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The effects of material stiffness, host and guest particle sizes, and mixing intensity on dry coating quality were
investigated using a high-intensity vibrationalmixer, using KCl, cornstarch, aluminum silicate and nano-sized sil-
ica. The coating quality deteriorated with larger guest particle size at high process intensity, and high material
stiffness. Coarse guest particles detached from host particles above certainmixing intensity, indicating higher in-
tensity is not recommended; e.g., the best coating quality for cornstarchwas formedium-sized hosts below 30Gs
intensity. However, for nano-silica guests, higher processing intensity did not lead to their detachment, but
decreased their agglomeration. Such behavior was explained using the energy-based stick/bounce model and
two indices. The coating quality index (Kc), the ratio of total detachment energy to relative kinetic energy,
assessed the guest particle attachment tendency. The deagglomeration index (Kd), the ratio of deagglomeration
energy to relative kinetic energy, assessed the guest particle agglomeration tendency.
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1. Introduction

Dry particle coating is an innovative process to alter the surface
properties and/or functionality of particles by placing smaller guest par-
ticles on larger host particle surfaces [10,39,40,47,53,54]. In the process
of dry coating, the guest particles stick or get embedded on the surface
of the host particles as has been shown in excellent previous papers on
orderedmixtures [2,23]. The guest particles get attached to thehost par-
ticles primarily due to their van der Waals attraction, as initially chunks
of agglomerated guest particles attach on to the host particle surfaces.
Then, repeated collisions of the host particles lead to transfer/dispersion
of the guest particles and eventual surface coating [14,47,53]. Since it
does not use solvents during processing, it could be used for diversema-
terials and applications to prepare coated particles. Published examples
of its use include; improvement in powder flow after coating with very
small amounts of nano-silica [12,18,30,40,47,53,54], improvement in
packed bed porosity [8], enhanced fluidization of fine particles [12],
coatingwith a polymerfilm [13], deactivation of sintering after dry coat-
ing glass beads with sub-micron silicon carbide [17,49], increased hu-
midity resistance of fine ground magnesium powders [36], enhanced
dissolution of tablets that includes hydrophilic silica coated ibuprofen
[20], improved combustion of aluminum powders after coating with
carbon black [31] and even an intriguing example where boron nitride
gen, 225 Binney St., Cambridge,
powders coated with nano iron oxide facilitated in-situ growth of
carbon nanotubes [44]. Examples from pharmaceutical applications
include improving content uniformity of blends and powder flow,
engineered excipients, and even achieving film coating leading to con-
trolled release of drug products [6,7,10,12,22,27,34,53].

The comparative study of Yang [53] and subsequent reports suggest
that dry coating requires high-intensity mixing devices, such as the
mechanofusion, the hybridizer [24,39,40,47,54], magnetically assisted
impaction coating (MAIC) [18,30,47,53] and recently developed devices
such as the fluid energy mill (FEM) [19,21,55], the conical screen mill
[25,38], and a high-intensity vibration device called the LabRAM [26].
In addition to using high-intensity devices, most of the literature has
only considered use of nano or sub-micron sized guest particles, and
generally concluded that the host particles need to be one or two orders
ofmagnitude larger. However, considering its potential formore diverse
applications including using larger guest particles, there is a need to de-
velop better understanding of the factors such as the guest and host par-
ticle sizes, their material properties, the processing devices, and their
operating conditions that enable better coating. Towards that goal,
previous work included phenomenological explanation [3,47] and
modeling efforts such as estimating process time through analysis of
collision frequency and energy, assuming the velocity distribution for
the fluidized state to be Maxwell–Boltzmann [50], or examining the de-
vice level dynamics using the discrete element method (DEM) model-
ing [11,14,15], or using highly simplified, reduced order device models
[4]. There have also been advances in the understanding of resulting
particle behaviors after dry powder coating based on the interactions
between particles accounting for their surface roughness, surface
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Fig. 1. Schematic of the deformed particles in contact.
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energy and particle sizes [9,12,35,53]. For example, the Chenmodel [12]
extended the Rumpf model to account for multi-asperity contacts,
so that the interparticle adhesion force before and after dry coating
could be estimated, while accounting for the extent of guest part-
icle coverage of the host particle surface. Unfortunately, the effects of
particle properties such as their sizes, stiffness and surface energies on
the coating effectiveness have not been investigated while simulta-
neously accounting for the mixing intensity; which is the topic of the
present work. For the purpose of such investigation, the coating effec-
tiveness may depends on the total number of guest particles that stick
on the host particle surface, quantitatively defined by the extent of the
host particle surface covered by the guest particles, see for example
image analysis based evaluation in a previous study [53].

Particle properties, mixing time and intensity can exert a great
influence on the performance of dry powder coating processes
[14,26,27,42,53]. Higher mixing intensity is recommended to facilitate
uniform dispersion of guest particles and reducing mixing time
[14,26,33,37,53]. Unfortunately, higher mixing intensity has disadvan-
tages such as higher energy cost, risk of particle attrition, and increased
processing temperatures requiring special cooling [7,14,27,30,47]. To
date however, the selection of process intensity, while simultaneously
accounting for the properties of both guest and host particles, in partic-
ular for the guest particles that are not nano-sized, remains under-
investigated. Such knowhow would enable design of a wider variety
of materials where the guest particle need not be or cannot be nano-
sized; e.g., such as wax particles, polymeric beads, magnesium stearate,
or micro-sized active ingredients [6,7]. Towards that goal, the stick/
bounce approach of Thornton and Ning where either the relative mo-
mentum, or the relative kinetic energy and van derWaals (vdW) energy
change during particle collisions, could be used for estimating the stick/
bounce state after collisions [1,51]. Here, the energy-based approach
will be considered.

