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Additive manufacturing (AM) has received a great deal of attention for the ability to produce three dimen-
sional parts via laser heating. One recently proposed method of making microscale AM parts is through
microscale selective laser sintering (-SLS) where nanoparticles replace the traditional powders used
in standard SLS processes. However, there are many challenges to understanding the physics of the
process at nanoscale as well as with conducting experiments at that scale; hence, modeling and com-
putational simulations are vital to understand the sintering process physics. At the sub-micron (m)
level, the interaction between nanoparticles under high power laser heating raises additional near-field
thermal issues such as thermal diffusivity, effective absorptivity, and extinction coefficients compared to
larger scales. Thus, nanoparticle’s distribution behavior and characteristic properties are very important
to understanding the thermal analysis of nanoparticles in a -SLS process. This paper presents a dis-
crete element modeling (DEM) study of how copper nanoparticles of given particle size distribution pack
together in a w-SLS powder bed. Initially, nanoparticles are distributed randomly into the bed domain
with arandom initial velocity vector and set boundary conditions. The particles are then allowed to move
in discrete time steps until they reach a final steady state position, which creates the particle packing
within the powder bed. The particles are subject to both gravitational and cohesive forces since cohe-
sive forces become important at the nanoscale. A set of simulations was performed for different cases
under both Gaussian and log-normal particle size distributions with different standard deviations. The
results show that the cohesive interactions between nanoparticles has a great effect on both the size of the
agglomerates and how densely the nanoparticles pack together within the agglomerates. In addition, this
paper suggests a potential method to overcome the agglomeration effects in p-SLS powder beds through
the use of colloidal nanoparticle solutions that minimize the cohesive interactions between individual
nanoparticles.
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1. Introduction be tuned by controlling the shape and size of the nanostructure
[1]. The key fields where nanomaterials have recently been used

Harnessing heat transfer at the nanoscale is essen- in additive manufacturing technologies are microscale selective

tial for the development of microchips in semiconductors,
micro/nanoelectronics, integrated circuits, and micro/nano
electromechanical systems (MEM/NEMS) [1]. Today, using nano-
materials such as nanowires, carbon nanotubes, graphene, and
metal nanoparticles is common in these types of systems. Nano-
materials are generally used in these systems because the thermal,
optical, and electromechanical properties of nanomaterials are
quite different from the properties of the bulk material and can
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laser sintering (jJ.-SLS), three-dimensional (3D) printing, and stere-
olithography [2]. -SLS is a relatively new additive manufacturing
technique in which the structures or objects are fabricated from
the bottom up by adding materials layer upon layer [3]. In this
technique, a laser that has been focused down to approximately
1 pm is used to sinter together nanoparticles in a designed pattern
on each layer before the next layer of nanoparticles is added
to the system. This process is then repeated until an entire 3D
structure with microscale features is fabricated. Through the use
of precise focusing objectives, ultrafast lasers, and nanoparticle
based powder beds it is possible to achieve micron scale feature
resolutions with this technique.
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1-SLS has many advantages over other manufacturing tech-
niques in terms of the flexibility, cost, and finishing quality.
Furthermore, w-SLS provides design freedom and has a lower level
of waste and harmful chemicals. Using nanoparticles which can
be synthesized with different shapes such as rods or spheres for
microscale selective laser sintering can also significantly improve
the sintering characteristics and the finishing quality of the parts
[2]. However, models for nanoparticle interactions and powder bed
generation with nanoparticles are not available for SLS at nanoscale.
This is because nanoscale modeling offers many challenges; for
instance, a continuum model which is used for micro and larger
scales is no longer valid. Also, a ray tracing model cannot be used
to obtain the extinction and effective absorption coefficient of a
powder bed as the laser wavelength is greater than the character-
istic length of the particles [4,5]. Hence, modeling the nanoscale
powder bed with nanoparticles for SLS is quite different from mod-
eling micro or larger scales. For example, cohesive forces, which
are the sum of the attractive or repulsive intermolecular attractions
between molecules, dominate interactions between the particles at
nanoscale [6,7]. These cohesive interactions can create significant
agglomeration effects in particle beds containing nanoscale pow-
ders which are not typically seen in SLS powder beds that contain
only microscale powders. These agglomeration effects can signif-
icantly reduce the packing density of the particles in the powder
bed which can result in significant voids in the final sintered part.
Additionally, particle size distribution is another factor affecting the
sintering process at the submicron level [8]. Most powder beds with
nanoparticles have non-uniform size distributions which effect
the sintering quality and overall shrinking of the parts produced.
Hence, it is essential to model the particle-particle interaction at
nanoscale accurately in order to understand the overall powder bed
and size distribution effect on the selective laser sintering process.
Therefore, in order to better understand the parameters that effect
void formation in w-SLS parts, this paper uses discrete element
modeling techniques to investigate the role of cohesive forces and
particle size distribution on the packing density of nanoparticles in
a -SLS powder bed.

1.1. Background

Discrete element modeling (DEM) has been a commonly used
method for examining the packing and agglomeration of particles
in powder systems over the past 30 years. Early DEM based compu-
tational models focused on analyzing how microscale particles with
uniform size distributions pack together in powders where gravity
is the major driving force for packing [9,10]. In these microparticle
based systems, cohesive forces such as the van der Waals force do
not play a significant role in how particle systems pack together
[11]. Instead, the size distribution of particles within the powder
system is the most important factor in determining in how the par-
ticles pack together in these types of systems [12]. However, in
nanoparticle based systems, cohesive forces do play a significant
role in the agglomeration and packing of particles within the pow-
der system [13]. Therefore, both cohesive forces as well as particle
size distributions need to be considered when analyzing packing in
nanoparticle based systems [14].

