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ABSTRACT

Many industrial processes involve powders in some form when making products, and the behavior
of the powders processed is impacted by the adhesion of the individual particles which comprise
it. This adhesion behavior, in turn, is critically influenced by the complementarity between the
topography of a surface and the shape and roughness of the particles that adhere to that surface.
Problems such as poor flowability, dust hazards, and equipment wear arise due to uncontrolled
particle adhesion and can lead to production challenges. Computational models have been
developed to predict the behavior of highly idealized powders (i.e., powders comprised of simple
geometries such as spheres) under various processes but are limited in their ability to model and
optimize the manufacturing and handling of powders comprised of many complex particles. This
work focuses on further developing an experimental and modeling framework, called the
Enhanced Centrifuge Method (ECM), that maps particle-scale and surface properties onto
experimentally-validated ‘effective’ adhesion distributions that describe the adhesion between
particles in powders. These distributions represent an engineering approach that allows powders
comprised of particles of complex shape and roughness, which are challenging to model, to be
described as if they were perfect, smooth spheres, which are comparatively simple to model. The
complexity associated with the shape and size distributions of the individual particles is captured
by the ‘effective’ adhesion parameters. These ‘effective’ adhesion parameter distributions provide
a quantitative guide as to how the specific particle properties are interacting with the surface
topography which directly impacts the overall powder adhesion. The initial framework of the ECM
is constructed around characterizingthe van der Waals adhesion of silicaand polystyrene powders.
The impactof the surface topographyand the particle properties of eachof the powders is captured
in ‘effective’ Hamaker constant distributions. These distributions provide a quantitative guide for
specifically how the particles interact with the surface topography based on the respective scales
of the particle and surface features. The ECM framework is further adapted here to investigate the
effects of topographical changes of stainless steel due to polishing on the adhesion properties of
three different pharmaceutical powders to the stainless steel. In this adaptation of the ECM
framework, the force of adhesion was described by modifying the Johnson, Kendall, and Roberts

(JKR) model describing elastic-like particle contact to a flat plate. Within the modified JKR
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adhesion description, the work of adhesionistuned to be an ‘effective’ work of adhesion parameter.
These size-dependent ‘effective’ work of adhesion distributions provide a quantifiable measure of
the change in the powder and surface adhesion that reflects the size, shape, and topographical
features on the powder and surface with which the powder interacts. To investigate environmental
effects on the adhesion properties, the ECM framework is also extended to characterize the effect
humidity has on altering surface and particle interactions of the three pharmaceutical powders to
stainless steel. In addition to the work with the pharmaceutical powders, the investigation of the
effect of humidity on the powder’s adhesion includes a study of the influence of water on the
interactions between silica particles and a silica substrate. In all cases, the ‘effective’ adhesion
force distributions developed through the ECM provide the ability to quickly determine
quantitatively how environmental and process conditions alter particle and surface properties, and

overall powder behavior.
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1. INTRODUCTION

A multitude of industries - with examples being food, pharmaceutical and defense - process and
handle powder at some point or another when making their products[1-7]. Examples of industrial
processesthatinvolve powdersinclude milling, blending, spreading, and compaction [5,8-10]. The
behavior of the powders under these industrial processes is impacted by the adhesion of the
individual particles which comprise a powder[11]. The adhesion force is the force necessary to
separate two surfaces in contactand arises due to van der Waals (vdW), capillary, and electrostatic
forces present on between the surfaces[12-14].

Problems such as caking, poor flowability, dust hazards, segregation, equipment wear, and
“picking and sticking” arise due to uncontrolled particle adhesion[11,15,16] and can lead to a stop
in production and a loss of profit. To prevent such problems and optimize powder processes, the
effect of the particles’ characteristics along with the properties of the equipment surfaces towards
the adhesion behavior of the powder needs to be well understood. Contact separation distance,
chemical composition, particle size, particle shape and surface roughness all affect the interaction
between the two materials[17—19]. Itis specifically important to characterize surface roughness
and particle shape because these properties vary the contact area between a particle and the
interacting surface which ultimately affects the degree of adhesion[20-22]. Therefore,
mathematical and computational models have been developed to understand and quantify these
effects on the adhesion system[23-29].

A limitation of these computational methods lies in their inability to accurately describe
the adhesion across a large number of unique particles. Oftentimes, computational models use
highly idealized powders (i.e., powderscomprised of simple geometriessuch as spheres) to predict
powder behavior under various processes thereby limiting the ability to model and optimize the
manufacturing and handling of powders comprised of many complex particles[9,30,31]. Recently,
the enhanced centrifuge method (ECM) was developed to describe the vdW adhesion of a
population of particles, each with their own surface topography and shape, against a surface[32].
The ECM captures the effects of particle shape, particle size, particle surface topography, and
substrate surface roughness on the adhesion system through ‘effective’ Hamaker constant
distributions[32].
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The objective of the presented research was to further investigate and decouple the effect
of the particle properties and surface properties on different adhesion systems using the ECM. To
begin to decouple the effect of the particles’ properties from the surface properties on the vdwW
adhesion, the adhesionof apowder comprised of polystyrene particles was measured againstsilica
with systematically altered surface topography. By studying the powder against silica with
increasing amounts of surface topography, the effect of changing the surface topography on the
adhesion is quantified through the ‘effective’ Hamaker constants. Root mean square (RMS)
roughness is a commonly used parameter to quantify the effect of the surface roughness on the
adhesion [33-35]; however, the ‘effective’ Hamaker constant distributions illuminated instead the
adhesion behavior is impacted by the interaction between the specific surface topography features
and the particles based on their relative sizes and shapes in comparison to each other. A secondary
computational investigation further exploredthe effect of the surface and particle properties on the
vdW force by superimposing sinusoidal roughness on particles and creating substrates with
indented surfaces in silico. This investigation further revealed that the interaction between the
surface topography features (the indentations) and the particle properties based on their
comparative scales directly impacts the adhesion. This computational study also further validated
that the ‘effective’ Hamaker constants quantify the effect of the particle properties on the vdW
adhesion.

The ECM was then adapted to investigate the effect of the surface and particle properties
on a powder’s adhesion when the powder is comprised of elastic-like particles. Specifically, the
ECM was modified to tune the Johnson Kendall Roberts (JKR) adhesion model which describes
the adhesion betweenan elastic sphereand flat plate. Through this adap tation, the work of adhesion
within the JKR model is tuned into an ‘effective’ work of adhesion parameter to capture the effect
of the individual particle properties and surface topography on the adhesion. The adhesion between
stainless steel that was polished in three different manners and three pharmaceutical powders of
interest: lactose monohydrate, ABT 089 and Hypromellose was measured. The ECM was then
utilized to output the ‘effective’ work of adhesion distributions which describe the effect the
polishing had on the stainless steel topography and the resultant particle interactions with the
surface. These distributions, like the ‘effective’ Hamaker distributions outputted in the vdW
adhesion investigations, further revealed the impact of the relation of the particle scale features to

the surface topography on the overall adhesion.
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While performing these studies, the ambient condition of relative humidity proved to have
an impact on the adhesion if not adequately understood and controlled. To further investigate how
relative humidity impacts the particle and surface property interactions, two studies were
performed. The first investigated the pharmaceutical powders’ adhesion to stainless steel in two
humidity ranges (10-25% and 30-40%). The ‘effective’ work of adhesion distributions showed the
particle properties interact similarly with the stainless steel in similar manners, but to different
degrees of impact depending on the humidity range. The second study investigated the change in
the interaction between a powder comprised of silica particles and a silica surface across five
different humidity ranges (10-25%, 30-40%, 40-50%, 50-60%, and 60-70%). In the case of this
secondary humidity study, the parameter outputted by the ECM was generalized to an ‘effective’
force of adhesion parameter as the varying humidity conditions altered the controlling adhesion
force. The ‘effective’ forceof adhesiondistributions illuminated howwater condensedand layered
on a surface due to the specific humidity range. Through this investigation, it was found that
layering of the water directly impacted how the particle properties interacted with the surface
topography.

These studies demonstrated the ECM is a technique adaptable to study powder adhesion
across varying powder and environmental conditions. Furthermore, this work illustrated the value
of the ECM framework and the outputted ‘effective’ force distributions is the ability to quickly
determine in qualitative manner how environmental and process conditions alter particle and

surface interactions, and overall powder behavior.
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2. LITERATUREREVIEW

2.1 Particle adhesion

vdW forces, capillary forces, and electrostatic forces are all surface interactions which prompt
adhesion[12-14]. Ultimately, the vdW forcearises due to spontaneous electrodynamic fluctuations
and subsequent induced dipole interactions[36]. Capillary forces ensue due to the condensation of
water around surface contact sites[33] and electrostatic forces arise due to the interaction of
particles on charged surfaces[36]. In situations of high condensed moisture, the capillary force
dominates over the electrostatic and the vdW force[14,37,38].

A number of experimental techniques have been developed to characterize these adhesion
forces including atomic force microscopy (AFM), electric field detachment, the centrifuge
technique, the aerodynamic technique and the mechanical surface energy tester [39-41]. A simple
yet relatively robust way to measure the average adhesion force of a group of particlesis through
the centrifuge method[32,40]. The centrifuge method involves depositing a small amount of
powder onto a substrate and mounting the substrate into a specially designed centrifuge tube such
that the substrate’s surface is parallel to the axis of rotation of the centrifuge with the particles
facing outward. The centrifuge is then rotated at a specified rotational speed. A particle detaches
from the surface when the inertial force imparted by the motion of the centrifuge has overcome
the adhesion force of the particle. By measuring the particles that remain on the surface as a
function of the rotational speed of the centrifuge, the average adhesion force of the powder can be
obtained.

The study of vdW forces is of particular interest because they are always presentin a
system[12,13]. The Lifshitz approach is a rigorous model used to determine the vdW force;
however, this approach is difficult to validate as a complex knowledge of the opto-electric
properties of each material is needed[42]. A more approximate method for determining the vdwW
force was developed by Hamaker in which the adhesion is calculated by pairwise additivity of the
molecular interactions over the two interacting media[43]. The Derjaguin approximation is a
simple model which describes the vdW interaction between a perfectly spherical rigid particle and
a flat substrate surface[17]. The vdW force, F4 derived from the Derjaguin approximation is

described by:
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Fyaw (D) = eDZ 2.1

where A is the Hamaker constant, R is the sphere’s radius, and D is the separation between the
sphere and the flat plate. The vdW interaction between a particle and a substrate is quantified
through the Hamaker constant.

For particleselastic in nature, the Johnson, Kendall, and Roberts (JKR) [44], the Derjaguin,
Muller and Toporov (DMT)[45] and the Maguis-Pollock [46] are model approximations used to
describe the elastic deformation towards the particle adhesion. The JKR model specifically is used
to characterize the deformation for soft elastic-like particles with large radii and high surface
energies [45], while the DMT characterizes the deformation for stiffer particles with small radii.

The pull off force, Fpo, for each of these models is characterized by Eq. 2.2 below:

Fpo = anRT 2.2

where a is 3/2 for the JKR model and 2 for the DMT model, R is the radius of the sphere and I" is
the work of adhesion. The Marguis-Pollock model incorporates plastic deformation into the
contact mechanics of the elastic sphere to a surface[47]. Conditions such as high humidity may
cause a particle to become more plastic in nature due to hydration swelling [48].

Higher humidity conditions also lead to the formation of condensation on surfaces which
then can lead to capillary adhesion. Generally, the capillary adhesion has been observed to be the
dominantforce athumidity conditions above~50%][38,49,50]. Capillary adhesion arises due to the
formation of liquid meniscii between particles and surfaces[17]. The capillary adhesion between a

spherical particle and a flat substrate is represented by:

Fp= AP XS 2.3

where AP is the Laplace pressure and S is the wetted area of the substrate in contact with the

meniscus[17]. The Laplace pressure is represented by the following equation:

1 1
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where y; isthe surface tension, and r; and rp are the principal radii of curvatureof the liquid bridge.

It is important to note that as r, becomes>>than r, the riterm can be neglected and AP becomes:
2

1
AP =y, <E) 2.5

The wetted area is represented by the following:

S = 2nyRpri(cosB; + cosb,) 2.6

with Rp being the particle radius, and 6, and 6, being the contact angles of (1) the liquid with the
particle and (2) with the surface.

The expanded equations for the wetted surface and Laplace pressure together give a
capillary adhesion force expression of:

F., = 2myRp(cos0; + cos6,) 27

The wetted surface areaand the capillary adhesion force will be impacted by the particle properties
(size, shape, topography) and the surface topography of the interacting surface[51]. These
properties not only affect capillary adhesion, but also affect the vdW and elastic particle adhesion

models discussed earlier in this chapter.

2.2 Methods used to characterize particle and surface properties effects towards adhesion

In addition to the chemical composition of the particle and the surface, the physical
properties of the particle and the substrate are known to affect the adhesion of the particle to the
substrate surface including particle geometry, size, topography, and substrate surface
roughness[17-19]. Ultimately, the surface roughness on both the substrate and the particle, along
with particle shape and size, affect the adhesion by varying the contact distance between a particle
and a substrate[20-22].

Dueto the effectof the surface roughnesstowards adhesion, itisimportantto quantitatively
and qualitatively characterize the surface roughness on a substrate and particle. Profiling is used

to quantitively assess surface roughness, while microscopy techniques provide more of a
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qualitative characterization of a surface[52]. Scanning electron microscopy (SEM) and field
emission scanning electron microscopy (FESEM) provide qualitative descriptions of the substrate
and particle surfaces along with a description of the particle’s shape as they show the contrast on
a surface due to the surface’s height features[29,53]. Profiling instruments provide the following
quantitative information: the roughness average, R,, and root mean square (rms) roughness, Ry
The RMS roughness, R, is described by Eq. 2.8, where n is the number of points tracked along a
surface and y; is the difference between the corresponding height value and the mean height value
of the data set[54].

2.8

Ultimately, the Ry and Ry are both descriptions of the average height and depth of the roughness
peaksonasurface, butthe Ry characterizes the standard deviation of the points tracked on a surface
from the center line to help describe the variability of the peaks in a surface profile [54]. It is
important to note that while two surfaces may have the same Ry, they could have different shape
profiles (i.e., a surface comprised of triangle peaks compared to a surface comprised of
hemispherical peaks). Atomic force microscopy and profilometry are experimental technigques
used to scan a surface of interest and output this quantitative information[29,53]. Although
information about the surface roughness can be gained by these techniques, itis often very time
consuming to obtain; consequently, models have been created to describe surface roughness and
predict how particle adhesion is affected by surface roughness effects.

One technique to simulate surface roughness is to add hemispherical asperities on to a
surface and particle[23-27]. Generally, hemispheres are used to simulate surface roughness
compared to more complexgeometries because itis easier to mathematically describethe adhesion
of a sphere[25]. The Rumpf-Rabinovich model tuned a single hemispherical asperity to capture
the effects of the surface features towards the vdW adhesion[22,55]. Similar asperity approaches
were taken by Perni and Prokopovich to predict the effect of surface roughness on elastic particle
adhesion[56,57]. Eichenlaub et. al compared three surface roughness description models: a
hemisphere model, a Fast Fourier Transform (FFT) algorithm of a surface scan decomposed into

nanoscale cylinders, and a fractal method used to predict particle adhesion[26]. Ultimately, this
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study found the FFT model to be more accurate in describing particle adhesion[26]. A particle
adhesion model developed by Jaiswal et al. used the same FFT algorithm to describe surface
roughnessand the surface descriptions of the particle and substrate were discretized into nanoscale
cylinders[29]. The average adhesion force between the particle and surface was measured by the
summation of the adhesion forcesacross the nanoscalecylinders. The particle adhesion model then
computed the adhesion force between the nanoscale cylinders and summed all these individual
adhesion forces into one overall force that describes the average adhesion of a particle to a
surface[29]. Considering capillary adhesion, Ata et. al. defined two geographical configurations
(relation of surface peak to meniscus size) that captured the effect of the surface roughness towards
liquid bridge formation[51]. Similar to the vdW application, Rabinovichet. al. created an effective
asperity parameter to capture the effect of surface roughness on capillaryadhesion[58]. Ultimately,
all these methods provide an estimate of how an individual particle should adhere to a surface;
however, they are computationally exhaustive to use to describe a large number of particles.

In actuality, a powder is comprised of thousands of particles-each with their own shape,
size, and surface roughness; consequently, it can be difficult to model such particle variations
across a powder. Discrete element method (DEM) modelling describes the movement and contact
mechanics of a group of particles[5]. The most common particle shape used in DEM simulations
Is a sphere because the contact mechanics of a sphere is relatively simple to model[28,59]..
However, a powder may not actually be comprised of spherical particles; consequently, DEM
models have moved towards describing complex particle shapes and surface topographies by
computationally adhering spheres together (referred to as the glued sphere method)[5,28,60,61].
By creating these particle shapes from the same mathematical description used for spherical
particles, the simple contact mechanics of spheres can be used for these non-spherical particles.
Although non-spherical shapes can be created through the glued-spheres method, a study showed
the mechanical behavior of a particle is influenced by the number of particles used to create the
non-spherical particle shape[60]. Consequently, the particle mechanics of a glued-sphere particle
may not represent the mechanics of the actual particle. An additional downfall to the glued sphere
method is the computational time needed to determine the contact behavior increases for sphere
clusters (i.e., glued-sphere particles)[5,60]. Superquadrics is a method similar to the glued sphere
method in that the geometrical description of the particle is simple, but the superquadrics method

allows the ability to create particle shapes with more angularity than the particle shapes created
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through the glued sphere method[5]. Computer-aided design (CAD) packages have also been
developed to create complex particle shapes[30,59]. Graphical processing units (GPUs) are then
used to determine the contact points between the particles shaped through CAD in a relatively
efficient manner[30,59]. It is easier for the GPU to process the contact points between particles
because of the basic algebra used to describe the contact between surfaces[30]. Ultimately, this
method is similar to the glued sphere method in that it breaks down a complex shape into small,
simple components.