In what follows, the particle material properties, effects of parti-
cle sizes, and mixing intensity are investigated to understand the
mechanism of the dry powder coating process and performance.
First, theoretical aspects of particle interactions and the energy-
based stick-bounce approach are presented so that the particle ad-
hesion energy, relative kinetic energy of collisions, plastic deforma-
tion energy, and the deagglomeration energy can be computed to
analyze the detachment and deagglomeration of guest particles.
These computations consider the host and guest particle sizes and
their material properties derived from available literature. For the
experimental investigation, the commercially available high-
intensity vibrational mixer, called the LabRAM, is considered. Addi-
tionally, the host and guest materials as well as the characterization
methods used in this study are described. The results of the effects of
material stiffness and the guest and host particle sizes along with the
process intensity are presented. Finally, the quality index of dry
coating (Kc) for assessing the performance of dry coating, and the
deagglomeration index (Kd), which assesses the guest particle ag-
glomeration tendency are introduced. The results of this work are
expected to help better understand the dry coating process.

2. Theoretical

Previous studies suggest that the energy-based or momentum-
based stick/bounce models may provide similar sticking/bouncing
trends after collision [1]. Here, the energy-based stick/bounce
model was used. According to the model, when two particles collide,
the initial relative kinetic energy of particles reduces to zero and is
stored as elastic energy. Subsequently, the stored elastic energy con-
verts into relative kinetic energy again and the particles move in the
opposite directions with a final kinetic energy. During the dry coat-
ing process, some energy is dissipated due to particle-plastic defor-
mation. In addition, some kinetic energy is consumed in the
deagglomeration process [14], and needs to be accounted for in the
model as well. Thus, final relative kinetic energy is always less than
initial relative kinetic energy. If the final relative kinetic energy is
large enough to overcome the total detachment energy (vdW energy,
plastic deformation energy and deagglomeration energy) between
particles, the guest particle will bounce off of the host particle. Oth-
erwise, the guest and host particles will stick together [1]. There are
several sources of losses, for example, some energy is dissipated in
both the coating and de-agglomeration processes, whereas some of
the kinetic energy is transferred to heat. Therefore, it is necessary
to account for the energy loss in the model. Here, it is assumed that
the dissipated energy is consumed in the particle deformation pro-
cess. In addition, since de-agglomeration is necessary for coating, it
is necessary to include the energy to overcome agglomerations in
the total detachment energy. In the following, all the necessary
terms are discussed and to further help evaluate the results, a quality
index of dry coating (Kc) is defined. It is the ratio between relative ki-
netic energy and sum of vdW energy, plastic deformation energy and
deagglomeration energy. All the particulate materials investigated
are assumed as idealized plastic materials in form of uniform size
spheres having smooth surfaces.

2.1. van der Waals energy

In order to understand the dry powder coating process, the interac-
tions between particles, such as van der Waals (vdW), electrostatic,
and capillary forces need to be considered [29]. In dry powder coating,
vdW forces are considered to be the dominant inter-particle ones, as
compared to weaker electrostatic and capillary forces [9]. Hence
only vdW forces are considered. As depicted in Fig. 1, the guest (fine)
and host (coarse) particles deform during the collision. According to
Israelachvili [29], the vdW energy (EvdW) between macroscopic spheres
can be estimated as the sum of contact energies between their de-
formed surfaces in direct contact and between rest of the surfaces not
in direct contact:

i) EvdW between two deformed surfaces (Ed), which is given by:

Ed ¼ HS

12πδ2
ð1Þ

where H is the Hamaker constant, S is the contact area between two flat
surfaces (Eq. (3)), and δ is atomic scale separation distance, for which a
value of 0.165 nm is normally used.
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ii) EvdW between the rest of the surfaces of two spheres (Es) is
given by:

Es ¼ H
6δ

rhrg
rh þ rg

ð2Þ

where rh and rg are the radii of host and guest particles respectively.
According to Fig. 1, the contact surface area of two deformed parti-

cles can be calculated as:

S ¼ πr2c ð3Þ

where rc is contact radius. According to Hertzian contact model [32], rc
can be given by:

rc ¼
3F
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where νh and νg are Poisson's ratios of host and guest particles respec-
tively, and Eh and Eg are Young's moduli of host and guest particles re-
spectively. F is the contact force between fine and coarse particles,
which can be estimated as:

F ¼ m̂Δv
t

ð5Þ

where m̂ is the relative mass (given in Eq. (10)),Δv is the relative veloc-
ity change before and after collision, and t is the collision time, which is
estimated as [45]:

t ¼ 2:86
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ð6Þ

By Substituting Eq. (3) into Eq. (1), Ed is written as follows:

Ed ¼ Hr2c
12δ2

ð7Þ

Thus, the van derWaals energy (EvdW) between two deformed parti-
cles is written as follow:

EvdW ¼ Hr2c
12δ2

þ H
6δ

rhrg
rh þ rg

ð8Þ

2.2. Relative kinetic energy

Relative kinetic energy (EKin) is given by:

EKin ¼ 1
2
m̂v2 ð9Þ

where m̂ stands for the relative mass, which is given by:

m̂ ¼ mhmg

mh þmg
ð10Þ

where mh and mg are the mass of host and guest particles respec-
tively, and v is the relative velocity in Eq. (9). The Resonant
Acoustic® Mixer (LabRAM) system utilizes a simple harmonic mo-
tion, and allows particles collide with each other when particles
are bounced from container walls. Thus, a very rudimentary esti-
mate of the average relative velocity would be:

v ¼ 2 f
Z 1

2 f

0
−ωAsin ωtð Þdt ¼ −4Af ð11Þ

where f is the frequency, which is 60 Hz in the LabRAM system and
ω is angular velocity. A is the amplitude of the vibration, which de-
pends on load and intensity, and can be measured experimentally
using a slow-motion camera. Alternately, the dry coating process
can be computationally simulated using the discrete element
method (DEM), which is highly suited for estimating such quanti-
ties, which may be considered in future investigations.

