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1 Introduction

1.1 The Need for Better Characterisation

Tablets are the preferred dosage forms for systemically acting small molecules (Zhong et al.,
2018). Simple dosing, handling and administration, all of which increase patient adherence, as well
as comparatively low manufacturing cost and high throughput, number amongst their benefits.
Even so, there are many challenges involved in their development. One of the sub-processes which
are not entirely understood in tablet manufacturing is the tablet compression step. As the active
pharmaceutical ingredient (API) often does not exhibit favourable compaction properties, a
combination of excipients needs to be identified to improve tableting performance of the APl and
form tablets which are strong enough to cope with further handling. However, towards the early
stages of development, there are only small amounts of the APl available and additionally at high
cost. Furthermore, the development timelines are tight, and results of formulation experiments
are expected and needed as fast as possible to ensure timely commencement of clinical trials.
Even so, the development process is in many cases still trial-and-error driven and a large number
of excipient combinations and process parameters need to be tested. In addition, once a suitable
powder mixture is found, new challenges might arise such as changes in the API properties caused
by changes in the chemical synthesis (Rasenack and Miiller, 2002), batch-to-batch variability of
the excipients (Thoorens et al., 2014), and challenges in the process scale-up, e.g. from eccentric
single station to rotary tablet presses (Palmieri et al., 2005) which might make performing new

sets of experiments necessary.

The implementation of compaction simulators capable of mimicking the punch movements
and the speed of rotary tablet presses has improved the predictability of small-scale experiments
(Winsch et al., 2020). In addition, as they are fully instrumented, they generate force and
displacement data over the whole compaction process which can help in the identification of
variances within the materials, all the while only needing small amounts of material (Celik and
Marshall, 1989). However, the usage of compaction simulators is still time consuming as many
different combinations might need to be assessed and should not override the desire to
understand the process itself. Owing to the implementation of the concepts of quality by design
(QbD) and process analytical technology (PAT), the thorough understanding of the different
processes has become more of a focal point in drug product development in recent years
(Leuenberger and Lanz, 2005). The emergence of new characterisation methods and analytical

tools could be observed with the common goal to better characterise the materials, some of which
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found their way into the European Pharmacopoeia (Ph. Eur.), e.g., the characterisation of flow

properties via shear cell (Ph. Eur. 2.9.36).

To summarise, devising new methods to monitor the compaction process is crucial, as a
thorough understanding of the mechanisms involved in powder compaction is an important step
in the identification of parameters indicative of the tablet performance. This would be especially
helpful when attempting direct compression. As there are fewer interim steps involved than in
other routes, e.g., roller compaction or twin-screw granulation, it is comparatively cost effective
(Leane et al., 2018). But, at the same time it is most prone to being sensitive to small changes in

API or excipient properties (Leane et al., 2015) which need to be identified as early as possible.
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1.2 Tablet Compression

1.2.1 Mechanisms of Powder Compaction

During tablet compaction, the powder is radially constricted by the die and subjected to axial
forces which results in a reduction of the powder bed height and consequently the volume. At the
same time the sample transforms from individual particles to a cohesive compact through the
formation of bonds between individual particles (Nystrom et al., 1993; Rumpf, 1958). The
tabletting process is commonly divided into three stages: die filling, compaction and ejection (Wu
et al., 2005b). The compaction step can be further separated into loading (= compression) and
unloading (= decompression). During compression several sub-processes occur simultaneously:
Rearrangement, fragmentation, plastic deformation and elastic deformation of the particles
(Denny, 2002; Hiestand et al., 1977; Nordstrom et al., 2012). Rearrangement of the particles
occurs primarily at lower compaction pressures when the powder particles or granules are still
loose (Klevan et al., 2010). Once densification through movement is not possible anymore, i.e.,
the voids in the powder bed become smaller than the particles, deformation will start. This can
occur through elastic deformation of the particles, fragmentation into smaller pieces, or
irreversible plastic deformation on the contact areas between particles (Cooper and Eaton, 1962).
Normally most, if not all, of the aforementioned deformation mechanisms will occur in a
pharmaceutical powder (Sonnergaard, 2001), however, depending on the predominant
mechanism, the materials will differ in their susceptibility when it comes to lubrication (Wang et
al., 2010) or tabletting speed (Armstrong, 1989). In addition, plastic deformation is thought to be
the main factor contributing to tablet strength owing to the pronounced increase in contact areas

between different particles which furthers bond formation (Hiestand, 1997).

To determine whether a pharmaceutical powder deforms through fragmentation, the
measurement of the surface area of a compact is often applied (De Boer et al., 1986; Westermarck
et al., 1998). The assumption is that a brittle material will show an increase in surface area as a
result of particle breakage. The comparison of scanning electron microscope images before and
after compression to assess the degree of fragmentation is also a possibility (Hardman and Lilley,
1970; Nystrom et al., 1982). Another approach was introduced by Skelbaek-Pedersen et al. (2019)
who prepared compacts of different excipients blended with magnesium stearate, and then
determined the particle size distribution after grinding of the tablets, and observed a correlation
between decreased particle size and fragmentation propensity. All of the aforementioned
techniques are performed out of die after tablet compaction and ejection. A more

material-sparing method used in the characterisation of the deformation behaviour of
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pharmaceutical powders is the in-die analysis through compression models, which will be further

explored in Chapter 1.2.2.

It has to be noted that deformation behaviour is not solely dependent on the material
investigated, but also the size and shape of the particles. It has been found that increasing particle
size and surface irregularities generally lead to an increase in fragmentation (De Boer et al., 1986;
Skelbak-Pedersen et al., 2020; Wong and Pilpel, 1990). However, while a primarily plastically
deforming material might show more fragmentation if the particle size is increased, the primary

deformation mechanism will not change (Nordstrém et al., 2012).

Since the mass during compaction is constant, the volume reduction results in an increase in
tablet density. This process is often depicted through the increase of relative density, also known
as solid fraction (SF), or reversely, the decrease of porosity, i.e., the pore fraction, of the compact.
The SF can be calculated using equation (1-1) and is related to the porosity according to equation

(1-2).

p
SF = pro = — (1-1)
true
¢ =1—prel (1-2)
SF: Solid fraction [-]
Drel: Relative density [-]
pc: Compact density [g/mL]
Dtrue: True density [g/mL]
¢b: Porosity [-]

Both, SF and porosity, can be used to compare different powder materials to each other in-die
as well as out-die. However, as the true density of a material cannot easily be determined, the
pycnometric density or apparent particle density is often used as an approximation (Gustafsson

et al., 1999; Katz et al., 2013; Kuentz and Leuenberger, 1999).

Pronounced volume reduction and resulting low porosity does not necessarily mean the
material will form a strong compact (Gustafsson et al., 1999). However, as it is associated with
additional contact surfaces between particles, volume reduction does promote bond formation.
While loading is generally associated with increased bonding, during unloading and elastic
recovery bonds are expected to break (Hiestand et al., 1977). However, it has been shown that

bond formation can continue during decompression, if to a lesser extent (DeCrosta et al., 2001).
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1.2.2 Compression Models

Much work has been invested into the understanding of the processes taking place during
powder densification within the die of the tablet press. Since fully instrumented tablet presses
and compaction simulators have become common in pharmaceutical development, the use of
force and displacement data has become increasingly popular in the characterisation of materials.
The main advantage over the originally used out of die methods is the material- and time-sparing
character as one compaction cycle is often sufficient to investigate different material properties.
While many equations have been proposed to describe the deformation of powders under
pressure (Cooper and Eaton, 1962; Kawakita and Lidde, 1971; Kawakita and Tsutsumi, 1966;
Leuenberger and Rohera, 1986; Masteau and Thomas, 1999; Sonnergaard, 2001), the parameter
most commonly referred to is the yield pressure according to Heckel (1961). Heckel proposed the
decrease in porosity with increasing compression pressure following a first order kinetic and thus

linearised the compression using the empirical Equation (1-3).

1
In—=kP+A _
¢ (1-3)
¢b: Porosity [-]
p: Compression Pressure [MPa]
K: Slope of the linear portion of the Heckel plot [1/MPa]
A: y-intercept of the extrapolated linear portion of the Heckel plot [-]

k and A are constants with 1/k being defined as the yield pressure (Hersey and Rees, 1971).
While the Heckel equation was originally devised for plastically deforming metal powders, it has
since found applications in the pharmaceutical field (Adams and McKeown, 1996; Dai et al., 2019;
Denny, 2002; Kuentz and Leuenberger, 1999; Mahmoodi et al., 2013; Nordstrom et al., 2012). The
general assumption is that the higher the yield pressure, the harder a material, which leads to
lower plasticity and higher fragmentation propensity. However, the yield pressure is highly
dependent on the experimental conditions (Chowhan and Chow, 1980). The density changes with
applied pressure might change depending on the speed of the compression (Fell and Newton,
1971; Kim et al., 1998) or the tooling (Sinka, 2007), and the determined yield pressure is known
to change with varying maximum pressure (Sonnergaard, 1999). Additionally, the accuracy of
density and displacement determination has a significant impact on the slope of the Heckel plot
(Krumme et al., 2000) which is especially challenging for materials with a relatively high moisture
content where the accurate true density determination is difficult (Sun, 2005). In addition, while

Heckel determined the porosity out-die by compacting the powder materials to different solid
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fractions, the in-die method is usually preferred nowadays. In this case, the results are not directly
comparable as the curve progression in-die will also be influenced by the reversible elastic
deformation of the material (Sun and Grant, 2001). This problem was addressed by Katz et al.
(2013) who proposed correcting the in-die porosity for the elastic recovery and thus being in
better agreement with the out-die method. Another difficulty is the determination of the slope k
due to the non-linear increase of the compression part of the plot of materials which are not
plastically deforming (Klevan et al., 2009), the curvature at the beginning of the compression
process associated with particle rearrangement (Rowe and Roberts, 1996), and the deviation from
linearity in the high pressure range of elastic materials (Sonnergaard, 1999; Sun and Grant, 2001).
An additional hurdle in the comparison of the yield pressure presented by different authors is the
determination of the slope. In many cases no information is disclosed about the boundary
conditions set for the definition of the linear part of the compression curve (Aburub et al., 2007;
Van Der Voort Maarschalk et al., 1996; Zhang et al., 2003). In case some information is given, the
definitions range from a specified pressure range (Dai et al., 2019; Gustafsson et al., 1999;
Nicklasson and Alderborn, 2000; Salbu et al., 2010), determination of the first derivative minimum
and a specified deviation thereof (Mahmoodi et al., 2013; Nordstrém et al., 2012), a specified
porosity range (Van Der Voort Maarschalk et al., 1997) to a target coefficient of determination
(R?) (Paul and Sun, 2017). Consequently, the results of the Heckel analysis should only be used in
the comparison of different materials if the same experimental conditions and method for yield

pressure determination were used (Krycer et al., 1982).

1.2.3 Work of Compaction

Another approach to use the force and displacement data is the calculation of compression
energies or the work of compaction. All in all, there are total work of compaction (TWC), network
(NetW) and elastic recovery work (ERW). The energies are calculated according to the following

equations as used by Schlack (2001):
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THE(max)
TWC = f Fopg + dTH (1-4)
TH,
THeng
ERW = f Foyg *dTH (1-5)
THpin
THpmin
Netw = f Foyg * dTH — ERW (1-6)
TH,
TH,: Tablet height at the beginning of compression [mm]
THE(max): Tablet height at force maximum [mm]
Fovg: Average force of upper and lower punch [kN]
dTH: Change of tablet height with applied force [mm]
THmin: Tablet height at contact loss [mm]

The TWC is a measure for the total energy put into the material before unloading. The ERW is
the energy released during elastic recovery and the NetW is the energy put into the material
through irreversible deformation. High values of ERW and NetW are associated with high elasticity

and large amounts of irreversible deformation, respectively (Ragnarsson, 1996).

1.2.4 Elastic Recovery

If the dimensions of a tablet are determined in- and out-die, a discrepancy will be noted. Once
out of the die, the volume of the compacts increases due to the elastic relaxation of the material.
The volume change between the minimum tablet height in-die and the out-die volume after

compression can then be used to quantify the elastic recovery according to equation (1-7):

Vout—die - Vin—die

%ER = 1009

% Vin—die * % (1-7)
%ER: Elastic recovery [%]
Vout-die: Tablet volume out-die after ejection [mm?]
Vin-die: Tablet volume at minimum distance between punches [mm?]

The expansion caused by elastic recovery can lead to the breaking of bonds and the loss of
interparticular adhesion established during compression. The more elastic a substance, the more
bonds will break as has been shown using compression calorimetry (DeCrosta et al., 2001). This
has often been associated with the occurrence of capping or lamination of tablets (Paul and Sun,

2017), a defect that results in the rejection of the finished drug product.
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1.3 Characterisation of Tablets

1.3.1 Tensile Strength

After compression, a number of additional process steps may follow such as coating, storage
and packaging, which will put the tablets under mechanical strain. It is, therefore, of vital
importance that the tablets are strong enough to cope with any further handling without
exhibiting failures such as breakage. The most commonly applied method for the determination
of mechanical strength is the diametral-compression test, where the tablets are being crushed
between a static wall and a moving plate. The breaking force is then used for comparison.
However, while the crushing force is often used synonymously with compact hardness and can be
used to compare tablets of the same size and shape, it does not incorporate the influence of the
tablet dimensions on the mechanical strength of a tablet. For the comparison of biplane tablets

with different sizes Fell and Newton (1970) proposed to use the tensile strength (TS):

2P
o= 7Dh (1-8)
o: Tensile Strength [MPa]
P Applied load [N]
D: Tablet diameter [mm]
h Tablet height [mm]

To compare the performance of different blend compositions, the relationships between SF,
TS and the applied pressure can be used. For a single material, the TS typically increases with
increasing SF. It has been postulated that in order to cope with further handling, a tablet should
exhibit a TS of over 1.7 MPa and a SF around 0.85 (Leane et al., 2015). However, different shapes

and geometries are still difficult to compare.

1.3.2 Elasticity Parameters

Aside from the tablet strength, the elasticity parameters of a material might be of interest for
the characterisation of the compacts. Two parameters that are often determined are Young's
Modulus (YM) and Poisson’s Ratio (PR). The YM describes the change in specimen length through
elastic deformation when a force is applied. The higher the value, the higher the resistance against
elastic deformation. The PR is defined as the ratio of length change to width change. It can
therefore be used to describe the volume change of a material when pressure is applied. Solid
materials typically exhibit values between 0 and 0.5, where the volume change decreases with

increasing values until at 0.5 no volume change occurs (Rosato and Rosato, 2003).
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Approaches to determine the YM of pharmaceutical compacts include three-point bending test
(Busignies et al., 2004; Porion et al., 2010), application of axial load and simultaneous deformation
measurement (Kachrimanis and Malamataris, 2004), micro and nano indentation (Lum and
Duncan-Hewitt, 1996; Radovic et al., 2004; Wu et al., 2019), Terahertz time-delay measurements
(Peiponen et al., 2015) or an instrumented die where the force exerted in radial direction is
monitored during the compaction process (Akseli et al., 2008a; Mazel et al., 2012, 2013; Paul and
Sun, 2017). Even though the PR can be experimentally determined using an instrumented die, for
pharmaceutical materials in many cases a value of 0.3 is assumed over the whole compaction
process and resulting porosity range (Roberts et al., 1994). However, for YM and PR it has been
shown that there is a dependency on the porosity (Aliabouzar et al., 2018; Asmani et al., 2001;
Cunningham et al., 2004; Mazel et al., 2012, 2013; Wang, 1984a). The YM increase with decreasing

porosity was found to adhere to the following relationship (Spriggs, 1961):

E = Ege™"? (1-9)
E: Young’s Modulus [GPa]
Eo: Young’s Modulus at zero porosity [GPa]
b: Material dependent constant [-]
¢b: Porosity [-]

One application of the elasticity parameters is in the modelling and simulation of the powder
compaction process. Simulation approaches have become increasingly popular over the last years
as they help in better understanding of the compaction process, e.g., viscoelastic behaviour of
materials (Desbois et al., 2020; Diarra et al., 2013), and the resulting tablet properties such as
density distribution (Michrafy et al., 2002; Sinka, 2007; Wu et al., 2005b), break force (Shang et
al., 2013) and structural anisotropy (Yohannes et al., 2016). As the correct determination of the
elasticity parameters has a pronounced influence on the accuracy of the simulations in discrete
(DEM) and finite element modelling (FEM) (Diarra et al., 2018; Paulick et al., 2015), finding

methods to accurately measure those parameters is of high interest.

1.3.3 Porosity

In addition to the pore volume of the tablets, the pore structure is also used in the
characterisation of pharmaceutical compacts. Porosity and also pore structure are known to have
an impact on tablet disintegration and strength, both of which are essential parameters to keep
in mind when formulating a new drug product (Sun, 2017). Some of the methods used in the

determination of pore size are nitrogen adsorption (Westermarck et al., 1998, 1999), mercury
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intrusion porosimetry (Van Veen et al., 2002; Wu et al., 2008), image analysis through scanning
electron microscopy (SEM) (Chen et al., 2015; Wu et al., 2007; Yu et al., 2005), pulsed-gradient
stimulated-echo NMR (Porion et al., 2010), X-ray microtomography (LCT) (Yang et al., 2014), and
Terahertz domain spectroscopy (Markl et al., 2018a; Markl et al., 2017). However, all of these
methods have their limitations (Markl et al., 2018b). Nitrogen adsorption and mercury intrusion
porosimetry can help in the measurement of pore size distribution, however, as the measurement
medium needs to fill the pores, only pores accessible from the outside are considered using these
methods. Additionally, they do not yield any information about the pore orientation. In SEM
images only the surface of the tablet is assessed. To get images of the compact interior, the sample
needs to be cut, which might result in an alteration of the pore structure. A drawback of the uCT
approach is the limited resolution of about 10 um, which is not sufficient for microstructure

analysis in pharmaceutical compacts (Wu et al., 2005c).

An additional tool in the assessment of porosity which is already used for a variety of materials

is ultrasound which will be focused on in the following section.
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1.4 Ultrasonic Testing

1.4.1 Fundamentals of Sound Transmission
A sound wave through a medium can be described by wavelength, velocity and frequency

which are related according to the following equation:

c=Af (1-10)
c: Speed of sound [m/s]
A: Wavelength [m]
f: Frequency [s]

Since the speed of sound (SOS) within a material is constant, an increase in wavelength will
always result in a decrease of frequency. The sound frequencies perceptible by humans are
between 20 and 20,000 Hz. Higher frequencies, starting at 20 kHz are called ultrasound (US). The
SOS through a medium is related to the material properties. Furthermore, the velocity through a
solid is generally decreased by the inclusion of small amounts of a foreign material or pores into

the matrix (Krautkramer and Krautkramer, 1990).

The intensity and pressure of the sound wave transmitted through the medium are dependent

on the acoustic impedance which is related to the velocity through the following equation:

Z=cp (1-11)
Z: Acoustic impedance [Ns/m?] / [kg/sm?]
c: Speed of sound [m/s]
p: Material /True density [kg/m?]

A material with a high impedance value is referred to as sonically hard (Krautkrdmer and
Krautkramer, 1990). When a sound wave encounters a boundary surface between two materials
exhibiting a high impedance mismatch, parts of the sound wave will be reflected which results in

the decrease of the sound intensity. The sound intensity can be calculated according to equation

(1-12).
_p
I= 27 (1-12)
I: Sound intensity [W/m?]
p: Sound pressure [Pa]

Z: Acoustic impedance [Ns/m?] / [kg/sm?]
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The sound pressure is related to the amplitude of the sound wave. The intensity of the sound
wave in a medium decreases with distance to the sound source due to scattering and absorption.

The combination of those two effects is called attenuation.

Two different wave forms are commonly used in the ultrasonic testing of materials:
longitudinal compression waves and transverse shear waves. Both are mechanical waves and,
therefore, propagate through oscillation of the medium. While in longitudinal waves the
oscillation occurs in the same direction as the wave propagation, in the case of the transverse
wave, the oscillation is perpendicular to the overall direction as is depicted in Figure 1-1. This
results in several differences. The first is how the wavelength is determined. Longitudinal waves
result in areas of varying densification caused by the delayed movement of neighbouring particles.
One wavelength is then the space between two areas of identical density. Transverse waves on
the other hand resemble the classic sine wave form. Here, a wavelength is defined as the space

between two particles on the same vertical level moving in the same direction.
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Figure 1-1: The two different kinds of sound waves; left: longitudinal, right: transverse.

The second difference is the speed of the sound waves. Longitudinal waves are in most cases
about twice as fast as transverse waves (Schmerr, 2016). The third and last difference to be
mentioned here is the medium through which the respective waves can propagate. While
longitudinal waves traverse solids, liquids and gases, a solid medium is required for transverse

waves (Krautkramer and Krautkramer, 1990).

The sound velocity though a material is dependent on its elastic properties and density.

Through gases and liquids, it can be calculated using the Newton-Laplace equation:

c= = (1-13)

c: Speed of sound [m/s]
K: Bulk modulus [Pa]
p: Material / True density [kg/m?]
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Through equation (1-13), it becomes obvious that the SOS is reversely correlated to the square
root of the material density. Furthermore, the SOS increases with increasing bulk modulus which
in turn means it decreases with decreasing resistance against deformation i.e., increased
compressibility. Additionally, there is a temperature dependence of SOS in gases and liquids. In
solids the temperature effect is negligible (Krautkramer and Krautkramer, 1990). Here, the speed

of sound can be calculated as follows:

E 1-v)
& :sz (14
G
cr = ; (1-15)
cu: Longitudinal wave velocity [m/s]
cr: Transverse wave velocity [m/s]
E: Young’s Modulus [N/m?]
v: Poisson’s Ratio [-]
G: Shear Modulus [N/m?]
p: Material /True density [kg/m?]

The longitudinal wave velocity is then related to Youngs’s Modulus and Poisson’s Ratio, while
the transverse velocity is linked to the shear modulus of the solid. It needs to be kept in mind,

however, that E, v and G are not independent of each other (Krautkramer and Krautkramer, 1990):

E=2G6(1+v) (1-16)
E: Young’s Modulus [N/m?]
G: Shear Modulus [N/m?]
v: Poisson’s Ratio [-]

1.4.2 Applications of Ultrasonic Testing

Ultrasound has been used in the testing of materials for decades. The first patent for an
ultrasonic testing apparatus was filed in 1940 by Firestone (1942). It was intended for the
detection of density and elasticity inhomogeneities, as well as flaws within a material, otherwise
inaccessible through non-destructive means. The author showed the sensitivity of the
“reflectoscope” to holes in welds, which can negatively affect their strength, through the use of
reflection signals (Firestone, 1946). He also found that lacking strength of the welds could not be

determined using ultrasound, unless it was caused by a defect or discontinuity within the material.
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Since then, ultrasonic testing has become a popular method in the characterisation and testing of

materials.

