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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  �-SLS  powder  bed.  Initially,  nanoparticles  are  distributed  randomly  into  the bed  domain
with  a random  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  �-SLS  powder  beds  through
the  use  of  colloidal  nanoparticle  solutions  that  minimize  the  cohesive  interactions  between  individual
nanoparticles.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Harnessing heat transfer at the nanoscale is essen-
ial for the development of microchips in semiconductors,

icro/nanoelectronics, integrated circuits, and micro/nano
lectromechanical systems (MEM/NEMS) [1]. Today, using nano-
aterials such as nanowires, carbon nanotubes, graphene, and
etal nanoparticles is common in these types of systems. Nano-
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

aterials are generally used in these systems because the thermal,
ptical, and electromechanical properties of nanomaterials are
uite different from the properties of the bulk material and can

∗ Corresponding author.
E-mail address: Michael.Cullinan@austin.utexas.edu (M. Cullinan).

ttp://dx.doi.org/10.1016/j.addma.2016.07.002
214-8604/© 2016 Elsevier B.V. All rights reserved.
be tuned by controlling the shape and size of the nanostructure
[1]. The key fields where nanomaterials have recently been used
in additive manufacturing technologies are microscale selective
laser sintering (�-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 �m 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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

of precise focusing objectives, ultrafast lasers, and nanoparticle
based powder beds it is possible to achieve micron scale feature
resolutions with this technique.

dx.doi.org/10.1016/j.addma.2016.07.002
dx.doi.org/10.1016/j.addma.2016.07.002
http://www.sciencedirect.com/science/journal/22148604
http://www.elsevier.com/locate/addma
mailto:Michael.Cullinan@austin.utexas.edu
dx.doi.org/10.1016/j.addma.2016.07.002
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�-SLS has many advantages over other manufacturing tech-
iques in terms of the flexibility, cost, and finishing quality.
urthermore, �-SLS provides design freedom and has a lower level
f waste and harmful chemicals. Using nanoparticles which can
e synthesized with different shapes such as rods or spheres for
icroscale selective laser sintering can also significantly improve

he sintering characteristics and the finishing quality of the parts
2]. However, models for nanoparticle interactions and powder bed
eneration with nanoparticles are not available for SLS at nanoscale.
his is because nanoscale modeling offers many challenges; for

nstance, a continuum model which is used for micro and larger
cales is no longer valid. Also, a ray tracing model cannot be used
o obtain the extinction and effective absorption coefficient of a
owder bed as the laser wavelength is greater than the character-

stic length of the particles [4,5]. Hence, modeling the nanoscale
owder bed with nanoparticles for SLS is quite different from mod-
ling micro or larger scales. For example, cohesive forces, which
re the sum of the attractive or repulsive intermolecular attractions
etween molecules, dominate interactions between the particles at
anoscale [6,7]. These cohesive interactions can create significant
gglomeration effects in particle beds containing nanoscale pow-
ers which are not typically seen in SLS powder beds that contain
nly microscale powders. These agglomeration effects can signif-

cantly reduce the packing density of the particles in the powder
ed which can result in significant voids in the final sintered part.
dditionally, particle size distribution is another factor affecting the
intering process at the submicron level [8]. Most powder beds with
anoparticles have non-uniform size distributions which effect
he sintering quality and overall shrinking of the parts produced.
ence, it is essential to model the particle–particle interaction at
anoscale accurately in order to understand the overall powder bed
nd size distribution effect on the selective laser sintering process.
herefore, in order to better understand the parameters that effect
oid formation in �-SLS parts, this paper uses discrete element
odeling techniques to investigate the role of cohesive forces and

article size distribution on the packing density of nanoparticles in
 �-SLS powder bed.

.1. Background

Discrete element modeling (DEM) has been a commonly used
ethod for examining the packing and agglomeration of particles

n powder systems over the past 30 years. Early DEM based compu-
ational models focused on analyzing how microscale particles with
niform size distributions pack together in powders where gravity

s the major driving force for packing [9,10]. In these microparticle
ased systems, cohesive forces such as the van der Waals force do
ot play a significant role in how particle systems pack together
11]. Instead, the size distribution of particles within the powder
ystem is the most important factor in determining in how the par-
icles pack together in these types of systems [12]. However, in
anoparticle based systems, cohesive forces do play a significant
ole in the agglomeration and packing of particles within the pow-
er system [13]. Therefore, both cohesive forces as well as particle
ize distributions need to be considered when analyzing packing in
anoparticle based systems [14].

