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Abstract

A thorough understanding and precise characterization of powdered excipients
and drugs are of great importance to enhance the quality of the final product.
Powder compression is a common method to evaluate their properties and
behavior. It is essential to understand the elastic, viscoelastic and plastic re-
sponse of powder to the compression force. A new instrument, the University
of Alberta Density Tester, was developed for this purpose. It can be used to
measure the Compressed Bulk Density of pharmaceutical powders along with
other parameters. A measurement method using low-pressure compaction was
implemented. This type of powder characterization method has several ad-
vantages. A very small amount of sample is needed which is important when
dealing with expensive or scarce samples. Secondly, poorly compactable pow-
ders can be analyzed accurately. The importance of the former is evident as
powder characterization using traditional methods are restricted by the high
amount of sample required. The latter allows analysis of respirable samples
where interparticle forces rather than inertial forces become dominant for the
compaction behavior. For the same reasons the applicability of the conven-
tional methods like tapped density measurements is questionable. Another
advantage of this technique is that the developed instrument is very sensitive
and shows significant response to any changes in the testing conditions even if
the changes are very slight. Experimental results were fitted to two empirical
models, the Heckel and Kawakita models, to evaluate mechanistic behavior of

the powders under different levels of compaction. In this study, a novel mod-



ulated compaction technique was developed that helps in the interpretation
of different compaction stages. Modulated Compression Profiles differentiate
between elastic and plastic behavior of powders under compression which may
lead to further development or refinement of compression models that can pro-

vide a better understanding of the different compression mechanisms.
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Chapter 1

Introduction

The solid form of pharmaceutical products is the preferred physical form in
the pharmaceutical industry. For instance, it is used in the production of cap-
sules, granules, and tablets. The solid form is also used in the form of powder
for formulation into different dosage forms such as respiratory drugs. Due to
many reasons such as, being cost effective in manufacturing drugs, storage
convenience and providing various easy means of administering powders to
the patients, this dosage form is very advantageous. The importance of this
dosage form calls for efficient and reliable techniques for the manufacturing of
such drugs. However manufacturing of these products is often accompanied
by complexities such that the pharmaceutical industry needs to focus on un-
derstanding, monitoring and control of the manufacturing process to identify

those issues, e.g., looking at the flowability of powders under test.

Various methods have been introduced to evaluate and predict the mechan-
ical properties of samples. During manufacturing of the solid form, drugs and
excipients are subjected to mechanical stresses, e.g. during discharging from
a hopper, grinding, mixing, fluidization, compression, and coating. Therefore,
it is of great importance for the manufacturers to understand the reaction of
solids to mechanical stresses during processing. However, mechanical testing

of small particles is not straightforward.

Scientist should have a thorough understanding of the physical and chem-
ical properties of pharmaceutical ingredients to make rational formulation de-
cisions. Density is one of the intrinsic properties for pharmaceutical materials
that should be determined. Knowledge of density is required to determine the

exact amount of binders, excipients or other ingredients needed to produce a



strong and intact tablet while still providing unique release characteristics for

different purposes.

There are different types of density based on the way they are measured.
Two main categories are present in this regard. The first is considering in-
dividual particles and the second describes the powder in bulk. The density
of an individual particle as it is explained in chapter 3.6, due to its random
shape and surface structure varies based on the measurement method used.
The volume of the particle may contain internal and external pores, thus cat-
egorizes particle densities based on the volume included in the total volume.
For instance the volume for true density measurement includes internal pores
and pycnometery methods that are based on the Archimedes principle by us-

ing different displacing fluid is used.

Tapped density measurement is one of the common techniques used to
determine the bulk density of powders. According the United States Phar-
macopeia, tapped density is an indirect measurement of compressibility and
flowability of powders. The specification about this technique is stated in
both European and United States Pharmacopeia [2012, 2010]. Compressed
bulk density testing is another technique to characterize powders that is sim-
ply conducted by the compression of a volume of powder that is confined

within a die with a known volume.

Compression of powder has been a very useful approach in determining
physical characteristics of a material. The compaction of pharmaceutical pow-
ders, which is described by the volume reduction of a powder bed when it is
subjected to varying levels of mechanical force, consists of simultaneous pro-
cesses of compression and consolidation, [Klevan et al., 2010]. According to
Alderborn and Nystrom [1996], compression is the reduction in the volume of a
powder bed due to application of stress or vibration while consolidation is the
transformation of a powder into a coherent specimen of defined shape by com-
pression. The relationship between these two processes has become a centre of
attention in the pharmaceutical industry for different purposes. A variety of
methods and techniques along with numerical methods have been published to
better evaluate the functionality of powders. Among those, the assessment of
the degree to which a powder consolidates as a function of pressure is common

in pharmaceutical sciences as such success of robust formulation mainly relies



on better understanding of the properties of the powder components and their

behavior to the applied pressure.

Compression test on powders are not limited to the measurement of com-
pressed bulk density. The porosity of the powder bed undergoes significant
changes during different phases of compression, such as particle rearrange-
ment, and different strain hardening mechanisms. During compression these
stages may overlap each other. This makes it difficult to point out distinct re-
gions where only one compaction mechanism occurs. Various studies, Duberg
and Nystrom [1986], Higuchi et al. [1953], Ramsey [1996] have investigated
the changes in porosity and volume of the compact during compression. In
addition to that, numerous empirical methods, Heckel [1961b], Sonnergaard
[2001], Zhao et al. [2006], Kawakita and Tsutsumi [1965] were proposed to
model the compaction of powders and attempted to correlate different stages
of compression with the experimental results. Differentiating between elastic
and plastic response of particulate material subjected to a compression force
is important as it can help categorize powders based on their consolidation
level, which may be influenced by different factors such as ambient humidity,

particle size, compression rate and so on.

Tapped density is known to be very material consuming, which is a ma-
jor drawback especially for expensive powders. Another disadvantage of this
technique is its low resolution in determining the exact volume of the bulk.
This provides the motivation to develop a more efficient and sensitive method

such as the one presented in this thesis.

This thesis is organized as follows. Chapter 2 provides background infor-
mation about powders and their characteristics. Chapter 3 presents a review
of powder compaction and related topics followed in Chapter 4 by the dis-
cussion about the new technique in determining compression parameters and
the relationship between compression, density and porosity. Chapter 5 and 6

cover the experimental technique, results and discussion.



Chapter 2

Powders and Their
Characteristics

2.1 Introduction

Powders are important in industries dealing with food (corn starch), or phar-
maceuticals (medicines in solid dosage form), etc. Their application has in-
creased to the point that, about one half of all of chemical products and one
third of all chemical raw materials are in the powder state [Nedderman, 1992,
Rietema, 1991, Huang, 2009].

Powder handling is a series of steps that are necessary to transform raw
materials into a desirable and applicable product form. These processes in-
clude, fluidization, mixing, separation, storage, transportation, agglomeration,
compaction, etc. It is not within the scope of this thesis to address the full un-
derlying knowledge about powders but there are some fundamental concepts
in particle characterization that will be discussed here. The followings briefly
review some of the important theories about powders and their properties cor-

relating to powder behavior.

2.2 Powders, Definitions

Powders appear to be ill-defined substance that scientific literature doesnt
always define it well. According to some literature, a powder, or granular
material, or particulate matter can be defined as a collection of many small
individual solid particles that is in close contact with each other [Nedderman,

1992, Rietema, 1991]. This definition seems to be inadequate. According to

4



some researchers, powders comprise discrete solid particles that do not fill the
whole powder volume, the remaining interstitial spaces are filled with gas [Ri-
etema et al., 1980, Puri, 2001]. Because of their two-phase nature the powder
possesses a relatively lower density, called bulk density, than the individual
particles [Rietema, 1991]. Even this definition of powder still is inadequate, as

a criterion concerning the maximum particle size should also be given.

So, what exactly are powders? Based on the aforementioned definitions it
is more accurate to integrate the interstitial gas into the definition of powder,

or granular, or particulate materials.

Generally powder is a dispersed two-phase system consisting of a dispersed
phase of solid particles of various diameters and gas as a continuous phase
[Huang, 2009, Puri, 2001, Sayyar Roudsari, 2007]. However the continuous
phase and the dispersed phase can be changed as the powder state changes
[Huang, 2009]. The presence of gas within the system of dispersed solid makes
it possible for powder to behave like a solid, a gas, or a liquid [Huang, 2009,
Sayyar Roudsari, 2007, Rietema, 1984].

2.3 Powder Behaviour

The following are the three characteristics of powders [Huang, 2009, Say-
yar Roudsari, 2007, Rietema, 1984]:

Powder is not a solid, although it has the capability to withstand some

deformation when it is subjected to some pressure.

Powder is not a liquid, although it has the capability to flow under certain

circumstances.

Powder is not a gas, although it has the capability to be compressed and
expanded to some degree [Rietema, 1984].

Powders usually show different behavior in comparison to liquids, solids or

gases [Rietema, 1991].

Even though powders have often been characterized by the nature of solid



particles based on their physical and chemical composition and their particle-
size distribution, it is important to fully realize the interaction of the gas phase
with the solid phase. Powder mostly cannot be treated as a single continuum
[Rietema et al., 1980].

The interaction between the continuous and dispersed phase is also impor-
tant, which is one of the main reasons that different powders show different
behavior. If the gas possess a high viscosity or adsorption rate, the interaction
between solid and gas phase would be stronger therefore powder will expand
more. Consequently higher expansion is accompanied with improved flowa-
bility of the powder which can be characterized by lower apparent viscosity
and lower yield values, thus, the higher the gas viscosity the lower the powder

viscosity [Rietema, 1991].

There are two mechanisms that can control the behavior of powder:;

e The interaction between particles in the dispersed phase such as friction

and cohesion as a result of close contact between solid particles

e Another one is the effect of interstitial or surrounding gas properties
on the mechanics of dry solids that is twofold; one hydrodynamic or
aerodynamic interaction which is mainly controlled by dynamic viscos-
ity of the gas and the elasticity of the solid state, and the other is a
physico-chemical interaction via gas adsorption to the solid surface [Ri-
etema et al., 1980]. The latter affects the resistance to breakage. Thus
the properties of the suspended gas have to be taken into account, or

controlled.

2.4 Fluidization

Fluidization at its simplest is powder bed expansion as a result of pressure drop
due to fluid drag or in the other word, fluidization is the result of a balance
between fluid dynamic forces on one hand and gravitational and interparticle
forces from the other hand. When a powder bed is subjected to the upward
gas flow, with increasing gas velocity, the drag force exerted by the passing
fluid will balance the gravitational force applied on powders. Thus powders
become less stressed and will suspend in fluidizing gas. The term fluidization

is used because the powder in this situation behaves with some characteristics



of a fluid, e.g., it has horizontal surface in a tilted surface. The interaction

_ .| Pariicie out

;]
___ Pamclecircling ot

e el
{6 e

P IR e I, [T Bl T SR 0A

Fixed Particulate Bubbling Turbulent Fast Pneumatic
bed fluidization fluidization fluidization fluidization transport

o

Particla in
- . - v - & »

TR F- e £

L

Gas velocity (U) increases

Figure 2.1: Characteristics of powder behavior in various fluidization regimes,
[Huang, 2009]

of solid-gas phase is different for different powders and will be compromised
by changing flowrate and leads the powder state to move from fixed bed to
fluidization. Figure 2.1 shows the classification of powder bed when fluidized

by different levels of flowrate.

Fluidization is considered as the preferred method when powders and the
gas need to be brought into good contact so that results in extensive solid

mixing and facilitates solid handling.

2.4.1 Geldart Classification

A comprehensive classification has been published by Geldart [1973] in order
to describe the fluidization behavior of powders. Geldart classified gas-solid
fluidization into four groups characterized by taking the two most important
properties into account; density difference between the solid and fluidizing gas,

and mean particle size.

Group A comprises powders with small mean sizes that are within the
range of 25-40 um to about 150-200 pm. This group is called aeratable pow-
der, which can be fluidized well and experiences a dense phase expansion after

minimum fluidization and prior to the commencement of bubbling. Powder



bed collapses very slowly when the supply gas interrupted. Group B are sand-
like powders that are in the mean size ranges of 150-200 pum to about 700-900
pum. These powders easily reach the bubbling phase as the flowrate reaches
the minimum fluidization velocity. In this group, bed collapses rapidly when
the supply gas is cut off. Powders larger than group B are categorized in group

D and they require gas with much higher velocities to be fluidized.

Group C powder or cohesive powders are the finest group of powder with
the mean size smaller than 25 ym. The fluidization of this type of powder
is extremely difficult and usually accompanied by the formation of channels
within the powder bed through which the up-flowing gas passes without flu-
idizing the fine particles. The difficulty in fluidizing this group of powders is
due to the cohesivity of the particles. Cohesive powder may be defined as a
powder in which interparticle forces are greater than the aerodynamic drag
that the fluid can exert on the particle [Huang, 2009, Geldart, 1973, Baerns,
1966, Antony et al., 2004].

In order to separate a particle from its surrounding and to suspend it in

gas the following relation must be valid:

D,=G,+v¢ (2.1)

Where D,, G, and ¢ are drag, gravitational and effective interparticle
forces, respectively [Huang, 2009].

Left figure in Figure 2.2 shows the plot of particle classification based on

mean particle size against the density difference of solid and fluid phase in a

powder bed. Right figure is a schematic of forces that are applied on particles
by the fluidizing fluid.

Powders in group C has been paid a great deal of attention in some in-
dustries such as the pharmaceutical industry due to its special characteristics.
These powders have high contact areas that lead to a better quality final prod-
uct. Generally, as the particle size decreases, its mechanical strength increases,
and the underlying reason for this behavior can be correlated to the reduction

in the probability of the presence of crack and defect in the crystal structure.

Consequently, particle size may also affect the volume reduction and com-

pressibility of powders. With the same token, fragmentation of large particles
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Figure 2.2: Left: Geldart powder classification diagram [Geldart, 1973], Right:
Simplified model of forces acting on particle in bed of particulate material with
gas flowing upward

that occurs at high compaction pressure during tableting, results in the forma-
tion of many smaller particles that helps in further filling of the voids between
particles within the powder bed and consequently results in a large number of

contact sites between particles at which strong bonds can be formed.

2.5 Flowability

Flowability is one of the parameters of pharmaceutical powders that is critical
for the production of a pharmaceutical dosage form [Staniforth and Aulton,
2002]. Flowability of powder is the ability of powder to flow under certain
conditions. However, this parameter is strongly affected by the physical prop-
erties of particles (such as shape, size, compressibility), the property of the
bulk powder (such as size distribution, compaction) and processing environ-
ment (such as storage, handling, humidity). Flowability is also functionally
dependent on the interparticle attraction [Alderborn and Nystrom, 1996, Li
et al., 2004].

There are complexities and challenges in measuring such an abstract but
very important characteristic as powder flowability. Thus, various empirical
techniques and description methods have been purposed that are not always

accurate and consistent or may not be easy to interpret. Carr Index [Carr,



1965] or Hausner ratio [Abdullah and Geldart, 1999, Grey and Beddow, 1969]
which will be discussed later in Chapter 4.5, are two common ways of describing
flowability. Angle of repose measurements, determination of powder flowrate
through an orifice, and shear-cell methods are the most frequent methods to
characterize this property of powders [Pharmacopeia, 2011a]. Each of these
methods reveals something different about the flow behavior of powder but
more than one is typically needed and which of those should be selected de-

pends on their correlation with manufacturing experience and their cost [Rios,
2006].

The following paragraphs will briefly describe the mentioned techniques in

more details.

2.5.1 Angle of Repose

The angle of repose is a characteristic related to inter-particulate friction or
resistance to movement between particles. According to Pharmacopeia [2011a]
angle of repose is the constant, three dimensional angle (relative to the hori-
zontal base) assumed by a cone like pile of material, formed by passing powder

through a vertical funnel.

This method is fast, but strongly depends on the methods used to form the
cone and has its own experimental difficulties such as segregation of materials
and consolidation or aeration of the powder as the cone is being formed [Rios,
2006]. Segregation occurs when powder is piled up due to the further travel

of coarser particles down the slope, as shown in Figure 2.3 [Huang, 2009].

(a)

h

(®) h
. 0.5%b

, iner particle
Coarser particle

AN AR A

10



H Flow Properties \ Angle of Repose(degrees) H

Excellent 25 —30
Good 31 —-35
Fair-aid not needed 36 — 40
Passable-may hang up 41 — 45
Poor-must agitate, vibrate 46 — 55
Very poor 55 — 65

Very, very poor > 66

Table 2.1: Flow properties and the corresponding angle of repose [Pharma-
copeia, 2011b]

Figure 2.3: Schematic diagram of (a) angle of repose and (b) segregation of
powder during angle of repose measurement

In the above equation, 6 is the angle of repose, b is the diameter of the base
of the pile and h is the height of the cone of the powder as it is illustrated in
Figure 3a.

Table 2.1 represents the range of angle of reposes for different flow proper-
ties of powder. This table is a useful classification for pharmaceutical manu-
facturing purposes. e.g., literature has it that powders with the angle of repose

greater than 50 are rarely acceptable for manufacturing purposes.

Angle of repose is an extrinsic property of powder and is very much de-

pendent upon the method used to form the powder cone.

2.5.2 Flow through an Orifice

This method is only practical for powders that have some capability to flow
such that the flow rate through an orifice can be determined. It is measured
as the mass rate or volume rate of a powder flowing from a container. There is
no reference table provided because the flowrate of powders depends on many
factors. The technique is likely sensitive to moisture content of the flowing
powder and its specific behavior due to changes in electrostatic charges, shapes

or sizes.
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2.5.3 Shear Cells

Shear tests are basically correlate the normal and shear stresses in solids that
is determined experimentally under different load. The shear cell method-
ology has been used extensively in the study of pharmaceutical materials in
order to characterize flow properties of solid material along with other useful
parameters. Jenikes shear cell is the most well known type of this method
in which powder is poured into a cylindrical cavity that is split horizontally
then the upper part is pushed in a linear direction and the force to shear the
powder bed by moving the upper part is determined. An annular cell can also
be used that needs less amount of sample but the powder bed is not sheared
uniformly. In another type, a powder is sheared when sandwiched between

two rough surfaces.

A comprehensive discussion about these three mentioned methods does not
fall within the scope of this thesis, as they are applicable for samples that are
available in a large amount and are not practical for small sample masses.
The Hausner Ratio and Compressibility Index parameters will be discussed in
detail in Chapter 4.5 to show their usefulness in addressing the flow behavior

along with compressibility of powder.
In this thesis the main focus will be on using the powder compression

technique for powders with different shape, size, and cohesivity that have

different flow properties.
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Chapter 3

The Compaction of
Pharmaceutical Powders

3.1 Introduction

Several studies have shown that powder compression is a very good method for
characterizing the physical properties of powders. This technique is broadly
used in diverse fields such as material science, ceramics production, food in-

dustry, and pharmaceutical industry.

Compressibility and compactibility of pharmaceutical powders are impor-
tant properties with which mechanical properties of powders can be character-
ized. This is important in design of solid dosage form in the pharmaceutical
industry. There have been many studies investigating this phenomenon, how-
ever, the parameters, which control the compaction behavior of pharmaceutical
powders, and which were monitored in these studies vary widely from study
to study. A list of those parameters includes the relationship between the
measurement of punch forces and strain rate of the compact, die wall friction,
axial and radial load transmission, temperature changes, etc. [Hardman et al.,

1973).

The two aforementioned terms, compressibility and compactibility should
be well understood when dealing with powder compaction characteristics.
Compressibility is the ability of powders to reduce their volume as a result of
compression while compactibility is the ability of powders to turn into strong

and well intact compacts, such as tablets.
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Powder compaction is defined as a volume reduction of a powder as a result
of applied axial compression force. As the compression pressure on the powder
bed that is confined within a container increases, the particles are forced to
move to closer proximity and to fill out the voids within the bulk. This will
lead to the formation of bonds between particles, which enable the particles
to cohere into porous specimen with more or less well-defined shape. For a
powder to be suitable for compaction, it must possess two essential properties,

flowability and compressibility.

Flowability is important, firstly, because powders should flow easily from a
hopper and, secondly, the process should not result in excess air, or entrapped
air in the compact that would lead to the formation of a poorly formed com-
pact. A typical tablet machine, as shown schematically in Figure 3.1, comprises
of a lower and upper punch and a die. Powder is fed into a cavity and com-
pressed by the upper punch while the lower one is stationary. Then powder is
compacted to form a tablet. The lower punch is then used to eject the tablet

from the die.

e
O

DDDOO 4— Feed Shoe

«+—Lower Punch % Tablet

«+— Upper Punch

Eia N -
Position 1 &\\ -

ﬁ <+— ower Punch
_“_ Joret Lf Position 2
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Figure 3.1: Tablet formation in tablet machine (schematic), [Sayyar Roudsari,
2007, Derjaguin et al., 1975
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The powder compression is a complex process that involves several sub-
processes, including particle rearrangement, elastic and plastic particle defor-
mation, particle fracture, interparticle bonding, and both interparticle and
particle-die wall friction. The entire process of powder compression from the

powder filling to the final step, the tablet ejection, falls into several steps:

First, powder flows into the cavity and loose packing configuration is ob-
tained. Then the upper punch starts to descend while the lower punch is
held still to attain close packing. Any increases in compressive pressure at
this point will result in elastic distortion of the particle structure. When the
elastic behavior reaches its upper limit, the yield point, plastic deformation
in the powder bulk occurs and permanent particle deformation begins and
lasts until the end point of the upper punch advancement. This going beyond
the yield strength of the material is a very crucial step in the formation of a
strong tablet. At the final stage when the pressure is released from the bulk, a
noticeable relaxation, uniaxial expansion occurs in the tablet. Thereafter, the
lower punch is used to eject the tablet from the die [Ramsey, 1996, Johnson
et al., 1971].