Two measurement modes can be applied in general: pulse-echo, where only one transducer is
needed which holds both functions, transmitting the sound wave into the specimen and then
receiving the echo signal, and pitch-catch, where two transducers are placed on opposite sides of
the specimen, one being the transmitter and the other one the receiver (Figure 1-2). The selection
of the measurement mode depends on the intended purpose. The echo approach is useful in the
determination of the thickness of different layers through the arrival times of the echoes reflected
off the boundary surfaces, or the detection of cracks within the material. The transmission method
on the other hand is faster since the sound wave only passes the specimen once which is an

advantage in dynamic processes where short measurement windows are needed.
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Figure 1-2: Schematic depiction of the pulse-echo (left) and pitch-catch (right) measurement set-ups. Solid
arrow: transmitted signal, dashed arrow: reflected echo signal.

The utility of ultrasonic testing is not limited to the determination of welding integrity, but was
also shown to be sensitive to defects in porcelain tiles. Artificially created cracks in the structure
were found to decrease the amplitude of the ultrasonic echo signal reflected off the backwall of

the sample (Eren et al., 2012).

In addition to the detection of defects, ultrasound has also been used in the characterisation
of porous materials. As mentioned in Chapter 1.4.1, introducing pores into a medium reduces the
phase velocity of the transmitted sound wave. Takatsubo and Yamamoto (1991) found that the
time delay of an ultrasonic signal through perforated aluminium plates of the same dimensions
but with different porosities and pore sizes was caused by the sound waves “creeping” around the
pore surface. They could consequently correlate porosity and pore size with the delay time of the
sound waves. In a later study (Takatsubo and Yamamoto, 1996) they found the delay time to be
proportional to the porosity and independent of pore size if the pore shape was the same. Their
findings confirm those of other authors who found the calculated velocity to be dependent on
pore shape in sintered materials (Boccaccini and Boccaccini, 1997) and pore size (Sayers, 1981),
and that the velocity is reversely proportional to porosity in ceramic samples (Asmani et al., 2001;
Chang et al., 2000; Kohout et al., 2013), pressed aluminium (Nagarajan, 1971) and porcelain tiles
(Eren et al., 2012).
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Ultrasonic testing has also been applied in the determination of elastic parameters such as
Young’s Modulus and Poisson’s Ratio in compressed alumina samples (Nagarajan, 1971), sintered
materials (Boccaccini and Boccaccini, 1997), marble (Sarpln et al., 2009), alumina ceramics
(Asmani et al., 2001; Chang et al., 2000) and other porous samples (Aliabouzar et al., 2018; Wang,
1984b). In addition, many of the authors found a correlation between Young’s Modulus and
porosity, as well as Poisson’s Ratio and porosity which agrees with the findings when other
methods were applied. It has been shown that in brittle materials the sonically determined elastic
constants are in good agreement with those determined via indentation methods if the sample is
isotropic (Wu et al., 2019). The SOS has even been found to be sensitive to the structural changes

inside avocados during ripening (Farifias et al., 2021).

In ultrasonic testing, the intensities of the sound waves are rather low while the frequencies
are typically in the higher range (above 100 kHz) to prevent induced changes within the specimens
(Krautkramer and Krautkramer, 1990). When high intensities are used, the oscillation has been
shown to result in increased strength of the specimen when applied during compaction (Levina et

al., 2000; Millan-Jiménez et al., 2017).

1.4.3 Ultrasonic Testing in Pharmaceutical Technology

In the past 20 years ultrasonic testing has found its way into the pharmaceutical area as a
possible new tool in the characterisation of tablets. It has been proposed as an alternative method
of tablet strength evaluation without the need to destroy the finished product as a correlation
between tablet strength and measured velocity through the material has been observed (Akseli
et al., 2011; Razavi et al., 2016; Simonaho et al., 2011; Xu et al., 2018a). However, there are two
drawbacks. First, it is known that tensile strength of a powder compact decreases with increasing
porosity as already mentioned in Chapter 1.3.1. Keeping in mind that ultrasonic velocity also
decreases with increasing pore fraction, the correlation of tensile strength and ultrasonic velocity
is obvious. Xu et al. (2020), however, found the ultrasonic results to be more sensitive to small
changes in the pore structure of tablets, but how this could be translated into actual differences
in tablet performance has not been shown yet. Second, while this trend could be observed for all
materials, it was not possible to compare the measured speed/tensile strength relationship of
different excipients (Simonaho et al., 2011). This means a calibration is needed for each new

material or blend.

Another proposed application is the determination of the core centricity of dry coated tablets
(Liu and Cetinkaya, 2010) which is crucial for their performance. The idea is that there are two

boundary surfaces inside a dry coated tablet in addition to the actual outer surfaces of the
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compact: one between the upper outer layer and the top of the included tablet, the second one
between the lower outer layer and the bottom of the inner tablet as shown in Figure 1-3. At each
surface, part of the ultrasonic wave is reflected due to the impedance mismatch of the materials.
In pulse-echo mode it is then possible to compare the arrival times of the different reflected

signals and determine whether upper and lower outer layer are of the same thickness.

Upper outer layer { First boundary surface

Lower outer layer { Second boundary surface

Figure 1-3: Depiction of the layer thickness measurement of a dry coated tablet using US. Dark grey: outer
layer, light grey: inner layer, solid arrows: sound wave sent by transmitter, dashed arrows: sound waves
reflected at boundary surface.

As ultrasound is related to the elasticity parameters of a material, it has also been used to
calculate the Young’s Modulus of tablets out-die (Akseli and Cetinkaya, 2008a; Akseli et al., 2010;
Akseli et al., 2008a; Razavi et al., 2016; Stephens et al., 2013b; Xu et al., 2018a). The calculations
were performed using the relationship between longitudinal velocity through the specimen,

Young’s Modulus, and compact density, as shown in Equation (1-17):

E
= |— }
L o (1-17)
Ci: Longitudinal velocity [m/s]
E: Young’s Modulus [GPa]
De: Compact density [kg/m°]

In addition to analysing a single component compact, the Young’s Modulus of coat and core of
tablets has been determined using the pulse-echo set-up described before (Akseli et al., 2009a;

Akseli and Cetinkaya, 2008b; Liu and Cetinkaya, 2010).

In all the aforementioned publications, the speed of sound measurements were performed in
axial direction, i.e. the same direction the force had been applied by the punches during
compression. Akseli et al. (2009b) additionally measured the velocity in radial direction. Their
specimens were uniaxially compressed cubical compacts. They found an increased longitudinal
velocity perpendicular to the direction of applied stress for microcrystalline cellulose (MCC), while
there was almost no change for lactose monohydrate (LM). They attributed their findings to a
Young’s Modulus anisotropy in MCC. However, it needs to be kept in mind that they used Equation

(1-17) for the determination of the YM where an increased velocity always results in an increase
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in YM if the density is constant as it was the case here. It should be mentioned that this equation
is strictly speaking only valid in rods where the diameter of the specimen is smaller than the
wavelength of the sound wave (Kinsler et al., 2000), which is not necessarily the case for tablets.
Additionally, in an anisotropic material not only the longitudinal compression waves, where the
vibration occurs in the direction of the sound wave, but also the transverse shear waves where
oscillation is perpendicular to the direction of propagation should be used (Lum and Duncan-
Hewitt, 1996). Equations (1-18) and (1-19) which use both wave velocities to calculate the elastic

properties (Schmerr, 2016) might therefore give a better approximation of the parameters.

2 _
_ % (1-18)

E= C%p(lav_)il) —2) (1-19)
v: Poisson’s Ratio [-]
K: c/cr[-]
Ci: Longitudinal velocity [m/s]
cr: Transverse velocity [m/s]
E: Young’s Modulus [N/m?]
p: Material / True density [kg/m?3]

In case of porous solids such as tablets, the compact density is sometimes used as an
approximation similar to the approach presented in Equation (1-17) (Hagelstein et al., 2019). This

is done to approximate the changes in elastic moduli with decreasing porosity.

Since no transverse measurements have been performed, the velocity anisotropy cannot
unequivocally be attributed to the elasticity parameters but could also stem from anisotropic pore
shapes (Piekarczyk and Kata, 2016). This is supported by the findings of Porion et al. (2010) who
found an anisotropy in pore structure for MCC, but isotropy for YM determined via three-point
single-beam test. As mentioned before (Chapter 1.4.2) the delay time of the ultrasonic signal and,
therefore, the resulting calculated SOS are dependent on the pore shape. As the sound waves
need to circumvent the pores in order to arrive on the other side of the specimen, their orientation
will dictate the actual distance the sound wave has to cover as schematically depicted in Figure

1-4.
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Figure 1-4: Schematic depiction of the sound wave propagation through a solid with flat pores assuming
the pores are circumvented by creeping of the sound waves around the pore surfaces as proposed by
Takatsubo and Yamamoto (1991).

Other proposed applications for ultrasound in pharmaceutics include the determination of
swelling and erosion of matrix tablets (Leskinen et al., 2011), the determination of porosity
changes caused by different initial particle sizes (Hakulinen et al., 2008), defect detection (Akseli
et al., 2008b; Leskinen et al., 2010) or determination of capping risks (Akseli et al., 2013; Xu et al.,
2018b).

One difficulty in ultrasonic testing is the transmission of the sound wave into the specimen.
Due to the non-favourable acoustic properties of air, it is often necessary to apply a viscous liquid
between transducer and tablet to transfer the signal into the compacts. This could potentially
damage the tablet surface which would counteract the advantage of ultrasonic testing being
non-destructive. However, Leskinen et al. (2010) showed it was possible to transfer the signal
under applied pressure without the need of a coupling agent. In addition, they found the speed of
sound to be independent of the frequency used. This, combined with the findings of Liu et al.
(2011) which addressed the obstacle of impedance mismatch between compaction equipment

and powder material, made ultrasonic in-die monitoring an achievable approach.

Since then, Leskinen et al. (2013) found the ultrasonic velocity measured during the
compaction process to be sensitive to the blending time of magnesium stearate. Longer blending
times resulted in higher wave velocities through the samples which they explained with better
coupling between particles through the increased amounts of magnesium stearate filling smaller
pores. In addition, they measured the velocity through binary mixtures of MCC and paracetamol
as well as pure MCC and found a decrease in SOS with increasing paracetamol content. What has
to be kept in mind when interpreting those results is that they were compared as a function of
time and not the porosity. The pure MCC samples did not only show the highest velocities but also
the lowest porosities which could be an explanation for the difference in SOS. They also
interpreted changes in velocity they observed during the dwell time being indicative of ultrasonic

measurements being sensitive to changes in the mechanical properties of the tablets.
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Stephens et al. (2013a) calculated the apparent in-die YM of a mixture of MCC and a-lactose
monohydrate using the changes in ultrasonic velocity on a hydraulic press. The authors further
claimed that the ultrasonic wave forms could be used as indicator of geometric irregularities such
as micro-cracks which could lead to capping or lamination of the tablets. They also observed good
agreement between wired and wireless wave form acquisition which could make the
implementation of ultrasonic measurement systems on rotary tablet presses feasible (Stephens
et al., 2013b). Recently Hagelstein et al. (2019) introduced the Kilian Inline Measurement (KIM)
system as an add on to the Styl’One Evolution compaction simulator. The KIM system has been
shown to be capable of performing ultrasonic measurements at production relevant speeds. In
addition, they could calculate apparent YM and PR throughout the entire compression process.
They found their elasticity parameters to be in the same order of magnitude as those determined
by other authors (Cunningham et al., 2004; Mazel et al., 2012) using different approaches. They
further assumed the changes in PR with increasing SF to be indicative of the compaction behaviour
(Hagelstein et al., 2018). Their studies suggested that ultrasonic in-line measurements were not
only feasible, but also had the potential to assess the deformation properties of pharmaceutical

materials and justify further investigation.



20 Aims and Outline

2 Aims and Outline

The processes occurring during the powder compaction process are, to this day, not wholly
understood. Therefore, the development of new tools capable of monitoring the tablet formation
process is indicated to help in the better understanding and prediction of the compaction
behaviour of pharmaceutical materials. Hagelstein et al. (2019) recently introduced an ultrasonic
in-line measurement system capable of performing ultrasonic measurements throughout the
tablet compression process. However, while they proposed several possible applications, they did

not systematically assess the derived results.
The aims of this thesis are fourfold:

e Assessing the robustness of the method and its applicability to pharmaceutical powders,
exemplarily demonstrated on excipients acting as fillers. Here, the signal detection and
recognition, as well as the repeatability of the measurements when conducted on separate
days are of interest.

e Combining experimental data and knowledge about ultrasound propagation in porous
solids such as the link between the velocity of sound through the material, and elasticity
and porosity, to answer the question which parameters are responsible for differences in
the velocity profiles.

e Mathematically describing both compression and decompression velocity profiles of the
exemplary fillers, to derive parameters which could then be used in the evaluation and
characterisation of the materials concerning their compression behaviour as well as
changes in pore structure.

e Investigating the influence of a second component added to the material in question on
the velocity profiles, the derived parameters and consequently the compression behaviour

of the powder blends.

The results of this work can then be the next step in the possible establishment of ultrasonic
in-die measurements in the characterisation of the compaction behaviour as well as pore

structure evolution during of pharmaceutical powders and blends thereof.
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3 Results and Discussion

Parts of this section have already been published in the International Journal of Pharmaceutics
(Kern et al., 2022). The content was linguistically adapted, and data sets were partly extended.
Additionally, several figures were already published in the article and will be referenced

throughout the section.

For the experiments, five different excipients were used: microcrystalline cellulose (MCC),
mannitol (MN), a-lactose monohydrate (LM), anhydrous calcium phosphate (ACP) and maize
starch (MS). Since in most cases several grades of the materials were used depending on the
experimental requirements, the grade names are referenced in the respective chapters. The
trademarked names and abbreviations are indicated in Chapter 5.1. The excipients chosen for this
work are commonly used fillers. Since they generally amount to the highest portion of the final
blend, fillers have the highest impact on the overall behaviour of the mixture which makes
studying them essential to the understanding of the tabletting process. In addition, the materials
chosen are fairly well described in literature which in turn makes the impact of different
deformation behaviours on the velocity profiles easy to identify. The substances chosen in this
work can be described as brittle (ACP and LM) (Zhang et al., 2003), ductile (MCC) (Zhang et al.,
2003) and primarily elastic (MS). In addition, both MCC and MS show viscoelastic, i.e.,
time-dependent, behaviour (Desbois et al., 2020; Ruegger and Celick, 2000). The deformation
behaviour of mannitol has mostly been described as brittle (Tarlier et al., 2015), however,
structured mannitol grades have been shown to be more plastically deforming (Ohrem et al.,

2014; Roopwani and Buckner, 2011).

3.1 General Considerations

Before going into the specifics and interpreting the results generated with the KIM system,
some general considerations need to be discussed. The following pages are dedicated to
identifying factors that may have an influence on the ultrasonic velocity through the compact

during compaction, from here on shortened to velocity.

3.1.1 Data Pre-Processing

Prior to getting into the experimental results, it is worth looking at the data acquisition and
pre-processing. As further explained in Chapter 5.2.3.2, the KIM software identifies the maximum
or minimum amplitude of the ultrasonic raw signal to determine the time of flight (TOF) of
longitudinal and transverse sound waves, respectively, which is needed to calculate the velocity.
However, at low signal amplitudes towards the start of the compression process, the signal

maximum is not necessarily unambiguous, i.e., the peak might be flat or there may be a plateau
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with several small peaks caused by the fluctuations of the amplitude. A low amplitude signal at
two consecutive time points is exemplarily shown for Tablettose 100 in Figure 3-1. While there
was a clearly visible maximum in both cases (peak between dashed lines), it was slightly tilted in
opposite directions. First to the left, then to the right, caused by the comparatively high noise of
0.01V compared to the signal amplitude of 0.04 V. This resulted in small differences of the
measured TOF which in turn was visible in fluctuations of the calculated velocity, from

1.810 mm/us to 1.795 mm/ps.
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Figure 3-1: Transmitted longitudinal ultrasonic signal of two successive time points of the KIM
measurement of Tablettose 100 as illustrated by the KIM++ software. Amplitude [V] over time since pulse
generation [us]. The maximum in question is depicted between the dashed lines.

To account for small fluctuations, the TabAnalyzer software applies a smoothing step by
calculating the moving average over five subsequent velocity values. Figure 3-2 depicts the
compaction of Vivapur 101 as proposed by Hagelstein et al. (2019) through the velocity of the
ultrasonic wave as a function of SF. Both plots contain the velocity as calculated at a specific SF,
as well as the smoothed values. The fluctuations were highest at low solid fractions where the
amplitude of the signal was low as discussed before. However, the smoothing step did not
influence the overall shape of the compaction signal and the smoothed results will from here on

out be used in the discussion of the results.
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Figure 3-2: Ultrasonic velocity results of one longitudinal measurement, raw and smoothed. Left: entire
compaction; Right: zoom into the start of compression.

Another possible difficulty with the peak detection at low amplitudes concerns the
identification of the correct peak. In transverse mode, a minimum is used for the determination
of the TOF. As shown in Figure 3-3 on the example of Tablettose 100, there was more than one
minimum. The highest amplitude was first exhibited by the peak arriving later, then the amplitude
of the first peak increased gradually with increasing solid fraction. As the KIM++ algorithm has
been programmed to determine the arrival time of the peak with the highest amplitude
(maximum for longitudinal and minimum for transverse sound waves, respectively), there was a
jump to earlier arrivals once the amplitude of the first peak became higher than the second one
around a SF of 0.7. The velocities calculated using the second peak did not represent the actual

velocity of the sound wave and were thus filtered as described in Chapter 5.2.4.1.
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Figure 3-3: Transverse ultrasonic wave measurement of Tablettose 100 (left). On the right two raw signals
of amplitude over time are depicted at a SF of 0.69 (top) and 0.71 (bottom). The peak used for the TOF
determinations by the KIM++ software is shown between the dashed lines. Plots on the right share x-axis.

The maximum SF reached when a target pressure is applied differs between materials. Time
and pressure, however, are pre-set and, therefore, independent of the sample under

investigation. Hence, the SF adds another dimension to the plots. Since the SF changes during
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compression as well as decompression it is possible to discern the different phases of the
compaction process as shown in Figure 3-4. Here, compression and decompression were
separated. The black data points at the beginning, most prominent for ACP and Tablettose 100,
represent the data points where difficulties with the maximum detection occurred as described
before. In addition, the single data point significantly lower than the rest is an artefact of the
TabAnalyzer export. It is the mean value of four time points where a velocity was calculated, and
the time point before the first signal was detected with the velocity set at zero. These values will

not be shown in the subsequent figures. The results will be further discussed in Chapter 3.1.5.
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Figure 3-4: Compaction processes depicted as the longitudinal velocity as a function of SF. Black: Non-
-filtered data exported by the TabAnalyzer software; Dark grey: Compression phase; Light grey:
Decompression phase. Plots in one row share y-axis; plots in one column share x-axis.

3.1.2 Amplitude

Depending on the acoustic properties of the powder materials, the signal needed to be
amplified or dampened to reach amplitudes in the range where the peak was clearly discernible
as described in Chapter 5.2.3.2. Low amplitudes, typically below 0.1V, can be disturbed by the
relatively high noise as previously shown in Figure 3-1. As the noise increases with increasing
amplification of the receiver signal, the detectable amplitude minimum might vary. If the
amplitude is too high, this may result in a small plateau of the raw signal which makes the TOF

determination problematic. After the measurements the actual amplitude of the signal arriving at
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the transducer in the lower punch could be calculated using the following relation to the detected

amplitude:

2

Al =10 log% = 1010g% = ZOIOg% = ZOIOgE—K: (3-1)
Al: Amplification / damping ratio [dB]
I: Intensity [W/m?]
p: Sound pressure [Pa]
AV: Amplitude [V]
1: Input values, e.g., measured amplitude
2: Output values, e.q., displayed amplitude after amplification or damping

Al'was manually set before the measurements. Since the intensity is proportional to the square
of sound pressure and the pressure is proportional to the amplitude, the detected voltage can be
used to compare different materials to each other concerning their ability to transmit sound

waves.

Figure 3-5 shows the amplitude over the course of three consecutive maize starch
measurements in transverse mode. Figure 3-5a) depicts the signal amplitude as recorded by the
receiver unit. The first signal was transmitted from upper punch to lower punch 350 ms after the
measurement had started at an amplitude of 0.15 V. From there it increased to 0.67 V at 440 ms
and then decreased until the signal stopped after roughly 500 ms. As seen in Figure 3-5b) the
actual voltage of the signal through the material was rather low which is why the signal had to be

amplified (+15 dB) to make the TOF determination possible.

e Tabl e Tab?2 Tab 3
0.7 1 a) 4’{‘"\- T b)
06 \ ]
_. 0.5 E
2
% 04 N / | -
2 N
= / N
Q
0.3 - / X |
g / \
0.2 1 / . ]
& -
0.1 - e | 7 —
= S
OO T T T T T T T T T T T T T T
350 375 400 425 450 475 500 350 375 400 425 450 475 500
Time [ms] Time [ms]

Figure 3-5: Amplitude as a function of time throughout three consecutive maize starch measurements in
transverse mode, a) raw signal, b) data corrected for the applied amplification. Plots share y-axis.
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When comparing the amplitude of starch to ACP, shown in Figure 3-6, several differences stand
out. For one, while the maximum amplitude was not identical for the three starch measurements,
the variability between the ACP tablets (Tab) was noticeably higher. The lowest detected
maximum amplitude was slightly below 0.7 V as seen in Figure 3-6a), while the highest was over
0.8 V. In addition, the amplitude increase of the Tab 2 measurement started later and the decrease
earlier compared to the other two measurements. Finally, while the signal through maize starch

had to be amplified to be detectable, the ACP signal had to be dampened to be in the range

required for the KIM software to determine the TOF (-9 dB for all measurements).
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Figure 3-6: Amplitude as a function of time throughout three consecutive ACP measurements (Tab 1 - 3)
in transverse mode, a) raw signal, b) corrected for the applied amplification. Plots share y-axis.

