in an unconfined powder heap which is supported
from below by the build surface and from the left by the
spreader (Fig. 1). The total number of particles generated
was 37,832 with an average packing fraction of 60.3%,
slightly below the random closed packing (64%) and well-
below the hexagonal crystalline packing (74%).

The powder spreading simulation was initiated by instan-
taneously moving the spreader in the positive x-direction
with a constant specified velocity (Fig. 1). As the spreader
moves with a constant velocity from the left to the right
across the domain, it pushes the powder heap in front of it.
The powder is consequently deposited over the build plat-
form throughout the longitudinal length in the x—y plane.
The powder heap has a cuboid shape initially, because the
heap was created using a confined box (Fig. 1). In real pow-
ders, the heap would have a triangular shape because the
particles will slip and roll over each other until the heap
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powder heap and 10 mm monitored for spreading), and Ay=1 mm.
The offset between the bottom of the spreader blade (1) and the build
platform (2) is equal to the gap thickness ()

reaches the static angle of repose. However, the simula-
tions performed after the heap had settled did not show any
significant differences in dynamics or predicted later pack-
ing fraction. Thus, all simulations were performed with the
cuboid heap in order to reduce the computational time; by
eliminating the step of powder heap avalanching.

3 Results and discussion
3.1 Mechanics of powder spreading

In this section, a benchmark simulation using a gap thickness
of 4 particle diameters (6 =200 pm) and a spreader velocity
of 100 mm/s is presented. The effects of varying the gap
thickness and spreader velocity are presented in Sect. 3.2.
Figure 2 shows snapshots of powder motion in the spread-
ing process at different time frames. The simulation starts
with the powder heap positioned at the left end of the domain
in front of the spreader (Fig. 2a). Figure 2b shows that the
heap avalanches and assumes a triangular prism shape dur-
ing the motion of the spreader. The moving particles inside
the powder heap are supported from the left by the powder
spreader, which moves with a constant velocity from the
start of the simulation to its end. It is clear from time 0.01 s
onwards that as the powder heap moves with the spreader
down the build surface, particles inside the gap between the
bottom of the spreader and the build surface get detached
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Fig.2 Snapshots of powder
motion in the spreading process
at different time frames. a 0.0 s.
b0.015.¢0.025.d0.03s. e
0.09s.£0.122 5. v, =100 mm/s,
6=4d

L

C))

(e)

from the powder heap and deposited over the build surface.
At time 0.09 s, the powder heap starts leaving the right end
of the domain and the powder has covered the whole build
surface. At the end of the simulation at time 0.122 s, the
spreader and the powder heap have left the domain and the
powder layer has covered the whole build surface.

Figure 3 shows the effect of the horizontal position of the
build surface on the final layer packing fraction, #,,, which
is calculated, based on the gap thickness () i.e. number of
particles in the region of interest multiplied by the volume
of a single particle, divided by the gap volume of this region.
The variation in the packing fraction is small with a rela-
tive standard deviation of 4%, implying that the spreading
process results in a uniform powder layer throughout the
longitudinal direction of the build surface.

Figure 4 shows the normalised number distribution of the
deposited particles with the layer height. There is a peak at
d/2 representing the first layer of particles that are touching

(b)

(d)

U]

the build surface, and a broader peak at <% + % >d , which

indicates that there is some close packed periodicity in the
system which might be anticipated (the layer spacing in a

close packed system is equal to —id ). The third peak is far

more dispersed and lower than <% + % )d which would be

seen for the third layer of a close packed system. The region
above ~2.2 particle diameters does not have any particles in
it. This leads to a final packing fraction of 26% based on the
gap thickness. To get a feel for the density of the packing it
is useful to compare the particle distribution to a close
packed system. A single close packed layer would give a
packing fraction of 15.1% in this system with a gap height
of 4d, thus 26% is equivalent to 26/15.1 =1.72 close packed
layers. An effective porosity of the first layer versus a close
packed system can be also be calculated, it contributes
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Fig. 3 Effect of the horizontal position of the build surface on the final layer packing fraction. Every data point is calculated over a 1 mm (20d)
bin of the x-direction and the whole gap thickness (6=4d) in z-direction, v,,= 100 mm/s

Fig.4 Normalised number 0.5
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10.7% to the final packing fraction and contains 71% of the
particles that a close packed layer would.