One of the most common methods for modeling cohesive forces
n nanoparticle based systems is to use the Johnson, Kendall,
oberts (JKR) model [15]. In the JKR model of cohesive contact, a
alance is created between the elastic energy stored in the parti-
le and the loss in surface energy that is created when two particles
re in contact. In the JKR model, only contact pressure and adhesion
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

ithin the area of contact are considered. This model has been used
o examine both how nanoparticles agglomerate and pack together
ithin a powder [16] as well as to model the strength of those

gglomerations [17,18].
 PRESS
ufacturing xxx (2016) xxx–xxx

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 �-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 �-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, Nm, with diameter, Dm, and density, �sm 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∑
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

N =
m=1

Nm (1)

Each of the N particles is defined within a Lagrangian reference
at time t by its position, X(i) (t), linear velocity, V (i) (t), angular veloc-

dx.doi.org/10.1016/j.addma.2016.07.002
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Fig. 1. Schematic of two particles in contact.

ty, �(i) (t), diameter, D(i), density �(i), and mass m(i). The position,
inear velocity and angular velocities of the ith particle change with
ime according to Newton’s laws as below:

dX(i) (t)
dt

= V (i) (t) (2)

(i)
dV (i) (t)
dt

= FT (i) = m(i)g + F (i)
d (t) + F (i)

c (t) (3)

(i) d�
(i) (t)
dt

= T (i) (4)

The total drag force, Fd (i), is found by the summation of pressure
nd viscous forces. The net contact force, Fc (i), is the force acting on
he particle as a result of contact with other particles and the total
orce on each particle, F (i)

T , is found through the summation of all
orces acting on the ith particle. Also, the summation of all torques
cting on the ith particle is represented by T (i).

.1.1. Contact forces
A spring-dashpot model, based on a soft-sphere model of the

articles, is used for the particle interactions modeled in this study.
his model also accounts for the degree of overlapping between
wo nanoparticles as it imposes no restrictions for multi-particle
ontacts.

For the soft–sphere collision shown in Fig. 1, two  particles, i and j,
n contact have diameters equal to D(i) and D(j) , and are located at
ositions X(i) and X(j) move with linear velocity, V , and an angular
elocity, �. The normal overlap between the particles is given by
q. (5) and the unit vector along the line of contact between each
article is given by Eq. (6).

n = 0.5
(
D(i) + D(j)

)
− |X(i) + X(j)| (5)

ij =
(
D(i) + D(j)

)
|X(i) + X(j)| (6)

The relative velocity of the point of contact is given by Eq. (7)
here L(i) and L(j) are the distance to the contact point from the

enter of each particle.

ij = V (i) − V (j) +
(
L(i)�(i) + L(j)�(j)

)
× �ij (7)

For the soft-sphere model used in this paper, the overlap
etween two adjacent particles is represented by a system of
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

prings and dashpots. The springs are used to model elastic interac-
ions between the particles and the dashpots represent the kinetic
nergy loss due to inelastic collisions. The springs are given stiff-
ess’s in both the normal kn and tangential, kt , directions. These
 PRESS
ufacturing xxx (2016) xxx–xxx 3

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, Fij , at time t, can be decomposed into
the spring force, FS

ij
and the dashpot force, FD

ij
, as given by Eqs. (8)

and (9).

Fnij (t) = FSnij (t) + FDnij (t) (8)

Ftij (t) = FStij (t) + FDtij (t) (9)

The normal spring force, FS
nij

, at any time during the contact between
two nanoparticles can be calculated using Hooke’s law with the dis-
placement equal to the overlap, �n, between the particles as shown
in Eq. (10).

FSnij = −kn�n�ij (10)

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

FStij = −kt�t (11)

�t = Vtij × min

(
|�n|
Vij�ij

, �t

)
(12)

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

|FDtij| > �|Fnij| (13)

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

FDtij =

⎧⎪⎪⎨
⎪⎪⎩

−�|Fnij|tijiftij /= 0

−�|Fnij|
ıt
|ıt |
iftij = 0, ıt /= 0

0otherwise

(14)

Therefore, the total tangential force, F (i)
t (t), on the ith particle at

any given time and the total torque on the particle, T (i) (t), are given
by Eqs. (15) and (16), respectively.