One of the most common methods for modeling cohesive forces
in nanoparticle based systems is to use the Johnson, Kendall,
Roberts (JKR) model [15]. In the JKR model of cohesive contact, a
balance is created between the elastic energy stored in the parti-
cle and the loss in surface energy that is created when two particles
are in contact. In the JKR model, only contact pressure and adhesion
within the area of contact are considered. This model has been used
to examine both how nanoparticles agglomerate and pack together
within a powder [16] as well as to model the strength of those
agglomerations [17,18].

Cohesive contact is modeled in this paper using an alternative to
JKR theory called the Derjaguin-Muller-Toporov (DMT) model [19],
which accounts for cohesive forces both within and outside the area
of contact between the nanoparticles in order to help accurately
model the agglomeration of nanoparticles within the p-SLS pow-
der bed. The DMT model is used in these simulations because DMT
theory has been shown too accurately model metal and ceramic
nanoparticle systems, such as the copper nanoparticle system ana-
lyzed in this paper [20]. This is because these systems tend to
have relatively small and hard particles with low surface energies
and, therefore, adhesion in these systems is dominated by weak,
long-range attractive forces outside the contact zone [21-23]. In
addition, nanoscale asperities on the surface of the nanoparti-
cles can play a significant role in the cohesive forces effecting the
nanoparticles [24,25]. Therefore, the DMT contact adhesion model
used in this paper has been modified to account for the fact that
nanoscale roughness on the surface of the nanoparticle can signif-
icantly affect the adhesion forces on the nanoparticles.

In this paper, modified DMT theory is used to examine both
how different types of cohesive interactions (none, weak, and
strong) and particle size distributions (log-normal, Gaussian, uni-
form) effect how powder beds form (including packing fraction
and density) in microscale selective laser sintering systems. This
paper also explores how the presence of a gravitational driving
force effects particle packing within a nanoparticle based pow-
der bed system. This includes examining both how all of these
parameters effect the agglomeration of nanoparticles as well as the
packing of nanoparticles within individual agglomerates. This type
of study has not been previously performed in the literature and is
very important for designing powder spreader systems for p-SLS.
In addition, the results of this study provide a key motivation for
moving from a dry powder spreading mechanism to one involving
solvents in nanoparticle based powder bed systems.

2. Modeling approach

The powder bed, consisting of solid, spherical nanoparticles
that are generated by defining a position and radius, is created
using the discrete element method (DEM) in a multiphase com-
putational fluid dynamics, MFIX. Particle packings are generated
using the MFIX-DEM discrete mass inlet function with each particle
interacting with its neighboring particles. The particles are initially
distributed randomly within the powder bed domain and are given
an initial velocity and an initial set of boundary conditions. Forces
such as gravitational and cohesive forces are also applied to each
particle. Material properties such as diameter, density, and differ-
ent particle size distribution can also be defined by the user. The
MFIX-DEM approach is explained in detail in [26] and summarized
briefly below. Our simulation analysis predicts different force anal-
ysis contributions such as cohesive and gravitational force within
given particle distributions.

2.1. Discrete element method (DEM)

In the discrete element method (DEM), a number of spherical
particles, Nip, with diameter, D, and density, py,, are used to rep-
resent the nanoparticle in the powder bed. The total number of
particles in the powder bed is given by the summation of each
spherical particle over the total number of solid phases, M, as given
by Eq. (1).

M
N= ZNm (1)
m=1

Each of the N particles is defined within a Lagrangian reference
at time t by its position, X() (t), linear velocity, V() (t), angular veloc-
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Fig. 1. Schematic of two particles in contact.

ity, o (t), diameter, D, density p(), and mass m(. The position,
linear velocity and angular velocities of the ith particle change with
time according to Newton'’s laws as below:

dx® )
—ar - V(L) (2)
(i o .
WO _ (i) = mg + 0y + (1) 3)
5 dw( (1) .
0 _ 10)
== =T (4)

The total drag force, Fy (i), is found by the summation of pressure
and viscous forces. The net contact force, F¢ (i), is the force acting on
the particle as a result of contact with other particles and the total
force on each particle, Fp, is found through the summation of all
forces acting on the i" particle. Also, the summation of all torques
acting on the it" particle is represented by T,

2.1.1. Contact forces

A spring-dashpot model, based on a soft-sphere model of the
particles, is used for the particle interactions modeled in this study.
This model also accounts for the degree of overlapping between
two nanoparticles as it imposes no restrictions for multi-particle
contacts.

For the soft-sphere collision shown in Fig. 1, two particles,iandj,
in contact have diameters equal to D) and DU, and are located at
positions X and XU move with linear velocity, V, and an angular
velocity, w. The normal overlap between the particles is given by
Eq. (5) and the unit vector along the line of contact between each
particle is given by Eq. (6).

B = 0.5 (D + D) — x4 xU)| (5)
(D(i) +DU’))
M = "X 1 X0, 6

The relative velocity of the point of contact is given by Eg. (7)
where L) and LY are the distance to the contact point from the
center of each particle.

Vi = v _ vy 4 (L(i)m(i) + LU)(DU)) x M;j (7)

For the soft-sphere model used in this paper, the overlap
between two adjacent particles is represented by a system of
springs and dashpots. The springs are used to model elastic interac-
tions between the particles and the dashpots represent the kinetic
energy loss due to inelastic collisions. The springs are given stiff-
ness’s in both the normal k, and tangential, k;, directions. These

stiffness are dependent on the elastic modulus of the nanoparti-
cles that are interacting. Likewise, the dashpot damping coefficients
given to each particle interaction in the normal, n,,, and tangential,
T, directions is determined by the inelastic scattering losses of each
nanoparticle collision. Therefore, the normal and tangential com-
ponents of the contact force, Fj;, at time t, can be decomposed into
the spring force, Fg and the dashpot force, Fi’]?, as given by Egs. (8)
and (9).