Although, the glued-sphere technique and other methods existto simulate different particle
shapes and surface roughness variability, DEM models still face the challenge of modelling more
thanahandful of particle shapesatatime. Currently, only aboutfive to ten different particle shapes
can be incorporated into a DEM model[8,28]; this means that only a small fraction of the particles
in a powder are represented in a DEM simulation. Another challenge faced is accounting for the
entire size distribution of a powder[62], as most DEM investigations only simulate a unimodal or
bimodalsize distribution. Itis also importantto note DEM simulations utilize large particle parcels
mm in size (agglomerates comprising the individual particles) to describe the powders which can

lead to misrepresentation of the actual small scale particle mechanics if parameters are not tuned

properly[62].

2.3 Enhanced centrifuge method

To begin to address the community’sneed to describe the effect of the individual particle
properties, such as shape andsurface roughness, towards the overall behavior of apowder, Thomas
and Beaudoin developed atechnique calledthe enhanced centrifuge meth od (ECM)[32]. The ECM
describes the vdW adhesion of a population of realistic particles, each with their own surface
topography and shape, against a substrate surface through ‘effective’ Hamaker constant
distributions[32]. These distributions represent an engineering approach that allows powders
comprised of particles of complex shape and roughness, which are challenging to model, to be
described as if they were perfect, smooth spheres, which are comparatively simple to model. The
complexity associated with the shape and size distributions of the individual particles is captured
by the ‘effective’ Hamaker constants. As itis, these ‘effective’ Hamaker constants quantify both

the effect of the particles’ properties and the effect of the surface properties towards the particle-
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surface interactions. The objective of this research is to advance the ECM to characterize these

effects on different adhesion forces beyond the vdW force.

24



3. THEEFFECTS OF SURFACE AND PARTICLE PROPERTIES ON
VAN DER WAALS (VDW) ADHESION QUANTIFIED BY THE
ENHANCED CENTRIFUGEMETHOD

Reprinted with permission from Powder Technology. 2021,392.DOI:
10.1016/j.powtec.2021.07.028 Copyright 2021 Elsevier B.V.

3.1 Introduction

Powder technology plays a significant role across a number of industries. Example industries
include the food and pharmaceutical processing industries, in which a great many ingredients are
processed in powder form [1-5]. Security and defense applications also put emphasis on powder
technology, specifically understanding explosive, propellant and pyrotechnic powder adhesion
during processing or detection. Examples of industrial processes that involve powders include
milling, blending, spreading, and compaction [5,8-10]. The behavior of the powders in these
processes is impacted by the adhesion of the individual particles which comprise the powder [11].
Behaviors such as caking, poor flowability, dust hazards, segregation, equipment wear, and
“pickingand sticking” arise due to uncontrolled particle adhesion and cohesion [11,15,16] and can
lead to manufacturing problems. The adhesion force is the force necessary to separate a particle in
contact with a dissimilar surface while cohesion is the force necessary to separate two particles of
the same composition [12]. To prevent such problems and optimize powder processes, the effects
of the particle and equipment surface characteristic on the adhesion behavior of the powder needs
to be well understood. The adhesion force in non-reactive, non-deformable powders is attributed
to van der Waals (vdW), capillary, and electrostatic forces present between adherent surfaces [12—
14]. Contact separation distance, chemical composition, particle size, particle shape and surface
roughnessall affectthe interaction between two adherentobjects [17-19]. Itis especially important
to characterize surface roughness and particle shape because these properties cause variations in
the contact area between a particle and interacting surface which ultimately affects the degree of
adhesion [20-22]. Therefore, mathematical and computational models have been developed to
understand and quantify these effects on the adhesion systems [23—-29,55,63,64].

A common limitation of these methods lies in their inability to accurately describe the

adhesion of populations of particles. Often, computational models use highly idealized powders

25



(i.e., powders comprised of simple geometriessuch as spheres) to predict powder behavior under
various process conditions. This limits the ability to optimize the manufacturing and handling of
powders comprised of complex (real) particles [9,30,31]. Recently, the enhanced centrifuge
method (ECM) was developed to address this need by describing the adhesion between surfaces
and powders comprised of particles with varying surface topography and shape [32]. This method
involves tuning the Hamaker constant, A3, This constantis ordinarily a parameter that captures
the ability of dipoles in adherent materials to interact with the fields produced by dipoles in
opposing adherent materials. It is a function only of the composition of the interacting surfaces
and the intervening medium, and it is useful to quantify the vdW adhesion between two materials
(represented by subscript 1 and 2 in A;32) in a medium (subscript 3 in Ai32). When this parameter
is tuned to capture the effects of particle shape, particle size, particle topography, and surface
roughness on the adhesion system, it is no longer a material-dependent constant, but now is
expressed as distributions of ‘effective’ Hamaker constants represented by Aj5,. This tuned
distribution captures the effects of the shape, size, topography, and composition of the objects in
the adherent system [32].

The purpose of this work is to demonstrate that ‘effective’ Hamaker constants can be used
to quantify the effects of surface and particle topographical properties on the resulting particle -
surface adhesion and to identify limiting topographies that cause powder adhesion to surfaces to
be controlled by either the particles or the surfaces. These ‘effective’ Hamaker constants are
valuable to practitionerswho process powders as the distributions can be used to describe expected
powder behavior as a function of particle and surface properties.

To illustrate how these distributions can be used to quantify the effect of surface and
particle properties on the powder adhesion, the adhesion of polystyrene powderswas measured
againstsilica thatwas systematically polished to have increasingamounts of roughness. Root mean
square (RMS) roughness has been a commonly-used parameter to easily quantify surface
roughness [33-35]. However, studies have shown RMS roughness is an inaccurate descriptor of
how the surface roughness will affect the adhesion; the adhesion behavior is a result of the
interaction between the topography on the surface and the particles based on their relative sizes
and shapes [63,65,66]. This was confirmed by a computational investigation of particle adhesion

using a previously validated adhesion simulator [67], which confirmed that the relationship
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between the height of the surface roughness peaks, the distance between roughness peaks, and the

particle size are all important to the observed powder adhesion.

3.2 Materials and methods

3.21 Materials

Fluorescently markedpolystyrenespheres (Fluoresbrite® Y G Microspheres 25 um) were provided
by Polysciences, Inc. (U.S.A.). These non-deformable rigid polystyrene particles have a general
shape of a sphere and a particle material density of 1.05 g/cm3. High Purity Silica Single Crystal
purchased from Silica Source was the surface of choice because it is initially highly uniform and
because it can easily be polished to systematically change its surface roughness. The silica was cut
into 0.5 x 0.5x 0.07 cm pieces and glued onto stainless steel (type 316, McMaster-Carr Supply
Company, 9745K15) backingsto ensurethe silicadid notshatter under the inertial force introduced
by the centrifuge. The stainless steel backings were cutto 1 x 1 x 0.07cm in order to fit into
specially-designed centrifuge tubes. The centrifuge tubes are 11 cm in length and have a diameter
of 2.5 cm. The tubes are solid except fora 2 cm x 2 cm opening on the side that containsa holder
for the plates. The holder allows the silica plates to be orientated such that the silica surfaces are
parallel to the center of rotation of the centrifuge. The schematic of these tubes is presented in Fig.
3.1.
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Figure 3.1 Illustration of a powder-laden surface mounted in a specially designed centrifuge
tube. The powdered surface is oriented parallel to the axis of rotation of the centrifuge with the
particles facing radially outward. When a particle detaches from the surface, the inertial force,
Feent, has overcome the particle’s adhesion force, Faq.

3.2.2 Experimental methods

Silica polishing and cleaning procedure

A Buehler Minimet 1000 polisher was used to systematically alter the surface roughness of the
silica. Silica squares (2.5 cm x 2.5 cm) were mounted to the polishing arm with mounting wax.
The polishing cloth used was MasterMet cloth (Buehler). The plates were polished each with a
different MetaDi Supreme Diamond Suspension paste. Table 3.1 shows the average diamond
particle diameter, dso, in each paste. Each silica piece was polished for five minutes at 30
revolutions per minute (RPM) under a 13 N load. After polishing, each silica piece was cut into
fourpieces, eachapproximately 0.5x0.5x0.07cm. The pieces were then soakedin a warm acetone
bath for at least ten minutes to dissolve any residual mounting wax. They were then rinsed with
methanol and dried with compressed nitrogen, after which each silica piece was glued to its

stainless steel backing with Scotch Advanced Formula Super Glue and allowed to dry overnight.
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Table 3.1. Dimensions of pastes used to roughen silica plates in this work.

Silica Surface Polishing Paste, dso (um)

No Polishing
B 6
C 30
D Sandpaper - Grit 60

Surface topographical evaluation by profilometry

A Dektak XT profilometer was used to measure the roughness of the silica pieces after polishing
and cleaning. After each polished silica surface was cutinto four pieces, four regions of interest
were identified on each of the piecesand a topographical scan was taken on each region (4 regions
per piece, 4 pieces per surface to yield 16 scans per surface). Each topographical scan length was
100um.

Amplitude spectra surface scans

A representative roughness scan was selected from the 16 profilometry scans for each surface. In
order to study the roughness features that existed on each of the surfaces beyond an RMS analysis,
the roughness scans were transformed into numerical descriptions via a Fast Fourier Transform
(FFT). The amplitude spectrum as a function of wavelength was then constructed from the FFT
via MATLAB. The amplitude spectra were constructed to provide insight on the height

(amplitude) of the peaksand the distance between peaks that may exist on a surface (wavelength).

Centrifuge method

To perform the centrifuge method, the following steps were executed. First, a #3 paint brush was
dipped into the polystyrene powder and tapped just above the silica so that the particles fell on the
silica without agglomerating. The particles were deposited in the presence of a STATICMASTER
lonizer (500 uCi) chip which ionized the air to neutralize the charge on all surfaces to reduce

electrostatic forces and prevent agglomeration. To reduce the effect of capillary forces, the
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particles were deposited onto the plates in a relative humidity environment of less than 20% by
performing the deposition in a dry nitrogen ambientin a glove bag. The humidity was measured
usinga hygrometer.

A Nikon SMZ18 Stereoscope was used to capture optical images of the polystyrene
particles adhering to the silica. The images were taken at 5X magnification to easily differentiate
the particles from any defects on the silica surface. To perform the particle removal, the surface
was mounted in the specially designed centrifuge tubes described above andillustrated by Fig. 3.1.
Based upon the orientation of the surface and particles in the tube, it can be inferred that when a
particle detaches fromthe surface, the inertial force generated by the centrifuge has overcome the
adhesion force. The inertial force, F,.,+ (N) is described in Eq. 3.1, where R (m) is the radius of
the particle, p, (kg/m3)is the particle density, o (s?) is the angular velocity of the rotor and r¢(m)
is the distance of the particle-laden surface from the center of rotation:

4 3.1
Feent = §7TR3ppw2rc

A Sorval Lynx 6000 centrifuge was setto the followingrotational speeds: 1500, 3000, 4500, 6000,
7500, 9000, 10500 and 12000 RPM for one-minute intervals to perform the particle removal.

After rotation at each speed, the Nikon SMZ18 Stereoscope was used to take optical images of the
particles remaining on the surfaces and ImageJ (NIH) was used to process these images to
determine the number of particles remaining as a function of the rotational speed. The entire
surface and the initial size distribution of the deposited polystyrene particles were captured by
analysis of an image taken before the plates were placed in the centrifuge at the start of an

experiment (i.e., when 100% of the particles were on the surface).

3.2.3 Simulation methods

Determination of 4’13, distribution

After performing the centrifuge method, the ECM was executed. The ECM was developed to
determine the adhesion force of all the particles of a powder against a surface as a function of their
size [32]. The ECM is an engineering approach that allows powders comprised of real particles,
which are challenging to model, to be described as if they are comprised of perfect, smooth

spheres, which are comparatively easy to model. In this case, the complexity associated with the
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actual particles and their interactions with a complex surface is captured by an empirical 4,5, ina
vdW force model, although other force models could be applied if desired [55,63]. In brief, the
procedure for determining these A;5, usedto capture the effect of surface roughness and particle
shape and topographical properties on the adhesion through the ECM is described through the
following steps (an in-depth description is given elsewhere [32]):

1. The size distribution of the experimental powder as deposited on a plate at the start of an
experiment is measured via ImageJ.

2. A simulated powder comprised of 1000 spherical particles is generated in silico such that
the size distribution matches that of the experimental powder. This distribution is referred
to as the ideal particle size distribution.

3. The vdW adhesion force is computed between the ideal spheres from step 2 and a flat

surface in silico using Eq. 3.2:

(D) — A,132R or deW(D) — A{[gz 32

Foaw D2 B Pyl constant

where A’ 5, is the ‘effective’ Hamaker constant, R is the radius of the sphere, and D is the
separation between the sphere and the flat plate at contact [67]. The Hamaker constant is
initially setto an artificially low value of 5 zJ forall particles. This value isreadily adjusted
to map the adhesion behavior of the ideal particles to the adhesion behavior of the
experimental powder. A standard separation distance at contact, D, accepted by the
community is 0.4 nm [68]. The Derjaguin approximation for the vdW force [36] (Eq. 3.2)
was used in lieu of a more complex model, such as the Rabinovich model [55], in order to
keep the mathematical framework of the model as simple as possible. While other models
capture the effects of topography and shape through parameters such as asperity radii
[63,66,69-72], the ECM captures the effects of surface roughness and shape through the
Aiz

4. The adhesion force represented by Eq. 3.2 is related to the inertial force represented by Eq.
3.1 to determine the angular velocity necessary to dislodge the spherical particles from the

smooth surface
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and the angular velocity is converted into RPM through Eq. 3.4:

60w 3.4

RPMyemovar = ?

The ‘experimental powder adhesion curve’ is created by plotting the observed percent of
polystyrene powder remaining adhered to the silica as a function of the rotational speed of
the centrifuge when using the centrifuge method discussed in section 3.2.2 (inertial force
from the centrifuge causes particles to detach from the surface, and optical and image
analysis is used to track the number of particles of each size that remain as a function of

inertial force).

. The ‘ideal powder adhesion curve’ is created using Eqs. 3.1-3.4 with the ideal particle size
distribution and an assumed value of A;5,, and then plotting the percent of particles
remaining adhered after each rotational speed increment of the centrifuge. At this point,
the ‘ideal’ powder adhesion curve is predicted using an assumed value of Aj;,0f5 zJ and
the ‘experimental’ powder adhesion curve is measured experimentally via the centrifuge
technique. The ‘ideal” and ‘experimental’ adhesioncurves will notmatch because the ideal
adhesion case has not been tuned to account for the particles’ surface roughness and shape

variation, nor for the roughness on the silica.

To map the ideal powder behavior to the experimental powder adhesion, the ideal particle
size distribution is sorted from largest to smallest and the particles are placed in bins by
size, such that the percent of particles in each bin matchesthe percent of particles observed
to be removed at each RPM increment implemented experimentally. For example, if 30%
of the experimental powder was removed between 0 and 2000 RPM, bin 1 would contain
the largest 30% of the ideal size distribution. Note: an assumption/limitation of this method
is that the particles fall off from largest to smallest as the inertial force increases.

. The average particle size for each bin, also called the mean bin particle diameter (Dmean),

of the discretized ideal size distribution is determined and the 4}, is adjusted for each bin
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such that a particle with the mean bin particle diameter is removed at the observed
experimental rotational speed. In this way, the adhesion of the ideal Dnean is adjusted by
tuning the A;5, parameter so that the adhesion of the ideal powder matches that of the
experimental powder
The distribution of A; 5, values as a function of Dnean approximately quantifies the effects of the
roughness of the surface and the effects of the shape, roughness, and size variation of the particles

on the adhesion between the powder and the surface.

Three-Dimensional (3D) surface generation

MATLAB was used to generate a model rough surface in the form of a 3D sinusoidal mesh grid
with 512 points per line. The roughness features generated resembled an egg crate where the same
sinusoid description was used in the £ and j directions. To create different levels of RMS
roughness, the amplitude of the sinusoid was adjusted. To change the distance between the

roughness peaks, the wavelength of the sinusoid was adjusted.