F (i)
t (t) =

N∑
j=1

(
FStij (t) + FDtij (t)

)
(15)

T (i) (t) =
N∑
j=1

(
L(i)�ij × Ftij (t)

)
(16)

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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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

dx.doi.org/10.1016/j.addma.2016.07.002
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ery different and need to be modeled as two separate stiffnesses
28]. In the Hertzian contact model, the normal and tangential
ffective spring stiffnesses between two particles in contact can
e calculated using the elastic modulus and Poisson’s ratio of the
anoparticles as shown in Eqs. (17) and (18) where Em and El are
he elastic moduli and �m and �l are the Poisson ratios for the
th and lth nanoparticles. In addition, Gm, and Gl are the shear
oduli of each nanoparticle as calculated by Eqs. (19) and (20), and
ml is the effective contact radius as given by Eq. (21)

n,ij = 4
3

EmEl
√
rml

Em
(

1 − �2
l

)
+ El

(
1 − �2

m

)�1/2
n,ij

(17)

t,ij = 16
3

GmGl
√
rml

Gm (2 − �l) + Gl (2 − �m)
�1/2
n,ij

(18)

m = Em
2 (1 + �m)

(19)

l =
El

2 (1 + �l)
(20)

1
rml

= 1
r(m)

+ 1
r(l)

(21)

.1.3. Relationship between dashpot coefficients and coefficients
f restitution

The relationship of normal dashpot coefficient �nml and nor-
al  coefficient of restitution is given by Eq. (22) where the

ffective mass (meff ) and collision time (tcol
nml

) between mth and
th solid-phases are defined as meff =

( mmml
mm+ml

)
and tcol

nml
=(

knml
meff

− n2
nml

4m2
eff

)−1/2

.

nml =
2
√
meff knml|lnenml|√

�2 + lne2
nml

(22)

Time step �t  is taken to be one fiftieth of the minimum collision
ime (i.e. �t  = min(tcol,ml/50)). This time step provide sufficient
esolution to capture the energy effects of the collision. The nor-

al  spring stiffness coefficient is chosen to be ∼105 N/m in order
o prevent the time step problems due to the complicated defini-
ion of spring coefficients in the simulation. By following the Silbert
t al. approach [29], the relationship of the tangential spring stiff-
ess coefficient (ktml) and the normal stiffness coefficient (kn) is
efined as ktml = 2

5 knml . The tangential damping coefficient and
he normal damping coefficient is given as �tml = 1

2nnml . Hence, the
oefficient of normal restitution matrix and the tangential coeffi-
ient of restitution are written as M x M symmetric matrices for

 solid-phases shown in (23). As the matrix is symmetric, the top
iagonal or lower diagonal values (M(M-1)/2) for normal coefficient
f restitution between the particle interactions are set to define the
atrix.

en] =

⎡
⎢⎢⎣
en11 en12· · · en1M

...
. . .

...

enM1 enM2· · · enMM

⎤
⎥⎥⎦ (23)

.1.4. Cohesive forces
At the nanoscale, cohesive forces become the dominant force

nd play an important role on particle interaction. Moreover, the
ohesive force becomes very significant at a very short distance
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

nd can cause the agglomeration of nanoparticles. Various cohesive
orce models that predict the interactions between two nanospher-
cal particles have been suggested [6]. However, the initial cohesive

odels did not consider surface roughness, which plays a key role
 PRESS
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in the adhesion of nanoparticles [7]. In fact, no real 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, rpinnercutoff and rpoutercutoff 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. rpinnercutoff and rpoutercutoff are the inner and outer cut-
off value between particle-wall interaction. The surface energy is
given by Eq. (26) where D0 is the cutoff distance and is equal to r
for the surface energy in (24) or rinnercutoff 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) is 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.

F = 2	R

((
h

h + R

)
+ 1(

1 + h
r

)2

)
(24)

Finnercutoff = 2�	R

((
h

h + R

)
+ 1(

1 + h
rinnercutoff

)2

)
(25)

	 = A

24�D2
0

(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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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

dx.doi.org/10.1016/j.addma.2016.07.002
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Table  1
Simulation Parameters.