For all materials, the amplitude of the ultrasonic signal increased with increasing SF, as is
evident in Figure 3-7, which matches the findings of Takatsubo and Yamamoto (1991) who found
a decreasing amplitude of the transmitted sound signal with increasing porosity. This was to be
expected as increased porosity leads to an increase in boundary surfaces which results in
scattering and subsequent attenuation of the sound wave. The maximum amplitude reached by
the various substances was more similar in longitudinal mode compared to transverse, where it
ranged between 2.3 and 0.12 V. Which wave form (longitudinal or transverse) was transmitted

more efficiently through a medium, could not be generalised. While the transverse amplitude was
higher than longitudinal for ACP and LM, the opposite was found for MCC and MS. MN showed
almost no difference between the maximum amplitudes of the two wave forms. This resulted in
a change of the order of the maximum intensity: while in longitudinal mode the intensity was

reversely correlated to the maximum in-die SF reached, MN and LM were swapped in transverse
mode.
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Figure 3-7: Amplitudes of the ultrasonic signal as a function of SF measured in longitudinal (left) and
transverse (right) mode (n=3). ACP=anhydrous calcium phosphate, MN =Parteck M 200,
LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

As shown Figure 3-7, the material under investigation had an influence on the measured signal
amplitude of the ultrasonic waves. This was to be expected as the detected intensity of a sound
wave is a result of the initial intensity of the signal and the acoustic properties of the permeated
medium (Krautkramer and Krautkrdmer, 1990). However, using the maximum value or the
changes in amplitude to compare the materials was difficult in this set-up since a) especially for
ACP and several mannitol grades the intensity was not constant, even when measurements were
done in succession, and b) the amount of couplant used to connect transducer and punch tips had
an effect on the amplitude of the transverse signals which made comparing amplitude results

obtained on different days virtually impossible.



28 Results and Discussion

3.1.3 Robustness

When introducing a new analytical tool, it is imperative to determine the robustness of the
set-up to determine the error margin of the method and being able to identify actual differences
between materials. Three exemplary materials were tested to ascertain the repeatability of the

measurements. The results can be found in Figure 3-8.
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Figure 3-8: Results of repeated measurements on three different days including standard deviation
(n=8). From left to right: Parteck M 200 (MN), Tablettose 100 (LM), Vivapur 101 (MCC); Top row:
Longitudinal wave velocities; Bottom row: Transverse wave velocities. Plots in one row share y-axis; plots
in one column share x-axis. Published in Kern et al. (2022).

The standard deviation of the steady compression signal was below 1% in all cases for
consecutive measurements. However, there was a relatively high variability at the beginning of
the measurements. This was caused by the comparatively low signal amplitudes at low solid
fractions as discussed before. At low amplitudes the KIM++ software did not always identify the
maximum (resp. minimum for transverse measurements) of the ultrasonic signal correctly since
the signal-to-noise ratio was too low. To illustrate the variability in the signal start, the eight
consecutive unfiltered longitudinal measurements of Parteck M 200 performed on the first day of
experiments are depicted in Figure 3-9. Not only did the signal start at different solid fractions,
the earliest at 0.55 and the latest at 0.61, but the velocity fluctuations at the beginning of the
compression process also differed between measurements conducted in succession. This further
illustrates the necessity of a filtering step in order to not overinterpret results at low amplitudes

where the precision of the signal detection is low.
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Figure 3-9: Eight consecutive measurements of the compaction process of Parteck M 200 performed in

succession on the first day of experiments.

The highest variability between measurements performed on different days was observed for

the MN velocity results as seen in Figure 3-10. The relative standard deviation was highest at low

solid fractions, surpassing 1%, a threshold which was not surpassed by successive measurements.

LM and MCC, however, did not show an increase in relative deviations compared to intraday

measurements. Overall, the repeatability of the measurements was high, which shows that even

with the disassembling and reassembling of the set-up the KIM system generates reliable results.

At the same time, it has to be kept in mind that small variabilities in the overall velocity and the

velocity profiles may occur when the measurements are not performed consecutively.
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Figure 3-10: Relative standard deviations of longitudinal (top) and transverse (bottom) ultrasonic
velocities between measurements conducted on three separate days (n=24). MN = Parteck M 200,

LM = Tablettose 100, MCC = Vivapur 101. Plots share x-axis.
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3.1.4 Compaction Speed

Another essential point to be aware of is the influence of the compaction speed on the KIM
results. For two materials the longitudinal and transverse velocities over the compaction process
are depicted in Figure 3-11 (further examples can be found in Appendix Figure A-1). The fastest
profile (100 ms compaction time) resulted in the highest fluctuations of the displacement
measurements at high solid fractions, which in turn also resulted in fluctuations of the velocity
values. This was most pronounced for the transverse MN measurements. However, in the tested
range, the compaction speed did not systematically influence the velocity during compression or
the shape of the decompression signal even for the viscoelastic MCC, where a time dependence
of the deformation was expected (Desbois et al., 2020; Rippie and Danielson, 1981), especially
during decompression as theorised by Hagelstein et al. (2019). Either the KIM system is not
sensitive enough to detect those differences, or the punch movement profiles were too similar to

result in changes in the compact (Ruegger and Celick, 2000).
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Figure 3-11: Longitudinal and transverse US velocity through Parteck M 200 (MN) and Vivapur 101 (MCC),
recorded using three different compaction profiles. The compaction times were 600, 200 and 100 ms,
respectively (n = 3). Plots in one row share y-axis; plots in one column share x-axis.
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Since the sample rate of the KIM system is capped at 5 kHz, a higher punch speed resulted in
fewer data points. Therefore, the slowest compaction profile was set as the standard setting for

all other experiments to improve the quality of the data for further processing and calculations.

3.1.5 Standard KIM Measurements

In Figure 3-12 the results of the KIM measurements of different substances are shown. All
materials show an overall similar behaviour: the velocity increases with increasing SF until a
maximum is reached and subsequently, during the decompression phase, both decrease until the
contact is lost between compact and punches. At the same time there are several differences
visible between the materials, mainly regarding maximum velocity and SF, rate of velocity
increase, and shape of the decompression signal. Further characterisation of the different parts
of the compression process could, therefore, offer new insights into the differences in the
compact formation process of different materials which had also been briefly suggested by
Hagelstein et al. (2019). The repeatability was high for all materials (relative sd < 1%) except for
ACP where the standard deviations were consistently above the 1% threshold and increased up

to 2.5% as seen in Appendix Figure A-2.
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Figure 3-12: Longitudinal (left) and transverse (right) measurements of one grade each of the five different
excipients (n = 3).

At the same SF the longitudinal velocity was always higher compared to the transverse velocity,
which was to be expected as longitudinal sound waves through a solid material are always faster
than transverse sound waves (Schmerr, 2016). However, the trends were the same for both
modes. The velocity increase of ACP for example was the steepest and at the same time the
maximum velocity was the highest, while the maximum SF reached was the lowest in both modes

compared to the other materials. The only major difference was exhibited by MS: while its
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longitudinal velocity and length of the signal were almost identical to MCC, the velocity was lower,
and the signal started later during the transverse measurements. In general, the compression
signal was more linear in transverse mode. The drop of the signals during decompression was
more pronounced for the longitudinal velocity which could be explained by longitudinal
measurements being more sensitive to small changes in porosity (Asmani et al., 2001; Xu et al.,

2020).

While the transverse sound waves can only propagate through the solid medium as explained
in Chapter 1.4.1, the longitudinal sound waves could theoretically move in a straight line through
the compact. However, the velocity profiles generally showed a similar length of the compression
signal for the two wave forms as well as an abrupt stop of the decompression signal at the same
SF and exhibited higher velocities at all solid fractions in longitudinal mode compared to
transverse. This all points towards the sound waves only passing through the solid phase of the
compact, even in longitudinal mode, as already proposed by Takatsubo and Yamamoto (1991,

1996).

3.1.6 Comparing Different Grades of the Same Excipient

Since the SOS through a medium is generally considered specific for a certain material (see
Chapter 1.4.1), itis of interest to determine whether the same relates to the velocity increase with
increasing relative density. In Figure 3-13 the KIM results of four different mannitol grades are
shown. As is evident, the velocity profiles were not identical for all grades. However, they could
be grouped according to their velocity increases during compression: the velocity through Parteck
M 200 and Pearlitol 200SD increased in parallel, as it did through Parteck Delta M and D(-)-Mannit.
These groups did not separate the mannitol grades depending on their crystal modifications since
Parteck M 200 and D(-)-Mannit are both comprised of the B-modification. Instead, they coincide
with the intended purpose of the grades: direct compression (Parteck M 200 and Pearlitol 200SD)
and granulation (Parteck Delta M and D(-)-Mannit), respectively. It needs to be mentioned that
Parteck M 200 and Pearlitol 200SD which show similar curve progressions are both pre-processed
through spray drying. It is, therefore, possible that there is a change in deformation behaviour of
mannitol when processed, something that has already been proposed for lactose (Lamesi¢ et al.,

2018), which becomes visible through the US profiles.
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Figure 3-13: Longitudinal (left) and transverse (right) measurements of four different mannitol grades
(n=3).

3.1.7 The Influence of Particle Size

Since the velocity curves shown in Figure 3-13 also separate the mannitol grades with the large
particles from those with smaller particles, the influence of particle size distribution (PSD) on the
velocity profiles was investigated. The results are shown in Figure 3-14. The signals seem to start
at lower solid fractions with decreasing particle size in the case of MN. In Chapter 3.1.3, it has
been shown, however, that the signal start varied even when the same material was measured in
repetition, i.e., the first signal was detected within a certain SF range, not at a specific SF value.

Therefore, the start of the compression signal should not be used to differentiate between

materials.
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Figure 3-14: KIM measurements of three particle size classes (S: Small; M: Medium; L: Large) of three
exemplary excipients with a wide PSD (n = 3): Parteck M 200 (MN), Tablettose 100 (LM), and Vivapur 102
(MCC). All plots contain longitudinal and transverse measurements, with longitudinal waves always
exhibiting higher velocities. Plots share y-axis. Published in Kern et al. (2022).
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For MCC larger particles resulted in slightly higher velocities at the same SF during compression
as seen in Figure 3-15. A similar trend has been observed by Hakulinen et al. (2008) who found a
decrease in velocity at the same SF through starch acetate tablets with decreasing particle size.
They explained their finding with the pore size: bigger particles form tablets with bigger, but fewer
pores in the matrix which leads to fewer encounters of the sound wave with pores, and

consequently a more direct path.
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Figure 3-15: Velocities through different sieve classes of Vivapur 102 (MCC): a) longitudinal, b) transverse
(n = 3). Published in Kern et al. (2022).

The relative standard deviations of the velocity through the sieve classes at the same SF are
depicted in Figure 3-16. As expected from Figure 3-14, in the case of MCC the deviation was higher
than the previously observed 1% threshold. For the longitudinal measurements of LM, the relative

deviations were around 1%, only slightly above consecutive measurements of the same size class.
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Figure 3-16: Relative standard deviations of the velocities measured through different sieve classes of
the materials (n = 9). MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Plots share x-axis.
Published in Kern et al. (2022).
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MN also showed an increase in deviations in longitudinal measurement mode. This can be seen
in more detail in Figure 3-17. While the measurements of the same size class were almost identical
(Figure 3-17b, each measurement constitutes one produced tablet, hence Tab), there was a visible
discrepancy between the classes (Figure 3-17a). However, in contrast to the MCC results, the
velocity did not decrease with smaller particle sizes. The discrepancies could, therefore, not be
explained by the PSD. This was interesting to note as a higher number of smaller pores should
increase the distance the sound wave needs to cover in order to arrive at the lower punch more
than a smaller number of bigger pores. This suggests that either, the pore size distribution is not
pronouncedly different during compression at the same SF, independent of the size class, or the
variance is too low and within the resolution of the method. An insufficient separation of the size
classes is also a possibility. However, as seen in Appendix Figure A-3, while there is an overlap

between the medium size class and the two others, the small and large classes are neatly

separated.
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Figure 3-17: Longitudinal velocity through Parteck M 200 (MN): a) Different sieve classes (each plot is the
mean of three measurements); b) Three consecutive measurements through samples of the smallest
sieve class (Tab = tablet). Published in Kern et al. (2022).

While there was a slight decrease in velocity detected for the ductile MCC, the overall shape
of the in-die velocity profiles were the same for all materials, no matter the initial particle size or
measurement mode. This implies, that while the particle size may have had a minor influence on
the velocity measurements, it was not the root cause for the differences shown by the different
mannitol grades in Figure 3-13. The differences seen there, therefore most probably result from
the deformation behaviour of the materials as it has been proposed that pre-processing of
mannitol might increase its plasticity (Ohrem et al., 2014). Although the fragmentation rate has
been shown to increase with higher particle sizes (De Boer et al., 1986; Skelbaek-Pedersen et al.,
2020), the innate differences in the material properties do not change (Lamesi¢ et al., 2018;
Nordstrém et al., 2012; Salbu et al., 2010; Yohannes et al., 2016). The velocity profiles could

therefore be an indication of the predominant deformation mechanism of a material.
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3.1.8 Moisture Content

As explained in Chapter 1.4.1 sound propagation is dependent on the material properties and
might change with the inclusion of a second substance such as for example water. Since some of
the excipients chosen in this study are hygroscopic, especially MCC and MS (Rowe et al., 2009), it
should be tested whether water content has an influence on the velocity measurements. Samples
of the same materials stored under different relative humidity conditions were therefore
measured using the KIM system. The loss on drying (LoD) of the materials after storage is shown
in Table 3-1. The ambient storage condition refers to the non-treated materials as supplied by the
respective manufacturers stored at non-monitored ambient conditions. The grades used for this
experiment were chosen since they have comparatively low water contents resulting in even more
pronounced changes by storing under high humidity.

Table 3-1: LoD of the samples in % after storage at different relative humidities. Arithmetic mean * sd
(n=3).

Storage Condition Vivapur 112 Starch 1500
30°C/ Vacuum 0.51(x0.12) 0.76 (£ 0.12)
Ambient 2.38 (+0.18) 8.80 (£ 0.11)
60% relative humidity 6.24 (+ 0.16) 11.17 (+ 0.15)
75% relative humidity 8.12 (£ 0.10) 14.08 (+ 0.19)

The results of the KIM measurements for MCC and MS are displayed in Figure 3-18. Several
trends could be observed between the different samples. The velocity at a certain SF during
compression decreased with increasing water content. This agrees with Wang et al. (2002) who
found a decrease in longitudinal velocity with increasing moisture in lumber. The shape of the
signal changed as well. The curvature of the longitudinal compression velocity increased with
increasing moisture, while the increase of the transverse velocity became less steep. At the same
time the decompression signal shortened. The dried samples showed a very pronounced velocity
drop as well as a vast difference between velocity at compression and decompression at the same
SF. The drop decreased with increasing water content. In addition, the intensity of the sound wave
reaching the lower punch decreased in transverse mode. For both materials the amplification had
to be increased from a gain, i.e., amplification, of 5 dB (dried sample) to 15 and 17 dB (highest
water content) for MCC and MS, respectively. This resulted in a shortening of the compression
signal due to the difficulties with the peak detection as described in Chapter 3.1. For the starch

sample with the highest water content, a minimum detection was not possible.
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Figure 3-18: Longitudinal and transverse velocities of the Vivapur 112 (MCC) and Starch 1500 (MS)
samples containing varying amounts of water. Plots in one row share y-axis; plots in one column share x-
axis.

The raw signal of the transverse MS measurements with an LoD of about 14% are exemplarily
shown in Figure 3-19. While a peak was detected in the upper picture, the KIM software did not
find a minimum in the second measurement even though both signals look identical. However,
the second signal exhibited a slightly lower amplitude, which could explain why it was not
recognized as a peak. Additionally, the typical signal was not visible. This indicates that high water
contents make transverse velocity measurements difficult or even impossible as seen here for the
14% sample. This sensitivity to water content also explains the observed difference in the length
of the compression signal of maize starch in Chapter 3.1.5. The LoD was over 10% which is within

the range observed here, where the transverse signal was not detected at lower solid fractions.
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Figure 3-19: Two transverse measurements of Starch 1500 containing 14% of water as depicted by the
TabAnalyzer software. On the left, the raw ultrasonic signal generated at the 390 ms timepoint is shown.
On the right, the pressure (blue) and calculated velocity (red) over time are depicted.

Overall, the water content was shown to have an influence on the detected signals which must
be kept in mind when comparing the results of hygroscopic materials, and considering

batch-to-batch variability.

The response to water content could be caused by one or more of the following reasons: a)
The SOS in water is lower than in either MCC or MS which results in a decrease of velocity with
increasing water content when both materials have to be traversed, b) Integration of a foreign
substance decreases the velocity through the medium, probably caused by the sound wave
circumventing the included material (Krautkréamer and Krautkramer, 1990), or c) Water changes
the mechanical properties and subsequently the deformation behaviour of the materials (Amidon

and Houghton, 1995) which could then be observed through the velocity measurements. As a
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pronounced impedance mismatch and the associated dampening of the sound intensity is
expected between water and the respective materials, the arrival probability of the signal at the
transducer in the lower punch would be very low for a sound wave traversing the water. In
addition, transverse waves do not propagate in liquids at all. This leaves possibility a) unlikely.
Water can be present either in pores and capillaries as a separate phase or be absorbed into the
structure of the material (Bauer-Brandl and Ritschel, 2012). If it was solely occupying pore space,
the velocity progression should be similar if not identical to the dried samples as the pores are
circumvented as well. The most likely possibility is therefore c). This hypothesis is further
strengthened by the increased compressibility of the materials shown by the pressure/SF plots in
Figure 3-20 when the moisture content is increased. The increased curvature of the compression
signal could, therefore, be an indication of the changing compaction properties caused by the

inclusion of moisture into the materials.
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Figure 3-20: Pressure/SF plots of the two materials with varying moisture content (n=3). MS = Starch
1500, MCC = Vivapur 112.

3.1.9 Summary

The intensity of the ultrasonic signal is related to the acoustic properties of the materials and
might need to be amplified or dampened to be in the target range usable by the KIM software.
Nonetheless, low signal intensities at the beginning of the measurement did lead to difficulties
with the TOF detection, which in turn influenced the velocity calculations. Once the steady part of
the signal started, the results of the ultrasonic in-die measurements were highly repeatable.
Consecutive measurements of the same material showed relative standard deviations below 1%.
Dismantling and reassembling did increase the variability slightly, but still remained below 2%.
This needs to be kept in mind when comparing results obtained on different days in order not to

overinterpret small variabilities.
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While it was possible to perform the measurements at elevated punch speeds, the accuracy of
the obtained results decreased. In addition, more data points were generated at a lower punch
speed which makes subsequent quantification of the results more precise. The compression
profiles of different materials showed vastly different progressions in both measurement modes.
Since the velocity increase varied for different grades of the same material, as demonstrated for
mannitol even if comprised of the same polymorph, the chemical composition was not the only
cause for the different velocity profiles. Neither was it the PSD, even though the particle size
seems to have a minor impact on the velocity through the ductile MCC. The more brittle materials

LM and MN showed no obvious correlation between particle size and measured velocity.

One factor influencing the KIM-measurements is the moisture content of the samples. The
velocity through the same material decreased with increasing moisture content. Simultaneously,
the curvature of the longitudinal velocity profiles increased, and the rate of velocity increase of
the transverse profiles decreased. This needs to be kept in mind when working with hygroscopic
materials, since the water content is prone to changing with storage as well as between batches.
As moisture content can be related to the compaction behaviour of materials, the observed
changes could indicate the sensitivity of the ultrasonic in-die measurements to changes in the

compaction behaviour of the materials.
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3.2 Signals During Compression

The tableting process can be separated into different phases. In this work loading
(= compression) and unloading (= decompression) will be further explored, as during those two
phases of the compaction process ultrasonic transmission measurements can be performed in

transmission mode.

3.2.1 Fitting the Compression Signals

The hypothesis of the deformation behaviour of a material being the reason for the different
progressions of the velocity during compression mentioned in Chapter 3.1.6 was established
based on the findings of Takatsubo and Yamamoto (1991; 1996) who showed that not only pore
volume but also pore shapes influence the velocity of a sound wave through a porous solid. The
measured ultrasonic velocity through a porous medium is in conclusion influenced by the SOS
through the solid medium, the relative pore volume and the pore structure (i.e., size and shape).
The velocity changes through the compact with changing porosity during compression and
decompression are thus indicative of the changes in the microstructure within the sample. Since
the pore structure evolution with applied pressure depends on the deformation behaviour of a
material (Cooper and Eaton, 1962), it is feasible to assume that differences thereof could be seen
by characterising the velocity changes during compression. Brittle materials consolidate through
fragmentation of particles. Those fragments can then occupy smaller pores, which were previously
inaccessible (Kalman, 2020). Ductile materials deform plastically on the contact areas between
particles which are on the pore edges (Cooper and Eaton, 1962). It could, therefore, be of interest
to be able to investigate different materials depending on their velocity profiles and being able to

compare and classify them.

While the relationship between transverse velocity and SF was almost linear for all materials,
the longitudinal velocity showed a pronounced deviation from a linear trend for several
substances, as exemplarily shown on the example of Vivapur 101 in Figure 3-21. While a
coefficient of determination (R?) of 0.980 in some cases might be acceptable for assuming a linear
correlation, this does not apply if the calculated results using said equation systematically over-
and underestimate the actual data as seen here through the residuals. Using linear regression of
the complete compression process to compare the changes of the longitudinal velocity was,
therefore, not feasible as the slope overestimated the increase at low solid fractions and
underestimated it at high solid fractions. It did, therefore, not yield any usable information for the
comparison of different materials. As shown through the residuals, there was also a systematic

error present in the linear regression of the transverse velocity increase during compression,
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however, in contrast to the longitudinal regression the determined slope does give a more realistic

impression of the velocity increase.
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Figure 3-21: Linear regression of the compression process of one exemplary longitudinal (left) and
transverse (right) Vivapur 101 measurement each. Red: Experimental data; Dashed line: Fit; Grey:
Residuals.

While a linear relationship between input and response parameter is always preferable, several
authors have resorted to the usage of exponential equations to describe the relationship between
tablet parameters and porosity. Their main focus points were tensile strength (Duckworth, 1953)
and Young’s Modulus (Phani and Niyogi, 1987; Spriggs, 1961). Their aim in fitting experimental
data to these equations was twofold: firstly, characterising and comparing materials using the fit
parameters, and secondly: to extrapolate to zero porosity and thus obtaining the material
characteristics theoretically which are often impossible to measure experimentally in porous
solids. Those parameters were then used to compare the material properties independent of the

porosity (Busignies et al., 2004; Van Der Voort Maarschalk et al., 1997).

