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Abstract

Tablet compaction is a critical process in pharmaceutical manufacturing, in which heat arises
by friction between powder particles, interactions with the die wall, tableting instruments,
elastic and plastic deformation, and fragmentation of particles. Temperatures can often
exceed 50 °C, with literature indicating that localised heating may exceed 100 °C during
prolonged industrial-scale manufacturing. Despite this, the influence of elevated temperature
on tablet compaction remains insufficiently understood, particularly for commonly used
excipients that lacking a measurable glass transition temperatures (Tg) and multi-component
formulations. Furthermore, the impact of temperature on different tablet shapes and sizes

remains underexplored.

This thesis investigates the impact of compacting tablets at elevated temperature (70 °C)
through three studies: (1) assessing commonly used pure excipients, microcrystalline
cellulose, starch, and lactose monohydrate; (2) evaluating multi-component placebo
formulations exhibiting plastic, elastic, and brittle deformation characteristics; and (3)
examining tablets of different sizes and shapes (flat and convex, 6 mm and 10 mm). Results
reveal that temperature effects are highly dependent on excipient type, formulation

composition, and the geometry of round tablets.

At 70 °C, microcrystalline cellulose exhibited increased plasticity and tabletability, starch
demonstrated enhanced compressibility but reduced elastic recovery, and lactose displayed
greater plastic deformation suggesting that the impact of temperature may extend beyond the

proximity to the material’s Tg.

Multi-component formulations showed varying responses: the plastic formulation exhibited
greater densification and tabletability; the brittle formulation showed only moderate

increases; and the elastic formulation demonstrated the largest reduction in yield pressure.

Disintegration testing revealed that compaction at 70 °C significantly delayed disintegration
for plastic (35 £ 3 seconds to 150 & 13 seconds) and elastic (15 + 3 seconds to 93 £ 15
seconds) formulations at a fixed compaction pressure, with similar trends observed when
compacted to a solid fraction of 0.85. In contrast, the brittle formulation exhibited minimal
change under both conditions. The delays observed suggest temperature-induced changes in

particle bonding and microstructure. All formulations remained within USP disintegration



limits, but temperature-sensitive formulations may be at risk of performance variability

during manufacturing scale-up.

Tablet shape and size also influenced compaction outcomes at different temperatures. The
plastic formulation showed consistent temperature-induced rises in compressibility across all
the tested tablet shapes and sizes, while the elastic and brittle formulations responses varied.
Hyperspectral imaging revealed non-uniform stress distribution across the tested tablet shapes
and sizes, suggesting that an elevated die temperature may disrupt uniform stress distribution

during double-sided compression.

These findings underscore the need for direct experimental evaluation of temperature effects
in tabletting, to avoid undesired changes in tablet properties when scaling up from
development to commercial manufacturing scale, rather than relying on often hard-to-

measure thermal properties of excipients.
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Chapter 1 Introduction

CHAPTER 1: Introduction

1.1 Background and Context

During compaction, heat is generated through several mechanisms: interparticle and die-wall
friction, as well as the elastic and plastic deformation and fragmentation of materials (Hanus
and King, 1968; Zavaliangos et al., 2008). Previous studies have demonstrated that tabletting
temperatures frequently exceed 50 °C (Hanus and King 1968; Bechard and Down 1992).
Finite Element Analysis (FEA) models predict that internal tablet temperatures may exceed
external surface temperatures (Zavaliangos et al., 2008; Klinzing et al., 2010), with some
research proposing that localised heating may surpass 100 °C during prolonged industrial-

scale manufacturing (Pilpel et al. 1991).

Previous studies have explored the impact of temperature in tablet manufacturing by
developing various methods to apply controlled heat during compaction, including
thermostatically controlled jackets (Pilpel et al. 1991), modified tablet presses (Cespi et al.
2013; Casettari et al. 2016), and temperature-controlled dies (Matsumoto et al. 1991;
Partheniadis et al. 2020; Grumann et al. 2022, 2023; Grumann and Kleinebudde 2023a,
2023b). These setups have been used to examine the effects of heat on parameters including
mechanical strength, porosity, compaction behaviour, disintegration, dissolution, and
polymorphic transitions, with findings across the literature showing that elevated compaction
temperature can influence both the physical integrity and functional performance of the final

tablet.

1.2 Research Gap

While the generation of heat during tableting has been well-documented, its consequences on
the compaction performance and mechanical quality of tablets remains underexplored. Most
existing research has focused on the glass transition temperature (Tg) of polymeric binders,
which typically constitute only a small percentage of a tablet’s composition, to estimate

thermal sensitivity (Partheniadis et al. 2020; Grumann et al. 2022, 2023; Grumann and

1



Chapter 1 Introduction

Kleinebudde 2023a, 2023b). In contrast, widely used pharmaceutical excipients such as
microcrystalline cellulose, starch, and lactose monohydrate, which often make up the
majority of a formulation, do not possess well defined or easily measurable T, values,
limiting the predictive value of such approaches. Therefore, a direct experimental
investigation is necessary to assess how elevated temperature affects the mechanical and

structural behaviour of these materials during compression.

1.3 Novelty of Work

This thesis addresses the identified research gaps through a systematic, three-stage
experimental approach, offering several novel contributions to the field of pharmaceutical

tableting.

Unlike previous studies that have primarily focused on polymeric binders, this research shifts
emphasis toward widely used excipients, such as microcrystalline cellulose, starch, and
lactose monohydrate. While polymers with a measurable T are often studied, they typically
represent only a small fraction of a formulation by weight. In real-world tablet compositions,
excipients like microcrystalline cellulose, starch, and lactose monohydrate often make up the
bulk of the formulation, yet their thermal responses during compaction remain comparatively

underexplored.

By examining both pure excipients and multi-component placebo blends, this research
explores whether temperature-related behaviours observed in individual materials persist
when these excipients are combined into more realistic, formulation-based systems. Another
novel aspect of this work is the investigation of how temperature interacts with round tooling

of different shapes and sizes — an area that has been largely overlooked in the literature.

This work also employs advanced analytical techniques to characterise tablets beyond
traditional mechanical testing, including micro-computed tomography (microCT) and tablet

hyperspectral imaging.
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1.4 Research Aims and Objectives

This thesis aims to investigate the impact of elevated temperature (70 °C) on pharmaceutical

tablet compression using a stepwise, structured experimental approach. The central aim is to

understand how heat influences key compaction attributes such as compressibility,

tabletability, compactability, elastic recovery, and disintegration performance across different

materials and formulations.

The research is structured into three experimental studies:

Study 1: Pure Materials

To evaluate how elevated temperature (70 °C) affects the compaction behaviour of
three pure commonly used excipients: microcrystalline cellulose (plastic), starch
(elastic), and lactose monohydrate (brittle).

Study 2: Placebo Formulations

To examine temperature effects on the compaction of multi component formulations
that mimic plastic, elastic, and brittle deformation types by evaluating changes in
compressibility, compactability, tabletability, in-die yield pressure and disintegration
time.

Study 3: Tablet Shape and Size

To explore the influence of temperature on the compaction performance of the Study
2 placebo formulations when manufactured as different tablet shapes and sizes (flat

and convex, 6 mm and 10 mm).

1.5 Thesis Structure Overview

This thesis is divided into seven chapters, progressing from theoretical foundations and

literature to experimental investigations and conclusions.

Chapter 1 introduces the research background, outlines the problem statement, defines
objectives, and presents the study’s rationale and novelty.

Chapter 2 provides an in-depth review of tablet dosage forms, compaction theory,
material behaviour, heat generation during tabletting, the methods used to study the

impact of temperature on powder compaction and its influence on tablet properties.
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e Chapter 3 details the materials used (pure excipients and placebo formulations) and
experimental methods applied across the studies conducted.

e Chapter 4 presents the study titled /nvestigating the Impact of Temperature on the
Compaction of Microcrystalline Cellulose, Starch and Lactose Monohydrate.

e Chapter 5 presents the study titled /nvestigating the Impact of Temperature on the
Compaction of Plastic, Elastic and Brittle Type Formulations.

e Chapter 6 presents the study titled /nvestigating the Impact of Temperature on Round
Flat and Round Convex Tablets for Plastic, Elastic and Brittle Type Formulations.

e Chapter 7 provides a critical analysis and recommendations for future work, discusses
the research contributions to the United Nations Sustainable Development Goals

(SDGs), and presents the overall conclusion of the thesis.
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CHAPTER 2: Literature Review

2.1 Tablet Dosage Form

2.1.1 Overview of Oral Solid Dosage Forms (including tablets)

Pharmaceutical drugs are formulated as medicinal products to treat, cure or alleviate an
illness or ailment. These formulated products are provided in various dosage forms, which
refer to the physical form in which the medication is prepared and marketed for patient use.
Typical routes of administration include oral, injection, pulmonary, and transdermal dosage
forms. The physical form of pharmaceutical drug products is essential for effective treatment,

and the choice of dosage form influences both administration and patient outcomes.

Oral solid dosage forms (OSDFs) are the most common method of drug administration in
pharmaceuticals (Patel et al. 2006). OSDFs are administered for attaining a local therapeutic
effect in the mouth, throat, and digestive tract or for a systemic effect in the body after oral or
gastrointestinal absorption (Sohail Arshad et al. 2021). For a drug to be suitable for oral tablet
administration, it must be water-soluble, stable in stomach acid, and capable of being
absorbed through the intestinal lining. This method is often preferred over others, such as
injection, pulmonary, or transdermal routes, not only due to its convenience and patient
compliance but also because many drugs can withstand the stomach’s acidic environment and
reach the small intestine, where absorption is highly efficient due to its extensive surface area
and rich blood supply. OSDFs include tablets, capsules, solutions, syrups, and suspensions,

with tablets being the most prevalent form of OSD products (Sinka et al. 2009).

A tablet is produced by the compaction of a pharmaceutical powder blend into a solid body. A

tablet formulation is the most preferred for a number of reasons:

1. For manufacturers, it allows for trouble-free packaging and transportation
methods, increased chemical and physical stability and a cost-effective, faster
manufacturing process that can be scaled up to high production rates of dosage

units per hour (Amidon et al. 2014).
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2. For patients, it is a proven and convenient way of administration and dosing.

(Hummler et al. 2023)

Pharmaceutical formulation has enabled the development of tablets with unique
characteristics such as chewable, effervescent, orally disintegrating, multi-layer tablets, and
modified-release formulations such as delayed-release and sustained-release tablets

(Algahtani et al. 2021).

This review is primarily concerned with the manufacture of formulated tablets and the impact

of temperature on their production.

2.1.2 Excipients and Active Pharmaceutical Ingredients

Drugs are rarely administered as pure chemical substances and are typically delivered as
formulated preparations or medicines. A tablet is usually a complex system in which up to 6
to 12 components (active pharmaceutical ingredients and excipients) can be present at any
given time (Sun 2011). This solid mixture of components is responsible for tablet
performance in different stages, like during compaction and drug release into the human body

(Franch-Lage et al. 2011).

In pharmaceutical formulations, powders and granules are solid materials used to prepare
tablets. Powder is a solid material in a finely divided state, composed of a collection of solid,
loose, dry particles of the same or different chemical compositions. Powders are generally
characterized by particle diameters smaller than approximately 1000 pm (Aulton 2018). They
are typically dry, cohesive, and soft, exhibiting significant deformation under load (Wornyoh
et al. 2007). In contrast, granules consist of solid, dry aggregates of smaller powder particles
or larger individual particles with dimensions greater than approximately 1000 um (Aulton
2018). Granules, which are produced by modifying raw powders, are designed to enhance
material properties such as flow, compressibility, and uniformity, thereby supporting
consistent tablet production (Shanmugam 2015). This thesis is solely concerned with direct
compression formulations, which utilise powders without prior granulation. Granules are not

examined within the scope of this work.

Successful formulation of an API into a tablet requires careful consideration of
biopharmaceutical factors such as solubility, permeability, and stability, which directly

influence drug absorption, bioavailability, and release profile, as well as the drug’s physical
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properties (e.g., particle size and shape, polymorphism), chemical properties (e.g., pH
sensitivity, reactivity), and therapeutic characteristics (e.g., dosage, site of action) (Algahtani

etal. 2021).

The quantity and type of active pharmaceutical ingredient (API) are pivotal in determining
tablet size and formulation requirements. High-dose APIs necessitate larger tablets to
accommodate the required volume, often requiring careful optimization of diluents and
binders to maintain compressibility and mechanical integrity (Bittorf et al. 2019). Conversely,
low-dose APIs typically pose fewer challenges, as excipients can compensate for poor

compressibility.

In addition to the API, compressed tablets also contain other solid components termed
excipients, which are inactive substances included in tablet formulations alongside APIs. A
summary of common excipient classes, their functions, typical concentrations, and

representative examples is presented in Table 1.

Excipients play a crucial role in formulation design and serve various functions to achieve the
desired properties of the final drug product. Pharmaceutical excipients are used as binders for
cohesiveness, as fillers for tablet tensile strength, as lubricants for successful processing of a
blend or granulation into a tablet dosage, as colouring agents to improve the appearance, as
flavouring agents to mask unpleasant taste, as disintegrants to facilitate the disintegration of
the tablet, and sometimes as glidants to aid poorly flowing mixtures (Jivraj et al. 2000).
Solubility-enhancing excipients may be included for poorly soluble APIs to improve
dissolution and bioavailability, potentially increasing tablet size (Sohail Arshad et al. 2021).
Including additional excipients for high-dose or poorly soluble APIs highlights the delicate
balance required to achieve optimal tablet performance while managing size constraints. Each
component primarily exhibits elastic, plastic, or brittle characteristics, though some may
possess a combination of these properties, as discussed in Section 2.2.1 on the mechanical

properties of materials.