The final deposit packing fraction of 26% is well below
the 60% packing fraction of the initial powder heap. Con-
sequently, it is worth studying the time dependent dynamic
behaviour of the spreading process to understand the causes
for significant reduction of the packing fraction, and height,
of the deposited powder layer compared to that of the initial
powder heap.
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Figure 5 shows the packing fraction of two different
moving interrogation regions in the vicinity of the spreader
and the build surface with time. These two regions were
chosen to move with the same velocity as the spreader so
that their dynamic behaviour relative to the spreader can
be analysed. The first region is in front of the spreader and
the second region is at its back. Both regions have the same
volume: five particle diameters in the longitudinal x-direc-
tion and the height equal to the gap thickness (four particle
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Fig.5 Packing fraction of two different moving interrogation regions in the vicinity of the spreader and the build surface with time,

v,,=100 mm/s, 6=4d
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diameters), see Fig. 5b. In Fig. Sc, two instances in which the
packing fraction decreases are observed. The first instance
is observed in front of the spreader; during the transient
between 0.0 and 0.01 s the packing fraction drops from 58
to 49%. The second instance is observed when the particles
move through the gap to the back of the spreader; throughout
the quasi-steady state between 0.01 and 0.1 s, it is clear that
the packing fraction in front of the spreader (49%) is consist-
ently higher than that at its back (34%).

Figure 6 shows the average particle x-velocity in front of
the spreader with time. In this analysis, the region in front
of the spreader is divided into four sub-layers; each with
a height of one particle diameter, see Fig. 6a. In Fig. 6b,
the average particle x-velocity of each sub-layer experi-
ences a transient period up to 0.01 s, in which the particles

(a)

are accelerated from rest, and then a quasi-steady state is
reached. A shear velocity profile develops at 0.01 s with the
x-velocity increasing with height above the build surface.
The velocity of an undisturbed powder sub-layer, above the
gap by a distance equal to five particle diameters (0.25 mm),
is equal to the spreader velocity (100 mm/s) in the quasi-
steady state. The shear forces, exerted on the particles in
the region in front of the spreader, are due to the contact
forces from the particles above and the friction resistance
from the build surface below. This creates a vertical vari-
ation in the horizontal x-velocity of the sub-layers inside
the gap. There are small temporal fluctuations in x-velocity
within each sub-layer, during the quasi-steady behaviour,
as the number of particles and contacts within the sub-layer
change with time.

Undisturbed
Sub-layer

(b) 159
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T
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Fig.6 Particle x-velocity in each sub-layer in front of the spreader with time, v,,= 100 mm/s, d =4d
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Figure 7 shows this data as a time averaged velocity pro-
file. The normalised velocity varies between 0 and 1 across
a thickness of 9 particle diameters, signalling the existence
of a shear band, a narrow zone occurring in sheared-granular
material where all the strain is localised. The thickness of
the shear band is consistent with the literature of granular
shear flows [35-38]. It is clear that the shear rate is higher
across the gap compared to that above it; the velocity reaches
80% at the top sub-layer inside the gap (4 particle diameters)
before it reaches 100% of the spreader velocity at 9 particle
diameters up from the build surface.

