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The dependence of powder flowability on particle cohesion can often be captured by a dimensionless Bond num-
ber, however, whether the same is true for powder spreadability remains unclear. This paper thus presents a
particle-scale study on the spreading of cohesive fine powders for additive manufacturing, focusing on the com-
bined effect of particle size and surface cohesiveness.With an experimental validatedmodel, detailed analysis re-
vealed two competing mechanisms due to geometrical constraint and interparticle cohesion. For small particles
that allows multiple particles across blade clearance, layer homogeneity is largely maintained before deteriorat-
ing sharply, while for large particles that forming a mono-layered packing structure, an optimum homogeneity
can be obtained at a moderate level of particle cohesion. The efficacy of increasing blade clearance to improve
layer quality was also evaluated. This study can help to identify a critical set of powder descriptors that defines
spreading performance.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Additive manufacturing (AM) has seen a rapid growth in many in-
dustrial sectors, transforming the production of partswith high geomet-
rical complexity from rapid prototyping to industrial production,
especially for safety-critical applications. For powder bed fusion (PBF)
where a heat source is directly applied to consolidate powdermaterials,
the quality of spread powder layer plays a key role in final fabricated
parts through its influence on effective powder thermal conductivity,
laser-material interaction and consequently dynamic of melt pool [1].
A dense and uniform powder layer are thus desired for both process op-
timization and control. However, feedstockmaterials are subject to con-
siderable variability in particle properties, which can be induced during
both atomisation processes and powder recycling [2], presenting a seri-
ous challenge for AM to manufacture parts of consistent and reliable
quality. This is further complicated by the presence of a large number
of influencingparameters, includingboth physical and chemical proper-
ties, and their interactionwith the AMsystem,which drives the need for
an in-depth understanding of the relationship between particle proper-
ties and powder spreadability.

Particle size is often regarded as a critical quality indicator for many
powder-handling processes. For PBF processes, a smaller particle size is
often preferred, as it permits a thin powder layer to be deposited and
hence a better control of dimensional accuracy. However, due to the
presence of attractive van der Waals interaction, decreasing particle
leeds.ac.uk (A.E. Bayly).
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size results in an increase in particle cohesion, leading to reduced pack-
ing efficiency and flowability. Yang et al. [3] showed that packing den-
sity drops with decreasing particle size and open-tree structures can
be observed on the surface of a packed bed. Meier et al. [4] observed a
stiffer angle of repose and a reduced flowrate when discharging pow-
ders of a smaller particle size from hopper. A reduced powder
flowability was also reported from measurements conducted by Brika
et al. [5] on Ti-6Al-4V powder and by Balbaa et al. [6] on AlSi10Mg pow-
der using both typical flowmeters and FT4 powder rheometer. How-
ever, as pointed out by Touzé et al. [7], standard flowability
measurements still face difficulties to make a reliable estimation of
powder spreadability. One reason for this is due to the fact that cohesive
powders may not be able to flow through a typical Hall or Carney flow-
meter, thus making it not possible to measure flow time or angle of re-
pose of very cohesive powders. The stress condition in flowability tests
also differs from that of shear-driven spreading, together with poor re-
peatability for cohesive powders, largely limiting their use to compara-
tive testing.

From the viewpoint of processability, smaller particles require less
heat for melting due to a smaller thermal inertia. Powder bed of fine
particles also exhibits a higher specific surface area to volume ratio,
which gives rise to an enhanced laser absorptivity. Balbaa et al. [6] ob-
served 13% increase in laser absorptivity in terms of K-Mabsorption fac-
tor when d50 of AlSi10Mg powder decreases from 40 μm to 9 μm. Haeri
et al. [8] showed that laser radiation pressure has a significant impact on
powder dynamics, which affects particle trajectories at distances up to
1 cm and varies with particle size. Despite the preference for powders
of a smaller particle size, a reduction of particle size does not guarantee
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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a better part quality. For 316L stainless steel powder, Spierings et al. [9]
showed that fine powder (with d90 ~ 24 μm) results in a higher part
density and mechanical strength than that of the coarser powder
(with d10 ~ 20 μm), which was attributed to a better packing efficiency
seen by the fine powder. In contrast, Brika et al. [5] showed that a
greater amount of fine particles in Ti-6Al-4V powder is detrimental to
flowability and hence yields parts with reduced mechanical and geo-
metric characteristics. Riener et al. [10] also reported a lower part den-
sity and a rougher part surface for AlSi10Mg powder with a higher
amount of fine particles (with d10 ~ 20 μm). Balbaa et al. [6] found
that part fabricated by fine AlSi10Mg powder (with d50 ~ 9 μm) has a
lower quality in terms of density, surface roughness, dimensional accu-
racy, andmicrohardness than that of the coarser one (with d50 ~ 40 μm).
The reason was attributed to a poor flowability and agglomeration ten-
dency observed by fine sized powder [6]. These studies further
highlighted the importance of obtaining a high-quality powder layer,
which stems the necessity to establish a quantitative correlation be-
tween particle size and powder spreadability.