Particle adhesion simulator

An existing model-based simulator (the Particle Adhesion Simulator) was used to describe the
adhesion force between realistic particles and surfaces [29,67]. This simulator takes user input
descriptions of the particle size and shape, and the particle and surface topography, discretizes the
two interacting surfaces into nanoscale cylinders, brings the two surfaces into close contact (0.4
nm separation) and calculates the adhesion forces between opposing cylinders in the two
objects[29]. One overall adhesion force representing the particle and surface interaction, while
accounting for the surface roughness and shape properties of the two materials, is determined by
summing the individual adhesion forces representing the interactions between the nanoscale
cylinders across the discretized surfaces. This process is repeated 1200 times to generate a
distribution of estimated adhesion forces to provide a representative average adhesion force to
describe the interaction between the two materials taking into account the surface roughness and

shape effects on the adhesion[29].
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Simulation of centrifuge method

The Particle Adhesion Simulator was used to simulate a centrifuge experiment involving
polystyrene particles with diameters ranging from 1 to 50 um adhering to a perfectly flat silica
surface generated in silico. For each particle size, the average simulated adhesion force was
converted into an average RPM of removal based on Eqs. 1-4 above. Using the particle size
distribution measured experimentally and this simulated average RPM removal data, a ‘simulated
particle adhesion curve’, which describes the fraction of particles remaining at each centrifuge

RPM, was constructed.

3.3 Results and discussion

3.3.1 Silica surface roughness results

As described in the methods section, four silica surfaces were polished to different degrees of
roughness, each was divided into four pieces, and four profilometer scans were obtained for each
piece for a total of 16 scans for each surface (each different degree of roughness). The root mean

square (RMS) roughness, Rq, of each scan was calculated according to

3.5

where n is the number of points tracked along a surface and y; is the difference between the height
value of each point and the mean height value of the data set (the trace)[54]. An average RMS
roughness was calculated by taking the average of the RMS values from each of the 16 scans of
each of the 4 polished silica surfaces, and this value was used to describe each surface as a whole.
Table 3.2 contains the average RMS roughnessacross each polished silica surface and the standard

deviation in the RMS roughness values.
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Table 3.2. Roughness characteristics of 4 surfacesused in powder adhesion study.

Silica Substrate =~ Average RMS Roughness (nm)  Standard Deviation (nm)

A 3 1
B 7 2
C 192 150
D 437 180

3.3.2 Centrifuge method results

The relative humidity was controlled during particle deposition and during the centrifuge
experiments. However, the relative humidity was not rigorously controlled when the plates were
removed fromthe centrifuge, evaluated in the microscope, and returned to the centrifuge. During
these times, the plates with mounted particles experienced adsorption of moisture and capillary
forces may have developed. This condensation likely was not fully reversible so that these
experimental studies may have been influenced by a combination of vdW and capillary forces,
although for these first generation experiments it was assumed that the adhesion was due to vdW
forces only. Even with this limitation, the 4;,, distributions determined from these experiments
still quantify the effects of the topography of the surface and the topography and shape of the
particles on the overall adhesion.

The distributions in Fig. 3.2 represent the observed percent of particles that remained after
each RPM increment. Each data setrepresentsthe average of four experiments. Fig. 3.2 shows that
the adhesion between the powder and the surfaces does not vary smoothly with increasing RMS
roughness on the surfaces. Based onthe vdW adhesion for smooth spheres against flat surfaces in
Eq. 3.2, the particle-surface adhesion should increase linearly with increasing particle radius. Eq.
3.1 shows that the removal force increases linearly with rotational speed and with the particle
radius cubed (through the sphere volume which influences the mass of each sphere). This means
that, all other things being equal, the largest particles will come off at the lowest rotational speeds.
So, at rotational speeds below 7500 RPM, the larger particles in the powder were assumed to be
removed, with the smaller ones removed at greater speeds. At speeds below 7500 RPM, surfaces

A and B (with 3and 7 nm RMS roughness,) retained larger percentages of particles at all speeds
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than either surfaces C (RMS roughness =192 nm) or D (RMS roughness =437 nm). Also, for all
speeds in this range, the percentage remaining consistently was the lowest for the roughest surface.
These results suggest that the largest particles in the powder are influenced differently by different
levels of roughness on the silica. For the most rough surfaces (C and D), the adhesion between the
large particles and the surfaces clearly drops as the RMS roughness increases. This is consistent
with the idea that the large-scale topographical variations on the extremely rough surfaces directly
modulate the number of contacts with the large particles over the length scale of the large particle
diameters. For the extremely smooth surfaces, though, the adhesion of the largest particles is
influenced by the topography of the surfaces in a more complex manner. First, when the surfaces
shift from being extremely rough to being extremely smooth, the retention of the large particles
increases. lItis likely that the reduced overall level of roughness results in a greater area of close
contactavailable between the particles and the surface, resultingin stronger vdW forces. However,
the surface with 7 nm of RMS roughness retains the same or more particles than the surface with
3 nm of RMS roughness over all of the large particle sizes. This implies that some set of features
on surface B (7 nm RMS roughness) interacts more strongly with the features on the large spheres
than do any of the features on surface A (3 nm RMS roughness), leading to larger adhesion than
in the absence of these features. Based on the relatively small RMS roughness of surface B, these
featureswhich so strongly influencethe adhesion mustbe very small, asthey havea minimal effect

on the RMS roughness.
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Figure 3.2 Observed percent of polystyrene spheres remaining on rough silica surfaces after
rotation in centrifuge at various rotational speeds. Error bars represent the standard deviation of
the percent adhering to each surface acrossall replicates for that surface.

When the rotational speed varies from 9000 to 12000 RPM, the smaller particles in the
distribution are removed. For every rotational speed in this range, surface B (7 nm RMS
roughness) retained the largest fraction of particles. However, the retention on surfaces A and C
(3 and 192 nm RMS roughness) was virtually indistinguishable over this range. As a very smooth
surface becomes rougher with polishing, it is expected that the rough peaks on the surface prevent
close contact between the particle and the surface, reducing the adhesion. However, when certain
roughness features are present on the surface, it is possible for a particle to “nest” in the feature,
asillustrated in Fig. 3.3A. Thisnestingphenomenonresultsin an increase in area of close approach
between the particle and surface, causing the adhesion to be higher compared to what may be
observed in the presence ofasmoother surface. Alternatively, although a surface may have a lower
level of RMS roughness, the roughness peaks may be distributed such that the particle rests on top
of the peaks instead of nesting between them, as illustrated in Fig. 3.3B. In this case, the adhesion

will be lower because the particle is less intimately contacting the surface.
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Surface

Figure 3.3 Hlustration of a spherical particle nesting within (A) or on top of (B) surface
roughness peaks for roughness peaks of similar height.

To determine if this nesting behavior is a plausible phenomenon for the silica surfaces and
polystyrene particles used in this study, ImageJ analysis of samples of the polystyrene powder
deposited on surface A was performed to determine the size distribution of the particles present on
the surface. The particle diameter distributions on surface A, across four replicates, were selected
in lieu of distributions determined by laser diffraction to represent the size distribution across all
surfacesused in thisstudy. Thiswas because the images on thissurfacehad little to no background
noise, facilitating accurate particle counting, and because errors in the observed size in each
experiment (due to shadowing, for example) would be consistent with the errors in the size
distribution and would have less of an effect on the overall analysis. A lognormal distribution was
used to describe the observed number-based particle diameter distribution shown in Fig. 3.4, with

the following lognormal parameters: p =3.368 with 95% confidence interval and 6 =0.136.
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Figure 3.4 Number-based particle diameter frequency distribution determined through ImageJ
analysis of polystyrene distributed on silica surface A.

To investigate the relationship between the adhesion, the particle size and the distance
between surface peaks, an amplitude spectrum analysis of the topography of eachsurface scan was
executed via the procedure discussed in section 3.2.2 (the surface scan is converted into a
numerical description via FFT and the amplitude spectrum is then constructed from this FFT in
silico). Fig. 3.5 illustrates all four surfaces contain wavelength features (i.e., distance between
peaks) thatcould allow the particle nestingillustrated by Fig. 3.5 and the size distribution presented
in Fig. 3.4. For example, surface D has peaks that have amplitudes greater than 50 nm in height
and wavelengths greater than 30 pm such that particles with radii ranging from 1 um to 15 um are
able to nest in the peak features and come into more intimate contact with the surface than in the
absence of sucha relationship between particle size and peak distance. It is important to note that
the amplitudes that correspond to the larger wavelengths (larger distance between peaks) vary
amongst the surfaces studied here. The amplitude spectra representing surfaces A and B are on the
same scale as each other as seen in Fig. 3.6, while the amplitudes on surfaces C and D are one or

two orders of magnitude greater than those on surfaces A and B, as seen in Fig. 3.7. The
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relationship between the amplitude and the wavelength of the peaksis important to consider. For
example, corresponding larger peaks that are separated from each other by distances greater than
the size of the particle diameters will allow for particle nesting and more intimate contact with the
surface, while the same large peaks positioned at separations smaller than the particle diameters

would instead cause point contact and reduce the particle adhesion.
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Figure 3.5 Amplitude spectra of the four silica surfacesas a function of the wavelength for
surfaces A through D. Note, the y-axis is plotted on a log scale.
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Figure 3.6 Amplitude spectra of the four silica surfacesas a function of the wavelength for
surfaces A and B.
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Figure 3.7 Amplitude spectra of the four silica surfacesas a function of the wavelength for
surfaces Cand D.

Overall, these amplitude spectra illustrate that all surfaces have features that could
encourage nesting or discourage it as seen in Figures 3.5 through 3.7, depending on the scale of
the particle features relative to the amplitude and wavelength of the features on the surfaces. The
initial adhesion behavior illustrated in Fig. 3.2 between surfaces A and B indicates that although
the amplitude spectra may overall be similar, slight differences in the scale of the amplitude can
cause adhesion variation. The Aj5, distributions are developed to capture and describe these

variations in adhesion that occur due to small differences in the powder and surface properties.

3.3.3 Enhanced centrifuge method and results

The ECM was implemented to assess how the variations in observed particle adhesion resulting
from the changes in surface roughness due to polishing are reflected by the A}, distributions. A

key component of the ECM is first determining the size distribution of the powder on the surfaces.
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For this purpose, the size distribution determined via images of the polystyrene particles deposited
on surface A presented in Fig. 3.4 was used.

The Particle Adhesion Simulator, discussed in section 3.2.3, was used to approximate the
adhesion force between perfect spherical particles with diameters between 25 um and 50 pm and
a perfect flat surface. A Hamaker constant of 120 zJ, presented as an estimate for the adhesion
between silica and polystyrene from previous studies, was used to represent the adhesion between
the silica and the polystyrene particles to execute this procedure[17]. The adhesion forces
corresponding to the particles in the size distribution were used to simulate the centrifuge method
by approximating the percentage of particles remaining adhered to the flat silica as a function of
RPM for the perfect powder. This ideal powder adhesion curve relates the ideal particle size
distribution to the expected adhesion forces through the value of 4;,, for each particle size.

Thefitted A} 5, distributions for the polystyrene adhesion againstsurfaces A-D, normalized
by the estimated true Hamaker constant, A 7,.... for polystyrene spheres against a flat silica plate
(1202J), are presented in Fig. 3.8. The vertical axis of Fig. 3.8 showsthatthe range of A5, values
representing the adhesion against each of the surfaces never goes beyond 0.5. This shows how the
topography of the spheres and the surfaces prevents close approach between the particles and the
surface over all particle sizes. The error bars displayed in Fig. 3.8 describe the standard deviation
around the mean A'y3; determined for each size bin (see steps 6-8 in simulation methods section)

the ideal powder is discretized into based on the experimental percent remaining information.
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Figure 3.8 Fitted 4 13, normalized by the ideal (true) Hamaker constant for polystyrene particles
against a flat silica plate (A 7..; 120 zJ) for polystyrene powder against surfaces A through D.
The error bars represent the standard deviation around the mean normalized A, ., for each bin of

the ideal powder size distribution (steps 6-8 used to create the 4’13, describe binning process in
the simulation methods section).

In Fig. 3.9, the A5, are normalized by particle diameter. For large particle diameters (~30
um or larger) there is little change in the normalized 4; 5, forsurfaces Athrough D. In thisregime,
the particles are sufficiently large compared to the topographical features on the silica that the
silica acts like an effective, highly porous flat plate and the behavior scales as one would expect
for a sphere-flat plate system (Eq. 3.2). In this case, the normalized Aj5, distributions should be
independent of size, which is observed. For Dpean less than 30 um, the A;5, distributions vary
between the silica surfaces. In these cases, the ‘effective’ Hamaker constants describethe interplay

between the surface topography and the particles’ surface features.
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Figure 3.9 Fitted 4 13, normalized by Dpmean for the polystyrene particle adhesion against
surfaces A through D. The error bars represent the standard deviation around the mean

normalized A, for each bin of the ideal powder size distribution (steps 6-8 used to create the
A’13; describe binning process in the simulation methods section).

The A;5, values corresponding to diameter sizes ranging from 27 um to 30 um are similar
across all surfaces except surface B. In the case of surface B, the A;5, values are slightly higher
compared to the other three surfaces. The higher adhesion suggests the relationship between these
particle sizes and the roughness features, in terms of amplitude and wavelength on surface B
encouraged the particles of this size range to come into more intimate contact with the surface
causing higher adhesion than on the other surfaces.

Fig. 3.9 illustrates that the A’ 5, distributions representing the adhesion against surfaces A
through D align well with each other at Dyean less than the 27 um value. This implies that these
particle sizes are interacting with the peaks across all surfaces in a similar manner. The amplitude
spectra of all surfaces presented in Fig. 3.5 support this postulation as they are seen to have similar

'

scale wavelengths (i.e. groves for the particles to nest within). The A7, distributions representing

the adhesion against surfaces C and D were similar for Dpean 0f 27 um and higher implying these
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particle sizes interacted with surface C and D and their features in a similar manner, as well.
However, at Dpean OF less than 27 um, the A’ 5, were higher for surface C than for surface D. Upon
looking back at the amplitude spectra presented in Fig. 3.6 representing the peaks on surfaces C
and D, it is seen the amplitudes corresponding to the peaks on surface D are larger than the
amplitudes corresponding to the peaks on surface C. The larger peak amplitudes on surface D are
likely the cause to why the particles of size smaller than 30 um are adheringless strongly to surface

D compared to surface C.

3.34 Insilico investigation of the effect of the surface roughness features on adhesion

To illustrate how particle adhesion is affected by the interplay between the particle properties and
the topography of the opposing surface, a study was performed in silico using the Particle
Adhesion Simulator in section 3.2.3. Specifically, the effect of particle nesting within features on
surfaces was investigated, with a goal of evaluating the appropriateness of using RMS to guide
particle adhesion discussions[55,65,73].

Two sinusoidal surfaces with RMS roughness of 25 nm were generated according to the
procedure presented in section 3.2.3 (3D sinusoidal mesh surfaces were generated via MATLAB
software). The distance between peaks (i.e. wavelength) on surface 1 was set to be 500 nm while
the distance between peaks on surface 2 was set to be 10000 nm. The two surfaces are shown
graphically in Fig. 3.10.
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Figure 3.10 MATLAB generated topographical maps of surface roughness featureson 2
surfaces. The lateral scan length was 20000 nm in the x-y direction.

Using the Particle Adhesion Simulator, spherical particles with diameters rangingfrom 0.1
to 50 um were allowed to approach these two surfaces. An initial Hamaker constant of 120 zJ was
inputted into the simulator, representing the adhesion between polystyrene and silica[17]. The
particle and surface were brought into contact, computationally, 1200 times at random locations
on the surface, and an average adhesion force, Faq, was determined for each particle diameter, Dy,

The normalized (by Dp) calculated F4q are plotted as a function of particle diameter in Fig.
3.11. The normalized F4q distribution representing the particle adhesion against a flat plate is
constant across all particle sizes, as expected from Eq. 3.2. The same result occurs when the
particles interact with surface 2. Although surface 2 has an RMS roughness of 25 nm, the low
occurrence of peaks due to the long wavelength of the roughness across the surface causes the
adhesion to be essentially the same as when the particles adhere to a flat plate. The slightly higher
adhesion and little to no standard deviation of the F,q values seen for particle diameters less than
10 um against this surface illustrates that these particles are able to nest within the surface peaks
and more intimately contact the surface in a consistent manner than when larger particles are
considered. In addition, for particle sizes above 10 um, the standard deviation of the F,qincreases
as afunction of particle size becausethe diameters of these particles are larger than the wavelength

10 um makingit such thatthe particles sometimes partially nest within the surface (multiple points
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of close contact) and sometimes rest on the apex of the peaks created by the sinusoidal surface

roughness (one point of close contact).
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Figure 3.11 Normalized F,qVvalues for polystyrene spheresin contact with a simulated flat silica
plate and the simulated rough silica surfaces 1 and 2. The RMS roughness was 25 nm on both
surface 1 and surface 2. The error bars represent one standard deviation around the mean
adhesion force.