Therefore, three exponential equations ((3-2) - (3-4)) with different variables (y0, a, b and ¢)
were tested. The fit was performed in Python using the scipy.optimize package. The only set

condition was ‘positive values for a, b and ¢’. The maximum number of iterations was set to

10,000.
v = b x*esF (3-2)
v = y0+ b xeSF (3-3)
v= y0+ax + b * e*5F (3-4)

When looking at the fit using Equation (3-2) in Figure 3-22 in the top row, exemplarily shown
for Granulac 200 (left) and Vivapur 101 (right), the residuals show that the fit did not match the

velocity profiles measured for either of the substances. Different parts of the compression signal
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were either over- or underestimated. However, the equation fit the Granulac 200 data better.
Adding a third variable (second row) improved the fit but was still systematically off for the
velocity profiles of both materials. It is interesting to note that the progression of the residuals
changed. While certain parts of the compression data were still systematically over- or
underestimated, the values of the residuals were decreased from 0.02 and 0.04 to 0.01 and
0.02 mm/us, respectively. In addition, they changed from a maximum or minimum (for
Granulac 200 and Vivapur 101, respectively) in the middle part of the compression to a sine
shape. The third equation is a combination of a linear and an exponential term and resulted in the

best fit as seen in the bottom row, which made Equation (3-4) the equation of choice.
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Figure 3-22: Equations (3-2), (3-3) and (3-4) (from top to bottom) fitted to the experimental data of one
exemplary measurement of Granulac 200 (a, ¢, e) and Vivapur 101 (b, d, f). Red: experimental data;
Black: fit; Grey: residuals.

In Figure 3-23 the fit to Equation (3-4) of the other samples previously shown are depicted. As
can be seen, the goodness of fit varied between materials. In the case of ACP (a) there seemed to
be a systematic error below a SF of 0.7, while the fit at higher solid fractions was good. The worst
fit was reached for the Parteck M 200 (b) velocity increase. For the Tablettose 100 (c) and maize

starch (d) profiles the residuals were randomly distributed around zero.
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Figure 3-23: Fit of Equation (3-4) to longitudinal experimental data of a) ACP, b) Parteck M 200,
c) Tablettose 100, d) maize starch. Red: Experimental data; Dashed line: Fit; Grey: Residuals.

When fitting each tablet individually and then calculating the mean values of each parameter,
the resulting equations did not fit the experimental data. Instead, they overestimated the velocity
at high solid fractions as depicted in Figure 3-24 on two exemplary materials. This was especially
apparent for GranulLac 200 shown in Figure 3-24b) where the mean value fit did not meet the
measured velocity at all. To avoid this, one fit was performed for all consecutive measurements

together. The results are also shown in Figure 3-24.
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Figure 3-24: Three consecutive longitudinal measurements of a) Vivapur 101 and b) GranulLac 200
including the fit according to Equation (3-4). Black: Experimental data (n = 3); Red: fit using the mean
values of the individually fitted parameters; Grey: fit using the parameters of the fit performed for all
three measurements together.

The results of the non-linear regression compared to the experimental data of the three
measurements can be found in Figure 3-25 for the longitudinal and Appendix Figure A-4 for the
transverse measurements. Overall, the complete fit seemed to match the experimental data. The
only observable difference was shown by ACP due to the comparatively low repeatability as

mentioned in Chapter 3.1.5.
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When separating the equation into a linear (y0 + ax) and an exponential (be™f) part as depicted
in Figure 3-25 and calculated using the parameters shown in Appendix Table A-6, it can be seen
that for most materials, the exponential expression did not have an influence at SFs below 0.8. As
at least one material (ACP) did not even reach this SF, and the b parameter showed values close
to zero for most velocity profiles, comparison of the exponential expression parameters was not
feasible. Neither was an extrapolation to zero porosity to determine the velocity through the fully
solid material as the equation seemed to overfit the data. This is also evident when observing the
low SF range, as the calculated velocity became negative. The fit parameters can therefore only
be used to describe the measured values and not to predict the velocity at higher or lower solid

fractions.
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Figure 3-25: Fit of Equation (3-4) to the experimental data measured in longitudinal mode including the
mean of the three individual measurements (blue) and the complete fit (solid line), linear expression, i.e.
y0 + ax (dashed line) and exponential expression of the equation, i.e. be** (dotted line). Plots in one row
share y-axis; plots in one column share x-axis.

However, since it has been observed that most of the substances exhibited an almost linear
increase towards the start of the compression, instead of performing non-linear regression of the
complete compression process, slope of the linear portion of the compression signal was
determined. The approach was adapted from the Heckel equation where the slope of the linear

increase is determined to calculate the yield pressure.



46 Results and Discussion

The linear fit performed at the beginning of the compression signal is depicted in Figure 3-26
exemplarily for one measurement per material. The linear part was defined as all data points
between the start of the steady compression signal until the last data point where an R? >0.998
was reached. It was determined by repeatedly performing linear regression and calculating the R?
value, starting with a fit over the whole compression, and then each iteration excluding one more

data point at high solid fractions.
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Figure 3-26: Compression signal exemplarily shown for one measurement each of six substances. Dark
grey: Whole compression between start of the steady signal and maximum US velocity; Light grey: Data
points used for linear fit; Dashed line: Linear fit. Published in Kern et al. (2022). Plots in one row share y-
axis; plots in one column share x-axis.

The first observation that could be made was the overall linearity of the signal. While for ACP
and Granulac 200 the whole compression signal showed a relatively high linearity, some data
points towards the end of the compression had to be excluded for Parteck M 200 and
Tablettose 100. The high linearity here was surprising as both had shown a pronounced influence
of the exponential expression of Equation (3-4) before, seen in Figure 3-25. Nonetheless, the
substances which showed the highest deviation from a linear increase at high solid fractions were
Vivapur 101 and maize starch where only about half of the compression process was in the linear
range. One possible explanation for the observed deviations from a linear increase could be a shift

from interconnected to isolated pores, or complete closure of smaller voids at higher solid
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fractions which would then exponentially decrease the length of the solid pathways through the
compact. This could explain why the softer, more elastic substances showed more of a deviation
from a linear trend towards the end of the compression as they are the materials which could be

compressed to the highest solid fractions.

The second major difference between the materials was the rate of increase during
compression, expressed through the slope of the linear fit shown for one exemplary grade per
material in Figure 3-27. The other materials are shown in Appendix Table A-5. Since the SF is a
dimensionless number, the slope has the same unit as the velocity: mm/us. The steepest increase
was exhibited by ACP, followed by Parteck Delta M, D(-)-Mannit and GranuLac 200. While there
was a rather large discrepancy of over 2 mm/us between ACP and the other materials, Vivapur 101
and maize starch, the substances with the shallowest increase rate, were rather similar. As seen
in Chapter 3.1.6, the increase rate of Pearlitol 200SD and Parteck M 200 is quite similar, same as
D(-)-Mannit and Parteck Delta M. A steeper increase over the same SF range for one sample could
potentially be caused by the difference in SOS through the completely solid material. However,
since Parteck M 200 showed a higher velocity throughout the whole compression process than
e.g., Granulac 200 while exhibiting a decidedly shallower compression slope this does not seem
to be the cause. It has to be noted that the relationship between velocity and SF was not perfectly
linear for any of the substances, even though the R? was rather high. Nevertheless, the linear fit

did give an idea as to how much the materials differed in their initial curve progression.
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When comparing the increase rate to the in-die Heckel yield pressure depicted in Figure 3-28
(an overview over the yield pressures of all the grades can be found in Appendix Figure A-5),
calculated as described in Chapter 5.2.4.5, commonly used to characterise the deformation
behaviour of powder materials, a correlation could be seen. The materials with the higher yield
pressure were those with the steepest velocity increase. This would point towards a relationship
between compaction behaviour and velocity change with increasing SF. One possible explanation
are the changes in the pore structure caused by the different deformation mechanisms as already
mentioned above. The only exceptions were Parteck M 200 and Pearlitol 200SD where the
velocity increase was lower than for the lactose grades, while the yield pressure was higher. This
could be caused by the two different approaches to describe the same process. The Heckel
equation describes the changes in pore volume with increasing pressure, whereas the ultrasound
velocity changes with decreasing pore fraction help identify the differences in the pore structure
evolution. While the yield pressure then gives an idea about the pressure needed to induce plastic
deformation in the particles, a steeper velocity increase could show a more pronounced
fragmentation propensity. All in all, the yield pressures of all four mannitol grades were quite
similar. The ultrasonic data, however, suggests that there actually are differences between
pre-processed and other mannitol grades with the structured varieties showing higher plasticity
not seen through the yield pressure. Another advantage of the compression slope over the Heckel
approach is its independence of the density measurements. While the y0 parameter will be
influenced by inaccurate density values through a shift on the x-axis, the slope value will not
change. In the Heckel analysis, however, small discrepancies of the density values of as little as
0.03 g/mL will result in a significant difference in the determined yield pressure (Krumme et al.,

2000).
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Figure 3-28: Heckel yield pressure of exemplary excipients. Arithmetic mean + sd (n = 3). ACP = anhydrous
calcium phosphate, MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
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3.2.2 Elasticity Parameters

As during compression both longitudinal and transverse velocity were measured, apparent
Young’s Modulus (YM) and Poisson’s Ratio (PR) were calculated according to the equations
presented in Chapter 1.4.3. In addition, the apparent Shear Modulus (SM) was calculated using
the transverse velocity. Apparent, because during compression the compact is under stress and
elastically deformed, and the values will probably not correspond to those obtained out-die at the
same SF. Henceforth, every mention of YM, PR and SM will refer to the apparent in-die values. As
in both modes three measurements were conducted each, nine different combinations for the k
ratio c,/cr (see Chapter 1.4.3) were possible. The calculations were performed for solid fractions
between 0.5 and 1 in steps of 0.01. The results of the PR, YM and SM calculations are presented
in Figure 3-29 and Appendix Figure A-6 to Figure A-8. The YM increased for all materials with
increasing SF. However, while the increase was rather steep for ACP up to values of 20 GPa at a
SF of 0.75, the maximum reached for starch was at around 7.5 GPa at a SF of 0.98. The YM of the
two lactose grades increased in parallel, Tablettose 100 always exhibiting slightly higher values
than Granulac 200 at the same SF. Overall, these findings agreed well with those of other authors
who found an increase in YM with decreasing porosity and deduced the elasticity parameters to

be porosity dependent (Hagelstein et al., 2019; Mazel et al., 2012).
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Figure 3-29: Apparent Young’s Modulus and Poisson’s Ratio calculated using longitudinal and transverse
ultrasonic velocity and apparent Shear Modulus calculated using transverse velocity through the
materials during compression. Arithmetic mean * sd (YM and PR: n=9; SM: n = 3). ACP = anhydrous
calcium phosphate, MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
Plots share x-axis.
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For the PR there were different trends observed. The values for MS and MCC increased with
increasing relative density. The LM and MN PR did not increase but remained almost steady
around 0.3 and 0.25, respectively. The ACP PR decreased with increasing SF. At the same time,
this substance showed the highest standard deviation. The tendency that the PR changes differed
between ductile substances like MCC and brittle ones such as ACP was also observed by Hagelstein
et al. (2019). However, so far, no explanation was proposed as to why the materials showed those
trends. Mathematically this increasing ratio of the plastically deforming materials is a result of the
increasing difference in longitudinal and transverse velocity with decreasing porosity, i.e., the

deviation from a linear velocity increase at low porosities.

The SM also increased with increasing relative density. Overall, the trends were the same as
observed for the YM. However, the SM values were generally lower by half compared to the YM.
This agrees with the results presented by Roberts et al. (1994). The increase in YM and SM implies
an increased resistance against deformation with increased relative density. The lowest moduli

were shown by starch which is known to show particularly elastic behaviour.

When comparing the elasticity parameters described in this work with those obtained by other
authors, discrepancies will be noted (Cunningham et al., 2004; Mazel et al., 2012). Possible
reasons could be the method used for the determination, the equation used for calculations, the
difference between in- and out-die values, or a combination of the factors. The values determined
using the same set-up, however, could still be used to compare different materials to each other,
especially YM and SM which are directly linked to the resistance of a material towards

deformation.

3.2.3 Summary

While the velocity increase in transverse mode was mostly linear in relation to the SF increase,
the relationship was more complex in longitudinal mode: The best fit was found using an equation
consisting of a linear and an exponential term. It was shown that the velocity increase differed
between materials. While ACP and GranulLac 200 showed an almost linear relationship between
velocity and SF over the whole compression process, only about half of the compression showed
a linear increase for Vivapur 101 and maize starch. In addition, the slope of the linear fit
determined for the beginning of the compression process differed. The velocity increase was
steepest for ACP, followed by the lactose and non-processed mannitol grades, Parteck M 200 and
Pearlitol 200SD, maize starch, and finally Vivapur 101. This was almost the same order as the yield
pressure decrease which is commonly used to classify materials according to their deformation

behaviour. Only Parteck M 200 and Pearlitol 200SD did not follow this trend. In contrast to the
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yield pressure derived from the Heckel plot, the velocity profiles seemed to be able to differentiate
between processed and non-processed mannitol grades, implying increased plasticity in

processed grades

Since ultrasound can be used to not only determine the relative pore volume of a material but
is also sensitive to changes in the shape and structure of pores, it is possible that the differences
observed here are rooted in variances in the evolution of the pore structure with increasing
pressure. The proposed relation between velocity increase rate and deformation behaviour could
then be explained by differences in pore size reduction. Through fragmentation of particles,
openings could be crossed fast by particle fragments being pushed into the openings and thus
allowing a more direct pathway across the pore area, while ductile and elastic deformation would
result in a convergence of the pore edges and a gradual decrease in pore size until smaller pores
and interconnections are closed completely. The steeper increase at higher solid fractions could
be explained by complete closure of interconnections between bigger pores which results in a
more direct pathway for the sound wave and can only be reached by softer materials such as

starch and MCC.

With the SF, the Young’s Modulus and Shear Modulus also increased. This implies that the
resistance against deformation increased with decreasing porosity. The PR showed no general
tendency. However, it needs to be kept in mind that the elasticity parameters are directly linked
to the measured velocity and consequently to the pore structure. This leads to the conclusion that
the elastic parameters as determined here are linked to the microstructure of the compacts, and
that there will be a difference between the parameters in-die and out-die at the same SF.
Nonetheless, the elasticity parameters are interesting to take note of when comparing different

materials.
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3.3 Signals during Decompression
While the loading or compression part of the compaction process has been the focus of

Chapter 3.2, this chapter will more closely examine the decompression signal.

3.3.1 Double Compaction Experiments

One characteristic shared by all velocity profiles is the discrepancy between the velocity during
compression and decompression. In most cases the velocity measured during compression was
higher compared to the velocity at the same SF during decompression, best seen in Figure 3-4.
The only exception were the lactose grades in transverse mode where the velocity stays at its
maximum during the initial stage of unloading. This velocity discrepancy has been proposed to be
caused by actual differences between the compact during compression and decompression by
Stephens et al. (2013a), as sound waves are not only influenced by pore volume, but also by pore
shape. However, the punches move in opposite directions during the two phases of the
compaction process. Since the displacement measurements are essential to the velocity
calculations, it is necessary to assess whether the TOF and tablet height are paired correctly, i.e.,
there is no time delay between the recording of the sound wave arrival and the displacement
determination. If not, the difference in direction could artificially create a discrepancy in the
velocity. Therefore, double compaction experiments were performed. While during the first
compression irreversible and reversible deformation occur simultaneously, the second cycle is
primarily elastic (Mazel et al., 2012). The second cycle should then be a reversal of the first
decompression which is driven by elastic recovery (Aburub et al., 2007). The results of the
ultrasonic measurements are exemplarily shown for MS and MCC in Figure 3-30 and Appendix

Figure A-11 for additional materials.
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Figure 3-30: Longitudinal velocity of one exemplary measurement each, through maize starch and
Vivapur 101. First compression: Black; Second compression: Grey. Plots share y-axis.
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Even though there was a small discrepancy visible at the beginning of the second compaction
cycle compared to the decompression signal for maize starch, it was noticeably lower compared
to the first compression. Since the punch movement was the same during both cycles, trouble
with the pairing of TOF and displacement values would have also appeared during the second
compression. The observed discrepancy between compression and decompression in the velocity
profiles was, therefore, not caused by the measurement set-up, but was instead an indication of
irreversible deformation taking place inside the compact. Compared to the compression at the
same SF during decompression the compact had undergone more irreversible deformation —
either plastic or brittle — and was at the same time already partly relaxed. The different velocity

could then be attributed to the difference in the structure of the tablet.

What has to be noted, however, is the start of the second compression. During the second
cycle the contact was established at a lower SF than the one where contact was lost between
punches and sample at the end of the first cycle, and the velocity was lower than previously
measured. This could be observed for all materials, most pronounced for MS. The elastic recovery
was, therefore, not over once the signal stopped. Instead, the volume increase of the material
became slower and could not keep up with the punch movement during decompression. The same
could be observed when looking at the classical compression plots in Figure 3-31 and Appendix
Figure A-12. However, instead of an almost identical signal progression during the second
compression as for the velocity measurements, here a hysteresis was seen due to the pressure

increase upon contact.
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Figure 3-31: Pressure-SF plots of the double compaction experiments. First compression: Black; Second
compression: Grey. Plots share y-axis.
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This hysteresis has been proposed as a proof of more energy being put into the compact during
the second compression, resulting in an altered and stronger tablet (Gamlen et al., 2015). But,
when looking at the tensile strength of the tablets prepared with a single or double compaction
cycle shown in Figure 3-32, the only material showing a significant increase in strength was MS (t-
test, P =0.000, a = 0.05) even though the hysteresis was visible for all materials. Instead, the
deviation from a linear relationship between pressure and SF towards the start of the second
compression, only exhibited by MS, could be indicative of the second compression not being
purely elastic in this case (Mazel et al., 2012). This additional irreversible deformation could be

the reason why starch showed the highest discrepancy in velocity during the second cycle.
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Figure 3-32: Tensile strength after single (dark grey) and double (light grey) compaction to 250 MPa.
Arithmetic mean * sd (n=10). ACP=anhydrous calcium phosphate, MN = Parteck M 200,
LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

Overall, it needs to be kept in mind that the elastic recovery is not completed once the force
signal drops to zero or the US signal stops, but instead continues afterwards. Nonetheless, it
should be possible to use the decompression profiles of the ultrasonic measurements to evaluate
the elasticity of a material and the changes undergone by the compact during elastic recovery.

This will be further explored in the following chapter.

3.3.2 Parameters Derived from Decompression Signals

When comparing the decompression signals of velocity vs. SF to pressure vs. SF as shown in
Figure 3-33, it is obvious that there is more of a variation between the velocity profiles of different
materials. While the pressure plots all show a drop from 250 MPa to zero, there are certain
differences between the velocity profiles of the materials: the maximum velocity differed and so
did the speed of the sound waves before the contact was lost. The shape of the signal also varied

more greatly for the velocity profile. Whereas there was only a slight variability of the curvature
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of the pressure plots towards the end of the decompression, depending on the elasticity of the
materials, the velocity signals went from almost linear (ACP and MN), over slightly concave (MCC
and MS), to a pronounced curvature (LM). It is, therefore, possible that the decompression signal
could offer additional information about the decompression process of different materials,
especially concerning the evolution of the pore structure. This is especially interesting as the pore
structure, which is essential for the performance of tablets (Sun, 2017), has been shown to be

heavily influenced by the compact relaxation during decompression (Van Veen et al., 2002).
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Figure 3-33: Comparison of longitudinal velocity (black) and pressure (grey) plots of four exemplary
materials (n = 3). Plots in one column share x-axis.

In this chapter several attempts to characterise the decompression part of the velocity profiles

are presented.

3.3.2.1 Immediate Elastic Recovery

The most forward approach to quantify the elasticity of a substance is the immediate elastic
recovery (%iER). Generally, the volume increase between minimum distance between punches
and volume at loss of contact is quantified as has been discussed in Chapter 1.2.4. In this work the

%iER is determined through the SF decrease and calculated according to Equation (3-5).
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SFmax—SFend

%iER = . *100% (3-5)
%iER: Immediate elastic recovery [%]
SFmax: Maximum SF [-]
SFend: SF at which the last ultrasonic signal is detected during decompression [-]

The calculated %iERs of the different excipients are shown in Figure 3-34 and Appendix Figure
A-13. The highest values relating to the highest elasticity were exhibited by the starch grades,
where the loss in SF was over 5.5% compared to the maximum reached during compression.
Starch 1500 even surpassed 6%. It was followed by the MCC grades at around 4%. The smallest
recovery was shown by ACP and Parteck Delta M at 2%, followed by the other mannitol and
lactose grades, all below 3%. Those results are in good agreement with the elastic work during
decompression reported by Aburub et al. (2007). There was also a correlation to the YM calculated
using the ultrasonic data as shown in Chapter 3.2.2. The materials with the highest YM showed
the lowest %iER values. However, there was a pronounced discrepancy between ACP and the
lactose grades in the maximum YM (compare Figure 3-29): ACP showed values of around 20 GPa
which was about twice as high as either lactose grade, whereas the %iER values were similar. The

difference between MN and LM was also more pronounced, with MN exhibiting higher YM values.
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Figure 3-34: Immediate elastic recovery in % of the materials used in this work calculated using the
longitudinal measurements. Arithmetic mean + sd (n=3). ACP=anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

It has to be kept in mind, however, that the %/ER does not incorporate the whole elastic
relaxation as shown by the double compaction experiments in Chapter 3.3.1. When looking at the
SF 24 h after compaction (SF2sx) compared to SFmax as shown in Figure 3-35, the relative SF
decrease had more than doubled for most materials from SFenq. Only ACP did not show a
pronounced volume increase in the 24 h after compression. Nevertheless, the %iER, albeit not
returning the full picture, can be used to get a first idea about the elasticity of a material in relation

to others and will be used as an indicator of elasticity from here on out.
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Figure 3-35: Elastic recovery between SF,,ox and SF4,. Arithmetic mean + sd (n = 10). ACP = anhydrous
calcium phosphate, MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

3.3.2.2 Decompression Slope and Ratio

While the detection of the %IER was limited by the speed of the tablet relaxation and
subsequent volume increase, the relationship of velocity and SF decrease was almost independent
as shown during the second compression of the double compaction experiments. It has been
proposed that the more pronounced the velocity drop, the less elastic the material (Hagelstein et
al., 2019): the more elastic the material, the longer the contact between punch tips and compact
which results in a shallower decompression signal. To test this hypothesis, linear regression was
performed on the decompression signals of the excipients. The results of the decompression slope

determinations can be found in Figure 3-36.
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Figure 3-36: Decompression slope of five exemplary excipients calculated using the longitudinal (top) and
transverse (bottom) measurements. Arithmetic mean t sd (n = 3). ACP = anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
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The steepest slope was observed for ACP, followed by LM although only about half as steep.
The shallowest Slope was shown by MN which did not fit to the low %ER exhibited by the mannitol
grades. This indicates that elasticity wasn’t the sole parameter factoring into the Slope. In addition,
while the MCC Slope was steeper than the MS Slope, the difference in the steepness did not do

the actual difference in elasticity justice.