The interaction between excipients and APIs is a critical aspect of tablet formulation. While
the API’s properties largely determine pharmacokinetic behaviour, excipients must also be
selected to support the desired drug release and absorption profile, and must be chemically
and physically compatible with the API and its dosage requirements (Sohail Arshad et al.
2021).
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Table 1: Classification, Function, and Typical Concentration Ranges of Common Tablet Excipients.

Literature Review

Typical Concentration

al., 2018).

Excipient Class Pharmaceutical Function (% wiw) Representative Examples
) Reduce sticking to punch faces and die wall during Talc,
Anti-adherents compression (Burande et al. 2024). 0.1-1 Magnesium stearate
. Promotes particle cohesion to bind the particles durin .
Binders tall))let formation (Burande et al.p2024). ‘ >—20 Pregelatinized starch
Buffering agents Maintain or adjust the pH for stability or solubility 05_5 So di(ljligll(;}?(fslgila te,
(Kumar et al. 2024). . .
Sodium Bicarbonate
Sugar coating (sucrose),
Provide aesthetic finish, mask taste and odour, improve Film coating (Hydroxypropyl
Coating agents product stability, control drug release (Shaikh et al. 2-6 methylcellulose),
2018). Eneteric coating (Cellulose acetate
phthalate)
Natural colours (Carotenoids,
Colouring agents Aid product identification, aesthetics and patient 0.01— 0.5 beetroot red),
compliance (Evans and Evans 2009). ’ ' Synthetic colours (FD&C dyes),
Mineral pigments (titanium dioxide)
Modify the release rate or delay the release of the drug
Controlled via matrix formation, coating or erosion mechanisms, 5_30 Ethylcellulose, Hydroxypropyl
release agents | enabling sustained, extended, or delayed release profiles methylcellulose
(Kosir et al. 2018).
Provide bulk to the tablet formulation for efficient Microcrystalline cellulose
Diluents (Fillers) | tabletting and consistent dose delivery (Sohail Arshad et 20-90 ’
al. 2021). Lactose monohydrate
Facilitate tablet breakup after ingestion to aid Crospovidone
Disintegrants disintegration and improve dissolution (Ekmekciyan et 1-8 ’

Pregelatinized starch
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Literature Review

Excipient Class

Pharmaceutical Function

Typical Concentration

(% wiw) Representative Examples
Enhance the taste and aroma of formulations to improve .
) o . ) . . Natural (vanilla, lemon extract,
Flavouring palatability and patient compliance, particularly in :
. .. s 0.1-2 cinnamon),
agents paediatric, chewable, and orally disintegrating tablets Artificial (Ethyl vanillin)
(Evans and Evans, 2009). Y
Flow aids Enhance overall powder flow by reducing interparticle
(Glidants) friction and cohesion to ensure uniform die filling 0.1-2 Colloidal silicon dioxide
(Fulchini et al., 2017).
. Reduce friction between tablet and die walls during Magnesmm stearate,
Lubricants compression and ejection (Wang et al. 2010) 0.25-3 Stearic acid
P . £ ] ] Sodium stearyl fumarate
Improve flexibility and film-forming properties in
Plasticisers coated tablets and reduce the brittleness of the 1-10 P?Z:thféﬁge %I}C]giﬂ’
formulation (Roy et al. 2009). 4 gy
Preservatives Prevent microbial growth, enhance shelf life and 0.01—03 Sodium benzoate,
maintain product stability (Bos et al. 1989). ' ) Methylparabens
Provide a sweet taste to mask bitterness and enhance Aspartame,

Sweeteners the overall palatability of the formulation (Mullarney et 0.1-2 Sucrose,
al. 2003). Sorbitol
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2.1.3 Powder Processing for Tablet Manufacturing

There are three main processing methods used to prepare powders for compression into
tablets: direct compression (DC), dry granulation, and wet granulation. Each method is

selected based on the

Direct compression (DC) is a method in which powders are directly compressed into tablets
without prior granulation, making it suitable for free-flowing and compressible materials,
whereas dry granulation involves compacting powders under high pressure to form granules,
enhancing flowability and compressibility without the use of liquid binders, and wet
granulation requires the addition of a liquid binder to the powder mixture, followed by drying
and milling, to improve cohesion and uniformity in the final tablet formulation. The
processing method selected depends on the properties of a drug substance and requires a
thorough analysis of each of the ingredients proposed for interactions with the active

ingredient and stability of the formulation (Jivraj et al. 2000).

This review primarily focuses on direct compression, as it is the most relevant method for the

formulation strategy investigated in this thesis.

2.1.3.1 Direct Compression

Powders that mix effectively through simple blending can be processed into tablets using the
direct compression (DC) method, which involves compressing powder materials without
modification of the physical properties of the powdered materials (without dry or wet
granulation). DC is preferred due to its efficiency, requiring fewer processing steps, less
equipment, reduced time, and, therefore, a lower cost than the alternative manufacturing
methods (Jivraj et al. 2000). This method is also preferred for thermolabile materials and
moisture-sensitive APIs (Jivraj et al. 2000). For certain drug substances, faster dissolution
rates may be obtained from tablets prepared by direct compression compared with wet
granulation, likely due to the absence of binders and less dense compacts, which can promote
quicker disintegration and faster drug release (Jivraj et al. 2000). The tablets produced by DC
are often softer than tablets produced by dry and wet granulation and can sometimes be more

difficult to coat (Bejugam et al. 2015).

The selection of excipients is critical in designing formulations for direct compression, as
they must ensure good flow properties and achieve a uniform blend of the API and excipients

in the final tablet. Excipients used in DC should possess a relatively high bulk density,
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excellent flowability, and good compressibility; there are now excipients designed explicitly
for this purpose (Jivraj et al. 2000). Successful tablet production also relies on achieving the
right balance between brittle fracture and plastic behaviour within the compression mix
(Jivraj et al. 2000). A comprehensive discussion of the plastic, elastic, and brittle

compressibility of powders is provided later in Section 2.2.1.

2.1.4 Tablet Presses

A tablet press, also known as a tablet compressing machine or a tabletting machine, is a
mechanical device that compresses granular or powdered material in a die between two

punches, with each die or punch set referred to as a station (Amidon et al. 2014).

2.1.4.1 Rotary (Multiple Station) Press

A rotary tablet press, or multiple-station tablet press, is the most widely used tablet press for
commercial pharmaceutical production. A rotary tablet press is distinguished by its multiple
tooling sets, each consisting of a pair of punches (upper and lower) and a corresponding die,
allowing for the simultaneous production of multiple tablets per rotation. These machines
ensure consistent and accurate dosing while preserving the integrity and efficacy of the final
product by controlling key parameters such as tablet weight, thickness, and hardness (Uday
Raj Dokuburra et al. 2024).

Rotary tablet presses are the preferred choice in pharmaceutical manufacturing due to their
high efficiency and capacity for large-scale production of high-quality tablets. Their
production capabilities range from outputs of 200 tablets per minute to over 24,000 tablets

per minute, enabling them to meet the demands of high-throughput operations (Levin 2013).
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Figure 1. Schematic Diagram of Rotary Tablet Press: (a) Top view, and (b) unfolded view, illustrating key components
(Adapted from Sinka et al. (2009))

A rotary tablet press comprises several key components designed to ensure consistent and
efficient tablet production (Figure 1). From a bird’s eye view of the machine (Figure 1a), a
hopper holds the granular or powdered material, which is transferred to the die cavities via a
feeding mechanism, either a gravity feeder or a force feeder system, depending on the

material's properties (Uday Raj Dokuburra et al. 2024). Within the feed system, the metering
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wheel (Figure 1a) regulates the amount of material entering the feed frame, ensuring uniform
distribution. The feed wheel (Figure 1a) in the feed frame moves the material into the die
cavities as the turret rotates, ensuring consistent and precise filling. A fill cam (Figure 1 a, b)
then adjusts the position of the lower punch (Figure 1) to regulate the precise amount of

material introduced into the die (Figure 1 a, b), controlling the tablet weight.

The unfolded view (Figure 1b) provides a detailed representation of the internal mechanisms.
The turret, a central rotating platform equipped with multiple sets of punches (Figure 1b) and
dies (Figure 1 a, b), facilitates the compaction process. During operation, the upper and lower
punches compress the powder within the die as they pass between two opposing rollers: the
precompression roller (Figure 1 a, b) and the main compression roller (Figure 1 a, b). The
precompression roller applies an initial, gentle force to the powder to expel excess air and
ensure even distribution, while the main compression roller applies the final, higher force to
consolidate the powder into a tablet. This synchronised action drives the punches inward to a
predetermined separation, applying compression force evenly from both sides to consolidate
the powder and achieve the desired tablet properties, such as thickness and tablet crushing

strength (hardness).

The compression process includes a dwell time, during which the punches remain in contact
with the powder while passing under the compression rollers, allowing for further
consolidation. The adjustable distance between the rollers enables precise control over the
extent of powder consolidation, directly influencing tablet quality. This is followed by
decompression and smooth tablet ejection, facilitated by the ejection cam (Figure 1 a,b),
which raises the lower punch to expel the tablet from the die. The ejected tablets are smoothly

discharged, ensuring their seamless transition to subsequent processing stages.

Rotary tablet presses utilise double-ended compression, ensuring a uniform compaction
process with consistent stress and density distribution across the tablet (Amidon et al. 2014).
This uniformity is critical for maintaining consistent tablet quality, meeting regulatory
standards, and ensuring the intended therapeutic effect. Rotary presses also generally feature
an optimal precompression step before the main compression stage to remove excess air
entrapped in the granule or powder mixture, further enhancing the tablet's mechanical

properties.

The advanced automation capabilities of rotary tablet presses further enhances their

efficiency. Features such as automated powder feeding, tablet weight control, online quality
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monitoring, and advanced data logging and reporting systems enable precise and continuous
production while minimising manual intervention. These features significantly reduce labour
costs and improve operational efficiency (Uday Raj Dokuburra et al. 2024). Rotary presses
can also apply higher compression speeds than eccentric tablet presses, further supporting

their use in large-scale manufacturing.

2.1.4.2 Compaction Simulator

Compaction simulators play a crucial role in addressing challenges associated with tablet
development, particularly when limited quantities of API and high costs are involved in the
early stages. These simulators offer a material-sparing approach, enabling efficient
characterisation, scale-up, and troubleshooting of powder compression, which is essential for

cost-effective tablet manufacturing (Bourland and Mullarney 2008).

A compaction simulator is a highly instrumented single-station tablet press fitted with an
upper punch, lower punch, and die—designed to replicate the force-displacement profiles of
high-speed production presses (usually rotary). These simulators are most commonly
powered using hydraulic or mechanical systems; however, other configurations, such as
electrical servo-driven or hybrid technologies, may also be employed depending on the
specific model and its intended application. For example, the STYL’One Evo compaction
simulator used in this work uses a servo-driven systems (motorised control systems that allow
precise movement and feedback regulation) with planetary roller screws to achieve high

precision and flexibility.

Data generated by the compaction simulator allows for a deeper understanding of the powder
behaviours to determine the effect of the process, the impact of tooling variations, exploring
scale-up parameters (type of press), investigating tablet properties under simulated
manufacturing conditions and the effects of drug substance, excipient or process change

(Patel et al. 2006; Amidon et al. 2014).

Modern compaction simulators can replicate force and dwell-time profiles of high-speed
rotary presses and are instrumental in bridging the gap between laboratory-scale research and
commercial production. By enabling precise replication of industrial processes, they provide

valuable data for optimisation and troubleshooting.
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2.1.5 Tablet Shape Designs

2.1.5.1 Introduction

Tablets are manufactured in various shapes and sizes and are designed to address diverse
requirements in production, clinical applications, patient preferences, and marketing
strategies. The design of tablet shapes directly impacts the tooling used during
manufacturing, as the punch and die sets must be precisely engineered to produce the desired

form.

There are two basic tablet shapes: round and non-round. Non-round shapes are highly varied,
and designs may require specialised tool manufacturing capability. The most commonly

produced shapes include doubly convex round, capsule-shaped, oval, and flat round designs.
Tablet sizes range from:

1. mini-tablets, typically 1-3 mm in diameter,

2. to conventional tablets, often 8—12 mm (Algahtani et al. 2021). These variations in
size and shape necessitate careful consideration of tooling specifications, including
punch tip profiles, die cavity dimensions, and ejection mechanisms, to ensure

successful manufacturing and consistent tablet performance.

There are usually no tabletting issues during the early formulation development stage. Flat,
round tablet shapes are often used in the early stages of drug development due to their
simplicity and ease of manufacturing (Yohannes and Abebe 2021). These tablets are typically
produced on a small scale for initial testing, formulation optimisation, and mechanical
properties testing. However, while these designs are suitable for early research, they do not
reflect the complexities of the final tablet designs, which often feature curved surfaces,
engravings, or varying thicknesses. These tablet designs introduce problems which can
influence mechanical behaviour, density distribution, and patient acceptability (as previously
discussed), meaning early testing with flat tablets might not fully predict performance at later

production stages.

2.1.5.2 Impact of Tablet Shape and Size on Mechanical Strength Quantification

Pharmaceutical tablets must possess sufficient mechanical strength to withstand the stresses
of manufacturing, packaging, transportation, and handling. Tablets with inadequate

mechanical strength may be susceptible to fragmentation, breakage, or surface chipping.
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Undetected defects that reach patients can compromise medication efficacy, jeopardize
patient safety, reduce compliance, and damage the product’s quality reputation (Alhusban and

Murgatroyd 2024).