When a granular assembly is sheared; it dilates, i.e. its
packing fraction decreases. This effect was first noticed
by Reynolds [39] and has been reported in the literature
of sheared granular media [40—45] and flow in hoppers
[46-51] or silos [52]. Shear-induced dilation occurs because
when a granular medium is subjected to a local shear it must
expand by creating more void spaces to allow the grains to
pass by each other and overcome the grains interlocking.
As confirmed by Fig. 6, powder spreading in AM involves
shearing the powder in front of the spreader to initiate the
motion and accelerate the powder from rest; thus, the pow-
der should dilate, which explains the packing fraction reduc-
tion observed in front of the spreader during the transient
time between 0.0 s and 0.01 s in Fig. 5. The packing fraction
in front of the spreader is almost steady (Fig. 5) when the
corresponding particle velocity is steady (Fig. 6) between
0.01 and 0.1 s.

The reduction in the packing fraction at the back of the
spreader compared to that at the front (Fig. 5) is due to the
powder flow through the gap. If the system is viewed in a
moving reference frame whose velocity is equal to that of
the spreader, the particles x-velocity in sub-layers in front
of the spreader will be towards the left. Thus, the motion
of the particles from the region in front of the spreader
to that at its back is reminiscent of granular flow through
orifices. It is well known that in such situations the powder

dilates as it exits the orifice [46, 47, 51, 53, 54], due to
the increase in the shear rate and increase in velocity. For
powder spreading in AM, the shear rate across the gap
becomes higher than the average shear rate in front of the
spreader, because the shear zone tapers from the height
of the shear band (9 particle diameters) to the height of
the gap (4 particle diameters). The particle velocity, in
the reference frame of the blade, also begins to increase
as the vertical confining forces are released and the base
accelerates the particles away from the gap.

Figure 8 compares the quasi-steady average packing
fraction in the horizontal sub-layers at the front and the
back of the spreader. The data is also tabulated along with
the velocity profile in Table 2. For the first and the second
sub-layers, the packing fraction is approximately the same
at the front and the back of the spreader. However there is
a clear reduction in packing fraction in the third and fourth
sub-layer, as the particles are forced under the spreader.
Similar transverse packing fraction profiles in which the
powder dilation is more pronounced close to the edges of
the orifice were reported in granular flow discharging from
hoppers [46].

To understand the dynamics in this region and the rea-
son for the localization of the packing fraction changes it
is useful to look at the change in the velocity profile which
is linked to changes in packing fraction.

To achieve mass conservation, then for any vertical
plane at or behind the orifice

6
[ 1@, —v,(2)dz = 1y, (1)

where 7(z) and v,,(z) are the time-averaged packing fraction
and x-velocity at height z, and v,, is the spreader velocity.
NV, 1S @ constant and represents the total mass flux leav-
ing the gap, 1., being the final layer packing fraction when
the particle velocity is zero. This would also hold in front

Fig. 7 Effect of height on the
normalised quasi-steady average
(0.01 s to 0.1 s) particle x-veloc-
ity in front of the spreader.

v,,= 100 mm/s, §=4d. The data
are binned at the top edges of
the sub-layers
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Fig.8 Quasi-steady average (0.01 s to 0.1 s) packing fraction in different horizontal sub-layers at the front and the back of the spreader.

v,,=100 mm/s, 6=4d

Table2 Mass flux analysis

. Front Back Delta rel. flux
in sub-layers before and after
spreader n (%) v, (mm/s) Rel. flux n (%) v, (mm/s) Rel. flux
n@Qw,, = v,(2)/, @, = v,@)/v,
Sub-layer 1 41.3 26 30.6 40.8 19 33.1 2.5
Sub-layer 2 51.4 45 28.2 48.6 28 35.1 6.8
Sub-layer 3 52.9 53 24.9 38.2 36 24.5 -04
Sub-layer 4 50.2 75 12.6 8.9 46 4.8 -17.8
Total flux 96.3 Total flux 97.4

of the orifice if the vertical velocity is low compared to the
horizontal velocity. As can be seen from Table 2, this is true
indicating, the comparisons of the total fluxes indicating an
only ~ 1% increase in flux, which must be due to a vertical
entry into the front zone from above.