Parameter Value

Minimum Inner Cutoff Particle Radius (rpinnercutoff ) 40 nm
Maximum Outer Cutoff Particle Radius (rpoutercutoff ) 500 nm
Surface Asperity Size (h) 5 nm
Wall Inner Cutoff Value (rwinnercutoff ) 1 �m
Wall Outer Cutoff Value (rwinnercutoff ) 5 �m
Particle-to-Particle Spring Constant 108 N/m
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function. Three different distribution functions were used in this
Particle-to-Wall Spring Constant 109 N/m

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

.2.1. Gaussian distribution
Gaussian distribution is a very useful probability method espe-

ially when the number of random variables is very large. The
robability density of the Gaussian distribution is given in Eqs. (27)
here � is the mean or median and � is the standard deviation of

he distribution. The variance can also be defined as �2. The Gaus-
ian distribution is non-zero over the region and is symmetric about
ts median (Tables 1–3 ).

(x) = 1

�
√

2�

(
e

− (x−�)2

2�2

)
(27)

The distribution is properly normalized as

+∞∫
−∞

P (x) dx = 1. The

umulative distribution, D(x), function can also be defined as in
quation(y) where erf is the so-called error function.

(x) =
+∞∫
−∞

P
(

x′)dx’ = 1

�
√

2�

(
e

− (x′−�)2

2�2

)
dx’ = 1

2

[
1 + erf

(
x − �

�
√

2

.2.2. Log-normal distribution
Log-normal distribution is a continuous distribution whose log-

rithm has a normal distribution. It is a very common model used in
he fields where the boundaries and the threshold of the distribu-
ion is estimated or known. Also, it is applied to model continuous
andom quantities when the distribution is skewed. For example

 nanoparticle distribution that has a hard minimum size cutoff
t 0 nm but can have some very large particles could be well mod-
led using the log-normal distribution. The log-normal distribution
s given in Eq. (26) where x ∈ (0, ∞).  Also, � and � are called
he location and the scale parameter, respectively. These param-
ters can be related with the mean (�), standard deviation (�),
nd variance (�) of the non-logarithmic values given as in Eq. (29).
lso, mean and the median of the distribution can be defined as

xp
(
� + �2

2

)
and exp (�), respectively.

� = ln

(
m√

1+ 

m2

)
, � =

√
ln

(
1 + �

m2

)
(29)
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(x) = 1√
2��x

exp

(
− [ln (x) − �]2

2�2

)
(30)
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(28)

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

D (x) =
+∞∫
−∞

P
(

x′)dx’ = 1√
2��x’

exp

(
− [ln (x’) − �]2

2�2

)
dx’

= 1
2

[
1 + erf

(
ln (x) − �√

2�

)]
(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 �m3 box. Another nanoparticle is then placed within the box at
a random 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 �m3, 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 �m3 box is also organized such that the only particle-wall
interactions that occur happen at the bottom of the box. Periodic

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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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

dx.doi.org/10.1016/j.addma.2016.07.002
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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 28.4 × 10−20 J 14 × 10−20 J
Weak cohesive Interaction 10 × 10−20 J 14 × 10−20 J
No  cohesive Interaction 0 J 14 × 10−20 J

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 Std: 25,15,5 Std: 25,15,5
Only Weak cohesive Std: NA Std: 25,15,5 Std: 25,15,5
Only Strong cohesive Std: NA Std: 25,15,5 Std: 25,15,5
Weak cohesive with gravitational Std: NA Std: 25,15,5 Std: 25,15,5
Strong cohesive with gravitational Std: NA Std: 25,15,5 Std: 25,15,5

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

Fig. 3. Schematic view of nanoparticles in the domain. The figure illustrates the
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Fig. 4. Schematic of typical Gaussian distribution.
ollowing: r is the particle’s distance, h is the asperity or surface roughness, w is
he  separation distance between wall and the particle, Lw and Lp are the distance
arameters used for surface-adhesion cohesion.

o the system and the particles are allowed to move and interact.
fter the time step, the new position of each particle can be cal-
ulated and the interactions between particles can be determined
rom the overlap between particles. These overlap values deter-

ine the forces on each nanoparticle and the amount of energy
issipated by each particle in the time step period. A new set of
article positions, velocities, and boundary conditions can then be
etermined for the next time step. This process is repeated until
he particles reach a steady configuration within the powder bed
Figs. 2–5 ).