However, knowledge on the role of particle size is still limited, partly
due to the fact that particle-scale information is lacking from these ex-
perimental studies, making it difficult to conduct a quantitative evalua-
tion on powder spreadability. Advanced experimental techniques, such
as high-speed x-ray imaging [11], havemade it possible to reveal in-situ
spreading process but at present limited to the dynamics of powder pile
in front of recoating blade. Ali et al. [1] combined nano-computing to-
mography with a UV curable polymer to bind particles, allowing an es-
timation of packing density at various locations in a spread powder bed.
However, it still faces challenges to isolate the influence of particle size
in feedstock. This is especially the case when considering interplay be-
tween particle size and other characteristics, such as surface cohesive-
ness and particle shape. For example, small particles with weak
cohesiveness can fill the voids formed between large particles while,
for strongly cohesive particles, the presence of fine particles would fur-
ther hinder particle movement and deteriorate particle packing. In
many powder-handling processes, the roles of particle size and surface
cohesiveness can be captured by a lumped parameter (i.e., Bond num-
ber) defining the relative importance between interparticle cohesive
force and particle gravity, which correlates well with packing density
[12] and mixing index [13]. The same conclusion was also drawn for
flow function coefficient obtaiend by shear cell tests [14] and for
flowrate measured by vibration-asisted funnel discharging [7] which
showed a good correlation with a population-dependent Bond number.
Meier et al. [4] further confirmed from experiments and simulations
that the effects of surface energy and particle size on the angle of repose
formed by funnel discharging of Ti-6Al-4V powder can bewell captured
by the dimensionless Bond number. Despite the practical importance in
powder spreading, experimental studies on how particle size and cohe-
siveness affect powder spreadability and whether it can be captured by
the dimensionless Bond number remain limited.

The aforementioned limitations can be readily overcome by discrete
elementmodelling (DEM)whichprovides abundant information at par-
ticle scale, allowing us to conduct controlled studies on the roles of par-
ticle properties and operational conditions in powder spreading
[15–17]. For example, Haeri [18] proposed an optimized blade spreader
with a super-elliptic head profile based on DEM simulations of spread-
ing. The optimized blade spreader is capable of generating a powder
bed comparable to that of roller spreader. Chen et al. [19] showed that
both dynamic angle of repose and mass flowrate of particles being
discharged from blade clearance are affected by particle size. An opti-
mum powder flowability was found at a particle radius of 21.8 μm.
Meier et al. [20] found that decreasing particle size is detrimental to
layer quality, leading to lower and strongly varying packing density
and highly irregular surfaces, which was also confirmed by Wang et al.
[21] for the spreading of cohesive powders by a rotating roller. Ma
et al. [22] studied the influence of volume fraction of fine powder (20
μm < d < 40 μm) on spreading. The layer quality was found to first
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increase and then decrease with the amount of fine powder. Yao et al.
[23] simulated the spreading of 316L stainless steel powder using
DEM. A particle size of 30 μm is suggested to yield the optimum average
packing density and structure uniformity. Recently, Shaheen et al. [24]
highlighted the interplay between particle cohesiveness and process
parameters, including spreading speed and spreading tool. Increasing
spreading speed is detrimental for layer quality of non- and weakly co-
hesive powders but improves it for strongly cohesive ones [24]. Our re-
cent study [25] showed that the presence of particle cohesion not only
leads to features like patchy coverage, chain-like agglomerates and
sparse particle distribution but also affects the dominating mechanism
for spreading. Despite being success in qualitative understanding of
spreading process, most of the previous DEM studies adopted a reduced
particle stiffness that is several orders of magnitude smaller than the
true physical value to speed up DEM simulations. However, the use of
reduced particle stiffness results in an under-estimation of sliding and
rolling resistances in the modelling of cohesive powders, consequently
compromising the quantitative predictive capability of DEMmodelling
[26].Moreover, despite individual influence of particle surface cohesive-
ness or particle size has been studied, the combined effect of particle
size and surface cohesiveness on powder spreadability remains largely
unresolved.

This study therefore conducts particle-scale simulations of powder
spreading and systematically addresses the combined effect of particle
size and surface cohesiveness on the quality of spread powder layer.
Here, an efficient simulation is made possible by leveraging GPU com-
puting. Moreover, a stiffness scaling methodology [26] is adopted to
handle the use of reduced particle stiffness in modelling cohesive parti-
cles, enabling us to establish a quantitative prediction of the quality of
spread powder layer. The characteristics of deposited powder layer is
assessed in terms of packing density, coordination number and surface
profile. The rest of the paper is structured as follows: numerical meth-
odology is first outlined in Section 2, followed by a brief description of
simulation conditions and analysis techniques in Section 3. A prelimi-
nary test on model performance is presented in Section 4, where com-
parisons with experimental results in literature were made on static
angle of repose (AOR) formed by powders of different particle size dis-
tributions. It should be noted that quantitative validation on the quality
of spread powder bed is not aimed here, instead the focus is given to the
combined effects of particle size and surface cohesiveness on the quality
of spread powder layer in section 5, together with evaluation on the ef-
ficacy of increasing blade clearance to improve layer quality. The conclu-
sions and outlook are presented in section 6.

2. Model description

In DEM, the motion of individual particles is updated according to
Newton's second law of motion. The soft-sphere model is adopted,
which is capable of explicitly incorporating material properties and in-
teraction laws between two particles. The translational and rotational
motions for a particle of mass mi and moment of inertia Ii are
governed by,

mi
dvi
dt

¼ ∑
j

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

k
Fv,ik þmig ð1Þ

Ii
dωi

dt
¼ ∑

j
Tt þ Trð Þ ð2Þ

where vi and ωi are the translational and rotational velocities, respec-
tively. The forces acting onparticle i by particle j consist of contact forces
(Fcn,ij and Fct,ij) and damping forces (Fdn,ij and Fdt,ij) in both normal and
tangential directions. Fv,ik represents van der Waals force imposed on
particle i by particle k, which is known to be important for fine particles.

