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Assessing the quality of a spread powder layer is critical to understanding powder spreadability in additive
manufacturing. However, the small layer thickness presents a great challenge for a systematic and consistent
characterisation of the spread powder layer. In this study, a novel digital-based characterisation approach is pro-
posed based on space discretization, with an emphasis on the characteristics that is important to powder-bed-
based additive manufacturing. With the developed approach, the spread powder layer can be qualitatively illus-
trated by contourmaps andquantifiedby statistics of packingdensity, surface profile and pore characteristics. For
the first time, two types of pores are proposed for the spread powder layer. The density pore can identify those
less populated areas while the chamber pore is able to quantify the size of empty patches observed in the spread
powder bed. Applicability of this approach is demonstrated via both simulation-generated and experimentally
spread powder layers. Sensitivity tests on the sampling parameters are conducted. This digital-based character-
isation method is general and can be applied to both polydisperse and non-spherical particle systems, not only
enriching detailed structural analysis of the spread powder layer but also allowing us to quantitatively evaluate
powder spreadability in additive manufacturing.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive manufacturing (AM) has shown its promise in fast
prototyping of near-net-shape structures in many applications, such
as aerospace, automotive, medical and energy storage industries [1,2].
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In powder-bed-based AM processes, material deposition is often
achieved via powder spreading (or recoating) using a blade, rake or ro-
tating roller. A thin layer of powder is spread onto a substrate prior to
material consolidation in selective regions using either a high intensity
energy source (e.g. laser, electron beam or plasma) or a binder [3,4].
The structural, mechanical, and thermal properties of final fabricated
parts are found to be strongly correlated with the quality of spreading
[4–7]. Considerable efforts have thus been made to develop a better
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understanding of the factors affecting the homogeneity of a spread
powder layer via both modelling [8–15] and experiments [16–18].
However, a systematic approach to assess the quality of a spread pow-
der layer is still lacking, making it difficult to achieve quantitative un-
derstanding and hence process optimisation of powder spreading.

Characterisation of an assembly of particulate material can be made
either from a macroscopic viewpoint or using local structural descrip-
tors. Packing density (or porosity) is an important global quantity
which relates closely to local packing structure. Many empirical or
semi-empirical models have therefore been developed to describe the
relationship between packing density and particle characteristics
[19,20]. In recent years, experimental techniques [21,22] and numerical
simulations have been increasingly used to reveal packing structure and
consequently leading to the development of statistical descriptions of
local parameters, such as the radial and angular distribution functions
[23], orientational orders [22], coordination number and neighbour
number [20]. More detailed structural information can be obtained by
geometrical tessellations, such as Voronoi tessellation [24,25] or naviga-
tionmap (an extension of Voronoi tessellation to polydisperse systems)
[26]. Particularly, Voronoi tessellation can effectively characterise both
particle and pore networks, allowing us to model transport properties
or to build-up statistical mechanics theory for particle packing [27].
These approaches have been successfully applied to systems consisting
of mono-sized [20] and polydisperse [28], spherical and non-spherical
[25], coarse and fine [23,29], friction and frictionless [28] particles.
However, these methods could not be applied to a spread powder
layer without modification, as the small layer thickness may introduce
large uncertainties to the calculation of local cell volumes. Moreover,
at present it remains difficult to accurately capture the positions of
fine particles within a spread powder layer using the conventional ex-
perimental methods. For example, the commonly used optical imaging
systemsmay only able to provide reliable data on a single-layered pow-
der layer, although no results have been reported yet. X-ray tomogra-
phy is a possible solution for multi-layered spread powder bed but an
in-situ spreading rig is required. With the rapid increase of computa-
tional powder, discrete element modelling (DEM) has become an indis-
pensable alternative, as it provides detailed information at particle scale.
It has been applied to study the influence of material properties, such as
particle size [9], shape [13] and cohesion [10,14], and operational condi-
tions, such as blade clearance [10,30], spreading speed [10,12], coater
type [11–13,30,31] and gas-particle interaction [32,33] on the quality
of spread layer. However, to date, characterisations of a spread powder
layer are largely limited to the packing density and surface profiles,
which limits the quantitative information that can be extracted. To the
best of our knowledge, detailed pore characteristics of a spread powder
layer have yet to be reported, although it is related to some key proper-
ties of an additively fabricated part, such as permeability, sintering be-
haviour, and mechanical strength.