As illustrated in Figure 2, pharmaceutical tablets come in a variety of shapes and sizes, which
has important implications for mechanical strength testing and the selection of appropriate

quantification methods.
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Figure 2. Common shapes and relevant dimensions of pharmaceutical tablets. D, t and W represent the diameter, thickness,
and wall height of tablets (Adapted from Yohannes and Abebe (2021))

The Brazilian Disc Test, also called the diametrical compression test, is widely used for
characterising the mechanical strength of pharmaceutical tablets (United States Pharmacopeia
(USP) 2013). This test involves diametrically subjecting a tablet to compressive forces,
generating tensile stresses that cause fracture. The load at which the tablet fractures is called
the breaking force, from which the tensile strength can be calculated. Breaking force alone is
insufficient for comparing tablets of different sizes and shapes due to its dependence on tablet

geometry (Figure 2).

Tensile strength accounts for the tablet's geometry and provides a more intrinsic measure of
the material's resistance to tensile stresses. Over the years, researchers have refined the tensile
strength equation, initially applied to flat-faced tablets (Figure 2), to accommodate modern

tablet designs' diverse shapes and sizes.
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The tensile strength was first applied to pharmaceutical powders by Fell and Newton to
assess the tensile strength of spray-dried and crystalline lactose tablets using the diametral
compression test (Fell and Newton 1970). This equation, adapted from earlier studies on non-
pharmaceutical brittle materials, calculates tensile strength for a flat-faced compact as follows
(Equation 1):

_ 2P
Ot = niDt

Equation 1: Tensile Strength

In Equation 1, oy is the tablet tensile strength (Pa), P is the fracture load (N), D is the length of

the short axis (m), and t is the thickness of the tablet (m), see Figure 2 for dimensions.

Pitt, Newton and Stanley (1988) examined the tensile fracture of doubly convex cylindrical
gypsum discs under diametrical loading using the Brazilian Disc Test. Gypsum was selected
as the test material for its brittle characteristics. The researchers investigated how variations
in the cylinder length (W) and the face radius of curvature (R) influenced fracture loads and
stress distributions while maintaining a constant disc diameter (D). Experimental fracture
tests and photoelastic stress analysis revealed that fracture loads generally increase with
greater face curvature. Based on these findings, the authors developed an empirical equation
to estimate the tensile strength of brittle materials from the fracture load and disc geometry

(Equation 2).

10P

O-t:

D2 (2.84% _ 0.126% + 3.15% + 0.01)

Equation 2: Tensile Strength Equation for Biconvex Round Tablets

Using finite element analysis, Pitt and Heasley (2013) examined the tensile strength of oval
and capsule-shaped tablets compared to circular ones (see Figure 2 for examples of these
shapes). The study demonstrated that the peak principal tensile stress reached a limiting value
as tablets were elongated from a standard circular shape to an oval or capsule shape. This
limiting value is observed when the length ratio to the width tablet dimension exceeds 1.7:1.
The study found that the tensile strength for convex-faced elongated tablets is approximately
two-thirds of that calculated for circular tablets. This finding was significant as the peak

tensile stress observed in the simulations provided the foundational data necessary to propose
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a modified tensile strength for flat-faced elongated tablets and convex-faced elongated tablets

(Equation 3 and Equation 4, respectively).

2(2P)
or =3\ ==
' 3\nDt
Equation 3: Tensile Strength Equation for Flat-Faced Elongated Tablets

10P

2
O-t = =
3\ D2 (2.84% _ 0.126% + 3.15% + 0.01)

Equation 4: Tensile Strength Equation for Convex-Faced Elongated Tablets

In Equations 3 and 4, o is the tablet tensile strength (Pa), P is the fracture load (N), D is the
length of the short axis (m), t is the thickness of the tablet (m), L is the length of the long axis
(m), and W is the tablet wall height (m), see Figure 2 for dimension labels.

2.1.5.3 Impact of Tablet Shape and Size on Patient Considerations

Tablet shape and size significantly influence patient adherence and acceptance, with
preferences and challenges varying across populations. Overgaard et al. (2001) found that
smaller tablets were easier to swallow, with strong preferences for arched circular shapes. For
medium to large tablets, oval or oblong shapes were favoured over flat circular ones.
Hummler et al. (2023) confirmed that swallowability declines with size, with oval tablets
preferred for larger forms. These findings underscore the critical role of size and shape in

developing patient-centric oral dosage forms.

Some patient populations are more prone to difficulties with tablet acceptability. Schiele et al.
(2013) reported that 37.4% of patients in a general practice population experienced
swallowing difficulties, with issues more prevalent among younger patients, women, and
individuals with dysphagia or mental illness. Larger and oblong tablets were particularly
problematic, leading over half of patients to alter medications and 9.4% reporting non-
adherence, potentially reducing efficacy and safety. Similarly, Vallet et al. (2020) found that
tablets exceeding 6.5 mm were frequently deemed unacceptable by older patients with
swallowing disorders, emphasizing the need for smaller tablet designs in vulnerable
populations. Designing tablet shapes to meet patient needs is crucial for preventing

medication alterations, improving adherence, and reducing safety risks.
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2.1.5.4 Impact of Tablet Shape and Size on Manufacturing Process

Designing a poorly shaped tablet can considerably impact the manufacturers’ bottom-line
production efficiency and product quality. Research has highlighted how the physical
attributes of tablets influence die filling, stress distributions, density gradients, and

susceptibility to defects during manufacturing and use.

As formulations progress to scale-up, the choice of tablet shape and size becomes
increasingly critical. Large-scale production amplifies tabletting problems. An incorrect
tooling design can lead to production issues such as capping and sticking. Anbalagan et al.
(2017) found that punches with a flat head significantly improved tablet mechanical strength
and reduced capping tendencies compared to punches without a flat head. The extended head
flat design provided the longest dwell time during compression, facilitating better plastic
deformation and stress relaxation within the tablet, resulting in higher tensile strength and
lower elastic recovery. Chattoraj et al., (2018) discussed how a reduction in the concavity of
the punches can help minimise the formation of a softer core at its centre. This adjustment
promotes a more uniform distribution of forces within the tablet, decreasing the likelihood of
sticking. A consistent internal structure enhances cohesion within the tablet, reducing the
material's adhesion to the punch surface. Highly concave punches, on the other hand, are
more prone to sticking and capping during ejection, particularly if lubrication is inadequate,

as their shape complicates removal from the lower punch.

Furthermore, tablets produced on a full-scale machine are sometimes thicker than those made
on smaller-scale machines (Aoki et al. 2014). To achieve the target thickness on commercial-
scale equipment, manufacturers may need to increase the compression force. This adjustment
can adversely affect tablet properties, such as increasing the risk of capping, cracking,

chipping or lamination, and can also accelerate wear and damage to tooling components.

Manufacturing pharmaceutical tablets involves filling tabletting feed into dies, followed by
compaction. The reproducibility of the die-filling process is critical, as it directly influences
tablet weight and weight variation, which are key determinants of drug content uniformity
and essential product quality attributes, including hardness, disintegration, and drug release
(Goh et al. 2017). Poor die filling can also contribute to segregation, particularly in
formulations with particle size, shape, or density differences. Segregation during die filling

leads to inconsistent distribution of the API and excipients across tablets, compromising both
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weight and content uniformity. The size and shape of compression tooling significantly affect

the efficiency of die filling and packing during manufacturing.

Goh, Heng and Liew (2017) studied the impact of die-fill variation for a range of mini-tablet
sizes (1.8 and 3 mm diameter), finding that smaller mini tablets (1.8 mm) exhibited greater
intra-cycle weight variation due to challenges in achieving uniform filling of narrower die
cavities, which relied more heavily on suction fill mechanisms. In contrast, larger mini tablets
(3 mm) experienced less intra-cycle variation because gravity filling played a more prominent
role in their die filling. Despite these size-dependent differences in intra-cycle variation, both
tablet sizes displayed comparable inter-cycle weight variation, driven by broader factors such
as granule fluidisation efficiency within the feed frame and the overall consistency of suction

filling.

Punch geometry and tablet design significantly influence powder movement, stress
distribution, and the risk of tablet defects. Early studies found that increased punch curvature
leads to greater lateral particle movement and the formation of high-density regions near the
punch faces, resulting in internal stress boundaries that increase the likelihood of defects such
as capping (Sixsmith and McCluskey 1981; Eiliazadeh et al. 2004). Convex punches were
shown to produce more pronounced density gradients and stress concentrations compared to

flat punches.

Finite Element Analysis (FEA) models have further demonstrated that larger tablet diameters,
higher punch curvature, and increased die wall friction all contribute to density non-
uniformity and elevated residual die pressures, both of which are associated with higher
capping risk (Baroutaji et al. 2019). Tablets with sharper curvatures tend to store more elastic

energy, leading to greater stress release during ejection.

Compaction force is a key indicator of tablet strength, particularly in smaller tablets as they
experience higher compaction pressures due to their reduced surface area. This higher
pressure often results in tablets with greater mechanical strength (Qiu et al. 2009). Lennartz
and Mielck (1998) evaluated mini tablets' production and mechanical properties,
demonstrating that smaller mini tablets (diameters < 3 mm) exhibited superior mechanical
stability and lower capping tendencies compared to larger mini tablets. This was attributed to
smaller tablets' higher surface area-to-volume ratio, which promoted greater shear stress
distribution and improved interparticle binding. Furthermore, smaller mini-tablets displayed

better compactability at high compression pressures than standard-sized tablets.
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Tablet shape and size also play a crucial role in drug release kinetics. Ford et al. (1987)
investigated the drug release of seven APIs from a hydroxypropylmethylcellulose (HPMC)
matrix for flat-faced tablets of varying diameters (0.5, 0.375, and 0.25 inches) and convex
tablets (0.375-inch diameter). The study demonstrated that tablet surface area directly
correlated with drug dissolution rates, particularly for the more soluble drugs, such as
promethazine hydrochloride and propranolol. Additionally, the tablet's shape altered the drug

release extent by changing the surface-to-volume ratio and diffusion dynamics.

2.1.5.5 Role of Tablet Shape and Size in Marketing and Branding

While this thesis focuses on the functional aspects of tablet shape and size, these attributes
also play a role in product differentiation and branding. Unique tablet geometries, such as
custom shapes or embossed logos, are often used to help patients and healthcare providers
identify products, contributing to brand recognition and regulatory compliance (Qiu et al.
2009). However, incorporating these features introduces manufacturing challenges, especially
in smaller tablets, where space limitations and increased risk of defects (e.g. picking around

engraved areas) may complicate production.
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2.2 Theoretical Aspects of Compaction

2.2.1 Mechanical Properties of Materials

The mechanical properties of materials play a pivotal role in determining their behaviour
during powder compression and their suitability for tablet formation. Understanding the
deformation behaviour of powders during compaction and tabletting is essential, as tablet
quality depends on their response to applied stresses. Powders may exhibit elastic, plastic,

brittle fracture, or a combination of these deformation mechanisms during compaction.

2.2.1.1 Stress-Strain Curve and its Relevance to Compaction

The stress-strain curve, obtained through mechanical testing, is a fundamental tool for
understanding the mechanical behaviour of materials under applied stress. It describes the
relationship between stress (o) defined as force per unit area, and strain (€), which quantifies

the deformation of the material as a portion of its original length (Hoag et al. 2008):

F
o=-—

Equation 5: Fundamental Stress Equation

Equation 6: Fundamental Strain Equation

In the stress equation (Equation 5), F is the applied force, and A is the cross-sectional area. In
the strain equation (Equation 6), L and L; are the final and initial lengths, respectively. This
curve provides valuable insights into the elastic and plastic deformation characteristics of
materials under compressive strengths and their fragmentation and bonding during

compaction.
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Figure 3. Stress-Strain Curve: Illustration of material deformation under stress, highlighting (a) reversible elastic
deformation, (b) brittle behaviour, and (c) ductile behaviour, which includes (c1) normal plastic flow and (c2) strain-

hardening. E represents Young’s Modulus (Patel et al. 2006).
Figure 3 presents a stress-strain curve, it is directly applicable to the behaviour of individual
particles within a powder bed under compression during tabletting. As compressive force is
applied by the upper punch, stress is transmitted through the discrete contact points between
powder particles. This localised stress induces deformation at the particle level, which

follows the mechanical responses illustrated in Figure 3 — elastic deformation (Figure 3a),

brittle behaviour (Figure 3b) and ductile behaviour (Figure 3c).

Elastic deformation occurs in the initial stage of powder bed compression and is reversible
upon stress removal. As illustrated in Figure 3 (a), The curve shows a linear relationship
between stress and strain, adhering to Hooke’s law until the elastic limit (or proportional

limit) is exceeded. This behaviour is described mathematically as:
oco=E-¢
Equation 7: Hooke's Law for Linear Elasticity

In Equation 7, E is referred to as Young’s modulus of elasticity, o is the applied stress, and €
is the strain. At a molecular level, elastic deformation arises from changes in the
intermolecular spacing within the material (Amidon et al. 2009). The attractive and repulsive

forces between atoms and molecules adjust to accommodate the applied stress, resulting in
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temporary deformation. Once the stress is removed, these forces restore the original spacing
and shape of the material, provided the elastic limit has not been exceeded. This intrinsic
balance of forces determines the material's elasticity and is directly related to Young’s
modulus, which quantifies the material's stiffness (Amidon et al. 2009). While stress-strain
curves show elastic deformation, they do not inherently classify a material as predominantly
elastic. Almost all materials exhibit some degree of elastic deformation in the initial stages of
loading; therefore, the stress-strain curve alone does not definitively identify a material as
predominantly elastic. The yield point represents the transition from elastic to plastic
deformation (Figure 3, the transition between (a) and (c)), where stress and strain are no
longer proportional. Plastic deformation is characterised by a permanent change in the
material's shape due to applied stress, evident as a deviation from the linear portion of the

stress-strain curve.