2.3. Plastic deformation energy

Plastic deformation energy (Ep) is determined by [52]:

Ep ¼ FΔs ¼ F sg þ sh
� � ð12Þ

where sg and sh stand for the indentation depths of guest and host par-
ticles respectively (see Fig. 1), while F is the contact force computed
according to Eq. (5). Also, Eq. (3) may be written as:

S ¼ π r2g− rg−sg
� �2h i

¼ 2πrgsg−πs2g ¼ 2πrhsh−πs2h ð13Þ

If the contact radii of host and guest particles were assumed much
larger than their respective indentation depths (rg ≫ sg and rh ≫ sh),
the contact area of two deformed particles can be calculated as:

S ≈ 2πrgsg ≈ 2πrhsh ð14Þ

Based on Eq. (14), the depth of coarse particle plastic deformation
can be also calculated by:

sh ¼ rg
rh

sg ð15Þ

Based on Eqs. (3) and (14), thedepth offine particle plastic deforma-
tion can be calculated by:

sg ¼ r2c
2rg

ð16Þ

Since rh≫ rg, from Eq. (15), sg≫ sh. Hence, Eq. (12)may also bewrit-
ten as:

Ep ¼ Fsg ¼ Fr2c
2rg

ð17Þ

2.4. Deagglomeration energy

During the dry coating process, the large agglomerates of guest
particles initially attach onto the surface of host particles to form a non-
uniform coating. A uniform coating occurs after repeated collisions be-
tween particles as well as between particles and system components
(vessel walls, etc.). Some guest particles escape from the agglomerates,
leading to deagglomeration [14]. If the relative kinetic energy is larger
than the deagglomeration energy, the guest agglomerates will be
fragmented and individual guest particles will be well distributed on
the surfaces of host particles. Otherwise,fine particleswill remain as ag-
glomerates. The energy needed for deagglomeration is the sum of vdW
energy and plastic deformation. For the sake of simplicity, first order es-
timate can be made by considering interactions between a pair of guest
particles. Consequently, Eq. (8) may be used after replacing the host
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particle size with the guest particle size. The proposed equation for
deagglomerate energy (Ede) is:

Ede ¼
Hr2c
12δ2

þ Hrg
12δ

þ Fr2c
rg

ð18Þ

2.5. Estimation of guest attachment and deagglomeration energies

It is assumed that the total energy for detachment is the sum of vdW
energy, plastic deformation energy and deagglomeration energy. If the
total energy for detachment is larger than the relative kinetic energy,
the guest andhost particleswill stick together. Otherwise, the guest par-
ticles will bounce off of the host particles [1]. Thus, the quality of dry
powder coating can be assessed by using Eqs. 8, 9, 17 and 18. It is also
useful to define the quality index of dry powder coating (Kc), which is
the ratio of total detachment energy to kinetic energy, given below:

Kc ¼ EvdW þ Ep þ Ede
Ekin

ð19Þ
Fig. 2. Scanning electron microscopy images of as-received (a) (b) potassium chloride low m
(e) aluminum silicate and (f) Aerosil R972P.
if Kc N 1, guest particles tend to stick on the host particles; if 0 b Kc b 1,
two particles tend to separate. Also, the quality index of deagglo-
meration (Kd) is defined as below:

Kd ¼ Ede
Ekin

ð20Þ

when Kd N 1, the agglomerates of guest particles tend to form more ag-
glomerations, if 0 b Kd b 1, guest particles tend be get better dispersed.

3. Materials and methods

3.1. Materials

Potassium Chloride (KCl), purchased from SIGMA-ALDRICH (St
Louis, MO), was chosen to represent host particles and was pre-sieved
into two size ranges (125–250 and 250–355 μm). KCl is approximately
spherical in shape, Fig. 2a. cornstarch (a micron-sized polymeric mate-
rial), purchased from ACH Food Companies, Inc. (Memphis, TN), was
agnitude and high magnitude, (c) (d) cornstarch low magnitude and high magnitude,



Table 1
Sieve cuts and corresponding size statistics for KCl, cornstarch, aluminum silicate and Aerosil R972P.

Sieve Cut x10 (μm) x50 (μm) x90 (μm) ρ (kg/m3) Poisson's ratio (−) Young's modulus (GPa) Hamaker constant
(10−20J)

Host particle Potassium chloride
250–355 μm 234.73 329.52 458.94 1980 0.22 29.8 5.5
125–250 μm 157.13 209.39 346.58 1980 0.22 29.8 5.5

Host and Guest particle Cornstarch
As received 6.85 14.91 23.66 1550 0.30 0.04 6.3

Guest particle Aluminum silicate
b25 μm 8.87 18.20 32.17 2350 0.26 112.3 15
Aerosil R972P
As received 0.02 2650 0.17 73.1 6.5

Fig. 3. SEM images of (a) 125–250 μm KCl coated with cornstarch processed at: (b) 10 Gs (c) 30 Gs, (d) 50 Gs, (e) 70 Gs, (f) 90 Gs.