Since the particle bed generation in this paper is random,
tochastic process, there will be a slightly varying initial solid frac-
ion between each simulation. This random powder bed generation

odel is meant to represent the fact that real powder beds will vary
n solid fraction when looking at only a small discrete section of the
ed. Therefore, in order to understand what is going on in a real
owder bed system it is necessary to treat the powder bed genera-
ion as a stochastic process. This means that in order to get a good
nderstanding of the powder bed properties, many simulations of
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

he powder bed formation are required in order to determine the
verage solid fraction, void size, and density in the powder bed
s well the typical variance of these parameters. All of the results
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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

scheme, the translational velocity, particle center position, and the
angular velocity at time t + 	t  are obtained from values at time

dx.doi.org/10.1016/j.addma.2016.07.002
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Fig. 6. Neighbor search algorithm for “cell-linked list” in 2D scheme.

 using Eqs. (32)–(34) where F (i)
T and T (i) are the total force and

orque acting on the particle.

(i) (t + �t) = V (i) (t) + F (i)
T (t)

m(i)
�t  (32)

(i) (t + �t) =  X(i) (t) + V (i) (t + �t)�t  (33)

(i) (t + �t) = �(i) (t) + T (i) (t)
I(i)

�t (34)

.3.2. Neighbor search algorithm
The neighbor search algorithm is one of the most important

nd time consuming components of any particle–based simulation.
ach particle is marked according to the cell in which the center of
he particle is located and a “cell–linked list” search algorithm is
sed to find the particles neighbors. In this algorithm, the simula-
ion is broken down into smaller boxes and only particles within
he same box as the particle being investigated or in neighboring
oxes are considered. For example, as shown by the 2-D schematic

n Fig. 6, if the particle of interest is the one represented by the
lled circle, then the particles belonging to the 9 (27 for the 3-D
ase) adjacent cells, along with particles belonging to the same cell
s the particle of interest, are considered as potential neighbors.
hus, only these particles are further checked against the particle
f interest for a neighbor contact. By eliminating most of the parti-
les in the box from the search algorithm, the total simulation time
s significantly reduced. In this search algorithm, any two  particles

 and j that are located at X(i) and X(j), and have radii Ri and Rj ,
re considered neighbors if they satisfy the following condition in
q. (35) where K is an interaction distance constant.

X(i) − X(j)| < K
(
Ri + Rj

)
(35)

This search algorithm can, therefore, be used to determine
hich particles are touching or overlapping as neighbors. This

eighbor search algorithm is run for each time step in order to
nsure that the simulation does not miss any possible collision
etween the particles (Fig. 7).

.4. Cohesive interactions

Agglomeration of nanoparticles is driven by cohesive inter-
ctions between nanoparticles or between a nanoparticle and a
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

urface. For the agglomeration simulations presented in this paper,
hree general types of cohesive interactions are considered: (1) a
trong cohesive interaction case where two dry copper particles
nteract 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 �m3 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 5 nm,  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 �m3 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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

maximum volume that the particles could fill (Vcube). This method
provides a much better analysis than considering the volume of the
whole 1 �m3 box since the particles will always settle into some
subsection of the original box. Once the volume of the bounding

dx.doi.org/10.1016/j.addma.2016.07.002
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Fig. 8. Simulations with uniform partic

ox has been found, the void fraction can be found by calculating
he volume of all n number of particles in the box and subtracting
hat volume from the box volume and dividing by the void fraction
s shown in Eqs. (36) through (38).

raction = Empty
Fill

(36)

mpty = Vcube −
n∑

j=1

4
3

�r3
j (37)

Vcube =
(

(max(Position x + Diameter
2

)
− min (Position x

− Diameter
2

)
× (max(Position y + Diameter

2
− min (Position y

− Diameter
2

)
× (max

(
Position z + Diameter

2

)
− min

(
Position z − Diameter

2
)
)

(38

The second method (referred to as method 2 in this paper) for
alculating the void fraction is very similar to the first except that
nly the change in the height of the agglomerated cluster in the ver-
ical direction is considered when calculating the bounding box.
he extent of the bounding box in the two horizontal directions

s set to be the width of the original 1 �m3 box. This calculation
llows us to take into account the effect that clustering of nanopar-
icles into discrete agglomerates might have on the overall packing
ensity of the nanoparticles in the powder bed. By comparing the
oid fraction results from each of the two methods it is possible to
eparate out voids that are created by the packing of the nanopar-
icles within an agglomerate and the voids that are formed by the
gglomeration process itself.