Fuj (£) = FSy (6) + F2 () (8)
Foi (£) = FS; (6) + F2 (1) (9)

The normal spring force, F,fl.j, atany time during the contact between
two nanoparticles can be calculated using Hooke’s law with the dis-
placement equal to the overlap, 8,,, between the particles as shown
in Eq. (10).

FS; = —kndnm; (10)

Similarly, at any time during the contact, the tangential spring
force is given by Eq. (11) where 9, is the tangential displacement.
The tangential displacement at the start of the contact can be cal-
culated as using Eq. (12).

FS, = —kid; (11)

iMij

. S
St:VUijln<‘/l nl ,At) (12)

For the case of finite Coulomb friction between the particles,
then at any time during the contact

IFgil > IFi (13)

where p is the coefficient of friction. In the case of sliding contact,
the tangential dissipative contact force is given by

—M\Fnijlfiji tij# 0

FD —

tij M|Fm]| lftJ—O 81‘9&0 (14)

Ootherw1se

Therefore, the total tangential force, ng) (t), on the ith particle at
any given time and the total torque on the particle, T() (t), are given
by Eqgs. (15) and (16), respectively.

N
FO 0= (F(0+F5 (1) (15)
j=1
) N
T (t) = Z (Lny x Fyi (1)) (16)

j=1
Overall, the friction component of the tangential force tends to

dominate the viscous component in the tangential force calculation
for the copper nanoparticle systems studied.

2.1.2. Hertzian model

The linear spring-dashpot model described in the previous sec-
tion only works well for a small overlap between nanoparticles.
For larger overlaps, where the deformation of the nanoparticles
is greater than the height of the asperities so that the bulk of
the nanoparticle is getting deformed, the linear model must be
replaced by a Hertzian contact model [27]. This type of two part
stiffness model is necessary because during initial contact, asperi-
ties on the surface of the nanoparticle are getting deformed before
the bulk of the nanoparticle starts to deform. Therefore, the initial
contact stiffness and the bulk stiffness of the nanoparticle can be
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very different and need to be modeled as two separate stiffnesses
[28]. In the Hertzian contact model, the normal and tangential
effective spring stiffnesses between two particles in contact can
be calculated using the elastic modulus and Poisson’s ratio of the
nanoparticles as shown in Egs. (17) and (18) where E;;, and E; are
the elastic moduli and o, and oy are the Poisson ratios for the
mth and [th nanoparticles. In addition, G;, and G, are the shear
moduli of each nanoparticle as calculated by Eqs. (19) and (20), and
rq is the effective contact radius as given by Eq. (21)

g = gEm (1 —jg)Elf;Tﬂ(l —0%) ou an
ke = ? G (2 _Gan,l)GJl:/Grl?(lz oo (18)
On = 207 Ty 1o
e (20)

1 1 1 (21)

T rm D)

2.1.3. Relationship between dashpot coefficients and coefficients
of restitution

The relationship of normal dashpot coefficient 7., and nor-
mal coefficient of restitution is given by Eq. (22) where the
effective mass (meg) and collision time (t% ) between mth and

n™ solid-phases are defined as mgy = ( m"’m‘) and t& =

mm-+my
-1/2
k, n? /
T n!:ml _ nrgl .
eff 4meﬁ‘

2\/ meffknml‘lnenm” (22)
/T2 + IneZ

Time step At is taken to be one fiftieth of the minimum collision
time (i.e. At = min(tey,,/50)). This time step provide sufficient
resolution to capture the energy effects of the collision. The nor-
mal spring stiffness coefficient is chosen to be ~10° N/m in order
to prevent the time step problems due to the complicated defini-
tion of spring coefficients in the simulation. By following the Silbert
et al. approach [29], the relationship of the tangential spring stiff-
ness coefficient (k;;;;) and the normal stiffness coefficient (k) is
defined as ke = %knm,. The tangential damping coefficient and
the normal damping coefficient is given as 1y, = %nnml. Hence, the
coefficient of normal restitution matrix and the tangential coeffi-
cient of restitution are written as M x M symmetric matrices for
M solid-phases shown in (23). As the matrix is symmetric, the top
diagonal or lower diagonal values (M(M-1)/2) for normal coefficient
of restitution between the particle interactions are set to define the
matrix.

Nnml =

€n11 €n12-°-  €niM
[en] = : .. : (23)

€nM1  €nM2° - €nMM
2.1.4. Cohesive forces

At the nanoscale, cohesive forces become the dominant force
and play an important role on particle interaction. Moreover, the
cohesive force becomes very significant at a very short distance
and can cause the agglomeration of nanoparticles. Various cohesive
force models that predict the interactions between two nanospher-
ical particles have been suggested [6]. However, the initial cohesive
models did not consider surface roughness, which plays a key role

in the adhesion of nanoparticles [7].In fact, noreal surface is smooth
at the submicron level; even polished silicon wafers are rough at
sub-nanometer scale [3]. Hence, the adhesion of nanoparticles is
of significant importance in nanoscale applications such as semi-
conductor fabrication and drug delivery. Recently more complex
models have been used to explain the sphere-sphere cohesive
interaction by including an asperity value which depends on sur-
face roughness [6,7]. Hence, understanding both the roughness
and asperity of the surfaces at nanoscale is crucial for modeling
the cohesive forces accurately and thus for modeling powder bed
formation in microscale selective laser sintering.