The normal contact force (Fcn,ij) was calculated according to the
Hertzian model [27], given by,
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Fcn,ij ¼
4
3
E∗R∗1=2δ3=2n bn ð3Þ

where E ∗ = EiEj/(Ei + Ej) is the effective elastic modulus with Ei =
Yi/(1 + νi

2). Y is particle Young's modulus and ν is Poisson's ratio.
R ∗ = RiRj/(Ri + Rj) is the effective particle radius. Fdn,ij is the normal
damping force responsible for energy dissipation due to inelastic col-
lisions, given by,

Fdn,ij ¼ 2

ffiffiffi
5
6

r
βn

ffiffiffiffiffiffiffiffiffiffiffi
Snm∗

p
vnij ð4Þ

in which βn is the normal damping coefficient.m ∗ =mimj/(mi +mj) is
the effective mass and Sn ¼ 2E∗

ffiffiffiffiffiffiffiffiffiffi
R∗δn

p
.

The van der Waals force (Fv,ik) is calculated based on the Hamaker
theory [28], given by,

Fv,ik ¼

AR∗

6s2min

bn s< smin

AR∗

6s2
bn smin ≤ s ≤ smax

0 s ≥ smax

8>>>>><
>>>>>:

ð5Þ

where s=|ri− rk|− (Ri + Rk) is the interparticle separation distance. A
is Hamaker constant, which depends on both physical and chemical
properties of particle, such as surface roughness, medium chemistry,
and temperature. smin is a cut-off distance introduced to avoid the sin-
gularity when the surface separation equals to zero, below which van
derWaals force is assumed to be constant. A maximum cut-off distance
smax is also introduced to limit calculation expenses, due to the fact that
themagnitude of van derWaals force drops shapely with increasing in-
terparticle separation.

The Hamaker theory is adopted here mainly due to its simplicity,
which assumes a constant cohesive forcewhen two particles are in con-
tact. In contrast, the JKR theory [29] is more suitable for soft materials
with a large surface energy. The applicability of JKR theory can be
characterised by the Tabor parameter defined as Ta = (4Rγ2/E2smin)1/3,
with γ the surface energy [30]. The JKR theory generally applies for
Ta > 3.0 while Ta is in the order of 10−9 for the metallic powders con-
sidered in this study. Moreover, Roy et al. [31] showed that the func-
tional form of non-contact cohesive model has little impact on bulk
behaviour, as long as the maximum adhesive force and total energy
dissipation per contact are matched. In fact, based on the JKR theory,
the value of Hamaker constant can be related to surface energy by
the following equation [32],

γ ¼ A
24πs2min

ð6Þ

In the tangential direction, Fct,ij and Fdt,ij are the frictional contact
force and the damping force, given as [27].

Fct,ij ¼
−μt Fcn,ij

�� �� 1− 1− δtj j=δt,maxð Þ3=2
h ibδt δtj j< δt,max

−μt Fcn,ij
�� ��bvt δtj j ≥ δt,max

8<
: ð7Þ

Fdt,ij ¼ 2

ffiffiffi
5
6

r
βt

ffiffiffiffiffiffiffiffiffiffi
Stm∗

p
vtij ð8Þ

where μt is the coulomb friction coefficient. δt is the particle displace-
ment in the tangential direction and bδt ¼ δt= δtj j. bvt ¼ vt= vtj j is the
unit vector of the relative velocity in the tangential direction. δt, max =
μtδn(2 − ν)/(2 − 2ν) and βt is the tangential damping
coefficient. St ¼ 8G∗ ffiffiffiffiffiffiffiffiffiffi

R∗δn
p

, where G ∗ = GiGj/(Gi + Gj) the effective
shear modulus, with Gi = Yi/2(2 − νi)(1 + νi). The torques acting on
the particle consists of a torque due to the tangential forces Tt = Ri ×
Ft,ij and a rolling resistance torque due to the asymmetric distribution
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of the contact pressure Tr = μr|Fcn, ij|ωi/|ωi|, where μr is the rolling fric-
tion coefficient.

A reduced particle stiffness that is several orders ofmagnitude lower
than the true physical value is often adopted to speedup DEM simula-
tions, as themaximum allowable DEM timestep is related to both parti-
cle size and stiffness. However, a reduced particle stiffness leads to an
over-dissipated kinetic energy by cohesive interaction, the cohesive
force thus needs to be scaled to preserve the original particle behaviour.
In this work, a recently developed stiffness scaling methodology is
adopted, which extends the applicability of using reduced particle stiff-
ness to contact-dominated systems [26]. It consists of three key compo-
nents. For contact adhesion, a reduced Hamaker constant is calculated
based on the scaling ratio of Young's modulus, given by,

AR ¼ AO YR=YO
� �2=5

ð9Þ

where the superscripts R refers to reduced particle properties while O
refers to the original particle properties. In the calculations of sliding
and rolling resistances, a modified normal contact force (Fcn, ijM ) is intro-
duced, given by,

FMcn,ij
��� ��� ¼ Fcn,ij

�� ��− Fv,ij
�� ��þ FOv,ij

��� ��� ð10Þ

where |Fcn, ij| and |Fv, ij| are calculated using the reduced particle stiff-
ness. As the van der Waals force during contact is assumed constant, |
Fv, ijO | can be calculated directly using the original Hamaker constant
AO. To account for enlarged DEM time step and discontinuity of van
der Waals force introduced by reduced particle stiffness, an impulse-
based force estimation scheme is introduced, given by,

Fv,i ¼ ∑
k

mi vi,n−vi0,n
� �bnik

ΔtDEM
ð11Þ

The summation runs over all neighbouring particles of particle i.
ΔtDEM is the enlargedDEM timestep. vi0, n is the particle velocitywithout
considering non-contact van der Waals interaction while vi, n is the
corrected particle velocity which can be calculated by enforcing mo-
mentum and energy conservations between two interacting particles.
More details of the calculation can be found in the previous study [26].
It has been shown that, with this new stiffness scaling methodology,
the properties of both packed bed and spread powder bed of cohesive
powders can be well preserved when the particle stiffness is scaled
down to four orders of magnitude.