As a result of compression a reduction in volume occurs by various mech-
anisms and different types of bonds may be established depending on the
applied pressure and the properties of the powder. The relationship that ex-
ists between the applied pressure and the change in height or volume of the
bulk explains very little about the complexities of the process. It does not de-
termine whether this process is useful in producing a coherent compact or not.
However many studies have tried to rectify this situation and they categorized

the aforementioned process into three groups.

Figure 3.2 describes the volume reduction in a compression process. At
first the porosity, which is the volume of the voids within the poured bulk,
is relatively high. When the compression pressure is low, during the initial
stage of compression, rearrangement of the particles occur which leads to air
removal from the compact and tighter packing (A). At this stage, some com-
pression energy is dissipated to overcome the friction between the particles.
The amount is dependent on the friction coefficient of inter-particulate fric-
tion [Coffin-Beach and Hollenbeck, 1983, Rowlings et al., 1995]. This is the
stage in which arches formed by fine particles collapse [Sayyar Roudsari, 2007,
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Derjaguin et al., 1975]. These fragile arches are created when the presence of
smaller particle in a loose system of powder increases the contact area per unit

volume and, consequently, results in a stronger compact.

Figure 3.2: Mechanism of Compaction, [Sayyar Roudsari, 2007, Derjaguin
et al., 1975]

If the poured bulk at the initial stage of compression is considered as a
porous solid, the compression phase up to the end of the rearrangement step
can be considered as a plastic phase. The shape of the particles at the rear-
rangement stage plays a very important role, because powder with spherical
shape undergoes rearrangement more easily than those with irregular shape
[Mattsson, 2000, York, 1978].

At higher pressures, powder fills the voids and elastic or plastic deformation
of particles occurs that leads to an increase in the surface area of the contact
point between two adjoining particles and leads to particle interlocking (B)
[Duberg and Nystrom, 1986]. In the case of brittle material, the surface struc-
ture of the particles may become compromised and particle fragmentation, i.e.
the breakage of particles into smaller ones, takes place, part (C). This results

in a further reduction in volume as the small fractured particles tend to flow
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into voids. Consequently, this results in further increase in the area of inter-
particle contact that leads to the increase in the bulk density of the powder
bed [Sayyar Roudsari, 2007]. The flowability of the powders is a factor that
influences this step [Derjaguin et al., 1975]. As the brittle material undergo
compression, fractured particles tend to fill up the small empty voids within
the powder bed and due to irregular shape of particle, interlocking occurs

which will be discussed in more details in the following section.

3.2 Interparticulate Bonding

What holds particles together in a tablet?

The formation of strong tablet by compaction of particulate materials de-

pends on their deformation and bonding characteristics.

Interparticle bonding results in the reduction of powder surface [Ramsey,
1996]. There are several factors that need to be addressed in order to define
interparticulate attraction, such as particles physical properties, interparticu-
lar and intermolecular distances. However, within a particle, external forces
might also be involved in the creation of attraction forces while the influence

of gravity force as such, strongly depends on the powder particle size.

Generally speaking, there are three types of interparticulate attraction
mechanisms that are involved in a system of particulate matter, electrostatic
such as chemical bonding, molecular, and interfacial interaction. Each of these
three forces involves several bonding mechanisms and the strength of these
forces depends on the powder characteristics, preparation, and on ambient

conditions.

The meaning of electrostatic forces at its simplest is the interaction of
charged particles or charged surfaces, being active over a distance, i.e., parti-
cles 1 and 2 with their respective electrostatic charges of ¢; and ¢o, which are

at a distance a from each other, interact with force, F,, based on coulomb law:

q192
F. =
4eqa?

(3.1)
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Where ¢ is the vacuum permittivity.

The direction of the force depends on the particles charge, i.e., repulsive if
both charges have the same sign and attractive if both possess the opposite

sign.

In a powder bed, where particles are in close proximity of each other the
resulting forces due to the presence of a tertiary particle can be relatively high.
The lesser the distance between the particles, the higher the attractive force
and the lesser chance of having flowable powder. The aforementioned state-
ment relies on the relationship between the attractive force and the weight of
particles [Alderborn and Nystrom, 1996].

This type of force can be divided further into different kinds based on the
situation applied on a powder, e.g., triboelectrostatic charges which are due to
the rapid movement of particles in a mixer, or permanent electrostatic charge
that is an immobile charge on a particle surface, and is a consequence of the
surface structure and can result in having different charges at each surface. A
comprehensive discussion of these types of attraction mechanisms are beyond
the scope of this thesis and the review by Alderborn and Nystrom [1996] is

brought to the attention of the interested reader.

To form a molecular interaction, a short interatomic distance and a certain
arrangement between the particle surfaces is required. These forces are not the
chemical attraction or valence bonds that link atoms in compounds. They are
forces of longer range that pull molecules of a substance together [Derjaguin,
1960]. There are only very few interactions of this kind between particles as
it is unlikely to have functional groups which are by coincidence in a suitable
opposite position to cause interparticle linkage by this mechanism. Hence, this
force is very week and a small mechanical stress can break this linkage and
cause the powder to flow. These are secondary bond or Van der Waals at-
tractions. Van der Waals forces are named after the Dutch Scientist Johannes
D. Van der Waals. They include attraction between atoms, molecules and

surfaces as well as other intermolecular forces.

Generally during compaction of powders, bonding mechanisms can be clas-

sified into five types:
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Solid bridges (due to melting, crystallization and chemical reaction)

Mechanical interlocking (shape related bonds)

Distance attraction forces (intermolecular forces)

Bonding due to the movable liquids (capillary and surface tension)

Non-freely-movable binder bridges (viscous binders)

Even though the effect of liquid in enhancing the strength of tablet, due
to its influence on the compressibility of the powder, has been shown (to be
discussed in detail in Chapter 6.7), the first three are considered to be the most
important bonding mechanisms that contribute to the compaction process of

pharmaceutical powders [De Boer et al., 1978].

3.2.1 Solid Bridges

Solid bridges are categorized as an interfacial force that occurs when material
undergoes solidification as a result of fusion between particles. Solid bridge
formation can be aggravated by heat, the presence of liquid, or increase in
the applied load. When the particles in a system of powder get into very
close proximity of each other, at a separation of less than 50 nm, as a result
of extensive compaction pressure a process is evolved that is known as cold
welding. During this phenomenon the free surface energy of particles causes
the formation of very strong attractive force. This force is similar to the force
that acts at a molecular level during the formation of single particles. An-
other phenomenon that could happen as a result of high compression force is
the creation of fusion bonding. This idea relies on the fact that the surface
of all particles possesses irregularities that during compression would be the
points of contact that transmit the load. Consequently, a significant amount of
friction heat would be generated which leads to melting of the contact point.
This would result in formation of bond upon solidification and increase the

mechanical strength.

These forces are believed to be one of the main reasons for the increase
in the mechanical strength of the compact as it undergoes compression. This

agrees with what some researchers have published [Tabor et al., 2001], i.e.,
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that compaction of powder occurs when particles are in true contact of each
other. Based on the theory of friction, true contract occurs when there is no
interface between two adjoined particles as such they can be called as one sin-
gle particle. This theory strongly agrees with what Sir Isaac Newton proposed,
i.e. two homogenous hard bodies that are fully in contact, stick together very

strongly.

As a result of that the interparticular interfaces of the contact areas within
a powder bed may disappear by recrystallization, melting or self diffusion of
atoms between surfaces and particles fuse and grow together [Ahlneck and
Alderborn, 1989]; however, several factors are involved. Because a fracture of
the solid bridge must occur, these aggregates cannot be separated by mechan-
ical or other treatment into their original particles. Solid bridges are relatively
strong bonds where a true physical contact, contact at an atomic level, is es-
tablished between adjoined particles in comparison to the intermolecular forces

that are weaker bonds that act over distances [Alderborn and Nystrom, 1996].

3.2.2 Intermolecular Forces, Distance Attraction forces

Cohesion mechanisms between solid particles in gaseous atmosphere are the
forces of interest in study of the dry powder aerosols. Cohesion forces between
smooth spray dried particles can be derived from Van der Waals forces, elec-

trostatics forces and in presence of humidity from capillary forces.

Intermolecular forces are the compilation of interparticle attraction based
on physical attraction between solid particles [Ramsey, 1996]. Two of the im-
portant types of intermolecular forces that arise when pharmaceutical powders
are brought to close proximity as a result of compression are Van der Waals
force [Luangtana-Anan and Fell, 1990] and Hydrogen bonding [Alderborn and
Nystrom, 1996].

Van der Waals forces are known to be the most important distance at-
traction forces holding particles together. They have their origin in the forces
between their constituent molecules. This is dependent on the distance be-
tween particles and this intermolecular force is always present in a system of
powder between molecules due to the electrical nature of intermolecular at-

traction. There are three types of Van der Waals forces which are; London
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dispersion, dipole-dipole (Keesom) and induced dipole-dipole (Debye) forces
that can be either attractive or repulsive being effective from a large distance
from (> 100 A) down to inter-atomic spacing (about 2 A). Debye force oc-
curs between a permanent dipole and an induced dipole. Generally, it is the
material properties that accounts for how well the molecule can produce in-
duced dipole when put near the permanent dipole molecule. In Kessom force,
two molecules with permanent dipole attract each other. London-dispersion
attraction force talks about the interaction between two dipoles that are in-
duced by some outer molecues possessing permanent dipole. The magnitude
of Van der Waals force is depended on the size and distance of two particles
participating in contact. In the other word, the magnutiude of this force be-
comes negligible when compared with the gravitational force as the particle

size exceeds a certain value.

Hydrogen bonding as previously pointed out is of major concern when deal-
ing with direct compression of pharmaceutical powders. It is considered as a
strong dipole-dipole interaction with some electrostatic properties [Derjaguin,
1960]. In the presence of liquid or a humid environment, the condensed liquid
between particles and inner pores result in the creation of liquid bridges. In
this case the capillary forces are dominant. However, in the absence of humid-
ity, Van der Waals force is known to be the most effective interparticle force
[Alderborn and Nystrom, 1996, Derjaguin, 1960].

Van der Waals attraction forces arise due to dipole-dipole interactions be-
tween atoms and molecules of adjacent surfaces and depend on material prop-
erties. Van der Waals forces are short-range and it can be neglected for a
separation distance of @ > 0.5 nm, i.e., this force is only noticeable when par-
ticles can come sufficiently close together. The distance of 0.4 nm is often
used for calculation for particles that are in contact. Van der Waals force for
two ideally flat, rigid and spherical particles having a diameter of d can be

calculated by the following formula:

hwd
32ma?
The distance between two particles (a) in a settled powder bed is assumed

to be 4 A(0.4nm). h,, is the Liftshitz-Van der Waals constant and is related
to the Hamaker constant (Ap) of the particle material by:

FVdW - (32)
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4
he = ?WAH (3.3)

If you know the electromagneitic properties of material you can find Hamaker
constant. The Van der Waals equation after replacing h,, with Hamaker con-

stant is:

An
24a?
In case of having particles with different particle sizes, the particle diameter

Fyaw = (3.4)

d is calculated by:

 2dyd,
Cdy +dy

Where d; and ds are the diameters for two perfectly spherical particles.

(3.5)

Capillary attraction force between two particles occurs in presence of hu-
midity due to the Kelvin Effect. The high surface tension of water gives strong
attraction between two particles and creates bridge that holds them together.
According to the Kelvin effect, the vapor concentration on the surfaces with
sharp curvature is higher than that when it is next to the flat surface [Finlay,

2001]. The total capillary force of this bridge is given by the following formula:

F, =7\ (3.6)

Where A is the surface tension of the liquid (the surface tension of the
water is 72.7 mJ/m?).

Cohesion between Real Particles

The Van der Waals, capillary forces and electrostatic forces are directly pro-
portional to the particle size [Hinds, 1982]. There are some other factors that
are overlooked in consideration of these models. The validity of these models
for pharmaceutical particles is limited due to the fact that the surface of all
real pharmaceutical particles are covered with a certain degree of asperities
or irregularities that reduces the cohesion force between them. The cohesion
between particles is affected by surface characteristics and ambient condition.
Van der Waals force calculated for idealized smooth geometries do not consider

surface roughness or deformation of the contact area and cannot be used for
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real particles [Finlay, 2001]. From the other side, the contact area of two parti-
cles adjoining together in a humid environment undergoes plastic deformation
as a result of capillary condensation of humidity. Thus, the intensity of the co-

hesion forces depends on the properties of the contact zone [Weiler et al., 2010].

Two models have been proposed to describe the force needed to separate
two real spherical particles with the diameter of dy and dy: Johnson-Kendall-
Roberts (Fyxr) [Johnson et al., 1971] and Derjaguin-Muller-Toporov (Fpur)
[Derjaguin et al., 1975].

3
FJKR = §7T’ydr (37)
Fpyr = 2mvyd, (3.8)
dydy
= 3.9
dy + do (3:9)

Where v is the surface energy of solid particle. The literature showed
that the pull of force for real organic and spherical particles is 1-3 orders of
magnitude higher compared Van der Waals cohesion [Weiler et al., 2010]. In
case of having two particles with the same diameter, the pull of force of the
DMT model is equivalent to the capillary force. JFK model is appropriate for
large, soft spheres and the DMT model for small, hard spheres. The surface
energies of different solids can be determined experimentally using atomic force
microscopy, inverse gas chromatography or contact angle measurement, which

is beyond the scope of this thesis.

3.2.3 Mechanical Interlocking

Mechanical interlocking is the term that is used to describe the hooking and
twisting together of the packed material [Alderborn and Nystrom, 1996]. This
bonding mechanism is based on the particle morphology, i.e., it is dependent

on the shape and surface structure of the particles.

Relatively high compression pressure on materials with low compact strength
and long disintegration time are required to produce a strong compact with
this bonding mechanism. If this bonding was a major contributor to overall

bond strength, it would not explain the ability of particles with regular or
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spherical shapes to form strong intact tablets [Ramsey, 1996].

Particle size plays a significant role in cohesivity of powders. Powder with
the size of smaller than a critical value possesses a relatively high interparti-
cle force in regard to the gravitational and drag force that causes the powder
to experience cohesiveness and poor flow properties [Huang, 2009]. Van der
Waals force and capillary force of a liquid bridge are the most significant at-

traction forces for particles with the size of smaller than 10 um.

The dominance of any type of these forces that contribute to the inter-
particular attraction is varied in certain circumstances, however; the forces of

primary concern are Van der Waals, electrostatic and interfacial forces.

3.3 Consolidation

Consolidation is defined as the mechanical strength of a compact as a result of
particle/particle interaction. Particle rearrangement, elastic and plastic defor-
mation during consolidation can result in large areas of true contact between
particles, in which the stronger this particle-particle bond the more intact

tablet is formed.

The compression event has been divided into a series of time periods, Fig-
ure 3.3 , by Jones [1981], as follows:

Consolidation time, time to reach maximum force

Dwell time, time at a maximum force

Contact time, time for compression and decompression excluding ejection

time

Ejection time, time during which ejection occurs (not shown in the figure)

Residence time, time during which the formed compact is within the die

The degree of volume reduction in particulate materials depends on the
mechanical properties of the particles and the type of the compaction mecha-

nism involved. For example, it will be shown in chapter 6 that the particle size
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Figure 3.3: Events occurring during the compression process [Odeku, 2007]

and the compression speed influence the volume reduction rate. Smaller parti-
cles have a lower tendency to undergo fragmentation [Alderborn and Nystrom,
1985]. For some particles a critical size exists at which their behavior transi-
tions from brittle to ductile as they experience the compressing force [Roberts
and Rowe, 1987]. It has been investigated which of these processes, plastic
deformation or brittle deformation, is the potential cause of bonding in the
powder and contributes to the formation of a coherent mass. The settled bed
can be considered as a stable collection of particles that each of these particles
is in point contact with its neighbors. An applied stress will be supported
by these points of contact and friction between particles and the die wall. If
the applied force goes beyond the critical value and material do not deform,
fracture occurs. This fracture results in the creation of smaller particles and
consequently number of particle contact point per unit volume increases. The
breakage of larger particle to smaller particle continues until no contact point
is stressed beyond its breaking point. Increasing the compaction pressure will
cause more contact points to be stressed thus results in powders to be packed

more densely.
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3.3.1 Decompression

In the tableting industry decompression is the process that follows after the
compression stage. This stage contains much information about the powders
under test, which is useful to explain the routine problems that happen during

formation of tablet.

3.4 Elasticity and Plasticity

There is a difference between the physical nature of a powder column and a
solid body. A powder column is mostly a two-phase system (assuming there
is no moisture in the column) that includes air and solid particles. Due to
the presence of air in the system, a powder has the rheological behavior of
a liquid. Besides, powders have the capability of being elastically or plasti-
cally compacted. The compaction process is defined as the displacement of
the gaseous phase with the solid phase within the bulk as a result of the com-

pression force that leads to the reduction of the bed volume.

Generally speaking, the powder compaction process involves a series of
either reversible or irreversible stages (Figure 3.4). The former occurs as a
result of material elasticity. Thus, there is a dimensional change proportional
to the applied pressure. The latter stage shows the plasticity of the material
[Buckner, 2009]. A powder systems behavior strongly depends on the lattice
structure of the particles. When powder is subjected to an axial force, this
external force brings the particles in close proximity of each other and causes
the volume to reduce. This stage is generally called the particle rearrangement
stage. Plastic property is the exact opposite of elasticity that is, a material
possessing the property of plasticity deforms permanently. Plastic deformation
in powder has both ductile and brittle behaviors. Brittle deformation occurs
when larger particles fragment into a number of smaller ones. This increases
the cohesiveness and the strength of the bulk which is due to the increase in the
particles contact area per unit volume within the powder. Ductile deformation
is the simple movement of molecules within the particles so the particles are

able to flow without changing the inter-particle points of contact.

In the case of the reversible stage, different types of particle deformation oc-

cur when the compaction force goes beyond certain levels. At which, upon the
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removal of the applied force, powder shows some elastic behavior by returning

to its original dimension. This deformation, to a large extent, is reversible.

If Elastic " If Plastic

i

On Decompression

Figure 3.4: Schematic of reversible and irreversible compression

The aforementioned events, generally occur sequentially or simultaneously
in a powder bed that is compressed by an axial force [Heckel, 1961b]. The
strength of the final compact depends on the interaction between particles, the
mechanical properties of material being compressed [Alderborn and Nystrom,
1996, Yap et al., 2008, Hersey et al., 1973] and the consolidating conditions
employed [Hausner, 1967, Tousey, 2002].

Two forces axial and radial- are applied on materials that are confined
within a cavity and are undergoing compression. Axial force is the main lon-
gitudinal force that causes the formation of the compact. The radial stress
that is applied to the die wall from the powder occurs because of the lateral

expansion of powder in the compaction process [Johnson et al., 1971].

Poissons ratio relates these two lateral and longitudinal strains:

lateral strain

Poisson'sRatio(v) (3.10)

- longitudinal strain

Soft materials possess a lower Poissons ratio than hard materials. Accord-
ing to several sources [Johnson et al., 1971, Marshall, 1963|, bonding occurs
by brittle fracture in powders composed of particles with a low Poissons ratio.

By microscopically analyzing the transformation details of individual particles
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into a single cohesive compact, a single particle must change shape signifi-
cantly so that the new bonds or interactions are created between the adjacent
particles. This deformation of compact is very important in predicting how
material will respond to bond formation and tablet manufacturing [Buckner,
2009]. Leigh et al. [1967] and Denny [2002] proved that the difference between
powders that form strong and well-intact compacts is due to the pressure cy-
cles that occur during compression. They idealized the compaction process of

powders to that of solid bodies.

When an axial load is applied on a powder during the reversible stage of
compression when the powder is perfectly elastic, all of the transmitted radial
forces will be in the same magnitude (in the absence of die wall friction). The
relationship between the radial and axial force is on the order of ¢ = v(7).
Where o is the axial force, 7 is the radial force and v is the Poissons ratio
(Figure 3.5).