Fig. 3.11 illustrates the F,q values decrease dramatically with increasing particle diameter
from 0.5 to 10 um in the presence of surface 1 compared to surface 2. The dramatic decrease in
both F,q and its standard deviation over this range occurs for the same reason as when the particle
diameters went above 10 um on surface 2 — as the particle size increases the particles less
frequently nest within the surface features until they reach a point where their diameters are larger
than the wavelength between peaks and they can never nest. For particle diameters above 1 um
adheringto surface 1, the normalized F,q levels offand becomes constantacross increasing particle
sizes because the particles are sufficiently large that they always sit atop 3 peak apexes on surface

1, independent of size.
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To further illustrate the relationship between particle and surface scale features and
adhesion, nanoscale sinusoidal waves (amplitude 3 nm and wavelength 0.5 um) were added on top
of the original micron-scale sinusoidal features on surface 2 to create surface 3. Fig. 3.12 provides

a visual comparison of surfaces 2 and 3. Surfaces 1, 2 and surface 3 have the same RMSroughness
of 25 nm,

Height (nm)
Height (nm)

Lateral Scan (nm) 0 ' 0

Substrate 2 Substrate 3

Figure 3.12 Visual comparison of simulated surfaces 2 and 3. Surface 3 has the same large scale
sinusoidal peaks as surface 2 with added small scale (amplitude 3 nm) sinusoidal peaks ontop of
the large peaks.

The normalized F,q distribution presented in Fig. 3.13 representing the particle adhesion
against surface 3 illuminates the interplay between particle size and multiscale surface roughness.
The normalized Fq distributions againstsurface 3 and surface 2 are nearly identical atthe smallest
particle size. At this condition, the particles nest within the topography dictated by the global
roughness on the surfacesand make point contact with one spot (surface 2), or with three or more
points (surface 3) at the base of the global topography. In general, when the nanoscale roughness
pushesthe bulk of a particle away from a surface, the overalladhesion forceshoulddrop. However,
the presence of the nanoscale roughness allows multipoint contact instead of single point contact,
so that this effect is somewhat reduced. As the particles grow larger, they continue to interact with
either one or three points on a surface that has nanoscale roughness. While increasing the size of
the particle causes the denominator in the normalized force to grow larger, it does not produce a
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corresponding increase in the number of contacts, nor in the adhesion force, so that the net effect

is a reduction in the normalized force expression, as is seen for surface 3.
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Figure 3.13 Normalized Fq distributions between smooth spheres and surfaces 2 and 3.

This study executed through the Particle Adhesion Simulator exemplified that RMS
roughness does not provide sufficient information to determine how a particle interacts with a
surface. A particle will behave very differently againsttwo surfaces with the same RMS roughness
due to the scale of the roughness features in comparison to the particle size. Because the
relationship between particle size and the different scales of surface roughness can be complex,
the A;5, distributions appear increasingly useful. The A;5, distributions can be used as a simple

and quick way to describe how a powder will interact with a surface’s specific properties.

3.4 Conclusions

The adhesion of polystyrene powder to silica surfaces polished to have different levels of RMS
roughness was studied using the enhanced centrifuge method (ECM). The adhesion forces against

four surfaces with well-defined levels of RMS surface roughness correlated more significantly
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with the scale of the surface roughness compared to the scale of the particles than with the RMS
roughness. When the ECM was applied and the adhesion between the rough particles and rough
surfaces was modeled as though it were a system of smooth particles on smooth surfaces that was
dominated by vdW interactions, the effects of particle size and surface roughness were reflected
in the resulting A;5, distributions. Across all four surfaces, the A’ 5, distributions decreased as
particle diameter increased, asymptotically approaching a limiting value as the particle diameters
became much larger than the surface roughness features. For the smaller particle sizes, the 43,
distributions were heavily influenced by the way each specific particle interacted with the surface’s
specific roughness features.

This study revealed that RMS roughness of the surface to which a particle adheres isa poor
predictor of the van der Waals force of adhesion between these two. Rather, one must consider
topographical features on the surface that are of the length scale of the particle diameter. Within
such regions, both the nanoscale topography of the surface and of the particle, and the particle
scale complementarity of the two surfaces, dictate the strength of the overall van der Waals particle
adhesion. The investigation of the relationship between surface roughness features and adhesion
completed by simulation validated the observations made via experiment. The adhesion behavior
varied quite significantly between surfaces that had the same RMS roughness, but which had
roughness features whose height and location (i.e. frequency of peak occurrence) varied relative
to the scale of the particle size. Both the computational and experimental studies demonstrated that
the relationship between the scale of surface roughness features (global and local), relative to the
scale of the particle properties need to be considered when predicting how a powder will adhere

to a surface and confirmed that RMS analysis is of minimal value.
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4. AN ENHANCED CENTRIFUGE-BASED APPROACH TO POWDER
CHARACTERIZATION: THE INTERACTION BETWEENPARTICLE
ROUGHNESS AND PARTICLE-SCALE SURFACE TOPOGRAPHY
DESCRIBED BY ASIZE-DEPENDENT ‘EFFECTIVE’ HAMAKER
CONSTANT

Reprinted with permission from Powder Technology. 2021,391. DOI:
10.1016/j.powtec.2021.07.028 Copyright 2021 Elsevier B.V.

4.1 Introduction

A large number of commercial products involve the handling of particulate solids at some point in
the manufacturing process. This is especially true for the pharmaceutical industry, where powders
are commonly found in oral dosage forms [74-78]. Caking, poor flowability, dust hazards,
consolidation, and segregation are examples of problems that can occur during the processing,
handling, and storage of powders [79-81]. These issues are caused by the properties of the
individual particles that compose a powder and their effects on the resulting particle adhesion.

In cases of simple contact, which does not involve mechanical interlocking or chemical
bonding between surfaces, the adhesion force is the force needed to separate two surfaces from
contact. The topography of the interacting bodies influences how the surfaces will come into
contact and plays an important role in the adhesion. Specifically, nanoscale surface roughness and
particle scale surface topographical variation cause variations in the contactarea betweena particle
and the interacting surface which ultimately affect the force of adhesion [20-22]. Various models
have been used to describe surface roughness using spheres [23,82], hemispheres [20,83-85], and
fractals [86—89]. Otherexistingmethods, suchasthe Rabinovich approach, the Rumpfmodel, and
the modified Rabinovich and Rumpf models quantify the effect of surface roughness through
tunable parameterssuch as asperity radii [63,66,69-72]. With proper calibration, models like these
describe the effects of surface roughness on particle adhesion.

In order to characterize experimentally the effects of surface roughness on particle
adhesion, it is critical to determine the magnitude of adhesion forces that occur in a system of
interest. Various techniques are available to measure adhesion forces, which include: the
centrifuge technique, the aerodynamic technique, the hydrodynamic technique, the impact-

separation method, the ultrasonicvibrationmethod, the electrical field detachmenttechnique, force
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microscopy, the drop test, and acoustic base excitation [40,81,90,91]. The centrifuge technique is
a practical method that measures particle adhesion, is simple to perform, and describes the
adhesion behavior of an ensemble of particles in terms of the average adhesion force. Inthiswork,
simulations of the centrifuge technique were completed to illustrate an enhancement of the method
that will allow the determination of the adhesion force distribution and the effect of the roughness
of the particulate ensemble and the opposing surface on that force distribution. Through this
method, the adhesion isassumed to be controlledby van der Waals forces, andthe effect of surface
roughness is described by a distribution of tuned parameters called ‘effective’ Hamaker constants.
The ‘effective’ Hamaker constants resulting from this enhancement of the centrifuge method
provide a simple and computationally straightforward and inexpensive way to describe complex
(rough) particles on topographically interesting surfaces as equivalent smooth spheres on flat

surfaces while still capturing the effects of the surfaces on the adhesion.

4.2 Materials and methods

4.21 Materials

This work involves simulations of the adhesion and removal of particles from textured plates in a
centrifuge apparatus. The plates have distinct (non-overlapping) hemispherical indentations of
specified radius embedded in their surface. The simulated plates are assigned the material
properties of silicon to enable future experimental validation of this work. Specifically, because
silicon can be etched isotropically to fabricate hemispherical indentations, it is straightforward to
create experimental systems to test these results. The simulated indentationsare specified to have
diameters of 10, 20, 30, 40, 50, and 60 micrometers, and all indentations on a plate are assumed to
be the same size. In this configuration, six plates will be required to evaluate the behavior when
the method is reduced to practice.

Colloidal silica particles (AEROPERL® 300 Pharma) were supplied by Evonik (U.S.A)).
The particlesare spherical and rigid, with density of 2.2 g/cm3and index of refraction of 1.45. The
size distribution measured for this powder was the basis of the adhesion force simulations

performed below.
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4.2.2 Methods

Measured silica particle size distribution

In previous work [92], a particle size distribution for the silica particles, based on the volume
equivalentspherediameter,was measured using laser diffraction (Malvern Mastersizer 2000). This
result is reproduced in Fig. 4.1. The median particle size, dsp, was 23.8 um, while the tenth and
ninetieth percentiles were 9.82 um and 52.2 um. A lognormal distribution was fit to the measured
size distribution. The resultant distribution had the parameters p = 3.197 with a 95% confidence
interval of (3.184 —3.210) and 6 = 0.664 with a 95% confidence interval of (0.654 —0.673). The
lognormal description of the measured particle size distribution was used whenever descriptions

of the powder were required in the simulations below.
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Figure 4.1 Particle size distribution of silica powder as measured by laser diffraction (0),
and associated lognormal fit (line)[32].
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Centrifuge technique description

The centrifuge technique is a common but valuable tool that provides the mean adhesion force of
a powder measured against a surface of interest [12,13,40,93,94]. In this method the inertial force
of the centrifuge is compared to the adhesion force of the particle, and particles are assumed to be
removed when the inertial force equals the adhesion force. Surfaces of interest are dusted with
powder and positioned in specially designed centrifuge tubes (see right hand side of Fig. 4.2) such

that their orientation is parallel to the axis of rotation of the centrifuge and the particles are facing
outward.
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Figure 4.2 Schematic of the centrifuge technique method to measure adhesion of rough particles
to hemispherically-indented surfaces.

A microscope and camera system is used to track the number of particles that remain on
the surface as a function of inertial force. Historically, the characteristic adhesion force obtained
using the centrifuge method is the geometric median adhesion force, defined as the force where
50% of particles remain adhered to the surface [95]. This force is assumed to represent the mean
adhesion force for the system. The computational approach discussed here depicts how the

centrifuge technique was simulated computationally.
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Computational approach

In this work, the van der Waals adhesion between spherical particles with nanoscale surface
roughness and flat surfaces with smooth hemispherical indentations was calculated. The removal
force resulting when these plates are placed in a centrifuge and rotated at specified angular
velocities was calculated in silico, and the number of particles removed at each angular velocity
was determined. This information was then used to calculate the effect of the particle surface
roughness on the adhesion force distribution of the particles and the expected particle removal in

the centrifuge.

Surface element integration

Surface element integration (SEI) was used to determine in silico the adhesion forces between
rough, spherical particles in smooth, hemispherical indentations [96]. This is the same method
that was applied to a smooth particle adhering to an indentation [97] but now the method is
extended to evaluate surface roughness effects that were not considered in that prior work. To
impose surface roughness on the particle, the equation for a rippled sphere model as described by
Bhattacharjee et al. was slightly modified [96]. The adhesion force, F,,4, was approximated by
integrating over the surface area of the particle using the expression for the van der Waals force
per unit area of two flat plates as a function of separation distance between the particle and

indentation, F,gy, (D):
Foa = f dFgq = f (n, - ky)(n; - k;)F,qy (D) dS, 4.1
Sp Sp

where S,, is the surface area of the particle, k, and k; are the unit outward vectors normal to the
particle and indentation, and n,, and n; are the unit vectorsin the radial direction projecting out of
each surface. The (n, - k;,) and (n; - k;) terms take into account the curvature of the surfaces of

both the particle and the indentation. By calculating the adhesion force in this manner, the
curvature of the surfaces was taken into account while utilizing the established adhesion force
relationship of two flat plates per unit area to calculate the adhesion forces.

The adhesion force was calculated between a single particle and a single indentation with

the particle and indentation aligned center-to-center and then brought to the point of minimum
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separation (which was assumed to be 4 A). Adhesion was approximated by applying the
expression for the van der Waals force per unit area between two flat plates as a function of

separation distance:

A132

where A3, denotes the Hamaker constant of the system, and D represents the separation distance

between the two surfaces. The differential surface area of the particle, dS,, is given by:

dS, =n/sin6,do,de 43

where 7, is the radius of the particle, 8, is the polar angle of the particle, and ¢ is the azimuthal
angle inspherical coordinates. These are shown schematically in Fig. 4.3. The separation distance
between the particle and indentation was calculated for two orientations: i) a particle that is smaller

than the indentation and ii) a particle that is larger than the indentation.

offset

Figure 4.3 Schematic of the contact between an indentation and a rippled sphere that is smaller
(i) and larger (ii) than the indentation.
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The equation describing the rippled sphere surface is [96]:

r,=a (1 — Ag, cOS (Tlgp Hp) —Ay cos(n(p <p)) 4.4

where a is the radius of the equivalent spherical particle (the radius of the particle without

roughness), Ag, and A, are the scaled amplitudes in reference to the surface roughness and particle

scale, offset is the distance from the center of the indentation to the center of the particle at contact,

and neg, and n,, are the frequencies of the asperities along each respective directional angle. The

resulting particle is nominally spherical with sinusoidal features along the surface, as shown in
Figure 4.3.

The starting point for the computation of the interaction force involved co-location of the
central point of the particle and the indentation. Next, one quadrant of the particle and indentation
was considered for the calculation of the offset for all combinations of the particle radius and
roughness parameters. By using only a quadrant, a very fine mesh size could be used to describe
both surfaces carefully while keeping the needed computational capacity within reason. Along
with the offset, all variables in the surface integration must be related to the particle position
because that is the surface over which the integration is performed. Thus, it was necessary to find

an expression for the indentation polar angle, 6;, in terms of the particle polar angle, 6, and

indentation radius, r;, as follows:

1; sin 6; = 1, sin 6, 4.5
7

0; = sin~1 (fsin 9p> 4.6
i

For the case of a particle smaller than the indentation, local separation distance between

the particle and the indentation at the minimum separation distance, D, is:

T
D = Dy+ r;cos (sin‘1 (—z')sin 9p>> —1pcos b, —of fset 4.7

Ti
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For this case, the final integral for the adhesion force was determined by substituting Egs.
4.2,4.3,and 4.7 into the initial surface integral (Eq. 4.1). The procedure used to determine the

value of the (n,, - kp) and (n; - k;) terms is well-documented [96]. In this case, (n; - k;) is found
to be cos 6;. The (n, - k) term is much more complicated, however, because of the roughness

applied to the particle. It is given by:

n, -k, =

1, sin 6, cos 6, + a/lgpngp sin (ngpep) sin? 0, 4.8

Z
J((rp sin Hp)z + (algp ng, sin (Tlgp Hp) sin Hp) + (al¢n¢ sin (n(pw))z)

The adhesion force integral for a particle smaller than the indentation, without substituting the

separation distance expression, Eq. 4.7, or the expression for (n,, - k), Eq. 4.8, is now:

e . _1(T . A3z .

Fuq = jo J(; (n, - k,) cos <sm 1 (71 sin 9p>) o 7,7 sin 6, d6,de 4.9

For the case where the diameter of the particle is larger than the diameter of the indentation,
the separation distance was calculated in the same manner as described for a particle smaller than
the indentation, except that the separation distance was only calculated for the part of the particle
outside of the indentation. This is because the adhesion of the particle to the inside of the
indentation is negligible by comparison. In the case where the particle is larger than the indentation
the lower limit of integration for the polar angle, 6;, occurs at the point where the particle and
indentation come into contact. The value for 8; was determinedatthe same time the offset distance
was determined. For this case, (n,, - k) is still given from Eq. 4.8 and (n; - k;) = 1 becausen;
and k; are equivalent vectors. Thus, the final form of the adhesion integral for a particle larger
than the indentation, without substituting in the expressions for the separation distance and

(n, - k), appears as:

F, = Jznfn(np.kp) A1323 12 sin 6, d6,dg 4.10
0 ) é6rD
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As anote, all calculations were performed with consideration of particles nestled within or
on top of an indentation. Instances of particles resting on the area between indentations were not

taken into consideration for this work.

Roughness effects on residual adhering percentage (RAP) curves

From the lognormal fitted distribution, 1,000 particles were randomly generated with diameters
between 2 and 105 um for use in the particle-indentation adhesion simulations. Sinusoidal surface
roughness features were imposed on the particles in the simulated distribution. These were

described by the roughness parameters Agp, A, ng,, and n,. For each simulated particle, the

values of the amplitude of the roughness were randomly selected according to:
1nm < /'lgp_i = Aq,p_i <20nm

where Ag, ; is the amplitude of the sinusoids on particle i in the 6 direction and 4, ; is the

amplitude of the sinusoids on particle 7 in the ¢ direction. Similarly, the frequencies of the sine

waves were randomly selected according to the following constraint:

5 30
0, = (o) = (o) < 15

where ng, ; is the frequency of the sinusoids on particle /in the 6 direction, n,,; is the frequency
of the sinusoids on particle i in the ¢ direction, and D, is the diameter of particle i. In this case,
the frequencies are defined as the number of cycles per unit particle diameter. By constraining
each particle to have sinusoids with the same amplitudes and the same frequencies in both angular
directions, each sphere was uniformly rippled. Because the amplitudes and frequencies of the
simulated roughness varied randomly from particle to particle, a wide range of roughness effects
could be explored.