3. Simulation condition and data analysis

Themodelled systemmimics a generic powder spreading configura-
tion, comprising a rigid recoating blade and a rough rectangular sub-
strate with a dimension of 40dp × 600dp, where dp is the particle
diameter. Fig. 1 shows schematically the modelling configuration, simi-
lar to that used in the previous study [25]. Periodic boundary condition
is applied to the front and rear sides of the computational space to elim-
inate wall effects. The rigid blade has a width same as the base in the Y
direction, i.e., 40dp, and a thickness of 200 μm. A packed bed is first gen-
erated by random generation of mono-sized spherical particles without
overlap within a confined space formed by placing a rigid vertical gate
40dp in front of the blade, as shown in Fig. 1(a). The vertical gate is
then removed, allowing a stable heap to be formed in front of the
blade under the effect of gravity (Fig. 1(b)). Finally, the blade is lifted
to form a constant vertical gap of 100 μm between the blade and sub-
strate for spreading (Fig. 1(c)). For all the cases, a constant spreading
speed of 50 mm/s is specified in the X direction and a total length of
500dp is spread. The first 100dp of a spread powder bed and 10dp imme-
diately behind the spreading blade are excluded from data analysis.
Data sampling is conducted within a length of 390dp, as shown in



Fig. 1. Schematics of the modelling configuration and sampling zone of spread powder bed.
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Fig. 1(c). As shown in Fig. 1(c), a Cartesian 2D sampling grid is used to
aid the sampling of local properties according to a recently developed
digital-based characterisation approach [33].

Table 1 summarise the parameters used for the simulations, in
which particle properties are typical of a Ti-6Al-4V powder, similar to
that used by Meier et al. [20]. A minimum cut-off distance smin is intro-
duced for the calculation of van der Waals interactions [32]. The mate-
rial properties of wall are the same as that of particles but with an
infinitely large contact radius when handling particle-wall interactions.

To accelerate calculation, an in-house GPU-based DEM code (HiPPS)
is used for all simulations. The stiffness scalingmethodology allows par-
ticle stiffness to be safely reduced by three orders of magnitude for co-
hesive fine particles, resulting in an enlarged DEM time step which is
31.6 times of that of the original particle stiffness. Particle size and
suface cohesiveness are systematically varied to explore their combined
influence on the quality of spread powder layer while keeping other pa-
rameters constant. According to the JRK theory, the tested value of
Hamaker constant corresponds to an effective surface energy ranging
from 0 to 3.62mJ/m2. Particle surface cohesiveness can be varied by dif-
ferent reasons, for example, changes of chemical (i.e., surface chemistry,
Table 1
Parameters used in the present simulations.

Parameter Value

Particle number, Np 100,000
Particle diameter, dp(μm) 25, 30, 40, 50, 60, 75, 90, 100
Density, ρ(kg/m3) 4430
Original Young's modulus, YO(GPa) 110
Reduced Young's modulus, YR(GPa) 0.11
Poisson ratio, ν 0.3
Sliding friction coefficient, μt 0.3
Rolling friction coefficient, μr 0.01
Restitution coefficient, e 0.4
Hamaker constant, a1(J) 3.72 × 10−23

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

Blade gap, δb(μm) 100
Blade thickness, tb(μm) 200
Blade speed, vb(mm/s) 50
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and potential contamination and oxidization) and geometrical proper-
ties (due to surface asperities) of particles. The Hamaker constant is de-
fined relative to a base value of a1 (i.e., 3.72 × 10−23) which leads to a
Bond number (Bo) of 1.0 for particles of size 50 μm,where Bo is defined
as the ratio of themaximumpull-off force to particle gravity. For van der
Waals interaction, Bo can be calculated as,

Bo ¼ Fv,max

mg
¼ A

16πR2ρgs2min

ð12Þ

4. Model validation

To gain confidence on the simulation results, a preliminary test on
model performance is conducted by comparing with literature results
on the static angle of repose formed by Ti-6Al-4V powder samples in
heaping. The modelling set-up is shown schematically in Fig. 2(a),
where a vibrating funnel is used to facilitate the discharge of cohesive
powders. Three different particle size distributions are examined here,
denoted as fine, medium and coarse powders, as shown in Fig. 2(b),
consistent with that used in the experiments of Meier et al. [4]. The ef-
fective surface energy is first calibrated by matching AOR from model-
ling with that measured on the medium-sized powder, where the AOR
is calculated by fitting a triangle onto a 2D projection of the heap, as
shown in Fig. 2(a). The calibrated effective surface energy is then used
to predict AORs of the coarse and fine samples, respectively. Compari-
sons of predicted AORs with that measured in experiments are made
so that model performance can be evaluated.

Fig. 3(a) shows the numerical AOR as a function of effective surface
energy, with other parameters kept the same as that listed in Table 1.
A surface energy of 0.142 mJ/m2 is calibrated by linear interpolation,
corresponding to a Hamaker constant of 2.91 × 10−22 J (i.e., A =
7.84a1). It is slightly larger than that calibrated by Meier et al. [4]
(i.e., 0.1 mJ/m2). The discrepancy can be attributed to the difference in
contact force model and the consideration of stiffness scaling in the
present study. It is worthy to note that the calibrated effective surface
energy is also significantly smaller than that measured for flat metal
contact surfaces, because of the difference in surface properties.
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Fig. 2. Schematic of the heaping simulation and volume-based cumulative particle size distributions of powder samples, following that used in the experiments of Meier et al. [4].
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With the calibrated surface energy, the predicted AORs of powders
of different particle size distributions agreewell with that measured ex-
perimentally, which confirms the validity of DEM model in predicting
heaping behaviour of Ti-6Al-4V powder. However, it is worthwhile to
note that static AOR is not a good metric for model calibration and val-
idation of cohesive fine powders, although it is used here as a compro-
mise due to the lack of particle-scale information on a spread powder
layer. The reason ismainly related to the irregularity of slope surface ob-
served for highly cohesive powders, as shown in Fig. 2(a), making it dif-
ficult to obtain an accurate estimation of AOR. Furthermore, AOR is
insensitive to the change of surface energy for highly cohesive powders,
as shown in Fig. 3(a).