Radial Force

Axial Force

Figure 3.5: Compressional cycle of an ideal elastic body

This elastic behavior is valid when the compression pressure is lower than
the yield strength or yield point of the body. If the pressure level goes be-
yond this yield point, the body loses its elasticity. Otherwise (in the elastic
regime), when the applied force is released, all of the transmitted axial forces
will be reduced proportionally, and when the force is fully removed there will

no longer be any radial or axial force and the bulk can be removed (Figure 3.5).
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Another scenario is when the applied force goes beyond the yield strength
of a powder, during which powders do not show an immediate reaction when
the force is removed from the compact. In this case when the axial force
increases, its relationship with the radial force is dependent on the yield con-
dition of the materials and is on the order of 0 — 7 = 25, where S is the yield
stress in shear at which the material undergoes sliding failure, and graphically
it follows the course AB in Figure 3.6. After releasing the force, point B, the
body will no longer be forced to yield, and the radial force decreases at the
rate of Y times the rate of the decrease of the axial force, BC. The slope of the
line BC is equal to the line OA (this part will only be acquired if the maximum

force is relatively high in magnitude).

Radial Force

Axial Force

Figure 3.6: Compressed cycle of a body with constant yield stress in shear

At some point in this transitional stage, due to the difference in axial and
radial forces, point C is attained when the axial force can no longer keep up
with the radial force and becomes lower, i.e., the radial force is greater than
the axial force by an amount equal to 2S. At this point yield again occurs and
the difference between the axial and radial forces, o — 7, will be constant and
the course will follow the CD line. By looking at Figure 3.6, when the force
is completely withdrawn from the compact, the body exerts a residual radial
force with the magnitude of 25 on the die-wall [Weiler et al., 2010, Denny,

2002]. The above statements are based on the assumption that there is no
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die-wall friction in the system, and that the difference between the axial and
radial forces relies on the compression pressure whether it hits the maximum

level or not; otherwise this differences would not be recognizable.

3.5 Material Compaction Behaviour

It is generally accepted that different materials have different responses to
compaction. Depending on the level of compression pressure, all materials
show plastic and elastic behaviors. However, the length of each course, (e.g.,
plasticity) depends strongly on the compression pressure and mechanical prop-

erties of the material.

Brittle materials like magnesium carbonate, calcium carbonate, sucrose
and crystalline lactose consolidate by fragmentation [Roberts and Rowe, 1985,
McKenna and McCafferty, 1982, Antikainen and Yliruusi, 2003]. Ductile ma-
terials such as microcrystalline cellulose, stearic acid, sodium chloride and
starch consolidate by plastic deformation [Roberts and Rowe, 1986, Duberg
et al., 1982]. There are other factors such as temperature, humidity, com-
paction rate, and particle size that influence the behavior of material under
compression, (e.g. [Roberts and Rowe, 1985, 1986]). Pharmaceutical powders
are compacted by more than one of these two mechanisms [Duberg and Nys-
trom, 1986]. Thus a general method is needed to characterize the compaction

behavior of different materials.

3.6 ParticleDensity

Particle density is one of the quality control attributes for pharmaceutical
powders. Density is important in determining the powder performance such
as flowability, and the compaction properties. Particle density is the ratio of
the particle mass over its volume. The volume may be defined differently as

such, various types of density have been introduced.

3.6.1 True Density

The density of the solid object, when its volume excludes any internal or ex-

ternal pores (open pores) that are not a fundamental part of the molecular

30



packing arrangement, is called true density. This density is also known as
particle density or absolute density and the correspondent volumes are called
true or skeletal volumes. True density is measured by pycnometry in which
a displacement fluid is used to fill the pores. Helium, air or in some cases
oil can be used, depending on the type of powder. These displacement fluids
penetrate between the particles voids so the true volume can be determined.

Different gases may be used to avoid gas sorption by the powder.

3.6.2 Apparent Particle Density

The density of the particle when its volume includes internal (closed) pores
or bubbles of gas within itself is called apparent particle density. This density

can be measured using air or a liquid displacement technique, pycnometry.

3.6.3 Aerodynamic/Hydrodynamic Particle Density

The density of the particle when its volume includes both internal and external
(open) pore is called aerodynamic or effective particle density. Its volume is
also known as envelope or hydrodynamic volume. This density is determined
by the weighted average of the solid and immobilized gas (or liquid) densities

that are present within the hydrodynamic volume.

In addition to the above definitions, there are other densities that are cate-
gorized in bulk density measurement and should not be confused with particle
density [Svarovsky, 1987].

3.6.4 Bulk Density

Bulk density is the mass of the powder column divided by its volume where
its volume is the hydrodynamic volume of the particle plus interstitial spaces
between particles. There is some confusion as to whether the moisture in the
object should be included or not. To avoid confusion about this issue, the

experiment conditions should be mentioned.

As the name implies, bulk density significantly depends on the state of

powder, particularly on its state of compaction, due to the presence of air or
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moisture (inter-or intra- particulate pores) within the bulk. Bulk density de-
pends significantly on particle shape as well, i.e., as the particles become more
spherical, the bulk density increases [Lachman et al., 1986]. The dispersity of
particles in a powder bed is another factor to be considered. The definition
of the term dispersity in this study is limited to describing the heterogeneity
of sizes of particles in a mass of powder. A powder is called monodisperse
when it is composed of particles with the same size, and polydisperse when it
is composed of particles with inconsistent size. Experiments have shown that
polydisperse powders possessing sphere particles with random sizes can achieve
a higher packing fraction (nontrivially can get close to 1 and strongly depends
on the size distribution of particles) than those consisting of monodisperse
spherical particles (Their packing fraction is around 0.64-0.74). The pack-
ing fraction is the volume taken up by the solid particles in a given volume,
normalized by the total volume. With the same token, powder possessing dif-
ferently shaped particles can achieve higher packing fraction than those with
spherical particles, i.e. depending on the shape factor and the size distribution
of particles in a bulk, powders possessing irregular-shape particles can form

denser compacts than what can be attained with spherical-shape particles.

Bulk density is always lower than the true density due to the fact that the
bulk density of a powder is somewhere between the density of the two phases,
solid and gas, involved in the bulk. The magnitude of interparticle forces that
determines the flowability of the powder plays an important role in the value
of bulk density. Thus a bulk of powder can have one true density but more
than one bulk density, depending on the way it is compacted and the porosity

level of the compact.

According to the Pharmacopeia [2011b], there are four types of bulk densi-
ties, listed as follows, in order of increasing bulk density: aerated bulk density,
poured bulk density, tapped bulk density and compressed bulk density. The
simplest method is to fill a container of known volume with a known mass of
powder and level-off the surface with a sharp instrument. Both United States
and European Pharmacopeias use different container sizes to maintain the ac-
curacy, as the amount of powder under test may change. If the poured density
is sought, powder volume is measured without disturbing the bed. If the aer-
ated density is sought, the known amount of dry powder is poured into the

container and the powder in the container is aerated by repeatedly inverting
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the container. The volume is then read-off after righting the container. For
the case of tapped density, the container that is filled with powder is dropped
from a specific height multiple times. Depending on the standard in use, the

resultant volume for each set of tapping is read.

Bulk density is an essential parameter for solid dosage manufacturing. It
is used to determine the amount of powder that should be fitted into capsules,

or to the blenders or hoppers on a tablet press.

Poured Density

Poured density is one of the most widely measured bulk powder properties and
there are different standards for determining it. One such method is the fun-
nel method, in which the specific amount of powder is poured freely through
a funnel, solely by the force of gravity, to the graduated cylinder. The poured
density can be determined, as it is the ratio of mass of powder to the occupied
volume in the graduated cylinder. Some standards suggest using small rod to

initiate the flowing.

Due to dominance of interparticle forces in micro-particles, none of the
above methods that rely on inertia or gravity force for measuring the particle
density are applicable for respiratory drugs. For those particles, the following

method is applied.

3.6.5 Compressed Bulk Density

It is sometimes required to compact the powder more than what can be
achieved by the tapped density technique. The reason for that is to deter-
mine the mechanical and physical properties of powder that helps in better
understanding of powder quality. This can provide a useful insight into han-
dling of powders. Obviously, powders cannot be analyzed in the same way as
solid bodies can, because powders contain more than one phase. For example,
powder is not linearly elastic, but mostly possesses plastic deformation; thus,
it cannot simply be characterized by Youngs modules or Poissons ratio as solid

material can.

Table 3.1 shows the relationship between the useful terms commonly used
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H Density definitions \ Symbols \ Equations H

. mass, m ( kg
Bulk density p volume, v (W)
. volume, v __ 1 m?
Specific volume ) nass. m — density, p( kg)
Absolute density, true density pT molecuﬁisj’ol;nme om
. mass, m

Apparent density Pa envelope volume, e,
. . . . t densit

Relative density, solid fraction D e dersity. T

) true density, rhop

Table 3.1: Density definitions

in pharmaceutical powder compaction [Hancock et al., 2003];

Generally speaking, the relative density of powders increases as they un-
dergo the compaction process. Many physical behaviors of pharmaceutical
particles, powders, and compacts such as powder flow and tensile strength,
can be specified by their absolute or relative densities [Abdullah and Geldart,
1999].
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Chapter 4

Uniaxial Powder Compaction

4.1 Introduction

In the powder compression technique, powder that is confined within a die is
compressed with small incremental movement of the punch. These small incre-
ments are recorded, along with the exact stress that they exert on the powder,
at the very point of measurement. Depending on the amount of pressure that
is exerted, powders show different behaviors that are useful in classifying them
into groups based on their compaction levels. In other words, for some sam-
ples, the strain rate decreases after a certain compaction stress; revealing any

further stress may result in particle deformation [Svarovsky, 1987].

The result of this powder compression is a very well known and useful Dis-
placement versus Force (Stress versus Strain) profile. In the pharmaceutical
industry, this plot is one of the most useful tools for studying and analyzing the
compression process. This profile, which is obtained from the measurement of
punch force and displacement, helps to determine the material characteristics
in performulation works or to detect batch-to-batch variations in the compres-

sion properties of materials.

Many studies have suggested that the work of compression can be calcu-
lated by using the area under the strain versus stress curve [Armstrong and
Morton, 1977]. However, this work also includes the work to overcome die-
wall friction [Nelson et al., 1955]. Various methods have been introduced to

interpret the force-displacement profile.

Figure 4.1 shows that the force exerted on the upper punch, Fy, is equal to
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Upper punch force
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Die wall force ﬁlrl :
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Ejection force

T

Lower punch force

Figure 4.1: Schematic of the force being transmitted through powder bed

the sum of the both forces exerted on a lower punch, F7, and the force needed
to overcome the die wall friction, F)p. Die wall friction force occurs as a result
of the radial force, Fpg.

Fa=F,+ Fp (4.1)

F, is the portion of the transmitted force to the lower punch by the upper
punch. By increasing the axial stress (in one direction) on a powder mass,
since the materials are confined within a volume and are not free to expand,
a radial force (FR), is acting normal to the boundary between the tablet mass
and die wall. Materials with higher Poissons ratio give rise to higher values of
Fgr. In classical friction theory, the radial force and the axial force are related

to each other by the following Coulombs equation:

In the above equation p is the coefficient of friction. The radial force devel-
ops perpendicularly to the wall and consequently results in the upper punch

force diminishing exponentially as the strain rate of the bulk decreases. The
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relationship between the upper and lower punch forces can be expressed as
[Hausner, 1967, Kikuta and Kitamori, 1983]:

—kH

FL = FA.€ D (43)

H and D are the height and diameter of the tablet, respectively. k is an
experimentally determined material-dependent constant that includes a term

for the average die-wall frictional component.

In order to better understand the value of the die- wall friction in this
process, shear strength of the particles under test should also be determined.

This matter is beyond the scope of this thesis.

4.2 Porosity of Packed Bed

Porosity or voidage of a powder column is defined as the ratio of the volume of
the voids within the bed, i.e. the volume occupied by the air, and the overall
volume of the bed. Clearly, the void volume includes the pores within the
particles if they are porous. When porosity is quoted, for the sake of clarity in
the description, it is important to mention whether the volume that has been

measured is inclusive or exclusive of open or closed pores.

The state of compaction obviously affects the porosity of the compact and
some powder can be compacted into the wide ranges of porosities. The follow-

ing equation is used to relate porosity with the bulk density [Svarovsky, 1987].

Py = pp(l = E) + p E (4.4)

Where pj is the powder bulk density, p, is particle density and p, is the
air density. The air density in comparison to the powder density is relatively

small and is neglected, thus the porosity, F, can be described as follows:

B PP P (4.5)
Pp Pp

The above equation gives the porosity of a powder column. It should also be

stated clearly whether or not this porosity includes pores and voids inside the
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particles. In other words, the type of particle density used in this evaluation
should be mentioned. It is most useful if the true density is used instead of the
particle density, since the true density describes the density of the solid phase
when its correspondent volume excludes both internal (closed) and external

(open) pores. However, the true density cannot simply be determined.

4.3 Porosity-Pressure Function in Compaction

Porosity, F, is the function of pores and voids in a powder system. To mea-
sure the powder columns porosity, the powders dimensions and weight (bulk
density or apparent density, p,) and the density (true density, pr) should be

known. Porosity is expressed as:

Po
EF=— 4.6
PT ( )

The value of 5—; describes the solid fraction of a porous powder column,
which is also known as relative density or the packing fraction. In the study
of powder compaction, the high bulk density doesnt necessarily mean a fully
packed bed with low porosity. Bulk density and true density are related to

each other by the following formula:

pp» = D.pr (4.7)

Where D is the relative density or packing fraction, which is a dimension-
less quantity. During compression D is increased to the maximum of unity,
if attainable. Powder porosity and fractional voidage can also be defined as:

(usually expressed as percentage)

E=1-D (4.8)

4.4 Porosity-Pressure Equations, Compaction
Data Analysis

As long ago as 1923, Walker [1923] introduced the first compaction equation

and observed a logarithmic relationship between the compacts applied pres-
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sure and relative volume. Since then, more than 15 mathematical models have
been proposed to describe the compaction process and to better understand
how materials behave under compaction pressure. Appendix D contains a list
of these models. The equations are based on the transformation of the clas-
sical stress and strain relationship as it connects the consolidation state of
the powder column to the compacting pressure. The equations describe the
change of relative density, porosity, volume, void ratio, and relative volume
in a powder column as a function of applied pressure. Among the equations,
only a few apply to pharmaceutical powders: Heckel [1961b,a], Kawakita and
Lidde [1971], Adams et al. [1994], and Cooper Jr and Eaton [1962]. How-
ever, it is unlikely for a single compaction equation to fit all of the compaction
mechanisms [Alderborn and Nystrom, 1996, Odeku, 2007].

One of the main reasons for fitting the experimental data to an equation is
to linearize the plots for facilitating comparisons of data sets [Grey and Bed-
dow, 1969]. Moreover, as the density of the bulk during the powder compaction
varies, these models should be able to practically allow us to extrapolate data;
predicting densities at other required pressures. In addition, these empirical
models should have the capability to relate the derived compression parame-
ters to the relevant physical properties of powder and be able to differentiate

between different compression mechanisms for different powders under test.

The following are brief descriptions of those mechanisms:

1. At low pressure, rearrangement or packing of particles occurs to some
extent. At this stage, arches that might be formed during the die-filling
process will collapse. By increasing the force, brittle material will frac-
ture and the fractured material will fill smaller voids, thus bringing about
further volume reduction. As particles become smaller further, particle
breakage will become more difficult and the powder will transit to the
brittle-ductile phase. At this stage, no more fragmentation occurs and

the powder compresses with plastic deformation as pressure increases
[Atkins and Mai, 1986].

2. Plastic deformation is one of the important stages on which most of
the mathematical equations have focused. It occurs in powder columns

possessing fine powders with submicron particle diameters.
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3. The final mechanism is the elastic compaction of non-porous material.
This compaction usually happens when the porosity of the powder bed
decreases to below five to ten percent and the powder is likely to behave

as a solid body.

To interpret compaction profiles using these fitting models, considerable
care is needed. It is important to know which of the mechanisms are oper-
ating. Usually the use of these models should be limited to the instrument
that measured the fitting parameters generated from the data. These models
should be able to predict the strength of the resulting compact from the force-
displacement curve. In this thesis I describe two of these models, Heckel and
Kawakita, as those are two of the most common models in the pharmaceutical

industry.

4.4.1 Heckel Equation

The Heckel equation, also known as Athy-Heckel, is a widely used equation in
the mathematical analysis of compression curves in the pharmaceutical indus-

try, specifically in the production of tablets.

In 1961, Heckel proposed an equation in which he correlated the densifi-
cation of metallic powder to a first-order chemical reaction [Alderborn and
Nystrom, 1996, Duberg and Nystrom, 1986, Heckel, 1961b,a, Celik, 1992]. In
this equation he considered pores to be the reactant and densification to be
the product. The equation relates the porosity changes in the powder bed to
the applied pressure:

Z—g — K(1-D) (4.9)

% = KdP (4.10)

/D (1d_DD) :K/O ap (4.11)
(4.12)

Where Dy is the relative density of the loose powder at zero pressure.
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In(1 — Dy) — In(1 — D) = KP (4.13)

1D):KP+m( ) (4.14)

|
n(l_

1— Dy
(4.15)

This is the Heckel equation. A constant, A, was added to make this equa-

tion quantitatively valid (only at high pressures).

1
In(~——) = KP+ 4 (4.16)

K and A are constants that can be determined from the slope and the in-
tercept of the plot, In(1/(1 — D)) versus P, by using the experimental results
(Figure 4.2). A is determined by extrapolating the linear region of the plot.
D is the relative density (the ratio of bulk density to true density of powder)
at applied pressure P. The slope, K, is meant to give information about the
plasticity of material. As such, greater slopes indicated a greater degree of
plasticity [Heckel, 1961b].

@) D
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1-D, Do

Pressure

Figure 4.2: Schematic representation of the compaction behavior according to
the Heckel equation [Heckel, 1961b]

In this plot, linearity exists over 65 to 80 percent of the pressure range.

The nonlinear section of the plot is related to die filling and rearrangement of
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particles within the powder bed during the initial process of compression. The
constant A, which shows the transition from the nonlinear to the linear region,
is related to the degree of pressure (low pressure) at which packing of powder

occurs without the presence of any inter-particle bonding [Heckel, 1961b].

Heckel later found that there is a relationship between the constant K and

the yield strength for a range of metal powders.

1
3y
Hersey and Rees [1971] defined the reciprocal of K to be the mean yield

pressure.

K (4.17)

The ability to describe the behavior of material under compression in terms
of constant A and K can first of all quantitatively describe the compaction
behavior of material. Also data can be extrapolated to the degree that is

unattainable experimentally.

Heckels profile has been divided into three regions (Figure 4.3).

Ln(1/1-D)

Compaction Pressure

Figure 4.3: Schematic of Heckel compaction profile

Region 1 is the nonlinear region, with the decreasing slope, that is ex-
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Figure 4.4: Different types of compression profile distinguished by the Heckle
equation

plained by the permanent rearrangement or die filling during the initial stage
of compression. Region 2 is the linear part of the plot in which irreversible or
permanent particle deformation is the controlling mechanism. In this stage,
many intra-particular voids are being filled, which leads to the increase in the
number of contact points per unit volume and consequently increases the pow-
der strength. Region 3 is the second non-linear part, with the increasing slope,
that occurs when elastic deformation dominates the process. The third region
can only be observed clearly at a very high pressure or higher than specific

pressure for soft materials.

Heckels plots were classified into three groups based on compressing differ-
ent particle-size fractions of various powders by [Celik, 1992, Hersey and Rees,
1971], (Figure 4.4).

In Type 1, particles with different size fractions have different initial pack-
ing fractions and the plots remain parallel as the compression pressure in-
creases, indicating that the variation in initial powder bed density results in

different final bed densities under any particular applied pressure. This type
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of consolidation is mainly related to densification by plastic flow and later on
by particle rearrangement. Type 2 powders consolidate by particle fragmen-
tation, which can be observed by looking at the slightly curved region at the
initial stage of compaction. Later, a single relationship occurs beyond a cer-
tain pressure, regardless of the initial bed density. This type is independent
of particle size and is thought to be a result of the significant destruction of
particles by fragmentation. The differences in initial densities have no effect on
further densification as the particles during the initial stage have undergone a
significant fragmentation and their subsequent compaction process is by plas-
tic deformation. In the case of Type 3, the plots show an initial steep linear
region followed by a very low volume reduction. This type can be related to
the absence of rearrangement of particles at the initial stage of compaction

while the densification occurs by plastic deformation.

Even though the Heckel equation is useful in analyzing the compression
profile in the powder industry, its applicability in the pharmaceutical industry
is questionable and has limitations in describing densification at low and very
high compression pressures [Roberts and Rowe, 1985, Hersey and Rees, 1971,
Sonnergaard, 1999]; e.g., at considerably high pressure the Heckles plots are
often curved upward indicating the inadequacy of the function to describe vol-
ume changes in the powder column at low porosity and near to the apparent

particle density of a material.