The available experimental methods for pore size distribution anal-
ysis are either based on absorption of fluids, such as nitrogen, carbon di-
oxide, helium, water and mercury, or radiation, such as optical
microscope, focused ion beam, scanning/transmission electron micro-
scope, X-ray tomography and nuclear magnetic resonance with differ-
ent magnifications. These methods are usually applicable for bulk
materials and thus remain challenging to extract pore information of a
spread powder layer. The difficulty in determining pore characteristics
of a thin powder layer lies in at least two aspects: firstly, particles in-
volved in AM processes are of small size and in large quantities, which
is computationally demanding for both simulations and experiments
to accurately track the position of particles; secondly, the small layer
thickness makes it difficult to apply existing definitions of three-
dimensional pores and consequently a consistent characterisation ap-
proach is lacking. For example, Sweeney and Martin [34] proposed a
digital-based approach for DEM-simulated powder compacts and
thereby both throat pore and chamber pore can be characterised. How-
ever, large error can be anticipated when applying this approach to a
2

thin spread powder layer due to variations of surface profiles across
the spread powder layer. Recently, Nan et al. [8] presented a method
to counting the appearance of empty patches in a numerical sample ob-
tained by DEM simulation, where the spread powder layer was divided
into several consecutive bins. An empty patch is identified when the
packing density of a bin is smaller than a threshold value (i.e. 0.1). It
should be noted here, however, that although their method captures
the existence of the local empty patches, it lacks the quantitative infor-
mation on the pore characteristics, for example, size, shape, and
orientation of these pores.

In this study, a digital-based characterisation approach is developed
by discretising working space into voxels, which provides a basis for
extracting both qualitative and quantitativemetrics from a spread pow-
der layer. For the first time, two types of pores of relevance to additive
manufacturing are proposed, with their calculation procedures detailed.
The so-called density pore allows less populated regions to be identified
and characterised in terms of size, shape, and orientation while the
chamber pore quantitatively evaluate the size of empty patches
observed in a spread powder layer. The applicability of this approach
is first demonstrated on a simulation-simulated spread powder layers.
Sensitivity tests are then carried out, aiming to provide guidance on
the selection of sampling parameters. Combined with imaging analysis,
this approach is also demonstrated to be useful for extracting structural
information from an experimentally spread powder layer. The rest of
the paper is structured as follows: a detailed description of the digital-
based approach is first presented in Section 2. This is followed by a
brief description of DEM approach and simulation conditions in
Section 3. In Section 4, sensitivity tests are carried out on a DEM-
simulated spread powder layer. Application of the proposed method
to experimentally spread powder layer is shown in Section 5.

2. A digital-based characterisation method

The proposed characterisation method is based on space discre-
tisation, which allows the quality of a spread powder layer to be
assessed in terms of packing density, surface roughness and pore char-
acteristics. For a given spread powder layer (either from simulations or
experiments), the working space is first discretised into voxels, with
voxel size denoted as Δvoxel. Voxels located within particles are then la-
belled as solid voxels (vs) while those outside of particles are labelled as
void voxels (ve).

2.1. Packing density and surface roughness

Both packing density and surface roughness are sampled with the
aid of a 2D Cartesian grid. The grid size is denoted as Δgrid, which deter-
mines the spatial density of sampling points. At each grid node, local
structural information is calculated using a local sampling domain. A
smaller grid size is thus expected to provide more data points. For sim-
plicity, the local sampling domain has a square-shaped base with its di-
mension determined by a local sampling size (Δs for the sampling of
local packing density andΔr for local surface height), as schematically il-
lustrated in Fig. 1(a).

A gap-based packing density is introduced here, as a ratio of particle
volume to the volume of local sampling domain,

ϕij ¼
1

Δ2
s h

∑
ip∈Ωij

V ip ð1Þ

where Vip is the volume of particle ip that located within the local sam-
pling domain Ωij. The sampling height h is set same as the blade clear-
ance (i.e. h = hb) rather than the actual layer thickness. This is
because the actual layer thickness may vary with particle properties
and process parameters and it may be even larger than the blade clear-
ance under certain circumstances. A gap-based packing density thus en-
ables a consistent comparison among different cases and is also able to



Fig. 1. The schematics of sampling (a) packing density and (b) surface profile.
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quantify the mass per unit area being deposited on the build plate. In-
stead of calculating it analytically, as particles may be truncated by the
local sampling domain, the gap-based local packing density is simply
determined as a ratio of the number of solid voxels to the total number
of voxels within the local sampling domain Ωij, i.e.,

ϕij ¼ ∑
v∈Ωij

v ¼ vs½ �=∑
v∈Ωij

v½ � ð2Þ

whereΩij is the local sampling domain at grid node ij. […] is the Iverson
bracket, [P] = 1 if P is true, and [P] = 0 if P is false.

Surface homogeneity can be evaluated by measuring surface profile
across the spread powder bed. As shown in Fig. 1(b), at a given grid
node ij, local surface height is determined by the maximum vertical co-
ordinate (i.e. z-coordinate) of solid voxels found within the local sam-
pling domain (Ωij), i.e.,
Fig. 2. (a) Contourmap of local packing density, (b) identification of the region of density pore,
(c) identified boundary of density pore. (For interpretation of the references to colour in this fi
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hij ¼ max
vs∈Ωij

h vsð Þ ð3Þ

where h(vs) is the vertical height of a solid voxel vs. This calculation ap-
proach allows a pure surface characterisation of a spread powder layer
to bemade, whichmimics the experimental approach ofmeasuring sur-
face profile using a probe of sizeΔr.Themean line can then be calculated
from the raw profile data as,

hij ¼
1
n
∑
n

i¼1
hij ð4Þ

where n is the total number of nodes of the sampling grid. Vertical devi-
ation from the mean line can be given as,

zij ¼ hij−hij ð5Þ

The arithmetical mean deviation (or surface roughness) Ra can then
be calculated as,