@ Springer

Interestingly the packing fraction at the back of the blade
in the lower layers does not decrease as we might expect due
to the particle deceleration observed (particle acceleration
in the ref. frame of the spreader). This is probably because
the shear rate is similar, consequently the dynamic packing
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fraction remains roughly constant, as the ‘holes’ caused by
the dilation due to the change in velocity are filled by par-
ticles from the upper layers falling into gaps in the lower
layers. This filling of the lower layers also accounts for the
big fall in the packing fraction of the top layer. A vena con-
tractor type effect is also taking place, aided by the need for
particles with centres between 3.5d and 4.0d, in the front
zone being forced down into the lower zones as they flow
through the orifice and consequently the position of their
centres must be below 3.5d. This is seen in the change in
the relative sub-layer mass fluxes from the front to the back,
these would remain equal if the vertical velocities were zero,
however the differences show that there must be significant
vertical flux as the particles pass from the front to the back.
The relative flux in sub-layer 2 increases by around 20%,
whereas the relative flux in sub-layer 3 remains constant as
it loses mass to sub-layer 2 and gains mass from sub-layer
4. Additionally it would also be anticipated that there be a
higher dilation in the top layer due to the far larger change in
velocity for these layers, this is reflected in the relative flux
as a function of height, the top layer having a significantly
reduced relative flux compared to the bottom layer.

The final packing fraction of the powder layer deposited
over the build surface further decreases compared to that
at the back of the spreader. The average packing fraction at
the back of the spreader during the spreading process is 35%
(Fig. 5), whereas the average packing fraction of the final
deposited powder layer is 25.8% (Fig. 4). This is because,
as shown in Table 2, the particles are still moving when they
exit the gap. This is also shown by Fig. 9, which shows the
average particle x-velocity in a fixed interrogation region
of the build surface (3 mm to 4 mm along x-axis). At time
of 0.03 s, the spreader is at the edge of this interrogation
region. At time of 0.04 s, the spreader has moved across the
interrogation region; the spreader is at 4 mm across the build
surface. However, the curve shows that particles are moving
even after the spreader has passed across the interrogation
region; particles have a non-zero velocity for times higher

than 0.04 s. This indicates that the particles at the back of the
spreader keep moving after they get detached from the main
powder heap due to their inertia. Thus, the packing fraction
inside the layer further decreases due to the relaxation time
required to stop the moving particles via the interactions of
other particles below them. The top sub-layer has the high-
est slip velocity compared to the others. The Figure shows
that the velocities of the particles in all sub-layers collapse
to zero at one point (0.05 s).

The results presented in this section have revealed three
key mechanisms causing the reduction in the packing frac-
tion of the deposited layer compared to the initial powder
heap. The first mechanism is observed when the packing
fraction of the powder in front of the spreader during the
quasi-steady state is less than that of the initial power heap
(Fig. 5). This mechanism is due to the shear-induced dila-
tion during the initiation of powder motion by the spreader
(Fig. 6). The second mechanism is observed when the pack-
ing fraction at the back of the spreader is less than that at
the front of the spreader (Fig. 5). This is due to dilation
when the powder moves through the gap (Fig. 8), which
is reminiscent to powder flow through orifices. The third
mechanism is observed when the packing fraction of the
deposited powder layer is less than that of the powder at the
back of the spreader. This mechanism is due to the inertia of
the particles, and the necessary change in packing fraction
required to conserve mass as the velocity changes; in the
reference frame of the spreader they are being accelerated
to the speed of the base as they are detached from the pow-
der heap (Fig. 9). The system exhibits some similarities to
simple shear and flow through orifices.