.7. Test cases

The objective of this study is to quantify and compare the aggre-
ation kinetics and colloidal stability of nanoparticle powder beds
ith different types of inter-particle interaction forces. In order

o pursue that goal the following types of simulations were per-
ormed:

. Results and discussion

.1. Uniform distribution of particles
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

Overall, in this study, the uniform distribution of particles will
e used as a basis of comparison for evaluating the effect of par-
icle size distribution on the packing quality of the nanoparticles
tributions and different cohesive force.

in the �-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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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

dx.doi.org/10.1016/j.addma.2016.07.002
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Fig. 9. Images of nanoparticle agglomeration for 4 different strong 

n homogeneous nucleation of the agglomerate in the uniform dis-
ribution case. As a result of this homogeneous nucleation, the
niform distribution tends to have a better packing density than
ither the small standard deviation Gaussian or log-normal distri-
ution cases. This indicates that it may  be the smallest particles in
he powder distribution that most effect agglomeration and not the
verall uniformity or size distribution of the nanoparticles. There-
ore, one strategy to reduce agglomeration would be to eliminate
ll of the very small particles from the powder bed. However, in
ractice it may  be impossible to create particle distributions with-
ut any small particles that can act as nucleation sites. Overall, the
esults of these simulations show that it is important to be able to

easure and evaluate the size distributions of the nanoparticles in
 �-SLS powder bed in order to evaluate the effect these nucleation
ites will have on void formation.

In addition, as can be seen in Fig. 10, the void fraction calculated
sing method 1 in Section 2.5 is always smaller than or equal to
he void fraction calculated using method 2 where the entire width
f the initial bounding box is considered in the calculation. This
akes sense because the horizontal extent of the nanoparticles will

lways be smaller than or equal to the original 1 �m3 bounding box.
herefore, the ratio of these two void calculation methods can be
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

sed as a proxy for the extent of agglomeration in the nanoparticle
ystem and can be used to separate the effect of packing voids from
oids caused by agglomeration. The error bars in Figs. 10, 12, and 14
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ig. 10. For Strong cohesive interactions: (Left) Void fraction calculated based on particle’
 direction only (x = z = 1 �m)  i.e. method 2.
ive cases with particle size standard deviations of 5 nm and 25 nm.

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
does increase 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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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. 11. Images of nanoparticle agglomeration for 4 different weak cohesive cases with particle size standard deviations of 5 nm and 25 nm.
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ig. 12. For weak cohesive interactions: (Left) Void fraction calculated based on par
 direction only (x = z = 1 �m)  i.e. method 2.

ethod 1 they are not significantly different from the void frac-
ions calculated in the strong cohesive case. However, when the
oid fractions are calculated using method 2, the weak cohesive
ases produce void fractions that are about 10% larger than those
hat were produced in strong cohesive case. This suggests that just
educing the cohesive interactions between the nanoparticles alone

ay  not be enough to reduce agglomeration in �-SLS powder beds.

.4. No cohesive (gravitational only) case

One potential method to reduce agglomeration in �-SLS pow-
er beds is to dispense the powder in a liquid as a colloidal solution
nd then to coat the solution into a uniform layer. This layer can
hen be allowed to dry in order to produce the new �-SLS powder
ed layer. The advantage of this method is that while the particles
re in the colloidal solution, surfactants can be used to effectively
liminate cohesive interactions between the particles. The simu-
ation results indicate that the presence of cohesive interactions

ithin the powder bed can cause the void fraction in the particle
gglomerates to increase by up to 34% for the low standard devia-
ion, Gaussian case and by up to 40% in the low standard deviation,
og-normal distribution case.