The main issue in the determination of the Slope was the overall shape of the signal. While
Parteck M 200 showed an almost linear relationship between SF and velocity during
decompression (R?=0.998), the same did not apply to Tablettose 100 (R?>=0.881) as seen in
Figure 3-37. A linear decrease would be an indication towards a steady increase in pore size,
whereas a strong deviation from linearity can be assumed to be caused by a variation in the pore
size increase at different points during unloading. As pores and cracks inside the compact present
obstacles the sound wave needs to circumvent, the decompression velocity becoming steeper as
the SF decreases, points towards there being a shift from the enlarging of existing pores to the
formation of interconnections between pores impeding the sound transmission. In addition, the
direction of the pore enlargement might have an impact on the apparent velocity: Elongation of
pores in axial direction will not decelerate the sound wave as much as a crack formation

perpendicular to the direction of propagation.
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Figure 3-37: Linear regression (visualised through dashed line) of the decompression signal, exemplarily
shown for one longitudinal measurement each of Parteck M 200 (left) and Tablettose 100 (right).
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Another possibility to quantify the velocity decrease with decreasing SF is the ratio of velocity
drop to the SF decrease calculated according to Equation (3-6):
USmax - Usend

Ratio = ——max “end (3-6)
SFmax - SFend

Ratio: Ratio of velocity drop to SF decrease during decompression [mm/us]
SFmax: Maximum SF [-]

SFend: Last SF at which signal is detected in the lower punch [-]

USmax: Maximum velocity [mm/us]

USend: Velocity at SFens [Mm/us]

The decompression Ratios calculated for the excipients are depicted in Figure 3-38. The results
showed the same tendency as the Slope calculations. While the trend of low elasticity equals
pronounced velocity drop was true for most materials, MN showed a different behaviour. As might
be expected, the closer the decompression signal was to a linear progression, the more similar
were Slope and Ratio. The LM grades showed the highest difference, about 7 mm/us, which
showed their decompression signal deviated most from a linear relationship. This deviation

indicated there might be different phases in the decompression process.
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Figure 3-38: Ratio of US velocity drop to SF decrease calculated using longitudinal (top) and transverse
(bottom) measurements. Arithmetic mean * sd (n=3). ACP=anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.



60 Results and Discussion

3.3.2.3 AUC calculations

To incorporate the different shapes of the decompression signals, the area under the
decompression curve, dubbed AUC, was calculated according to Equation (3-7). To also
incorporate the velocity drop and exclude the differences in the maximum velocity, the area at

velocities lower than US.ns was excluded as illustrated in Figure 3-39.

SFena
AUC = f vys * ASF | — USpng * (SF gy — SF end) (3-7)
SFmax
AUC: Area under the decompression signal until USens [Mm/us]
SFmax: Maximum SF [-]
SFend: Last SF at which signal is detected in the lower punch [-]
USend: Velocity at SFena [Mm/us]
Vus: Ultrasonic velocity [mm/us]
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Figure 3-39: Depiction of the AUC (grey area between decompression signal and dashed lines) on the
example of one longitudinal Vivapur 101 measurement.

The results of the AUC measurements are shown in Figure 3-40. The longitudinal and
transverse measurements showed the same overall trend, however, the difference between MS
and MCC was less pronounced when using the transverse measurements for the calculations. The
values showed the same tendency as the %iER: the more elastic a substance, the higher the value.
In direct comparison, however, the differences were more pronounced. While the %iER was 5.5
and 4.1% for MS and MCC, respectively, the AUCs were 0.033 and 0.023 mm/us, both calculated
using longitudinal results. This translated to the %iER of MCC being 4/5"" of MS and the AUC 2/3™.
Similarly, the differences between the ACP and LM AUCs were higher which better reflected the
SF decrease after 24 h. MN was the only material where the %iER and out-die data did not

correlate with the AUC as it showed the smallest area under the decompression curve in both
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measurement modes, indicating a lower elasticity than ACP. A similar trend was observed for the
Slope and Ratio. What those three parameters have in common, however, is that they all

incorporate the velocity decrease during decompression which was not very pronounced for MN.
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Figure 3-40: AUC calculated using the longitudinal (top) and transverse (bottom) velocity measurements.
Arithmetic mean * sd (n=3). ACP=anhydrous calcium phosphate, MN = Parteck M 200,

LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

As both, the length of the signal in x- (ASF) and y-direction (AUS) influenced the AUC as
calculated above, ACP with its only slightly lower %iER, but at the same time vastly more
pronounced velocity drop during decompression compared to MN will inevitably show a larger
AUC. To cancel out this effect and use the AUC to get a better grasp of the elastic recovery, the
complete AUC (= AUCrun) was calculated according to Equation (3-8). The AUCy is schematically

depicted in Figure 3-41.

SFend
AUCpyy = f vys * dSF (3-8)
SFmax
AUCku: Area under the complete decompression signal [mm/us]
SFimax: Maximum SF [-]
SFend: Last SF at which signal is detected in the lower punch [-]

Vus! Ultrasonic velocity [mm/us]
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Figure 3-41: AUCe, (area in light grey) exemplarily shown for one longitudinal Vivapur 101 measurement.

The AUCk of the excipients can be found in Figure 3-42. While this parameter described the
difference in elasticity between MS and MCC quite well, it underestimated the difference in
elasticity between LM and MS. It needs to be noted that while the AUC is influenced by the velocity
drop, the AUCkgy is contingent upon USmax. The draw-back of using the AUCe,s parameter could be,
that the speed of sound through a material is reversely correlated to its elasticity as explained in
Chapter 1.4.1. As shown by LM and MCC, LM was less elastic according to the %iER, discussed in
Chapter 3.3.2.1. At the same time the maximum velocity reached during compression was higher.
The lower SF reached by the inelastic materials did, to a degree, minimise this effect but did not

nullify it.
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Figure 3-42: Complete AUC calculated according to Equation (3-8) using the data generated in longitudinal
(top) and transverse (bottom) mode. Arithmetic mean * sd (n = 3). ACP = anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
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Nonetheless, when comparing the AUCg, to the ERW calculated according to Equation (1-5)
and depicted in Figure 3-43, it becomes obvious that the ERW underestimated the elasticity of MS
in comparison to the other materials. The AUCq seemed to have a higher predictability of the

total elastic recovery for the materials tested here despite the difference in USmax.
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Figure 3-43: ERW calculated for the excipients. Arithmetic mean + sd (n = 3). ACP = anhydrous calcium
phosphate, MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

3.3.2.4 Analysing the Signal Shape

It has become clear that one major distinguishing factor between the materials was the
progression or shape of the decompression signal. One descriptor incorporating the signal shape,
the AUC, has already been discussed. However, this parameter is also influenced by the velocity
drop and the decrease in SF during decompression. Since most materials showed a shallow
velocity decrease towards the beginning of the decompression process —best seen on the example
of the transverse LM measurements where the velocity initially did not decrease at all as shown
in Figure 3-12 — and a more pronounced drop towards the end, the decompression signal could
generally be described as concave. As seen when calculating the Slope, the curvature of the
decompression velocity profiles varied between materials. To get an idea about the margin of the
bend in the decompression, the area between the measured signal and a perfectly linear line

between the maximum and end signal was calculated as:

ASF x AUS

A =AUC-——— (3-9)
Ac Area between measured signal and linear line [mm/us]
AUC: Area under the decompression signal until USenqs [Mm/us]
ASF: SF decrease during decompression [-]
AUS: Decrease in ultrasonic velocity during decompression [mm/us]

Acis illustrated in Figure 3-44.
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Figure 3-44: A. (area in light grey) exemplarily shown for one longitudinal Vivapur 101 measurement.

The Ac of the materials is depicted in Figure 3-45. As with all parameters incorporating the
velocity, the results calculated using the transverse measurements were overall lower. The
relation between the values of the different materials was in most cases, however, quite similar.
As a result of their pronounced deviation from a linear relationship in both measurement modes,
the largest Ac was shown by LM and MCC. The other side of the spectrum was MN. While the Ac
of MS calculated using the longitudinal data was about the same as MCC, the value was noticeably
lower in transverse mode. This was caused by a higher linearity of the decompression signal in
transverse mode (R? > 0.99). Since it was shown before that the longitudinal velocity changes are
more sensitive to small differences in the high SF range, it is possible the transverse results are
not capable of discerning small differences as well, which would mean the longitudinal velocity

could be the better descriptor for the decompression process.
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Figure 3-45: A, calculated for five exemplary excipients using the data generated in longitudinal (top) and
transverse (bottom) mode. Arithmetic mean * sd (n=3). ACP=anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
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It is interesting to note that LM and MCC showed similar values concerning the Ac values even
though they are vastly different in their elasticity according to the %iER. This was caused by the
“tilting” of the decompression signal described best through the Ratio. While length and curvature
seemed to be quite similar, the SF decrease was higher for MCC. This illustrates that the
parameters must always be assessed together. One factor alone will never be enough to get a
complete picture of the decompression signal. This is mainly due to several processes occurring
simultaneously: the compact expands due to elastic relaxation (Hiestand et al., 1977), bonds
previously formed during compression might break, enlarging of existing and opening of new
pores, as well as in some cases the formation of new bonds (DeCrosta et al., 2001). As many of
these factors influence one another, separating them is not an easy task. Ultrasonic in-die
measurements may, however, be a tool capable of helping in the identification of the different

processes happening during unloading.

3.3.2.5 Velocity Decrease

The decrease in ultrasonic velocity during decompression (AUS) has been shown to influence
several of the parameters calculated before, mainly Slope, Ratio and AUC. The results of the
velocity decrease measurements are depicted in Figure 3-46. As already suspected due to the
steeper velocity increase during compression, the velocity decrease was more pronounced for the
longitudinal velocity measurements. For most substances the difference between maximum
velocity and last detected signal was about four times as high in longitudinal mode compared to

transverse. The only exception was ACP where it was only about twice as high.
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Figure 3-46: AUS calculated for the longitudinal (top) and transverse (bottom) velocity profiles. Arithmetic
mean * sd (n=3). ACP =anhydrous calcium phosphate, MN = Parteck M 200, LM = Tablettose 100,
MCC = Vivapur 101, MS = maize starch.



66 Results and Discussion

As the changes in velocity have been proposed to be indicative of changes in the pore structure,
the velocity decrease during decompression could help in the characterisation of the changes
undergone by the compact during elastic recovery. A pronounced decrease would then signify
abrupt changes within the compact, especially in radial direction. Therefore, it should be possible
to detect micro cracks or defects occurring during decompression which could subsequently lead
to lamination of the tablets (Xu et al., 2018b). However, as the ultrasonic measurements were
limited by the KIM set-up, the tool shape, which has a pronounced influence on the processes
within the compact during unloading (Mazel et al., 2015), could not be changed and in the current
set-up no lamination was observed for any of the materials. Nonetheless, as the changes in pore
structure are likely related to the breaking of bonds during decompression, the in-die parameters
could be of help in the characterisation of the finished tablets which will be investigated in Chapter

3.3.4.

3.3.3 Varying the Maximum Compaction Pressure

Since the maximum SF reached in-die by the materials when using the same maximum
pressures varied as seen in Figure 3-12, the question whether the shapes of the decompression
curves would assimilate, if the SF was the same, needs to be addressed. In Figure 3-47 the velocity
profiles of four materials are depicted, all compacted to an in-die SF of 0.9. The first observable
difference between the materials was the maximum velocity. In transverse mode it decreased in
the following order: MN > LM > MCC > MS. The maximum longitudinal velocity reached for MS
and MCC on the other hand was almost identical. Apart from this, the order was the same. The
different velocities can be attributed to two factors previously discussed in Chapter 3.2.1: the
material properties, primarily concerning elasticity, as well as the pore structure. For the materials
tested in this study, the velocity at a SF of 0.9 was reversely correlated to the elasticity according
to the YM and SM (refer to Figure 3-29). It could, therefore, be possible that the porosity was low
enough for the material properties being the factor primarily influencing the measured velocity at

this SF.

The decompression signals of the materials were still different, especially observable for the
longitudinal velocity. The decompression signal of MN was the shortest and also exhibited the
least pronounced velocity drop. The LM signal, however, showed an almost vertical decrease after
an initially steady velocity with decreasing SF. The difference was especially apparent for MS and
MCC which were basically identical during compression (longitudinal only) and reached the same
velocity at a SF of 0.9 while the decompression profiles were not superimposable. The
decompression signal was detected over a longer SF range and less steep for MS, which is an

indication of its higher elasticity.
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Figure 3-47: Longitudinal (left) and transverse (right) velocity through four exemplary materials
compacted to the same in-die SF (n = 3).

When looking at the pressure plots in Figure 3-48, there seemed to be a correlation between
maximum velocity and pressure needed to reach the target SF. One possible explanation is the
elasticity and plasticity of the materials as low plasticity is associated with more resistance against
compression (Celik and Marshall, 1989). Another possibility is the overall hardness of the material.
This agrees with the yield pressure shown in Figure 3-28 which is also an indicator of the hardness

of a material.
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Figure 3-48: Pressure-SF plots of the four materials, compacted to an in-die SF of 0.9 (n = 3).

The differences in the curve progression mentioned before could also be seen when comparing
the decompression parameters calculated for the longitudinal compression profiles as shown in
Figure 3-49. First of all, the %iER of MS was the highest of the four materials, followed by MCC,
even though the stress applied was lower as evident in Figure 3-48. The values of MCC and MS

were closer in transverse mode, probably caused by difficulties of the signal detection due to the
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higher water content of MS which could also explain the higher standard deviations in transverse
mode. All in all, all parameters showed the same tendencies that were exhibited before when the
materials had been subjected to the same stress, albeit they assimilated. The one parameter
clearly most influenced by the reduced maximum SF was the AUCg,. Since it incorporates the
maximum velocity reached during the compaction process, which decreased with higher

porosities, this trend was to be expected.
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Figure 3-49: Decompression parameters, discussed in Chapter 3.3.2 calculated using the longitudinal (left)
and transverse (right) measurements of four excipients compacted to the same in-die SF. Arithmetic mean
t sd (n =3). MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch. Plots in
one row share y-axis.
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The pressure used in the standard KIM measurements was 250 MPa, which is rather high and
has been chosen to cover a long SF range during the compression process. However, since the
pressure used for the manufacture of tablets varies depending on the performance of the powder
material, the influence of the applied pressure on the decompression signal needs to be
considered. Therefore, Figure 3-50 depicts the KIM results through three exemplary materials
when different maximum pressures were used. As expected, the velocity during compression at
the same SF was independent of the maximum pressure applied. However, the maximum SF
reached increased with increasing pressure applied. The higher SF caused an increase in maximum
velocity. Due to their different starting point, i.e., the maximum SF reached, the decompression
signals proceeded in parallel to one another as the shape stayed overall the same. Slight
differences could be seen when comparing the loop shown by the transverse measurements of
LM. With decreasing pressure, the area between the compression and decompression decreased.
The decompression signals of the longitudinal and transverse measurements of LM and MCC
showed the same tendencies: as the loop shown by the transverse LM measurements decreased,
so did the SF range over which compression and decompression velocity were the same. A possible
explanation for a more pronounced velocity drop towards the beginning could be that the radial

expansion of the pores started earlier in the decompression process if lower pressures were

applied.
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Figure 3-50: Velocity profiles of Parteck M 200 (MN), Tablettose 100 (LM) and Vivapur 101 (MCC)
compacted using different maximum pressures. Each plot contains longitudinal and transverse
measurements (n = 3). Plots share y-axis. Published in Kern et al. (2022).

The velocity before the signal stopped decreased with decreasing compaction pressure in the
case of LM. In contrast, MCC showed almost the same minimum velocity during decompression
independent of the applied pressure. As the SF at which the last signal was detected was markedly
different for both, MN and LM, depending on the pressure applied and the SOS is known to be

porosity dependent, the reduced velocity was expected. For MCC, the SF difference was less
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pronounced which could explain why the measured velocity before loss of contact was
comparatively similar. As before with the compression the tendencies were the same independent
of the measurement mode. This shows that either wave type can be used in the assessment of

the velocity changes.

Of the parameters calculated for the decompression, shown in Figure 3-51 only two showed
the same trend with decreasing maximum pressure for all three materials: %iER and AUCr,y which
both increased with increasing pressure. Since the maximum velocity, which decreased with lower
compression pressures, plays a huge part in the AUCr, calculations this trend was expected. The
decrease in %iER indicates that elastic deformation will occur until the end of the compression
process which then results in more relaxation, the more stress the materials had been subjected
to. This agrees with other authors who found the volume reduction at high solid fractions to be
mainly caused by elastic deformation of the compact (Sun and Grant, 2001). The most pronounced
difference could be observed for MCC, probably caused by its comparatively high elasticity. An
interesting trend could be observed when comparing Slope and Ratio of LM. While the Slope
increased with decreasing compression pressure, the Ratio was basically identical at all three
stress levels. The values of the two parameters were most similar for the 150 MPa measurements.
This indicates that the lower the applied pressure, the more linear the decompression signal for
this material which fits with the observations made in Figure 3-50 concerning the short overlap
between compression and decompression velocity towards the beginning of the decompression
signal. The values shown in Figure 3-51 further show that the AUC is not an appropriate measure
for the elasticity. While the %JER was at all pressure levels highest for MCC, its AUC at 150 MPa
was about the same as for LM at 250 MPa. This was caused by the more pronounced velocity drop

exhibited by LM.
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As the pressure was decreased, the decompression profile of MN became slightly more
concave in shape. For the decompression parameters this resulted in an increase in Ac, and an
increase of Slope and Ratio. However, the AUC was about the same no matter the maximum
pressure. For LM and MCC the AUC decreased as the pressure was decreased. which was caused

by the pronounced decrease in convexity at lower pressure levels. This showed again that the AUC
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is a product of several other parameters, each with its own implications: the %iER which is
indicative of elasticity, AUS relating to the changes in pore structure between the compact at
maximum compression and end of the immediate elastic recovery, and Ac which could possibly

indicate differences in the pore size increase in radial direction during the decompression process.

3.3.4 Correlating Ultrasound Parameters and Tablet Properties

As the velocity through tablets of MCC and LM and their binary mixtures has been shown to
correlate with their tensile strength (Xu et al., 2018a), it is a possibility that the decompression
signal could offer insights into the tablet strength as well. A comparison of the out-die parameters
of tablets compacted from the mannitol grades previously used in Chapter 3.1.6 at 250 MPa is
shown in Figure 3-52. The tensile strength decreased from Parteck M 200 at 4 MPa, over
Pearlitol 200SD at 3.6 MPa and Parteck Delta M at 3.2 MPa, to D(-)-Mannit at 1.6 MPa. The SF was
reversely correlated to the tensile strength. This showed that low porosity does not necessarily

equal high tensile strength.
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Figure 3-52: Tensile strength (bars) and out-die SF (markers) of the four mannitol grades 24 h after
compaction. Arithmetic mean + sd (n = 10).
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When looking at the decompression parameters, a reverse correlation between the
parameters incorporating the velocity decrease and the tensile strength could be seen. A direct
comparison between the TS and one exemplary parameter — the AUC — is shown in Figure 3-53.
As a pronounced drop in velocity could be indicative of pronounced changes in the pore structure
of the tablets during decompression as discussed before in Chapter 3.3.2.5, the AUC relates to the
pore size increase during decompression, as well as the elasticity, both of which could negatively

affect TS.



Signals during Decompression 73

0.0225
L 0.0200
- L 0.0175
©
o
Z - 0.0150 —
1]
s =2
5, L 0.0125
c
5 £
= - 0.0100
o o)
@ L 0.0075 <
5]
= L 0.0050
L 0.0025
L 0.0000

W 1133 d31ied
002 W 3291ed
aso0z 0314ead
Juuen-(-)a

Figure 3-53: Tensile strength (bars; n = 10) and AUC calculated using the longitudinal signals (markers;
n = 3) of the four mannitol grades. Arithmetic mean * sd.

However, this tendency could not be seen when comparing different materials to one another.
The tensile strength and AUC of five different excipients are shown in Figure 3-54. The second
highest AUC was exhibited by MCC which at the same time produced the strongest tablets by far.
At the same time ACP showed the second lowest value while yielding the weakest tablets. As the
AUC also incorporates the elastic recovery of a material and MCC was shown before to be one of
the more elastic substances used in this work and ACP the least, these results were not surprising.

The elasticity of a substance, or the lack thereof, is then not necessarily indicative of the tablet

strength.
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Figure 3-54: Tensile strength (bars; n = 10), and AUC calculated using the longitudinal velocity profiles
(markers; n = 3) of six different excipients. Arithmetic mean + sd. ACP = anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.
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Only using the velocity drop as displayed in Figure 3-55 did not explain the differences in
strength either. The value of MCC was close to those of ACP and LM. This implies that the changes
undergone by the compact are not the only factor that needs to be kept in mind when assessing
the tablet strength. While the microstructure change might have an influence on the strength as
shown by the mannitol grades it was not capable to explain differences between materials which
possibly exhibit different bonding strength. This agrees with Firestone (1946) who made a similar
observation when comparing the strength of welds. In addition, the transmission measurements
performed with the KIM set-up are not capable of measuring the velocity during ejection, where
additional changes are undergone by the compact (DeCrosta et al., 2001), as the upper punch is
not in contact with the sample anymore. Similar to other parameters determined in-die such as
immediate elastic recovery, or the yield pressure, no direct assumption about the tablet strength
can be made based on the ultrasonic parameters alone, as the pore size increase is just one factor

of many playing into the formation of the final compact.
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Figure 3-55: Tensile strength (bars; n = 10) and longitudinal velocity drop (markers; n = 3). Arithmetic
mean + sd. ACP=anhydrous calcium phosphate, MN = Parteck M 200, LM = Tablettose 100,
MCC = Vivapur 101, MS = maize starch.

3.3.5 Summary

The decompression signal of the velocity profiles is caused by the elastic relaxation of the
material when the stress is decreased. It was found to be characteristic for the materials under
investigation. Since it is indicative of the volume increase of the compact during unloading, it can
be consulted to quantify the immediate elastic recovery. The main benefit here compared to the
determination using force and displacement data was the complete stop of the signal once the
contact between punches and compact was lost, which made the determination of the loss of
contact fairly easy. Furthermore, the velocity does not drop to zero after compression like the

pressure. The velocity decrease as well as the velocity before the signal stops could then give
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additional information about the structure of the compact. In addition to the absolute increase in
pore volume, the different relationships between SF and velocity of different materials could be
indicative of the changes in the pore structure which in turn could be one of the factors

determining the performance of the finished tablets.

Of all the parameters proposed to describe the decompression signals, the AUCg,s showed the
highest correlation to the complete elastic recovery, while the AUC was possibly the most
exhaustive descriptor of the decompression signal as it incorporates shape, velocity decrease and
SF decrease. This, however, also shows one of the drawbacks of the decompression parameters:
They are often related to multiple factors. The AUC, e.g., increases if the %iER increases, but also
if AUS is more pronounced. The AUC is, thus, indicative of both, elasticity of the material, and
changes in pore structure, which are not necessarily correlated. One factor alone does, therefore,

not offer the full picture of the decompression process.