The cohesive force interaction between two nanoparticles or
between particle and a surface (i.e. the wall of the simulation box)
are modeled using the Derjaguin-Muller-Toporov (DMT) model of
elastic contact which has been modified to account for surface
asperities. In this model, the cohesive forces are calculated using
the inner and outer cutoff values of the particle or the wall as
given in Eqs. (24) and (25) where A is the Hamaker constant, R is
the equivalent radius, r is the separation distance, ¢ is the surface
energy, innercutoff ANd  TDouercutofr are the inner and outer cutoff
cohesive value between particle-particle interaction, and asper-
ity, h, is the general definition of roughness and impurity on the
surface. Pinnercutoff ANd  TPoyrercurogr are the inner and outer cut-
off value between particle-wall interaction. The surface energy is
given by Eq. (26) where Dy is the cutoff distance and is equal to r
for the surface energy in (24) or Tippercurog for the surface energy
in (25). For the nanoparticle-to-nanoparticle interactions, if the
inner cutoff radius plus the radii of the two particles is less than
the distance between the centers of the two particles, Lp, then the
cohesive interaction is calculated using Eq. (25). However, if the Lp
is greater than this value but less than the outer cutoff radius plus
the radii of the two nanoparticles then Eq. (24) is used to calculate
the cohesive interaction. If the distance between the two particles
is greater than outer cutoff distance than the cohesive interaction
between the two particles is assumed to be negligible. Similarly,
for wall-nanoparticle interactions, if the inner cutoff radius plus
the diameter of the nanoparticle is less than Lp then the cohesive
interaction between the particle and the wall is calculated using
Eq. (25). However, if the Lp is greater than this value but less than
the outer cutoff radius plus the diameter of the nanoparticle then
Eq. (24)1is used to calculate the cohesive interaction. If the distance
between the wall and the particle is greater than outer cutoff dis-
tance then the cohesive interaction between the two particles is
assumed to be negligible.

h 1
F =2¢R 24
¢ (h+R>+(1+h)2 (24)
T
h 1
Finnercutojf =2meR (h—i-R) + N > (25)
(1 Tinnercutoff )
A

— 26
® 2477D% (26)

Typical simulation parameters for each simulation run are given
in the table below.

2.2. Nanoparticle size distribution

Particle-size distribution within the powder bed can signifi-
cantly affect the mechanical and thermal characteristics of the
powder bed such as the surface plasmon resonances and excita-
tion enhancement which can significantly change the quality of the
process and the overall level of part shrinkage. Most nanoparticle
powder beds have a non-uniform particle size distribution since it
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Table 1

Simulation Parameters.
Parameter Value
Minimum Inner Cutoff Particle Radius (rPinnercutof ) 40 nm
Maximum Outer Cutoff Particle Radius (rpoutercutos ) 500 nm
Surface Asperity Size (h) 5nm
Wall Inner Cutoff Value (MWinnercutoff ) 1pm
Wall Outer Cutoff Value (N'Winnercutoff ) 5pm
Particle-to-Particle Spring Constant 108 N/m
Particle-to-Wall Spring Constant 10°N/m

is almost impossible to obtain a uniform, mono-sized nanoparti-
cle powder bed. Particle size distributions have been analyzed to
understand the effect different distribution characteristics such as
narrow, broad size and finer, poly-dispersed structures can have on
how well particles pack together [8]. The particle size distributions
used in this study are explained at the following section.

2.2.1. Gaussian distribution

Gaussian distribution is a very useful probability method espe-
cially when the number of random variables is very large. The
probability density of the Gaussian distribution is given in Egs. (27)
where . is the mean or median and o is the standard deviation of
the distribution. The variance can also be defined as ¢2. The Gaus-
siandistribution is non-zero over the region and is symmetric about
its median (Tables 1-3).

1 _ew?
o221 e 27
+00

The distribution is properly normalized as /P(x)dx = 1. The

P(X) =

—00
cumulative distribution, D(x), function can also be defined as in
equation(y) where erf is the so-called error function.

+00
1 _ (x-p)?

D(X)=/P(x’)dxv=ﬁ e 202

—00

2.2.2. Log-normal distribution

Log-normal distribution is a continuous distribution whose log-
arithm has a normal distribution. It is a very common model used in
the fields where the boundaries and the threshold of the distribu-
tion is estimated or known. Also, it is applied to model continuous
random quantities when the distribution is skewed. For example
a nanoparticle distribution that has a hard minimum size cutoff
at 0 nm but can have some very large particles could be well mod-
eled using the log-normal distribution. The log-normal distribution
is given in Eq. (26) where x € (0, co). Also, i and o are called
the location and the scale parameter, respectively. These param-
eters can be related with the mean (u), standard deviation (o),
and variance (v) of the non-logarithmic values given as in Eq. (29).
Also, mean and the median of the distribution can be defined as

o 1+%)
p,:ln(\/]“:?), o=y/In(1+2)(29)

[In(x) - pJ?
7@0){ exp (— 252 > (30)

and exp(u), respectively.

P(x) =

dx = % [1 +erf(’;_7;“”

The cumulative distribution, D(x), function can also be defined
as in Eq. (31) where erf is the error function.

+0o0
N 12

—00

:%[1+erf(7ln(\2;u)} (31)

2.3. Computational details of particle bed formation

In the particle bed formation algorithm within the MFIX-DEM
framework, a nanoparticle with a random size, linear velocity, and
angular velocity is initially placed at a random position within a
1 wm?3 box. Another nanoparticle is then placed within the box at
arandom position with the constraint that the particles do not ini-
tially overlap. If the nanoparticle does not overlap with any particle
already in the box then the particle stays in the box. However, if
there is overlap with an existing particle in the box then the new
particle is removed from the system. If 100 particles in a row are
not able to be placed into the box due to overlap with existing
particles then the box is deemed to be “full” and the simulation
stops trying to place new particles into the box. This results in a
1 wm?3, 3-D box that is full of nanoparticles each with a randomly
assigned size, position and initial linear and angular velocities. One
hundred straight failed insertions of a new particle into the box
is used as the cutoff for stopping to try and place more particles
into the box because it was found that this cutoff level was the
minimum required to keep the change in void fraction to less than
uncertainty of the simulation when the minimum number of failed
insertions is doubled. Keeping the failed insertion cutoff as low as
possible is important because doubling the number of failed inser-
tions approximately doubles the simulation time.