Once all the particles were defined, the adhesion force of each particle-indentation

interaction was calculated. This process was repeated for each indentation size. The calculated
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adhesion force was then related to the inertial force imparted by the motion of the centrifuge by

equating the two forces:
Foq = Foone = mw?r, 4.11

Because the particles are spherical, the mass was calculated by multiplying the volume and
density, pp, of the particle. The nominal radius of the equivalent spherical particle, a, was used to
calculate the volume because the volume of the protrusions and intrusions cancel out to leave the

volume of the equivalent sphere. Eq. 4.11 then yields:

Faq = §na3ppw2rc 4.12

For the simulations, both p,, and 7, were held constant, at 2.2 g/cm3 and 9 cm. By setting

the expressions for the adhesion and inertial forces equal to one another, the angular velocity can

be calculated and then the rotational speed required to remove the particle from the indentation

3F,
w= |—22 4.13
4Tty Ppte

60w
RPMyemovar = ? 4.14

can be determined by:

Knowing the required rotational speed to remove each simulated particle from an
indentation provides a means to determine the Residual Adhering Percentage (RAP) of particles
when a given rotational speed is simulated in the centrifuge. Specifically, after 1000 particles are
placed into simulated contact with indentations on the surface, the surfaces are assumed to be
placed in the centrifuge and the centrifuge is assumed to be rotated at a given speed. For the
assumed rotational speed, the fraction of particles whose adhesion force is less than or equal to the
applied inertial force is determined, and these particles are assumed to be removed from the
surfaces. The fraction of particles remaining on the surfaces is called the Residual Adhering
Percentage (RAP). Thus, the RAP for each size of indentation on a substrate (based on the

simulations) can be determined as a function of rotational speed.
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Describing the adhesion of rough particles in terms of equivalent smooth particles

While other models capture the effects of topography and shape on van der Waals adhesion
through parameters such as tunable asperity radii [63,66,69-72], in this work the behavior is
described in terms of equivalent smooth particles with the same radii as the rough particles and
described by a corresponding ‘effective’ Hamaker constant distribution. The effect of the particle

surface roughness is mapped onto the ‘effective’ Hamaker constants through the following steps:

1) Foreachindentationsize, the simulated RAP curves forthe smooth and rough particles
are plotted as the required speed for removal (ordinate) as a function of particle size
(for discrete particle sizes, abscissa) resultant from Egs. 13 — 15. Note that an arbitrary
(estimated) Hamaker constant is used to create the curve for the smooth particles.

2) Therotational speedsatwhichthe rough particlesare removed from the indentationare
compared to the rotational speeds required to remove smooth particles of the same
diameter.

3) To reconcile the difference between the observed adhesion of the rough particles and
the predicted adhesion of smooth particles of the same size, the Hamaker constants
used to predict the adhesion force of the ‘effective’ smooth particles are modified so
that the smooth particles are removed atthe same RPM asthe rough ones. This process
is repeated for all particle sizes.

By completing this Hamaker constant adjustment process, a new Hamaker constant distribution
(the ‘effective’ Hamaker constant distribution) is identified which allows a population of
‘effective’, smooth particles to be used to represent the observed adhesion and removal behavior

of the rough particles.

4.3 Results and discussion
4.3.1 Describing rough particle adhesion using smooth particles and ‘effective’ Hamaker
constants

In order to ascertain the effect of surface roughnesson the RAP curve, the simulated centrifuge
technique was used to compare the adhesion of smooth particles to particles that had surface

roughness imposed onto their surfaces in silico. Fig. 4.4 showsthe RAP curves of the smooth and
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rough particles against a surface with a 40 um indentation using an ‘effective’ Hamaker estimate
of 65 zJ.

100
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Figure 4.4 Simulated RAP curves of () rough particles and (o) smooth particles on a 40 um
diameter indentation with inset schematics showing the regions where particles sit above and
inside the indent.

The RAP curve for the rough particles shares the same plateau characteristic as the RAP
curve for the smooth particles seen in Fig. 4.4 between the RPM increment range of 1500 to 3000;
this plateau behavior is the result of the particles’ sizes dictating the adhesion in a similar manner
in both the rough and smooth particle adhesion cases. Specifically, at the plateau, the particles ride
above the indentations and make contact only ata ring of points around the edge of the particle.
At this condition, they have very low adhesion force against the surface, independent of the
roughness. As previously discussed [97], the fraction of particles remaining adhered at the plateau
for indentations of different size can be used to determine the cumulative size distribution of the
particles. From Figure 4.4, it is clear that the rough particles behave the same as the smooth ones,
and thus particle size distributions can still be obtained from the behavior on indented surfaces
when roughness is present on the particles. The RAP curves to the right of the plateau (rotational
speeds > 3000 RPM) differ between the smooth and rough particles because particle size is no
longer the dominating feature of the adhesion. Instead, the adhesion at rotational speeds greater

than 3000 RPM reflects the effect of the particle scale roughness on the adhesion. The adhesion of
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the rough particles is greater than the smooth particles at rotational speeds greater than 3000 RPM
because the roughness makes the rough particles are to be effectively larger than the smooth ones,
bringing more area into close contact with the surface which causes a greater adhesion force. All
particles in this range are small enough that they fall into the indentations on the surface.

The benefit of the enhanced centrifuge technique is the ability to describe the effect of the
particle roughness on the adhesion in the region beyond 3000 RPM in terms of the behavior of
‘effective’ smooth spheres. These smooth spheres, which are simple to describe computationally,
describe the roughness effects using ‘effective’ Hamaker constants. A comparison between the
rotational speeds needed to detach the smooth particles and rough particles as a function of size is
plotted in Fig. 4.5. The parabolic section of the curve on the left side of the graph reflects particles
adhering inside the indentation, while the plateau on the right results from particles larger than the
indentation, which are removed at much lower rotational speeds. As one moves right to left from
a particle size of 40 um to approximately 20 um, one sees a reduction in required centrifuge RPM
to remove the particles from the indented surface. This portion of the graph describes the transition
from particles intimately nesting within the indentation (40 um particles nesting perfectly in a 40
um indentation) to a point where the particle rests within the indentation buthas much less intimate
contact with the indentation (20 um particles nesting in a 40 pm indentation). As one continues to
move left from 20 pum to 1 um, there is a corresponding increase in the RPM required for particle
removal. This is because particles of this size are much less massive than larger particles and
therefore gain less momentum from the motion of the centrifuge than larger particles. The
difference between the required RPM for removal of the powder comprised of smooth particles
and the powder comprised of rough particles for sizes less than 40 um is due to the effect of the
particle roughness on the adhesion. Specifically, the rough particles have less mass in close
proximity to the indentation surface than the smooth ones of the same diameter. This reduced
mass leads to a reduction in the adhesionforce, allowingmuch larger rough particles to be removed

at the same rotational speed than in the smooth case.
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Figure 4.5 Required centrifugal speed (RPM) needed to dislodge a particle from a 40 um
diameter indentation for a powder comprised of ideal, smooth particles (®) and a powder
comprised of rough particles (m).

To map the smooth particle adhesion behavior seen in Fig. 4.5 to the rough particle
behavior in that figure, the Hamaker constants of the smooth particles were adjusted for all the
particle sizes where the adhesion between the two cases differed. These adjusted Hamaker
constants are the ‘effective’ Hamaker constants that were discussed above. Fig. 4.6 shows how the
resultant RAP curve for the equivalent smooth particles based on the adjusted Hamaker constants
maps very well onto the RAP curve for the rough particles, in the case of a surface with
indentations of 40 um. This shows how the ‘effective’ Hamaker constants capture the effect of

particle surface roughness towards the adhesion.
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Fig.4.6 Simulated RAP curves of (x) rough particles and (o) equivalent smooth particleson a 40
pm diameter indentation. The adhesion force for each smooth particles was determined on the
basis of a size-dependent Hamaker constant.

4.3.2 Applying ‘effective’ Hamaker constant distribution to other adhesion systems

The distribution of Hamaker constants required to capture the effects of the particle
roughness on the adhesion of equivalent spherical particles is linked to the size of the particles.
To illustrate this dependency, each size-dependent ‘effective’ Hamaker constant determined from
the 40 um indentation study was normalized to the particle size and then plotted as a function of
particle size, as seen in Fig. 4.7. Ascan be seen in this figure, the Hamaker constant distribution
is lognormal. For particle sizes greater than 40 um, the particles do not fit within the indentation,
there is point contact, and the rough and smooth particles will adhere similarly (i.e. have similar
‘effective’ Hamaker constants). As the particles get smaller than 40 pum, they begin fitting in the
indentations, and the rougher ones adhere more strongly than the smooth ones, because they are
effectively larger than the smooth ones; this stronger adhesion results in an increase in the
‘effective’ Hamaker constants. Once the particles become small enough that the roughness no

longer interacts as significantly with the sidewalls of the indentations, the adhesion between the
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rough and smooth particlesbecomesmore and more similar, resultingin adecrease in the ‘effective’

Hamaker constants. These specific interactions explain the lognormal distribution observedin Fig.
4.7.
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Figure 4.7 The (m) ‘effective’ Hamaker constant data normalized by particle size for indentation
size of 40 um plotted along with the (gray line) lognormal fit.

A lognormal function of particle diameter, d,,, was used as the functional formto express

the size-dependent ‘effective’ Hamaker constant:

2
A1z a ~(ind, )

iy — % 4.15
dp(p) dy,o\2m g

Fitting parameters a and 8 were applied to the typical lognormal equation with its

parameters u, the mean, and o, the standard deviation. The resultant fit had an R-squared value of
0.99 with parameters: @ = 70.3z/, f = 0.02435 :—r]n u = 2378, and o = 0.5208 . After

multiplyingby the particle size across Eq. 4.15, the ‘effective’ Hamaker constantis now a function
of the particle size described as:
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_(lndp _H)Z
e 202 + ﬂdp 4.16

Aqs; (dp) = T

In orderto determine how well this approach allows the use of ideal particlesto fitthe RAP
curves for rough particles against different indented surfaces, the procedure above for the 40 um
particles was repeated forindentations from 20 - 50 um. Fig. 4.8 illustrates the ‘effective’ Hamaker
constants generated from Eq. 4.16 capture the effect of the particle properties on the adhesion. As
can be seen, the roughness RAP curves across all indentations align with the ‘effective’ smooth
RAP curves. The agreement between the roughness RAP curves and the ‘effective’ smooth RAP
curves demonstrates that the equation for the size-dependent ‘effective’ Hamaker constants for

smooth particles can adequately represent the effects caused by rough particles.
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Figure 4.8 Simulated RAP curves of (#) rough particles and (o) ‘effective’ smooth particles
(adhesion described by calculated size-dependent ‘effective’ Hamaker constants) from plates
with indentation diameters, di, of (a) 20 um, (b) 30 pum, (c) 40 um, and (d) 50 pum.

4.4 Conclusion

The enhancement of the centrifuge technique through the application of specially-designed
substrates was investigated via simulation of the adhesion between a realistic powder and the
substrates. Sinusoidal roughness was applied to a collection of spherical particles with the same
size distribution as a real powder. A smooth plate with smooth, hemispherical indentations of 40

um was then simulated, and the removal of the rough particles from the plate using the centrifuge
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method was simulated. When the van der Waals adhesion was measured between the rough
particles adhered to the surface with hemispherical indentations, 2 regimes of behavior were
observed. When the particles were larger than the indentations, the rough particlesadhered equally
strongly as smooth particles of the same diameter. When the particles were smaller than the
indentations, the rough particles adhered more strongly than smooth particles of the same nominal
diameter. For the case of the large particles that were inside indentations, the rough particles
adhered more strongly than the smooth ones because the rough particles had more regions of close
contact with the indentation walls than in the smooth case. An ‘effective’ Hamaker constant
distribution was used to describe the adhesion of the rough particles in terms of the behavior of
smooth particles of the same diameter. In this case, the roughness effects were captured in the
‘effective’ Hamaker constants, and excellent agreement was obtained between the adhesion
behavior for rough particleson or in the indentations and ‘effective’ smooth particles on or in the
same indentations. This demonstrates that the van der Waals adhesion of rough particles to an
ideally textured surface can be well-represented by considering the behavior of smooth particles
of the same size with ‘effective’ Hamaker constants that capture the roughness effects. This can
be useful for powder characterization and for modeling powder behavior to provide important

information to engineersas they develop powder formulations and select processing conditions.
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5. THEEFFECT OF THE VARIATION OF STAINLESSSTEEL

SURFACE AND PHARMACEUTICALPARTICLEPROPERTIESON

POWDER ADHESION QUANTIFIED THROUGH THE ENHANCED
CENTRIFUGE METHOD

5.1 Introduction

Understanding powder adhesion is of importance to the pharmaceutical industry as adhesion
directly affects pharmaceutical powder storage and processing[3,98-101]. Compaction, tableting,
blending, and spreading are just a few processes used by the pharmaceutical industry impacted by
apowder’sadhesion[9,98,102—-105]. Poor understandingof apowder’s adhesioncan lead to issues
such as jamming, and picking and sticking[15,106,107]. Powder adhesion may be driven by van
der Waals (vdW), capillary, and electrostatic forces; and the conditions the powder is stored and
handled in determine which of the three forcesdominate the adhesion.

The individual particle properties, the surfacetopography of the interfacingequipment, and
environmental factors, such as humidity, all affect the forces contributing to a powder’s
adhesion[66,108-111]. The contact area between a particle and surface is directly impacted by
surface topography, particle shape and size, and depending on the relative humidity, the formation
of condensationon asurface[18,51,55,111].Particle deformationmay occur dependingon material
characteristics and other contributing factors, such as swelling due to moisture uptake. This alters
the contact area between the surface and particle, changing the adhesion force[20,103,112,113].

The interplay between the surface topography and the deformation of a particle directly
impacts the contact area between the particle and surface[20,57,114]. A number of methods exist
to quantify these effects towards particle adhesion[47,56,57,115]. However, existing adhesion
models are lacking in their ability to quickly and effectively capture the individual particle and
surface effects across entire powder size distribution. To address the need to quickly capture these
effects in a computationally non-exhaustive way, the enhanced centrifuge method (ECM) was
developed to describe the effect of the properties of the individual particles and the adherent
surface on the adhesion through tunable ‘effective’ adhesion parameters[32,116]. In these prior
studies, the ECM was used to quantify the effects of the particles’ properties and surface

topography towards the vdW adhesion through ‘effective’ Hamaker constants[32,116].
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The ECM is further adapted in this work to capture the particle and surface effects on the
adhesion between stainless steel and three pharmaceutical powders: lactose monohydrate,
hypromellose (HPMC) and ABT 089. Specifically, assuming the particles deform only elastically,
the work of adhesion parameter within the Johnson, Kendall and Roberts (JKR) model describing
the adhesion between a surface and an elastic deformable particle was turned into a parameter
called the ‘effective’ work of adhesion, /"’13,, to capture the individual particle and surface effects
towards the measured adhesion.

The 13, distributions outputted by the ECM are evaluated at two relative humidity (RH)
ranges: 10-25% and 30-40%. The high RH range was selected because the common ambient
condition in a pharmaceutical powder processing facility is ~35%. The low humidity range
provides a liming condition where condensed moisture should not play a significant role in the
adhesion. The 7’13, distributions provide a quantitative guide for how the particle and surface
properties effect the adhesion in the presence and absence of moisture-driven deformation.

A secondary study is presented in this work which demonstrates thatthese ‘effective’ work
of adhesion parameters provide a quantitative description of how the particle and surface
topography affectsthe work of adhesion. The adhesionof each of the pharmaceutical powderswas
measured against stainless steel that was polished to three different levels of roughness, and the

‘effective’ work of adhesion distributions were evaluated.

5.2 Materials and methods

5.21 Materials

Three pharmaceutical powders of interest, lactose monohydrate (Kerry), hypromellose (Sigma,
H9262), and ABT-089 (AbbVie), were provided by AbbVie Inc.

Stainless steel (type 316, McMaster-Carr Supply Company, 9745K15) was the surface of
interest because it is commonly used in pharmaceutical powder processing equipment.
Additionally, the stainless steel surface can be polished to systematically alter its surface
topography. The stainless steel plates were cutto 1 x 1 x 0.07cm in order to fit into specially-
designed centrifuge tubes. The centrifuge tubes are 11 cm in length and have a diameter of 2.5 cm.

The tubes were machined to have 2 x 2cm opening on the side that contains a holder for the plates.
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The holder positions the stainless steel plates such that they are parallel to the center of rotation of

the centrifuge. A schematic of these tubes is presented in Fig. 5.1.

Magnified schematic of particle-plate orientation

Stainless-steel substrate

Specially designed centrifuge tube
_____________________________________ — = < e
1 i e

Figure 5.1 Illustration of a powder-laden stainless steel substrate mounted in a specially
designed centrifuge tube. The powdered surface is oriented parallel to the axis of rotation of the
centrifuge with the particles facing radially outward. When a particle detaches from the surface,

the inertial force, Fene imparted by the centrifuge has overcome the adhesion force, Faq.

5.2.2 Experimental methods

Stainless steel polishing and cleaning procedure

A Buehler Minimet 1000 polisher was used to systematically alter the surface roughness of the
stainless steel. Each stainless steel plate (1 x 1 x 0.07cm) was mounted to the polishing arm with
mounting wax.