The AUC parameter was in good agreement with the tensile strength of the different mannitol
grades. The higher the AUC the lower the strength of the tablets. This indicated that the more
pronounced changes in microstructure resulted in weaker tablets. However, these findings could
not be confirmed when different substances were compared. Especially MCC did not behave in
the same manner. Even though it showed pronounced elastic recovery and the resulting pore
expansion, the tensile strength was about three times as high as LM. This could either mean MCC
showed a higher number of bonds between particles, or the bonds that were retained during
decompression were stronger. The AUC alone is, therefore, not capable of estimating the tensile

strength exhibited by the tablets comprised of the material.
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3.4 Excipient Blends

It has been shown that the ultrasonic velocity during compaction, or to be more specific the
velocity profile, is dependent on the material in use. Since the finished drug product will always
contain a combination of APl and different excipients to improve the tablet and flow properties,
investigating the interactions between the materials and the impact of the different substances
on the process is of high interest during the development phase. However, all experiments so far
were performed using single components. In this chapter the profiles of samples containing more

than one material in the solid phase are shown.

3.4.1 Internal Lubrication
Figure 3-56 shows the KIM results of internally lubricated samples as well as the previously
shown externally lubricated materials. In the tested range between 0 and 2% of magnesium

stearate (MgSt) the velocity profiles of the samples were almost identical.
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Figure 3-56: Longitudinal and transverse velocity through the Ilubricated samples (n=3).
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Plots share y-axis. Published in Kern et al.
(2022).

There was, however, a slight increase in relative deviations when comparing the samples
containing different amounts of MgSt. The highest deviations could be seen for the longitudinal

MN and the transverse LM results as seen in Figure 3-57.
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Figure 3-57: Relative standard deviations of longitudinal and transverse velocity through the materials.
Non-lubricated materials and blends containing 0.5, 1 and 2% of MgSt (n =12). MN = Parteck M 200,
LM = Tablettose 100, MCC = Vivapur 101. Plots share x-axis. Published in Kern et al. (2022).

Figure 3-58 shows an excerpt of the compression phase of the longitudinal MN (a) and the
transverse LM (b) velocity measurements of the different samples. If only the non-lubricated and
2% samples are compared, there seems to be a decrease in velocity with the addition of lubricant
at the same SF. However, the 0.5 and 1% samples do not fit into this finding. For MN those two
blends showed about the same velocity throughout the whole compression, albeit in between the
other two samples. In case of LM, the velocity through the 1% mixture was higher than through
the 0.5% blend. As with the different particle sizes there was no systematic change visible. This
seems to indicate that there was no general effect of decreased velocity with increasing MgSt
content in the observed range up to 2%. A similar observation was made by Hakulinen et al. (2008)
who did not find a systematic influence of caffeine content up to 25% on the measured sound

velocity through tablets of binary mixtures with starch acetate out-die.



78 Results and Discussion

L
'S

30 _ . MN . LM
_ «  MN + 0.5% MgSt _ « LM + 0.5% MgSt
4 < MN + 1% MgSt 8137 . LM+ 1% Mgst
g 281 | MN + 2% Mgst £ LM + 2% MgSt
‘O 26 7 ‘O
8 8
> 2.4 > 111
a) b)
1.0

I T T T T T T T T T T
0.700 0.725 0.750 0.775 0.800 0.825 0.850 0.76 0.78 0.80 0.82 0.84
Solid Fraction [-] Solid Fraction [-]

Figure 3-58: Ultrasonic velocity through blends containing varying amounts of lubricant: a) MN
(Parteck M 200) in longitudinal mode, and b) LM (Tablettose 100) in transverse mode (n = 3). Published
in Kern et al. (2022).

Leskinen et al. (2013) had previously found that ultrasonic measurements were sensitive to
changes in the blending time of MgSt. They compared samples blended for 2 min and 10 min at
22 rpm and found an increase in measured velocity during compaction with increased blending
time. They explained their finding by better acoustic coupling between particles through the MgSt
which, over time, would more and more be pushed into smaller pores. As in the current work the
blending times had been kept short to mimic those routinely used for pharmaceutical
formulations (Rowe et al., 2009), this effect had probably not taken place, yet. An increase in
velocity caused by a closing of pores does, however, align with the pore hypothesis proposed

before.

3.4.2 Binary Mixtures Containing Two Fillers in Equal Amounts

In contrast to the results shown above where only small amounts of the second component
were used, there was a pronounced change in the velocity profile when blends of two components
in equal amounts were analysed using ultrasound as seen in Figure 3-59. As ultrasonic velocity is
postulated to decrease when a second component is added (Krautkramer and Krautkramer, 1990)
a velocity lower than either of the components could be expected. However, the velocity of the
binary mixture seemed to be a mix of the velocity through its components which agrees with the
measurements conducted out-die by Xu et al. (2018a) who reported similar results in the low
porosity range. In both measurement modes the velocity at a given solid fraction was in between
its respective raw materials. For MN and LM (a+d) the increase was almost parallel. In the case of
MN and MCC (b+e) the velocity discrepancy increased with increasing SF. The LM and MCC
samples showed a similar behaviour in longitudinal mode (c), although the velocity towards the
beginning was almost identical. In transverse mode (f) the velocity profiles crossed during
compression. Below 0.78 the velocity was higher through MCC, above the velocity was higher

through LM. This could be explained by the SOS through a porous solid being influenced by the
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velocity through the material itself as well as the pore structure. Below the mentioned SF
threshold, the pore structure was then mainly responsible for the overall velocity. One possible
cause is a comparatively high number of interconnections or a more horizontal orientation of the
pores, both of which would obstruct the most direct pathway the sound wave could take through
the compact in axial direction. At higher solid fractions when there are less pores obstructing the
sound wave’s path, the velocity through the material, which is in all likelihood higher through LM,
probably becomes the more influential factor. Due to the limitations of the KIM system concerning
the maximum pressure which could be applied during compression, it was not possible to measure
the velocity through the materials at higher solid fractions to get a better idea of the speed of
sound through a non-porous sample, i.e., SF = 1. Therefore, the higher velocity through LM is an
assumption based on its lower elasticity compared to MCC. While the velocity is influenced by
both components, at first glance there seemed to be a tendency towards the profile of the

LM/MCC blend being closer to the one of plain LM.
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Figure 3-59: Longitudinal (top) and transverse (bottom) velocity through binary mixtures (50:50 %w) and
their components (n =3). MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Published in
Kern et al. (2022). Plots in one row share y-axis; plots in one column share x-axis.

The velocity increase during compression is depicted in Figure 3-60. In all cases and both modes
the determined slope values of the binary mixtures were between the ones of their components.
Itis interesting to note that while the longitudinal signal shape of the LM/MCC blend seemed more
similar to LM in Figure 3-59 due to the proximity of the two curves, the determined slope was

actually closer to the slope of the MCC profile. Since MCC is the softer of the two materials, this
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could be caused by a more pronounced deformation of MCC at the same pressure level, meaning
the overall structure is more defined by the softer, more plastically deforming material (llkka and
Paronen, 1993). The steepest increase was, as expected, exhibited by the MN/LM blend as the
inclusion of MCC decreased the slope. If the compression slope is as hypothesised indicative of
the deformation behaviour of the material, this approach could be used to track those changes in

the overall behaviour of the blends with varying concentrations of the components.
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Figure 3-60: Slope of the compression signal using the longitudinal (top) and transverse (bottom)
ultrasonic velocity. Arithmetic mean * sd (n=3). MN=Parteck M 200, LM = Tablettose 100,
MCC = Vivapur 101. Plots in one row share y-axis.

A similar observation can be made when comparing the classic Heckel plots and the vyield
pressure derived thereof as shown in Figure 3-61. The yield pressure of the blend was in all cases
in between the single components of which the mixture was comprised. A dependency of the yield
pressure of a binary mixture on the respective components has been observed before, although
not necessarily linear in nature (llkka and Paronen, 1993; Roopwani and Buckner, 2011). However,
as it cannot be expected to see an actual change in the material properties of the single particles
it can be surmised that the yield pressure of the mixture is an average of all the particles being

compacted.
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Figure 3-61: Heckel plots determined using the displacement values measured during the ultrasonic
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MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Plots in one column share x-axis.

The decompression parameters are depicted in Figure 3-62 and Appendix Figure A-14. As with
the compression slope, the decompression parameters of the blends were between the ones of
their components. Concerning elasticity, the less elastic substances (MN and LM) seemed to
influence the %iER slightly more than the more elastic MCC. The same could be observed for the
AUC and AUCky, where the values were closer to LM and MN than MCC. Even though the curves
were clearly different for the substances, some parameters were rather similar. Those were %iER
and AUCk, the parameters previously associated with elasticity, for the MN/LM samples and AUS
which is thought to be indicative of the changes in pore structure within the sample for LM/MCC,
however only in longitudinal mode. This further illustrates that it is not possible to use just one
parameter to fully understand the changes caused by the addition of a second component. The
ultrasonic parameters could, however, help in the identification of factors influencing the

performance of the finished tablets made of more than one component.
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Figure 3-62: Decompression parameters calculated using the longitudinal velocity profiles. Arithmetic
mean % sd (n = 3). MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Plots in one row share
y-axis.

Several authors have so far correlated the TS and SF of single components to binary mixtures
thereof (Busignies et al., 2006; Michrafy et al., 2007; Patel and Bansal, 2011; Schmidtke et al.,
2017; Van Veen et al., 2000). Wu et al. (2005a) for example could predict the TS of binary mixtures
using the volume fraction and the parameters of the Ryshkewich-Duckworth equation
(Duckworth, 1953). As the correlation between tablet performance, expressed through the tensile

strength, and proportion of the components is not necessarily linear (Sun, 2016), the question was
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whether the US profiles might give an indication towards which component the tensile strength

of a binary mixture might lean.

The parameter that could be correlated with tensile strength in the case of the different
mannitol grades was the AUC (refer to Chapter 3.3.4). As seen in Figure 3-63 the tensile strength
of the binary mixtures was right between the respective components. Especially the addition of
MCC improved the strength of the resulting tablets which agrees with the finding of other authors
(Jetzer, 1986; Kim et al., 1998). The AUC on the other hand was not, which was especially apparent
for the LM/MCC blend. While the tensile strength doubled with the addition of MCC to LM, the
AUC did only slightly change. In addition, the AUC of MCC was higher than that of either LM or
their blend, which is at odds with the results shown by the mannitol grades where an increase in
AUC corresponded to a lower tablet strength. Using this parameter to determine which of its
components a binary mixture resembles most, and especially which material exhibits the higher
tensile strength, was, therefore, not successful. This is in line with the findings before in Chapter
3.3.4 where Parteck M 200 and Vivapur 101, the two materials reaching the highest tablet

strengths, showed the highest discrepancy in the AUC value.
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Figure 3-63: Comparison of tensile strength (bars) and AUC calculated using the longitudinal velocity
profiles (markers) of the binary mixtures and their components. Arithmetic mean + sd (n=3).
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101. Plots share both y-axes.

3.4.3 Binary Mixtures of Changing Composition

Three additional sets of binary mixtures with gradually changing composition were compared.
The components were ACP, MCC (Vivapur 101) and MS. They were chosen as they represent
materials with vastly different compaction properties: brittle, ductile and elastic, respectively. The
results of the measurements are depicted in Figure 3-64. The blends containing ACP and MCC
showed a gradual change with increasing MCC content in both measurement modes (a+d). The

maximum SF increased while the maximum velocity decreased. The shape of both compression
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and decompression also changed with increasing MCC content. The behaviour of the ACP/MS
blends (b+e) showed similar trends. However, while the blends containing MCC were evenly
fanned out between the raw materials, those containing MS were shifted towards MS on the
x-axis. In addition, the transverse signal during compression became shorter with an increasing
proportion of MS probably owing to the increased water content introduced into the blend

through MS.

As the longitudinal MCC and MS velocity profiles were very similar to begin with (refer to Figure
3-12), their binary mixtures (c+f) did not show as much variability as the blends containing ACP. In
transverse mode there was a decrease in velocity and a later signal start with increasing MS
content visible in all likelihood caused by the increased water content with the addition of more
MS. The only exception concerning the velocity decrease was the 75% MCC blend which was
almost identical to 100% MCC profile. In longitudinal mode, this blend showed a slightly higher
velocity and a lower SF compared to its raw materials. However, it needs to be kept in mind that
the pycnometric density determined for this particular blend was also higher as seen in Appendix
Table A-4. As mentioned before, the determination of the true density used for a material
containing high amounts of water can be problematic. It is, therefore, possible that the observed
higher velocity was caused by a shift of the curve on the x-axis due to a density value too high.

Nevertheless, the shape of the signal could still be assessed.
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Figure 3-64: Longitudinal and transverse velocity through binary mixtures and their respective
components with varying composition (n = 3). The numbers denote the composition of the blends in %w.
ACP = anhydrous calcium phosphate, MCC = Vivapur 101, MS = maize starch. Plots in one row share y-
axis; plots in one column share x-axis.
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To better assess the MCC/MS blends, the velocity profiles were shifted on the x-axis (Figure
3-65). There was an increase in maximum velocity with increasing MS content visible. At the same

time the decompression signal became slightly longer and less steep.
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Figure 3-65: Longitudinal velocity through MCC, MS and their respective blends (n = 3). The results are
shifted on the SF axis by 0.05 (25/75), 0.1 (50/50), 0.15 (75/25) and 0.2 (MS). MCC = Vivapur 101,
MS = maize starch.

As with the binary mixtures in Chapter 3.4.2, the intermixture of a second component did not
generally decrease the measured velocity through a material. In the case of MCC/MS the
measured velocity did not change at all, while the addition of as little as 25% ACP even increased
the velocity compared to both, MCC and MS. This contrasts the findings of Leskinen et al. (2013)
who reported a decrease in velocity through binary mixtures of MCC and paracetamol with
increasing APl content which is in line with the general assumption that the inclusion of a second
component decreases the sound velocity through a matrix (Krautkramer and Krautkramer, 1990).
However, they did note, that this could partially be caused by the difference in porosity.
Additionally, they did not measure the velocity through 100% paracetamol. It is, therefore,
possible that the decrease was caused by an overall lower velocity through the API. Hakulinen et
al. (2008) on the other hand found no change in longitudinal velocity through tablets of binary
mixtures of starch acetate and caffeine with a caffeine content as high as 25% at the same SF.
However, they also did not measure the velocity through tablets of pure caffeine. One possibility
for their observation is then that the overall velocity is similar through the two materials similar

to what was observed for MCC and MS.

With the velocity, the elasticity parameters also gradually changed, shown here on the example
of the ACP/MCC blends in Figure 3-66. The other two combinations can be found in Appendix
Figure A-9 and Figure A-10. YM and SM were fanned out between the components, all increasing

with decreasing porosity implying an increased resistance against deformation. The calculated
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values resembled more closely the raw component with the higher elasticity, MCC and MS,
respectively. This agrees with Bassam et al. (1991) who found a deviation from a linear relationship
of the YM and amount of the respective components, favouring the more elastic material. The PR,
however, changed in shape. While it decreased for ACP as the compression progressed, it
increased for all blends containing MCC, gradually increasing the slope with MCC content. The two
combinations containing MS showed similar behaviour. In the case of the MCC/MS mixture
though, both blends containing 75% of one component showed pronounced similarities in the
progression of the YM and SM to the plain excipient of the same material. Since they both use the
transverse velocity for the calculations, this was expected, as the measured velocity during

compression of especially the 75% MCC blend was almost identical to the 100% MCC

measurement.
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Figure 3-66: YM, PR and SM calculated for ACP (anhydrous calcium Phosphate), MCC (Vivapur 101) and
their blends. Arithmetic mean + sd (YM and PR: n = 9; SM: n = 3). Plots share x-axis.

The slope of the initial velocity increase is depicted for all materials in Figure 3-67. For the
mixtures containing ACP the slope became less steep with increasing amount of the second
component. In both cases there was an almost exponential decrease of the slope with decreasing
amount of ACP. The MCC/MS blends showed opposite behaviour in longitudinal and transverse
mode. While there was an increase of the slope of the longitudinal velocity with increasing MS
content, there was a decrease in transverse mode. One possible explanation is the difference in

length and consequently the number of datapoints used for the determination of the compression
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slope. As there was a divergence from a linear trend observed in the high SF range as shown in
Chapter 3.2.1, primarily for the longitudinal velocity profiles, the lower number of datapoints in
the low SF rage measured when starch was included in the blend, could explain the slightly higher

slope values.
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Figure 3-67: Slopes of the compression signal calculated as described in Chapter 3.2.1. Top: Longitudinal;
Bottom: Transverse. Arithmetic mean * sd (n=3). ACP=anhydrous calcium phosphate,
MCC = Vivapur 101, MS = maize starch. Plots in one row share y-axis.

The true density of ACP is much higher than the density of the other materials. This results in
a discrepancy between weight and volume percent which could explain the non-linear decrease
of the slope with decreasing ACP content. Figure 3-68 depicts the relationship between calculated
slope and amount of secondary component in weight and volume percent. The correlation
between compression slope and %V was better compared to %w. As the volume more closely

corresponds to the distance the sound wave needs to travel through this might be expected.



88 Results and Discussion

10 -\\ T~
'\\ \\ .

8 . .ﬁ"\\ - ‘ "‘s\\
? \\\ \\\
2‘ \\\ \\\
E \\\ \\\
g- 6 ] . \\\ ) \\\\
] R2: 0.9513 \\ R2: 0.9369 \\
‘_8. ‘\x i “"-... [
n 4 \\\\ T N

2 - -

O T T T T T T T T

0 20 40 60 80 1000 20 40 60 80 100
MCC content [%] MS content [%]

Figure 3-68: Slope of the compression curve as a function of a) MCC (Vivapur 101), b) MS (maize starch)
content in combination with ACP (anhydrous calcium phosphate). Black: %w; Grey: %V. Arithmetic mean
* sd (n = 3). Plots share y-axis.

In addition to the compression parameters, the decompression parameters of the blends were
determined as well. An overview is shown in Figure 3-69 for longitudinal measurements and in
Appendix Figure A-15 for transverse. For most parameters there was a gradual change with an
increasing amount of the second component. The one exception was the drop in velocity during
decompression of the binary ACP mixtures: the blends containing 75% of ACP had in both
combinations the most pronounced drop, while the 25% ACP blends exhibited less velocity
decrease than either of the components. The velocity drop of a mixture is then not necessarily a
combination of its components. However, this was only the case for the longitudinal
measurements. In transverse mode the blends were evenly fanned out between the raw materials
with the exception of the blend containing 25% MS which showed a similar decrease as 100% ACP.
The overall most noticeable discrepancy between longitudinal and transverse results concerned,
again, ACP. While in longitudinal mode all parameters were rather close to the 75% blends, in
transverse mode Slope and Ratio of 100% ACP showed values about twice as high as the 75%
blend. It must be noted that of all materials ACP showed the highest standard deviation in
longitudinal mode. The absolute values of the decompression parameters should, therefore, only
be used cautiously in this case. Nonetheless, there was a tendency visible that AUC, AUCruy and
Ac, the parameters describing the shape of the signal, were more influenced by ACP than the
respective second component, most noticeably for the blends containing starch. This was
interesting to note as the decompression is, as mentioned before, indicative of the elastic recovery
and ACP was in both combinations the less elastic component. Hence, the implication was that
ACP hindered the elastic expansion of the second component which was at odds with the previous

observation that the YM favoured the more elastic material. The MCC/MS parameters were
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overall closer together as there was not as much a discrepancy between the two materials to begin
with. It could be seen, however, that the blend containing 75% of MCC was in all parameters

almost identical to MCC.
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Figure 3-69: Decompression parameters calculated using the longitudinal velocity as described in Chapter
3.3.2. Arithmetic mean t sd (n = 3). ACP = anhydrous calcium phosphate, MCC = Vivapur 101, MS = maize
starch. Plots in one row share y-axis.
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3.4.4 Velocity Profiles Through Two Components in Blends and Layers

When talking about the ultrasonic velocity through a mixture of materials one question that
needs answering concerns the pathway of the ultrasonic pulse. Two scenarios are possible: a)
There is a high impedance mismatch between particles of different materials which will result in
high reflections and the arrival probability of the sound wave will be higher if the sound wave
circumvents the material with the less favourable properties, or b) The sound wave will
indiscriminately traverse both materials only slowed down by the pores. Scenario a) is favoured
by the basic assumption mentioned before, that the inclusion of a second component generally
lowers the SOS through a material (Krautkramer and Krautkramer, 1990). Although not clearly
stated this implies the sound wave bypasses the foreign material, similar to what has been shown
for pores in a solid matrix (Takatsubo and Yamamoto, 1991). However, as shown in Chapters 3.4.2
and 3.4.3, this was not the case for the binary blend of equal amounts of the two materials or a

75/25 %w ratio.

_.3.01 i

%)

2

€ 4 i

£ 2.5

iy

G 20 - -

o

Q

Z 15 -

©

£

e

2 1.0 A 1

2 « ACP/MS Blend e ACP/MS Layers « MN/LM Blend e MN/LM Layers

So0s54 . ACP/MCC Blend < ACP/MCC Layers | 1 =+ MN/MCC Blend <  MN/MCC Layers

« MS/MCC Blend MS/MCC Layers e« LM/MCC Blend LM/MCC Layers

OO T T T T T T T T T T T T T T T T
2.0

. o

7 i

3

c 1.5+ /

E

Z

8 -

E 1.0 1

[}

&

[

>

2 0.5 ]

é ' « ACP/MS Blend « ACP/MS Layers « MN/LM Blend < MN/LM Layers

= « ACP/MCC Blend < ACP/MCC Layers « MN/MCC Blend < MN/MCC Layers

« MS/MCC Blend MS/MCC Layers e« LM/MCC Blend LM/MCC Layers

0.0

T T T T T T T T T T T T T T T T
0.65 0.70 0.75 0.80 0.85 0.90 095 1.00 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Solid Fraction [-] Solid Fraction [-]

Figure 3-70: Longitudinal ultrasonic velocity through binary mixtures (50/50 %w) and two-layer tablets of
MCC, MN and LM on the left, as well as MCC, MS and ACP on the right (n = 3). ACP = anhydrous calcium
phosphate, MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch. Plots in
one row share y-axis; plots in one column share x-axis.
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In order to elucidate the propagation mechanism through the blend, experiments were
performed in which the sound wave was forced to pass through both materials, by separating
them into two distinct layers. When the ultrasonic velocity through a binary blend and through a
two-layer tablet of the same composition as shown in Figure 3-70 were compared, the velocity
profiles were basically identical in most cases. The only deviation could be observed if ACP was

one of the components, especially when combined with MS.