Further studies are thus required to enable a more accurate calibra-
tion of effective surface energy for powder spreading. However, it
should be emphasized that, although the stress condition in heaping is
different from the dynamic spreading at high strain rate, the force
model and stiffness scaling methodology used here has been verified
in the previous studies [25,26], showing the capability of achieving
quantitative predictions using DEM. Since the present study is focused
Fig. 3. (a) Calibration of surface energy and (b) model validation in predicting AORs of powder
reported by Meier et al. [4].
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on the fundamental understanding of the combined effect of particle
size and surface cohesiveness, the validation test presented here pro-
vides not only further confidence in themodel but also a basis for the se-
lection of tested range of surface cohesiveness in the following
parametric study.
5. Results and discussion

5.1. Packing structure

Fig. 4 shows the top view of spread powder layers formed by differ-
ent combinations of particle size and surface cohesiveness, in which
particles are coloured by coordination number (CN), i.e., the number
of particles in contact with a given particle. A cut-off distance of
1.005dp was introduced to determine whether two particles are in con-
tact. Since there is no clear structural variation in the spreading direc-
tion, only a small section of the spread powder layer is shown here,
with a dimension of 40dp × 100dp.
s of different particle size distribution. Comparisons are made against experimental results
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Fig. 4. Top view of spread powder bed of different combinations of particle size and effective Hamaker constant. Only a section of the spread bed is shownhere,with a dimension of 40dp × 100dp.
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It can be seen from Fig. 4 that the effects of particle size and surface
cohesiveness are closely correlated. For particles of small surface cohe-
siveness (i.e., A ≤ 5a1), a continuous and densely packed layer is ob-
served for small particles (i.e., dp ≤ 0.5δb) while defects, such as empty
patches or voids, start to emerge with increasing particle size. The
layer structure is thus mainly determined by the geometrical constrain
created by a given blade clearance. A smaller particle size means more
particles can be discharged through the blade, consequently leading to
a multiple-layered, uniform, and densely packed structure. In contrast,
mono-layered, non-uniform structure dominants the spread powder
5a1

0

50a1

200a1

Hamaker constant

Fig. 5. Velocity distribution for particles of size 0.6δb during spreading,
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layer of large particles (i.e., dp > 0.5δb). The majority of particles have
a CN smaller than 4, with an appreciable ratio of free particles (i.e., no
contact with other particles). The formation of large empty patches
can be attributed to collision-induced particle clustering as particle
gain a large momentum to continue moving forward [25]. The distance
travelled by cohesive particles is much shorter than that of non-
cohesive particles due to particle-substrate adhesion. Consequently,
compared to cohesive particles, non-cohesive particles have a higher
chance to collide with each other, forming larger empty patches. As an
example, Fig. 5 shows the velocity distributions for particles of size
Velocity (m/s)

where particles are coloured by velocity in the spreading direction.
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0.6δb, where residual momentum of particles after being discharged
from the blade decreases with increasing surface cohesiveness. Particles
are distributedmore uniformly immediately behind the blade than that
further away from it, which is especially the case for non-cohesive and
weakly cohesive powders. For strongly cohesive powder, the uniformity
of both spatial distribution and velocity distribution is largely main-
tained after being discharged.

For particles of amoderate surface cohesiveness (i.e., A=50a1), par-
ticles of a smaller size still yield amore densely packed layer than that of
the larger particleswhile layer homogeneity appears to be less sensitive
to the variation of particle size. However, when A> 50a1, particle cohe-
sion takes over as the dominant mechanism affecting the layer struc-
ture. A sparse and non-uniform structure is observed for powders of a
small particle size and chain-like agglomerates can be observed when
particle size is larger than 0.5δb, largely attributed to the presence of
strong interparticle attractive forces. The homogeneity of spread pow-
der layer increases with particle size, as the magnitude of interparticle
cohesive force decreases with increasing particle size.

Fig. 6(a) shows the effect of particle size on the frequency distribu-
tion of CN in spread layers for different Hamaker constants. For particles
with a small surface cohesiveness (i.e., A ≤ 5a1), CN of small particles
(i.e., dp ≤ 0.5δb) varies from 0 to 8, largely following a Gaussian distribu-
tion. With increasing particle size, the distribution gradually shifts to-
wards left and get truncated at the lower side, primarily due to a
stronger wall effect. However, CN shows little variation with particle
sizewhen it is larger than0.5δb. In contrast, for particleswith strong sur-
face cohesiveness (i.e., A ≥ 50a1), CN decays almost exponentially for
large particles. There is little difference in CN among small particles
(i.e., dp ≤ 0.5δb) whereas an increase in the ratio of free particles
(i.e., CN = 0) is seen with increasing particle size for particles larger
than 0.5δb. The resulting packing structure is thus mainly governed by
surface cohesiveness for large particles (i.e., dp>0.5δb)withweak cohe-
siveness and small particles (i.e., dp ≤ 0.5δb) with strong cohesiveness.
The same data is replotted in Fig. 6(b) to highlight the role of surface co-
hesiveness. For small particles (i.e., dp < 0.5δb), the distribution shifts
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towards left with increasing Hamaker constant, showing a decreased
mean value. This corresponds to a structural transition from a
multiple-layered to a single-layered packing structure. It is worthwhile
to note that the spread of distribution is less sensitive to the change of
Hamaker constant up to a value of 50a1. The same is also true for large
particles, where CN follows an exponential decay for all the Hamaker
constants tested. The increase of Hamaker constant leads to a slightly in-
crease in the ratio of small CN (i.e., CN ≤ 1), indicating an enhanced ho-
mogeneity of particles dispersed over the base substrate.