The 1 wm? box is also organized such that the only particle-wall
interactions that occur happen at the bottom of the box. Periodic

(28)

boundry conditions are used in the lateral directions so that when
a particle moves out of the box in the lateral direction (i.e. through
the side walls) it is treated as moving into the opposite side of
the box through the periodic boundary. The particle moving into
one side of the box has the same properties as the particle moving
out of the other side of the box except for the location difference
in the periodic direction. For example, when the particle surface
exceeds the periodic boundary on one side, the force interactions
with the particles near the boundary on the opposite side are taken
into account. Similarly, when the center of the particle exceeds the
periodic boundary condition it moves to a new position with the
same velocity on the other side of the periodic boundary. This type
of boundary condition is commonly used to reduce the number of
particles required to accurately simulate the packing of particles
[30-35]. This periodic boundary condition also allows the simula-
tion to be carried out smoothly because it ensures that energy is
conserved within the system.

The size of the particles in the box is determined by randomly
selecting the size of each particle using a particle size distribution
function. Three different distribution functions were used in this
study: (1) a uniform distribution, (2) a Gaussian distribution, and
(3) a log-normal distribution. Once the initial particle sizes, posi-
tions, velocities and boundary conditions are set, a time step is given
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Table 2
Hamaker Constants for Various Types of cohesive Interactions.

Cohesive Interaction Case

Particle to Particle Hamaker Constant

Particle to Bottom Wall Hamaker Constant

Strong cohesive Interaction 28.4x10729]
Weak cohesive Interaction 10x10720]
No cohesive Interaction 0]

14x10720]
14x10°20]
14x10°20]

Table 3

Performed Simulation Data with Particle Size Standard Deviations for Each Case in Nanometers.

Simulation Type UniformDistribution

GaussianDistribution Log-NormalDistribution

No cohesive Std: NA
Only Weak cohesive Std: NA
Only Strong cohesive Std: NA
Weak cohesive with gravitational Std: NA
Strong cohesive with gravitational Std: NA

Std: 25,15,5 Std: 25,15,5
Std: 25,15,5 Std: 25,15,5
Std: 25,15,5 Std: 25,15,5
Std: 25,15,5 Std: 25,15,5
Std: 25,15,5 Std: 25,15,5

@

Fig. 2. Schematic of the Spring-dashpot system.

k
c

—

Fig. 3. Schematic view of nanoparticles in the domain. The figure illustrates the
following: r is the particle’s distance, h is the asperity or surface roughness, w is
the separation distance between wall and the particle, L,, and L, are the distance
parameters used for surface-adhesion cohesion.

to the system and the particles are allowed to move and interact.
After the time step, the new position of each particle can be cal-
culated and the interactions between particles can be determined
from the overlap between particles. These overlap values deter-
mine the forces on each nanoparticle and the amount of energy
dissipated by each particle in the time step period. A new set of
particle positions, velocities, and boundary conditions can then be
determined for the next time step. This process is repeated until
the particles reach a steady configuration within the powder bed
(Figs. 2-5).

Since the particle bed generation in this paper is random,
stochastic process, there will be a slightly varying initial solid frac-
tion between each simulation. This random powder bed generation
model is meant to represent the fact that real powder beds will vary
in solid fraction when looking at only a small discrete section of the
bed. Therefore, in order to understand what is going on in a real
powder bed system it is necessary to treat the powder bed genera-
tion as a stochastic process. This means that in order to get a good
understanding of the powder bed properties, many simulations of
the powder bed formation are required in order to determine the
average solid fraction, void size, and density in the powder bed
as well the typical variance of these parameters. All of the results

Probability Density Function

p=3c p-2c = I p+o p+20 p+do

Mean Diameter( um)

Fig. 4. Schematic of typical Gaussian distribution.

Probability Density Function

o 0.5 1 1.5
Diameter(;:m)

Fig. 5. Schematic of typical log-normal distribution.

presented in this paper are averages over a minimum of seven sim-
ulations. Overall, the void fraction measured for each case tested
was found to be very stable. The typical standard deviation of the
seven runs for each case tested was about 3% and the maximum
calculated standard deviation found for any case as approximately
5%.

2.3.1. Time integration

A first-order time integration scheme is used to determine the
position and the velocity of each particle at each time step. In this
scheme, the translational velocity, particle center position, and the
angular velocity at time t+ At are obtained from values at time
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Fig. 6. Neighbor search algorithm for “cell-linked list” in 2D scheme.

t using Egs. (32)-(34) where F(Ti) and T® are the total force and
torque acting on the particle.

. : F(t)
0 — v T
VO(e+ A= VO () + oAt (32)
XD (t + At) = XD (t)+ VD (¢ + At) At (33)
. . Q)
o® (t+ At) = 0D (t) + O A, (34)

(O}

2.3.2. Neighbor search algorithm

The neighbor search algorithm is one of the most important
and time consuming components of any particle-based simulation.
Each particle is marked according to the cell in which the center of
the particle is located and a “cell-linked list” search algorithm is
used to find the particles neighbors. In this algorithm, the simula-
tion is broken down into smaller boxes and only particles within
the same box as the particle being investigated or in neighboring
boxes are considered. For example, as shown by the 2-D schematic
in Fig. 6, if the particle of interest is the one represented by the
filled circle, then the particles belonging to the 9 (27 for the 3-D
case) adjacent cells, along with particles belonging to the same cell
as the particle of interest, are considered as potential neighbors.
Thus, only these particles are further checked against the particle
of interest for a neighbor contact. By eliminating most of the parti-
cles in the box from the search algorithm, the total simulation time
is significantly reduced. In this search algorithm, any two particles
i and j that are located at X and X), and have radii R; and R;,
are considered neighbors if they satisfy the following condition in
Eq. (35) where K is an interaction distance constant.