4.4.2 Kawakita Equation

In 1965, Kawakita found a relationship between the volume reduction of a
powder column with respect to the applied compression pressure. This equa-
tion is based on the assumption that the confined powder in a die subjected
to the pressure is in equilibrium at all stages of compression, i.e. the product

of the increased applied pressure and the volume reduction is constant.

This equation is written as follows:

Vo=V _ abp
Vo  14+0bP

Where C'is the volumetric shrinkage, V4 ,V, a and b are the initial volume,

C =

(4.18)

the volume of a powder column under the applied pressure, P, and constant
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characteristics of the powder being compressed, respectively. The determina-
tion of the initial powder volume is very important and the common method
is to completely fill up the die with known dimension with powder without
disturbing the powder that is already inside. After, the initial volume of the
bulk is recorded at the moment of the first detected force that punch applies

to the powders bed surface.

This equation can also be written by means of density and porosity as:

Po Eo— Ep
C=1—-(—=)=(——— 4.19
()= (g (419)

Where py, pp, Ey and Ep are initial bulk density, bulk density at pressure

P, initial porosity, and porosity at pressure P, respectively. Rearranging the

first equation gives us a linear form equation as:

P P 1
— ==+ — 4.20
C a+ab ( )

By plotting the values of g versus P, the constants can be determined.

The constant a represents the strain or the degree of compression and is given
by the reciprocal of the slope from the linear part of the plot. It is equivalent
to the value of C' at infinitely high pressures, Cy, = % = a. The value of a
describes the compressibility of a powder by indicating the maximum volume
reduction in a powder under compression while the constant b describes an
inclination toward volume reduction [Alderborn and Nystrom, 1996, Kawakita
and Lidde, 1971, Carneim, 2000].

Extrapolating the linear region of the plot, right at the intercept of g and
the vertical axis, gives a value for - (Figure 4.5). In the following graph (Fig-
ure 4.6), the plot of C' versus P is shown. This plot is another interpretation

of the Kawakita parameters in mathematical terms.

The mathematical models presented here are based on empirical corre-
lations between the applied pressure and volume reduction of the material
being compacted. These models carry useful information about determining
the stages of compaction and the dominant mechanism taking place, although

Kawakita’s equation seems to be more applicable at higher pressure ranges
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Figure 4.5: Graphical representation of Kawakita’s equation

al2|--

o Compaction Pressure

Figure 4.6: A schematic description of a typical compression pressure curve
and interpretation of the Kawakita parameters

(tableting pressure). Even though Heckels and Kawakitas equations are known
to be two of the most useful equations in the pharmaceutical field, there is con-
siderable controversy over which of the two models is the best or most valid
[Alderborn and Nystrom, 1996, Denny, 2002].
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| Compressibility Index (%) | Flowability | Hausner Ratio |

<10 Excellent 1.00 —1.11
11-15 Good 1.12 —-1.18
16 — 20 Fair 1.19 —1.25
21 —25 Passable 1.26 — 1.34
26 — 31 Poor 1.35 —1.45
32 —37 Very poor 1.46 — —1.59

> 38 Very,very poor > 1.60

Table 4.1: Scale of flowability [Pharmacopeia, 2011a]

4.5 On the Hausner Ratio and Compressibil-
ity Index

The Hausner Ratio and Compressibility Index are two popular and simple pa-
rameters for predicting the compressibility of powders. These methods have
the potential to describe the powder handling behavior by showing the inter-
particle interaction of powders at different levels of compaction. Both of these
can be measured using tapped and bulk volume or density of powder [Pharma-
copeia, 2011a]. The Hausner ratio, HR, was first proposed by Hausner [1967]
as a characteristic of the friction condition between metal powders and it was
also used to characterize the flow and compaction behaviors of powder. The
compressibility index, CI, is another way of expressing the difference between
the tap and aerated densities. (Aerated density is also known as apparent or
poured density, which is described in section 3.6.4). In the other words, CI
is the percentage increase in density. The compressibility index and Hausner

ratio are calculated by the following formulas:

o1 = 1002 =Y _ g = (4.21)
Vi Pt
HR_ Yo _ Pt (4.22)
Vi e

Where the subscript b represents initial bulk volume or the unsettled ap-
parent volume prior to the initial stage of compaction and t represents tapped
volume. Based on these parameters a scale of flowability can be developed
[Rios, 2006], as shown in Table 4.1:
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These two methods strongly depend on the methodology used. In short,
HR and CI, according to the Pharmacopeia [2012], are indicators of a given
powders propensity for compression. Even though the compressibility index
has become very popular in evaluating the powder handling behavior, the in-
formation it provides is no more useful than that provided by the Hausner ratio
[Grey and Beddow, 1969, Sgrensen et al., 2006]. However, the Compressibility

index is more practical in data analysis since it is used in the percentage scale.

These well-established methods and simple to measure factors seem to be
very useful in characterizing powder behavior [Kostelnik and Beddow, 1971].
These methods have been proposed as the sole measure of powder flowability
[Amidon et al., 2009]. Despite the usefulness of these parameters in char-
acterizing powders, their limitation in analyzing samples with small particle
diameters such as respiratory drugs and spray-dried micro particles should not

be overlooked and it will be explained in section 6.9 of this thesis.
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Chapter 5

Experimentation

5.1 Introduction

In the pharmaceutical industry, evaluating powder properties and their behav-
ior is of prime importance, as it will affect the manufacturing processes and
final products. Various techniques and instruments have been introduced to

deal with this issue.

The main goal of the research described in this thesis is to introduce a novel
technique that is an efficient alternative method for measuring the compressed
bulk density of powder on a very small scale. In the pharmaceutical industry,
the cost and scarcity of some valuable samples demand for a physical char-
acterization technique that has good repeatability while needing only a very
small amount of sample. For the sake of implementing the aforementioned
technique, a new instrument was developed to evaluate the physical behavior
of any type of powder, either respiratory or in a different solid dosage form, as
only a very small amount of sample is needed (less than 50 mg, particle-size
dependent). The new technique is mainly based on uniaxial lowpressure com-
pression that was designed to introduce a cost-effective approach to determine
the compaction behavior of samples at the initial stage of compaction process
for powders that are going to be tableted, a process which is often overlooked
by the related studies. The new setup was constructed in a way to avoid
introducing random errors into the measurement made by the operator. To
access the full description of the instrumentation procedure, please proceed to

Appendix C.
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5.2 Experimental Consideration

The following are factors that need to be considered in the development of the

experimental method:

1. Uniaxial compression is a standard technique and this type of method
should also be used here to allow comparison of the results with litera-

ture..

2. The way die is filled should be stated, especially when fine powders are
being used, e.g. whether powder is poured freely or a funnel or vibration
is used. It is important to try as much as possible to have the same
initial porosity, when repeated experiments are conducted on the same

sample.

3. The internal use of a lubricant, mixed within the powder bed, should
be avoided because the lubricant can affect the powder beds physical
behavior and its densification response. An external lubrication can be

used to reduce the die-wall friction.

4. Materials under test should be characterized well, i.e. particle-size dis-
tribution, particle morphology, and the presence of aggregates within the
bulk.

5. In order to minimize friction, the ratio of the height and diameter of the

die should be optimized.

6. The way the data is measured should be stated, i.e., whether the mea-

surement was obtained at pressure, in die or out of die (to be explained).

7. At high pressures, the elastic response of the instruments should be con-

sidered, calibrated and corrected.

5.3 Instrumentation

Nowadays the instrumentation of presses plays an important role in research
and development and is very useful for monitoring and controlling the com-
paction processes in the production of solid dosage form in the pharmaceutical

industry.
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To plot and analyze the force-displacement curve, an accurate measure-
ment of punch movement and the applied pressure is required. Two ways
of measuring that graph are present: at pressure, in die and out of die. At-
pressure measurement determines the volume reduction of the bulk of powder
in a die at the time when the pressure is being exerted, while the out-of-die
technique measures the volume reduction of the bulk when the compact is

ejected from the die.

For the system under research, due to the viscoelastic behavior of almost
all of the tested pharmaceutical powders, measurements were conducted based
on the at pressure approach. We chose this method since the errors resulted
by the instantaneous elastic expansion or the spring-back behavior of the com-

pact after ejection from the die is inevitable.

5.4 UAlberta Density Tester

Formerly, a simple prototype had been introduced that was able to measure
solely the compressed bulk density of pharmaceutical samples at a very small
scale. It was a very simple version of the present instrument. It comprised a
small cavity as the die, an analytical balance as the force-measuring compo-
nent, a micrometer as a punch. The micrometer head was vertically aligned
with the cavity using a custom clamping mechanism and a vertical support
structure. This instrument was a manually-operated apparatus that had some

limitations:

e Random errors made by the operator were inevitable.

e Placing the filled die on the balance and aligning it with the punchs tip
were problematic that sometimes resulted in a great deal of friction be-
tween the die-wall and the punch, which in turn affected the consistency,

repeatability and accuracy of the results.

e Operating the instrument when it was placed in the environmental cham-
ber for conducting experiment in different environmental condition was
really difficult.
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e Balance and the micrometers position had to be calibrated at the begin-

ning of each experiment.

e Measurement and the data processing were really slow (sometimes it took

about an hour to do one single test) and the results were inconsistent.

e The deflection rate of the analytical balance was relatively high that led

to the generation of inaccurate results.

The present compressed bulk density tester is similar to a uniaxial tablet-
ing machine that works at a very low compression force to provide the high
precision that is required to determine the density of particulate material on
a very small scale. In addition to the accuracy and accommodating the new
approach of determining compression-derived parameters, this instrument per-
tains to new improvement in both design and control, which result in economy

of manufacturer.

The apparatus shown in Figure 5.1 was manufactured to improve the pre-
vious setup by removing errors made by manually controlling the setup that
resulted in low repeatability and inaccuracy. Moreover, after realizing the
influence of humidity and temperature conditions on the results, the new in-
strument was developed and designed in a way to make measurements possible

in any required testing conditions.

Due to the difficulties experienced with the previous setup in calibrating
the position of the powder pan with respect to that of punch, the new instru-
ment is equipped with specific means for holding and aligning the powder pan

below the actuator.

5.5 Instrumentation

A non-rotary, linear actuator (Physics Instruments, M-229.26S, 25 mm), as
shown in Figure 5.2, (part #6) was used as a punch to exert the axial pressure
on a powder in the die. A Mercury stepper motor controller (Physics Instru-
ments, C-663 Mercury Step) was used as an interface to control the actuator.
This type of actuator was chosen because it has a threaded head to which tips
with different sizes and shapes can be attached. Plus, the required advance-

ment speed and the proper punch sizes were also considered. In this study,
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Figure 5.1: Schematic of the UAlberta Density Tester [Shamsaddini-
Shahrbabak and Vehring, 2012]

the actuator may also be called a micrometer or punch.

Figure 5.2: PI Actuator and Step Motor

To record the real-time pressure being exerted on a powder under test, a
load cell (FuTeK, LRF400, 10 1b.), (part #7), was used. A USB interface
(FuTeK, USB220) was used to control and calibrate the loadcell (Figure 5.3).

The very small cylindrical die shown in Figure 19 was made out of stainless
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Figure 5.3: FuTeK loadcell and USB Interface

steel to hold the powder. In this thesis, the words cavity and sample pan may
also be used when referring to this die. Several dies (part #10) with different
diameters and heights were designed and manufactured to examine the effect
of wall friction so as to choose the most reliable one. However, in this study,
most of the results were obtained using the die with an internal diameter and

height of five and six mm, respectively (Figure 5.4).

Figure 5.4: Sample pan

To increase the accuracy of the result, which is an important criterion in
this instrument, the position of the punch and die should be perfectly aligned
with each other. To address this issue and reduce the friction and avoid any
difficulties in the punch and die alignment process during assembly, two trans-
lation stages (part #20 & 21) and a base plate (part #19), (MT1 and MT401
model, Thorlabs) were used (Figure 5.5). As the graph shows, two translation
stages were placed orthogonally with respect to each other so the upper stage

can be moved in x and y direction.

54



Figure 5.5: Thorlabs Translation Stages and Base plate

The translation stages were placed and mounted on the centre of the front
side of the frame so as to provide enough room for reaching the aligning mi-
crometers. On the frame below the centered stationary plate, enough space
was considered by applying a 5 mm boss extrusion (part #16) to provide
enough room to access the lower micrometer. Five threaded holes were ap-
plied on the surface of this part (part #16) for moving the stages even more
than the two micrometers limit in either direction. Figure 5.6, Figure 5.7, and
Figure 5.8 illustrate the front, side, and back views of the uniaxial density
tester, respectively. The apparatus comprises a main frame (part #1) with a
base (part #1) and side supports (part #2). The size of the frame is designed
mainly for easy access to the inside for connecting cables and wires, and for

replacing the micrometers tips.

The present apparatus is equipped with two front and back doors (part
#3) that were pivotally (part #4) installed on the machine box to swing
away. This provides easy access and easy removal of dies and punches for ser-
vicing, aligning the sample holder, cleaning/replacing punch tips (part #18),
and connecting or disconnecting the interface and controller cables and wires
(part #11 & 12). Doors are locked in place with two magnetic locks (part
#9). Foam tape (part #5) was used to seal the box. Two windows (part
#17) on either side of the frame were installed to make it possible to view the

alignment process and micrometer calibration.

The drawings for the design of the present apparatus are in Appendix A.
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Figure 5.6: Apparatus front view photo

Two vertical guide rails (part #13) were installed and mounted on the
sidewalls. Two carriages (part #14) were used to guide the actuator vertically
along the guide rails, in case the actuator needs to be moved vertically far-
ther than its movement range, e.g., for installation or cleaning purposes. The
actuator is placed in a holder (part #22), which is connected from both ends
to the guide rails carriages by the spring locks (part #15). Spring locks were

used to facilitate driving and locking the actuator in the appropriate position.

Part #23 is the loadcell holder that was designed to mount and fix the
loadcell in the translation stages. The sample pan holder (part #24) is a tray
that is screwed to the top of the loadcell to hold the powder pan. To facili-
tate changing the testing environment conditions, the base of the apparatus

is utilized to accommodate a series of piping for cryogenic fluid. Two NPT
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Figure 5.7: Apparatus side view photo

connecting ports (part #26) were designed as the inlet and outlet ports that

can be accessed from the backside of the base.

A top glass door was built to further increase access to the equipment in-
side the box. The top door was hinged to the back end of the frame using two
3 mm pins (part #27) this makes it possible to remove the door completely

for cleaning and maintenance.

Another port was placed on the left side of the frame (part #25) to be
connected to a humidity generator, to make it possible to change the humidity
inside the chamber. The base comprises two top and bottom parts that fit

together using a 5 mm boss extrusion in one and a cut extrusion (part #28)
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Figure 5.8: Apparatus back view photo

in the other to avoid any problems that may occur due to the expansion or
contraction during heating up or cooling down. A rubber insulation sheet is
also used between the two base plates to seal the piping edges and to prevent

any fluid from penetrating to the base of the body.

The entire measuring equipment was installed in a box that can be sealed to
accommodate any humidity conditions in the box, preventing the air currents
in the room from affecting the operation of the load cell as well as preventing
any dirt from entering the box from around the stage motor and the accurate

loadcell. Other features are related to the economies of construction and op-
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eration.

5.6 Data Acquisition Using NI LabVIEW

National Instrument LabVIEW NI 2011 software was used for data acquisition
and to control the UAlberta Density Tester. LabVIEW is a visual program-
ming language. One of the main reasons for using LabVIEW software to
control the set-up was its extensive support for accessing hardware instrumen-
tation. LabVIEW is a unique graphical programming language, which is very
reliable in designing and controlling measurement systems. The loadcell and
actuator were interfaced and connected to a PC using a USB connector. Each
was assigned a COM port. The baud rate, data bits, parity, stop bits and
flow control were set to 9600, 8, None, 1 and None, respectively. Having syn-
chronized these five parameters in the instruments and computer, the device
is ready to be controlled and executed. The general command sets from the
instruments technical manual was used to receive data from both instruments.

For the full description of coding procedures please proceed to Appendix B.

=

5w e [ - [ e
On initial powes up th P1 metor must be referenced Lorm s
-Open PIMikroMaove(R) and reference axis ."

Figure 5.9: LabVIEW front panel 1

Briefly, the program is capable of simultaneously moving the punch axially
into the sample pan while measuring the axial force being exerted on a load-
cell. This measurement approach is called the at pressure or in die approach

and it was chosen over the out of die approach to avoid any inaccuracy within
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Figure 5.10: LabVIEW front panel 2

the results due to the elastic behavior of the compact after it was ejected from
the die. Lab VIEW programming facilitates the controlling procedure of the
apparatus by providing the front panel, Figure 5.9 and Figure 5.10, with which
all of the controlling buttons would be available at the users fingertip. The
numbers of controlling modes that are available include punch speed, acceler-

ation, deceleration, maximum force and the number of measurements per test.

5.7 Measurement

Powder is gently poured, without using any funnel, into the cavity without
disturbing it. A flat spatula can be used to make the surface of the powder
level with the horizontal edge of the cavity. A sample pan is then placed on
a balance with the repeatability of 0.01 mg accuracy (Denver Instruments,
Pinnacle Series P1-225D) to determine the mass of the powder. An attempt
was made to pour the same amount of powder for every measurement of ev-
ery similar sample in order to keep measurements stable as much as possible.
The apparent volume of the powder in the die is equal to the volume of the
cavity. With this instrument there is no need to record the micrometer-zeroed
position or the apparent volume, as these will be recorded automatically when

the measurement begins.

The sample pan is placed on the loadcell pan. The loadcell should be tared
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A B | c | D E | F | G H [— J
1 |LabWVIEW Beasurement
" 2 |writer Version 2
|3 | Reader_Version 2
4 |Separator Tab
5 |Decimal_Separator
B |Multi_Headings No
7 |X_Columns No
TTime_PreI Relative
T Operator shamsadd
10| pate 5/17/2012
11 [Time 56:29.7
12 | ***End_of Header***
13 |Channels 8
| 14 |Samples 241 241 241 241 241 241 241 500
|15 |Date 9/17/2012 9/17/2012) 9172012 3/17/2012 3/17/2012 9/17/2012 9/17/2012 9/17/2012
16 | Time 56:39.7 56:28.7 56:29.7  56:79.7 56:29.7 56:39.7 56:19.7  56:29.7
F ¥_Dimension Time Time Time Time Time Time Time Time
E X0 0.00E-+0D0 0.00E+0D 0.00E+D0  0.D0E+DO 0.00E +00 O.DDE+DD 0.00E+D0  0.00E+00
|19 |Delta % 1 1 1 1 1 1 1 1
20 |***End_of Header=**
| 21 |Columns Position  Displacement (mm) Balancelg) Force(N) Volume{mm*3} Density[kg/m*3) Pressure(kpa) Time (s) Comment
|22 | 18.75 0 0003541 3ATE-05 167059258 299.294924 0.001066 ]
Fel 18.76 0.01 0.003541  3.47E-05 166. 728488 199.888763 0.001066 0.109373
; 18.77 0.02 0.005311 5.21E-05 166.397677 300484963 0.0016 0.218758
E 18.78 0.03 0.005311 5.21E-05 166.066867 301.083533 0.0016 0.328136
; 18.73 0.04 0.005311 5.21E-05 165. 736056 301.664504 0.0016 0.437515
F 18.8 0.05 0.005311 5.21E-05 165405246 ID2.2BTETI 0.0016" 0.5a8332
23 18.81 0.08 0.015934  0.0001568 165074435 302.653661 0.004793  0.656273
F] 18.82 0.07  0.015934 0.000156 303.501881 0.004
30 18.83 0.08 0.024785 0.000243 0.007
LEBs 0.0 0.000243 164082004 0.00
1E.85 0.l 2.000243 163.75119 0.00

Figure 5.11: LabVIEW output, measurement data

prior to initiating the measurement. Then the micrometer tips will be brought
into close proximity of the edge of the cavity without disturbing the powder
inside the cavity. The measurement is then initiated and the measurement
data recorded simultaneously on the spreadsheet that will be accessible when

the measurement is complete (Figure 5.11).

Care should be taken to zero the micrometer before initiating the measure-
ment. This can be achieved by visually aligning the micrometers tip with the
horizontal edge of the cavity. Thereafter, this can be set as the zero point and
is stated as the displacement in its column in the spreadsheet. Density in (%)
is measured by dividing the mass, which is constant by the volume at different
powder heights ( i.e., the volume decreases as the micrometer advances in the
cavity). Pressure is the ratio of previously determined force over the surface
area of the micrometers tip. The time column shows the elapsed time at each
setpoint from the starting point of the previous micrometers advancement.