Ra ¼ 1
n
∑
n

i¼1
zij
�� �� ð6Þ

2.2. Density pore

Powder spreading is often aimed at producing a thin and densely
packed powder layer with high uniformity. An uneven spread powder
layer can lead to processing issues due to variations in the dynamics of
laser-material interactions [7]. It is thus of interest to identify and to
characterise those less populated regions in a spread powder layer. As
shown in Fig. 2, a so-called density pore is introduced (i.e. the red region
in Fig. 2(b)) by thresholding the contour map of local packing density
(Fig. 2(a)), inwhich the pixel size is same as the grid size used to sample
local packing densities (i.e. Δgrid).

The coordinates of each pixel can be represented by a

vector, xi ¼ ½xi yi�T ;where T refers to transpose operation. The resulting
pore region can be defined by a mass density function f(xi) so that f(xi)
= 1 for pixels within the pore while f(xi) = 0 for pixels outside of it.
Fig. 2(c) shows the identified boundary pixel of the density pore. Quan-
titative feature of density pore, such as size, shape, and orientation, can
then be obtained by calculatingmoments of the filtered pore region. For
inwhich pixel in the red-coloured region has a local packing densityϕ smaller than 0.1 and
gure legend, the reader is referred to the web version of this article.)

Image of Fig. 1
Image of Fig. 2
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a 2D region, the pqth moments regarding to its centroid can be calcu-
lated as,

μpq ¼ ∑
n

i¼1
xi−xð Þp yi−yð Þqf x, yð Þ ð7Þ

where x y½ �T gives the centroid of the pore. The area of a pore can be
simply calculated by counting the number of pixels within the pore re-
gion, namely the zeroth moment (μ00). In the present study, the size of
density pore is defined as its equivalent circular area diameter (i.e. the
diameter of a circle of same area as the pore region)while its orientation
is defined by its major axis (i.e. the axis about which the moment of in-
ertia is minimised), which can be calculated by constructing its covari-
ance matrix, i.e.,

C ¼ 1
μ00

μ20 μ11

μ11 μ02

� �
ð8Þ

which is basically the inertia moment tensor of a pore region. The diag-
onal elements of the inertia moment tensor are the principal moments
of inertia while the off-diagonal elements are the products of inertia,
which captures the resistance to rotational forces about the axes. The
angle θ of the major axis can be calculated as,

θ ¼ 1
2
tan−1 2μ11

μ20−μ02

� �
ð9Þ
Fig. 3. Determination of chamber pores: (a) schematics of solid particles and sampling grid, (b)
those of voids as “-1”; (c) Each void pixel is labelled according to its distance to the nearest soli
size; (d) the neighbouring pore pixels located in a circle of radius smaller than 4-pixel length are
resulting pore space. (For interpretation of the references to colour in this figure legend, the re
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The shape of the density pore can be characterised by its circularity,
given as,

κ ¼ 4πA
P2 ð10Þ

where A is the area of a pore region and P is the perimeter of the pore
region. κ = 1 means a circular pore shape. The smaller the circularity,
the more elongated the pore shape is.

2.3. Chamber pore

Mechanical strength of an AM fabricated part relates closely to its in-
ternal pore structure, knowledge on the pore structure in the spread
powder layer is thus also desired. However, due to a small layer thick-
ness, the conventional definition of three-dimensional pores is not ap-
plicable for a thin powder layer. The variation of surface profile could
lead to large error in determining local pore volumes. Instead of quanti-
fying internal pore structure, this study adapts the concept of chamber
pore to quantify the size of two-dimensional empty patches (or voids)
observed in a spread powder layer. The calculation procedure is
outlined below.

Particles are first projected onto a sampling plane paralleled to the
spread powder bed, resulting in a 2-D image as shown in Fig. 3(a).
This is achieved by discretising the whole working space and the sam-
pling plane into voxels and pixels, respectively. Those voxels occupied
project particles onto the sampling plane, labelling pixels occupied by particles as “0” and
d pixel, with its value determined as ⌈d/Δpixel⌉, where d is the distance andΔpixel is the pixel
shaded as green; (e) The layer number of these shaded pixels are adjusted to 4 and (f) the
ader is referred to the web version of this article.)