3.2 Effect of process parameters

For the given geometry and configuration shown in Fig. 1,
the process of powder spreading in AM involves three sets
of input parameters describing the powder, machine and pro-
cess characteristics. Powder characteristics include particle

Fig.9 Average particle
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size distribution, volumetric shape, material and surface
properties. The machine parameters include the geometry
of spreader, and the material properties of both the spreader
and the build surface. The process parameters include the
gap thickness and the spreader velocity. It is rather beyond
the limits of any single study to thoroughly investigate the
effect of all these parameters. Thus, the focus here is on two
key process parameters: the gap thickness and the velocity
of the spreader; as a key objective of this study is to quan-
tify the quality of the deposited layer, the three mechanisms
causing the reduction of deposited layer packing fraction are
monitored. The metrics used to quantify these mechanisms
are defined as follows:

The first packing fraction reduction mechanism Az, due
to shear-induced dilation during the initiation of powder
motion by the spreader, is defined as:

Any(1) = <1 - "f"’"’(t)> 100
g B nfront(o) (2)

where 7,,,,(0) is the initial packing fraction of the stagnant
powder heap before spreading. It is calculated over the
region in front of the spreader as shown in Fig. 5. 15,,,,,(¢) is
the time-varying packing fraction in front of the spreader.
The second packing fraction reduction mechanism Ag,,
due to dilation when the powder moves through the gap, is
defined as:
nfrant([) - nback(t )
Any (1) < PR > 100 3)
where #,,,(?) is the time-varying packing fraction of a
moving interrogation region at the back of the spreader, see
Fig. 5. In addition, the above equation is used to monitor
the packing fraction in different sub-layers inside the gap as
shown in Fig. 8.

The third packing fraction reduction mechanism Az (?),
due to mass conservation as the horizontal velocity of the
deposited layer changes, is defined as:

Ay (1) = <—"b“};j(t) (B)"‘”) x 100 @

where 7, is the final packing fraction of the deposited
layer.

The reduction in packing fraction for each mechanism is
time-averaged over the quasi-steady state period as:

An; = An,(1) (%)
The overall reduction in the packing fraction Az is the
summation of the three mechanisms as:

An = An, + An, + Ans (6)
3.2.1 Gap thickness

Here, the gap thickness is varied from 2 to 6 particle diam-
eters (0.01-0.03 mm), while keeping the velocity of the
spreader constant at 100 mm/s. Figure 10 shows the effect
of the gap thickness on the final layer packing fraction;
the layer packing fraction increases almost linearly with
the gap thickness. Figure 11 shows the effect of gap thick-
ness on the three packing fraction reduction mechanisms.
For the first mechanism, shear-induced dilation during the
initiation of powder motion by the spreader, the reduc-
tion in packing fraction fluctuates between 12 and 20%
for different gap thicknesses with no clear trend. For all
gap thicknesses, the second mechanism, dilation and rear-
rangement when the powder moves through the gap, is
the most significant one. However, its relative importance
varies with the gap thickness. It reaches 40% for a gap
thickness of 2 particle diameter, whereas it is 18% for a
layer thickness of 6 particle diameter. The third mecha-
nism, due to particle deceleration and mass conservation,

Fig. 10 Effect of gap thickness 35
on the final layer packing frac- L
tion, v,,= 100 mm/s
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is nearly constant between 16 and 18% for gap thicknesses
between 2 and 5 particle diameters. It drops slightly for
6 particle diameters to reach 12%. The mean velocity in
the shear layer decreases as the gap height increases, see
Fig. 13, consequently a smaller reduction in packing frac-
tion would be anticipated with large gaps.

In order to further assess the second mechanism, Fig. 12
shows the effect of gap thickness on the ratio of packing
fraction between the front and back sub-layers. The sub-
layers numbers are reversed with a reference point at the
top of the gap so that horizontal axis represents (z — 6)/d
(0 is the top sub-layer index). Interestingly, very similar
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profiles are observed with zone where the reduction in
packing fraction is seen being independent of gap height.
For all gap thicknesses, most of the reduction in pack-
ing fraction occurs within the top two sub-layers with the
packing fraction at the back reaching around 95% of that of
the front in the — 2 sub-layer. Surprisingly, the dilation in
the top sub-layers is higher for larger gap thicknesses. This
indicates that the increase in the final packing fraction of
the deposited layer with the gap thickness (Fig. 10) is due
to the increase in the number of the bottom sub-layers in
which the packing fraction is remaining unchanged as the
particles exit the gap. The vertical flux of powder must
maintain the packing fraction roughly constant in all but
the top two layers. For a gap thickness of 2 particle diam-
eter, the dilated zone occupies the whole gap, which means
that there is no unaffected sub-layers at the bottom of the
gap as noticed for larger gaps.