The number of samples is also shown in the header.
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5.8 Errors and Uncertainties

No measurements are ever exact: there are number of factors that give rise to
uncertainties and errors in a measuring system, which result in some deviations
between the actual value and the measurands. The smaller this deviation, the
more expensive will be the measuring system. Error is simply defined as the
difference between the true value and the measured value. Generally, there is
no such a value as the true value, only that we have a value that lies within
a range of uncertainty [Wheeler and Ganji, 1996]. Errors in experiments fall
into two categories: systematic errors, and random errors. Systematic errors
are associated with a particular measuring system which gives consistent and
repeatable errors. For example, a tape measure that has a 5 cm cut off, gives
a consistent measurements that are 5 cm higher than the true values. One of
the main sources of systematic error in a measurement system is due to the
calibration as such a non calibrated system will introduce a consistent error
to the measurands. Systematic errors shift all results by a significant amount

in the same direction as the measurands, e.g.:

The treatment of systematic errors is very difficult and for our purpose it
is suffice to recognize its existence in our results; we should mention that there
are some systematic errors within our system that shift our measurands high
or low, and we should also mention where these errors may be introduced into

the system.

On the other hand, random errors are associated with the lack of repeata-
bility that could happen due to the lack of experimenter precision which results
in a range of random errors, Figure 5.12. Due to the randomness of these er-
rors, there is an equal chance that these errors will be above or below the true
value. The best way to interpret these errors is to take as many reading as
possible and find the mean measured value. The best estimate is the mean of
the repeated readings because it is impossible to know the true value [Wheeler
and Ganji, 1996]. Random and systematic errors can be estimated using the

following formulas:

random error = reading — mean measured value (5.1)

systematic error = mean measured value — true value (5.2)
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Figure 5.12: Distinction between systematic and random errors

upper limit value — lower limit value
mean measured value =

(5.3)

number of repeated readings

In digital read out, the reading errors is taken as the plus or minus one digit

on the last readout number, e.g., if a load cell display shows 13.027 grams, the
reading error would be 0.001 grams. Calibration error is associated with lin-
earity between the input and the output that indicates how well the measuring

system has been made.

5.8.1 Sources of Error

1. Experimenter-unpredictable
2. Method of measurement-unreliable experimental procedure
3. Object to be measured-non uniform thickness, edges not well defined

4. Instrument- may be faulty, not zeroed properly or out of adjustment
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Uncertainties (due to systematic
Instruments
errors)
Stepper-Mike linear Actuator Unidirectional repeatability +(2um)
Loadcell Reading error 0.001 (g) (5 sps)
Loadcell Deflection error 0.001 (mm) at high load
(10 1b)
Denver Instrument (balance) Reading error 0.00001 (g)
Actuator’s holder Deflection error
Loadcell Calibration error
Punch’s diameter (d,,) manufacturing difficulties
Die’s diameter (dy) Manufacturing difficulties
Die’s height (hq) Uncertainties included in the measuring
system

Table 5.1: Uncertainties associated with systematic errors involved in UAI-
berta density tester

The uncertainties involved in density measurement for repeated measure-
ments using UAlberta density tester are tabulated as follows, (Tables 5.1 and
5.2):

Considering all of the above variables, compressed bulk density and com-

paction pressure can be written as:

PCBD = f(dd7 hp7 hd7 Si7 ST7 m,) (54)
P = f(F, Fy.dy) 55)

5.8.2 Error Propagation

Having variables, each with their individual uncertainties, we need to combine
these quantities to come up with a final result of our experiments. Determining
uncertainties in a function of these variables can be used to combine results of

our measurements. For instance, for the compressed bulk density we have:

_ M (5.6)
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Uncertainties (due to random

Equi
quipments errors)

Friction between punch and die
(Fy)

Micrometer zeroed position (Sp)

Due to misalignment

Non-uniform powder’s

bed surface in the die
Non-uniform sample masses

(due to cohesivity)
Non-uniform sample height
(due to particle’s irregular shapes)
Non-monotonous response to
the compaction pressure
(high porosity)

Sample mass (m)

Sample height (h)

Force exerted on the powder bed

(F)

Table 5.2: Uncertainties associated with random errors involved in UAlberta
density tester

M is corresponded to the reading error associated with analytical balance
for the initial weighing of the sample. H is correspondent to the height of the
powder bed that includes terms for the actuators incremental movements and
powders height, that both considering their own uncertainties can be written

in the form of:

M =m'+dm’ =m' £+ 0.00001 (g) (5.7)

m and dm are the mass of the powder and its uncertainty, respectively.

H=H,-8, (5.8)

H, and S, are powders height and actuators position, respectively.

H = (hq = hp) = (Si = 5r) (5.9)
= (hq £0.000004 m) — (S; £ 0.000002 m)

H, = (hg £ 0.000004 m) = (A £ dI) (5.10)

S, = (S; £ 0.000002 m) = (S’ + dS") (5.11)

hq is the actual height of the die and the uncertainties (h,) associated with
it is corresponded to the very thin layer of powder with the thickness of 4 um
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(estimated and particle size dependent) that may be above or below the hori-
zontal edge of the die. S; is the initial position of the punch that advances into
the die and its uncertainties (.S,) is related to the unidirectional repeatability

of 2 pm, noted in the instruments technical manual.

M m’ £ 0.00001(g)

wd>? ~ & (512)
—+-H 2. H[(hq£0.000004(m)) — (S; £ 0.000002(m))]
H can be reported in the form of:
H=H +dH' (5.13)

where H and dH are the measured quantity and its uncertainty, respec-

tively.

H=WK+S5=hs+S5; (5.14)

Considering the height of the die (initial height of the powder bed) to be
5.5 mm, and the micrometer zeroed position to be 0 mm. (when the punch is

horizontally aligned with the edge of the die).

H' = (5.5E — 3(m)) + 0 = 0.005(m) (5.15)

Using the standard deviation to compute the overall uncertainties between

these two values:

dH' = \/(dW)? + (dS")?

= 1/0.0000042 + 0.0000022 (5.16)
— 447E -6
Thus:
H = H' + dH' = 0.005 + 0.0000045(m) (5.17)
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The error associated with the denominator of the main equation can eas-
ily be determined after multiplying the calculated error with the constant
2
(WTdd = 3.3F — 5, (considering to be 3.1416 and d; to be 6.5 mm).

m M
PCBD — T35 — —m% (518)
Vi iy
V=V'+aV’
wd? wd?
= )= (5.19)

= 0.000033(0.005) + 0.000033(0.0000045)
= 0.00000016 =+ 0.00000000015(m?)

M m/+dm/  m'+0.00000001(kg) (5.20)
PEBD = 7 = U ay7 T 0.00000016 <+ 0.00000000015 ‘

Where m is the mass of the powder in kg and V' is the volume of the bed

of powder in m3.

Total error associated with the compressed bulk density can be computed

as follows:

pesp == p £ dp’ (5.21)

m/ m’

e — 5.22
V7 0.00000016 ( )

Using standard deviation to determine the uncertainties associated with

/

p

the above fraction:

' _ \/(dm’)2 N (dV’)2

pl m/ VI
_ \/(0.00000001>2+(0.00000000015)2 (5.23)
m’ 0.00000016
__ dp
0.006%,0016
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dp = \/(3.9F — 3) + (34332275.39m/2) (5.24)

/

m
0.00000016

pcep = p £ dp' = + /(3.9E — 3) + (34332275.39ms2)  (5.25)

Assuming the mass of the powder to be 50 mg, then we have:

dp' =~ 0.3(kg/m?*) (5.26)

Thus, with the assumption of having the 50 mg powder, the overall uncer-

tainty for the compressed bulk density is:

pepp = p £dp =312.5£0.3(kg/m?) (5.27)

For the case of errors associated with the compaction pressure we have:

F
pP== 2
4 (5.28)

The uncertainties here are associated with the reading error correspondent
to the loadcell (assuming that the gravitational acceleration of 9.806 m2/s to

be exact).

We have:

4F
P=— 5.29
de ( )
F =My (5.30)

Fis the stress transmitted to the lower punch and include terms for friction
between particles and die wall friction. There is also a reading error associated
with the loadcell, which is 0.001 g. considering the gravitational acceleration
to be 9.806 m?/s and exact. We can simply multiply the measured quantity

and its uncertainty with the constant, g;
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M =m'+dm' =m'+ (0.001E — 3)(kg) (5.31)

F =F +dF' =m(g) +dm'(g) = 9.806 % 0.000009 N (5.32)

It must be noted that in this calculation we disregarded the uncertainties
associated with the friction and levels of porosity that significantly affects the

stress transmitted to the lower punch and sensed by the loadcell.

Using the multiplication rule for multiplying a constant with the uncer-

tainties, we have:

4 4
P=P +dP =(—).F + (—).dF’ 5.33
(= d%) (= d%) (5.33)
P = 32594.93F" + 32594dF" (5.34)
P = 319625.88m + 0.3(kPa) (5.35)

m in this equation is the mass shown on the loadcells sensor meaning that
it changes with compaction pressure and the uncertainties associated with it

becomes very minimal and insignificant as the compaction pressure increases.

Comparing the obtained estimates for the uncertainties in the computation
of compressed bulk density and compaction pressure, the uncertainties corre-
lated with the former can be neglected while the errors associated with the
non-uniform response of powder to the compaction pressure, friction between
individual particles, and friction between particles and the die wall play a role.
However, their calculations are burdensome. The above calculations showed
that the high variation of data in the lower pressure region (in the plot of CBD
versus compaction pressure) is because of the high porosity within the bulk.
This high porosity causes a significant variation of stress sensed by the loadcell
at the low-pressure region, until by increasing the compaction pressure, the
uncertainties associated with the changes in the porosity of the powder bed

becomes very small.
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Chapter 6

Low-Pressure Compaction,
Results and Discussion

6.1 Introduction

The low-pressure compression method is able to quantify the mechanical prop-
erties of pharmaceutical powders precisely, which is very important in evalu-

ating the final quality of either excipients or active ingredients powder.

6.2 Applicability of Tapped Density Measure-
ment

Tapped density measurement, in brief, is a traditional method used to indi-
rectly show the morphology and flowability of powder. The apparatus is made
up of a graduated cylinder that falls vertically from a specific height a partic-
ular number of times or vibrates for a certain amount of time. The volume
of a powder after each vibration is recorded until no further changes in pow-
der bulk volume are noted and a steady-state density is reached. Based on
the recorded apparent and tapped volumes, correspondent densities are cal-
culated. The specification of the settling apparatus and the applied method
for determining the tapped and poured densities are included in both: United
States Pharmacopeia [2004b], and European Pharmacopeia [2004a] with only

minor differences.

According to the United States Pharmacopeia, the major drawback of

tapped density measurement is that it cannot be applied to small sample
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masses, because its sample consumption is relatively high [Pharmacopeia,
2010, 2011b]. This high sample consumption rate makes many bulk-characterizing
studies such as determining the flow-related properties impossible. In modern
pharmaceutical development, only a few grams of a pharmaceutical sample
are often synthesized. Samples are becoming increasingly expensive and rare
[Sgrensen et al., 2005].

In tapped density measurements, powders are subjected to a constant force
of gravity that leads to a volume reduction by tapping the cylinder. With that
in mind, what should be done if the powder being tested is from the category
of a respiratory drug with a significantly smaller size, for which inter-particle
forces are larger than inertial forces? In such cases, the applicability of the
classical tapped density measurement for powder with a respirable size range
appears to be questionable. Because these powders do not fully compact un-
der external forces comparable to those present in the tapped density method,
it is not well suited for respiratory powders. The classical tapped density
method was developed for larger particle sizes. In addition, difficulties in visu-
ally reading the sample surface due to not having the horizontal surface after

each tapping, introduce inaccuracy into the results.

Thusly motivated, a fast, efficient, and reliable method needs to be intro-
duced, along with an instrument that requires only a small amount of sample

without compromising the accuracy of the results.

6.3 Method

Compressed Bulk Density (CBD) can determine the highest bulk density that
a bulk of powder possesses. For the purpose of our research, and to increase
the accuracy of the measurement, a very accurate and stiff load cell with the

capacity of 44.5 N was chosen. According to the supplier (www.FuTek.com),

the load cell deflection at its maximum capacity is 0.116 mm. The elastic
deformation of the load cell sensor when subjected to the compression force
was rectified by moving the punch in an empty die to allow an accurate mea-
surement of the true displacement. CBD measurement is based on uniaxially
compressing the powder and measuring its density under defined pressure.

This instrument is similar to the commercially available instrument (Geopyc
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1360, Micromeritics) for larger sample masses.

A cylindrical cavity is loosely filled with a known mass of powder and then
placed on the load cell. A mating actuator with a non-rotating spindle is used
as a punch. After zeroing the micrometer, it starts advancing in the cavity in
small increments and compresses the powder. The amount of force being ex-
erted on the load cell at each step and the correlated micrometer advancement
is accurately measured and recorded. The measured force versus displacement
data was processed into a graph that shows density as a function of pressure

on the powder bed.

The instruments parameters for the density measurement were fixed at
0.25 mm/s for the punch advancement speed, 25 mm/s* for the acceleration
and deceleration rate and 500 samples per measurement. These parameters
were decided based on the effects of the compression rate (will be discussed
in detail) on the compression curves to increase the consistency of the results.
The punchs diameter in this study was manufactured on a cut-and-try basis
to acquire the desire engineering fit (i.e., sliding fit). The clearance applied
between the sliding parts was 0.1 mm to reduce the die wall friction as much
as possible without having the powder to flow out of cavity when subjected
to the pressure. This variation between the punch and die diameter caused
a negligible inaccuracy in the measurement. An attempt was made to repli-
cate measurements with the same sample masses. However, there are some
inevitable variations in the measurement results since the exact sample masses

can never be achieved trivially.

The compressed bulk density measurement was determined by the follow-

ing formula:

m

P = v (6.1)

Where m is the mass of the powder column in the cavity and V' is the vol-
ume of the powder at different pressures or micrometer advancement. From
these values the correlation between density and pressure can be obtained. An
example of the measurement data is shown in Figure 6.1. Below is an example
plot of density versus pressure (units are in kg/m?® and kPa). In as much as

single value density measurements are not sufficient to describe the packing
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behavior of a powder with small particles, the entire compression curve should
be considered. However, in order to give a value for the CBD of different
samples, solely for comparison purposes, based on a previously published cor-
relation, [Klevan et al., 2009, Holman and Leuenberger, 1989], the density at
a pressure of 35.3 kPa is used. The density at this pressure was found to be
equivalent to the density of the same sample in a tapped density measurement.
Horizontal error bars show how much variation exists from the mean values
of compaction pressure (i.e., standard deviation of uncertainty for triplicate
density measurements). As it is shown, the variation of pressure is high in the

rearrangement or at low-pressure region.
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Figure 6.1: Compressed bulk density profile for Crystalline Leucine

During the initial filling of the die with powder, prior to the compression
process, the only forces that exist between the particles are related to the pack-
ing characteristics of particles in the die: particle density, and powder mass.
When the compaction process is initiated, volume reduction occurs that is
the main mechanism in the close packing process. As the compaction force
increases, the particle rearrangement becomes more difficult until any further

increase in pressure would lead to the particle deformation.
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6.4 Materials

Several pharmaceutical samples were tested in this research, most of which
are commercially available. Samples with various consolidation behaviors were
chosen including both substances that have been characterized as mainly brit-
tle and substances with plastically deforming behavior. Samples were chosen
based on their assumed compression mechanics to create a wide range of me-

chanical properties.

All of the samples were stored at constant humidity and temperature con-
ditions in a desiccator for three days prior to initiating the experiment. The
table that is shown below (Table 6.1) lists materials that were compressed

during this study.

Particle Size, True
Substance Supplier Size Remarks Densitv'
Distribution? y
. Highly
Crystalline L- B
leucine Sigma Aldrich MMA‘LL]:T)n—&lQ ﬂ(;;leilzglaw 1293
) 3
(ﬂowa.ble Cat # L8000 GSD=1.75 irregular plat kg/m
L-leucine) ;
e-like shape
Crystalline Acros Organic | MMAD=10.4 Crystalline 1262
L-leucine Catst pm raw material kg/m3
125121000 GSD=1.84
Active
Micronized PCCA3 MMAD=6.34 | ingredient in 1285
Paracetamol Canada pm traditonal kg/m3
GSD=1.80 respirable
dosage form
Sodium _MP Ductile, 92152
Chloride Biomedicals ND granular with kg/m?
H Cat# 102892 irregular shape grm
Cellulose, NF Medisca MMAD=12 . 1541
Microcrystalline Canada pm Avicel PH102 kg/m?
GSD=1.68
Magnesium Across Organic | MMAD=3.67
) 1020
Stearate, Cat+# um Lubricant kg /m?
Mg(CisHz505)2 | 240760250 GSD=1.99 g
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MMAD=9.09

Talc Medisca wm Lubricant NOt
Canada GSD—1.93 available
hubrofen PCCA MMA[T):MS Needle-like 1234
P Canada GS]SL:I.82 shape kg/m?
Spray Dried Particle MMAD=348 | * aWO/.8/ 0-2 Not
D-leucine Engineering pm formuthion availc;ble
/Trehalose Lab GSD=1.63 ratio
Particle low particle
Spray Dried . . density, Not
. Engineering do = dpm . .
L-leucine Lab respirable available
dosage form
High particle
Spray Dried P%rtml? den81'ty, Not
Engineering dg = 4um cohesive, .
Trehalose . available
Lab respirable
powder
Sigma Aldrich Hard 1590
Sucrose Cat# 593378 ND material kg/m3
Crystalline Fisher rg;yz:ilcfizl 1530
Trehalose Bioreagent, dp* ~ 65um with laree kg/m?
Dihydrate Cat# BP2687 QL ars g
particle size
In a0.8/0.2
Spray Dried Particle MMAD=3.91 w/w Not
L-leucine Engineering wm formulation Jabl
/Trehalose Lab GSD=1.84 ratio, core avatiable
shell structure
MMAD—S.37 Crystalline
Dextrometh- PCCA um Sﬁsyde;glﬁl Not
orphan Canada GSD=1.68 b, EMY | available
polyhedral
shape

Table 6.1: Materials used for compression test

Leucine is one of the well-known pharmaceutical excipients because of its

5

ability to improve aerosol dispersibility and release active pharmaceutics to
the lungs when dealing with pulmonary drug delivery. Trehalose is another

excipient known for being a stabilizing agent for bio-pharmaceutical actives




[Feng et al., 2011]. Microparticles composed of L-Leucine, Trehalose and D-
leucine were manufactured. Samples were spray-dried using a Biichi Nano
Spray Dryer B-90 (Biichi Labortechnik AG, Flawil, Switzerland). The target
aerodynamic diameter of particles made with this spray dryer is 4 um corre-
sponding to an atomized droplet diameter of 7 pum. Aerodynamic diameter
is defined as the diameter of spherical particle with the density of 1 g/cm?
that has the same settling velocity in air as the irregular particle in question
[Vehring, 2008]. More details about the spray drying procedures for these
samples can be found in Vehring [2008], Matinkhoo et al. [2011]. Microcrys-
talline cellulose is a white, odorless, tasteless, and crystalline powder, which
is known as one of the best filler-binders in the tableting industry due to its
cost, solubility and compactibility. Paracetamol is a high-dose drug that has a
very poor flowability. This powder is soft and fragments intensively. Sucrose
is considered to be a relatively hard powder that fragments under high com-

paction pressure.

This powder shows limited deformation during compression [Alderborn and
Nystrom, 1996].

Aerodynamic diameter distribution of the samples was determined using
TSI Aerodynamic Particle Sizer Spectrometer 3321. The particle sizer was
used in tandem with the T'SIT Small-Scale Particle Disperser 3433 to disperse
the powder prior to sizing. MMAD stands for Mass Median Aerodynamic
Diameter and is the median of the distribution of airborne particle mass with
respect to the aerodynamic diameter. Geometric Standard Deviation or GSD
is a measure of the spread of an aerodynamic particle size distribution which

typically calculated as follows:

GSD = | % (6.2)
di6

Where dg4 and d;6 represent the diameters at which 84% and 16% of the

aerosol mass are contained, respectively, in diameters less than these diameters.
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6.5 Compaction Data Analysis

Due to the extensive pressure ranges in the compression process, it is obvious
that it is better to plot the pressure axis logarithmically to spread out the
data in a distinguishable form (Figure 6.1). It should be noted that a good
compaction curve should be able to indicate the changes in the compression
mechanism. The application of low-pressure compaction requires very accurate
equipment and thus the accurate load cell and actuator give us this opportu-

nity to fully understand and interpret the compaction profiles.