Image of Fig. 3
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by particles are labelled as solid voxels. Iteration over the voxels is then
performed in the vertical direction from the top to the bottom. If a solid
voxel is found, the corresponding pixel on the sampling plane is labelled
as ‘0’while those of voids are labelled as ‘-1’. The resulting pixel status is
illustrated in Fig. 3(b). Then, each pore pixel is marked according to its
distance to the nearest solid pixel (referred as layer number), with its
value determined as [d/Δpixel] where d is the distance between two
pixels andΔpixel is the pixel size, as shown in Fig. 3(c). Once the shortest
distance between pore pixel and solid pixel is found, the pore pixel of
the largest integer number is chosen. The neighbouring pixels are then
examined to see if the distance to the selected pixel is less than the
layer number. Taking the pore pixels with the layer number of 4 as an
example, the neighbouring pore pixels located in a circle of radius
smaller than 4-pixel length are shaded as green (Fig. 3(d)). Finally, the
layer number of these shaded pixels are adjusted to the value of 4
(i.e., the radius of the largest circle that can be enclosed in the pore
space), as shown in Fig. 3(e). This step will be re-iterated until there
are no pore pixels left to be adjusted, the resulting pore space is illus-
trated in Fig. 3(f). Finally, the distribution of chamber pore size can be
obtained by simply counting the number of pixels of each integer
value. It should be noted thismethod is also applicable to systems of dif-
ferent particle shapes and sizes.

3. Numerical models and simulation conditions

The developed characterisation approach is first applied to a spread
layer of cohesive fine powder generated by DEM modelling. The DEM
models are detailed in previous studies [35–38] and thus is only briefly
outlined here. For a particle of radius Ri, massmI and moment of inertia
II, the resulting governing equations can be written as,

mi
dvi
dt

¼ ∑
j

Fcn,ij þ Fdn,ij þ Fct,ij þ Fdt,ij
� �þ∑

k
Fv,ik þmig ð11Þ

Ii
dωi

dt
¼ ∑

j
rij � Ft,ij þ μr Fcn,ij

�� ��ωi= ωij j� � ð12Þ

where vi and ωi are the translational and rotational velocities, respec-
tively. Fcn, ij and Fdn, ij are the normal contact force and normal damping
force while Fct, ij and Fdt, ij are the frictional force and the damping force
in the tangential direction. The torques acting on the particle consists of
a torque due to the tangential forces and a rolling resistance torque due
to the asymmetric distribution of the contact pressure, where μr is the
rolling friction coefficient. The Hertz-Mindlin theory [39] is adopted to
calculate the contact forces. The van der Waals force (Fv, ik) between
two particles is governed by the Hamaker theory [40]. These force
models are summaries as follows,
Fig. 4. Three stages of simulating powder spreading, from particle packing to heaping and
spreading.
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Fcn,ij ¼
4
3
E∗R∗1=2δ3=2n bn ð13Þ

Fdn,ij ¼ 2

ffiffiffi
5
6

r
βn

ffiffiffiffiffiffiffiffiffiffiffi
Snm∗

p
vnij ð14Þ

Fct;ij ¼ −μt Fcn;ij
�� �� 1− 1− δtj j=δt; max

� �3=2h iδ̂t δtj j < δt; max

−μt Fcn;ij
�� ��v̂t δtj j≥δt; max

(
ð15Þ

Fd;t ¼ 2

ffiffiffi
5
6

r
βt

ffiffiffiffiffiffiffiffiffiffiffi
Stm�

p
vtij ð16Þ

Fv;ik ¼

AR�

6s2min

n̂ s < smin

AR�

6s2
n̂ smin≤s≤smax

0 s≥smax

8>>>>>>><>>>>>>>:
ð17Þ

where the effective radius R ∗ is given by R ∗ = RiRj/(Ri + Rj) and the re-
duced mass is calculated asm ∗ = mimj/(mi + mj). The effective elastic
modulus E ∗ is calculated as 1/E ∗=(1− νi2)/Yi+(1− νj2)/Yj, with Yi be-
ing theYoung'smodulus andνi the Poisson's ratio of particle i. In the cal-
culation of damping forces, Sn ¼ 2E∗

ffiffiffiffiffiffiffiffiffiffi
R∗δn

p
and St ¼ 8G∗ ffiffiffiffiffiffiffiffiffiffi

R∗δn
p

, with G ∗

the effective shear modulus and δn the magnitude of the normal over-
lap. δt, max = μtδn(2 − ν)/(2 − 2ν) is the critical tangential displace-
ment. In the van der Waals force model (i.e. Eq. (17)), s is the
interparticle separation distance and A is the Hamaker constant. smin is
a cut-off surface separation, below which the van der Waals force is as-
sumed to be constant. smax is the maximum cut-off distance for van der
Waals interaction introduced to save computational cost, as the force
magnitude drops dramatically with increasing surface separation.

The simulation was conducted in a rectangular box, with periodic
boundary conditions applied to both the front and the rear sides of the
box. As shown in Fig. 4, one complete simulation consists of three
stages: die filling, heaping, and spreading. A rigid blade is used as an ex-
ample of coating device. The blade is initially located at the left side of
the boxwhile a gate is located 40dp in front of the blade. Particles are ini-
tially generated randomly within the confined space formed by the
blade and the front gate. This is followed by a gravitational setting
process to form a stable packing, with the gravity acting in the vertical
direction. After that, the front gate is removed, a stable heap is formed
in front of the blade. Finally, the blade spreader is lifted to a certain
height (i.e. 75 μm) and a constant speed is given for spreading
(i.e. 50mm/s). It should be noted that although a single layer of powder
spreading ismodelled here, spreading powder on a previously solidified
bed can be modelled by calibrating interfacial energy, surface profile,
sliding and rolling friction between particle and the substrate.
Table 1
Parameters used in the present simulation.