Figure 13 shows the effect of gap thickness on the par-
ticle x-velocity profile inside the shear band in front of the
spreader. As expected, the average shear rate across the gap,
defined as the ratio between the variation of the velocity
across the gap and the gap thickness, decreases by increasing
the gap thickness. It is also clear that the wall slip velocity
increases with decreasing the gap thickness. This is consist-
ent with the observations of Siavoshi et al. [55] in the study
of confined shear of granular particles in thin gaps. Above
the gap, the average shear rate decreases significantly and
there is an asymptotic approach to the value of the spreader
velocity. This asymptotic approach of the particle velocity
to the spreader velocity occurs over a smaller length scale
for the smallest gap. An S-shaped velocity profile [56] starts
to emerge and becomes more pronounced with larger gap
thickness. The increase in the wall slip at lower gap heights
is important as it leads to an increase in the mean velocity
in the front region. This causes a decrease in the particle
velocity relative to the blade which, via conservation of
mass, Eq. (1), is directly correlated to the final layer pack-
ing fraction.

Fig. 14 Effect of spreader

The results presented in this section have shown that the
final layer packing fraction increases with the gap thick-
ness. It has been shown that the contribution from the sec-
ond mechanism, powder flow through the gap, is dominant;
though its relative contribution compared to the two other
mechanisms decreases with the gap thickness. As the gap
thickness increases, the number of unaffected bottom layers
increases and the reduction of the packing fraction at the
back of the spreader is localised in the top two sub-layers of
the gap. The influence of the mean horizontal velocity in the
gap has also been highlighted.

3.2.2 Spreader velocity

The spreader velocity is an important process parameter that
might affect the powder spreading process. It is desirable to
increase the spreader velocity so that the spreading process
contributes less to the overall build time, but it was reported
in the literature that a higher spreader velocity reduces the
quality of the deposited layer [13, 14]. It is thus important to
understand the effect of the spreader velocity on the mechan-
ics of the spreading and the final layer thickness to identify
the best compromise between the manufacturing time and
the layer quality. Varying the spreader velocity varies the
shear rate of the particles inside the gap. Here, five different
spreader velocities are tested: 10, 30, 50, 80 and 100 mm/s.
For all results presented in this section, the layer thickness
is kept constant at 4 particle diameters (0.2 mm).

Figure 14 shows the effect of the spreader velocity on the
final layer packing fraction. The packing fraction decreases
with spreader velocity in an almost linear fashion. Figure 15
shows the effect of the spreader velocity on the three packing
fraction reduction mechanisms, all of which show a larger
reduction with increasing spreader velocity. For the first
mechanism, shear-induced dilation during the initiation of
powder motion by the spreader, the deposited layer pack-
ing fraction reduction increases linearly with the spreader
velocity, though its slope is small with 8% dilation for
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the minimum spreader velocity of 10 mm/s and 15% for
the maximum spreader velocity of 100 mm/s. The second
mechanism, dilation and rearrangement when the powder
moves through the gap, is the most significant mechanism
for all spreader velocities. The shear induced dilation associ-
ated with these two mechanisms increases with the spreader
velocity (shear rate); in agreement with the trend reported in
the literature of plane shear flow [57]. At very low spreader
velocities, the packing fraction reduction due to the veloc-
ity change (third mechanism) is almost zero for a spreader
velocity of 10, 30 and 50 mm/s, indicating low particle
velocities at the back of the spreader in these cases. As the
spreader velocity increases, the particle inertia increases and
the contribution from the third mechanism increases. Inter-
estingly, the overall reduction in packing fraction exhibits
almost linear relation with the spreader velocity.