Table 2
Formulations for host and guest particles for the investigation of the effect of material hardness.

Host particle Guest particle Mass of host particle (g) Mass of guest particle (g) Theoretical surface coverage (%)

Potassium chloride
125–250 μm

Cornstarch 12.265 2.735 100

Potassium chloride
125–250 μm

Aluminum silicate 10.618 4.382 100

154 K. Zheng et al. / Powder Technology 366 (2020) 150–163
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used to represent either guest (coarse) or host (fine) particles. Aerosil
R972P is a nano-sized pharma-grade hydrophobic silica from Evonik
(Parsippany, NJ), and was chosen to represent fine (guest) particles.
Aluminum silicate powder with an irregular particle shape, purchased
from SIGMA-ALDRICH (St Louis, MO), was chosen to represent a third
guest particle, whichwas also pre-sieved to narrow the particle size dis-
tribution and reduced D50 of 18 μm. The particle sizes and properties of
materials are provided in Table 1.

3.2. Methods

3.2.1. Dry coating process
In these experiments, the amount of guest materials to be used for

dry coating is selected based on a 100% theoretical surface area cover-
age. Yang et al, [53] suggested the following equation as a theoretical
weight percentage of guest particles for 100% surface area coverage of
host particles:

Gwt% ¼ 4rgρg

4rgρg þ rhρh
� 100% ð21Þ
Fig. 4. SEM images of (a) 125–250 μm KCl coated with aluminum
where rh, rg, ρh and ρg are the particle radii and densities of host and
guest particles respectively. In total, 15 g mixture of host particles (KCl
or cornstarch) and guest particles (cornstarch, aluminum silicate or
Aerosil R972P) were blended in a cylindrical polycarbonate jar with
height of 5.33 cm, inner diameter of 5.72 cm, and total volume of 135
cm3. The dry coating results may be impacted by the tribocharging
properties of the jar material since some of the guest particles may get
attached. However, since the total surface areas of the vessel is much
smaller than that of the host particles, the results are expected to be
not that significantly impacted. Besides, in practical applications, addi-
tional care may be taken to utilize the jar/vessel materials that promote
lesser charging and sticking. The Laboratory Resonant Acoustic Mixer
(LabRAM) (Resodyn Acoustic Mixers, Inc. MT), a high-intensity vertical
vibrational mixer, was used for mixing and coating. The LabRAM has
been proven to be capable of breaking up particulate agglomerates,
and distributing the guest particles on to the surface of host particles
via high shear forces [26]. The vibration intensities were varied from
30 to 90 times the acceleration of gravity (Gs). The vibration frequency
was fixed at 60 Hz, and the processing time was fixed at 5 min, which
are the same as previous literature [26,34]. After coating process, all
silicate at: (b) 10 Gs (c) 30 Gs, (d) 50 Gs, (e) 70 Gs, (f) 90 Gs.



Fig. 5. Performance indices for dry coating (Kc) and de-agglomeration (Kd) for the coating
quality assessment of 125–250 μm KCl coated with cornstarch or aluminum silicate.
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samples were stored at room temperature of 25 C̊ along with the rela-
tive humidity between 25 and 35%.
3.2.2. Helos/Rodos particle sizer
The particle size distributions of materials were evaluated

via Sympatec RODOS/HELOS laser diffraction particle size analyzer
(Sympatec Inc. NJ). 1–2 g of powder samples were fed into dry disper-
sion feeder system, and 0.5 bar dispersion pressure was used to ensure
adequate particle dispersion without chance of particle breakage. The
cumulative particle size distributions were calculated using the Sympa-
tec Windox 5.0 software. Particle size measurements for each sample
were repeated 3 times and average results are used. Further details
can be found in the previous literature [22].
3.2.3. True density
The true (particle) density of the materials was measured with the

Multipycnometer true density analyzer (P/N 02029–1, Quantachrome
Instruments, FL). Measurements were taken using Helium gas for each
sample and the average of 5 density measurements are reported.
3.2.4. Scanning Electron Microscopy
The coating quality of guest particles onto the surface of host parti-

cles was qualitatively examined using JSM-7900F Field Emission Scan-
ning Electron Microscopes (SEM) (JEOL USA, Inc. MA). The beam
energy was varied (1–3 kV) for different samples. Powder samples
were pre-coated with Carbon via a sputter coater (Q150T 16,017, Quo-
rum Technologies Ltd., Laughton, East Sussex, England) to prevent the
Table 3
Material properties used in the model.

Parameter Value Unit

Hamaker constant (H) 1 × 10−19 J
Atomic scale separation (δ) 0.165 nm
Frequency of vibration (f) 60 Hz
Poisson's ratio of guest particle (νg) 0.25 –
Poisson's ratio of host particle (νh) 0.25 –
Young's modulus of host particle (Eh) 50 Gpa
Young's modulus of guest particle (Eg) (section 4.2
and 4.3)

50 Gpa

Density of guest particle (ρg) 2000 Kg/m3

Density of host particle (ρh) 2000 Kg/m3

Amplitude (1 to 100 Gs) (A) 6.9 × 10−3 to 6.9 ×
10−1

cm
accumulation of static electric fields, to improve image contrast and to
enhance conductivity under SEM [25].

4. Results and discussion

In this section, the influence of guest particle stiffness (section 4.1),
guest particle size (section 4.2), and host particle size (section 4.3)
are investigated and the corresponding results are discussed. In each
case, the effect of the processing intensity being a major factor is also
examined.