Parameter Value

Particle number 100,000
Particle diameter, dp (μm) 50
Density, ρ (kg/m3) 4430
Young's modulus, E (GPa) 110
Poisson ratio, ν 0.3
Sliding friction coefficient, μs 0.3
Rolling friction coefficient, μr 0.01
Restitution coefficient, e 0.4
Hamaker constant, A (J) 1.86 × 10−22

minimum cut-off distance, smin(m) 1.65 × 10−10

Blade gap, hb(μm) 75
Blade thickness, δb(μm) 200
Blade speed, vb(mm/s) 50

Image of Fig. 4


Table 2
Simulation configuration for the sampling of packing density.

Case Voxel size (dp) Sampling size (dp) Sampling grid size (dp)

1 0.05 2., 3.0, 4.0, 5.0 1.0
2 0.025–0.2 3.0 1.0
3 0.05 3.0 0.25, 0.5, 1.0, 2.0

Table 3
Simulation configuration for the sampling of surface profile.

Case Voxel size (dp) Sampling head size (dp) Sampling grid size (dp)

4 0.05 0.5, 1.0, 1.5, 2.0 1.0

Table 4
Simulation configuration for the sampling of density pores.

Case Density threshold Sampling size (dp) Sampling grid size (dp)

5 0.1 2.0, 3.0, 4.0, 5.0 0.1
6 0.06, 0.08, 0.1, 0.12 3.0 0.1

Table 5
Simulation configuration for the sampling of chamber pores.

Case Pixel size (dp)

7 0.1, 0.05 (base), 0.025, 0.0125
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In the present study, a newly developed stiffness-independent DEM
approach is applied to model cohesive fine powders in spreading. De-
tails of the approach can be found in our previous paper [35]. Simula-
tions were performed using an in-house, GPU-based DEM code
(HiPPS) which has been extensively used in the modelling of different
Fig. 5. (a) Top view of the spread powder bed and contour maps of local packing density calcu
packing density.

6

particulate systems, such as particle packing [36], compaction [37,38]
and fluid-particle interactions [41,42]. Noting that quantitative experi-
mental validation on spreading is not aimed here, but instead focus is
given to the information that can be extracted by the proposed digital-
based characterisation approach. Table 1 lists the parameters used in
the simulation,where the particle properties of a typical Ti-6Al-4V pow-
der are used. Theminimum cut-off distance smin is the same as that used
in the study of Parteli and Pöschel [43]. For simplicity of discussion,
mono-sized particles of size 50 μm were used in the study.

Tables 2–5 list the simulation configurations of sensitivity tests for
data sampling. Effects of voxel size, local sampling size and grid size
on the resulting density distributions are examined. Local sampling
size determines the area from which local packing density is calculated
while grid size controls the number of sampling points to be collected.
Noting that sampling height is the same as the blade gap (i.e. 1.5dp)
for the calculation of local packing density. For surface profile, focus is
given to the effect of local sampling size. For density pores, effects of
density threshold value, local sampling size and sampling grid size are
examined while keeping voxel size constant as 0.05dp. The setup of
case 5 is essentially the same as that of the case 1, from which the den-
sity pores are identifiedby a density threshold of 0.1. For the sampling of
chamber pores, the effect of pixel size is examined.

4. Results and discussion

4.1. Packing density

4.1.1. Effect of local sampling size
Fig. 5 shows the top view of spread powder layer from DEM simula-

tion and the resulting distributions of local packing density. Here, the
whole space is discretised using a voxel size of 0.05dp. Local packing
density is sampled on a grid with a grid size of 1.0dp. Four different
local sampling sizes are used to calculate local packing density at each
grid node: 2dp, 3dp, 4dp and 5dp. The sampling height is the same as
the blade gap (i.e. 1.5dp). Sampling size is shown to have an influence
lated using different sampling sizes, (b) Effect of sampling size on statistical distribution of

Image of Fig. 5


Fig. 6. Effects of sampling grid size on spatial distribution of packing density, inwhich (a) linear interpolation is applied and (b)without any interpolation, only cell-entered data is shown.
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on the homogeneity of the density maps. Local features, such as empty
patches, is more pronounced with a smaller sampling size. This is
mainly because a large sampling size tends to smear out local gradients
in the density distribution. Qualitatively, it suggests that a sampling size
larger than 3dp is not suitable, as the local empty patches cannot be rep-
resented clearly in the density map. This is also confirmed by the statis-
tical distribution of local packing density, as shown in Fig. 5(b).With an
increasing sampling size, the distribution becomes narrower, but with
an increasing peak value at the mode which remains almost constant.
Consequently, the calculated coefficient of variation which represents
homogeneity of the spread layer is increased with a larger sampling
size. The presence of empty patches can only be reflected clearly in
the statistical distribution with a sampling size of 2dp, which also indi-
cates that the majority of empty patches have a size smaller than 3dp.
The sampling size thus has little influence on the mean packing density
but strongly affects variation of the sampled packing density and hence
should be selected based on the problems of interest. For example, for
selective laser melting, it should be smaller than the spot size of laser
Fig. 7. Effects of sampling grid size on the average packing density, in which (a
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as structural variations on smaller scales can be largely homogenised
by dynamics of molten pool [9].