To create the ‘smooth’ stainless steel plates, each plate was polished with a Diamond
GrindingDisc (grit of dso~ 45 pm) with MetaDi Supreme Diamond Suspension paste (dso~45 um)

and MetaDi fluid as a lubricant for four minutesat 25 revolutions per minute (RPM) undera 20 N
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load. Next, the plate was polished on a MasterMet cloth (Buehler) with a combination of MetaDi
Supreme Diamond Suspension paste (dsp ~ 30 um) and MetaDi fluid for 2 minutes at 25 RPM
undera 20 N load. The third step involved using MetaDi Supreme Diamond Suspension paste (ds
~ 9 um) and MetaDi fluid for four minutes under the same speed and load conditions. The last two
steps involved polishing the plate for 4 minutes using first the MetaDi Supreme Diamond
Suspension paste (dsp~ 3 um) with MetaDi fluid, and then MetaDi Supreme Diamond Suspension
paste (dsp~ 1 um) with the MetaDi fluid.

To create the ‘rough’ stainless steel plates, each plate was polished with a Diamond
GrindingDisc (DGD) (dsp~ 45 wm) with MetaDi Supreme Diamond Suspension paste (dsp ~45um)
and MetaDi fluid as a lubricant for four minutesat 25 revolutions per minute (RPM) undera 20 N
load. The second step involvedpolishingwith a DGD (dso~ 9 pum) with MetaDi Supreme Diamond
Suspension paste (dsp~ 45um) and MetaDi fluid as a lubricant for four minutes at 25 revolutions
per minute (RPM) under a 20 N load.

After polishing, all plates (smooth and rough) were soaked in a warm acetone bath for at
least ten minutes to dissolve any residual mounting wax. They were then rinsed with methanol and

dried with compressed nitrogen.

Atomic force microscopy surface topography imaging

A Bruker Multi-Mode 8 atomic force microscope was used to measure the surface topography of
the stainless steel after polishingand cleaning. For each stainless steel plate, five topographical
scans were made to compile a number of representative scans of the surface topography. Each

topographical scan covereda 5 x 5um square region.

Humidity control

To ensure RH did not vary across experiments, a humidity control zone was constructed around
the experimentworkspace. This zone was constructed by creating a 2 x 4 x 3m enclosure made
out of plastic tarp and PVC pipe. The RH within this enclosure was controlled to a specific RH

range through the use of humidifiers and dehumidifiers.
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Centrifuge method

To perform the centrifuge method, the following steps were executed. First, a #3 paint brush was
dipped into the pharmaceutical powder of interest and tapped just above the stainless steel so that
the particles fell on the stainless steel without agglomerating. The particles were deposited in the
presence of a STATICMASTER lonizer (500 pCi) chip which ionized the air to neutralize the
charge on all surfaces to reduce electrostatic forces and prevent agglomeration.

A Nikon SMZ18 Stereoscope was used to capture optical images of the particles deposited
on the stainless steel. The images were taken at 5X magnification to easily differentiate the
particles from any defects on the steel surface. Each powdered surface was mounted in the
specially designed centrifuge tubes described above and illustrated by Fig. 5.1. Based upon the
orientation of the surface and particles in the tube, it can be inferred that when a particle detaches
from the surface, the inertial force of the centrifuge hasovercome the adhesion force. The inertial
force, F.ene (N) is described in Eqg. 5.1, where R (m) is the radius of the particle, p, (kg/m3)is the
particle density, w (s1) is the angular velocity of the rotor and r.(m) is the distance of the particle-
laden surface from the center of rotation:

5.1

4 3 2
Feent =§7TR Pp=Tc

A Sorval Lynx 6000 centrifuge was set to the following rotational speeds: 500, 750, and then
increments of 1000 RPM for two-minute intervals to perform the particle removal.

Afterrotation ateach speed, the Nikon SMZ18 Stereoscope was used to take optical images
of the particles remaining on the surfaces and ImageJ (NIH) was used to process these images to
determine the number of particles remaining as a function of the rotational speed. The entire
surface and the initial size distribution of the deposited pharmaceutical particles were captured by
analysis of an image taken before the plates were placed in the centrifuge at the start of an
experiment (i.e., when 100% of the particles were on the surface). After each measurement, the
plates were returned to the centrifuge, the RPM was increased, and the process repeated until all
particles were removed from the plates.
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5.2.3 Simulation methods

Determination of I"’13, distribution

After performing the centrifuge method, the ECM was executed. The ECM was developed to
determine the adhesion force of all the particles of a powder against a surface as a function of their
size [32]. The ECM is an engineering approach that allows powders comprised of real particles,
which are challengingto model, to be described as if they are comprised of perfect, smooth spheres,
which are comparatively easy to model. Previous studies have validated that the complexity
associated with the actual particles and their interactions with a complex surface is captured by the
empirical force parameters outputted by the ECMapproach[32,116]. Due to the deformable nature
of the pharmaceutical particles used in this work, the ECM was modified to the JKR adhesion
force model describing elastic-like particle adhesion[44] such that the effect of the stainless steel
surface and pharmaceutical particle properties towards the adhesion is captured through ‘effective’
work of adhesionparameters, I35, . Amodel, suchas the Maguis-Pollock adhesion force model[46],
which incorporates plastic deformation was not used as the particles were assumed to be only
elastic in nature for this initial adaption to the ECM framework used to describe deformable
powders.

The procedure for determining the I35, is described through the following steps (an in-depth

description is given elsewhere[32,116]):

1. The size distribution of the pharmaceutical powder as deposited on a p late at the start of an
experiment is measured via ImageJ. A powder of ideal spheres is generated in silico with
the same size distribution as the deposited powder.

2. The JKR adhesion force is computed between the ideal spheres from step 1 and a flat

surface in silico using Eq. 5.2:

Fikr 3
JKR _ ;ﬂF1'32 = constant 52

— 3 !
F}KR - ET[RF132 or R

where 75, is the ‘effective” work of adhesion, and R is the radius of the sphere[44]. The
surface energy value is arbitrarily set to a low value of 0.001 J/m2. This value is readily
adjusted to map the adhesion behavior of the ideal particles to the adhesion behavior of the

experimental powder. The JKR force model was used to describe the particle adhesion due
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to the observed elastic-like (deformable) nature of the pharmaceutical powders used. This
specific approximationof the adhesionbetweenelastic spheresanda flat plate was selected,
instead of a model that incorporates roughness asperities into the mathematical
description[20,57,117], in order to keep the math simple and the computational load as low
as possible. With this approach, the effects of the surface roughness and particle properties
are captured quickly and easily through the tunable parameter I35, .

. The adhesion force represented by Eq. 5.2 is related to the inertial force represented in 5.1

to determine the angular velocity necessary to dislodge the spherical particles from the

53
w = 3FC€Tlt
ATR3ppr,

and the angular velocity is converted into RPM through Eq. 5.4:

smooth surface

60w 5.4

RPMyemovar = ?

The ‘experimental powder adhesion curve’ is created by plotting the observed percent of

pharmaceutical particles remainingadhered to the plate asa function of the rotational speed
of the centrifuge when using the centrifuge method discussed in section 5.2.2.
. The ‘ideal powder adhesion curve’ is created using Eqgs. 5.1-5.4 with the ideal particle size
distribution and an assumed value of I}5,, and then plotting the percent of particles
remaining adhered after each rotational speed increment of the centrifuge. At this point,
the ‘ideal”’ powder adhesion curve is predicted using an assumed value of 0.001 J/m2 for
[}5, and the ‘experimental” powder adhesion curve is measured experimentally via the
centrifuge technique. The ‘ideal’ and ‘experimental” work of adhesion curves will not
match initially because the ideal work of adhesion has not been tuned to account for the
particles’ surface roughness and shape variation, nor for the roughness on the steel.

To map the ideal powder behavior to the experimental powder adhesion, the ideal particle
size distribution is sorted from largest to smallest and the particles are placed in bins by

size, such that the percent of particles in each bin matchesthe percent of particles observed
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to be removed at each RPM increment implemented experimentally. For example, if 20%
of the experimental powder was removed between 0 and 500 RPM, bin 1 would contain
the largest 20% of the ideal size distribution. Note: an assumption/limitation of this method
is that the particles fall off from largest to smallest as the inertial force increases.

7. The average particle size for each bin, also called the mean bin particle diameter (Dmean),
of the discretized ideal size distribution is determined and the I35, is adjusted for each bin
such that a particle with the mean bin particle diameter is removed at the observed
experimental rotational speed. In this way, the adhesion of the ideal Dnean is adjusted by
tuning the I3, parameter so that the adhesion of the ideal powder matches that of the
experimental powder

The distribution of I}5, values as a function of Dyean approximately quantifiesthe effects of the
roughness of the surface and the effects of the shape, roughness, and size variation of the particles

on the adhesion between the powder and the surface.

5.3 Results and discussion

5.3.1 Powder adhesion under different humidity conditions

The adhesion of the lactose, HPMC and ABT-089 was measured against stainless steel in two
different RH ranges, 10-25% and 30-40%, through the centrifuge method described above. The
adhesion was measured in these RH ranges to capture how the powder adhesion changes as a
function of the RH at which the powder is stored and processed. Fig. 5.2 illustrates the average
percent of particles remaining on the stainless steel at each RPM increment studied for the three
powders in the two RH ranges. The error bars included in Fig. 5.2 describe the standard deviation
in particles remaining across four replicates. This characterizes the variability in the adhesion
caused by the variation in the particle and surface topography properties across both the powder
and the surface. Accordingto Fig. 5.2 (A) and (B), the lactose and the ABT 089 in general have
very similar adhesion behaviorsin that the particles remaining in the 30-40% RH range are higher
across nearly all rotational speeds compared to the particles remaining in the 10-25% RH range.
For the lowest rotational speeds, however, the ABT 109 adhesion was higher in the lower RH
range implying the moisture condensation acted to screen the vdW adhesion instead of
encouraging it through particle deformation at this condition. The HPMC behavior in Fig. 5.2 (C)
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shows a higher number of particles remaining across all rotational speeds in the 10-25% RH range
compared to the 30-40% condition. In addition, most of the particles have been removed by the
4000 RPM increment in the 30-40% RH case. To describe the adhesion in the two RH ranges
across the entire size distribution of each powder, the ECM described in section 5.2.3 was used to

determine the ‘effective’ surface energy distributions.
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Figure 5.2 The average (of 4 replicates) percent of particles remaining as a function of applied
inertial force (RPM) for (A) lactose, (B) ABT 089, and (C) HPMC adhesion adhering to stainless
steel in two RH ranges: 10-25% (triangle) and 30-40% (circle). The error bars represent the
standard deviation in particles remaining across the 4 replicates
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Two key pieces of information required to execute the ECM to determine the ‘effective” work of
adhesion distributions are the particle remainingcurves suchasin Fig. 5.2 and the size distributions
of each of the deposited powders displayed in Fig. 5.3. The size distribution of the particles was
determined through the Nikon stereoscope and ImageJ particle analysis as described in the
methods section. Fig. 5.3 illustrates a representative size distribution for the lactose, ABT 089 and
HPMC. Particle size directly affects the contact area a particle has with a surface which in tum

impacts the adhesion.
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Figure 5.3 Number-based particle diameter frequency distribution determined through ImageJ
analysis of ABT 089 (blue), HPMC (orange) and lactose (grey).

Fig. 5.4 illustrates the ‘effective’ work of adhesion distributions normalized by particle
diameter outputted from the ECM for (A) lactose, (B) ABT 089, and (C) HPMC adhered to
stainless steel in the two RH ranges. In Fig. 5.4(A), for particle sizes above 60 um, the adhesion
of the lactose is identical in the two RH ranges. At this condition, the particles are very large
compared to the scale of the surface topography features. For particles smaller than 40 um, the
113, values are larger for the higher humidity range of 30-40%. The effects water of uptake,
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subsequentvolume increaseand deformation are more significantfor the smaller particles because
this change brings the majority of the particle bulk into contact with the surface. Qualitatively, the
trend lines describing the /™13, in each RH range have the same overall shape. The similar
qualitative trend illuminatesthat the same properties control the adhesion with the effect enhanced
by the condensation that occurs at the higher RH. Due to the hydrophilic nature of lactose
monohydrate[112], it is hypothesized it absorbs the water that condenses in the higher RH,
becomes more deformable in nature[44]. Consequently, the overall qualitative adhesion force trend
is the same, but the force is larger for the high humidity case.

Fig. 5.4(B) illustrates that the ABT 089 adhesion to steel is similar to that of the lactose.
The trends for both the RH ranges qualitatively follow the same upwards curve as the particle size
decreases, and the normalized /™13, values are higher in the 30-40% RH range than in the low range.
The qualitative similarity between the two trend lines implies the same property effects are being
described through the normalized /™13, distributions, and the same adhesion behavior is controlling.
As with the lactose, the ABT 089 is likely absorbing the condensed water in the higher humidity
range causing deformation, increased contact area and an overall increase in adhesion.

The ™13, describing the HPMC behavior varied from those for both the lactose and the
ABT 089 in that the /™13, values are larger for all particle sizes in the lower humidity range. The
difference in behavior is attributed to the dramatically different shapes of the HPMC particles
compared to the ABT 089 and lactose in Fig. 5.5. The HPMC particles seen in Fig. 5.5(B) have
more variability in shape and size compared to the generally spherical lactose particles. The HPMC
particles include needle-like, rectangular and spherical shapes. The way these irregular and larger
particles interact with the surface may explain why the adhesion dropped when the humidity
increased for the HPMC powder. When water condenses on a surface, it does not immediately
create a uniform layer of water, but instead creates pockets of water in tight crevices on the
surface[110]. The larger, irregular HPMC particles may be suspended over these indentations and
may not contact the water. The water in these crevices does not cause swelling of the HPMC and
does not form capillaries against it, but does screen the vdW interactions, lowering the overall
adhesion[49,118]. Atthe lower RH, there is less water on the steel screening the vdW interactions,
leading to higher adhesion forces. This behavior was likely not observed for the lactose and the
ABT 089 because the particle sizes are smallerand more regular in shape (spherical), and therefore

may more readily access the adsorbed moisture. Additionally, the ABT 089 and lactose may be
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more hygroscopic in nature compared to the HPMC, allowing them to uptake more water and
causing greater deformation and contact with the surface. Or alternatively, the lactose and ABT
089 may uptake the same quantity of water as HPMC, but based on their material properties they
become more deformable under this condition which causes the increase in contact. A separate
investigation beyond this work is needed to determine the water absorption and subsequent
deformation for each powder to further distinguish which phenomenon discussed above is the

cause for the adhesion behavior observed.
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Figure 5.4 (A) lactose, (B) ABT 089, and (C) HPMC adhesion to stainless steel in two RH
ranges: 10-25% (triangle) and 30-40% (circle) represented through the normalized ™3,
distributions as a function of particle size. The error bars represent the standard deviation around
the mean normalized I” ., for each bin.
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Figure 5.4 Continued
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Figure 5.5 Optical microscopy images of (A) lactose adhered to stainless steel and (B) HPMC
adhered to stainless steel.

5.3.2 Powder adhesion to stainless steel with varying surface topography

To investigate how the changing surface properties impact pharmaceutical powder adhesion, a
secondary study was performed to characterize the work of adhesion against stainless steel with
systematically varied surface topography. A firstgeneration study validated this approach by using
the ECM to study the adhesion of a polystyrene particles (spherical in shape) to silica with
systematically varied surface topography[116]. Here, the ECM is adapted to the JKR adhesion
model as the pharmaceutical powders studied are considered to be more deformable in nature
compared to the rigid polystyrene particles.

The adhesion of the lactose, ABT 089 and the HPMC was measured against stainless steel
polished in 3 different manners, as described in the methods section. The resulting topography on
each surface was captured by AFM. The root mean square (RMS) roughness, Ry, of the surface

topography scans was calculated according to
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5.5

where n is the number of points tracked along a surface and yj is the difference between the height
value of each point and the mean height value of the data set (the trace)[54]. An average RMS
roughness was calculated by taking the average of the RMS values determined from the 25 scans
taken across 4 plates polished at each condition. The results are shownin Table 5.1. The previous
study[116] performed found that RMS roughness is not a complete descriptor for how the
roughness will affect the adhesion. The adhesion is instead affected by the scale of the specific
surface topography features (i.e. distance between roughness peaks in addition to peak height) to
the scale of the particle properties. The relation between the surface and particle scale properties
controls how the particles contact the surface. The ‘effective’ adhesion parameters outputted by
the ECM capture the relationship between the surface and particle properties across an entire

powder and all locations on the surface.

Table 5.1 RMS roughness characteristics of the three stainless steel polish cases.