Figure 6.2 illustrates the plot of compression pressure vs. compressed bulk
density for a variety of samples. Generally, the density of the powder bulk
increases during different compaction phases, as expected. Plotting the pres-
sure axis of the graph in a logarithmic scale reveals the experimental scatter
at the initial stage of compaction, indicating the presence of a rearrangement
stage in the powder bed. The rationale behind this phase goes as follows: at
first, when powder is poured into the cavity, the porosity of the powder bed
is relatively high. During the initial stage of compression, the porosity of the
powder system decreases as its volume reduces and solid particles replace the
other phase (air or mixture of humidity and air) in the bulk. Generally speak-
ing, by applying the compression pressure, solid particles move around and
tend to fill the interstitial spaces between particles in a powder bed. Thus, the
continuous changes in the contact area between the particles in the powder
bed that are subjected to the compaction pressure result in such a variation
in the force that the loadcells sensor senses the change. In other words, the
scatter data at low pressure is explained as follows; certain amount of force is
needed to overcome a certain threshold to break the existing structure in the
powder, for example bridges or agglomerates within the powder. However, the
powder does not yield in a simple monotonous fashion but rather in a discon-
tinuous fashion. At low pressure regions, where rearrangement of particles in
the powder bed are observed, as the compaction pressure increases, this re-
arrangement of particles continues until the interstitial spaces in the absence
of agglomerates in the bulk become smaller than the particles themselves. At
higher pressure, particle fracture will occur and is accompanied by a greater
reduction in the volume of the bulk as the fractured particles continue to fill
up the external pores within the bulk, leading to the formation of a stronger

compact with lower porosity.
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Figure 6.2: Density profile for some samples, open Circle=Crystalline Tre-
halose; closed square= Crystalline L-Leucine; close triangle= Dextromethor-
phan; open triangle=flowable L-Leucine

It is easily distinguishable by looking at the above graph (Figure 6.2) that
the duration and extension of the rearrangement stage differ from sample to
sample and depend on some factors such as particle size, shape and hardness.
This phenomenon has been observed for more than 60 samples tested so far.
However, it is very clear that the crystalline Trehalose that has a large parti-
cle size shows little rearrangement during the initial stage of compaction and
has a very stiff response to the compression. In contrast with other samples,
crystalline Trehalose is already compacted to a large extent when poured into
the sample pan and does not compact much. One reason that crystalline Tre-
halose has less of a particle rearrangement in its bed during the initial stage of
compaction is because it has coarse particles that are relatively large. Larger
particles pack better because they are less cohesive. However, they create
more porosity in the powder bed when compared to the bulk of smaller par-
ticles poured in a pan with a constant volume. Similar results were achieved

with Sucrose Figure 6.10 and NaCl (not shown).
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The colorful error bars in each plot show the variation from the mean value
measurement, of pressure or in other word, the standard deviation of uncer-
tainty of the pressure when the experiment was done in quintuplicate for each
sample. This variability is at its maximum at low pressure and decreases as
the pressure increases. The high uncertainty of pressure at low pressure region
results in the compression parameters such as the Hausner ratio and Carr in-
dex to seem inapplicable. (This will be covered in more detail in the following

section).

6.6 Compact Porosity

The rate of change of porosity provides an estimate of material compressibil-
ity. In this study, consolidation models are based on the applied pressure.
Generally speaking, materials are considered compressible when their porosity

changes are relatively high when subjected to compressive pressure.

0.9 —e— |buprofen
1 —— Crystalline Leucine
08 ] —~— Flowable Leucine
074 —— NaCl
4 —<— Micronized Paracetamol
0.6 —— Sucrose

—e— Crystalline Trehalose
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0.1
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Figure 6.3: Plots of Porosity versus compaction pressure

Porosity reflects the extent of consolidation. The above graph (Figure

6.3) shows the changes in the porosity of different samples when subjected to
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pressure this graph is calculated based on the equation presented in section 4.3:

E=1-D (6.3)

Pb
D=— 6.4
% ( )

Ture density (pr) of each sample was taken from the Table 4. Bulk density
at different pressures (p,) were calculated based on the experimental results

and the graph of porosity versus compaction pressure is plotted.

Among these samples, micronized Paracetamol shows a great deal of plas-
tic deformation in its powder bed that could be due to either the brittle or
ductile behavior of materials. However, Paracetamol possesses a very soft ma-
terial that creates agglomerates when poured into the cavity and is considered
a fragmenting material. It will be also shown in the following section that this
powder starts its significant plastic deformation mechanism at a pressure of
well below 400 kPa, beyond which particle fracture occurs and powder starts
to show its significant elastic response. Paracetamol, after the pressure of 1
MPa, obtains negative tablet porosity. The logical explanation is the change of
particle density at high pressures associated with particle elastic deformation.
This explanation is also supported by the results reported in the last section
of this thesis. This result is also seen by the work of Sun and Grant [2001] for
some brittle powder at high compaction pressure [Klevan et al., 2009]. By the
same token, flowable Leucine has a tendency to reduce its porosity. Sucrose
is also considered as a fragmenting material but this particle needs higher
pressure to undergo fracture; thus, we only see a limited change in porosity.
Compared to other softer materials, Sodium Chloride and Trehalose show the
lowest compressibility over a range of applied pressure. The line of reasoning
seems to break down when Ibuprofen and crystalline Leucine are considered.
These materials show greater resistance to the applied pressure. The rationale
behind this behavior can be attributed to the shape of these two particles.
The needle shape of Ibuprofen particles and the plate shape of crystalline
Leucine (the SEM images are shown in Appendix E) cause a great number of
particle-particle contact points that result in greater compact strength. Both
of these materials undergo ductile-/-plastic deformation with minor fracture

in the bulk; thus, the result of a lower change in the porosity of the bulks.
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6.7 Moisture Constent Influences on CBD

Theoretically, the compressed bulk density of powder for a given compressive
load should remain unchanged at all moisture contents; i.e., the mass and vol-
ume of the bulk should be independent of the amount of moisture, assuming
the powder does not take up any moisture and water is only held within the
empty pores. However, it was found that the particle density changes slightly
with increasing moisture. For some samples, moisture uptake results in par-
ticles swelling and subsequently increases the bulk volume, thus causing an
overall decrease in particle density. In other cases, the particle structure may
be weakened, which will result in the particle collapsing, and consequently

decreasing the particle volume and increasing the overall particle density.

The presence of moisture in the bulk may compromise the compactibility
of powders. Exceeding the critical RH, which depends on the moisture uptake
of each sample, will result in the involvement of the water phase in the powder
system that dissolves the interparticulate bonding, decreases the strength and

consequently affects the density of the powder [Antikainen and Yliruusi, 2003].

A variety of respirable powders containing Trehalose and L-Leucine (Sigma
Aldrich, Cat #L8000) were analyzed. The samples shown here represent two
very different powders. One sample, spray-dried Leucine, represents a res-
pirable dosage form with an aerodynamic diameter of 2 pum and a very low
particle density. As a control for a powder with a large particle diameter, Tre-
halose dehydrate crystals (Fisher Bioreagents Cat #BP2687) with a Ferret
diameter of approximately 0.5 mm were chosen. Samples were stored at < 5%
RH and 20 4+ 2° C in a desiccator cabinet prior to initiating the experiment.
For tests in humid conditions, samples were exposed to lab conditions at 23.5°
C and 30.8 + 5% RH.

The compressed bulk density shows a strong dependence on relative hu-
midity (Figure 6.4). The compressed bulk density of spray-dried Leucine in
dry conditions increases about fourfold in the pressure test range compared
to only a twofold increase for the test at ambient humidity. The equivalent
tapped densities for the spray-dried Leucine powder were 115 kg/m? and 39
kg/m? for the dry and ambient humidity cases, respectively. This effect is

lower on crystalline Leucine that has a larger particle size than that of spray-
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Figure 6.4: Effect of ambient humidity on spray-dried Leucine (open symbols)
and crystalline Leucine (closed symbols), (red=dry condition, blue=humid
condition)

dried Leucine.

Similarly, humidity did not have a significant influence on the crystalline
Trehalose CBD (Figure 6.5); the CBD increased by a factor of about 1.2 in the
test range. Similar equivalent tapped densities of 800 kg/m? and 825 kg/m?
were found for the dry and ambient humidity cases, respectively [Shamsaddini-
Shahrbabak and Vehring, 2012].

Generally speaking, bulk density is affected by several factors such as parti-
cle size, particle shape, hardness, surface roughness, powder handling history,
sample preparing conditions, testing environment and the state of powder
compaction. Among all of the mentioned factors, an often overlooked factor
is the moisture content of powder, in spite of the fact that moisture content
has been shown to play a significant role in densification and consolidation of

powder [Pharmacopeia, 2011b, Svarovsky, 1987].

The moisture uptake of samples depends upon the solid/water interaction
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Figure 6.5: Effect of humidity on CBD for crystalline Trehalose (red=dry
condition, blue=humid condition)

that refines the interparticulate or intermolecular bond formation that varies
from sample to sample due to the solid particles chemical nature (hydrophobic
nature) and mechanical properties (strength of the crystal lattice) [McKenna
and McCafferty, 1982].

6.8 Data Fitting

Most of the fitting models such as Heckel, Kawakita and Walker are applied
at the pressures higher than 1 MPa, i.e., the pressure required for tableting.
Thus, using those models for low-pressure compression should be done with
caution. However, the models can be useful for understanding the compression
data at low pressure [Sgrensen et al., 2005]. By using the Heckel and Kawakita
models, we assess whether low-pressure compression can be considered as an
alternative method to pharmacopeia methods for evaluating bulk densities and

compressibility.
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6.8.1 Heckel’s Profile

The Heckels profiles (described in detail in section 4.4.1), which have been
categorized into three profiles based on the effect of original particle size, can
be explained by a new categorization, proposed by Klevan et al. [2009]. In this
categorization, the bending of the compaction profile in region I, shown in the
Heckels profile (Figure 6.6) can be classified into three types with associated
mechanistic explanation, as illustrated in the graph below. Figure 6.6 shows
the Heckels profile for three different powders that each of which has different

shape in region I.

Ibuprofen
Crystalline Trehalose
Flowable Leucine

Type 2
& i
- e e Type
E i e -

! Type 3

Compaction Pressure (kPa)

Figure 6.6: A schematic illustration of three different types of Heckel’s profile

The shape of region I for the first type can be described by the significant
particle rearrangement in combination with slight particle fragmentation. The
second type shows an extended and smoother change of slope that was seen for
flowable Leucine. Because of its low cohesion, particles tend to slip over each
other easily. This extensive bending region is due to the ductile behavior or
particle fragmentation and with very little particle rearrangement. In the case
of type 3, a very slight linearity is seen in region I, indicating limited particle
rearrangement and fragmentation. For all the three types of powder, region II
shows an approximately linear response to the compaction, revealing relatively
high plastic deformation and pore-filling step. The Region III, which is not

shown, is associated with elastic deformation in the system of powder under
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test. The presence of this region (region I1I) depends on the range of compres-
sion pressure used. Thus, due to our low-pressure compression experiment,
this region was only observed for some powder whose mechanical strength and

properties caused them to undergo elastic deformation.

Influence of Elastic Deformation on Heckel Plots

In Figure 6.7, the Heckel compression profiles are shown for some powders in-
vestigated in this study. The overall shape of the compaction profile depends

on the particle size and the material being tested.
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Figure 6.7: Heckel compression profile for four samples in the pressure range
of 0-1 MPa

At low pressure, all powders show a decreasing slope followed by the linear
region as the compaction pressure increases. Hence, all of the powders ex-
press a compression behavior associated with regions I and II. Comparatively,
two of the powders shown have increasing slope at higher pressures, which is
associated with region III. The compaction pressure at which the transition
from different regions of the compression profile occurs is different depending
on the powder in question, i.e., only some of the powders expressed all three

compression regions in the pressure range used in this study. However, higher
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compaction pressure is needed to completely categorize a powder by its com-

pression behavior.

6.8.2 Kawakita’s profile

The fundamental idea behind the Kawakita equation (described in detail in
section 4.4.1) is that the particles subjected to the compressive force are in
equilibrium at all stages of compression; i.e. the product of pressure term and
volume term is constant [Patel et al., 2007]. Among Kawakitas parameters,
the inverted b, b~! represents the pressure needed to achieve a strain of a/2.
Thus the constant a describes the total compressibility of a powder while the

constant b explains the initial compressibility of the powder system.

When performing a compression test, the accurate determination of the
initial bulk volume is practically impossible. The imprecise measurement of
the initial volume affects Kawakitas compression parameter. To show the ef-
fect of initial volume on Kawakitas parameter, two different initial volumes
were recorded and analyzed: first, the poured volume from the undisturbed
bulk of powder and second, the volume recorded at an applied force of 5 N.

Results are shown in Figure 6.8.

The degree of compression varies among four samples shown in Figure 6.8.
The Kawakita equation seems to be more reliable at the very high compaction
pressure. It is shown in [Nordstrom et al., 2009] that the Kawakita’s com-
paction profile at high pressure (in the range of tableting pressure, ~ 500
MPa) becomes completely horizontal meaning a significant resistance of pow-
der to compression force while no further volume reduction occurs. However,
we can easily observe the powders proclivity for reaching that region in our
results. Particle size is an important factor in this kind of behavior. Another
interpretation from the above graphs, which is also supported by the work of
Nordstrom et al. [2009] is the influence of the initial volume on C,,,, and the
derived Kawakita parameter, a. A higher strain is the poured volume is used
as an initial volume, compared to when the volume at the certain pressure,
5 N in this case, is taken. This indicates that a significant degree of powder
compression was already achieved at low compression pressure. Thus, the use

of poured volume as an initial volume is the preferred procedure in order to
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Figure 6.8: Plot of strain versus compression pressure for four different sam-
ples: line= compaction curve when C, Kawakita parameter, was determined
at the poured pressure, dashed line = compaction curve when C, Kawakita
parameter was determined at the initial volume recorded at the pressure of 5N

get a good interpretation of the compression profiles.

Disregarding the effects of initial volume on the Kawakita compression pro-

files, graphs show a sudden and significant initial compression with increasing

compression pressure for all of the samples tested above.

The curves then

experience a marked bent followed by a linear region that tends to level off

at higher pressure and reach a plateau. Due to the limited pressure range,

the third region cannot be seen completely in these results, although different

slopes for samples are present and noticeable, and reveal how powders react

differently to consolidation pressure.

Both of these empirical methods, Heckel and Kawakita models, explain
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the fact that compaction behavior cannot be described by assuming a single
compaction mechanism-either filling of large voids by particle rearrangement
or filling of small void by particle fracture or plastic flow, but rather a com-
bination of these two mechanisms occurring at different stages of compaction
[Carneim, 2000].

The compression properties of material under compression give a basic un-
derstanding of the tabletability of material, introducing a relationship between
the compact formation and the volume reduction properties of powders, which

may make it possible to predict formulation properties.

6.9 Hausner Ratio and Compressibility Index

The flowability rate of various samples is different and depends on particle
size, shape and some other mechanical properties. The HR and CI of some of
the samples are calculated (equations were described in detail in section 4.5)
and tabulated below (Table 6.2). In order to calculate the HR and CI for each
sample, the density at pressure which the slightest force on the powder is no-
ticed was recorded as an apparent density and for the case of tapped density,

the density at the pressure of 35.3 kPa is taken.

Among all of the samples tested for flowability, paracetamol and the spray-
dried powder, as shown in Table 6.2, have the lowest flowability. This fact has
also been noticed when attempting to fill the sample pan, as the powder does
not pass easily through the sample vial and a spatula was used. These powders
were forming arches and agglomerates during the filling process. This behav-
ior has also been observed with spray-dried powders and with paracetamol as
well, since both tend to form large and irregular aggregates with a low density
as a result of the dominance of the surface forces such as Van-der-Waals in
comparison to the initial forces, gravity. In contrast, it was much easier to fill
the sample pan with powder having larger particles such as flowable Leucine,
Trehalose and Sucrose. In other words, particles of upper micron size range
or larger are usually more influenced by gravity than cohesion forces [Tousey,
2002]. Experimentally speaking, the finer the powder the less flowable the par-
ticle, although the crystal lattice and chemical nature of the material also play

a role in flowability. As for the flowable Leucine, particles were observed to slip
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\ Substance \ Cl % \ HR \ Flow Character H

Paracetamol 40.74 £2.6 | 1.68 +0.23 Very, very poor
Crystalline Trehalose | 16.86 + 0.7 | 1.20 = 0.01 Fair
Sucrose 1.46 +0.6 | 1.03£0.335 Excellent
Crystalline L-leucine | 35.08 £ 0.7 | 1.58 4+ 0.044 Very poor
Flowable Leucine 23.25£0.6 | 1.32£0.014 Passable
Spray /(gsﬁaﬁslsu01ne 65.46 2.89 Very, very poor

Table 6.2: Hausner Ratio and Carr Index for different samples

over each other at the slightest bed disturbance. Determining the flowability
of the respirable powders is very important as it helps determining the energy

needed for particle dispersion for inhalation.

It was found that the sample history significantly affects the initial state
of compaction for respirable powders. This results in large variability at low
pressures, and consequently a wide range of Hausner ratios and Carr indeces

were observed, (e.g. Figure 6.9).

2."55&_

: 2

400 -

Compressed Bulk Densi

o
=
I

300 ~

250 - -
1 T T™TTTTTTT T =TT T T

0.1 1 10 100
Pressure (kpa)

Figure 6.9: Sample history causes large variability at low pressure and wide
range of HR and CI for the same powder [Shamsaddini-Shahrbabak and
Vehring, 2012]
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Figure 6.10: Compressibility of four different samples as a function of axial
pressure, axis is in log scale for the left graph

For this reason, the usefulness of these two compression-derived parame-
ters, the Hausner ratio and Compressibility Index is questionable for spray-

dried samples with small particle diameters.

6.10 Compressibility and Compaction Factor

In general, powders are compressible when there is a volume reduction in their
bulk whenever they are subjected to a compressive force. A graph was intro-

duced to show the compressibility of different samples being tested.

These graphs (Figure 6.10) show the relationship between the compaction
pressure and compressed bulk densities of powders normalized by compressed
bulk densities at zero compaction pressures. This graph is a good tool to de-
termine the cohesivity or compressibility of the pharmaceutical powder. The
right graph in Figure 6.10 highlights two important facts; first, the higher the
slope the more cohesive the powder is or, in the other words, cohesive pow-
der tends to reduce its volume when it is subjected to increasing compacting
pressure. For instance, Trehalose and Sucrose, which possess coarse particles
with larger particles, do not undergo a significant volume reduction. Compar-
atively, for the case of Paracetamol and L-Leucine, which possess smaller and
softer particles, the rate of volume reduction is far higher than that of the two

former samples. Second and more important is the point of transition from the
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particle rearrangement region to the consolidation region. At this point, the
linear region of the plot starts to grow, indicating the plasticity of substances.
Comparing these two graphs, we see that the initial region can be described
as a rearrangement stage of compaction. We also see that the duration of this
process is different for every sample and depends on the physical properties of

particles such as particle size and shape.

Non-cohesive Powder

Figure 6.11: Schematic of Powder cohesivity [Freeman, 2012]

The graph shown above (Figure 6.11) illustrates the difference between the
two samples with respect to their cohesiveness. Generally, coarse particles like
Sucrose and crystalline Trehalose were already compacted to a large extent
when poured into the sample pan. We see a very minor rearrangement at the
initial stage of compaction. It is clearly shown in the right graph of Figure 6.10
that the compaction mechanism of Trehalose and sucrose has started respec-
tively with small and no particle rearrangement followed by the stiff response
to the compression pressure, respectively. The low slope of the linear region in-

dicates a very small volume reduction in the compression of these two samples.

In comparison, the curved region in the Paracetamol plot indicates the rel-
atively high rearrangement region that accompanies its plastic densification.
Basically, when poured to the sample pan, Paracetamol powder creates ag-

glomerates. Thus, the high void ratio in the powder column is reduced by
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collapses of those arches in the bulk resulting in a very noticeable curved re-

gion at the transition point.

6.11 Compression Speed

Various studies have shown the effect of the compaction rate on the com-
pactibility of pharmaceutical powders [Holman and Leuenberger, 1989, Rueg-
ger and Celick, 2000, Armstrong and Palfrey, 1987, 1989]. Powders with plas-
tic or viscoelastic deformation under compression are compacted more and
form a stronger compact as the compaction rate decreases. In other words,
they are compacted more densely and thus posses higher density at a specific
compaction pressure. On the other hand, powders with brittle characteris-
tics are not affected that significantly when the compaction speed changes,
because fragmentation in powder under compression occurs quickly [Ruegger
and Celick, 2000]. Figure 6.12 shows compaction graphs for four different sam-

ples with various physical characteristics being compacted at different rates.

Graph a shows the density profile for microcrystalline cellulose at four dif-
ferent compaction speeds. This powder is compacted with plastic deformation.
Clearly, the compact becomes denser as the compaction rate decreases, mean-
ing that the decrease in compression rate can prevent capping or lamination.
Capping is the result of air entrapment within a powder compact during com-
pression, which makes the compact (tablet) to separate horizontally, either
partially or completely from the main body of the compact. In lamination,
compact separates into two or more distinct horizontal layers [Tousey, 2002].
By looking closely at the initial rearrangement stage of the graph, it is clear
that powders that have been compacted by the faster rate didnt experience as
much rearrangement as those compacted at a lower rate. This variation stays
the same for crystalline Trehalose that has coarser and larger particles. Gen-
erally, crystalline Trehalose particles are considered to undergo fragmentation
during compression but in-as-much-as we compress powder with relatively low
pressure, we did not observe any fragmentation in the compact after the ex-
periment and it is slightly compacted by the plastic deformation. Again, the
rearrangement section shows particle rearrangement to varying degree dur-
ing the initial stage of compaction for samples compressed at different rates.