4.1.2. Effect of grid size
Grid size determines the total number of data points to be sam-

pled. A smaller grid size corresponds to a larger number of data
points. It is thus of interest to identify the maximum allowable grid
size to minimise computational expense. Four different grid sizes
are examined here: 0.25dp, 1dp, 2dp and 3dp, with constant local sam-
pling size (i.e. 3.0dp) and voxel size (i.e. 0.1dp). Fig. 6 shows the sam-
pled contour maps of packing density with and without linear
interpolation. The interpolation shows little influence for a grid
size smaller than 1.0dp while significant difference can be observed
for 2.0dp and 3.0dp. A grid size smaller than the local sampling size
is thus required to provide sufficient data points.

The upper bound of grid size can be further elucidated from statistics
of packing density. As shown in Fig. 7(a), the mean value of packing
density remains relatively stable up to a grid size of 2.0dp, with a relative
) mean packing density and (b) coefficient of variation of packing density.

Image of Fig. 6
Image of Fig. 7


Fig. 8. Effects of voxel size on (a) average packing density and (b) coefficient of variation of local packing density.

Y. He, J. Gardy, A. Hassanpour et al. Materials and Design 196 (2020) 109102
difference smaller than 0.2%. A decrease in the mean packing density
can be observedwhen the grid size is larger than2.5dp, resulting in a rel-
ative difference of 0.72% between 3.0dp and 0.25dp. A grid size smaller
than 2/3 of the sampling size is thus recommended to give a statistically
more consistent result. In contrast, there is no lower bound of grid size
as it is only limited by the available memory space.
4.1.3. Effect of voxel size
Voxel size affects both the accuracy of sampled local packing den-

sity and the computational cost. It is thus worthwhile to determine
the maximum allowable voxel size which can provide an acceptable
accuracy. A range of voxel sizes are examined here while keeping
both the local sampling size (i.e. 3.0dp) and the grid size (i.e. 1.0dp)
constant. As shown in Fig. 8(a), little variation is observed in the
mean value of packing density up to a voxel size of 0.15dp, with a
relative difference within 0.1%. The same conclusion can also be
drawn for the coefficient of variation of packing density, as shown
in Fig. 8(b), which remains relatively stable up to a voxel size of
0.15dp beyond which significant variation can be observed. A voxel
size smaller than 0.15dp is thus recommend for a statistically stable
sampling of packing density.
Fig. 9. Effect of local sampling size on (a) surface profile (colour codes refer to surface height)
surface height is normalised by the particle diameter.
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4.2. Surface profile

Surface uniformity of a spread powder layer can be assessed from its
surface profile. Local surface height is calculated as the maximum sur-
face height within the local sampling area. If no particle is found within
this sampling area, the surface height is then taken as zero. Conse-
quently, the smaller the local sampling size, the smaller the empty
patch that can be identified. However, this does not mean a sampling
head of vanishing size should be used. A head of a finite thickness
(larger than particle diameter) is required to isolate the effects of pack-
ing density and surface roughness of the powder layer to provide a pure
surface characterisation [9]. Here, the effect of local sampling size on the
resulting surface profile is examined. As shown in Fig. 9(a), the surface
height varies from 0 to 1.5dp. Sampling size shows a significant impact
on the resulting surface profile, with a larger sampling size showing a
better surface homogeneity. The blue-coloured region indicates the
presence of local empty patches, which reduces with increasing sam-
pling size. This can also be confirmed from Fig. 9(b) which shows the
frequency distributions of surface height. Two significant peaks can be
observed at 0 and 1.0dp, indicating a dominant mono-layered packing
structure. The frequency of surface height decreases with sampling
size for a surface height smaller than 0.75dp while increases with it for
, (b) distribution of surface height and (c) surface roughness of spread powder layer. The

Image of Fig. 8
Image of Fig. 9
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those larger than 0.75dp, corresponding to a decreasing surface rough-
ness as shown in Fig. 9(c). To retain the information of both local
empty patches and the dominant layer thickness, the local sampling
size should then be selected between 1.0dp and 1.5dp.
4.3. Density pore