The packing structure of spread powder layer can be further re-
vealed from frequency distribution of particle coordinates in the verti-
cal direction. As shown in Fig. 7, the first peak at 0.5dp represents the
layer of particles deposited on the substrate. Multiple layers can be
seen by particles smaller than 0.5δb. Specifically, for particle size of
0.3δb, there is a well-defined second peak around 1.3dp for non-
cohesive particles, which corresponds to the presence of a close
packed periodicity as observed previously [17]. With increasing sur-
face cohesiveness, the distribution at the second peak becomes more
dispersed and the peak is less defined, suggesting a shift towards a
disordered packing. The maximum height of particles is seen to in-
crease with surface cohesiveness, reaching a maximum value of
2.9dp when Hamaker constant is larger than 50a1. However, the max-
imum layer thickness is bound by the blade clearance, same for other
particle sizes tested here. For particles of size 0.4δb, nearly 90% of non-
cohesive particles are found in the first layer. The increase of surface
cohesiveness first increases the ratio of particles located off the sub-
strate without much effect on the position of the second peak around
1.2dp. However, a further increase to 50a1 leads to a right shift of the
second peak and a third peak around 2.0dp starts to emerge, due to an
increased level of particle agglomeration. In contrast, spread layers
formed by particles larger than 0.5δb are dominated by mono-
layered packing structure, although only the case of 0.75δb is shown
here for brevity. Increasing surface cohesiveness only slightly de-
creases the ratio of particles touching the substrate, mainly due to
the geometrical constrain of the blade clearance.
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Fig. 7. Vertical distribution of particle centres within spread layers of different Hamaker constants.
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5.2. Packing density

By sampling local packing density using a 2D grid, spatial distribu-
tion of packingdensity can be revealed, based onwhich layer uniformity
can be evaluated. Fig. 8 shows the spatial distributions of packing den-
sity, with the same sampling parameters used among different cases.
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Fig. 8. Distribution of local packing density of spread powder layer affected by both particle siz
dimension of 40dp × 100dp.
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Overall, small particles with strong surface cohesiveness and large par-
ticles with weak surface cohesiveness are detrimental to layer quality,
where localized regions of large packing density can be observed across
the spread layer. For large particles (i.e., dp > 0.5δb), the confined space
due to blade clearance only allows a single layer of particles to be depos-
ited. The discontinuities of density distribution observed with smaller
δb 0.75δb 0.9δb Par�cle size

Packing density

= 0) (Bo = 0) (Bo = 0)

= 5) (Bo = 2.2) (Bo = 1.5)

 50) (Bo = 22) (Bo = 15)

 100) (Bo = 44) (Bo = 30)

 200) (Bo = 89) (Bo = 60)

e and effective Hamaker constant. Only a section of the spread bed is shown here, with a
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Hamaker constants are thus likely to be caused by collision-induced
particle clustering, as particles gained a large momentum to continue
moving forward. However, with increasing Hamaker constant, these lo-
calized high-density regions not only reduce in size but also distribute
more uniformly across the bed, which can be attributed to two possible
reasons. Firstly, the increase of interparticle cohesive force facilitates the
form of chain-like agglomerates, causing elongated shape of these high-
density regions. Secondly, the residual momentum of particles after
being discharged is quickly dissipated due to an enhanced particle-
wall adhesion, thus leading to a homogeneous distribution of these
high-density regions. In general, the smaller the particle size, the more
particles that can be discharged from the blade gap. This does not only
lead to a significant decrease of mean free length that a particle can
travel before colliding with other particles. For particles of small surface
cohesiveness (i.e., A < 5a1), the momentum particle gained from
discharging also enables it to rearrangewithin the deposited layer. Con-
sequently, small particles demonstrate a higher average packing density
and a better uniformity than that of the large particles. However, for
particles of a large surface cohesiveness (i.e., A ≥ 50a1), decreasing par-
ticle size leads to an increase and followed by a decrease in both average
packing density and layer homogeneity. This is likely to be caused by
two competing effects. On the one hand, small particle size allows
more than one layer of particles to be deposited, which can improve
the layer quality due to a reduced wall effect. On the other hand, inter-
particle cohesive force increases considerably with decreasing particle
size compared to particle gravity (i.e., a large Bo), thus hindering parti-
cles from being discharged from the gap and consequently leading to a
poor layer quality.

Fig. 9(a) shows the effect of particle size on median packing density
of spread layers for different Hamaker constants. For large particles, the
medianpacking density of differentHamaker constants largely follows a
similar trend, decreasing almost linearly with the decrease of particle
size. However, different trends are observed for smaller particles
(i.e., dp ≤ 0.5δb). With decreasing particle size, a linear increase in the
median packing density is observed for particles with small Hamaker
constants while a sharp drop is seen after an initial increase for
A ≥ 50a1. This discrepancy can be related to the strong van der
Waals force which hinders particles to be discharged. In Fig. 9(b), the
homogeneity of density distribution is quantified by the ratio of inter-
quartile range (IQR) to median packing density, which is more robust
than coefficient of variation to the presence of outliers. A large
IQR\Median ratio means a high level of density dispersion. With de-
creasing particle size, the IQR\Median ratio decreases slightly for
large particles (i.e., dp > 0.5δb) with small Hamaker constants
(i.e., A < 50a1) but remains almost constant for that of larger
Hamaker constants (i.e., A ≥ 50a1). When particles are smaller
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than 0.5δb, the IQR\Median ratio continues to decrease for particles
with small Hamaker constants. In particular, the IQR\Median ratio re-
mains very low when particle size is smaller than 0.4δb, suggesting an
optimal layer quality can be obtained by small particles with weak
surface cohesiveness. However, the IQR\Median ratio increases consid-
erably with decreasing particle size for large Hamaker constants.
Therefore, decreasing particle size is detrimental to layer quality for
particles with strong surface cohesiveness, which results in a sparse
and inhomogeneous particle distribution as shown in Fig. 4.