4.1. Effect of guest particle stiffness

Material properties of particles may have a significant effect on the
coating quality [12,48,53]. Stiffness, represented by Young's modulus
(Elastic modulus), of guest particles can affect coating performances,
even if the materials are processed under the same conditions.
Cornstarch and aluminum silicate were selected as guest parties to in-
vestigate the stiffness effect on the dry coating process. Formulations
of the guest and host particles are listed in Table 2. The corresponding
estimated theoretical surface area coverages of host particles are kept
at 100%, although the guest particles weight percentages are not the
same, which is due to the differences of guest particle sizes.

As shown in Table 1, cornstarch and aluminum silicate have the sim-
ilar particle size distributions, yet have large differences in Young'smod-
ulus. Compared to aluminum silicate, cornstarch is a powder that could
be more easily deformed during collision. Fig. 3 depicts KCl (125–250
μm) coated with cornstarch via LabRAM under the processing
conditions of 10 Gs to 90 Gs. Guest particle numbers and surface area
coverage could be an effectiveway to evaluate dry coating performance.
For comparison, SEM images of as-received KCl are shown in Fig. 2a and
b at low and high magnifications respectively. In Fig. 3, it is clear to see
that the number of cornstarch particles attached to the surface of KCl
decreased with increasing mixing intensity. When mixing intensity
was set at 10 and 30 Gs (Fig. 3b and c), the cornstarch particles are
well dispersed onto the surface of KCl. On the contrary, only a few corn-
starchparticleswere observed on the surface of KClwhen themixing in-
tensity was set to 70 Gs (Fig. 3e) or 90 Gs (Fig. 3f). In addition, although
most of cornstarch particles were distributed on the surface of KCl par-
ticle, some cornstarch agglomerates still could be seen in all cases of the
mixing intensity from 10 to 70 Gs (Fig. 3b, c, d and e). However, the
number of cornstarch agglomerates reduced with increasing intensity,
especially in 90 Gs case (Fig. 3f). Additional SEM and optical microscopy
images and results of quantitative analysis of the surface area coverage
for this case are included in the supplementary materials.

Next, KCl was dry coated with aluminum silicate, a guest particle
which has similar particle size as cornstarch, but much higher Young's
Modulus. As shown in Fig. 4, after mixing KCl (125–250 μm) and alumi-
num silicate at themixing intensities of 10 to 90 Gs for 5min, only small
amounts of aluminum silicate particles were observed on the surface of
KCl at 10 and 30 Gs (Fig. 4b and c), but as the intensity increases, there
hardly any particles; i.e., just a few at 50 Gs (Fig. 4e). These results show
that aluminum silicate is not a good guest particle to use for dry coating
process as compared to cornstarch, and indicates higher guest material
stiffness results in poor coating quality in this situation. Additionally,
coating performance worsens with increasing mixing intensity, which
was also the case for cornstarch. Interestingly, aluminum silicate ag-
glomerates were not observed in any of the SEM images in Fig. 4.
With regards to the effect of process intensity, in both cases, the coating
performance deteriorated with increasing mixing intensity. This means
that higher intensity does not always provide better coating quality, es-
pecially for larger guest particle sizes. In contrast, agglomeration ten-
dency reduced with the increasing intensity and stiffness. Additional
SEM and optical microscopy images and results of quantitatively analy-
sis of the surface area coverage for this case are included in the supple-
mentary materials.



Fig. 6.Material stiffness effect on interparticle energies when processed at 50 Gs.

Table 4
Formulations of host and guest particles for the investigation of the effect of guest particle
size.

Host particle Guest
particle

Mass of host
particle (g)

Mass of guest
particle (g)

Theoretical
surface coverage
(%)

Potassiumchloride
125–250 μm

Aluminum
silicate

10.618 4.382 100

Potassium
chloride

125–250 μm

Aerosil
R972P

14.992 0.008 100
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The above experimental results may be explained using the stick/
bounce model. First, quality indices for dry coating (Kc) and deagglom-
eration (Kd) were calculated as a function of vibration intensity for KCl
(125–250 μm) coated with either cornstarch or aluminum silicate,
shown in Fig. 5. All the parameters in the model, which are listed in
Tables 1 and 3, were either obtained from the material manufacturer
or the previous studies [5,28,43,46]. It is noted that one could obtain
more accurate estimates for some of these but for the purpose of illus-
trating themajor trends, the values used are adequate. Using these char-
acteristic parameters and the energy-based stick/bouncemodel, the dry
powder coating index Kc as calculated using vdW, plastic deformation,
deagglomeration and relative kinetic energies according to Eq. (19).
The deagglomeration index Kd was calculated using deagglomeration
Fig. 7. SEM images of 125–250 μm KCl coated with Aerosil R97
and relative kinetic energies according to Eq. (20). Kc decreasedwith in-
creasing intensity using either guest material, indicating that guest par-
ticles tend to bounce off of the host particles at high processing
intensity. In addition, Kc ≥ 1 occurs for the intensities below 16 Gs and
3 Gs for cornstarch and aluminum silicate respectively. This indicates
good coating performances would be reached when using processing
intensities below these values, for the respective guest materials, al-
though it is possible that such low intensities may not provide adequate
mixing action between the host and guest materials. Lower Kc values
indicate poorer coating performances. The coating performances ob-
served in Figs. 3 and 4 are in line with model estimations in Fig. 5.
When KCl was coated with cornstarch particles, the best coating perfor-
mance was attained when processed at 10 Gs. However, KCl particles
were not well coated at 70 Gs and 90 Gs, since these intensities are
much higher than the 16 Gs threshold. Although aluminum silicate
was not well coated on KCl particles, even at the lowest processing con-
dition, such a result should be expected since themaximum intensity to
attain Kc ≥ 1 is 3 Gs. To assess guest particle agglomeration tendency, Kd