Figure 16 shows the effect of spreader velocity on the
ratio of packing fraction between the front and back sub-lay-
ers (second mechanism). For the lowest velocities, 10 mm/s
and 30 mm/s, the reduction in the packing fraction is local-
ised in the top sub-layer, and the packing fraction of the bot-
tom sub-layers can be slightly higher at the back compared

30

40 50 60 70 80 90 100

Vv (mm/s)

to that at the front indicating that some reorganisation and
improve packing takes place in this sub-layer, and is perhaps
indicative of lower shear induced dilation decrease in these
low velocity cases. Overall, the depth of dilation region
increases with velocity, and begins to extend to the second
sub-layer. The increase in dilation of the third and fourth
sub-layers is not always a monotonic increase with velocity
indicating several competing effects.

Figure 17 shows the effect of the spreader velocity on
the particle x-velocity profile inside the shear band in front
of the spreader. It is clear that the normalised slip velocity
at the wall increases with the spreader velocity, and that
the mean normalised velocity also increases, a trend noticed
also when the gap thickness was decreased (Fig. 7). The
jump in the normalised velocity at the edge of the gap thick-
ness (from layer 3 to 4) is highest with the lowest spreader
velocity and decreases with increasing the spreader velocity.
Above the spreader, the profiles taper and converge towards
the spreader velocity reaching it at 9 particle diameters. The
decrease in the normalised slip velocity at the wall results
in a more pronounced S-shaped velocity profile. The emer-
gence of this S-shaped velocity profile is due to the lower

Fig. 16 Effect of spreader 120
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Fig. 17 Effect of the spreader 1
velocity on the particle x-veloc-
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velocity gradient at the vicinity of the build surface. This
S-shaped velocity profile was reported in double plane shear
[56] and the decrease in the slip velocity as the shear veloc-
ity decreases following a similar trend of plane simple shear
was reported by Wang et al. [58].

The results presented in this section have shown that
the final layer packing fraction decreases with the spreader
velocity in almost a linear fashion. The increase in the
spreader velocity increases the shear rate. Thus, the shear
induced dilation becomes more pronounced for higher
spreader velocities. The reduction caused the third mecha-
nism, due to particle inertia, to increase significantly with
the spreader velocity as it was almost zero for relatively low
spreader velocities of 10, 30 and 50 mm/s. It reaches 15%
for the highest velocity 100 mm/s.

4 Summary and conclusions

In this paper, DEM simulations were used to study the
mechanics of powder spreading in an idealised, blade based,
AM system. A vertical spreader blade pushed the powder
along a horizontal surface, creating a shear band whose
height in front of the spreader was 9 particle diameters.
Particles move through the gap to the back of the spreader
and subsequently stop to create a thin powder layer. Three
mechanisms which lead to an inevitable reduction of the
deposited layer packing fraction compared to that of the
initial heap were identified. The first mechanism is the ini-
tial shear-induced dilation during the initiation of powder
motion by the spreader. The second mechanism is due to
the dilation and rearrangement of the powder when it moves
through the gap. The third mechanism is due to the mass
conservation as the particles decelerate and become station-
ary in the deposited powder layer. It was shown that varying
either the gap thickness or the spreader velocity can control
the final packing fraction via suppressing or promoting one

@ Springer

or more of these mechanisms. The final layer packing frac-
tion increases with the gap thickness, and decreases with
the spreader velocity. The velocity profile that is generated
in the gap is directly responsible for the final layer packing
fraction and the mean velocity in this region dictates the
final layer packing fraction. The analysis presented in this
idealised study can help to create a framework for rigorously
studying and optimising the process of powder spreading
in AM. It could be used to understand the role of particle
properties, such as size distribution, morphology and cohe-
sivity, and their interaction with process parameters. One
key challenge in the application to more realistic systems is
the description of the recently melted layer onto which the
particles are being spread, in particular the morphology i.e.
roughness, friction, cohesion at the operating temperature
of the AM system.
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