4.3.1. Effect of local sampling size
Fig. 10(a) shows the spatial distribution of density pores obtained by

thresholding contour maps of local packing density with a value of 0.1,
where each pore is coloured by its orientation relative to the spreading
direction. Here, four different local sampling sizes are used to calculate
local packing density while keeping voxel size and sampling
grid size constant as 0.05dp and 0.1dp, respectively. As discussed before
(i.e. Section 2.1.1), a large sampling size tends to smooth out variation of
local packingdensity. A large sampling sizewould therefore reduce pore
size, leading to a reduced number of pores that can be identified. Fig. 10
(b) shows the cumulative distributions of pore size. Here, the pore size
is defined as its equivalent circular area diameter of the pore. Decreasing
sampling size leads to enlarged size range of pores that canbe identified.
However, the sampling size has little influence on the variability of pore
size, as the coefficient of variation remains relatively stable around 0.87.
Fig. 10. (a) Spatial distribution of the density pore calculated by different sampling sizes, where
size on (b) cumulative pore size distribution, (c) orientation and (d) circularity of density pore
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As shown in Fig. 10(c), most of the pores are found to align either close
to the spreading direction or in the direction perpendicular to it. The
proportion of pores aligned in these two directions increases slightly
with sampling size, indicating those small pores identified by a small
sampling size tend to have random orientations. The circularity of
pores also increases slightly with increasing sampling size, suggesting
pores identified by a large sampling size tend to have a round shape.
4.3.2. Effect of density threshold
Another important parameter affecting the sampling of density

pores is the density threshold. Four different threshold values are tested
here: 0.06, 0.08, 0.1 and 0.12. Spatial distributions of the resulting den-
sity pores are shown in Fig. 11(a),where the pore size is seen to increase
with the density threshold while the number of pores remains almost
constant. The cumulative pore size distribution in Fig. 11(b) follows a
similar trend for small pores but results in a total pore coverage increas-
ingwith density threshold. On the other hand, the orientation of density
pores in Fig. 11(c) shows little dependence on the density threshold,
with orientations either close to the spreading direction or in the direc-
tion perpendicular to that. The shape of pores is slightly affected, as
shown in Fig. 11(d). The average circularity decreases with density
threshold, indicating an increased irregularity of the pore shape. Two
each pore is coloured by its angle relative to the spreading direction and effect of sampling
s.

Image of Fig. 10


Fig. 11. (a) Spatial distribution of density pores calculated by different density thresholds, where each pore is coloured by its angle relative to the spreading direction and effect of density
threshold on (b) cumulative pore size distribution, (c) orientation and (d) average circularity of density pores.

Fig. 12. (a) top view of the spread powder bed and chamber pores identified by different pixel sizes of (b) 0.2dp, (c) 0.1dp and (d) 0.05dp. (e) Effect of pixel size on the cumulative size
distribution of chamber pores.
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Image of Fig. 11
Image of Fig. 12


Table 6
Summary of results obtained from G3 morphologi for Ti-6Al-4 V particles.

CE diameter mean
(μm)

HS circularity
mean

Aspect ratio
mean

Elongation
mean

Solidity
mean

49.16 0.979 0.96 0.04 0.996
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possible causes for the change of density pores can be proposed: the
pores identified by a small threshold value can either be enlargedwith-
out much change in its shape or two isolated pores can be merged to
form a larger pore with an elongated shape, consequently leading to
the increase of pore size and decrease of circularity.

4.4. Chamber pore

The spatial and cumulative size distributions of sampled chamber
pores are shown in Fig. 12, where four different pixel sizes are tested:
0.1dp, 0.05dp, 0.025dp and 0.0125dp. Both results show that sampling
of chamber pores are largely insensitive to the pixel sizes. The cumula-
tive size distributions of different pixel sizes follow the same trend,
reaching a total coverage around 63.8%. Although pixel size determines
the smallest size of chamber pores that can be identified, roughly same
largest size of chamber pores (i.e. 6.3dp) is obtained for all the cases, in-
dicating a pixel size smaller than 0.1dp is sufficient to obtain consistent
results.

5. Application to experimentally characterised spread bed

The developed approach is further applied to experimentally spread
powder layers. Plasma atomised Ti-6Al-4V powder was tested in a re-
cently developed rig to replicate the spreading process in AMmachine.
The properties of the as-received powder were measured as follows: A
cold field emission scanning electron microscope (CFE-SEM, Hitachi
SU8230, LEMAS) operated at 10 kV was used to examine the morphol-
ogy of particles. Size distribution of particles was measured using a
laser diffraction analyser (Malvern Mastersizer 2000, UK) according to
the standard method (ASTM B822–17). The powder was tested using
the dry dispersion method and the average values of D10, D50 and D90
Fig. 13. (a) Particle size distribution of the plasma atomised Ti-6Al-4 V powder used for sp
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for five runswere reported. The G3morphologi particle characterisation
system (Malvern Panalytical Ltd., UK) was also used to measure shape
distribution of Ti64 particles. 5 mm3 of particles were placed into the
dispersion capsule and particles were evenly dispersed over a glass
plate using high-pressure (5 bar) with pressure pulse injection time of
20 ms. Optical microscope of 5× (6.5–420 μm) magnification was then
used to analyse the particles. Themeanparticle diameter, circularity, as-
pect ratio, elongation, and solidity values based on 22,959 particles cov-
ered within projected scan area are shown in Table 6. Fig. 13 shows the
particle size distribution and morphology of the Ti-6Al-4 V powder, in-
dicating a highly spherical particle shape.