Themedian packing density is plotted in Fig. 10 as a function of Bond
number. As shown in Fig. 10(a), for small particle sizes (i.e., dp ≤ 0.5δb),
there is a limiting Bo around 100 which differentiate the dependence of
median packing density on Bo. The median packing density remains
largely constant for Bo < 100 while it drops exponentially with Bo
when Bo > 100. For particles larger than 0.5δb, as shown in Fig. 10(b),
the median packing density shows little dependence on Bo, except a
slightly decrease of the median packing density observed at large Bo.
It can be seen that the median packing density can be expressed as a
function of dp/δb and Bo, where the adhesion effect takes over geomet-
rical effect as the dominant factor affecting particle deposition in
spreading when Bo > 100.

Fig. 11 plots the IQR/Median ratio as a function of Bond number.
Similar to that of median packing density, the IQR/Median ratio of
small particles (i.e., dp ≤ 0.5δb) remain relatively low and stable for
Bo < 100 while further increase of Bo leads to an exponential increase
in the ratio, suggesting a significant deteriorated layer homogeneity.
On the other hand, for large particles (i.e., dp > 0.5δb), an optimum
layer homogeneity can be obtained at a moderate Bo between 10 and
100, especially so for that of a large dp/δb ratio.

5.3. Surface profile

Fig. 12 shows the surface profile sampled from spread layers of dif-
ferent particle sizes and Hamaker constants. The surface profile is sam-
pled with the aid of a 2D Cartesian grid. At each grid node, sampling is
conducted within a domain of a square base with a size of 20 μm.
Local surface height is determined as the maximum vertical coordinate
of solid voxel found within the local sampling domain. More details of
the characterisation approach can be found in our previous work [33].
As multiple layered packing structure is allowed for small particles
(i.e., dp ≤ 0.5δb), the initial increase of surface cohesiveness facilitates
particle agglomeration on the bed surface due to the presence of van
der Waals interaction, consequently leading to an increase in the ratio
of higher surfaces. Further increase of Hamaker constant, however, hin-
ders particle deposition, leading to the formation of voids and thus an
increase in the ratio of lower surfaces. In general, non-cohesive particles
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Fig. 10. Dependence of median packing density on Bo for (a) particles smaller than 0.5δb and (b) particles larger than 0.5δb.

Fig. 11. Dependence of the IQR/median ratio on Bo for (a) small particles (i.e., dp/δb ≤ 0.5) and (b) large particles (i.e., dp/δb > 0.5).

Fig. 12. Surface profile of spread powder layer for different particle sizes and Hamaker constants, where the surface height is normalized with blade clearance.
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Fig. 13. Surface roughness of the spread powder layer as a function of (a) particle size and (b) Bond number.
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present a better surface uniformity compared to that of cohesive parti-
cles, as most of the surface heights are found within a narrower range.
It is worth noting that the turning point depends on particle size, for ex-
ample, 50a1 for 0.25δb, 100a1 for 0.3δb and 200a1 for 0.4δb. This is be-
cause, for a given Hamaker constant, the magnitude of van der Waals
force relative to particle gravity is inversely proportional to the square
of particle size, as per the definition of Bond number. In contrast, due
to the dominant mono-layered structure of large particles (i.e., dp >
0.5δb), the ratio of primary surface height first increases and then de-
creases with Hamaker constant, with an optimal surface uniformity ob-
served at 50a1 for cohesive particle of size 0.75δb and 0.9δb.

Fig. 13(a) shows the surface roughness as a function of particle size
for different Hamaker constants, which is calculated as the arithmetical
mean deviation of surface height. Decreasing particle size leads to a
nearly linear drop of the surface roughness before reaching a critical
particle size of 0.5δb, corresponding to a structure transition from a
mono-layered to a multiple-layered packing. This linear decline is
largely preserved over particles with different Hamaker constants, al-
though a slightly larger slope is observed for particles with a smaller
Hamaker constant. For particles smaller than the 0.5δb, surface rough-
ness remains relatively stable for non-cohesive particles, suggesting an
optimum surface homogeneity due to particle rearrangement in multi-
ple layered powder bed. In contrast, cohesive particles present a contin-
uous drop in surface roughness with decreasing particle size, the extent
of which depends on Hamaker constants. It is worth noting that the sig-
nificant drop of the surface roughness for the strongly cohesive particles
(i.e.,A ≥ 100a1 and dp< 0.3δb) is due to the fact that particles get difficult
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to be discharged from the blade, as van derWaals force dominates over
particle gravity. Fig. 13(b) shows the surface roughness as a function of
Bo. It can be seen that surface roughness is mainly determined by geo-
metrical effect for particles larger than 0.5δb, as a result of the mono-
layered packing structure. For particles smaller than 0.5δb, surface
roughness increases with Bo up to 200. As explained before, the consid-
erable drop of surface roughness for Bo > 200 is caused by the small
number of particles being deposited.