The onset of plastic deformation is evident as curvature in the stress-strain curve beyond the
elastic limit at a point called the yield strength (oy or Y). The curve transitions from a linear
to a plateau region, indicating plastic flow essential for strong interparticle bonding in tablets
(Jain 1999; Patel et al. 2006). Materials undergoing plastic deformation establish large true
areas of contact during compaction, which are retained upon decompression, contributing to
tablet strength (Al-Ibraheemi et al. 2013). The ultimate tensile strength is observed as the
peak of the stress-strain curve before a fracture occurs (Han et al. 1997). It represents the
maximum stress the material can sustain before the onset of failure mechanisms and marks its
peak load-bearing capacity before it begins to weaken under further strain. The fracture
strength (or break strength) is the point where the stress-strain curve terminates, indicating

the complete separation of the material (Han et al. 1997).

Materials are classified as predominantly ductile or brittle by examining their stress-strain

curves (Figure 3 (b) and (c)).

Ductile materials (Figure 3 (c)) show significant plastic deformation before fracture, with an
extended plateau (Figure 3 (cl)) or strain-hardening region (Figure 3 (c2)), reflecting their
ability to deform extensively before reaching their ultimate tensile strength and rupture (Han
et al. 1997). Materials that exhibit significant plastic deformation are often preferred in
tabletting because they facilitate better densification and cohesion, reducing the porosity of
tablets and improving their structural integrity (Al-Ibraheemi et al. 2013). Microcrystalline

cellulose is a widely recognised ductile material exhibiting significant plastic deformation
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behaviour and is frequently used as a model plastic material in studies (Patel et al. 2006; Al-

Ibraheemi et al. 2013; Ili¢ et al. 2013).

In contrast, brittle materials display linear elastic behaviour up to the fracture point (Figure 3
(b)), with minimal to no plastic deformation before failure (Han et al. 1997). Brittle fracture
is characterised by the rapid propagation of cracks under stress, leading to abrupt failure after
the elastic limit without significant plastic deformation (Amidon et al. 2009). Powders with
brittle characteristics may fracture during compaction, creating new surfaces that enhance
interparticle bonding (Patel et al. 2006). Excessive brittle deformation can lead to structural
defects such as capping or lamination (Patel et al. 2006; Al-Ibraheemi et al. 2013). This type
of deformation is prevalent in materials like lactose monohydrate and dicalcium phosphate,
which exhibit high yield pressures indicative of their brittle nature (Patel et al. 2006; Al-
Ibraheemi et al. 2013; Ili¢ et al. 2013).

2.2.2 Overview of Compaction Stages

Compaction is defined as the transformation of a powder into a coherent specimen of a
defined shape by powder compression. The compaction process involves four main steps that

occur sequentially: particle rearrangement, compression, decompression and ejection.
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Figure 4. Stages of Powder Compression (Lower Punch Pressure) and Deformation of Particles During Compression.

25



Chapter 2 Literature Review

2.2.2.1 Particle Rearrangement

During powder compaction, the initial process involves particle rearrangement under low
compaction pressures, resulting in a closer packing structure as finer particles fill the voids
between larger ones. Particle rearrangement, as observed in Figure 4, reduces or eliminates
pores in the powder without considerable irreversible deformation. Particles shift positions by
slippage, rotation, or translational movement, and by the end of this step, when particles have
reached the fullest extent of rearrangement, the powder is typically significantly denser
because of the reduced pore volume (Amidon et al. 2014). This rearrangement generates
energy due to interparticulate friction and increases the surface area available for forming

interparticulate bonds (Patel et al. 2006).

At a certain point, the packing characteristics of the particles and interparticulate friction
between particles will prevent any further particle rearrangement (Garekani et al. 2001).
Particle deformation is necessary for any further reduction in compact volume (Patel et al.

2006).

2.2.2.2 Compression

Compression is expressed as reducing the volume of a powder bed due to the application of

stress. The powder's physical changes during compression can be seen in Figure 4.

During this stage, as the compaction pressure increases, particles undergo deformation at
contact points with other particles, the die wall, or the punch surfaces (Patel et al. 2006). As
particle rearrangement becomes restricted, volume reduction is achieved through plastic,
elastic deformation, and/or fragmentation (Patel et al. 2006). The plasticity, fragmentation
and elasticity depend on the compression pressure applied to the powder bed (Garekani et al.
2001). The elastic and plastic energy (mechanical work done) can be obtained from a

compression force-displacement curve.

Plastic energy is an irreversible deformation factor that is a measure of the net work of the
compaction. During compression, the powder particles deform by plastic flow. Particles that
deform by plastic flow first crack under increased compression, and when the porosity is

decreased, there will be less room for plastic flow (Garekani et al. 2001).

The elastic energy is reversible and measures the expansion work of compaction. This is an

important factor, as it measures the change in tablet thickness between when the tablet is
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being compressed and when it is being ejected. Excessive elastic energy values are

responsible for manufacturing problems, particularly capping defects (Garekani et al. 2001).

Fragmentation is another irreversible deformation factor dependent on the compression
pressure applied to the powder bed (Garekani et al. 2001). It usually occurs at lower

COI’l’lpI'GSSiOl’l pressures.

2.2.2.3 Decompression

During the third stage of powder compression, known as decompression, the punches retract.
This results in a decreasing axial punch pressure, and as the pressure reduces to zero, the

residual die wall pressure typically exists in the radial direction (Amidon et al. 2014).

Depending on the pressure and mechanical properties of the particles, this decompression
phase mainly involves the elastic recovery of the particles. Particles release elastic energy
stored during compression by undergoing elastic recovery (Pitt et al. 2015). The elastic
deformation that the powder underwent post-compression may be better understood through
elastic recovery. Excessive elastic recovery during decompression may decrease the
interparticle bonding, significantly reduce tablet mechanical strength and can result in

capping defects (Amidon et al. 2014).

If the material is elastic and does not experience significant plastic deformation, only a loose
powder bed is obtained after the decompression since the elastic recovery has eliminated
most of the bonding area. The powder bed is, therefore, porous and has a low strength, which
corresponds to poor tabletability (Amidon et al. 2014). For plastic materials, most of the
bonding area created during compaction survives the decompression process, and the

resulting tablet is dense (Amidon et al. 2014).

2.2.2.4 Ejection

Ejection is the force required to eject the tablet from a die (Pitt et al. 2015). On a tabletting
instrument, ejection occurs when the tablet is pushed out from the die by the lower punch at
the end of a tablet decompression process. As the tablet is ejected from the die, it undergoes
radial expansion due to elastic recovery, resulting from residual die wall pressure release
(Amidon et al. 2014). The ejection force will depend on the compaction pressure applied to

the tablet.
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2.2.3 Compaction Equations and Models

Compaction studies focus on evaluating the mechanical properties of powders under pressure,
and several equations and models have been developed to describe the processes that occur

during compaction.

2.2.3.1 Compressibility, Tabletability, and Compactability

The fundamental concepts of compressibility, tabletability, and compactability are essential to
compaction studies, as they define a powder’s response to pressure and its ability to form

robust, durable tablets (Figure 5).
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Figure 5. An illustration depicting the relationships between compaction pressure, solid fraction, and tensile strength for a

given material (Adapted from Tye et al. (2005))
Compressibility refers to the relationship between compaction pressure and the resulting solid
fraction or porosity of the compact, reflecting how particles rearrange and deform under
increasing pressure, which determines the efficiency of powder densification in the initial

stages of tablet formation (Tye et al. 2005). The solid fraction and porosity of tablets can be

calculated based on equation 8 and equation 10:

Solid Fraction = paﬂ

ptrue

Equation 8: Tablet Solid Fraction Equation
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In Equation 8, pirye refers to the true density of the material, which is measured by helium

pycnometry, and p,p, refers to the tablet’s apparent density, which is calculated according to:

w
Papp =3/

Equation 9: Tablet Apparent Density Equation

In equation 9, w is the tablet weight, and V is the tablet volume, calculated by manually

measuring each tablet's dimensions.
The tablet porosity, €, is calculated by the following equation:

€ = 1 — Solid Fraction

Equation 10: Tablet Porosity Equation

Tabletability describes the relationship between compaction pressure and the resulting tensile
strength of the tablet, indicating the ability of a powdered material to be compressed into a
tablet with a specified strength (Sun 2016). This property is essential to ensure tablets possess
sufficient tensile strength to endure further processing, such as coating, handling, and

transportation.

Compactability, however, represents the relationship between solid fraction (or porosity) and
tensile strength, reflecting a powder’s capacity to form a cohesive compact of a specified

strength at a given density (Tye et al. 2005).

These three properties are interrelated and provide an initial picture of a powder’s compaction
behaviour, as they affect all tablet physical properties, i.e. density, porosity, and mechanical

strength (Mudie et al. 2020).

2.2.3.2 Heckel Equation

The Heckel equation has been widely used to characterise the compressibility of powder
materials for tabletting. The Heckel equation provides valuable information about a powder's
compressibility, as it analyses the porosity of the compact and the compression force by using
the force-displacement profile (Schonfeld et al. 2022). The Heckel equation was derived
assuming that the particles undergo plastic deformation under pressure or by the volume
reduction of the powder, which is assumed to obey first-order kinetics in which the pores

constitute the reactant (Sun and Grant 2001).
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The first region, Figure 6 Region I, represents the initial particle rearrangement at low
pressures (Denny 2002). At this stage, particles move, slip, and settle into a more efficient
packing structure, leading to densification primarily due to void filling rather than plastic

deformation.

The second region, Figure 6 Region II, is the linear portion of the Heckel plot, where plastic
deformation becomes the dominant mechanism of densification (Sun and Grant 2001). The
linear portion of the plot is used to derive key outputs, as its slope (K) provides a direct
measure of the material's plasticity (Schonfeld et al. 2022). The plasticity of powders plays a
significant role in the handling and manufacturing of solids. During tablet manufacturing,
plastic deformation ensures particles develop and maintain an adequately large
interparticulate bonding area with neighbouring particles, resulting in sufficient tablet
strength (Schonfeld et al. 2022). Reciprocal transformation of the slope gives mean yield

pressure (Py):

K 1
Py
Equation 11: Mean Yield Pressure Equation
The third region, Figure 6 Region III, appears at high pressures, where the plot curves again.
This curvature has been attributed to work (strain) hardening, where the powder resists

further compression due to limited remaining porosity and increased interparticulate bonding

(Denny 2002).
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Region I : Region II

Region III

Slope =K

In[1/(1-D)]

A

Compression Pressure (MPa)

Figure 6. A graphical representation of a typical Heckel plot derived from relative density and compaction pressure

(Reproduced from Patel et al. (2006)).

The final form of the Heckel equation may be stated as (Comoglu 2007):

1
—1In ( ) =KP+A
1-D
Equation 12: Heckel Compressibility Equation

In Equation 12, D is the relative density calculated as the ratio of the tablet's actual density to
the true density of the material, and P is the applied pressure (MPa). K is the slope of the
straight-line portion of the Heckel plot (Figure 6, region II) — a material constant that
describes the influence of pressure in reducing the void fraction and reflects the plastic
deformation behaviour of the powder. A is the intercept of the linear portion of the Heckel
plot (Figure 6, region I) — a constant describing the movement and rearrangement of particles
at low pressures prior to significant interparticulate bonding. From A, the densification

resulting specifically from initial particle rearrangement (D,) can be calculated (Figure 6,

region I).

31



Chapter 2 Literature Review

1
1-D,

A=ln[ ]-I—B

Equation 13: Initial Packing and Rearrangement Equation

D,=1—-e¢4

Equation 14: Initial Particle Rearrangement Contribution Equation

In Equation 13, In [ﬁ] represents the contribution from initial die filling, and B (Figure 6,
—Yo
region I) is the densification due to slippage and rearrangement of primary and fragmented

particles (Dg).
From the intercept (B) of the Heckel plot on the Y-axis, D, (zero pressure powder density) is
obtained. D represents the densification resulting from die filling or the initial packing of the
powder (Figure 6, region ). It is calculated as:

Dp=1-eB

Equation 15: Densification Due to Die Filling Contribution Equation

The total densification (Da) includes both initial particle rearrangement and densification due
to die filling. The contribution of particle rearrangement alone (Dg) can be calculated as:

Dg =Dy — Dy

Equation 16: Total Densification and Rearrangement Contribution Equation

Whereby, D, represents densification due to the initial die-filling.

Two methods are used to collect data for Heckel analysis, either in-die or out-of-die.

For the in-die Heckel method, key input parameters include tablet dimensions, weight, true
density, and the force and displacement data of the upper and lower punches. Tablet
dimensions and weight are recorded to assess the volume and mass of the compact, while true
density is used as a reference to determine the extent of densification. Using the tablet
dimensions, weight, true density and displacement data enables researchers to calculate the
tablet's relative density (D) throughout the compression cycle. The force data input is used to
calculate the applied pressure (P) during compaction. The relative density (D) is calculated at

each pressure point (P), and these values are plotted against the natural logarithm of the

porosity (— In (ﬁ)) to generate the Heckel plot. The Heckel plot can then be used to obtain
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the output parameters' mean yield pressure (Py), particle rearrangement (A), and densification

parameters (Dg, Da, Dg), as described previously.

The in-die method is relatively simple and quick, requiring only a single tablet to determine
the compressibility profile (Ili¢ et al. 2013). This approach is particularly advantageous
during early-stage development, where API availability may be limited or in material-sparing
scenarios, enabling efficient characterisation with minimal resource consumption (Comoglu
2007). Additionally, the in-die method is not affected by post-ejection tablet defects, such as
lamination or capping (Denny 2002). These defects, which typically compromise the integrity
and usability of tablets in the out-die method, do not influence in-die Heckel data as the
measurements are taken dynamically during the compression cycle rather than relying on the
final ejected tablet. As a result, the in-die method is particularly valuable for materials prone
to mechanical failure during ejection and for troubleshooting formulation issues in the early

stages of development.