values were computed and found to be less than 1 (indicating adequate
deagglomeration of guest particles) above 6 Gs and 1 Gs for cornstarch
and aluminum silicate respectively, shown in Fig. 5. The lower Kd value
2 processed at: (a) 30 Gs, (b) 50 Gs, (c) 70 Gs, (d) 90 Gs.
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means thebetter deagglomeration performance. From the experimental
observations, only small amounts of guest agglomerations were
observed especially for high intensities cases. These simulated results
using the proposed model corroborate the experimental observations,
validating the use of stick/bounce model for estimating the coating
performance.

Next, the stick/bounce model was used to evaluate the effect of
guest particle stiffness (Young's modulus) on dry coating perfor-
mance. The simulated results are plotted in Fig. 6 for the Young's
modulus of guest particles ranging from 0.001 to 100 GPa. In this fig-
ure, the radius of guest and host particles was fixed at 5 μm and 100
μm respectively, which generally mimic the particle sizes of corn-
starch, aluminum silicate and KCl. The mixing intensity was fixed
at 50 Gs, and the other parameters used in the model (Hamaker con-
stant, atomic scale separation, etc.) are listed in Table 3. Fig. 6 shows
that the total detachment energy decreased with increasing Young's
modulus, indicating that the guest particles have an increasing ten-
dency to bounce off the host particles as they become harder. It is
noted that the relative kinetic energy stayed constant as expected
because as per Eq. (9) kinetic energy is independent of Young'smod-
ulus. When the Young's modulus value is 0.02 Gpa, the total detach-
ment energy equals to relative kinetic energy. This indicates that it is
recommended to use guest particles with Young's Modulus below
0.02 GPa in order to attain adequate coating quality when processed
at 50 Gs. That is corroborated by the experimental results where the
coating quality of cornstarch was better than that of aluminum sili-
cate when processed under 50 Gs, since the Young'sModulus of corn-
starch is much closer to 0.02 GPa. As shown, the vdW energy and the
deagglomeration energy both decrease with increasing stiffness.
This is due to the fact that higher Young's modulus leads to smaller
indentation depths, as well as contact areas. In other words, more
ductile guest particles will have larger indentation depths, and
more energy is needed to separate particles. In general, harder
guest particles require less energy to bounce off from each other, in-
dicating a lower Young's modulus is favorable for the coating and
providing better coating performances, unless the host particle has
a very low stiffness. On the contrary, a higher Young's modulus of
the guest particles is favorable for deagglomeration, which is ob-
served in the experimental results. The interesting finding is that
the plastic deformation energy remained relatively constant. This
can be attributed to the fact that increased Young's modulus, based
on Eqs. 5 and 6, increases the collision force, decreases the collision
time, and also decreases the indentation depth at the same time.
These changes cancel out, resulting in relatively net zero change in
plastic deformation energy.
Fig. 8. Performance indices for dry coating (Kc) and de-agglomeration (Kd) for the coating
quality assessment of 125–250 μm KCl coated with aluminum silicate or Aerosil R972.
4.2. Effect of guest particle size

The dry powder coating experiments were carried out with KCl
(125–250 μm) as host particles and either aluminum silicate or Aerosil
R972P as guest particles, at 30 to 90 Gs mixing intensity. The material
properties of host and guest particles are listed in Table 1. Both alumi-
num silicate and Aerosil R972P have high stiffness, but two orders of
magnitude difference in their particle size, making it possible to investi-
gate the effect of guest particle size on dry particle coating. Theoretical
weight percentage of guest particles to attain 100% surface area coverage
of host particles (KCl)was used and these values are displayed in Table 3.

The SEM images of KCl (125–250 μm) coated with either aluminum
silicate or Aerosil R972P are shown in Figs. 4 and 7 respectively. Formu-
lations of the guest and host particles are listed in Table 4. In Fig. 4, as
discussed in the previous section, SEM images display general poor
coating quality with aluminum silicate, which gets worse with increas-
ing processing intensity. On the other hand, Aerosil R972P nano-silica
particles easily attach to KCl particles as seen in Fig. 7, at processing con-
ditions from 30 Gs to 90 Gs. However, the SEM images in Fig. 7 also
show that KCl surfaces are not fully covered and Aerosil R972P agglom-
erates can be observed. Results of optical microscopy images and
quantitative analysis of the surface area coverage for this case are
included in the supplementary materials. Also, increasing processing
intensity appears to have no detrimental effect on coating quality in
the Aerosil R972P cases.