Polish Case Average RMS Roughness (nm)  Standard Deviation (nm)
‘No Polish’ 19 3

‘Smooth’ 4 2

‘Rough’ 21 17

The adhesion of the three powders was measured to each stainless steel surface through the
centrifuge method described in the methods section. Fig. 5.6 displays the particles remaining as a
function of the rotational speed of the centrifuge for each powder adhered to each stainless steel
surface. In Fig. 5.6(A), the lactose behavior against the ‘no polish’ steel is most similar to the
‘smooth’ polish case, and both cases show stronger adhesionthan the ‘rough’ polish case. However,
Fig. 5.7(A) illustrates that once the ECM is executed to determine the ™13, distributions,
normalized by particle size, the work of adhesion is comparable across all three surface finishes
for most particle sizes. For particle sizes <40 um and > 60 um the normalized ‘effective’ work of
adhesion is very similar for all polished surfaces, while for particle sizes between 40 um and 60
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um the normalized /™13, are higheragainstthe ‘no polish’ and ‘smooth’ polished surfaces, although
their form varies slightly. Although the normalized ™13, are similar quantitatively, the actual
properties affectingthe normalized /™13, differineach case which canbe explained by the particles
interacting in different manners on each of the surface topography cases. Likely, the number of
roughness peaks the particles interact with yields similar separation between the surface of the
particles and the steel in the ‘smooth” and ‘rough’ casesthan in the ‘no polish’ case.

The normalized /™15, displayed in Fig. 5.7(B) illustrate the ABT 089 adhesion behavior is
very similar to the lactose behaviorexcluding particle sizesabove 50 um. In contrastto the lactose,
for particle sizes above 50 um, the normalized ™3, representing the ABT 089 adhered to the
‘rough’ polish surface are higher than the ‘smooth’ polish surface. The ABT 089 particles in this
larger size region are hypothesizedto be more complementary to the features on the ‘rough’ polish
surface than the features on the ‘no polish’ surface.

The normalized /™13, trends describing the work of adhesion of the HPMC to the steel
showed the same general behavior as the other powders. For particle sizes above 125 pm, the
trendlines for each polish type collapse on top of each other. This behavior illustrates that the
particle properties are the key contributors to the normalized ™13, values in that the particles are
so much larger compared to the surface features they are the controlling effect on the work of
adhesion for all surface finishes. The normalized /™13, for particle sizes between ~60 and 125 um
show varying behavior for the different finishes because the different scales of the surface
topography interact differently with the particles at each size. Below ~60 um the ‘no polish’ and
the ‘smooth’ steel behavior again is very similar, indicating that the particles have similar
interactions with the features on these surfaces.

The normalized ™13, distributions describing the work of adhesion of the lactose, ABT 089
and the HPMC against the different steel surfaces that are illustrated in Fig. 5.7 provide a method
to determine how specific surface and particle properties affect the work adhesion. These
distributions further illuminate how altering one of those properties (in this case surface

topography) changes the work of adhesion across an entire powder.
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Figure 5.6. Average percent of particles remaining at varying inertial forces (RPM) for (A)
lactose, (B) ABT 089, and (C) HPMC adhering to three different stainless steel surfaces with
varying surface topography: ‘no polish’ (square), ‘smooth’ (diamond) and ‘rough’ (circle). The
error bars represent the standard deviation in particles remaining across 4 replicates.
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Figure 5.7 Normalized ™13, distributions for (A) lactose, (B) ABT 089, and (C) HPMC adhering
to stainless steel with three different surface finishes as a function of particle size: ‘no polish’
(square), ‘smooth’ (diamond), and ‘rough’ (circle) The error bars represent the standard
deviation around the mean 713, for each bin.
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5.4 Conclusions

The adhesion between stainless steel and lactose, ABT 089 and HPMC was measured across RH
increments of 15-25 and 30-40%. The ECM was used to further characterize the effect of the
humidity on the work of adhesion between the particles and surfaces. The normalized /™3, for the
lactose and the ABT 089 showed anincrease in humidity produced an increased work of adhesion
over all particle sizes. In contrast, the normalized /™13, for the HPMC illustrated the increase in
humidity caused a decreased work of adhesion. For the ABT 089 and lactose adhesion cases, the
properties of these powders, such as shape and hygroscopicity, likely encouraged the particles to
uptake water and deform in this higher RH range which resulted in the higher normalized ™13,
while the non-uniformity of the HPMC particle shapes and sizes resulted in less water uptake and
subsequentdeformation. Inthe HPMC case, the water acted to screen and reduce the vdW adhesion
force instead of encouraging it through deformation.

A secondary study was performed in this work which characterized the powders’ work of
adhesion against steel of varying surface roughness. In this study, the ECM was used to
characterize the effect of the surface and particle properties on the adhesion through normalized
I3 distributions. These distributions illustrated the lactose and ABT 089 adhered similarly to all
the steel surfaces for sufficiently small and sufficiently large particles. However, for particle
diameters between ~50 and 60 pm the normalized /™13, representing the lactose adhered to the ‘no
polish’ surface were higher compared to the ‘rough’ polish case while the normalized /™13,
representing the ABT 089 adhered to the ‘no polish’ case were lower compared to the ‘rough’
polish case. For the lactose adhesion, the ‘no polish’ surface topography features encouraged
contact with these particles, while the same surface topography features discouraged contact with
the ABT 089 particles. Instead, the ‘rough’ steel surface topography features encouraged more
contact with the ABT 089 particles. In contrast to the lactose and ABT 089, the HPMC particles
in this size region interacted very similarly with the surface topography features on both the ‘rough’
and ‘no polish’ case as illustrated by the ™13, distributions collapsing against each other.

Across both studies, the value of the ECM was illustrated through the normalized ™13
distributions providinga quick and quantitative measure of how the RH, the particle properties and

surface topography impact the powder’s adhesion.
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6. INCORPORATING THEEFFECT OF HUMIDITY ON SURFACE AND
PARTICLE INTERACTIONS THROUGH THE ENHANCED
CENTRIFUGE METHOD

6.1 Introduction

Solids processing is relevant in a wide variety of industries— some example industries being
pharmaceutical, food and defense[3,79,119]. To best understand how a powder behaves under a
process, it is critical to first determine how the powder coheres to itself and adheres to other
dissimilar surfaces[16,120,121]. The van der Waals force, the electrostatic force and the capillary
force all affectadhesion[17,122,123]. The environment in which a powder process is performed
dictates which of the three forces controls the adhesion.

One environmental condition that is presentin industrial processingand affects powder
adhesion ishumidity[49,124-128]. Dependingon the humidity conditions, moisture may condense
on the surfaces of interest leading to the formation of capillary bridges between the particles and
the surfaces[36]. The particle properties, such as size and shape, and the surface roughness play a
role towards particle adhesion and determine how a liquid meniscus forms between
surfaces[51,129,130]. The contact area of the liquid bridge with the particle and the surface is
impacted by the surface topography and particle shape[51,58,129]. Studies so far have focused on
understanding the influence of particle properties across humidity environments at the single
particle scale. To describe these properties across an entire powder, Thomas et al. created a
framework called the enhanced centrifuge method to quantify the effect of the surface and particle
properties on the capillary adhesion through an empirically-tuned parameter called the ‘effective’
contact angle[131]. This method involves tuning the contact angle within the simple model
describing the capillary adhesion between a sphere and a flat plate as a function of particle size
shown here:

F,, = 2myRp(cosB; + cos 0;) 6.1

where F, is the capillary adhesion force, y is the surface tension of the water, Rp is the particle
radiusand 6, and 6, beingthe contact angles of (1) the liquid with the particle and (2) with the
surface. The contact angle ordinarily describes the angle tangent to the liquid bridge’s surface at

the point of contact with the solid surface. When one or the other of these contact angles are tuned
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as a function of particle size to capture the effects of particle shape, particle topography, and
surface roughness on the resulting adhesion, it is expressed as a distributions of ‘effective’ contact
angles [131].

The purpose of this study was to extend this simulation-based work further and use the
enhanced centrifuge method to characterize the effect of silica particle properties and surface
topography on the adhesion between silica spheres and nominally flat silica plates as a function of
relative humidity (RH). Silica was selected as the material for this study as it is a material
commonly used to examine particle adhesion —usually in single particle studies usingatomic force
microscopy[20,52,129]. Additionally, it is often used to make products such as the glass for solar
panels or the wafers used in microelectronics[123,128]. The current work sheds light into how an
entire silica powder’s adhesion is affected by the changing interaction between the particle and

surface due to the RH and subsequent water formation on the surface.

6.2 Materials and methods

6.2.1 Materials

A powder comprised of green-fluorescent silica particles (DiagNano™, dsp ~ 20um) was chosen
because the fluorescent labelling allowed the particles to be visible under the in-house Nikon
SMZ18 Stereoscope. The surface of choice was ground polished fused quartz (silica) (Technical
Glass Products) that was cutto 0.5 x 0.5 x 0.2 cm pieces and glued to stainless steel backings (1 x
1 x 0.07cm) in order to fit into specially-designed centrifuge tubes used in the enhanced centrifuge
method, as described below. The centrifuge tubes are 11 cm in length and have a diameter of 2.5
cm. The tubes are solid except fora 2 cm x 2 cm opening on the side that contains a holder for the
plates. The holder allows the silica glued to the stainless steel backing to be oriented such that the
silica is parallel to the center of rotation of the centrifuge. A schematic of a specially designed

centrifuge tube is presented in Fig. 6.1.
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Magnified schematic of particle-plate orientation
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Silica Particles

Stainless-steel backing

Specially designed centrifuge tube

Figure 6.1 Illustration of a powder-laden silica surface mounted in a specially designed
centrifuge tube. The powdered surface is oriented parallel to the axis of rotation of the centrifuge
with the particles facing radially outward. When a particle detaches from the surface, the inertial

force, Feent imparted by the centrifuge has overcome the adhesion force, Fag.

6.2.2 Experimental methods

Atomic force microscopy surface topography and phase diagram measurements

A Multi-Mode 8 atomic force microscope (AFM) and RTESPA-300 etched silica probe (Bruker)
were used in tapping mode to measure the surface topography of the silica. Five topographical
scans of the silica surface were measured. Each topographical scan area was 5 um X 5 um.

The same AFM system was used to capture phase diagrams of the silica surface under the
presence of controlled RH. The AFM is equipped with an atmospheric hood which allows the
ability to control the ambientatmospherearound the experiment. The atmospheric hood is attached
to dry nitrogen (99.5%) and humid gas via a two-stage bubbler humidifier. The dry and humid
gases were mixed in order to obtain the desired humidity level. The humidity inside the

atmospheric hoodwas measured viaa Vaisala HPMC233 humidity meter. The system was allowed
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to equilibrate for 30 minutes within each humidity range studied before taking a representative

phase scan.

Centrifuge method

Many methods exist to measure adhesion forces, which include: the centrifuge technique, the
aerodynamictechnique,the hydrodynamic technique, the impact-separation method, the ultrasonic
vibration method, the electrical field detachment technique, force microscopy, the drop test,
acoustic base excitation, and the mechanical surface energy tester [40,41,81,90,91]. The classical
centrifuge technique is a practical method that measures particle adhesion, is simple to perform,
and describes the adhesion behavior of an ensemble of particles in terms of the average adhesion
force forthe ensemble. To perform the centrifuge method, the following steps were executed. First,
a #3 paint brush was dipped into the silica powder of interest and tapped just above the silica so
that the particles fell on the silica without agglomerating. The particles were deposited in the
presence of a STATICMASTER lonizer (500 puCi) chip which ionized the air to neutralize the
charge on all surfaces to reduce electrostatic forces and prevent agglomeration.

A Nikon SMZ18 Stereoscope was used to capture optical images of the silica particles
adhering to the silica. The images were taken at 5X magnification to easily differentiate the
particles from any defects on the silica surface. The plates were imaged in the presence of the
STATICMASTER lonizer (500 pCi) chip to reduce electrostatic forces. To perform the particle
removal, each powder coated surface was mounted in a specially designed centrifuge tube
described above and illustrated by Fig. 6.1. Based upon the orientation of the surface and particles
in the tube, it can be inferred that when a particle detaches from the surface, the inertial force of
the centrifuge has overcome the adhesion force. The inertial force, F_.,,; (N) is described in Eq.
6.2, where R (m) is the radius of the particle, p, (kg/m3) is the particle density, o (s) is the angular
velocity of the rotor and r, (m) is the distance of the particle-laden surface from the center of
rotation:

Feent = 3R ppa’%; 6.2
A Sorval Lynx 6000 centrifuge was operated at 500, 750, 1000, 2000, 3000, 4000, 5000, 6000,
7000, 8000, 9000, and 10000 RPM for two-minute intervals to perform the particle removal. Each
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study began at the lowest rotational speed. After a powdered surface was evaluated following
rotation in the centrifuge, the surface was returned to the centrifuge and the work was repeated at
a higher rotational speed.

Afterrotation ateach speed, the Nikon SMZ18 Stereoscope was used to take optical images
of the particles remaining on the surfaces. ImageJ (NIH) was used to process these images to
determine the number of particles remaining as a function of the rotational speed. The entire
surface and the initial size distribution of the deposited silica particles were captured by analysis
of an image taken before the plates were placed in the centrifuge at the start of an experiment (i.e.,
when 100% of the particles were on the surface).

To ensure humidity did not vary across experiments, a humidity control zone was
constructed around the experimental workspace. This humidity control zone was constructed by
creatinga 2 x 4 x 3 m enclosure made out of plastic tarp and PVC pipe. The humidity within this
enclosure was controlled to the desired relative humidity range within +/-5% with the combined

use of humidifiers and dehumidifiers.

6.2.3 Simulation methods

Determination of ‘effective’ adhesion distribution

After performing the centrifuge method, the ECM was executed. The ECM was developed to
determine the adhesion force of all the particles of a powder against a surface as a function of their
size [32]. The ECM is an engineering approach that allows powders comprised of real particles,
which are challengingto model, to be described as if they are comprised of perfect, smooth spheres,
which are comparatively easy to model. Previous studies have validated that the complexity
associated with the actual particles and their interactions with a complex surface is captured by the
empirical force parameter outputted by the ECM approach [32,116]. Specifically, the ECM
approach was applied to a system which isolated van der Waals (vdW) adhesion forces, and a
purely simulation-based capillary adhesionstudy[32,116,131,132]. The empirical ‘effective’ force
parameter in the determined by vdW adhesion case described by Eq. 6.3 is defined to be an

‘effective’ Hamaker constant, A’ 3,.
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Fyaw (D) = eDZ 6.3

In Eq. 6.3, Alis the Hamaker constant, R is the sphere’s radius, and D is the separation between the
sphere and the flat plate
The parameter tuned in the capillary adhesion case describe by Eq. 6.1 is defined to be an
‘effective’ contact angle, 6,7[32,116,131,132]. An in-depth description of the ECM used to
determine these specific ‘effective’ force parameters is published previously[32,116,131,132].
Here, the silica adhesion was measured across increasing RH levels. Due to the changing
humidity conditions, the adhesion system could not be strictly characterized as either a vdW or
capillary adhesion. Consequently, the complexity associated with the silica particles and the
surface topography of the silica substrate is captured in a general ‘effective’ force parameter
described by the following symbol: F, ;. In brief, the procedure for determining these F,; used to
capture the effect of surface roughness and particle shape and topographical properties on the
adhesion through the ECM is described through the following steps:

1. The size distribution of the silica powder as deposited on a plate at the start of an
experiment is measured via ImageJ.

2. A simulated powder comprised of 1000 spherical particles is generated in silico such that
the size distribution matches that of the experimental powder. This distribution is referred
to as the ideal particle size distribution.

3. Iftheadhesion system (vdW or capillary) is clearly defined, the adhesionforce iscomputed
between the ideal spheres from step 2 and a flat surface based on either the Derjaguin
approximation[116] for the vdW force case or the simple approximation for the capillary
adhesion[51,125].

4. The expression for the inertial force in Eq. 6.2 is rearranged to isolate the angular velocity

observed when spherical particles are dislodged from the smooth surface

6.4
w= 3Fcent
AR 3 ppr,

and the angular velocity is converted into the rotational speed observed at the point of

particle removal, RPM,omovar » through Eq. 6.5:
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RPM,emovar = F

5. The ‘experimental powder adhesion curve’ is created by plotting the observed percent of
silica powder remaining adhered to the silica as a function of the rotational speed of the
centrifuge when using the centrifuge method discussed in section 6.2.2 (inertial force from
the centrifuge causes particles to detach from the surface, and optical and image analysis
is used to track the number of particles of each size that remain as a function of inertial
force).

6. The ‘ideal powder adhesion curve’ is created using Egs. 6.2,6.4 and 6.5 with the ideal
particle size distribution and an assumed value for the ‘effective’ Hamaker constant or
‘effective’ contact angle, and then plotting the percent of particles remaining adhered after
each rotational speed increment of the centrifuge. The ‘ideal’ and ‘experimental’ adhesion
curves will not match because the ideal adhesion case has not been tuned to account for the
particles’ surface roughness and shape variation, nor for the roughness on the silica.

7. To map the ideal powder behavior to the experimental powder adhesion, the ideal particle
size distribution is sorted from largest to smallest and the particles are placed in bins by
size, such that the percent of particles in each bin matches the percent of particles observed
to be removed at each RPM increment implemented experimentally. For example, if 30%
of the experimental powder was removed between 0 and 2000 RPM, bin 1 would contain
the largest 30% of the ideal size distribution. An assumption/limitation of this method is
that the particles fall off from largest to smallest as the inertial force increases.

8. The average particle size for each bin, also called the mean bin particle diameter (Dmean),
of the discretized ideal size distribution is determined and the F, ; is adjusted for each bin
such that a particle with the mean bin particle diameter is removed at the observed
experimental rotational speed. In this way, the adhesion of the ideal Dpean IS adjusted by
tuning the F,,; parameter so that the adhesion of the ideal powder matches that of the
experimental powder.