The out-die Heckel method requires data collection after tablet ejection for a series of tablets
compacted at a controlled range of pressures (Persson and Alderborn 2018). A separate tablet
is produced to capture the specific state of densification at each pressure. The material’s true

density and each tablet’s dimensions and weight are used to calculate the tablet's relative
density (D). The relative density values are transformed to — In (ﬁ), and these values are

plotted against the corresponding applied compaction pressures (P) to generate the Heckel
plot. As with the in-die, the Heckel plot has three regions associated with particle
rearrangement, plastic deformation, and a possible curved region at high pressures due to

work hardening or other effects.

The out-die method involves producing multiple tablets at varying compression pressures to
generate a comprehensive compressibility profile (Sonnergaard 1999). However, its discrete
approach provides less detailed information about the profile's continuous shape than the in-
die method (Sonnergaard 1999). Additionally, it requires significantly more material and time
to complete (Ili¢ et al. 2013). The manual post-ejection measurements required for the
analysis, such as tablet dimensions and weight, can introduce variability and user error,
further complicating reproducibility (Sonnergaard 1999). The primary advantage of the out-
die method is its ability to exclude the effects of elastic relaxation, offering a more accurate

representation of the material’s permanent deformation behaviour (Denny 2002).
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2.2.3.3 Other Equations

Several other equations have been proposed to characterise powder compressibility, e.g., the

Walker and Kawakita equations (Vreeman and Sun 2021).

Walker proposed the first known equation to describe the consolidation of powders in 1923
(Denny 2002). The Walker equation assumes that the rate of change of pressure with respect
to volume is proportional to the pressure, thus giving a differential equation (Sonnergaard

1999; Patel et al. 2006):

logP = _LV,/VO + C1
Equation 17: Walker Compressibility Equation

In Equation 17, V, is the volume at zero porosity, the relative volume is V' /V, = 1/D, and C;

is constant. The coefficient L is referred to as the pressing modulus.

The Heckel and Walker equations transform relative density differently, as illustrated in
Figure 7. The Heckel transformation is approximately linear at intermediate densities, while
the Walker transformation exhibits a more pronounced curvature in this region (Patel et al.
2006). At high densities, the Walker equation approaches linearity, whereas the Heckel
transformation tends toward infinity — meaning the Heckel plot will show an upward
curvature near zero porosity (Sonnergaard 1999; Patel et al. 2006). Additionally, the Heckel
model is generally less reproducible and possesses reduced discriminative power as a

compression constant compared to the Walker equation (Patel et al. 2006).

m[I/(1-D)]
[(I."]I-"l

Relative Density

Figure 7. Heckel and Walker transformations of relative density (Reproduced from Patel et al. (20006)).
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The Kawakita equation for powder compression is founded on the premise that particles are
subjected to a compressive load in equilibrium at all compression stages, resulting in a
constant product of the pressure and volume terms. The Kawakita equation is (Denny 2002;

Patel et al. 2006):
P,/C=[1/ab + P,/a]
C=[Vo—V/Vo]
Equation 18: Kawakita Compression Equation

In Equation 18, P, is the applied axial pressure, a is the degree of volume reduction for the
bed of particles, and b is a constant proposed to be inversely related to the yield strength of
particles. C is the degree of volume reduction, V is the volume of compact at pressure, and V,
is the initial apparent volume of powder. The constant a is equivalent to the value of the
initial porosity, ey (Denny 2002). This equation is best applied to soft, fluffy pharmaceutical
powders and is particularly effective in low-pressure and high-porosity scenarios (Patel et al.

2006).

2.2.4 Factors Affecting Compaction

Studying the factors that affect powder compaction is essential in designing and developing

solid oral dosage forms.

2.2.4.1 Material Properties

A powder particle can have a variety of shapes (spheres, rods, cubes, plates, and irregular)
depending on the manufacturing method and mechanical properties. Particle shape affects the
movement and rearrangement of the particles and, consequently, the bonding area. Thus, the
more irregular (non-spherical) the particle shape, the higher the resistance to movement and
rearrangement of the particles during powder compression. Abdel-Hamid et al. (2011)
corroborated this by demonstrating that irregular and fibrous particles, such as
microcrystalline cellulose, exhibit higher friction and interlocking during compression due to
increased surface roughness. This resistance to movement contributes to enhanced
interparticulate bonding during powder compression. Powders with spherical particle shapes

tend to have better flow properties and can be more readily compressed into uniform tablets.
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Spherical particles, such as mannitol, showed improved flow properties and lower friction

compared to irregularly shaped particles (Abdel-Hamid et al. 2011).

Additionally, spherical particles exhibit shorter disintegration times and greater dissolution
rates. Li et al. (2022) demonstrated that smoother, more spherical particles resulted in shorter
disintegration times and faster dissolution rates, with circularity being identified as a critical
morphological factor; higher circularity correlated to better flowability and dissolution
outcomes. Surface areas of drug particles are important because dissolution is a function of

this parameter.

The powder property of particle size refers to the dimensions of a particle in a powdered
material and is essential for anyone handling or treating powder. Particle size plays a crucial
role in influencing the compaction behaviour of powders, especially in terms of how particles
rearrange and deform under pressure. As Wiinsch et al. (2021) demonstrated, finer particles
tend to fill voids between larger particles, enhancing compressibility and tablet density due to
increased plastic deformation and bond formation. Conversely, larger particles may create a
more porous structure, lowering tensile strength in the final tablet due to fragmentation and
elastic deformation. Additionally, this study showcased that as particle size decreases, a shift
from brittle to ductile behaviour can occur, influencing the deformation (Wiinsch et al. 2021).
Smaller particles exhibit less tendency to fragment, often resulting in tablets with lower
porosity due to enhanced plastic deformation. On the contrary, brittle materials with larger
particle sizes tend to produce more porous tablets because of increased fragmentation and the

creation of numerous bonding points.

Furthermore, smaller particle sizes result in more significant contact with the die wall,
leading to increased friction forces and heat generation during the ejection process, which can
raise the ejection forces needed to remove the compact. Abdel-Hamid, Alshihabi and Betz
(2011) found that smaller particle sizes produced higher residual die-wall pressure (RDP) and

ejection force (EF) due to increased surface activation and interaction with the die wall.

Studies have shown that the particle size also correlates with tablet tensile strength. McKenna
and McCafferty (1982) observed that reducing the particle size enhanced the tensile strength
for spray-dried lactose and Sta-Rx 1500 tablets due to increased plastic deformation and
stronger interparticulate bonding. However, for microcrystalline cellulose (Avicel PH-101),
tensile strength was unaffected by particle size variations, as its compaction relies

predominantly on plastic flow.
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Furthermore, particle size and shape affect the bonding area during compaction. More
elongated particles tend to interlock more, creating a larger bonding area that requires greater
force for separation, often necessitating particle breakage rather than simple separation of

bonding surfaces to break the tablet (Sun, 2011).

Particle surface texture (the particle’s roughness) refers to the features and physical
characteristics of the particle’s outermost layer. In tablet production, particles with a rougher
surface texture can exhibit poorer compressibility due to higher interparticulate frictional
forces required for particle movement, which makes it more difficult for particle deformation

to occur during the compression — as observed by Tay et al. (2019).

Fresh particle surfaces, generated by fragmentation, possess higher surface energy, enhancing
interparticulate bonding and tablet tensile strength. However, these surfaces also increase
adhesion between the particle and punch surface, contributing to sticking during the

compaction process (Paul et al. 2017).

Powder flowability plays a crucial role in the compaction process and is the ability of a
powder to flow through equipment reliably. Powder flowability is crucial in compaction,
influencing tablet uniformity, weight consistency, and overall production efficiency
(Hadinoto et al. 2022). Poor flowability can cause various issues as powders move through
equipment like bins, chutes, and press hoppers. Cohesive powders are prone to forming
arches or ratholes, leading to no flow or erratic flow, while rathole collapse can result in
uncontrolled discharge or flooding (Hadinoto et al. 2022). Fine powders, mainly when
deaerated, may experience flow-rate limitations or even no-flow conditions due to
interactions between the powder and interstitial air, which can affect tablet compression.
These flow issues can lead to improper die filling during compression, resulting in varying
weight and hardness of tablets, and may also contribute to segregation of components within
the powder blend, particularly when differences in particle size, density, or shape exist.

Segregation can further compromise content uniformity and dose accuracy.

Atmospheric moisture can be absorbed by powders, forming capillary bridges, which cause
the formulation to bind to itself and other surfaces, resulting in sticking and flowability issues
(Chattoraj et al. 2018). To mitigate this, many tablet manufacturers invest in humidity-
controlled environments, especially when compressing hygroscopic formulations, to maintain

a dry compression area and minimise the effects of humidity.
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Moisture content plays a significant role in all aspects of the tablet manufacturing process.
Patel et al. (2023) showcased that high moisture content in the materials prior to compaction
promotes microbial growth due to its high reactivity and availability. Excessive moisture
levels during compaction and storage contribute to chemical degradation, reduced stability,

and product complaints.

Nokhodchi et al. (1995) found that optimal crushing strength was achieved with 1-3.5% w/w
moisture content for ibuprofen tablets, while higher moisture levels (> 3.5% w/w) decreased
tablet strength. Moisture content during the compaction process enhances interparticulate
bonding by increasing the tensile strength of the powder bed and reducing density variation
within tablets, partly due to its role as a lubricant for the die wall, allowing more applied
force to be transmitted efficiently. However, excessive moisture can decrease tensile strength
due to the formation of free water layers that reduce intermolecular forces and allow particle
separation. It can also significantly reduce powder flowability and often contributes to

sticking problems (Chattoraj et al. 2018).

Moisture can affect the glass transition temperature (Tg) of amorphous materials, reducing it
and altering the viscoelastic properties of polymers. Hauschild and Picker-Freyer (2006)
found that the T, of Kollidon SR decreased from 48 °C at 0% RH to 32 °C at 75% RH. This
reduction in Ty, caused by the plasticising effect of moisture, led to increased plastic

deformation during compaction and influenced the mechanical properties of the tablets.

Crystal habit refers to the characteristic external appearance of a crystal, which is determined
by the relative growth rates of its crystallographic planes (Rasenack and Miiller 2002).
Crystal habit is critical in determining how easily a pharmaceutical formulation can be
compressed into a tablet by influencing key factors such as tabletting behaviour, flowability,
and tendency to adhere to punch surfaces. Rasenack and Miiller (2002) prepared different
crystal habits for ibuprofen (plate-shaped and needle-shaped) and acetaminophen (plate-
shaped and prismatic) to identify how modifications to crystal habit impact tabletting
performance. Plate-shaped ibuprofen crystals exhibited significantly improved flowability
and compaction behaviour compared to the needle-shaped habit, which was highly cohesive
and adhesive, resulting in punch sticking (tablet picking). Smaller plate-like and prismatic
crystals exhibited superior compactibility and crushing strength compared to larger or

irregular habits for acetaminophen.
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Additionally, crystal habit can change the dissolution of the drug, which in turn affects the
bioavailability. Needle-shaped habits typically exhibit slower dissolution rates due to their
smaller surface area, whereas plate-like or prismatic crystals offer larger contact surfaces,

promoting faster dissolution (Pu and Hadinoto 2024).

Crystal engineering and particle design are effective strategies for enhancing the
compactability of pharmaceutical powders. For example, Mirza et al. (2009) demonstrated
that modifying the crystal habit of erythromycin A dihydrate through the addition of
hydroxypropyl cellulose as a habit modifier improved the material's compactibility and

reduced issues like capping during compression

2.2.4.2 Process Parameters

The precompression step is a preliminary compression force employed before the main
compression is applied to the powder bed during tablet compaction. Precompression reduces

air entrapment in the powder bed and extends when the material is under pressure.

When a powder is initially poured into the die cavity, it often contains air pockets and voids
that can measurably deteriorate the resultant tablet's mechanical properties and lead to tablet
defects such as cracking and lamination. Vreeman and Sun (2022) demonstrated that
precompression allows for the deaeration of powders, effectively reducing the formation of
air pockets and eliminating air-induced stress concentrations during the main compression
phase. Their findings showed that low precompression pressure significantly decreased tablet
porosity and enhanced mechanical strength. Thus, the most practical strategy to address the
issue of air entrapment within the powder bed is to perform a precompression step before the

main compression event, a feature commonly found on modern tabletting presses.

In addition to reducing air entrapment, precompression promotes stress relaxation and
improves particle rearrangement within the powder bed. Mann et al. (2011) found that
increasing the precompression pressure increased the threshold pressure at which capping
occurs by removal of entrapped air within the powder bed during precompression and to
stress relaxation, which allows particles to adjust under pressure and form stronger
interparticle bonds. These mechanisms collectively reduce the likelihood of capping at higher
main compression pressures. A precompression phase thereby leads to enhanced cohesion, an

increase in the degree of stress relaxation and plastic deformation and improves the tabletting
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strength through an increased interparticulate bonding area. However, as Mazel and
Tchoreloff (2020) noted, excessively high precompression pressures can reintroduce capping
and limit plastic deformation during the main compression, underscoring the importance of

optimising the precompression parameters for each formulation.

Compression force is the key driving force in the powder densification process. The
compression force's rate and extent affect how the particles physically deform and determine
the integrity of the compact produced. A higher ejection force will typically be obtained if a
higher compaction force is used. If a tablet's ejection force is too high, it will result in

manufacturing defects (Pitt et al. 2015).