X0 - X0D) < K (R +Ry) (35)

This search algorithm can, therefore, be used to determine
which particles are touching or overlapping as neighbors. This
neighbor search algorithm is run for each time step in order to
ensure that the simulation does not miss any possible collision
between the particles (Fig. 7).

2.4. Cohesive interactions

Agglomeration of nanoparticles is driven by cohesive inter-
actions between nanoparticles or between a nanoparticle and a
surface. For the agglomeration simulations presented in this paper,
three general types of cohesive interactions are considered: (1) a
strong cohesive interaction case where two dry copper particles
interact with each other, (2) a weak cohesive interaction case where

Fig. 7. Typical agglomeration simulation result showing particle clustering into a
single portion of the original 1 wm? box.

the copper nanoparticles are assumed to be encased in a thin poly-
mer or oxide coating, and (3) a no cohesive interaction case where
the particles are assumed to be in a perfect colloidal solution. The
strength of the cohesive interactions in each case set by adjusting
the Hamaker constant of the nanoparticle interaction. In this model,
there are assumed to be no cohesive interactions between the top
of box and the nanoparticles since in the top layer of the powder
bed is open to the environment. Similarly, there are assumed to be
no cohesive forces between the sides of the box and the nanopar-
ticles since each box is a discrete element within the continuous
powder bed so particles may travel through these boundaries on
the side walls. However, there is assumed to be a cohesive inter-
action between the nanoparticles and the bottom surface of the
box since the bottom surface will contain the nanoparticles from
the previous sintered layer. The Hamaker constants for each of the
cohesive interaction case [36] are given in the table below.

2.5. Particle size distributions

In this study, three different types of particle size distributions
were examined: (1) a uniform distribution where all the particles
were 100 nm in diameter, (2) a Gaussian distribution with a mean
diameter of 100 nm, and (3) a log-normal distribution with a mean
diameter of 100 nm. In addition, the Gaussian and log-normal cases
were tested with distribution standard deviations of 5nm, 15 nm,
and 25 nm. Limits of 1 nm and 200 nm on the minimum and maxi-
mum particle size respectively were also set for both the Gaussian
and log-normal distributions. The total number of the particles
generated in the 1 wm?3 simulation box for both the Gaussian and
log-normal distributions ranged from 263 particles of the 25 nm
standard deviation case to 455 for the 5 nm standard deviation case.

2.6. Void fraction analysis

Void fraction is defined as the volume of empty space divided by
the volume of space filled by nanoparticles in the powder bed. Void
fraction is an important parameter in determining how well par-
ticles will sinter together in a selective laser sintering process and
in determining the quality of the final part produced. In this study,
the void fraction was calculated using two different methods. In the
first method (referred to in this paper as method 1), the void fraction
is found by considering the highest and lowest particles’ positions
in the X, y, and z-axis and then creating a box that bounds these
particles. These new box bounds are then used to determine the
maximum volume that the particles could fill (Vype ). This method
provides a much better analysis than considering the volume of the
whole 1 wm?3 box since the particles will always settle into some
subsection of the original box. Once the volume of the bounding
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Uniform

Uniform Gravitational +
Strong VDW

Uniform VDW only
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only

Cases

Fig. 8. Simulations with uniform particle distributions and different cohesive force.

box has been found, the void fraction can be found by calculating
the volume of all n number of particles in the box and subtracting
that volume from the box volume and dividing by the void fraction
as shown in Egs. (36) through (38).

Empty

Fraction = Fill

(36)

n
4
EMpty = Vewe = ) _ 371} (37)

j=1

. Di t . -
Veube = ((max(Posmon X+ w) — min (Position x

Diameter .. Diameter . ..
) % (max(Position y + —s - min (Position y

Diameter - Diameter .
—7) x (max (POSIthl‘l zZ+ 7> — min

2 2
. Diameter

(Posmon zZ— %)) (38)

The second method (referred to as method 2 in this paper) for
calculating the void fraction is very similar to the first except that
only the change in the height of the agglomerated cluster in the ver-
tical direction is considered when calculating the bounding box.
The extent of the bounding box in the two horizontal directions
is set to be the width of the original 1 wm? box. This calculation
allows us to take into account the effect that clustering of nanopar-
ticles into discrete agglomerates might have on the overall packing
density of the nanoparticles in the powder bed. By comparing the
void fraction results from each of the two methods it is possible to
separate out voids that are created by the packing of the nanopar-
ticles within an agglomerate and the voids that are formed by the
agglomeration process itself.

2.7. Test cases

The objective of this study is to quantify and compare the aggre-
gation kinetics and colloidal stability of nanoparticle powder beds
with different types of inter-particle interaction forces. In order
to pursue that goal the following types of simulations were per-
formed:

3. Results and discussion
3.1. Uniform distribution of particles
Overall, in this study, the uniform distribution of particles will

be used as a basis of comparison for evaluating the effect of par-
ticle size distribution on the packing quality of the nanoparticles

in the w-SLS powder bed. As can clearly be seen in Fig. 8, cohe-
sive forces (labeled VDW in Figs. 8, 9, and 11 since van der Waals
forces are the most significant cohesive force in this model) play a
significant role in the agglomeration of particles at the nanoscale.
When the only forces applied to the nanoparticle system are gravi-
tational forces, then the particles are able to find their lowest energy
state and pack into an ordered cell. However, when cohesive forces
are present individual particles adhere together before they can
reach their lowest energy state which reduces the packing order.
For example, when only gravitational forces are applied to the sys-
tem the void fraction is approximately 50%. However, when both
cohesive and gravitational forces are applied to the system then
the void fraction climbs to approximately 65% due to the agglom-
eration effects created by the cohesive forces. Interestingly, when
only cohesive force are considered in the absence of a gravitational
driving force, the void fraction is approximately 60%. This reduction
in the void fraction in the absence of the gravitational force may be
due to the fact the particles take a much longer time to settle into
their final positions if there is no global external driving force push-
ing them towards their final resting position. Therefore, the particle
systems without the gravitational force may be able to find a lower
energy configuration and better packing than the systems driven
by gravitational forces.