As the ambient humidity condition was altered across this study, neither the capillary nor the vdw
adhesion model was directly applied to the ECM. Consequently, to compare results across
humidity increments, the ‘effective’ force parameter was left as a generalized F,; description and

!

not described through either a A;5, distribution or a 6, ¢ distribution.
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6.3 Results and discussion

The purpose of this work is to characterize the effect of the silica particle properties and silica
surface topography on the adhesion across increasing humidity increments. To begin to do this,
the surface topography on the silica substrate was measured via AFM as described in section 6.2.2
and the surface had a root mean square (RMS) roughness of approximately 9 nm. This RMS
roughness was determined to validate that the surface topography on average was similar across
replicates.

Silica powder adhesion was measured against the silica substrate in five different humidity
ranges: 10-25%, 30-40%, 40-50%, and 60-70%. The direct result of each of the centrifuge method
experiments is displayed as the percent of particles that remained as a function of RPM, as shown
in Fig. 6.2.

Atthe lowestrotational speeds (0 —5000 RPM), Fig. 6.2 shows that the percentof particles
that remained adhering at humidity ranges of 30-40% and 40-50% are overall lower compared to
the other three humidity ranges studied, exceptatthe lowestrotational speeds for the 40-50% case.
In addition, the percent of particles that remained in the upper two humidity ranges of 50-60% and
60-70% are virtually identical over all rotational speeds studied. At these humidity ranges,
moisture likely adsorbs to fill crevices on the two surfaces with bulk water[49,118,133,134]. This
bulk water screens vdW forces, but also has the potential to bridge adjacent locations on the
particle and surface. In this case, the capillary forces between the nanoscale contacts will increase
the adhesion, leading to large quantities of particles adhering at all rotational speeds. Also
consistent with existing studies [110,118,133], at the lowest RH (10 — 25%) adsorbed molecular
water likely fills the smallest crevices on the two interacting surfaces, shielding vdW interactions
but doing little else to influence the adhesion. In this case, the adhesion is most likely resulting
from lightly screened vdW forces. To further investigate the effects of the specific particle
properties, such as size, and the silica substrate topography towards the adhesion across various
RH levels, the ECM was performed.
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Figure 6.2 Measured percent of silica particles remaining on ground polished silica after rotation
in centrifuge at various rotational speeds at varying RH. Error bars represent the standard
deviation of the percent adhering to the ground polished silica in each humidity range across 4

replicates.

In order to determine the ‘effective’ adhesion force distributions that further describe the

effect of the silica properties on the adhesion, the size distribution of the silica was first measured

through ImageJ particle analysis of the particles deposited on the silica in each experiment in each

humidity range. These size distributions are provided in Fig. 6.3. It is important to note that the

size distributions of the silica particles deposited on the silica substrates were similar across

experiments.
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Figure 6.3 Number-based particle diameter frequency distribution determined from the size
distributions, compiled across replicates in each humidity range, of the silica particles measured
via the Particle Analysis function in ImageJ.

The percent of particles observed to remain as a function of the RPM and size distributions
in each humidity range were inputted into the ECM to build the normalized ‘effective’ force of
adhesion plots (£, as a function of particle size) presented in Fig. 6.4. To further distinguish and
compare the adhesion trends across relative humidity ranges, the y-axis representing the

normalized ‘effective’ adhesion force was plotted on a lognormal scale in Fig. 6.5.
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Figure 6.4 Normalized ‘effective’ adhesion force curves across humidity ranges of 15-25%, 30-
40%, 40-50%, 50-60% and 60-70%. The horizontal error bars represent the standard deviation
around the Dnean fOr each bin. The vertical error bars represent the standard deviation around the
mean F 54 for each bin.

Two regions of adhesion are observed in Fig. 6.5. The first regime illustrates the adhesion
in the relative humidity ranges of 30-40% and then 40-50%. The adhesion behavior for these two
humidity ranges overall follows the same qualitative trend with the adhesion quantitatively being
higher for the 40-50% case. The adhesion is lowest in the 30-40% RH range, likely due to the
initial formation of adsorbed water that fills partially, but not completely, the surface roughness
features such that instead of creating a bridge between the particles and surface, and inducing
capillary adhesion, the water acts to instead reduce the vdW interaction between the particle and
surface [49,51,118]. The spike in adhesion seen above an RH of 40% is likely due to the transition
of the water completely layering across the surface roughness features such that many nano-scale
capillary bridges now exist between the particle and surface[49,118,130]. The similarity in the
‘effective’ adhesion force values for the lowest and highest RH ranges has also between observed
in other studies[51,110,129]. One study proposed this may be occurring due to the formation of

icelike structures in the water causing lower than expected adhesion in the upper humidity range.
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A separate study found the similarity between the two ranges was due to the surface roughness
impeding the water’s ability to bridge with the particles[51]. These sample studies illustrate the
adhesion in the upperand lower humidity can look similar to each other even when the controlling

adhesion force is different in each range.

7&{ RH Range:
L —@—15-250
10 F;d o] 15-25%
30-40%
l 40-50%
g 50-60%
%, 60-70%
OE 1 N 1 1 1 1 \ 1 S 1
= ) 20 40 60 80 100 120 140
[
un
0.1
Dmean (M)

Figure 6.5 Normalized ‘effective’ adhesion force curves across humidity ranges of 15-25%, 30-
40%, 40-50%, 50-60% and 60-70% The horizontal error bars represent the standard deviation
around the Dnean fOr each bin on a log scale. The vertical error bars represent the standard
deviation around the mean F’yfor each bin ona log scale.

To further validate the adhesion behavior seen in each RH range, phase diagrams determined via
atomic force microscopy were measured across increasing RH levels as described in section 6.2.2.
The phase diagrams representing the adsorbed moisture at RH levels of 15%, 45% and 52%
illustrated through Fig.6.6 A, Fig.6.6 C, and Fig. 6.6 D are qualitatively comparable to each other
in terms of phase color contrast. The phase diagram representing the RH level of 35% (Fig. 6.6B)
shows variation from the other increments as it contains pockets of the lighter colored regions.
Thus implying that although water layering has begun, it has not completely layered acrossall the

surface topography features. To further validate this, the average phaseshiftvalues were calculated
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from each phase diagram shown in Fig. 6.6 and plotted as a function of humidity in Fig. 6.7. The
average phase shift values become more negative in value as a function of increasing humidity
demonstrating water continues to increase in amount on the surface as a function of increasing
humidity.

The silica adhesion in the 30-40% RH range was lower compared to all other humidity
ranges because although water is forming on the surface, it is just beginning to fill the surface
topography crevices such that liquid bridging does not occur yet and instead the water acts to
screen the vdW adhesion. As the presence of water increases as a function of RH, the water
continues to fill the surface topography features reaching a point where liquid does span the space
between the surface and particles, leading to the increases in adhesion with increasing RH above
40%.

A.RH ~15% . '/, . 100° | B B. RH ~35% 100°

r 1
00 3: Phase 50um 00 3: Phase 50 un'

C.RH ~45% R 0o D.RH ~52% ' 100"

P 1
00 3: Phase 50um 00 3: Phase 504m

Figure 6.6 AFM phase diagrams of the ground polished silica surface under relative humidity
conditions of A) ~15%, B) ~35%, C) ~45%, and D) ~52%.
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Figure 6.7Average phase shift values corresponding to phase diagrams shown in Fig. 6.6 at each
of the following humidity conditions: A) ~15%, B) ~35%, C) ~45%, and D) ~52%. The error
bars describe the standard deviation around taking the mean phase shift value.

6.4 Conclusions

The ECM was utilized to study silica powder adhesion to a silica surface across increasing RH
levels to characterize the effect of humidity had on the adhesion between silica particles and
surfaces. This study and the ‘effective’ force distributions revealed that the RH level dictates how
the liquid exists between the surfaces, and in turn how the particles contact and adhere to the
surface. In the RH regime of 30-40% where liquid is likely just beginning to form in bulk on the
surface, the particle adhesion is low as the particles do not contact a continuous layer of liquid, but
instead the water fills the features on the silica surface and screens the vdW interactions. As the
RH transitioned to the 40-50% range, the slightly higher ‘effective’ force of adhesion distribution
revealed the build-up of water allowed liquid bridges to form between the particles and surface.
The ‘effective’ force distributions further illuminated that above a RH value of 50%, the water has
likely uniformly layered as the particles are adhering similarly with this layer for all humidity

increments above 50%. Furthermore, these distributions illustrated that the particles interact
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similarly with the water/surface layer in the highest RH range as they would with the surface in
the lowest RH range. The ‘effective’ adhesion force distributions provide a guide for how the
specific RH range is affecting the water formation and layering, and ultimately altering how the
particles are interacting with the surface topography.
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7. CONCLUSIONS & RECOMMENDED FUTURE WORK

7.1 Conclusions

This research focused on further developing an experimental and modeling framework, called the
Enhanced Centrifuge Method (ECM), that maps particle-scale and surface properties onto
experimentally-validated ‘effective’ adhesion distributions that describe the adhesion of the
particlesthatcomprise apowder. These distributionsrepresentan engineeringapproach thatallows
powders comprised of particles of complex shape and roughness, which are challenging to model,
to be described as if they were perfect, smooth spheres, which are comparatively simple to model.
The complexity associated with the shape and size distributions of the individual particles is
captured by the ‘effective’ adhesion parameter distributions.

The foundational study ofthiswork involved measuringthe vdW adhesion of a polystyrene
powder comprised of nominally spherical particles against four silica surfaces with well-defined
levels of RMS roughness. Theresultant 47 5, distributions illustrated two regions of adhesion. The
first described particles that were significantly larger than the scale of any features on the surface
to which they adhered. In this case, the A’5, distributions across all surfaces asymptotically
approacheda limiting reflective of the large particles interacting with the largest features on the
surface. In the second region, the particles were sufficiently small that they experienced different
adhesion interactions depending on the local topography on the surface and how that topography
interacted with the particles’ surfaces. The resulting A;5, distributions reflected this interplay
between each particle and the surface’s specific surface features. This study illustrated that the
RMS roughness of the surface is an inadequate descriptor of how the surface topography impacts
the adhesion. Instead, the scale of the surface topography featuresto the particle properties must
be considered.

The same observations were made in a simulation-based investigation of the adhesion of
substrates with hemispherical indentations, 40 um in diameter, on their surfaces with a simulated
ideal powder (comprised of smooth, spherical particles) and a simulated realistic powder
(comprised of spherical particles with sinusoidal roughness appliedto their surfaces). In this study,
two regimes in the adhesion became apparent. In the first regime, the ideal and realistic particles

showed the same adhesion force towards the indented surface. This occurred when the diameters
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of the particles in either distribution were larger than the diameter of the indentation. In this case,
the adhesion reflected large particles interacting with only the rim of the indentation, and the
topography onthe surface ofthe particles was irrelevant. The second region describedthe adhesion
of the particles with diameters smaller than the diameter of the indentation. These were able to
‘nest’ within the indentations. In this case, the adhesion was directly influenced by the topography
of the particle, whether smooth or sinusoidally rough. For this second case where the rough
particles adhered differently than the smooth ones, the ECM was executed and the A4,
distributions required for the rough particles to be described as ideal spheres was noted. These
distributions were affected by both the size and topography of the rough spheres.

The ECM was then utilized to investigate the effect of varying surface topography of
stainless steel towards the adhesion of three different pharmaceutical powders: lactose
monohydrate, ABT 089 and HPMC to the stainless steel. As a first approximation to describe the
adhesion of the deformable particles, the force model used in the ECM was the JKR adhesion
model. This model describes the adhesion between elastic spheres and a flat plate. The outputted
parameter of the ECM for the JKR adhesion system is an ‘effective’ work of adhesion parameter
instead of an ‘effective’ Hamaker constant. These size-dependent ‘effective’ work of adhesion
parameters provide a quantifiable measure of the change in the adhesion that reflects the size,
shape, and topographical features on the powder and the surfacewith which it interacts. This study
also revealed two regions of adhesion. In the first, the particle sizes were sufficiently larger
compared to the surface topography features that ‘effective’ work of adhesion distributions
asymptotically approached a limiting value. In the second region, the particles were sufficiently
small thatthey adhered to the surface dependingon the local surfacetopography and how itrelated
to the topography of the particles, and the resulting ‘effective’ work of adhesion distributions
revealed this interplay.

In many powder processes, ambient conditions such as humidity may not be adequately
controlled. Consequently, the effect of humidity on the work of adhesion of the pharmaceutical
powders to the stainless steel was investigated via the ECM. The ‘effective’ work of adhesion
distributions outputted revealed the same properties were controlling the adhesion in each
humidity range, but to a greater extent in the upper humidity range for the ABT 089 and lactose

monohydrate and to a lesser extent for the HPMC.
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To further investigate the effect of the relative humidity on powder adhesion, a powder
comprised of silica particles was measured against silica in increasing relative humidity
environments. In this work, the ECM was modified to output a generalized ‘effective’ adhesion
force parameter distribution to capture the particle and surface effects on the adhesion across
humidity increments. A generalized ‘effective’ force parameter was used because the controlling
adhesion force changes asa functionof humidity in thissystem. Specifically, vdW forces dominate
at low RH levels while capillary forces dominate at larger RH. The ‘effective’ adhesion force
distributions reflected how the water from the air accumulated on the silica surface and how the
topography on the particles interacted with this water. The ‘effective’ adhesion distributions
quantified the silica adhesion decreased in the 30-40% RH range due to the water not completing
filling the surface topography features such thatliquid bridgingdid notoccur and instead the water
acted to reduce the vdW adhesion interaction. As the relative humidity increased beyond 40%, the
water continued to build up on the surface such that the surface topography features were now
completely filled with water allowing liquid bridging between the particlesand the silica surface.

Each of the studies performed within this work demonstrated how the ECM and the
‘effective’ force parameters outputted by this tool capture the effect of the particle and surface
properties on a powder’s adhesion. A direct benefit of the ECM is that only a small amount of
powder is needed to characterize the effect of the particle and surface properties on the powder’s
adhesion. Moreover, the ‘effective’ adhesion distributions outputted by the ECM further define
the specific relationships between the particle and surface properties based on their scales and how
these relationships impact the adhesion. Ultimately, the ‘effective’ force of adhesion distributions
developed through the ECM provide the ability to quickly determine quantitatively how
environmental and process conditions alter particle and surface properties, and overall powder

behavior.

7.2 Future work

An objective of this work was to provide the community with a quantitative parameter which
quickly and effectively capturesthe effects of the particle and surface properties on the adhesion.
The studies demonstrated that the ‘effective’ adhesion force distributions quantify the effect of the
particle and surface properties on the overall powder adhesion. A natural next step would be to

isolate the effects of the particle properties from those of the surface properties through the
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‘effective’ adhesion force distributions. This would require a study of the adhesion between real
(rough, non-uniform) powders and extremely smooth surfaces. Effectively, the adhesion would be
most impacted by the particle properties which would mean the ‘effective’ Hamaker constant
distributions quantify solely the effect of the particle properties on the adhesion. A secondary
course of action may include compacting a uniform powder layer on a specially designed
centrifuge plate and dusting the powder on top of this uniform layer to measure the powder’s
adhesion to itself. Challenges with this proposed method may include creating a uniform powder
layer that will stay intact under the inertial forces introduced by the centrifuge, and ensuring the
adhesive used to bond the layer to the plate does not cover the top of the bound layer to interact
with the deposited powder.

Anotherexpansion of this work is to adaptthe ECM such that the ‘effective’ adhesion force
parameters can be utilized in DEM simulations. Currently DEM simulations use methods such as
the glued sphere approach to capture the effect of the particle properties on the adhesion. However,
this approach can lead to inadequately describing the particle contact mechanics as many particles
don’tbehave as an agglomerate of smooth spheres. The value to the ‘effective’ work of adhesion
force distributions is they directly quantify the particle and surface effects on the powder’s
adhesion. In its existing state, the ‘effective’ work of adhesion distributions provide predictive
ranges as to where to start tuning the work of adhesion parameter in the DEM model. However,
the current ‘effective’ work of adhesion parameters describe particles at the micron scale while
DEM use parcels of particles on the scale of mm. To transform these ‘effective’ work of adhesion
parameters into useful parameters for DEM simulations, it is proposed to create on single
agglomerate-scale work of adhesion parameter by taking the parameter of each particle in the
agglomerate and weighing its contribution to the agglomerate scale parameter by the mass or
volume fraction of the agglomerate occupied by that particle. Thisapproach is representedthrough
the following equation:

k

Feffective,agglomerate = Z xireffective,i 7.1
i=1
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where x; represents the mass or volume fraction of the individual particle which make up
the bulk of the agglomerate and I fectivei 1S the ‘effective” work of adhesion of the
specific particle size of that fraction.

To further validate this approach, the Particle Adhesion Simulator would be utilized
to predict the adhesion of a distribution of particles across a number of topography cases.
The distributions of ‘effective’ Hamaker constants outputted by the Particle Adhesion

Simulator would then be translated into ‘effective’ work of adhesions to be applied to the

volume or mass-based approach describe above.
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