These results may be explained using the model. First, the dry coat-
ing (Kc) and deagglomeration (Kd) quality estimations are plotted in Fig.
8 as a function of vibration intensity for KCl (125–250 μm) coated with
either aluminum silicate or Aerosil R972P. Kc ≥ 1 indicates guest parti-
cles tend to stick to host particle surfaces, while Kc b 1 indicates that
guest particles will tend to bounce off the surface of host particles
upon a collision event. For KCl coated with Aerosil R972P, it can be ob-
served that Kc ≥ 1 for all mixing intensities, indicating that Aerosil
R972P nano-silica would stick onto the surface of KCl host particles at
these intensities. On the other hand, as mentioned in the previous sec-
tion, the coating performance of aluminum silicate was not good
when processed using 30 Gs to 90 Gs. In terms of guest agglomeration,
Kd decreased with increasing mixing intensity in both cases, indicating
improved deagglomeration with increasing mixing intensity. However,
even at 90 Gs, Kd is still much larger than 1 for Aerosil R972P, implying
that guest particle agglomeration is expected even at high vibration in-
tensities. In summary, the stick/bounce model predicts that guest
Aerosil R972P particles would stick on the host KCl particles, and that
some agglomeration of guest particles would be expected, regardless
of which vibration intensity is used. Thesemodel-based predictions cor-
roborate and explain the experimental results shown in Fig. 7.
Fig. 9. Guest particle size effect on interparticle energies when processed at 50 Gs.



Table 5
Formulations of host and guest particles for the investigation of the effect of host particle
size.

Host
particle

Guest
Particle

Mass of host
particle (g)

Mass of guest
particle (g)

Theoretical surface
coverage (%)

Potassium
chloride

250–355
μm

Cornstarch 13.139 1.861 100

Potassium
chloride

125–250
μm

Cornstarch 12.265 2.735 100

Potassium
chloride

125–250
μm

Aerosil
R972P

14.992 0.008 100

Cornstarch Aerosil
R972P

14.864 0.136 100

Fig. 10. SEM images of (a) 250–355 μm KCl coated with cornsta
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Next, simulated results using the model for the fixed radius of
host particles (100 μm) and mixing intensity of 50 Gs are shown in
Fig. 9, where the guest particles size ranged from 0.01 μm to 20 μm,
which covers the size of KCl, Aerosil R972P and aluminum silicate.
The characteristic parameters used are summarized in Table 3. The re-
sults shows that as the guest particle size increases, the total detach-
ment energy (Etot) is higher than the relative kinetic energy (Ekin)
when the guest particle size is less than 0.5 μm, indicating that guest
particles below 0.5 μm would stick onto the surface of host particles.
On the other hand, guest particles larger than 0.5 μm would tend to
bounce off of the host particles. As the guest particle size increases,
the relative kinetic energy (Ekin) increases much faster than the other
energies, which indicates Ekin is more sensitive to guest particle size.
Further, Ekin is lower than the deagglomeration energy (Ede) for guest
particles below 0.25 μm, implying those guest particles tend to form ag-
glomerates. In addition, Etot, as well as all other energies increase with
increasing guest particle size. Larger sized guest particles lead to higher
collision forces, resulting in larger deformation/contact area of particles.
Eqs. 7 and 17 indicates that larger deformation means higher vdW en-
ergy (EvdW) as well as plastic deformation energy (Ep). An interesting
rch at: (b) 10 Gs (c) 30 Gs, (d) 50 Gs, (e) 70 Gs, (f) 90 Gs.



Fig. 12. Performance indices for dry coating (Kc) and de-agglomeration (Kd) for the coating
quality assessment.
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phenomenon is that the total detachment energy (Etot) is dominated by
vdW energy for smaller guest particle sizes (less than ~1.4 μm), while it
is dominated by the deagglomeration energy for larger guest particle
sizes (larger than 1.4 μm). This indicates that the deagglomeration
step consumes the most energy when the guest particles are in the mi-
cron size range (1 μmor larger). This phenomenonwas also observed by
others [16,41]. In summary, the nano and sub-micron sized guest parti-
cles (less than 1 μm) would lead to higher tendency for guest particle
agglomeration, while larger micro-sized guest particle size would lead
to the separation of host and guest particles during the dry powder coat-
ing process. In other words, using relatively higher processing intensi-
ties and/or larger guest particle sizes may lead to poor dry powder
coating when using micro-sized guest particles.

4.3. Effect of host particle size

Here, two sizes of KCl (125–250 μm and 250–355 μm) and corn-
starch were used to investigate the host particle size effect on dry coat-
ing performance. Both micro-sized (cornstarch) and nano-sized
(Aerosil R972P) guest particles were considered. KCl (125–250 μm)
and KCl (250–355 μm) were coated with micro-sized cornstarch at
mixing intensities from 10 Gs to 90 Gs. In addition, KCl (125–250 μm)
and cornstarch were coated with nano-sized Aerosil R972P processed
from 30 Gs to 90 Gs. The properties and conditions are shown in
Table 5. Coating performances of KCl (250–355 μm) coated with corn-
starch are shown in Fig. 10. Compared with Fig. 3, the surface area cov-
erages of KCl coated with cornstarch deteriorated with increasing
mixing intensity in both cases, demonstrating a similar trend of coating
quality. In addition, most cornstarch particles were well distributed on
the surface of KCl particles, only small agglomerates were observed
from SEM images in both cases. For the cases where KCl (125–250
μm) or cornstarchwere coated with Aerosil R972P, the coating qualities
are shown in Figs. 7 and 11 respectively. Similar observations were
found as well in both cases. Aerosil R972P attaches to the host particles
Fig. 11. SEM images of cornstarch coated with Aerosil R972
of KCl at all processing conditions, although the guest particles did also
form agglomerates. The comparisons between all cases demonstrate
that the host particle size ranges considered here had a minor effect
on the coating quality.
processed at: (a) 30 Gs, (b) 50 Gs, (c) 70 Gs, (d) 90 Gs.
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These results may be explained using the model to estimate the
dry coating (Kc) and deagglomeration (Kd) quality indices and shown
in Fig. 12. Kc and Kd decreased with the increasing intensity in all four
cases. The values of Kc and Kd, in cases of KCl (125–250 μm) and KCl
(250–355 μm) coated with micro-sized cornstarch, nearly overlapped
with each other and only minor differences could be seen. In both
cases, Kc ≥ 1 when mixing intensity is 16 Gs or lower, indicating corn-
starch particles tend to stick on the surface of KCl when processed
below 16 Gs. It is also observed that guest agglomerates tend to be bro-
ken up if 6 Gs or larger intensity is used, since Kd ≥ 1 in these cases, as
validated from SEM images of Figs. 3 and 10. However, lesser agglomer-
ation by itself is not useful if the guest particles tend to bounce off.
Therefore, the best coating occurs at intensities under 10 Gs. In addition,
Kc and Kd values overlapped when KCl (125–250 μm) and cornstarch
were coated with Aerosil R972P, due to the high Kc and Kd values
(much higher than 1) in both cases, the particles of nano-sized silica ag-
glomerateswerewell dispersed onto the different sized host particles as
seen in Figs. 7 and 11. Such trends were also observed in previous stud-
ies [12,25]. Overall, the model-based results agree with the experimen-
tal data, validating the stick/bounce model.