3.2. Strong cohesive interaction force case

The effect of particle size distribution on the packing density
for a pure copper nanoparticle system can be examined using the
strong cohesive force interaction cases. In these types of systems,
the smallest particles in the system have the largest cohesive forces
on them and, therefore, act as nucleation sites for the formation of
agglomerates. In general, the particle distributions with the larger
standard deviations pack better (lower void fraction) than the dis-
tributions with the smaller standard deviations; however, this is
not a strong effect and it can be overwhelmed by random variances
do the randomized initial conditions placed on the nanoparticles at
the start of the simulation. This general effect can be explained by
the fact that with the large particle size standard deviations, there
are both more very large and very small nanoparticles that all get
packed together. Therefore, the small nanoparticles can generally
fill into interstitial spaces between the larger particles in order to
increase the overall packing density of the system.

The exception to this trend is the completely uniform distribu-
tion which agglomerates in a different way than the distributions
with some non-zero standard deviation. In even the distributions
with the narrowest standard deviations, there are occasionally
small particles that can act like a nucleation site to form agglom-
eration which results in a heterogeneous type nucleation of the
agglomerate. However, in the uniform distribution, there are no
small particles to act as a preferential nucleation site. This results
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Strong VDW only
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Gravitational + Strong VDW only
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Fig. 9. Images of nanoparticle agglomeration for 4 different strong cohesive cases with particle size standard deviations of 5 nm and 25 nm.

in homogeneous nucleation of the agglomerate in the uniform dis-
tribution case. As a result of this homogeneous nucleation, the
uniform distribution tends to have a better packing density than
either the small standard deviation Gaussian or log-normal distri-
bution cases. This indicates that it may be the smallest particles in
the powder distribution that most effect agglomeration and not the
overall uniformity or size distribution of the nanoparticles. There-
fore, one strategy to reduce agglomeration would be to eliminate
all of the very small particles from the powder bed. However, in
practice it may be impossible to create particle distributions with-
out any small particles that can act as nucleation sites. Overall, the
results of these simulations show that it is important to be able to
measure and evaluate the size distributions of the nanoparticles in
a -SLS powder bed in order to evaluate the effect these nucleation
sites will have on void formation.

In addition, as can be seen in Fig. 10, the void fraction calculated
using method 1 in Section 2.5 is always smaller than or equal to
the void fraction calculated using method 2 where the entire width
of the initial bounding box is considered in the calculation. This
makes sense because the horizontal extent of the nanoparticles will
always be smaller than or equal to the original 1 wm? bounding box.
Therefore, the ratio of these two void calculation methods can be
used as a proxy for the extent of agglomeration in the nanoparticle
system and can be used to separate the effect of packing voids from
voids caused by agglomeration. The error bars in Figs. 10,12, and 14

o
(%]

0.8

0.75

0.7
g Hstd 5
§ 063 I I I mstd15
% OOS'E : mstd 25
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represent the standard deviation of the calculated void fraction over
all the trials simulated for that case and distribution.

3.3. Weak cohesive interaction case

Cohesive interactions between nanoparticles can be reduced by
coating the copper nanoparticles with a thin oxide or polymer coat-
ing. This reduction in the cohesive forces means that only the very
smallest nanoparticles produce a high enough adhesion force to act
as nucleation sites for agglomeration. Therefore, there are fewer
nucleation sites in the weak cohesive case than there were in the
strong cohesive case. Because of these fewer number of nucleation
sites, the nanoparticles tend to agglomerate into columnar-like
crystals as can be clearly seen for the Gaussian, weak cohesive force
case (2b) with a particle size standard deviation of 5 nm as shown
in Fig. 11.

This produces a relatively efficient packing of the particles
within the agglomerate (similar to the strong cohesive case) but
doesincrease the overall agglomerate size. This is because the lower
number of nucleation sites in the weak cohesive case cause the
agglomerate to generally form from a single nucleation site in the
simulation instead of multiple nucleation sites as is the case with
the strong cohesive case. This result can be seen when the void
fraction is calculated using method 2 in Section 2.5. Overall, when
the void fractions are calculated for the weak cohesive case using
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Fig. 10. For Strong cohesive interactions: (Left) Void fraction calculated based on particle’s x,y and z direction i.e method 1 (right) Void fraction calculated based on particle’s

y direction only (x=z=1 pm) i.e. method 2.
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Fig. 11. Images of nanoparticle agglomeration for 4 different weak cohesive cases with particle size standard deviations of 5nm and 25 nm.
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Fig. 12. For weak cohesive interactions: (Left) Void fraction calculated based on particle’s x,y and z direction i.e method 1 (right) Void fraction calculated based on particle’s

y direction only (x=z=1um) i.e. method 2.

method 1 they are not significantly different from the void frac-
tions calculated in the strong cohesive case. However, when the
void fractions are calculated using method 2, the weak cohesive
cases produce void fractions that are about 10% larger than those
that were produced in strong cohesive case. This suggests that just
reducing the cohesive interactions between the nanoparticles alone
may not be enough to reduce agglomeration in .-SLS powder beds.

3.4. No cohesive (gravitational only) case

One potential method to reduce agglomeration in p.-SLS pow-
der beds is to dispense the powder in a liquid as a colloidal solution
and then to coat the solution into a uniform layer. This layer can
then be allowed to dry in order to produce the new p-SLS powder
bed layer. The advantage of this method is that while the particles
are in the colloidal solution, surfactants can be used to effectively
eliminate cohesive interactions between the particles. The simu-
lation results indicate that the presence of cohesive interactions
within the powder bed can cause the void fraction in the particle
agglomerates to increase by up to 34% for the low standard devia-
tion, Gaussian case and by up to 40% in the low standard deviation,
log-normal distribution case.