Compression speed (rate of compression) is another factor that can impact the compaction
properties of powders. The particle rearrangement during the powder's compaction is time-
dependent because the material particles undergo stress relaxation after compaction (Patel et
al. 2006). The compression speed effect, or strain rate sensitivity of powder, poses an issue
when scaling up from the laboratory to an industrial operation where tabletting speeds are
usually drastically increased. Klinzing and Troup (2019) demonstrated through numerical
modelling that higher compression speeds significantly increased the internal air pressure
within the powder bed, reaching levels of 1-1.5 MPa, approaching the tensile strength of the
tablet. The elevated air pressure existed in regions that correlated experimentally with tablet

defects such as cracking, bubbling, and capping.

The success of a tablet manufacturing process also heavily depends on the shape of the

compression tooling used, as mentioned in section 2.1.5.

2.2.5 Compaction Defects

Defects can affect the tablet's physical attributes, compromising the final product's quality,
efficacy, and safety. Common problems with the mechanical integrity of tablets include

capping, lamination, and chipping.

Capping is a tablet defect that occurs when a partial or complete detachment of a cross-
sectional segment from the top or bottom face of a tablet dosage form breaks off. This
phenomenon can arise from various factors, including air entrapment within the powder bed
during compression, the mechanisms of volume reduction throughout the compaction

process, the speed of compression, viscoelastic recovery, as well as the distribution of stress
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and density within the tablet, which is influenced by die wall pressure (Sarkar et al. 2015).
Lamination occurs when the tablet splits into partial multilayer cracks parallel to the tablet
surface (Kalies et al. 2020). This tablet defect typically occurs during ejection, when an
excessive force is applied to remove the tablet from the die. To mitigate the risks of capping
and lamination, several strategies can be employed, including the application of
precompression, reducing the tableting speed to allow for longer dwell time, and decreasing

the main compression force (Patel et al. 2006).

A chipping defect occurs when small pieces break away from the edges of the tablet. This can
occur due to poor lubrication, insufficient binder, too wet material being compacted, poor
shape and condition of the die, or during subsequent handling and processing operations

(Patel et al. 2006).

2.2.6 Advanced Analysis of Tablets

Understanding tablets' structural, chemical, and spatial properties is vital for optimising drug
delivery, identifying manufacturing defects, and ensuring compliance with regulatory
standards. Conventional pharmacopeial methods such as disintegration testing, friability
assessments, and hardness testing have traditionally been employed to evaluate tablet quality.
However, these methods are often destructive and provide limited insight into the tablet's
internal structure and compositional uniformity (Dave et al. 2017). As a result, emerging non-
invasive techniques have gained prominence for their ability to provide high-resolution,
detailed, and non-destructive insights into tablets' physical, chemical, and structural

properties.

The techniques reviewed here will focus on hyperspectral imaging (HSI) and micro-
computed tomography (Micro-CT), as these techniques are relevant to the experimental

analyses conducted in this thesis.

2.2.6.1 Physiochemical Analysis of Tablets by Hyperspectral Imaging (HSI)

Hyperspectral imaging combines imaging and spectroscopy to acquire spatially resolved
spectral information across a wide range of wavelengths, providing detailed chemical and

physical information about a sample (Bhargava et al. 2024).
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HSI systems can operate across different spectral ranges, such as Visible (VIS), Near-Infrared
(NIR) and Shortwave Infrared (SWIR) (Kurz and Buckley 2016). The measured spectral
range determines the materials that can be effectively analysed and the level of detail
obtained. The VIS range (400-700 nm) is suitable for surface-level visual analysis and
detecting some chemical properties. The NIR range (700-2500 nm) provides insights into
organic materials' general composition and physical properties by detecting overtones and
combination bands of molecular vibrations. The SWIR range (1000-2500 nm) offers deeper
penetration into materials, enhanced sensitivity to water and chemical variations, and the

ability to detect sub-surface structures and subtle compositional differences.

HSI operates by directing a polychromatic or monochromatic light onto a sample, where it
interacts with a sample through reflection, absorption, or scattering. The light is then
dispersed into its individual spectral components using a spectrograph and captured by a two-
dimensional detector. Depending on the HSI scanning method used, the acquired image may
represent either spatial (x) vs spectral (1) information (line-scanning) or a single spectral
point at a time that builds into a full dataset (point scanning) or a full 2D spatial image with
spectral data embedded in each pixel (area scanning) (EIMasry and Sun 2010). The complete
dataset is compiled into a three-dimensional hyperspectral data cube (x, y, A) where spatial
dimensions represent the sample's layout, and the spectral dimension corresponds to the
recorded wavelength range. This cube provides detailed chemical and physical characteristics
for every pixel in the sample, enabling detailed chemical, physical, and structural analysis
through visualizing spectral maps, extracting individual spectra, or examining spatially

resolved features.

HSI has revealed itself as a powerful tool for analysing pharmaceutical tablets. Ely and
Carvajal (2011) quantified API distribution and segregation in low-dose tolmetin sodium
dihydrate tablets using NIR-HSI. Franch-Lage et al. (2011) demonstrated the capability of
NIR-HSI in rapidly evaluating the spatial distribution of both the API (lorazepam) and
excipients (microcrystalline cellulose, lactose monohydrate, magnesium stearate and sodium-
carboxymethyl starch) on tablet surfaces. NIR-HSI has also been used to assess API
degradation in tablets (Franca et al. 2016). This research evaluated captopril conversion into
captopril disulfide over time, using HSI to estimate manufacturing dates and detect abnormal

degradation patterns.
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Measuring pharmaceutical tablet surface density can provide insights into overall tablet
quality. Ellison et al. (2008) used NIR-HSI to map spatially resolved density distributions on
the surface of lactose monohydrate tablets with varying lubricant levels. The density at each
pixel was calculated, revealing that the tablet surface density is not always uniform, and
variations exist across the tablet surface — particularly at the tablet edges. Additionally, the
top surface of the tablet exhibited a higher density than the bottom surface, which was
attributed to force transmission effects. The density variations were strongly influenced by
friction between the powder and the die walls during compaction. Tablets with low lubricant
content exhibited non-uniform density distributions, while those with higher lubricant levels
had more homogeneous density profiles. Tablets with high die-wall friction exhibited higher
ejection forces, confirming that density variations influence mechanical properties and
compaction efficiency. Talwar et al. (2017) used NIR-HSI to determine spatially resolved
density and hardness for microcrystalline cellulose tablets, finding a high correlation between
the predicted solid fraction and measured hardness values. This result confirmed that density
variations impact the tablet's mechanical properties while also demonstrating HSI's ability to

predict mechanical properties non-destructively.

2.2.6.2 Micro-Computed Tomography

Micro-computed tomography (Micro-CT) is an imaging technique based on X-ray absorption
and tomographic reconstruction to produce high-resolution 3D representations of a sample’s

internal structure.

In Micro-CT, an X-ray source transmits a focused X-ray beam through the sample. The X-
rays interact with the material through absorption or scattering, depending on the sample's
density and composition. The sample is rotated step-by step on a device that either rotates the
specimen within the stationary scanner or rotates the scanner around the stationary specimen.
As the sample rotates incrementally, multiple X-ray projections are collected from different
angles by a detector, which captures the transmitted X-rays as 2D radiographic images
(Busignies et al. 2006). These images can generate a three-dimensional representation of the
sample, known as a tomogram. The reconstructed 3D representation of the sample consists of
voxels, representing the X-ray attenuation coefficient at a specific location, which correlates
to the material's density. This enables the visualisation and quantitative analysis of internal
structures, such as porosity, cracks, voids, and material distribution, without physically

altering or destroying the sample.
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Micro-CT has been showcased in several studies as an effective tool to detect and quantify
tablets' porosity and internal structure. (Sinka et al. 2004) micro-CT was applied to
investigate density distributions in microcrystalline cellulose (Avicel PH 102) capsule-shaped
tablets. Density maps showed inhomogeneity in cross-sections of the tablets, with apparent
density being calculated as 800 kg/m? in low-density regions and high-density regions being
1400 kg/m>. Similarly, (Busignies et al. 2006) utilised micro-CT to measure porosity
variations within microcrystalline cellulose (Vivapur 12) cylindrical flat face round tablets
using density maps. They also found heterogeneous density distributions in tablets; higher-
density regions were located at the periphery, and lower-density regions were at the core due
to die-wall friction effects. Additionally, density heterogeneity was found to increase with
compaction pressure. These findings demonstrate the effectiveness of micro-CT as a non-
destructive method for analysing the microstructure of tablets, providing detailed information

into the density distributions and structural uniformity of pharmaceutical tablets.
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2.3 Temperature Effects in Tabletting: Generation,

Measurement and Impact

2.3.1 Sources of Heat Generation

Heat generation during the tablet manufacturing process is a crucial factor because high
temperatures can alter the physical and chemical properties of pharmaceutical materials.
These changes can influence interparticle bonding, porosity, tensile strength, disintegration
time, and drug release kinetics. In some cases, excessive heat may also trigger unwanted
polymorphic transitions or degradation, compromising tablet stability and performance.

These effects are explored in more depth in Section 1.3.4.

This heat mainly results from the inherent conversion of mechanical work into heat when the
powder is compacted into a pharmaceutical tablet. The primary heat sources in compaction
include friction between powder particles, interactions with the die wall, tableting

instruments, elastic and plastic deformation, and the fragmentation of particles.

Friction between particles is a significant contributor to heat generation (Hanus and King
1968). As powders are compressed, individual particles interact and slide over each other,
generating friction (Hanus and King 1968). The energy used to overcome this friction is
converted into heat, resulting in a noticeable temperature increase in the powder mass (Hanus
and King 1968). In addition to interparticle friction, heat is generated through die-wall
friction. As punches compress the powder, their interaction with the die wall creates
additional frictional forces, contributing to overall heat generation. The extent of heat
produced is influenced by factors such as compression speed and material properties (Krok et

al. 2016a).

Moreover, the dynamics of the tablet press equipment, including punches and dies, are heat
sources due to mechanical movements and interactions with the powder. Higher compression
speeds lead to increased heat accumulation as they limit the time available for heat

dissipation (Otsuka et al. 2022).

Plastic deformation and fragmentation of particles during compaction further contribute to

heat generation. The energy expended in these processes is converted into thermal energy,

45



Chapter 2 Literature Review

raising the temperature of the compacted material (Decrosta et al. 2000; DeCrosta et al.

2001).

2.3.2 Thermal Properties of Pharmaceutical Materials

Thermal analysis techniques are indispensable tools for material selection, excipient
compatibility studies, and the prediction of heat-related defects during high-speed
manufacturing. Table 2 demonstrates studies that have employed thermal analysis techniques,
such as Differential Scanning Calorimetry (DSC), DTA (Differential Thermal Analysis), hot-
stage microscopy and Dynamic Mechanical Analysis (DMA), to evaluate pharmaceutical

materials' thermal and mechanical behaviour.

DSC measures the difference in heat flow between a sample and a reference material as both
are subjected to a controlled temperature program. When the sample undergoes a thermal
event — such as melting, crystallisation, or glass transition — it absorbs or releases heat,
producing a peak (e.g., for melting or crystallisation) or a step change in the baseline (e.g., for

glass transition) in the heat flow curve (Zhou and Labuza 2011).

Hot-stage microscopy combines light microscopy with a temperature-controlled stage,
allowing real-time visual observation of morphological changes as the sample is heated
(Vitez et al. 1998). As temperature increases, changes such as melting, recrystallisation, or

phase transitions can be directly observed and recorded.

DMA applies a sinusoidal oscillating force to a sample and measures its mechanical response
to stress, temperature, frequency and other parameters of interest. It evaluates how a material
deforms under dynamic conditions by measuring the storage modulus (£’) which is the
energy stored in the specimen, the loss modulus (E") which is the dissipation of energy in the
specimen and the internal friction (tan d) which is the ratio between the loss modulus and the
storage modulus and indicated the damping behaviour (Akil and Zamri 2014). These values
are tracked as the temperature changes, allowing the identification of viscoelastic transitions

such as the glass transition temperature (T) and softening points.