When comparing the classic Heckel plots in Figure 3-71, it is visible that the blends and layers
showed a similar behaviour. However, the MS/MCC combination showed more variation in the
Heckel plot compared to the velocity profiles, owing to the slightly higher SF reached by the blend
at the same applied pressure. One possible explanation could be that the amount of material was
not entirely equal for the two layers. While the blends were prepared beforehand and thus had a
consistent composition, the layers were added individually which could lead to inconsistencies. In
addition, some material was pushed out of the die during compression which especially for the

upper layer resulted in a decrease of material and a subsequent change in weight percent.
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Figure 3-71: Heckel plots of the binary mixtures and layers (n = 3). ACP = anhydrous calcium phosphate,
MN = Parteck M 200, LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch.

Nonetheless, the overall close resemblance between the blends and layers in the velocity plots
indicates the sound waves traverse both materials in a binary mixture. Additionally, this indicates
the deformation of the single particles is, to a point, independent of the presence of a second
material with different properties, e.g., hardness, in close proximity. The only obvious deviation
was observed for the blends containing ACP. This could either signify the material exhibits
substantially different acoustic properties, deformation behaviour, or both. As it was compacted
with MS and MCC, both of which are markedly more elastic and also less dense, ACP is almost

certainly the acoustically harder material which could lead to pronounced attenuation of the
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signal if the sound wave passed between the two materials. It is, therefore, possible the arrival
probability of the sound wave increased in this case if the acoustically softer material was
circumvented. However, the Heckel plots also showed markedly different profiles. The second
scenario where the different profiles are caused by the difference in compression behaviour

between blends and layers can, therefore, not be excluded.

3.4.5 Ternary Mixtures

A tabletting mixture is usually composed of more than two components. Therefore, in addition
to the binary mixtures shown above, three ternary mixtures were prepared to see whether there
were tendencies visible concerning the calculated parameters in relation to the component
concentrations. The results of the ultrasonic measurements are depicted in Figure 3-72. The
ternary mixture of ACP, MCC and MS was closer to MS and MCC concerning the maximum SF and
velocity. This was expected since the corresponding binary mixtures showed a similar behaviour.
In addition, the volume fraction of ACP in this blend was only about 20%. However, the shape of
the signal was clearly different compared to MS and MCC: the velocity was higher, the
compression slope steeper, and there was no overlap towards the beginning of the
decompression process with the compression velocity. This was the case for longitudinal and
transverse velocity profiles, although there was a short range over which the transverse velocity
through the mixture was almost the same as through MCC, albeit slightly steeper. In addition, in
transverse mode, the compression signal was rather short compared to MCC, even though not as

short as the starch signal.

For the second set of excipients, maximum velocity and SF were close to LM. The velocity
increase during compression, however, was different. The increase was less steep, the velocity
drop during decompression less pronounced and in transverse mode the velocity through the
mixture was higher. One observable difference between longitudinal and transverse
measurements was the maximum velocity: while it was lower than LM in longitudinal mode, it
was slightly higher in transverse mode. It must be noted that in longitudinal mode the maximum

velocity reached through the three components was overall closer than in transverse mode.
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Figure 3-72: Ultrasonic measurements through ternary mixtures (red) and their respective components
(n=3). ACP=anhydrous calcium phosphate, MN = Parteck M 200, LM = Tablettose 100,
MCC = Vivapur 101, MS = maize starch. Plots in one row share y-axis; plots in one column share x-axis.

To better compare the mixtures to their components, the compression slope was calculated
and is shown in Figure 3-73. The steepest slope by far was shown by ACP, followed by LM. The
two mixtures showed about the same rate of increase, slightly less steep than MN. This is
interesting to see as it shows that the influence of ACP was not as pronounced as that of MS and
MCC on the overall velocity increase. This can be related to the discrepancy between %V and %w

fraction. The increase rate through the second mixture was right in between its components.
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Figure 3-73: Compression slope calculated using the longitudinal (top) and transverse (bottom) velocity
measurements. Arithmetic mean £ sd (n = 3). ACP = anhydrous calcium phosphate, MN = Parteck M 200,
LM = Tablettose 100, MCC = Vivapur 101, MS = maize starch. Plots in one row share y-axis.

The decompression parameters calculated using the longitudinal velocity are depicted in Figure
3-74. For the ACP/MCC/MS set, the tendencies were similar to those previously observed for the
binary mixtures. The decompression Slope and Ratio were similar to the elastic substances MCC
and MS, while AUC and Ac were closer to the inelastic ACP. Only the AUCr,; was right in between
the three materials. There was no similar tendency visible for the second combination. All
parameters were a blend of the individual parameters of the components. The only notable
exception was the Ac value which was almost as high for the blend as MCC, much higher than MN.

This showed the curvature was more pronounced for the mixture than for MN.
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Figure 3-74: Decompression parameters calculated using the longitudinal velocity results. Arithmetic
mean * sd (n=3). ACP =anhydrous calcium phosphate, MN = Parteck M 200, LM = Tablettose 100,
MCC = Vivapur 101, MS = maize starch. Plots in one row share y-axis.

3.4.6 Summary

It has been shown that the velocity through a binary mixture was influenced by both of its
components. However, as seen with the lubricated samples at concentrations of the second
component up to 2% there was no systematic velocity decrease or change of the velocity profiles

in either measurement mode visible. At higher concentrations of the second component the



96 Results and Discussion

profiles gradually changed, both, during compression and decompression. The slope of the
compression signal was shown to be proportionally related to the volume fractions of the
respective components in blends containing ACP. In the case of the MCC blends with MN and LM,
the slope was slightly closer to MCC even though there was not much difference between volume
and weight fraction which probably relates to its comparative softness. This was especially
interesting as the depiction of the compression process seemed to imply the progression was
closer to LM. This seeming similarity could be explained by the similar maximum solid fraction
reached and resulting close proximity of the compression curves. It also showed that exhibiting

similar velocities at the same SF did not necessarily mean the curve progression was the same.

The decompression parameters were related to the respective components as well. Aside from
the velocity drop during decompression, all the other parameters were gradually changing with
varying composition. Here, there did not seem to be a correlation between volume fraction and
parameter. AUC, AUCry and Ac resembled ACP more closely than either MCC or MS. This seemed
to imply that ACP had a higher influence on those parameters and consequently the pore size

increase during decompression.

Similar to the behaviour of binary mixtures, the velocity profiles were also related to all
components in a ternary mixture. Again, the influence on the compression was roughly
proportional to the volume fraction of the components. For the decompression parameters it was
difficult to tell which component primarily influenced the shape of the signal as there are many

factors to consider.
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4 Summary

The aim of this work was the evaluation of the KIM system and its applicability to the
characterisation of pharmaceutical materials. It has been shown that the set-up is capable of
performing highly repeatable velocity measurements, for longitudinal and transverse ultrasonic
waves, both in succession and on consecutive days, which in turn allows the comparison of data
gathered at different time-points. The amplitudes of the sound waves on the other hand are prone
to fluctuations, which makes their assessment difficult. The visualisation chosen for the
measurements was velocity as a function of SF which offered additional information about the
relative density of the materials reached during compression and facilitated spotting differences
between the materials. The two different measurement modes gave similar results. However, the
longitudinal velocity was always higher compared to transverse and was more sensitive to small

changes in the porosity at high solid fractions.

All velocity profiles showed the same basic progression: the velocity increased during
compression, reached a maximum at roughly the maximum SF, and then decreased during
decompression until the signal stopped. However, the exemplary excipients used for the
measurements showed noticeable differences in their velocity profiles concerning maximum
velocity reached, maximum SF, rate of velocity increase and velocity drop. Those differences were
not exclusive to different chemical structures, but also observed for different grades of the same
material. In addition, it was shown that the different velocity profiles were not caused by different
initial particle sizes, although especially for MCC which is known to densify through plastic

deformation, a slight decrease in velocity with decreased particle size was observed.

As ultrasound is known to be influenced by the pore volume of a material and the shape of the
pores, the explanation for the different profiles currently deemed most likely is the changing pore
structure during compaction exhibited by the materials depending on their deformation
behaviour. The initial linear increase of velocity during compression correlated with the
fragmentation of a material: the more prone to fragmentation, the steeper the slope during
compression of the material. The decompression signal was indicative of the elasticity or more
precisely, the immediate elastic recovery of a material. In addition, the changes in ultrasonic
velocity, i.e., the velocity drop, could be an indication towards the changes undergone inside the
compact during decompression caused by the elastic recovery. As the KIM system is limited to one

set of flat punch tips and a rather slow compaction profile, there was no lamination observed.

As the speed of sound is linked to the elasticity parameters of a material, apparent Young’s

Modulus, Poisson’s Ratio and Shear Modulus could be calculated. YM and SM were shown to
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increase with increasing SF which is a sign of increased resistance against elastic and shear
deformation with decreasing porosity. This has also been observed by other authors using
different means for the calculation of the moduli. The change in PR on the other hand was

different for different materials.

Lastly, the changes in the profiles with intermixture of a second component was investigated.
Internal lubrication with up to 2% of MgSt did not systematically alter the results. Adding a second
component in higher amounts (25 and 50% were tested here), however, changed the velocity
profiles. The calculated parameters, elasticity parameters, as well as the maximum velocity and
SF were in between the respective components which could allow observing changes in the

behaviour of a material in regard to its components with varying composition.

Overall, ultrasonic in-die measurements could help in the better understanding of the
compaction process, by offering insights into the changes in pore structure during compression
and decompression. However, it must be noted that none of the parameters calculated using the
velocity profiles so far could explain the differences in tensile strength observed for the different
materials. They are then not a measure of the bonding strength of a material. As there was only
one set of punch tips available, whether these results could be transferred to different punch
diameter and shape, both of which have a huge impact on the tablet properties, could not be
affirmed. To find a practical application for the system, several steps must be taken: a) Different
punches must be tested to check whether the results presented here are independent of punch
size and shape, b) The data set needs to be expanded by adding materials with a wider variety of
compression characteristics to better being able to separate the different processes happening
simultaneously, and c) Establish a number of parameters to perform statistical analysis, e.g.,
through multi variate data analysis, to investigate whether one or a combination of in-die
parameters can be used to predict the out-die performance of a single material or a tabletting

mixture.
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5 Experimental Part

Parts of this section have already been published in the International Journal of Pharmaceutics

(Kern et al., 2022). The content was linguistically adapted, and data sets were partly extended.

5.1 Materials

Five commonly used excipients were chosen as exemplary materials in this work to cover a

wide variety of compaction behaviours. In some cases, several different grades were used to

account for different requirements depending on the experiment.

Table 5-1: Pharmaceutical excipients used for the ultrasonic in-line analysis.

Substance

Abbreviations

Grade

Supplier

Calcium hydrogen

phosphate, anhydrous

Microcrystalline Cellulose

Mannitol

Maize Starch

a-Lactose Monohydrate

Milled

Vivapur® 101
Vivapur® 102
Vivapur® 112

Parteck® M 200
Parteck® Delta M
D(-)-Mannit
Pearlitol® 200SD

Native
Starch 1500°

Tablettose® 100
Granulac® 200

Merck Millipore, Darmstadt, Germany

JRS Pharma, Rosenberg, Germany
JRS Pharma, Rosenberg, Germany
JRS Pharma, Rosenberg, Germany

Merck Millipore, Darmstadt, Germany
Merck Millipore, Darmstadt, Germany
Roquette, Lestrem, France
Roquette, Lestrem, France

Roquette, Lestrem, France
Colorcon, Harleysville, USA

Meggle, Wasserburg, Germany
Meggle, Wasserburg, Germany

Additionally, magnesium stearate (MgSt; Peter Greeven, Bad Miinstereifel, Germany) was used

as lubricant.
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5.2 Methods

5.2.1 Powder Characterisation

5.2.1.1 Particle Density

For the determination of the particle density of the powders the UltraPyc 1200e gas expansion
pycnometer (Quantachrome, Boynton Beach, Florida) was used. The apparatus contains a sample
and a reference cell, where the sample cell is filled with a powder sample of a defined mass. The

volume of both empty cells is known.

At the beginning of the measurement the air was removed from both cells through vacuum.
Then they were separated, and the sample cell was filled with a gas —in this case nitrogen — up to
the target pressure of 19 psig. Once the pressure was stable, the connection between the cells
was opened and due to the expansion of the gas, the pressure fell. The sample volume could now

be calculated using the Boyle-Mariotte law:

Pl (5_1)

Vs:  Sample volume [g/mL]

Ve: Volume of empty sample cell [g/mL]

Vi:  Volume reference cell [g/mL]

Pi:  Pressure dafter filling of the sample cell [bar]

P,:  Pressure after opening connection [bar]

Since this method is based on the determination of the gas volume displaced by the solid
material, intraparticular cavities or pores too small for the gas to enter will be interpreted as solid.
The particle density is, therefore, lower than the true density of the material, but is commonly

used as an estimate or a substitute.

There are four measurement cells available: micro, small, medium and large. The medium cell
with a sample volume of 40 mL was used in this study. The cell was filled with the powder up to
80% of its volume and the sample mass was determined. Each sample was measured until the
relative standard deviation of three consecutive runs dropped below 0.05%. The mean value of

those three runs was calculated. Per material, three samples were measured.

The pycnometric density of every substance and blend measured using the KIM system was

determined. The results of each material can be found in Appendix Table A-1 and Table A-4.
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5.2.1.2 Particle Size Distribution
The particle size distribution (PSD) of the different powders was determined using the Camsizer
X2 (Retsch Technology GmbH, Haan, Germany). The underlying measuring principle is the dynamic

image analysis (DIA) according to 1ISO 13322-2.

Two cameras — the Basic camera with a range of 50 — 3000 um and the Zoom camera which
detects particles between 1 and 100 um — are positioned opposite of two light sources. Each
camera takes about 300 pictures per second. Whenever a particle passes between camera and
light source, a shadow appears on the picture. The diameter of the particles is then measured
through the number of pixels appearing black. Five different size definitions are available with the
Camsizer (Figure 5-1). In this work xc_min has been chosen, as it is closest to the diameter

measured via sieve analysis, which is still the standard method of PSD analysis in many places.
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Figure 5-1: Size definitions available with the Camsizer X2. xMamin = length of smallest area bisector
(Martin diameter), xc_min = inner particle width, xFemin = smallest Feret diameter, x_area = diameter of
circle of same area as particle projection, xFemin = largest Feret diameter.

For dry powders the measurement can be carried out using two different cartridges: X-Fall and
X-Jet. With X-Fall the sample falls vertically through the measuring gap and is dispersed via gravity.

With X-Jet the dispersion is done by compressed air.

In this study the X-Jet module was used with an applied pressure of 20 kPa. Per run, 10 mL

sample were used, and each material was measured in triplicate.
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5.2.1.3 Loss on Drying

The LoD was determined for all pure substances used in this study with the Moisture Analyzer
HE53 (Mettler Toledo, Columbus, Ohio). The sample was spread out on an aluminium pan and
heated to 105 °C until the mass reduction was below 1 mg in 50 s. The LoD measurements were

performed in triplicate.

5.2.2 Powder Compaction

5.2.2.1 Tablet Preparation

All compression experiments were performed on the compaction simulator Styl’One Evolution
(Medelpharm, Lyon, France), an instrumented single station tablet press capable of mimicking the
punch movements of production scale rotary tablet presses. The force exerted during
compression is measured by two piezo-electric load cells per punch capable of covering forces up
to 50 kN. The displacement is determined by two incremental sensors for UP and LP, each. The
punches move individually which allows for adjustment of the movement profile as needed for

the experiments.

To correlate tablet properties with the ultrasonic data, tablets were prepared for the single
substances as well as the excipient blends explained in Chapter 5.2.3.5.11. 11.28 mm round, flat
Euro norm B punches were used for the experiments. The 300-300 compression profile, shown in
Chapter 5.2.3.5.1, was chosen. The target force was 25 kN, corresponding to 250 MPa. For
Vivapur 101, Parteck M 200 and Tablettose 100 additional tablets with 15 and 20 kN were
prepared. The lower forces were reached by increasing the compression thickness, i.e., the
minimum distance between punches, while keeping the sample mass constant. Per force level 10
tablets were prepared. The die was filled manually and externally lubricated using MgSt powder
applied with a brush to minimise the influence of the lubricant on the resulting tablets. The sample
weight was 300 mg (+ 2 mg) for all substances except ACP where the weight was increased to
450 mg (+ 2 mg). The samples were prepared on an XS204 balance (Mettler Toledo, Langen,

Germany).

5.2.2.2 Double Compression

The same materials as before were used for the double compaction experiments. The
compression part of the 300-300 profile was doubled as depicted in Chapter 5.2.3.5.8. The
compression thickness was set to the same value as the 25 kN tablets of the force study to allow

comparison between the two tablet groups.
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5.2.2.3 Tablet Characterisation

After 24 h the tablets produced according to Chapters 5.2.2.1 and 5.2.2.2 were individually fed
into the Multicheck VI (Erweka, Langen, Germany) where in succession tablet mass, height,
diameter, and breaking force were measured. The breaking force of the tablets was determined
via diametral compression test: the tablets were placed between a static metal wall and a moving
platen. The platen moved towards the wall with a velocity of 2.30 mm/s, thus applying a force to

the tablet. The force at which tablet failure occurs is registered and referred to as breaking force.

5.2.3 The KIM System

5.2.3.1 Set-Up

The ultrasonic measurement were performed with the KIM system introduced by Hagelstein
et al. (2019), an add-on to the Styl’One Evolution. The KIM system consists of several hardware
components which have to be installed prior to the measurements: two sets of transducers
(longitudinal: Olympus V112-SM 10 MHz; transverse: Olympus V156-RM 5 MHz; Olympus Europe,
Hamburg, Germany), two sets of punches, four external incremental displacement sensors (upper
punch: Magnescale DK812SAR5; lower punch: Magnescale DK25PR5; Magnescale Europe,
Wernau, Germany), a pulser and a receiver unit (both OLYMPUS 5077PR, Olympus Europe,
Hamburg, Germany), and a work station. The measurement set-up inside the tablet press can be

seen in Figure 5-2.

Punches

Displacement e

sensors e,

Die holder
with die

Figure 5-2: Set up of the KIM-System. Published in Kern et al. (2022).

The punches are custom made, hollow, Euro norm D punches with removable 13 mm, round,
flat punch tips as shown in Figure 5-3. While there is one set of punches for each measurement

mode (transverse and longitudinal), the same punch tips are used in all cases.
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Figure 5-3: Punch set used for transverse KIM measurements including removable punch tips.

The sound waves are generated by vibrations of the piezoelectric transducers generated

through transformation of an electrical signal. The sound pressure is proportional to the voltage

used in the generation of the signal. Reversely, the voltage of the received signal is proportional

to the pressure of the detected sound wave. The piezoelectric US-transducers are integrated into

the punches and connected to the punch tips through a couplant which allows the transmission

of the signal into the punch tips. The recommended coupling agents are glycerol for longitudinal

and honey for the transverse transducers. In the KIM set-up, the transducer in the upper punch

(UP) generates the sound wave and also receives signals, whereas the transducer in the lower

punch (LP) only receives. The measurements are done during the whole compaction process in

the pitch-catch, i.e., transmission, mode: The signal is sent by the transducer in the UP and

received in the LP as depicted in Figure 5-4.
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Figure 5-4: Measuring principle of the KIM-System. Published in Kern et al. (2022).
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5.2.3.2 Data Acquisition and Pre-Processing

The ultrasonic data, the displacement measurements and the recorded forces are sent to the
workstation where the pre-processing is taking place. Figure 5-5 shows an US signal recorded by
the LabView based KIM++ software (Romaco Kilian, Cologne, Germany). The blue signals are the
reflections detected by the transducer in the UP and the red signals are the transmissions. The
TOF is measured from the start of the excitation pulse (first blue signal) to the maximum of the
first transmission pulse for longitudinal measurements. In transverse mode the minimum is
detected instead. The amplitude of the ultrasonic signal can be adjusted by changing the gain
setting and thus the amplification of the signal in the receiver unit connected to the transducer in
the lower punch. The clearest signal peaks are detected at amplitudes between 0.1 and 1V.
Depending on the acoustic properties of the powder, the signal has to be amplified or dampened.
Since longitudinal sound waves are faster than transverse waves, the time window for the peak

detection is set to 16 and 32 s, respectively.
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Figure 5-5: Screenshot of US signal as detected by the KIM++ software (blue: reflection; red: transmission).

The trigger signal sent by the Styl’One after the start of the compression process is detected
by the KIM++ software and provides the starting point of the data recording. However, to decrease
the size of the resulting files it is possible to manually adjust the time window, by adding a waiting
time before the recording starts, and setting the length of the acquisition. Additionally, the sample
rate can be changed. The maximum setting is 5000 Hz. Time, TOF, measured signal amplitude,
force and displacement are then displayed as shown in Figure 5-6, and summarised in a text file

for each measurement.
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Figure 5-6: Data as recorded using the KIM++ software; UP displacement (blue), LP displacement (red),
distance between punches (pink), US intensity (green), TOF (black), compression force (dark red and blue).

The further processing of the data is performed with the MATLAB-based TabAnalyzer V 2.4
(Romaco Kilian, Cologne, Germany). The punch diameter, powder density, mass of the compact
after ejection, gain and corrections to be applied (refer to 5.2.3.4) are entered and the text files
are loaded into the software. The additional parameters solid fraction, pressure, ultrasonic
velocity and actual amplitude are then calculated, and the results displayed to check the

plausibility of the results. The processed data can then be exported as .csv or Excel file.

5.2.3.3 Calibration

Before each measurement, force and displacement need to be tared. To tare the displacement
sensors a 5 mm metal tablet is used. A force between 2.7 and 3 kN is applied via a specially
prepared slow compression profile with extended dwell time. The first input parameter is the
punch position at the minimum distance between the punches, i.e., the metal tablet height, the

second input parameter is the position of the lower punch after ejection, i.e., the zero position.

Afterwards the metal tablet is measured to check the success of the taring and if the height is
within a 5 um margin of the true value (4.9976 mm) before the measurements can be performed.
The tablet height is determined again after the measurements are performed to check the

displacement sensors and to rule out dislocation of the holders during the compaction process.
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5.2.3.4 Correction Values

Three correction values had to be determined beforehand and then applied to the raw data:
TOF through the punches, punch deformation, and changes of TOF with increasing pressure during
compaction. The factors were determined in triplicate each on three consecutive days resulting in

nine values per factor.

5.2.3.4.1 Time of Flight Through the Punch Tips

For the velocity calculations only the TOF through the powder bed is of interest. Therefore, the
residence time of the signal in the punch tips had to be measured and subtracted from the total
TOF. For the determination the punches were placed tip-on-tip, connected by the respective
coupling agent, and an ultrasonic pulse was sent. Then the TOF ultrasonic data was transferred
from the KIM++ software to an Excel sheet prepared by Solids Development Consult (SDC). The

determination was performed for both modes.

/
UpP
Coupling
_—" Agent
Ultrasonic
LP\ Pulse

Figure 5-7: Set-up of the punch-on-punch measurements for the determination of the US velocity through
the punch tips.