5.4. Effect of blade clearance

The efficacy of using a larger blade clearance to improve layer quality
is further demonstrated in this section. Here, the difference in interpar-
ticle cohesion is only due to the effect of surface cohesiveness while size
effect is controlled by increasing blade clearance. Fig. 14 shows the
spread powder bed formed by particles of size 75 μmand40 μm, respec-
tively, with three different clearances examined: 100 μm, 150 μm and
200 μm. For a particle size of 75 μm, the change of blade clearance cor-
responds to a structure transition from a mono-layered packing to a
multiple-layered packing, which results in a much denser powder
layer. The layer homogeneity is also seen to increase, especially for a
small Hamaker constant (i.e., A < 50a1). For particle size of 40 μm, the
spread powder bed is dominated by a multiple-layered structure. The
increase of blade clearance results in a much denser and more uniform
packing for particleswith a small Hamaker constant (i.e.,A ≤ 50a1)while
shows little impact on layer quality for particles with a large Hamaker
constant (i.e., A > 50a1).
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Fig. 15.Median packing density, ratio of IQR to median density and surface roughness for particle size of (a) 75 μm and (b) 40 μm.
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Fig. 15 shows the quantitative change ofmedian packing density, IQR/
Median ratio, and surface roughness due to the increase of blade clear-
ance. As shown in Fig. 15(a), for a particle size of 75 μm, particles with a
small Bo (i.e., Bo ≤ 22.2) present a significant increase in themedian pack-
ing density when a multiple layered packing structure is allowed
(i.e., from δb/dp < 2 to δb/dp > 2), which also suggests a higher efficiency
of material deposition while a nearly linear dependence is observed at
larger Bo (i.e., > 44). The layer homogeneity continues to improve and
the difference due to particle cohesion diminishes with increasing blade
clearance. However, surface roughness shows a contrary dependence on
blade clearance, where the difference due to particle cohesion enlarges
at a larger blade clearance. Particleswith stronger cohesion shows a larger
surface roughness at large blade clearance, possibly due to a large extent
of particle agglomeration. For particles of size 40 μm, the rate of density
increase decrease with increasing blade clearance. And little difference
in the median packing density is observed over different Bo when it is
smaller than 100. Both the homogeneity of packing density distribution
and surface roughness show little variation with blade clearance when
δb/dp > 3.5, indicating a reduced influence due to boundary effect.
6. Conclusions

In the present study, particle-scale simulations were conducted to ad-
dress the combined effect of particle size and surface cohesiveness on the
spreadability of cohesive fine powders for additive manufacturing. The
present DEMmodel allows the van derWaals interactions to be explicitly
considered and simulations to be accelerated by means of particle stiff-
ness scaling and GPU computing. The DEMmodel was validated against
literature data on static angle of repose formed by discharging Ti-6Al-4V
powders froma vibrating funnel.With calibrated effective surface energy,
the predicted angle of repose shows good agreement with experiments
for samples of different particle size distributions. On this basis, particle
size and surface cohesivenesswere systematically varied, with their com-
bined effects examined at both macroscopic and microscopic levels. The
main conclusions are summarised as follows,
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• A better layer quality can be obtained either by small particles with
weak surface cohesiveness or large particles with moderate surface
cohesiveness, whilst strong surface cohesiveness leads to a sparse
and non-uniform spread powder layer.

• The frequency distribution of CN largely follows a Gaussian distribution
for small particles of weak surface cohesiveness, which shifts towards
left and gets truncated at the lower side with the increase of either par-
ticle size or surface cohesiveness. For particles of large size or strong co-
hesiveness, CN decays exponentially due to strong wall effect.

• Themedian packing density first decreases and then increases with de-
creasing particle size, except a sharp drop observed at small particles
with strong surface cohesiveness. Decreasing particle size can improve
density homogeneity for weakly cohesive particles but not for strongly
cohesive particles.

• Surface roughness of spread layer declineswith decreasing particle size,
with a larger degree of decrease observed for particles with a smaller
surface cohesiveness.

• The layer quality is controlled by two competing effects: geometrical ef-
fect due to the constraint of blade clearance (dp/δb) and cohesive effect
due to interparticle cohesion (Bo). The cohesive effect takes over geo-
metrical effect as the dominant factor governing particle deposition in
spreading when Bo > 100.

• The efficacy of increasing blade clearance to improve layer quality is af-
fected by both interparticle cohesion and the relative size between par-
ticle and blade clearance, not showing a positive effect on all metrics.

Themechanismsunderlying spreading depends on both particle size
and surface cohesiveness. For weakly cohesive powders, particles pos-
sess a high level of residual momentum after being discharged from
the blade. A dense and uniform packing can be obtained for small parti-
cles because of an enhanced particle rearrangement while the spread
layer of large particles features a mono-layered, non-uniform packing
structure due to collision-induced energy dissipation. When multiple-
layered packing structure is allowed, the increase of surface cohesive-
ness can promote particle agglomeration, showing a decrease in the
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surface homogeneity of the spread powder layer. For strongly cohesive
powders, the strong interparticle attractive forces hinder the discharge
of small particles from the blade, leading to a sparse and non-uniform
structure while it promotes the form of chain-like agglomerates for
larger particles, leading to localized regions of high packing density.

The present study highlights the interplay between geometrical ef-
fect and particle cohesion. Surface modification of particles is more ef-
fective to increase layer homogeneity for larg e particles while mean
packing density is controlled more by the relative size between particle
and blade gap. Since both layer homogeneity andmean packing density
are critical for powder spreading, understanding the combined effect of
particle size and surface cohesiveness can help identify the most cost-
effective approach to improve the quality of a spread layer. However,
it is worthwhile to note that the dispersity of particle properties, such
as size, shape, density, and surface cohesiveness, further complicates
the dominant mechanism for spreading. This requires further extensive
investigation and will be addressed in the future work.
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