Appendix E shows SEM images for powder under test before and after the
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Figure 6.12: Compaction profiles at different compaction rate

compression test.

Graph c, which shows the density profiles for Ibuprofen, reveals negligible
changes in the density of the compact, when compacted at different rates. As
the SEM micrographs show, Ibuprofen underwent fragmentation during com-
pression. As for the powder with brittle deformation, compact strength seems
to be unaffected by the compaction rate. In addition, the rearrangement ex-
tension in the graph indicates a very small difference, as particles fracture at
any speed and slip over each other to fill up the voids. For the case of flowable
Leucine, a very similar result was observed for different compaction rate even
at the initial stage of compaction. The high flowability of this powder seems
to play an important role in obtaining such a similar compaction profile at dif-

ferent compaction rate. The particles of flowable Leucine slip over each other
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very easily at any compaction rate. However, the influence of flow property
for crystalline Trehalose in achieving different compression profile at various
compression rates seems to be affected by its shape. When powders are com-
pressed at a high rate, they do not find enough time to rearrange and fill the
voids as they will be compressed on each other without filling any voids and

will show stiffer response to the compaction.

The compaction rate has been shown to influence the compaction efficiency
to some extent. It was observed that consolidation became more difficult with
increasing compaction rate in the tested range (0.02-1 mm/s). In other words,
greater stress was required to reach a desirable density. In addition, materials
with elastic deformation during high-speed compression are more suscepti-
ble to capping and lamination, which mostly occur at real tableting pressure,

which is by far more than the pressure in this research.

In general, most pharmaceutical powders behave like viscoelastic materials
to some extent. However, they cannot be strictly categorized as exhibiting
specific types of deformation since during powder compression a combination

of deformation mechanisms exist.

The effects of compaction rate on the compaction curves have been shown.
However, for the sake of consistency in the results of density measurement,
it is attempted to use the standard compaction rate of 0.25 mm/s which is
slow enough to avoid capping of fine powders or sharp response of irregular
particles to the compaction pressure and fast enough to avoid plastic flow of

highly flowable particles.

6.12 Modulated Compression Profile

In the pharmaceutical industry, there are times when the compression pa-
rameters of a powder need to be determined without destroying the particles,
which is of paramount importance in modern pharmaceutics when dealing with

scarce or expensive powders.

Using the NI LabVIEW software as an interface to control the setup gives

us the capability to control the actuators movement and the measurement
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Figure 6.13: Schematic of the modulated compression profile, harmonic (sinu-
soidal) and triangle wave

criteria. Present control modes for the actuator are constant rate compres-
sion, harmonic wave, saw tooth wave, triangle wave and step mode. Profiles
for two of these modes are shown in Figure 6.13. In these modes, different
amplitude, frequency and advancement speed can be set. Using these modes
helps differentiating between the elastic and plastic behavior of the material
that are being tested, which can be useful in further describing the materials
physical properties. Additionally, it can determine the exact point of a packed
bed, beyond which the likelihood of the occurrence of the breakage or ductile

deformation of particles increases.

Although the low-pressure compaction test does not state the real fragmen-
tation location in the bulk as for that to occur, a relatively higher pressure in

the range of tableting pressure is required.

The modes shown in Figure 6.13 are based on the subsequent compression
and decompression of powder. These modes are not available in any com-
mercial instruments. In our study with low-pressure compaction, almost all
of the obtained compression graphs show the linear region indicating plastic
deformation of powder or more precisely irreversible consolidation, because of
the porosity that decreases either by rearrangement of particles or filling of

the voids by smaller particles.

Table 6.3 shows the functions used to program the three modes of the ac-
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H Modes \ Formula H

Triangle wave | z(t) = %(t —p Li + lJ )(—1) [5-3)

P 2
Sawtooth wave z(t) = ](% _ B + %J)
Sinousoidal wave x(t) = Isin f(¢)

Table 6.3: Different wave functions of actuator movement

tuator’s movement:

Where p, I and f are the required parameters to plot the desired wave.
The parameter p controls the time during which the wave is formed (set to 40),
I controls the amplitude of each cycle (set to 40) and f controls the number of

cycles in one experiment (set to 50).

This experiment is performed in a way that for instance during one cycle;
the advancement of the punch into the die compresses the powder and then, by
having the punch withdrawn from the powders surface, due to the viscoelastic
feature of powder (if any), there will be a change in the porosity of the bulk.
This phenomenon can only be observed when punch proceeds back again into
the already compacted powder bed. During the start of the next cycle, as the
punchs tip reaches its original lift-off position at the previous cycle, no load
is noticed until the punchs tip hits the powder bed surface again. It is said
that the powder has undergone creep deformation if there is any changes in
the strain rate of the compact, i.e. the lift-off position of the punch may be
different from the position that the powder surface is subjected to the load in
the next compression cycle. The amount of creep deformation depends on the
time the powder is given to rest and elasticity of the materials. We used the
same approach to differentiate the elastic and plastic regions of the powder on

a very small scale.

Implementing this technique provides information about the pressure at
which powder is fully compacted and the porosity is at its lowest over the
range of the applied pressure. When powder is being compressed, porosity

within the bulk decreases as the bulk volume decreases. During the initial
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Figure 6.14: Modulated compression profile differentiating the elastic and plas-
tic region of the powder bed, Triangular wave mode is used

stage of compression, due to the high void ratio in the bulk, the lowest number
of contact points between the particles results in low compaction strength and
the powder will be compacted easily. As the pressure increases, the porosity
decreases quickly and the results are reflected in the steep response (graphi-
cally) of powder consolidation to the compression force because the number of
contact points increases significantly. This behavior can be explained by the
extensive distribution of the applied force on the surface area of particles in
close proximity of each other; i.e., as long as the surface area is small, the to-
tal work of compression is expended on moving particles to the external pores
between the particles. This step continues until the surface areas of the voids
in the bulk become lower than surface areas of solid particles that are in true
contact and are subjected to the applied force. For the same reason, powder
under compression during the primary stage of compression shows the plastic
response as the force is removed from the powder bed. However, when the
increase in the compaction pressure begins to reduce the porosity, the powder
starts to show its elastic behavior. This is clearly shown in the graphs, that
the excess input of energy in the form of compression is utilized as an elastic
recovery during decompression. However, this elastic recovery in pharmaceu-
tical powder is stress dependent and with this technique we can determine for
the first time the point (pressure) at which particles in a powder bed may be

fractured or undergo permanent deformation.
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The powders shown in Figure 6.14 are two different samples: spray-dried
Leucine / Trehalose and flowable Leucine. The spray-dried sample possesses
very fine particles and creates arches and agglomerates with high porosity as it
is poured into the die. Thus, the work of the compression is put into reducing
the porosity of the bulk. During the compression and decompression cycles,
the powder proves the presence only of plastic deformation, which is accom-
panied by the collapses of the arches formed previously within the powder
bed. The powder starts to show reversible, i.e., elastic behavior at pressure
of about 300 kPa, beyond which most of the work that was needed to deform
the new elastic material is recovered during the decompression phase. It must
be noted that some of this compression work is expended on overcoming the
friction between bulk of powder and the die wall due to the radial strain, and

between the particles.

In the case of flowable Leucine, due to its chemical nature, particles re-
arrange very easily. Thus, the pore-filling process within this bulk of powder
occurs faster than with that of other samples. For the same reason, flowable
Leucine already starts showing some elastic behaviors when the compaction
pressure exceeds 10 kPa. However, this spring-like behavior of flowable Leucine
at this low pressure was observed for all of the samples being tested but with
relatively smaller magnitudes (showed less elastic response at low pressures).
The graph indicates that Leucine powder is very compactable, which is evident
by its being fully packed at the pressure of above 1000 kPa i.e., the powder
starts its elastic response to the compaction pressure at the pressure of 1000
kPa. Being fully compacted at this pressure may also be an indication of no
fracture in the particles, since if there were any particle fragmentation within

the bulk; the powders elastic response would begin earlier.

Another reason that the modulated compression profile is useful is that
it can validate the Heckel profile for better interpretation of the compaction
mechanisms. Comparing the Heckel compaction and modulated compression
profiles based on the experimental results can be a very reliable way to help
understand the underlying compression mechanism at each region in the com-

paction profiles.

The following set of figures compares both; the Heckel plot and modulated

compression profile for five different samples.
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For the above results, the same batch for every sample was used to plot
both: the Heckels and modulated compaction profiles. We attempted to keep
the mass of powder constant for every batch. The compression and decom-
pression rate was set to 0.25 mm/s for all of the tests. Samples were tested
in ambient laboratory conditions, RH = 28 £ 4% | T' = 22 £ 1.5°C. A tri-
angular wave mode was applied and period, and amplitude were set to 5 (s),
2F —5 (m), respectively, for all of the above tests (which are equivalent to the
values assigned to each parameter in the wave equations mentioned above).
The frequency depends on the number of samples per measurement. With
high frequency and lower amplitude, the elastic deformation starting point
can be determined accurately, although for some samples a load cell with a
higher capacity is needed to extend the pressure range and to locate the exact
pressure at which the powder is fully compacted without having any particle

fragmentation or ductile deformation in the fully packed bed.
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Figure 6.15: Modulated compression and Heckel profiles for microcrystalline
Cellulose representing three different regions in the compression mechanism
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Figure 6.16: Modulated compression and Heckel profiles for flowable Leucine
representing different regions in the compression mechanism

In the first graph (Figure 6.15), the modulated compaction profile of mi-
crocrystalline cellulose is compared with its Heckel profile. Avicel PH102 (also
known as microcrystalline cellulose) as its SEM image (in Appendix E) shows,
possesses fine powders that undergo plastic deformation easily. As the graphs
indicate, cellulose reaches its packed-bed state at the compaction pressure of
higher than 600 kPa, where the powder starts experiencing its first elastic
behavior. The inflection point shown in the Heckels profile also proves the
presence of this elastic deformation, i.e., a clear bending of the upper part of
the Heckels profile was obtained as the powder starts resisting to the com-
pacting pressure. The point at which elastic deformation starts, is where a
powder shows its first large elastic response to the compacting pressure (with
respect to the pressure range) which graphically is the point of intersection
between the two: linear compression and modulated compression profiles (red
line in Figure 40). The elastic deformation of cellulose powder starts at high
pressures, where the powder bed is fully packed that increases the contact area
between particles, thus, results in the higher friction or cohesion force between

particles.
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Figure 6.17: Modulated compression and Heckel profiles for crystalline Leucine
representing different regions in the compression mechanism

For the case of flowable Leucine powder that possesses small plate-like
shape particles, Figure 6.16 indicates some overlap of plastic and elastic defor-
mation in the bulk as the powder undergoes compression. Flowable Leucine
powder due to having non-cohesive particles with ductile property tends to
compact easily under stress and the slope of the linear region in the Heckel
profile shows the degree of consolidation by the plastic flow. At around the
pressure of 600 kPa powder starts showing its elastic response. At this pres-
sure, the porosity of the bed has been reduced to the lowest achievable porosity
without having any broken particles or particles that have undergone perma-
nent deformation in the bulk, with respect to the applied pressure range.
Flowable Leucine powder shows an extensive rate of spring-back behavior at
each compression and decompression cycles, when the load is removed from
the surface of the bed. Even though the slope of the linear section of the
Heckel plot is an indication of the high rate of densification by plastic defor-
mation but in general, the correspondent region to the plastic deformation

in the Heckel plot (region II), points out that most of the compression force
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Figure 6.18: Modulated compression and Heckel profiles for micronized Parac-
etamol representing different regions in the compression mechanism

was used for rearrangement and the elastic deformation, which are the main
mechanisms in compacting this powder. This type of behavior is likely caused
by the plate-like shape of these particles that results in a large contact area
per unit volume. Thus, this powder shows more resistance to the compaction.
However, the ductility of this powder allows the powder to be compacted well
enough as long as the force is applied; thus, this powder experiences the elasto-

plastic behavior.

In the third graph (Figure 6.17), the Heckel profile for crystalline Leucine
shows less plastic deformation than what flowable Leucine does. Its first elastic
response is detected at the pressure of higher than 700 kPa. Considering the
slope of the Heckel plot in its second region indicates that this type of Leucine
powder is compressed less than the flowable leucine. This is likely caused by
the presence of small asperities around its particles that increases the friction
between particles, which leads to showing the higher strength to the com-
paction stress. Consequently, due to the rough surfaces of these particles that

result in interlocking of neighboring particles, this powder tends to show less
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Figure 6.19: Modulated compression and Heckel profiles for crystalline Tre-
halose representing different regions in the compression mechanism

spring-back behavior than what flowable Leucine does. Comparing both; the
Heckel and modulated compaction profiles, the plastic region is clearly no-
ticeable, indicating the plastic deformation to be the main mechanism of the
compaction for this powder in this pressure range. However, the internal pores
(shown in the SEM graph) in the particles of this powder results in having a

high porosity even at the highest compaction pressure in these experiments.

Figure 6.18 shows the modulated compaction and Heckel profiles for mi-
cronized Paracetamol. This powder shows a very high porosity within its
powder bed due to formation of arches and agglomerates when it is poured
into the cavity. Hence, as it is shown in the modulated compaction profile, an
extensive plastic region (which is accompanied by the particle rearrangement)
is seen until the porosity reaches to the point where the contact area of particle
increases and starts to show some resistance to the load. Paracetamol powder
possesses fragmenting materials that undergo significant fragmentation when
subjected to compaction force. Thus, during consolidation, its porosity de-

creases to a large extent when the powder is almost fully packed. Paracetamol
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starts showing its first elastic behavior at a pressure of above 300 kPa.

In the case of crystalline Trehalose (Figure 6.19), which possesses large
and hard particles with brittle deformation, the large contact area between its
large particles results in the increased frictional force that opposes the dense
packing. Although, the Trehalose powder shows its first elastic response at
the pressure of around 400 kPa, the porosity within its bulk is still relatively
high. SEM image of this particle shows the creation of small cracks in some
particles indicating that this pressure range is not enough for full compaction

of this powder.

Different materials have different responses to the harmonic compression
profile. The above figures clearly show different elasto-plastic deformations
of materials under compression and decompression forces. In short, initially
particles in a powder bed undergo rearrangement. The extension of this rear-
rangement behavior depends on the frictional and the cohesive forces between
particles that are close together. As the compression pressure increases, parti-
cles can no longer hold together and material with brittle properties undergo
fragmentation while others that have ductile properties may deform. The
fragmentation of larger particles produces small particles, which serve a void-
filling role and results in a powder with a lower porosity and higher density.
An important factor to consider is the applied pressure, as such; some hard
materials may not experience fragmentation and consequently respond stiffly
to the compaction pressure. The modulated compaction profile helps deter-
mining the point at which powder shows its first elastic response which means;
the powder bed is either relatively packed or the frictional and cohesive forces
between particles are larger than the compaction pressure and the application

of any force beyond that level may cause particles to fracture.

Notes

1O’Neil [2006]

2GSD and MMAD, explained in Chapter 6.4

3Pharmacy Compounding Centre of America

4Feret diameter, Average distance between pairs (horizontal and vertical) of parallel
tangent lines to the particle’s projected outline
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Chapter 7

Conclusion

A novel technique has been introduced to determine compression-derived pa-
rameters for powders. The method, which is based on low-pressure, uniaxial,
confined compaction within the range of 0-1200 kPa, is a very efficient method
that requires only milligram quantities of sample rather than the several grams
needed for the conventional compression techniques or tapped density mea-
surements. A suitable instrument has been manufactured and interfaced with
a computer for data acquisition in LabVIEW to reduce operator-introduced
errors. A series of pharmaceutical powders with different particle sizes and
physical properties was tested. The test samples were different batches of
spray-dried powders with particle diameters in the respirable range and addi-
tional pharmaceutical powders with larger particles. Different plots of com-

pressed bulk density vs. compaction pressure were analyzed.

It was determined that classical powder density tests that were developed
for samples with large particle sizes are not well suited for respirable powders,
because the interparticle forces rather than inertial forces dominate the com-
paction behavior of respirable powders. Tests also showed that the relative
humidity during the compaction test impacts the results and should be con-
trolled. It was found that the sample history can influence the initial state
of compaction reduces the usefulness of the Carr index and Hausner ratio for
respirable powders. However, a new graph has been proposed to demonstrate

the compressibility with which the compaction factor can be determined.
Different method settings had different effects on the low-pressure com-

pression curves. For example, different geometries of punches and dies were

tested in the optimization of the design. The compression rate did not have a
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significant effect on the compressed bulk density within the investigated speed
ranges from 0.02 to Imm/s, but due to the low-pressure compaction, notice-
able differences in the compaction curves were observed. The compression of a
bed of agglomerates in a confined space gives a good estimation of the powder
strength used to measure applied stress and strain. The effect of particle size

in the compacts porosity has also been analyzed.

Two common mathematical models, Heckel, and Kawakita were used to
further evaluate and predict the compressibility of powders with different prop-
erties using the experimental results. The Heckel model has been shown to be
very good at differentiating different stages of compaction, while the Kawakita
model shows a very promising applicability in determining compression param-
eters for the low-pressure compaction technique. These two models showed
that different compaction mechanisms such as; particle rearrangement, parti-
cle fragmentation, and viscoelastic deformation are involved in powder com-

paction.

The new instrument is also capable of compressing powders with harmonic,
sawtooth, and triangle wave compression profiles, a mode that is not available
in any commercial instrument. The modulated compression profiles were used
to determine the elastic and plastic behavior of powders without destroying
the particles. The results of powder compression that used modulated pro-
file were compared and validated with experimental results when fitted to the
Heckel model.

Several aspects of the uniaxial compression of pharmaceutical powder at
low-pressure compaction were addressed. The low-pressure compaction ap-
proach seems to be very sensitive to any changes that occur in the system, as
it significantly responds to any changes in either the powders that are being
tested or the method being used. The instrument and technique provides the
capability to easily control the compression procedure. The investigation on
the modulated compaction profile also showed that the critical assessment of
the in-die and out-of-die measurements, by considering the fundamental de-

formation behavior of the materials under question, is possible.

Due to the excellent repeatability of the low-pressure compaction tech-

nique, it is possible to differentiate between materials that are different, chem-

106



ically and physically. In addition to that, this technique is a very efficient and
sensitive method to characterize very small sample masses. Thus, it provides
an alternative method that is cost-effective and superior to other commer-
cially available instruments and, particularly, the traditional tapped-density
measurement that requires several grams of sample, which is a very critical

issue for expensive and rare powders.
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Appendix A
SolidWorks Drawings

© by Abouzar Shamsaddini 2013

A.1 Tolerances and Fits

Two extreme permissible variations of a size between which the actual size is
contained is called tolerance while fit is the relationship that exists between
two parts which are to be assembled with respect to the difference on their
sizes before assembly. There are three types of fit between the mating parts;
Clearance fit is applied when it is needed that the two mating parts to rotate
and slide freely with respect to each other. Interference fit is applied when it
is needed that the mating parts to be securely held. Transition fit is applied
when it is needed that the mating parts to be securely held yet not so securely
that it cannot be disassembled.

The below table contains information that needs to be considered dur-
ing manufacturing of the parts of the UAlberta density tester that are to be
assembled together.
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Parts

\ Types of Fits \

Tolerances

Punch

Sample Pan, part 2 (die)

Clearance fit

6.007007 (mm

)
6.457 0y (mm)

Sample pan, part 1(die filler)

Transition fit

Sample pan holder (inner dia.)
Sample pan, partl (outer dia.)

Transition fit

Base, bottom plate (boss extrusion)

Base, top plate (cut extrusion)

Interference fit

Pins, and pin holes

Transition fit

Window

Window pane

Interference fit

160.25077 05 (mm)

(
156.250700¢ (mm)

Actuator holder, and actuator

Transition fit

30.0070 00 (mm)

Table A.1: Tollerances and fits in UAlberta density tester instrument
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Appendix C

Instrument Implementation,
Code Compilation and Control

C.1 Sample Preparation

Six different sample pans with different dimensions along with 10 actuator tips
with different size and shape have been manufactured to evaluate the effects
of friction. Cavity Number 1 is chosen to be the best cavity to be used that
introduces the lowest die wall friction in to the results. Punch number 1, disk
shape, should be used for that cavity. For all of the measurement it is better
to keep the samples for three days in the desiccator prior to initiating the

measurement. For sample preparation please follow the below steps:

1. Tare the scale (Scale should be calibrated. For the calibration please use

the instruments instruction manual)

2. Assemble the top and bottom plates of the sample pan (i.e. put the

screws in)

3. Weigh the assembled apparatus (sample pan) and record

If you need to avoid exposing the powder to the atmosphere and do the
dry measurement, do the following in the dry box and make sure the
relative humidity is quite low (i.e. it has been flushed for quite some

time)

4. Start to add powder to the hole in the sample pan you have assembled.
Be careful not to spill outside of the hole. Level off the top with the
small metal spatula that has flat edges. Clean off any powder that is not
in the hole, but do not disturb the powder that is in the hole. (A tiny

brush can be used to clean the powders spilled outside of the hole.
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5. Weigh the filled sample pan and record

6. Carefully place the sample pan on the sample pan holder on the top of
the loadcell in the UAlberta Density Tester. (be noted that translation

stages have been calibrated before)

7. Sample pan is ready for measurement (please proceed to the start up

section to the measurement)

C.2 Cavity Position Calibration

Sample pan position on the load cell can be changed to align the cavity with
the actuator in order to reduce the influence of wall friction in the system.Two
Thorlab Translation stages have been diagonally placed below the load cell,
attached to the load cells holder plate, and are to displace the load cell in
X and Y direction using two micrometer with 25 mm displacement range.
Two precision dowel pins have been designed that allow for left-right handed

configuration. To calibrate the cavity position follow the below procedures.