Notably, despite the numerous thermal analysis studies conducted (Table 2), thermal
transitions for widely used excipients such as microcrystalline cellulose, lactose, and starch
are either absent or not detected within the temperature ranges applied. This highlights a gap

in the literature and presents a challenge when predicting their thermal sensitivity based on
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glass transition behaviour alone. These excipients, which often comprise most direct
compression formulations, were therefore selected for direct experimental investigation in

this thesis.
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Table 2: Thermal Properties of Pharmaceutical Materials Using Different Analytical Techniques

Literature Review

Thermal Values Obtained

Material Mate;:f;c]g’fne and Meth(fnzf 'l;ilsermal Glass Transition, Melting Point, Reference
y T, (°C) Tm (°C)
Acetylsalicylic acid API DSC 140-145 (Casettari et al. 2016)
Ammonio Excipient — sustained
methacrylate P Su DMA 50-60 (Cespi et al. 2013)
release matrix former
copolymer
Excipient —
Butyl p- antimicrobial DSC 68 (Danjo et al. 1993)
hydroxybenzoate .
preservative
. Excipient — filler / . .
Calcium carbonate diluent / pH modifier Hot stage microscope 825 (Pilpel et al. 1991)
Chloroquine . .
diphosphate API Hot stage microscope 194 (Pilpel et al. 1991)
chalcmm phosphate Excipient — filler / No T, detected (25- | No T detected (25- .
dihydrate . DMA R o (Cespi et al. 2013)
diluent 150 °C range) 150 °C range)
(Emcompress)
Excipient — film
. coating and matrix (Grumann et al.
Eudragit E PO former (pH DSC 49 2022)
dependent release)
Excipient — enteric Lo
Eudragit L100-55 coating polymer (pH- DSC 70 (Partheniadis et al.
2020)
dependent release)
Eudragit L100-55 Excipient — enteric -
(HME extruded coating polymer (pH- DSC 60.8 (Partheniadis et al.
2020)
form) dependent release)
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Literature Review

Thermal Values Obtained

Material Mate;i:ﬁ;iﬂf and Meth(;dn(;il' 'I;:lsermal Glass Transition, Melting Point, Reference
y T, (°C) T (°C)
. Excipient — sustained (Grumann et al.
Eudragit RL release matrix former DSC 70 2022)
. Excipient — sustained (Grumann et al.
Eudragit RS release matrix former DSC >8 2022)
. Excipient — sustained (Partheniadis et al.
Eudragit RSPO release matrix former DSC 60.2 2020)
Eudragit RSPO . . L
(HME extruded Excipient — §usta1ned DSC 557 (Partheniadis et al.
release matrix former 2020)
form)
Gr1se0fu}v1n API formulation Hot stage microscope 200 (Pilpel et al. 1991)
formulation
. Excipient — binder / (Grumann et al.
Kollidon 12 PF solubilising agent DSC 102 2022)
Excipient — sustained (Partheniadis ct al.,
Kollidon SR P ) DSC 45.5 2020; Grumann, et al.
release matrix former
2022)
Kollidon SR . . o
(HME extruded Excipient — §usta1ned DSC 429 (Partheniadis et al.
release matrix former 2020)
form)
Lactose Anhydrous EXCIp;E;[e_nfner / Hot stage microscope 208 (Pilpel et al. 1991)
Lactose Monohydrate EXClpg?Je‘ntﬁ”er/ DSC 213-224 (Gombis et al. 2002)
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Literature Review

Thermal Values Obtained

(100:0 MMA:LMA)

Material Mate;i:ﬁ;iﬂf and Meth(;dn(;il' 'I;?Sermal Glass Transition, Melting Point, Reference
Y T, (°C) Tm (°C)
No T detected
. . . (Phase transitions at
Magnesium Stearate Excipient — lubricant DSC 127-131, 204-208, (Haware et al. 2018)
and 227-228)

Microcrystalline Excipient — filler /

cellulose (Avicel diluent / binder / DMA Nol"g%c}%e:;;:déf >- | No 11;.% doe(:;[eggde()%- (Casettari et al. 2016)
PH102) disintegrant & &

. Excipient — binder / (Grumann et al.
Nisso HPC SSL disintegrant DSC 82 2022)
Paracetarpol API formulation Hot stage microscope 150 (Pilpel et al. 1991)
formulation
Polyethylene oxide Excipient — sustained .

100 kD release matrix former DSC 64.4 (Casettari et al. 2016)
Polyethylene oxide Excipient — sustained .
600 kDa release matrix former DMA >0-75 (Cespi et al. 2013)
Polyethylene oxide Excipient — sustained .
1000 kDa release matrix former DSC 67.8 (Casettari et al. 2016)
Polyethylene oxide Excipient — sustained .
7000 kDa release matrix former DSC 69.2 (Casettari et al. 2016)
quelt}}ll(;l; eﬂlle?fcle-co- Excipient — sustained (Van Der Voort

Y P o DSC 117.85 Maarschalk et al.
lauryl methacrylate) | release matrix former 1997)
(100:0 MMA:LMA)
Poly(methyl . . (Van Der Voort
methacrylate-co- Excipient — sustained .

. Fox equation 117.85 Maarschalk et al.

lauryl methacrylate) | release matrix former 1997)
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Literature Review

. Thermal Values Obtained
Material Mate;i:ﬁ;iﬂf and Meth(;dn(;il' 'I;?Sermal Glass Transition, Melting Point, Reference
y T, (°C) Tm (°C)
Eloelt}l/l(;lgf ﬂlgj[i-co- Excipient — sustained (Van Der Voort
4 plor DSC 76.85 Maarschalk et al.
lauryl methacrylate) | release matrix former 1997)
(83:17 MMA:LMA)
Poly(methyl .. . (Van Der Voort
methacrylate-co- Excipient — sustained .
. Fox equation 78.85 Maarschalk et al.
lauryl methacrylate) | release matrix former 1997)
(83:17 MMA:LMA)
;(2‘3;1(;2 et111'<§[le-co- Excipient — sustained (Van Der Voort
Y P ) DSC 52.85 Maarschalk et al.
lauryl methacrylate) | release matrix former 1997)
(72:28 MMA:LMA)
Poly(methyl . . (Van Der Voort
methacrylate-co- Excipient — sustained .
. Fox equation 57.85 Maarschalk et al.
lauryl methacrylate) | release matrix former 1997)
(72:28 MMA:LMA)
Excipient — binder / (Grumann et al.
Soluplus solubility enhancer DSC 73 2022)
Excipient — binder / (Partheniadis et al.
Soluplus solubility enhancer DSC 794 2020)
Soluplus (HME Excipient — binder / DSC 635 (Partheniadis et al.
extruded form) solubility enhancer ) 2020)
. . Excipient — . .
Sodium chloride disintegrant Hot stage microscope 804 (Pilpel et al. 1991)
Starch 1.5 QO (p artia lly Excipient — binder / No T Qetected (Lerdkanchanaporn
pregelatinized maize . DTA (Degradation at 287-
disintegrant / filler 1999)
starch) 310)
Stearic acid Excipient — lubricant | Hot stage microscope 70 (Pilpel et al. 1991)
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2.3.3 Measurement of Temperature Rises during Tabletting

Several measurement techniques have been developed to quantify the temperature rises

accurately and explore their implications. These techniques include the following:

e Thermochromic indicators (Hanus and King 1968),

e Thermometric measurements (Hanus and King 1968),

e Embedded thermocouples (Travers and Merriman 1970),

e Infrared thermography (Bechard and Down 1992; Ketolainen et al. 1993; Picker-
Freyer and Schmidt 2004; Krok et al. 2016b; Otsuka et al. 2022), and

e Compression calorimeter (Rowlings et al. 1995; Wurster et al. 1995; Decrosta et al.

2000; DeCrosta et al. 2001; Buckner et al. 2010)

2.3.3.1 Thermochromic Indicators and Thermochromic Measurements

Hanus and King (1968) conducted one of the earliest studies to measure temperature
increases during tablet compression, employing thermochromic indicators and thermometric
methods. Thermochromic pigments with known temperature thresholds were compressed
with the granulated powders, displaying visible colour changes when exposed to elevated
temperatures. This approach confirmed significant heating during compression, with sodium
bicarbonate, alumina, citric acid, lactose, and sodium chloride tablets attaining average
temperatures of approximately 40°C. Under higher compaction pressures, sodium chloride
tablets exhibited temperature increases up to 55°C. While this method provided a
straightforward visual confirmation of heat generation, its qualitative nature and reliance on

predefined thresholds limited its precision compared to other techniques.

To complement these findings, Hanus and King (1968) employed a thermometric method by
compressing materials with known heat capacities, calcium carbonate and sodium chloride
(0.206 and 0.220 cal g °C!, respectively), into tablets at different press speeds and
compaction pressures. After compression, the tablets were placed in thermally insulated
vessels containing either distilled water (for calcium carbonate tablets) or carbon
tetrachloride (for sodium chloride tablets), and the resulting temperature increase of the liquid
was measured after thermal equilibrium was reached. This method resulted in average
temperature increases of 20.9°C for calcium carbonate tablets and 14.2°C for sodium chloride

tablets. While thermometric measurements yielded precise numerical data on temperature
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increases, they assessed heat transfer post-compression rather than directly during

compaction.

2.3.3.2 Embedded Thermocouples

Travers and Merriman (1970) introduced a technique using embedded thermocouples to
measure temperature rises during tablet compaction. This method involved inserting
thermocouples directly into the powder bed using a hydraulic press equipped with a specially
modified die. Temperature rises were recorded for sodium chloride, asagran, and boric acid at
3°C, 7°C, and 10°C, respectively. This technique allowed for measuring temperature
fluctuations during the initial compression and relaxation phases, where a temperature drop
was observed as strain energy was released. The primary advantage of this method lies in its
ability to capture the internal thermal profile throughout compaction and subsequent cooling
phases. However, since the thermocouples physically occupy space within the compact
during the compaction of the powder bed into a tablet, their physical presence can disrupt the
bonding process. This may not only compromise the tablet's uniform structural integrity but
also alter the heat generated from particle rearrangement, plastic deformation, elastic
deformation, and fragmentation. Consequently, the compact may not have fully experienced
the expected frictional forces and deformation typical of a uniformly compacted tablet. Thus,
the measured temperature rise via embedded thermocouples may underestimate the actual
temperature rise experienced by tablets produced without thermocouples embedded within

them.

2.3.3.3 Infrared Thermography

Infrared thermography is a non-contact method to capture surface temperature distributions
across tablets immediately after ejection. High-resolution infrared cameras and
thermoviewers capture thermal images, providing detailed information about heat

distribution.

Bechard and Down (1992) used a high-resolution infrared camera (Agema Infrared Systems,
Model 470) positioned 0.5 m from the die to capture thermal images at the take-off point.
Tablets achieved surface temperatures of 35-36 °C, cooling to 26-27 °C after 3 minutes.
Tablet cross-sectional imaging revealed nonhomogeneous heat distribution, with a spatial
temperature gradient 3-4 °C across the inside of the tablet after 20 minutes of continuous
tablet production time. Over longer production runs, die-wall contact raised tablet surface

temperatures from 4-5 °C to 8-9 °C due to heat transfer to the press's steel structure, which
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acts as a heat sink. Tablets lubricated with 1% magnesium stearate reached 39-40 °C after 20

minutes, compared to 50-51 °C with 0.5% magnesium stearate.

Similarly, Ketolainen et al. (1993) used an Inframetrics 600 IR Imaging Radiometer
thermoviewer, positioning it 15 cm from the die with polystyrene shielding to prevent
equipment interference. Microcrystalline cellulose (Avicel PH 102) revealed higher surface
temperatures than dicalcium phosphate dihydrate (Emcompress), attributed to is higher
specific heat capacity (5.0 and 2.4 J g'! °C™!, respectively), and greater energy dissipation
from plastic deformation. Localized hotspots were observed at the tablet centre due to non-

homogeneous densification.

Picker-Freyer and Schmidt (2004) improved upon earlier methods by using an infrared
thermoviewer (Thermacam PM 695) and an infrared sensor (Sensytherm IR-C) for more
extensive data collection and improved sensitivity. Maximum temperatures recorded were
34°C for microcrystalline cellulose, with similar values for spray-dried lactose but slower
cooling. Pregelatinized starch and dicalcium phosphate dihydrate had lower maximum
temperatures (31°C and 28.9°C). However, in this study, only single tabletting cycles were
examined, which hindered a significant temperature increase over time. The dual infrared
tools in this study allowed for more extensive data collection and improved sensitivity

compared to earlier single-device studies.

Further advancements were made by Krok et al. (2016b), who used an Optris PI450 camera,
capable of 80 Hz frame rates and 0.04°C thermal sensitivity, to capture high-resolution
thermal sequences from 20 cm away. Lee et al. (2018) demonstrated the application of
infrared thermography as a PAT tool, linking cooling rates to tensile strength and relative

density.

More recently, Otsuka et al. (2022) investigated the effect of tabletting speed on surface
temperatures using a FLIR E-40 infrared camera to capture real-time thermal images.
Maximum surface temperatures ranged from approximately 30-40 °C, increasing with

tableting speed and duration.

Despite its advantages, infrared thermography is limited to capturing temperature data after
tablet ejection rather than during the actual compaction process. By the time the tablet is
ejected, it has already begun to cool, meaning that infrared thermography may not accurately
reflect the peak temperatures reached during the actual compaction phase. This cooling effect

can lead to underestimating the maximum temperature generated as the tablet surface
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dissipates heat immediately upon release from the die. Nonetheless, advancements in camera
technology, such as improved thermal sensitivity and frame rates, have significantly

enhanced its precision, utility, and potential for real-time monitoring in tablet manufacturing.

2.3.3.4 Compression Calorimetry

Compression calorimetry measures the temperature changes associated with the mechanical
work done during tablet production (Rowlings et al. 1995; Wurster et al. 1995; Buckner et al.
2010). This technique involves a calorimeter integrated into powder compression equipment,
using thermally insulated punch and die assemblies to minimise heat exchange with the
surroundings. Temperature sensors, such as tungsten wire or thermistor systems, detect the
temperature rise in the powder bed during compression. This data, combined with
measurements of effective heat capacities, allows for calculating the heat evolved during the
compression process. Calibration ensures the accuracy of heat capacity and temperature data,

often using a controlled resistance heater.

Waurster et al. (1995) conducted foundational work in compression calorimetry by developing
a calorimeter capable of measuring heat dissipation during powder compression. The results
confirmed that compression is a net exothermic process, with microcrystalline cellulose
releasing the most heat (5.1 °C in sample, 1.62 °C in-punch), followed by anhydrous lactose
(3.04 °C in sample, 0.86 °C in-punch) and starch (2.13 °C in sample, 0.68 °C in-punch). This
study established the ability to quantify thermal changes during compression but did not

address subsequent processes, such as decompression and ejection.

Rowlings et al. (1995) extended this work by exploring the relationships between energy
terms during compression and tabletting behaviour. Using the same calorimeter, they
calculated internal energy changes by applying the first law of thermodynamics. Similar
temperature rises were observed to those obtained by Wurster et al. (1995). Surface area
analysis confirmed that mechanical work during compaction contributed to both tablet
formation and alterations in the energy state of the compressed materials. Recompression
experiments were conducted for the excipient materials to differentiate between reversible
(elastic deformation) and irreversible (plastic deformation, brittle fracture, and
interparticulate bonding) processes. Microcrystalline cellulose and anhydrous lactose
exhibited significant irreversible work during the initial compression phase, consistent with
plastic deformation and interparticulate bonding. Starch 1500 displayed intermediate

behaviour, suggesting that elastic recovery still plays a notable role while some irreversible
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bonding occurs. Meanwhile, polyethylene showed predominantly elastic behaviour, resulting

in poor bonding and compactability.