The powder was spread over a flat substrate using a rig blade, with a
speed of 50 mm/s and a blade gap of D90 (i.e. 50 μm) of the tested pow-
der. Herein, the focus is given to the applicability of the developed char-
acterisation approach. It should bementioned that, packing density and
chamber pore size can be extracted quite accurately by the present ap-
proach. However, surface profiles are difficult to obtain as the optical
images lacks the information in the vertical direction and thus are not
shown here. The experiments were repeated nine times and the
resulting information is summarised below.

Images of the spread powder bed is taken by a high-speed camera
after spreading and are stitched together to form a larger image
(Fig. 14(a)). The locations and sizes of the particles are extracted from
the stitched image using aMATLAB code, by whichmost of the particles
(>99%) can be identified (Fig. 14(b)). A numerical counterpart of the
spread powder bed is created using the extracted particle coordinates
and sizes, as shown in Fig. 14(c). The developed characterisation ap-
proach is then applied to extract the structural information. To
discretise the computational domain, a voxel size of 0.05Dmin is used.
Density is sampled using a sampling size of 3.0D90 on a sampling grid
with a grid size of 0.5D90. Fig. 14(d) shows the resulting spatial distribu-
tions of packing density for four different runs, showing non-uniform
density distribution along the spreading direction. The distribution of
packing density is averaged over nine runs of the spreading. The sam-
pling height for the packing density is set to the largest particle diame-
ter. The resulting probability distribution is shown in Fig. 14(e). The
averaged distribution of packingdensity follows aGaussiandistribution,
with a mode of 0.214.

Fig. 15 shows the process of identifying chamber pores from the
image of the spread powder bed. Only a section of the image is shown
reading and (b) SEM images of the Ti-6Al-4 V powder under different magnification.

Image of Fig. 13


Fig. 14. (a) Stitched image from high speed camera, (b) particle size and locations extracted by aMATLAB code, (c) re-created spread powder bed, (d) contour map of packing density for
four different runs, in which the first one corresponds to the particle distribution shown in (a), (e) distribution of local packing density in the spread powder bed. The solid line is the
Gaussian fitting.
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here as an example (Fig. 15(a)). To discretise the image, a pixel size of
0.1D90 is used. The particles are first projected on the substrate surface.
The resulted projection is shown in Fig. 15(b), where a solid pixel is
12
represented in redwhile an empty pixel is shown in blue. The identified
chamber pores are shown in Fig. 15(c). Chamber pores larger than the
particle size can be observed, which distributes quite randomly

Image of Fig. 14


Fig. 15. (a) A section of the spread powder bed captured in the experiment, (b) identification of solid and empty pixels, (c) identification of chamber pores and (d) cumulative size
distribution of chamber pores.
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throughout the spread powder bed. Fig. 15(d) shows the cumulative
size distribution of chamber pores. The results are averaged over nine
runs, which gives a total pore coverage around 53.5% of the whole
spreading powder bed.

6. Conclusions

In the present study, a digital-based approach has been proposed for
the characterisation of a spread powder layer. It is based on the spatial
discretisation of the working space, from which the packing density,
surface profile and pore characteristics can be evaluated. A so-called
density pore is proposed to identify the less populated regions in the
spread powder bed by thresholding the contour map of local packing
density. The density pore can then be characterised in terms of size,
shape, and orientation. The chamber pores are defined based on the
projection of particles onto the substrate, from which the size distribu-
tion of the empty patches can be quantified. Combined with imaging
analysis, this approach is demonstrated to be useful for extracting struc-
tural information from both DEM modelled and experimentally spread
powder layers. Sensitivity analysis on the sampling parameters has
also been conducted, leading to the following findings,

• Sampling of packing density depends on the local sampling size.
A large sampling size tends to smooth out local gradient, leading to a re-
duced coefficient variation but without much influence on the mode of
the density distribution. A voxel size smaller than 0.15dp and a sampling
grid size smaller than 2/3 of the local sampling size are suggested to
give statistically consistent and stable sampling of the packing density.
• Both local sampling size and density threshold can affect the sampling
of density pores. Decreasing local sampling size increases the size range
of pores that can be identified, without much effect on the variability of
the size of density pore, An increase in density threshold leads to an en-
larged size range, amore irregular pore shapewhile not changingmuch
of the number of pores.
• The sampling of chamber pores is largely insensitive to pixel size. The
pixel sizemainly determines the smallest size of pores that can be iden-
tified. A pixel size smaller than 0.1dp is recommended.

This approach is generally applicable to spread powder layers
consisting of particles with varying sizes and non-spherical shapes,
whichnot only provides a solid basis for quantitative evaluation of pow-
der spreadability but also enriches the structural analysis of a spread
13
powder layer. Application of this approach for the calibration and
validation of DEMmodelling will be reported in the near future.
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