In addition, the elimination of the cohesive interactions elimi-
ates the large scale formation of agglomeration within the �-SLS
owder bed. This can be seen by the fact that when the void density
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

s calculated using each of the two methods presented in Section
.5, both methods produce the exact same results. Therefore, the
wo bar charts created using each of the two void fraction calcula-
ion methods in Fig. 14 are identical. This indicates that the particles
 x,y and z direction i.e method 1 (right) Void fraction calculated based on particle’s

are spreading out to the edges of the initial bounding box, as can be
seen in Fig. 13, so that they can form continuous nanoparticle layers.
Therefore, one of the key to producing good, uniform sintering lay-
ers in �-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, 100 nm 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 �m 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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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

dx.doi.org/10.1016/j.addma.2016.07.002
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Fig. 13. Images of nanoparticle agglomeration for 2 different no cohesive cases with particle size standard deviations of 5 nm and 25 nm.
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gglomeration of particles.

esult matches very well what the discrete element model simu-
ations for the weak cohesive case predict. This indicates that the
imulations that include non-zero cohesive interactions do a good
ob predicting nanoparticle agglomeration in the �-SLS powder
ed.

One potential method to overcome the agglomeration effects
ue to cohesive interactions is to dispense the nanoparticles as part
f a colloidal solution and then to dry the solution to form the pow-
er layer. In order to test this method, a commercially available
olloidal solution of copper nanoparticles (Applied Nanotech) was
Please cite this article in press as: A. Yuksel, M.  Cullinan, Modeling of nan
selective laser sintering systems, Addit Manuf (2016), http://dx.doi.or

pin coated onto a silicon substrate and was dried on a hotplate. As
an be seen in Fig. 15, this method of spreading the copper nanopar-
icles produces a much more continuous and uniform nanoparticle
ayer than the powder spreading method. This result matches well
ht) ∼100 nm diameter nanoparticles spread onto surface and dried showing no

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
oparticle agglomeration and powder bed formation in microscale
g/10.1016/j.addma.2016.07.002

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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istribution by means of MFIX-DEM simulations was presented.
n this study, nanoparticles were injected into the domain from
he top boundary and allowed to fall under the influence of grav-
ty and cohesive forces. Once the particles settle, their positions
nd properties are can be used as an input for the optical model.
he extinction and effective absorption coefficient of a powder bed
ence can be calculated. The simulations were done for different
ases such as for pure copper nanoparticles, copper nanoparticles
ith a polymer or oxide coating, and copper nanoparticle in a col-

oidal coating. The coatings and treatments of the nanoparticles
an significantly affect the cohesive interactions between particles.
he effects of various types of particle size distributions (uniform,
aussian, and log-normal) were also studied for different standard
eviations. The particles in the simulation are assumed to not ini-
ially overlap and to not initially be deformed due to the adhesion
r contact effects. The simulations are run until all particles settle
n the surface and find their final resting position. Contact forces
re obtained by Newton’s laws based on the position, the linear,
nd the angular velocities of each of the individual particles in the
imulation. A spring-dashpot model is used for particle interactions
etween the nanoparticles and between the nanoparticles and the
alls of the simulation. The simulation takes an average time of

*105 seconds on an Intel 8-Core Xeon Processor.
Overall, these simulations show that cohesive forces have a sig-

ificant influence on how nanoparticles agglomerate within the
-SLS powder bed. Nanoparticles subject to strong cohesive forces

gglomerate very rapidly with multiple nucleation points. This
eads to non-optimal packing densities but relatively small agglom-
rates. Nanoparticles subject to weaker cohesive forces still form
gglomerates but the agglomerated assemblies are generally larger
nd take longer to form than in the strong cohesive case due to the
ower number of potential agglomeration nucleation sites. When
ohesive interactions between the nanoparticles are eliminated,
uch as in a colloidal suspension of nanoparticles, the nanoparticles
re able to form densely packed, continuous nanoparticle layers as
pposed to discrete agglomerated particle assemblies. This result
uggest a new potential method for creating nanoparticle layers
n �-SLS additive manufacturing systems using colloidal solutions.
owever, more work still needs to be done to determine how well
anoparticles deposited from colloidal solutions can be sintered
ogether and to determine what effect residual surfactants from the
olloidal suspension might have on the quality of the final sintered
art.
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