5.2.3.4.2 Punch Deformation

During a compression cycle on a tablet press, the forces applied do not only induce changes in
the powder bed but also in the punches, if to a lesser extent. This can be seen when looking at the
compaction of the 5 mm metal tablet used for taring of the system as depicted in Figure 5-8. The
measured tablet height decreases linearly even though the distance between the punches is
constant at 5 mm, due to the metal tablet placed between them. This was caused by the

deformation of the punches.
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Figure 5-8: Compaction of the metal tablet using the longitudinal punch set, recorded using the external
displacement sensors of the KIM system.

The correction factor was obtained by performing punch-on-punch measurements and
determining the slope of the height decrease with increasing compression force using an Excel

template provided by SDC.

5.2.3.4.3 TOF Correction

With increasing compression pressure and resulting punch deformation, the TOF of the
ultrasonic signal through the punches decreases as well. Therefore, the change in velocity was
determined analogue to the punch deformation. The tablet height was swapped with the TOF as

shown in Figure 5-9 and the slope of the linear decrease was calculated.
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Figure 5-9: TOF of the longitudinal signal with applied pressure. Maximum (MAX) used for velocity
determination. Minima before and after maximum peak.
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5.2.3.4.4 Calculations

The correction factors determined for the KIM system are summarised in Table 5-2.

Table 5-2: Correction values used for the calculation of the velocity throughout the compaction process;
standard deviation in brackets.

Mode TOFpunches Punch Deformation TOF orr
[ps] [mm/kN] [ms/kN]
Longitudinal 12.3102 (+ 0.0046) 3.9608 (+ 0.0101) 1.2345 (+ 0.1118)
Transverse 20.5998 (+ 0.0120) 3.4294 (+ 0.0092) 0.9388 (+ 0.0705)

The actual distance between punches, i.e., corrected powder bed height was calculated via an

extended linear correction:

h =TH + (Defcorr * Favg — Def corr * Frer) (5-2)
h: Corrected powder bed height [mm]
TH: Measured tablet height [mm]
Defcorr: Punch deformation [mm/kN]
Fovg: Applied force during compression [kN]
Fref: Reference force measured during taring [kN]

The reference force is used to compensate the non-linear deformation at lower forces. It is the

force used during the taring.

The TOF through the powder bed is calculated using the following equation:

ToFpowger = ToFy — (TOFUP+LP - TOFcorr * Favg) (5-3)

TOFpowder:  TOF through the powder bed [us]

TOFo: Measured TOF [us]

TOFypsip: TOF through upper and lower punch [us]

TOF corr: Change of TOF with applied pressure [us/kN]
Fovg: Average compaction force of UP and LP [kN]

Using TOF,owder, and h, the velocity of the sound wave can be calculated:

_ h

- TOFPowder (5_4)
c: Velocity of the ultrasonic wave (longitudinal or transverse) [mm/us]
h: Corrected powder bed height [mm]

TOFpowder:  TOF through the powder bed [us]
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5.2.3.5 Ultrasonic Measurements

5.2.3.5.1 Standard Set-Up

The ultrasonic measurements were done in hand-fill mode on the Styl’'One. The samples were
individually weighed on a XS204 balance (Mettler Toledo, Langen, Germany) before being
transferred into the die. The fill-depth was in most cases 10 mm, except for the Vivapur grades
where it was adjusted to 13 mm to account for the low bulk density of the materials. Lubrication
was in most cases done externally with magnesium stearate powder applied with a brush. The
only exception were the lubrication experiments where the lubricant was added to the powder

material.

The default compaction profile used in this work was the V-shaped 300-300 profile depicted in
Figure 5-10. The compression time was set to 600 ms with compression and decompression each
taking 300 ms, and no extended dwell time. The compaction was performed symmetrically which

means the force was applied by both punches.

Filling Compression #1 Ejection
1000 Upper punch approach 600 laxation #1| 200
527 300
I | | I | | | | | | I | 1 | I
4] 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
Time (ms)

Figure 5-10: 300-300 compaction profile. All numbers are time in ms.

The sample weight was in most cases 500 mg (+ 2 mg). The exception was ACP with its high
density and the corresponding powder mixtures. The target maximum pressure applied during
compaction was 250 MPa which corresponds to approximately 32 kN using 13 mm punches. The
receiver gain was adjusted, so an amplitude between 0.3 and 1 V was reached (refer to Appendix
Table A-2). The produced tablets were weighed again after compression. The measurements were

performed in triplicate per mode and substance.

Measurements were excluded and repeated if one of the following criteria was not met:
maximum compression force above 30 kN, intact tablet obtained, maximum ultrasonic amplitude
between 0.3 and 1V, an intensity maximum detected for longitudinal or a minimum for transverse
and the tablet thickness of the metal disc used for calibration was within 5 um of the true height

when checked with the KIM system after the measurements.

The standard KIM measurements were performed for every substance mentioned in Table 5-1.
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5.2.3.5.2 Repeatability

When establishing and evaluating a new characterisation method it is important to ensure its
repeatability, both consecutively and on different days. Therefore, eight back-to-back
measurements were performed per substance and mode. The materials chosen for this study
were Parteck M 200, Granulac 200, Tablettose 100 and Vivapur 101. Afterwards, the KIM set-up
was dismantled. The next day, punches and displacement sensors were reassembled, and the

same materials were measured again. This was repeated on three separate days.

5.2.3.5.3 Compaction Speed

In addition to the aforementioned 300-300 profile, two faster compression profiles were
tested on six substances: Vivapur 101, Granulac 200, Tablettose 100, native maize starch, ACP and
Parteck M 200. The profiles were identical apart from the actual compaction time. It was reduced
from 600 to 200 and 100 ms, respectively. The target mass and the compression thickness were

identical to the standard measurements.

5.2.3.5.4 Different Particle Sizes

Three substances previously measured using the KIM system with comparatively large PSD
were separated into three sieve classes each. The sieves were chosen to ensure a) clear distinction
between the smallest and the largest class, and b) about the same amount of material in every

class. An overview of the materials and the respective size classes can be found in Table 5-3.

Table 5-3: Analysed materials and their size classes

Material Size class S [um] Size class M [pum] Size class L [um]
Parteck M 200 <100 100 - 180 > 180
Vivapur 102 <90 90-180 > 180
Tablettose 100 <90 90 -200 > 200

The two sieves were stacked on top of each other, and 120 g of material were placed on the
top sieve with the bigger mesh size. The separation was done on a vibratory sieve shaker (Retsch
Technology, Haan, Germany) for 10 min. Afterwards the PSD was determined with the

Camsizer X2 according to Chapter 5.2.1.2.

The KIM measurements were done as described in Chapter 5.2.3.5.1. The settings were

adopted from the previous compressions done using the full particle size range.
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5.2.3.5.5 Maximum Pressure

The standard KIM measurements were conducted at a maximum pressure of 250 MPa. To
check differences in the behaviour when lower pressures are applied, additional measurements
with 200 and 150 MPa were performed by increasing the compression thickness. The used target

thicknesses are listed in Appendix Table A-2.

5.2.3.5.6 Target Maximum Solid Fraction

The substances chosen were Parteck M 200, Granulac 200, Tablettose 100, Vivapur 101 and
native maize starch. The target SF was 0.9, which was the SFnq reached by Parteck M 200 when
250 MPa were applied. As this far surpassed the maximum SF reached by ACP (SFmax = 0.75), this
substance was not included in the experiment. The target SF was reached for the other substances
by increasing the compression thickness and thereby decreasing the maximum pressure

compared to the standard measurements as summarised in Appendix Table A-3.

5.2.3.5.7 Influence of Moisture Content

Starch 1500 and Vivapur 112 two excipients known for their hygroscopicity, were stored under
two different storage conditions for 8 weeks. The conditions were reached by adding saturated
saline solutions into three different desiccators: The largest desiccator was prepared with sodium
chloride to reach a relative humidity of 75% and two smaller ones with sodium bromide which
resulted in 60% relative humidity. To keep the exposure time of the samples to the ambient after
storage as short as possible, 15 samples of 500 mg powder per humidity were filled into glass vials
which were closed immediately after the desiccators were opened. The individual samples were

weighed before and after storage.

Figure 5-11: Desiccators containing the powder samples and the saturated salt solutions.

Additionally, fifteen samples were prepared per substance and dried for 24 h at 30°C in a
vacuum drying cabinet (PINK, Wertheim, Germany). The materials were then measured with the
KIM system using the same settings as for the non-treated samples previously characterised. The

remaining samples were used to determine the LoD in triplicate.
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5.2.3.5.8 Double Compaction
The compaction profile used for the double compaction experiments is shown in Figure 5-12.

A short relaxation time and a second identical compression cycle were added to the 300-300

profile.
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Figure 5-12: Multi-compression profile. All numbers denote time in ms.

The target pressure was 250 MPa in both compressions. The settings were adopted from the

single compression experiments.

5.2.3.5.9 Lubrication
The standard KIM measurements were all done with external lubrication. In addition,
measurements were performed on Vivapur 101, Parteck M 200 and Tablettose 100 with varying

MgSt concentrations in the commonly used range: 0.5, 1 and 2%.

The components were weighed, and the MgSt was sieved through a 500 um sieve to loosen
possible agglomerates and added to the other component, before being blended for 5 min at
32 rpm in the Turbula T2C tumble blender (Willy A. Bachofen, Muttenz, Switzerland). The
Pycnometric density of the blends was then determined in triplicate. The compression
experiments were conducted following the procedure described for the externally lubricated

materials in Chapter 5.2.3.5.1 without the addition of MgSt powder before compaction.

5.2.3.5.10 Blends and Layers

The ultrasonic velocity through binary mixtures of previously studied excipients was measured
and compared to the velocity through two layers of the same materials. Overall, five materials in
six combinations were tested which can be summarised into two groups as shown in Table 5-4.

Table 5-4: The five excipients divided into two groups. Each excipient was combined with the other two
materials in its group

Group 1 Group 2
Native maize starch Parteck M 200
ACP Tablettose 100

Vivapur 101 Vivapur 101
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Of every combination in a group a binary mixture consisting of equal weight parts was prepared
by sieving the materials through a hand sieve with a 500 um mesh size to loosen agglomerates
and improve the miscibility, and then blending them in the Turbula blender for 15 min at 32 rpm.
The blends were compacted on the Styl’'One and analysed using the KIM system according to the

standard KIM procedure.

In parallel, two-layer tablets were produced by weighing the components individually (250 mg
per substance except for the combinations containing ACP where 280 mg per component were
used) and pouring them consecutively into the die. To prevent intermixing of the layers, the first
substance was flattened using a specially designed 3D-printed cylindrical devise (dubbed Mylinder

and shown in action in Figure 5-13) before the second component was added.

&
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Figure 5-13: Flattening of the lower substance with the Mylinder before addition of the second
component.

5.2.3.5.11 Binary Mixtures

Additional blends of Group 1 were prepared to track the changes in velocity with varying
composition. 25/75 and 75/25% (%w) blends were prepared as described in Chapter 5.2.3.5.10.
The blends were then measured via the standard KIM measurement approach using the 300-300

profile.

5.2.3.5.12 Ternary Mixtures
Two ternary mixtures were made using equal amounts (%w) of the substances of groups 1 and
2 respectively (Chapter 5.2.3.5.10). The KIM measurements were then performed as described

above.



Methods 115

5.2.4 Data Processing
The ultrasonic data exported using the TabAnalyzer software was processed using a script
written in Python 3. The main packages used in the calculations and later plotting of the data were

scipy, pandas, numpy and matplotlib

5.2.4.1 Data Filtering and Separation

The first point that was removed was the first velocity value which was in all cases calculated
using an artificially created velocity value of zero by the TabAnalyzer software. The initial jump of
the velocity caused by the erroneously assigned later peak as the main peak was filtered by
excluding all data points during compression where a velocity increase of 0.03 (longitudinal) or
0.015 (transverse) was detected, which corresponds roughly to one fifth of the arrival difference

between the peaks in the two measurements modes.

For the subsequent calculation, compression and decompression were separated through the
maximum SF and velocity. The compression was defined as starting at the beginning of the steady
signal and ending at the velocity maximum, while the decompression was defined as starting at

the SF maximum ending at the signal stop.

5.2.4.2 Relative Standard Deviations

To assess the repeatability of the measurements and the effect of e.g., PSD or lubrication on
the measured velocity, the standard deviations during compression were calculated in SF steps of
0.1. First the standard deviation was calculated at the same SF for successive measurements of
the same material, then the deviation at the same SF was calculated for the different conditions,
e.g., the same material at different days, or with different amounts of added lubricant. For the
repeatability measurement, e.g., this resulted in the standard deviation between 24 single
measurements (eight measurements on three days) while it was 12 for the lubrication samples (3
measurements for each of the 4 lubrication levels). Since the absolute velocity values differed
throughout the compression process and between different materials, the relative deviation in

percent is given.
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5.2.4.3 Elasticity Parameters

For the calculations of Young’s Modulus, Poisson’s Ratio and Shear Modulus, equations (1-18),
(1-19), and (1-15) — the latter solved for the Shear Modulus — were used. They were calculated
during the whole compression phase in the same SF increments as the standard deviations. As for
YM and PR both, longitudinal and transverse velocities are needed, for each substance, nine values
were obtained, owing to the nine different combinations of longitudinal and transverse
measurement. On the other hand, only three Shear Modulus values were obtained, since for the

calculations only the transverse velocity is needed.

5.2.4.4 Compression and Decompression Parameters
The compression and decompression parameters were calculated as described in Chapters 3.2
and 3.3.2. Each parameter was determined for every measurement performed with the respective

material.

5.2.4.5 Heckel Yield Pressure

The linear part of the Heckel plot was defined through the inflection point, i.e., the point of the
compression where the first derivative was at its minimum. From this point on, the end of the
linear portion was defined as the pressure at which the first derivative deviated more than 15%
from the minimum. The start was determined through repeated linear regression until the R?

between start and determined endpoint first surpassed 0.998.
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Table A-1: Powder characteristics of the raw materials (n = 3); Standard deviation in brackets.
Material Density D10 D50 D90 LoD
[g/mL] [um] [um] [um] [%]
ACP 2.9667 (+ 0.0188) 5.0 (¢ 0.1) 18.6 (£ 0.1) 30.9(+0.1) 0.22(+0.01)
Granulac 200 1.5548 (+ 0.0038) 10.5 (+ 0.3) 37.4 (+1.1) 107.9(+1.0)  0.08 (+0.02)
Tablettose 100 1.5560 (+ 0.0048) 45.1 (£ 0.3) 135.6 (£ 1.7) 347.8 (+4.5)  0.34 (+0.05)
Parteck M 200 1.5210 (+ 0.0117) 69.1 (+ 1.6) 139.1 (+ 1.5) 213.5(£2.3)  0.17 (£ 0.05)
Pearlitol 200 SD 1.4836 (+ 0.0029) 91.9 (£ 0.9) 144.9 (£ 0.1) 205.7 (+0.5)  0.22(+0.02)
D(-)-Mannit 1.5043 (+ 0.0034) 28.8 (+0.4) 83.7 (£ 0.4) 186.1(+1.5)  0.13 (+0.03)
Parteck Delta M 1.5253 (+ 0.0019) 15.8 (£ 0.1) 47.6 (£ 0.8) 151.1(+2.2)  0.08 (£ 0.06)
Vivapur 101 1.5899 (+ 0.0094) 20.5 (+ 0.4) 49.7 (£ 1.7) 107.7 (£0.9)  4.56 (+ 0.06)
Vivapur 102 1.5990 (+ 0.0052) 31.9 (+ 0.5) 109.5 (+ 0.8) 199.0 (+0.5)  4.17 (+0.09)
Vivapur 112 1.5756 (+ 0.0046) 27.2 (£ 0.4) 97.7 (£ 2.5) 197.2 (+1.1)  2.38(+£0.18)
Native Maize Starch 1.5338 (+ 0.0068) 10.5 (+ 0.0) 16.0 (+ 0.0) 22.0(+0.0) 10.97 (+0.02)
Starch 1500 1.5080 (+ 0.0028) 20.5 (+0.2) 89.7 (+0.3) 156.5 (+0.2)  8.80 (+0.11)

Table A-2: Set parameters for the standard KIM measurements of the raw materials.

Material Target thickness [mm] Gain long [dB] Gain trans [dB]
ACP 1.00 -3 -9
Granulac 200 1.40 1 1
Tablettose 100 1.40 -4 -5
Parteck M 200 1.50 -1 -1
Pearlitol 200 SD 1.50 -1 3
D(-)-Mannit 1.40 -1 5
Parteck Delta M 1.45 -1 3
Vivapur 101 1.20 5 15
Vivapur 102 1.20 5 17
Vivapur 112 1.20 5 17
Native Maize Starch 1.30 7 15
Starch 1500 1.30 5 15

Table A-3: Target compression thickness set to reach different maximum pressures in mm.

Material 250 MPa 200 MPa 150 MPa
Parteck M 200 1.50 1.88 2.24
Tablettose 100 1.40 1.75 2.06
Vivapur 101 1.20 1.40 1.60
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Table A-4: Pycnometric density of the mixtures prepared from the raw materials in Table A-1 (n =3);
Standard deviation in brackets.

Material Composition Density

[%w] [g/mL]
MN/LM 50:50 1.5406 (+ 0.0016)
MN/MCC 50:50 1.5658 (+ 0.0022)
LM/MCC 50:50 1.5829 (+ 0.0023)
ACP/MCC 75:25 2.4496 (+ 0.0082)
ACP/MCC 50:50 2.0841 (+ 0.0071)
ACP/MCC 25:75 1.8144 (+ 0.0083)
ACP/MS 75:25 2.4050 (+ 0.0057)
ACP/MS 50:50 2.0071 (+ 0.0042)
ACP/MS 25:75 1.7230 (+ 0.0050)
MCC/MS 75:25 1.5986 (+ 0.0057)
MCC/MS 50:50 1.5638 (£ 0.0022)
MCC/MS 25:75 1.5359 (+ 0.0076)
ACP/MCC/MS 33:33:33 1.8247 (£ 0.0052)
MN/LM/MS 33:33:33 1.5560 (+ 0.0017)

Table A-5: Compression slope calculated for the materials used in this work in longitudinal and transverse
mode (n=3); Standard deviation in brackets.

Material Longitudinal Compression Slope Transverse Compression Slope
[mm/us] [mm/us]
ACP 10.93 (+ 0.46) 7.67 (£ 0.12)
Granulac 200 7.45 (+ 0.08) 3.58 (+ 0.06)
Tablettose 100 6.01 (+ 0.07) 3.17 (£ 0.00)
D(-)-Mannit 8.79 (+ 0.16) 4.53 (+0.08)
Parteck Delta M 8.02 (£ 0.43) 4.50 (£ 0.02)
Parteck M 200 4.80 (+ 0.24) 2.69 (£ 0.02)
Pearlitol 200SD 4.40 (+ 0.05) 2.92(+£0.01)
Maize Starch 4.21 (£ 0.05) 1.62 (+ 0.01)
Starch 1500 4.93 (£ 0.03) 1.81(+0.01)
Vivapur 101 3.52 (+0.07) 1.81 (+0.01)
Vivapur 102 3.88 (+ 0.28) 1.72 (+ 0.01)
Vivapur 112 3.64 (£ 0.16) 1.74 (£ 0.00)
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Table A-6: Parameters of Equation (3-4) determined for the longitudinal velocity profiles using Python's

scipy.optimize package.

Material yo a b c

[mm/us] [mm/us] [mm/us] []
ACP -4.82 10.88 8.95E-19 49.48
GranuLac 200 -3.24 6.56 3.57E-07 14.01
Tablettose 100 -1.00 3.44 1.13E-02 4.81
Parteck M 200 -1.65 0.00 1.82E+00 1.13
Native Maize Starch -0.91 3.61 4.54E-07 14.14
Vivapur 101 -0.43 2.89 3.20E-05 10.07

Table A-7: Parameters of Equation (3-4) determined for the transverse velocity profiles using Python's

scipy.optimize package.

Material yo a b c

[mm/us] [mm/us] [mm/pus] [-]
ACP -5.85 0.00 3.51E+00 1.06
Granulac 200 -1.75 3.60 1.26E-07 0.11
Tablettose 100 -2.36 0.00 1.80E+00 0.86
Parteck M 200 -1.30 2.68 7.91E-01 0.00
Native Maize Starch -0.15 1.50 5.44E-18 36.42
Vivapur 101 -0.17 1.72 1.22E-14 29.69
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Figure A-1: Longitudinal and transverse US velocity through ACP, Tablettose 100 (LM) and maize starch
(MS), recorded using three different compaction profiles. The compaction times are 600, 200 and 100 ms,

respectively (n = 3). Plots in one row share y-axis; plots in one column share x-axis.
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Figure A-2: Relative standard deviations between three consecutive measurements calculated for one
exemplary grade per material. Plots share x-axis.
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Figure A-3: PSD determined via Camsizer X2 for the three sieve classes of Vivapur 102. S =small,
M = medium, L = large (n = 3).
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Figure A-4: Fit of Equation (3-4) to the experimental data measured in transverse mode including the
mean of the three individual measurements (blue) and the complete fit (solid line), linear expression i.e.
y0 + ax (dashed line) and exponential expression of the equation, i.e. be** (dotted line). Plots in one row
share y-axis; plots in one column share x-axis.
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Figure A-5: Overview over the Heckel yield pressures. Arithmetic mean + sd (n = 3).
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Figure A-6: Apparent Young’s Modulus and Poisson’s Ratio calculated for the mannitol grades using
longitudinal and transverse ultrasonic velocity and apparent Shear Modulus calculated using transverse
velocity through the materials during compression. Arithmetic mean + sd (YM and PR: n =9; SM: n = 3).

Plots share x-axis.
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Figure A-7: Apparent Young's Modulus and Poisson’s Ratio calculated for the MCC grades using
longitudinal and transverse ultrasonic velocity and apparent Shear Modulus calculated using transverse
velocity through the materials during compression. Arithmetic mean * sd (YM and PR: n =9; SM: n = 3).
Plots share x-axis.
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Figure A-8: Apparent Young’s Modulus and Poisson’s Ratio calculated for the starch grades using
longitudinal and transverse ultrasonic velocity and apparent Shear Modulus calculated using transverse
velocity through the materials during compression. Arithmetic mean * sd (YM and PR: n =9; SM: n = 3).
Plots share x-axis.
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Figure A-9: YM, PR and SM calculated for MCC, MS and their blends. Arithmetic mean + sd (YM and PR:
n = 9; SM: n = 3). Plots share x-axis.
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Figure A-10: YM, PR and SM calculated for ACP, MS and their blends. Arithmetic mean + sd (YM and PR:
n =9; SM: n = 3). Plots share x-axis.
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