In addition, the elimination of the cohesive interactions elimi-
nates the large scale formation of agglomeration within the p-SLS
powder bed. This can be seen by the fact that when the void density
is calculated using each of the two methods presented in Section
2.5, both methods produce the exact same results. Therefore, the
two bar charts created using each of the two void fraction calcula-
tion methods in Fig. 14 are identical. This indicates that the particles

are spreading out to the edges of the initial bounding box, as can be
seenin Fig. 13, so that they can form continuous nanoparticle layers.
Therefore, one of the key to producing good, uniform sintering lay-
ers in u-SLS powder beds is to eliminate the cohesive interactions
between the nanoparticles in the powder beds.

4. Comparison to experimental results

In order to validate the predictions made by the simulations
presented in the previous section, several nanoparticle surface
spreading experiments were performed. First, 100nm diame-
ter average size copper nanoparticles from various commercial
venders (US Research Nano and MK Impex) were spread onto glass
slides and silicon substrates. As shown in Fig. 15, these nanopar-
ticles tended to agglomerate into very large, discrete assemblies.
These agglomerated particles assemblies can be on the order of
100 pm in diameter and can consist of hundreds of thousands of
nanoparticles. These agglomerates contain many more particles
than it is possible to simulate using the discrete element method,
but the results from the DEM simulations do show very similar
agglomeration formation within the smaller simulation volume for
both the strong and weak cohesive cases. In addition, samples passi-
vated with oxide, carbon, and polymer coatings were tested to see
how much agglomeration takes place in powder beds generated
using these types of passivated particles. The passivation coatings
are meant of reduce agglomeration the nanoparticles when they are
in powder form by reducing the cohesive interactions between the
particles. However, even with the passivated coatings, significant
agglomeration of the nanoparticles was observed. This observed
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Fig. 13. Images of nanoparticle agglomeration for 2 different no cohesive cases with particle size standard deviations of 5nm and 25 nm.
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Fig. 14. For gravitational forces only: (Left) Void fraction calculated based on particle’s x,y and z direction i.e. method 1 (right) Void fraction calculated based on particle’s y

direction only (x=z=1 pm) i.e method 2.
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Fig. 15. (Left) Agglomeration of ~100 nm diameter nanoparticles in powder form (Right) ~100 nm diameter nanoparticles spread onto surface and dried showing no

agglomeration of particles.

result matches very well what the discrete element model simu-
lations for the weak cohesive case predict. This indicates that the
simulations that include non-zero cohesive interactions do a good
job predicting nanoparticle agglomeration in the w-SLS powder
bed.

One potential method to overcome the agglomeration effects
due to cohesive interactions is to dispense the nanoparticles as part
of a colloidal solution and then to dry the solution to form the pow-
der layer. In order to test this method, a commercially available
colloidal solution of copper nanoparticles (Applied Nanotech) was
spin coated onto a silicon substrate and was dried on a hotplate. As
canbe seeninFig. 15, this method of spreading the copper nanopar-
ticles produces a much more continuous and uniform nanoparticle
layer than the powder spreading method. This result matches well

with the predictions made by the no cohesive force discrete ele-
ment simulation models. Overall, based on this result, it may be
possible to create much more uniform nanoparticle beds for -SLS
using a solution-based deposition method such as spin coating or
slot-die coating than by using more traditional powder spreading
methods, such as the use of a counter-rotating roller or a doctor
blade to spread a dry powder, which are commonly used in larger
scale SLS operations.

5. Conclusions

In this paper, a particle-particle interaction model was used
to generate a random packing of nanoparticles and an analysis
of the packing fraction of Cu nanoparticles of given particle size
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distribution by means of MFIX-DEM simulations was presented.
In this study, nanoparticles were injected into the domain from
the top boundary and allowed to fall under the influence of grav-
ity and cohesive forces. Once the particles settle, their positions
and properties are can be used as an input for the optical model.
The extinction and effective absorption coefficient of a powder bed
hence can be calculated. The simulations were done for different
cases such as for pure copper nanoparticles, copper nanoparticles
with a polymer or oxide coating, and copper nanoparticle in a col-
loidal coating. The coatings and treatments of the nanoparticles
can significantly affect the cohesive interactions between particles.
The effects of various types of particle size distributions (uniform,
Gaussian, and log-normal) were also studied for different standard
deviations. The particles in the simulation are assumed to not ini-
tially overlap and to not initially be deformed due to the adhesion
or contact effects. The simulations are run until all particles settle
on the surface and find their final resting position. Contact forces
are obtained by Newton'’s laws based on the position, the linear,
and the angular velocities of each of the individual particles in the
simulation. A spring-dashpot model is used for particle interactions
between the nanoparticles and between the nanoparticles and the
walls of the simulation. The simulation takes an average time of
3*10° seconds on an Intel 8-Core Xeon Processor.

Overall, these simulations show that cohesive forces have a sig-
nificant influence on how nanoparticles agglomerate within the
-SLS powder bed. Nanoparticles subject to strong cohesive forces
agglomerate very rapidly with multiple nucleation points. This
leads to non-optimal packing densities but relatively small agglom-
erates. Nanoparticles subject to weaker cohesive forces still form
agglomerates but the agglomerated assemblies are generally larger
and take longer to form than in the strong cohesive case due to the
lower number of potential agglomeration nucleation sites. When
cohesive interactions between the nanoparticles are eliminated,
such as in a colloidal suspension of nanoparticles, the nanoparticles
are able to form densely packed, continuous nanoparticle layers as
opposed to discrete agglomerated particle assemblies. This result
suggest a new potential method for creating nanoparticle layers
in -SLS additive manufacturing systems using colloidal solutions.
However, more work still needs to be done to determine how well
nanoparticles deposited from colloidal solutions can be sintered
together and to determine what effect residual surfactants from the
colloidal suspension might have on the quality of the final sintered
part.
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