1. Unscrew both of the lock screws from the back side of each translation

stage.
2. Use micrometers to displace stages to the proper position.

3. Start up the controlling system, by pressing the run button from the
LabVIEW toolbar (Please proceed to the startup section for the code
compilation procedure and follow it precisely before moving on to the

next step)

4. Move the tip of the actuator (incrementally) and near it to the cavity
with having it slightly touching its horizontal edge. The changes in the

load cell indicator indicates that the load cell sensor has been touched
5. Visually align the cavity with the actuators tip.

6. Try to incrementally move the tip into the cavity while you are cali-
brating the stages simultaneously to keep as low load on the loadcell
as possible. The lower the load the better. However as you move the

actuator farther down the hole it gets harder.
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7. When the proper position of translation stages is determined, use the
corresponding Allen/Hex key to tighten the calibrating micrometers at

their own place.

8. The cavity position is now calibrated

C.3 Instrument Startup

PI M-229-26S Stepper-Mike Linear Actuator, its C-663 Stepper Motor Con-
troller and FUTEK LRF400 load cell with its USB220 interface are connected
through the USB port to the computer. For the installation procedure of these
devices, use their instruction manual. SENSIT Test and Measurement, and
PI MicroMove are to be installed at first.

PI software, PI MicroMove, should be used to connect the controller with
which the actuator can be referenced and calibrated whenever the PC is re-
booted. In order to start up the controller connection please follows these

steps:
1. Run the PI MicroMove

2. From the startup controller page choose the USB tab as the connecting
port

3. From the same page select the controller that is being used (C-663)
4. Click Connect button

5. From the next page (Select Connected Stages) find and select the actu-
ator that is being connected to the controller (M-229-26S)

6. Click Assign button

7. From the next page (Start Up Axes), select the actuator from the list
and click Ref. Switch

8. The above procedure will calibrate and reference the actuator and it will

move the actuator to its home position which is at 12.5 mm

9. Actuator is perfectly referenced and is ready to work (this procedure is
only needed to be done whenever the PC is restarted or otherwise it
wont be recognized by the LabVIEWS referencing VIs)
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**Futek loadcell is very sensitive to its connectors and it should

be treated gently, (Please and Thank you!)

***Forgetting /skipping any of the following steps will result in

4-6 weeks delay while it is gone to be recalibrated by the supplier

company. Please carefully follow the below steps:

1.

Connect the USB220 to the front USB port of the PC

. Run the SENSIT Test and Measurement 2.2

Click on Trial version
Click OK

On the next page, you see device number 1 with its serial number,
463751, is connected. Click Load.

From the next page you can see the real time reading from the loadcell
and the unit should be shown only in 1b. (Although it can be changed
to kg, g and ), Which means that the device is already calibrated and
is ready to use*. If the unit is not shown in Ib. and is in V/mV, please

follow the steps stated in the troubleshooting section.
Now close the program by clicking on the exit button from the file tab.

Loadcell is now ready to be used and called by the LabVIEW program

C.4 'Troubleshooting and Important Remarks

e DO NOT OPEN THE LABVIEW CODE BEOFRE CALIBRATING

THE INSTRUMENTS

ALWAYS USE USB SAFETY REMOVE SOFTWARE TO DISCON-
NECT THE USB PORTS FROM THE SYSTEM OR OTHERWISE
THE LOAD CELL WILL LOSE ITS CALIBRATION DATA

AFTER THE EXPERIMENT, STOP AND EXIT THE PROGRAM,
CLOSE THE LABVIEW SOFTWARE AND SAFELY REMOVE THE
USBS USING THE USB SAFELY REMOVE SOFTWARE. DISCON-
NECT THE USB220 FROM THE PC WHEN ITS CONNECTION
LIGHT TURNED OFF
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e FUTEK LOADCELL IS VERY SENSITIVE TO ITS CONNECTORS

AND IT SHOULD BE TREATED GENTLY

e IN THE CASE OF ANY INTERRUPTION OF ANY KIND, POWER

OUTAGE OR HAVING ANY ERROR LIGHTS IN THE CODE ILLU-
MINATED, THE ENTIRE PROGRAM SHOULD BE CLOSED AND
INITIATED AGAIN BY FOLLOWING PROCEDURES STATED IN
THE CALIBRATION STAGE. THIS TYPE OF ERROR HANDLING
FALLS WITHIN GENTLY TREATING THE INSTRUMENTS

C.4.1 Restoring Loadcell Calibration Data

If in any case, load cell showed the units in V/mV or it cannot be recognized
by the SENSIT software, it means that it lost its calibration and should be

recalibrated again. Base on the type of the error occurs in the load cell library,

it may/may not clear the main memory. In which case un-uniformed reading

will be shown that is not correlated to the Load cell at use. The calibration

points may be lost or corrupted. Calibration data can be restored depends on

how much of it has been wiped out. To restore the calibration data Restore

Backup Utility software can be used. To restore the data follow the steps

below:

1.

Connect the USB220
Run Restore Backup Utility

Enter the serial number in the appropriate box

Put number 2 for the page number *(DO NOT RESTORE FROM PAGE
1 AS IT FORMATS THE CALIBRATION HISTORY)

Select Restore Backup and confirm

Put number 3 for the page number this time *(DO NOT RESTORE
FROM PAGE 1 AS IT FORMATS THE CALIBRATION HISTORY)

Select Restore Backup and Confirm
Disconnect the USB220 using USB Safety Remove™* (Important)

Connect it back again and run SENSIT Test and Measurement software
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10. Check to see if the unit is shown in 1b. this time or not
11. If not, do the same thing again.

12. If the problem still occurs, youre done !!!, pack it and send it to the com-

pany for recalibration (please contact; Alex Friedman, Tel: (416) 617-0918,

email: sales@a-kast.ca , Futek Representative, for calibration)

C.5 Code Compilation

PI_motor3.vi is used to control the setup and acquire measurement data. In
addition to the linearly moving the actuator, the code was built in a way to
be able to move the actuator with different modes. Harmonic, Step mode,
Triangle wave mode and Saw tooth wave mode. Before initiating the code,

please make sure the instruments are connected and calibrated.

***AFTER THE EXPERIMENT, STOP AND EXIT THE PRO-
GRAM, CLOSE THE LABVIEW SOFTWARE AND SAFELY RE-
MOVE THE USBS USING THE USB SAFETY REMOVE SOFT-
WARE. DISCONNECT THE USB220 FROM THE PC WHEN ITS
BLUE LIGHT TURNED OFF***

C.5.1 Compressed Bulk Density Measurement

For CBD density measurement please use the top part of the front panel
1. Open the PI_motor3.vi
2. Run the code by pressing the arrow shape button on the main toolbar
3. Press the run button.

4. Few seconds after pressing the run button, Initiation light at the top of
the page is illuminated and load cell starts to show the read time weight

on it

5. Place the filled sample pan in the sample pan holder on the top of the
load cell

6. Please enter the mass (in grams) of the into the designated place Sample

Mass (grams)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Put the value of 4000 in the Max Tared Pressure, meaning the highest
pressure beyond which loadcell stops working. *(it is the safety button

to donot allow the pressure on the loadcell to exceed its real capacity i.e.
4535 g)

Go to the second part of the code, lower panel, and select the cavity
# corresponding to the cavity number you are using (Number 1 is the

common one)

By selecting the cavity # buttons, cavity height, cavity diameter and

the tip diameter is shown

Use the cavity height to put the proper number for the End Position,
(as not to let the actuator move more than what is needed and not to

let the loadcell capacity being exceeded, it is to be 23.75 for cavity #1)

Set the number of measurement which 500 would be enough for CBD

measurement

Bring the actuator tip near cavity and visually align it with the horizontal
edge of the cavity (for the cavity #1, the micrometer zeroed position is

18.75)
Set the velocity (use 0.25 or 0.2 mm/s for density measurement)
Tare the loadcell (although it keeps changing)

Press the Big Red Button, Scan CBD/Linear Compression, to start the

measurement

The measurement will be done when the pressure exceeds the Max Tared
Pressed that has been set at the start or the set number of measurement

has been reached.

Youll be asked to select the destination to save the recorded file. (note
pad file with ”lvm” format) (this will happen every time you stop the
code and rerun it again, otherwise continuous measurement will be over-
written to the same file, that can also be categorized by writing a com-

ment in comment empty bar)

Plots will be graphed automatically
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19. Measurement is done and you can stop the code by pressing STOP and

exit button

C.6 Actuator’s Harmonic Advancement, Mod-
ulated Compaction Profile

For producing modulated profiles, second part (lower section) of the front
panel should be used. And button for every section to be compiled should be

pressed before pressing the main executing button, Scan Harmonic.

C.6.1 Sawtooth Mode

In this mode the measurement data point are not consistent, (i.e. there are
only data two points at the top and bottom of each cycle when it is on its

abating region.
1. Open the PI_motor3.vi
2. Run the code by pressing the arrow shape button on the main toolbar
3. Press the run button.

4. Few seconds after pressing the run button, Initiation light at the top of
the page is illuminated and ;oadcell starts to show the read time weight

on it

5. Place the filled sample pan in the sample pan holder on the top of the
loadcell

6. Please enter the mass (in grams) of the into the designated place Sample

Mass (grams) 2

7. Put the value of 4000 in the Max Tared Pressure 2, meaning the highest
pressure beyond which loadcell stops working. *(it is the safety button

to donot allow the pressure on the loadcell to exceed its real capacity i.e.
4535 g)

8. Go to the second part of the code, lower panel, and select the cavity
# corresponding to the cavity number you are using (Number 1 is the

common one)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

By selecting the cavity # buttons, cavity height, cavity diameter and

the tip diameter is shown

Use the cavity height to put the proper number for the End Position 2,
(as not to let the actuator move more than what is needed and not to

let the loadcell capacity being exceeded, it is to be 23.75 for cavity #1)

Set number of measurement, it is preferred for the saw tooth movement

to have 350 number of measurement

Both period and amplitude can be set (50 for both would be the value

of preference for this mode)

Bring the actuator tip near cavity by pressing the Move button and
visually align it with the horizontal edge of the cavity (for the cavity

#1, the micrometer zeroed position is 18.75)

Set the velocity (use 0.25 or 0.2 mm/s for density measurement)
Tare the loadcell (although it keeps changing)

Push the Sawtooth Mode button

Press the Big Red Button, Scan Harmonic, to start the measurement

The measurement will be done when the pressure exceeds the Max Tared
Pressed that has been set at the start or the set number of measurement

has been reached.

Youll be asked to select the destination to save the recorded file. (note
pad file with lvm format) (this will happen every time you stop the code
and rerun it again, otherwise continues measurement will be overwritten
to the same file, that can also be categorized by writing a comment in

comment empty bar)
Plots will be graphed automatically

Measurement is done and you can stop the code by pressing STOP and

exit button in the upper part of the front panel
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C.6.2 Triangle Wave Mode

In this mode the measurement data points are consistent meaning the same

number of data points will be set on any region of the cycle.

1.

2.

10.

11.

12.

Open the PI_motor3.vi
Run the code by pressing the arrow shape button on the main toolbar
Press the run button.

Few seconds after pressing the run button, Initiation light at the top of
the page is illuminated and loadcell starts to show the read time weight

on it

Place the filled sample pan in the sample pan holder on the top of the
loadcell

Please enter the mass (in grams) of the into the designated place Sample

Mass (grams) 2

Put the value of 4000 in the Max Tared Pressure 2, meaning the highest
pressure beyond which loadcell stops working. *(it is the safety button

to donot allow the pressure on the loadcell to exceed its real capacity i.e.
4535 g)

Go to the second part of the code, lower panel, and select the cavity
# corresponding to the cavity number you are using (Number 1 is the

common one)

By selecting the cavity # buttons, cavity height, cavity diameter and

the tip diameter is shown

Use the cavity height to put the proper number for the End Position 2,
(as not to let the actuator move more than what is needed and not to

let the loadcell capacity being exceeded, it is to be 23.75 for cavity #1)

Set number of measurement, it is preferred for the Triangle wave move-

ment to have 4000 number of measurements

Both period and amplitude should be set *(Period should always be an
even number otherwise a fuzzy graph will be generated, period 40 and

amplitude 80 would be good values to have enough number of cycles,
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13.

14.

15.

16.

17.

18.

19.

20.

21.

if period and amplitude have the same number, the step mode will be

formed)

Bring the actuator tip near cavity by pressing the Move button and
visually align it with the horizontal edge of the cavity (for the cavity

#1, the micrometer zeroed position is 18.75)

Set the velocity (use 0.25 or 0.2 mm/s for density measurement)
Tare the loadcell (although it keeps changing)

Push the Triangle Wave Mode button

Press the Big Red Button, Scan Harmonic, to start the measurement

The measurement will be done when the pressure exceeds the Max Tared
Pressed that has been set at the start or the set number of measurement

has been reached.

Youll be asked to select the destination to save the recorded file. (note
pad file with lvm format) (this will happen every time you stop the code
and rerun it again, otherwise continues measurement will be overwritten
to the same file, that can also be categorized by writing a comment in

comment empty bar)
Plots will be graphed automatically

Measurement is done and you can stop the code by pressing STOP and
exit button in the upper part of the front panel

C.6.3 Sinusoidal Mode

1.

2.

Open the PI_motor3.vi
Run the code by pressing the arrow shape button on the main toolbar

Press the run button.

. Few seconds after pressing the run button, Initiation light at the top of

the page is illuminated and loadcell starts to show the read time weight

on it

Place the filled sample pan in the sample pan holder on the top of the
loadcell
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Please enter the mass (in grams) of the into the designated place Sample

Mass (grams) 2

Put the value of 4000 in the Max Tared Pressure 2, meaning the highest
pressure beyond which loadcell stops working. *(it is the safety button
to donot allow the pressure on the loadcell to exceed its real capacity i.e.
4535 g)

Go to the second part of the code, lower panel, and select the cavity
# corresponding to the cavity number you are using (Number 1 is the

common one)

. By selecting the cavity # buttons, cavity height, cavity diameter and

the tip diameter is shown

Use the cavity height to put the proper number for the End Position 2,
(as not to let the actuator move more than what is needed and not to

let the loadcell capacity being exceeded, it is to be 23.75 for cavity #1)

Set number of measurement, it is preferred for the Triangle wave move-

ment to have 4000 number of measurements

Both frequency and amplitude should be set *(frequency 30 and ampli-

tude 0.05 would be good values to have enough number of cycles)

Bring the actuator tip near cavity by pressing the Move button and
visually align it with the horizontal edge of the cavity (for the cavity

#1, the micrometer zeroed position is 18.75)

Set the velocity (use 0.25 or 0.2 mm/s for density measurement)
Tare the loadcell (although it keeps changing)

Press the Big Red Button, Scan Harmonic, to start the measurement

The measurement will be done when the pressure exceeds the Max Tared
Pressed that has been set at the start or the set number of measurement

has been reached.

Youll be asked to select the destination to save the recorded file. (note
pad file with lvm format) (this will happen every time you stop the code

and rerun it again, otherwise continues measurement will be overwritten
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to the same file, that can also be categorized by writing a comment in

comment empty bar)
19. Plots will be graphed automatically

20. Measurement is done and you can stop the code by pressing STOP and
exit button in the upper part of the front panel

C.6.4 Step Mode

Six different types of step like wave have been used to fulfill the need for step
like movement of the actuator. For each of them, number of samples per
measurement which should be set on the proper place is written on the top of
each column. To select either of the columns, push button placed on the top of
each column should be pressed. The shape of the plot is somewhat prescribed
by the numbers written below each column. e.g. for the first column, 125 up,
100 flat and (0.002) means; 125 points for rise up, 100 points for the width of
the pulse and 0.002 is the length of each data point.

C.7 Assembling and Disassembling

The apparatus may need to be disassembled for different purposes such as
cleaning, maintenance or taking the loadcell apart in order to send it to the
company for recalibration. In order to disassemble the setup, follow the steps

below;

1. Disconnect the cables and wires from the computer, electric outlets and
loadcell

2. Disassemble the top door using two pins

3. Release the spring lock that are holding the actuator holder and bring it
up while it is still placed in it. (actuator can be released from its holder

by loosening the small screw from around the actuator)
4. Take the sample pan from its holder

5. Open the single screw connecting the sample pan holder to the loadcell

sensor (gently)

6. Open the four screws connecting the loadcell to it holder
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7. Remove the loadcell and open three screw located under it

8. Stages can be removed by opening their screws

*DO NOT OPEN THE LABVIEW CODE BEOFRE CALIBRATING THE
INSTRUMENTS*

*ALWAYS USE USB SAFETY REMOVE SOFTWARE TO DISCON-
NECT THE USB PORTS FROM THE SYSTEM OR OTHERWISE THE
LOAD CELL LOSES ITS CALIBRATION DATA*

¥*AFTER THE EXPERIMENT, STOP AND EXIT THE PROGRAM,
CLOSE THE LABVIEW SOFTWARE AND SAFELY REMOVE THE
USBS USING THE USB SAFETY REMOVE SOFTWARE. DISCON-
NECT THE USB220 FROM THE PC WHEN ITS BLUE LIGHT TURNED
OF F***
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Appendix D

List of the Compression Models
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[Kawakita and Liidde, 1971]

Model’s Name, [Sonnergaard, 2001],
[Weiler et al., 2010, Walker, 1923],

Equation

Balshin InF = —c(3-) +c
Smith L=1=cPs
Murray ln(V—Vvoo) = (75 )3 — 5P
BallHausen In(75-) = ¢sP +Incz
Konopicky ln(VO_L%O) = cgP + ln(VO‘_/—OVOO)
Jones InP = —Cg(%) + Cho
Athy V¥ = vo‘—/ovoo p—c11P
Nutting ln(%) = ¢ P13
Tanimoto VOV_O V= Cﬁ‘}op + Ifjfclf -
VVeo _
Terzaghi _ C‘l/‘;o( P+ C:)l)? l_nii ;— ilizz
Cooper ‘ZO:X); = Cg3e P + oo B
Gurnham, [Zhao et al., 2006] P =cype?
Nishihara ln(%) = —(é)ﬁ
Tsuwa VOVTO Y — VO;S/OO. 14(:(?1211)313
Kawakita

Vo=V __ c32c33P

Vo 1+c33P

Sonnergaard(log-exp)

V =V, — wlog(P) + Vpen

Shapiro

InEF=1In E() - 034P - 035P0'5

Walker

V= 036—0371HP

Table D.1: Various equations describing the compaction of powders, Vo=initial
apparent volume of powder, V' = volume of powder under the applied pressure
P, Vo =net volume of powder, ¢; ... c3;= constants, Fy=initial porosity, P,,=

mean pressure, Vj= pressure at 1 MPa
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Appendix E

Scanning Electron Microscopy
(SEM) Images

(a) Before the Compaction (b) After the Compaction

Figure E.1: SEM images of Microcrystalline Cellulose
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(a) After the Compaction (b) After the Compaction

Figure E.2: SEM images of Dextromethorphan

(a) After the Compaction (b) After the Compaction

Figure E.3: SEM images of Ibuprofen
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(a) After the Compaction (b) After the Compaction

Figure E.4: SEM images of Micronized Paracetamol
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(a) After the Compaction (b) After the Compaction

10,0140

Figure E.5: SEM images of Crystalline Leucine
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(a) After the Compaction (b) After the Compaction

600w iomm  ser  11cow & ATHERTR

Figure E.6: SEM images of Crystalline Flowable Leucine
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(a) After the Compaction (b) After the Compaction

Figure E.7: SEM images of NaCl

206



(a) After the Compaction (b) After the Compaction

Figure E.8: SEM images of Crystalline Trehalose

10
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(a) After the Compaction (b) After the Compaction

Figure E.9: SEM images of Magnesium Stearate

(a) After the Compaction (b) After the Compaction

Figure E.10: SEM images of Talc
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Wy WO 10.0mm

(a) After the Compaction (b) After the Compaction

Figure E.11: SEM images of Spray Dried L-leucine/Trehalose
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