The stick/bounce model was also used to evaluate the effect of host
particle sizes, ranging from 10 μm to 1000 μm on dry coating perfor-
mance. Two guest particle sizes, 0.02 μm and 10 μm, are considered to
mimic the size of KCl, Aerosil R972P and aluminum silicate, while
mixing intensity is fixed at 50 Gs and Table 3 shows other properties
and conditions. The model-based results are plotted in Fig. 13, which
shows that when using 0.02 μm guest particle size, only very minimal
Fig. 13. Host particle size effect on interparticle energies when processed at 50 Gs with
guest particle size of 0.02 μm (top) and 10 μm (bottom).
change in all types of energies could be observed. Thus, the host particle
size has minor effect on the performance of dry coating, particularly
when the host particle size is orders of magnitude larger than the
guest particle size. This is evident from Eq. (10) for the effective mass
of a pair of host-guest particles, which becomes mainly a function
of the guest particle mass. That could explain why nano-sized silica
has been successfully used in diverse examples of dry coating
[10,12,20,25,31,34,53]. On the other hand, if the guest particle size and
host particle size are in the similar range, i.e., guest particle size is less
than or about one order of magnitude of host particle size, total detach-
ment energy, relative kinetic energy, vdW energy as well as plastic de-
formation energy all increase with increasing host particle size,
especially relative kinetic energy. In summary, for particles coated
with micro-sized guest particles, the success of dry coating is not guar-
anteed, and the proposed stick/bouncemodel could be utilized to select
proper coating materials as well as processing conditions.
5. Conclusion

The effect of material stiffness and guest/host particle sizes along
with mixing intensity on dry powder coating effectiveness was in-
vestigated. In terms of the stiffness, cornstarch as soft guest particles
were well distributed and coated on the host particles of KCl (125–
250 μm) at 30 Gs, with only few guest cornstarch agglomerates ob-
served when the processing intensity varied from 30 Gs to 90 Gs.
On the other hand, micro-sized aluminum silicate as harder guest
particles tended to bounce off of host KCl particles, even at low pro-
cessing intensity. In terms of the effect of guest particle size, nano-
silica tended to attach onto the surface of host particles in all cases,
achieving good dry coating quality, although the guest particles
formed some agglomerates. The host particle size was found to
have no significant effect on the coating quality when it is orders of
magnitude larger than that of guest particles. For both types of
micro-sized guest particles, increasing processing intensity led to
guest particles bouncing off of host particles, indicating poor coating
performance. On the contrary, higher mixing intensity may help de-
crease the agglomeration of micro-sized guest particles and could
result in better coating quality. Such contradictory trends suggest
that the best processing intensity would have an optimum range,
and for example, in case of cornstarch coated with KCl (125–250
μm) it would be in the range 6 Gs to 15 Gs. When the guest particles
are nano-sized, the impact of mixing intensity is lesser in terms of
their attachment to host particles, which is in line with numerous
previous experimental investigations involving nano-sized guest
particles. The energy-based stick/bounce model was proposed to
explain such experimental behavior and provides predictive ability
for the design of coating system and processes. The model results
corroborated the experimental results for dry coating of KCl with
cornstarch, aluminum silicate and Aerosil R972 particles, which
also validate the model. The coating index Kc was found to be a key
model parameter which could be used to identify the dominant
interaction energy between particles. When Kc N1, good adhesive
mixing is likely, while Kcb1 indicated poor adhesive mixing. The
larger the Kc value, the better the coating performances, assuming
that the processing time is long enough. In addition, the deaggl-
omeration index Kd was another key model parameter which could
be used to judge the deagglomeration tendency of guest particles,
where 0 b Kd b 1 indicated good deagglomeration. Overall, it was
found that the coating effectiveness is strongly correlated to
the mixing intensity in conjunction with the material stiffness and
guest particle size. The proposed energy-based stick/bounce model
matched these trends well and could be used in the predication
of dry coating performance, which could help better design
the dry coating process and determining when not to use high
mixing intensities.
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Notation
Eg Young's modulus of guest particle
Eh Young's modulus of host particle
F contact force
H Hamaker constant
m̂ relative mass
mh mass of host particle
mg mass of guest particles
rc contact radius
rg radius of guest particle
rh radius of host particle
S contact area
t collision time
v is the relative velocity

Greek letters
δ atomic scale separation
νg Poisson's ratio of guest particle
νh Poisson's ratio of host particle
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