Decrosta et al. (2000) advanced the technique by integrating a compaction calorimeter into a
single-station compaction simulator capable of measuring mechanical and thermal energies
during compression, unloading, and ejection. Plastic materials dissipated more heat than
brittle materials. Starch exhibited unique behaviour, with moisture evaporation causing
positive internal energy changes at low compaction forces, transitioning to negative values at

higher forces due to increased bond formation.

DeCrosta et al. (2001) expanded on these findings by focusing on the unloading and ejection
phases. They observed positive unloading work across all materials, which was attributed to
unexpected punch movements during the unloading waveform. Internal energy changes
during unloading were generally positive for materials like acetaminophen and dibasic
calcium phosphate dihydrate, reflecting their elastic recovery and bond breakage tendencies.
Ejection heat values were exothermic (negative) for all materials, with brittle materials
showing the largest negative heat values due to their stronger frictional interactions and
consolidation. Plastic materials exhibited near-zero internal energy changes during ejection,

indicating stable bonding.

Buckner et al. (2010) refined earlier designs with a tungsten-wire resistance temperature
device (RTD), enhancing measurement resolution and correcting for instrument deformation.
Their findings highlighted that plastic materials store more mechanical energy, while brittle

ones dissipate more heat.

Compression calorimetry has evolved significantly, enabling detailed thermodynamic

analyses of the tabletting process.

2.3.3.5 Finite Element Analysis

Finite Element Analysis (FEA) is a computational method that can provide numerical
solutions and mathematical modelling into the thermomechanical behaviour of powders
during tabletting. By coupling thermal and mechanical analyses, FEA enables the prediction
of internal temperature and density distributions that are difficult to measure experimentally.
This approach is beneficial for understanding the complex interplay between heat generation,

deformation, and frictional effects during compaction.
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Zavaliangos et al. (2008) used FEA to predict temperature evolution during the compaction of
pharmaceutical powders for cylindrical flat-faced tablets. Their model integrated thermal and
mechanical analyses using a calibrated Drucker—Prager Cap model, which accounted for heat
generation due to plastic deformation and friction at the powder-die interface. The

simulations predicted that maximum transient temperatures occur at the end of the
compaction process, with peak temperatures at the tablet centre and near the die wall. These
results highlighted the influence of thermal conductivity and heat transfer during
compression. The FEA predictions were validated against infrared thermography, confirming

the model's accuracy in capturing temperature distributions and evolution during compaction.

Klinzing et al. (2010) expanded upon this work by applying FEA to capsule-shaped tablets,
extending the capabilities of the Drucker—Prager Cap model to more complex geometries.
Their simulations identified a density gradient within the tablets, with higher density regions
near the die-wall contact regions and lower densities at the centre of the tablet. Relative
densities ranged from 0.695 to 0.831. The study also reported that internal peak temperatures
during compaction were approximately 10 °C higher than post-ejection surface temperatures.
While the model successfully predicted temperature and density trends, it exhibited slight
inaccuracies in overpredicting temperatures and underpredicting the gradient from the top
edge to the bottom. These discrepancies were attributed to uncertainties in the thermal
conductivity of microcrystalline cellulose or the thermal contact properties between the
powder and tooling. Validation was conducted using microcomputed tomography (micro-CT)
for density and infrared thermography for temperature measurements, confirming the model's

general reliability.

Krok et al. (2016a) advanced FEA applications by examining the effects of punch shape,
compression speed, and die-wall friction on thermomechanical behaviour. Based on the
Drucker—Prager Cap model, their study evaluated flat-faced, shallow convex, and standard
convex punches. The results showed that punch shape significantly influenced temperature
distribution, with convex punches reducing localized thermal gradients compared to flat-
faced punches. Higher compression speeds increased irreversible work, leading to more
significant heat generation and higher temperatures. Additionally, the coefficient of wall
friction played a significant role, with lower friction coefficients resulting in reduced heat

generation and lower tablet temperatures.
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Finite Element Analysis has proven to be a valuable tool for investigating the
thermomechanical processes during tablet compaction. By combining detailed modelling
with experimental validation, FEA facilitates a deeper understanding of how material
properties, tooling design, and process parameters influence temperature and density

distributions, aiding in the optimization of tabletting processes.

2.3.4 Impact of Tableting Process Parameters on Heat Generation

Temperature rises during tablet compaction are significantly influenced by process

parameters such as main compression force, press speed, and tablet tooling.

Compression force directly impacts the temperature rise in tablets by increasing the
mechanical energy input during compaction. Applying mechanical forces leads to both elastic
and plastic deformation of particles. Since not all the energy used in deforming particles is
recovered, a portion is dissipated as heat, particularly in the final stages of compaction, where
increased load results in a rapid temperature rise. Ketolainen et al. (1993) demonstrated that
higher compression forces resulted in greater tablet surface temperatures for both
microcrystalline cellulose (Avicel PH 102) and dicalcium phosphate dihydrate
(Emcompress). This relationship reflects the conversion of mechanical energy into heat due
to frictional forces, plastic deformation, and particle rearrangement. Tablets produced under
higher forces exhibited non-uniform temperature distributions, with the highest temperatures
observed on the upper surfaces and localized hotspots in the tablet centre due to non-

homogeneous densification.

Tablet tooling plays a critical role in influencing temperature profiles during compaction.
Krok et al. (2016b) showed that surface curvature impacts temperature variation for Avicel
PH 102 tablets. Flat-faced tablets exhibited the highest temperature differences across their
surfaces, particularly on the top and side regions. These variations decreased with increased
curvature as shallow and standard convex tooling produced more uniform thermal
distributions. Additionally, the temperature on the tablet wall was observed to rise as
curvature increased, ranging from 34.0 °C for flat-faced tablets to 40.4 °C for normal convex

tablets.

Compression speed significantly influences the resulting temperature of the tablets. Higher

compression speeds can entrap more air within the powder bed, reducing the time available
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for heat dissipation and resulting in elevated tablet temperatures. Krok et al. (2016b) reported
that the temperature increased with compression speed for all microcrystalline cellulose
powders evaluated, irrespective of the tablet shape. However, closer analysis revealed
discrepancies in these findings. Temperature increases with speed were evident for flat-faced
and normal convex tablets but not for shallow convex tooling, where overlapping error
margins indicated inconsistent results. However, considering their Avicel PH 102 flat-faced
tablets analysis, the surface temperature increased with compaction speed, rising from 33.5

°C at 10 mm/s to 41.5 °C at 500 mm/s.

Otsuka et al. (2022) further explored the impact of tabletting speed on thermal distribution
using infrared thermography. Tablets produced at lower speeds (10 rpm) exhibited higher
temperatures on their top surfaces, primarily due to particle deformation. In contrast, higher
speeds (2540 rpm) resulted in elevated side surface temperatures, driven by increased
friction between the tablet and die wall. Maximum surface temperatures ranged from

approximately 25°C to 30-40°C, depending on the tableting speed and time.

2.3.5 Temperature Applied Externally

The application of externally controlled temperature during tablet compaction is a technique
used to understand the influence of temperature variations on the physical and mechanical
properties of pharmaceutical materials during tablet production. Different methods have been

developed to regulate temperature during compaction.

Table 3 summarises key studies that have investigated the impact of heat application on
powder compaction, highlighting the temperature ranges studied, materials used, and

response variables examined.

This section focuses on these methods, with particular emphasis on temperature-controlled
dies, given their relevance to the experiments conducted in this study. Finally, the role of
glass transition temperature (Tg) as a key determinant of thermal compression behaviour is

discussed in Section 2.3.5.3.
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Table 3. Studies Investigating the Influence of Heat on Pharmaceutical Powder Compaction

Literature Review

copolymers with varying glass
transition temperatures

MMA:LMA (100:0,
83:17, 72:28, and
64:36)

r[f[t)llli(;: t(i)(flfleat Aim of Study TSetI: cll)izl:tgé‘;s Materials Studied Il; 2:2;?;;::3 Reference
Examined the impact of temperature Polymorphic
Temperature- on the polymorphic transformation of 0, Chlorpropamide transformation, (Matsumoto et
controlled die chlorpropamide during compression 45 Mechanical al. 1991)
and its effect on tablet strength strength
Stearic acid,
anhydrous lactose,
chloroquine
Explored how elevated temperatures diphosphate,
Thermostaticall affect the tensile strength and paracetamol . (Pilpel et al.
controlled jacke}tl mechanical propertiesgof 20-200 formulation, Tensile strength 1991)
pharmaceutical powders and tablets griseofulvin
formulation,
sodium chloride,
calcium carbonate
25,
Studied how temperature influences 30,
Modified tablet the sticking tendency of low melting 35, Butyl p- Stickin (Danjo et al.
press point pharmaceutical materials during 40, hydroxybenzoate & 1993)
tableting 45,
50
Copolymers
Investigated how compaction poly(methyl
temperature influences the methacrylate-co- . (Van Der Voort
Not specified consolidation behaviour of amorphous | Not specified le}uryl me.thacry.late) Yield str§ngth, Maarschalk et al.
with varying ratios of porosity 1997)
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tablets

in a 1:1 physical ratio

Method of Heat . Temperatures . . Parameters
Application Aim of Study Studied (°C) Materials Studied Investigated Reference
Investigated how temperature changes 4218’ TensPi?;(;zZ;g th
Temperature- dzigftcoﬁgﬁilﬁ;ag; tgf and 60, Organic powder A SEM, (Roueche et al.
controlled die POTOSILY, gt and 80, (Tm = 150 °C) Acoustic 2006)
microstructure of compacted organic 110 emission
powders 140 XRD
Microcrystalline
cellulose, In-die Heckel
Analysed the impact of temperature 75 dicalcium phosphate analysis,
Modified tablet rise during large-scale tableting on 3 5’ dihydrate, In-die yield (Cespi et al.
press material compaction mechanisms and 5 O, ammonio pressure, 2013)
mechanical properties methacrylate Energy analysis,
copolymer type B, Tensile strength
polyethylene oxide
Examined how manufacturing Povlv};::}tlhrz]llcflrfl: ili)lzlrde In_félesizkel
temperature and polymer molecular weights of 100 kDa i diey iei d
Modified tablet weight influence the compression 25, 1 00% KDa. and 7006 resszre (Casettari et al.
press behaviour, mechanical strength, and 50 «Da bler; ded with enefgy anal},/sis 2016)
drug release of PEO-based matrix Acetylsalicylic acid | tensile strength,

dissolution
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Method of

understand material property changes

Flowlac 100

Plasticity Factor

Heat Aim of Study Temp.e ratgres Materials Studied Paran.leters Reference
.. Studied (°C) Investigated
Application
work of compaction,
Eudragit RSPO elastic recovery,
Evaluated how compression at an Eudragit L100-55 in-die yield pressure
elevated temperature alters the Kollidon SR obtained by Kuentz-
Temperature- omp 20, Soluplus Leuenberger (K-L) and (Partheniadis
. compactibility of unprocessed and .
controlled die ! 40 (Polymers were Kawakita model, et al. 2020)
hot-melt extruded polymers used in .
tablet formulations examined SEM,
u unprocessed and after solid fraction,
HME) tensile strength,
friability
. . Kollidon® SR,
fe);?n:rr;ijrgc;“f] ;2ren§r11 i“;s ;;irilsﬁgg 22, Eudragit E PO, In-die Heckel analysis,
Temperature- i ﬂgence d their com ressibilri) 30, Eudragit RS, In-die yield pressure, (Grumann et
controlled die .. Pressiol .ty, 50, Nisso HPC SSL, Tensile strength, al. 2022)
tabletability, and compactibility . .2
during heated tableting 70 Kollidon 12 PF, Compactability
Flowlac 100
Investigated how temperature 2 Kollidon® SR, In-die Heckel analysis,
variations impacted the force- ’ Eudragit E PO, In-die yield pressure,
Temperature- . . . 30, . . (Grumann et
controlled die dlsplacement behawour of excipients 50 Eudraglt RS, Net work‘of compaction, al. 2023)
during compression to better 70’ Nisso HPC SSL, Elastic recovery, '
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Method of Heat . Temperatures . . Parameters
Application Aim of Study Studied (°C) Materials Studied Investigated Reference
Temperature- Flowlac 100,
controlled die Eudragit E 100, .
Eudragit E PO, In_:;;?;zkel
Explored how initial particle size 22, Eudragl‘t RS 100, In-die yield
o Eudragit RS PO, (Grumann and
affected the heat sensitivity and 30, . pressure, .
. . . Nisso HPC SSL, : Kleinebudde
tabletting behaviour of excipients at 50, . Tensile strength,
Nisso SSL-SFP, o 2023a)
elevated temperatures 70 . Compactability,
Kollidon CL-F, Net work of
Kollidon CL-M, N
Kollidon VA 64 p
Kollidon VA 64 Fine
Temperature- Paracetamol Tensile strength,
controlled die Analysed how elevated tableting ’ Solid fraction,
. . 22, Flowlac 100, - )
temperatures influence the mechanical 30 Vivapur 102 Disintegration (Grumann and
properties, disintegration, and 5 O, Eu drap 4 EP (’) time, Kleinebudde
dissolution behaviour of heat-sensitive 7 O, Fudr ag RS Dissolution time 2023b)
formulation udrag ’ Dissolution
Kollidon CL-F :
behaviour
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2.3.5.1 Heat Application Methods

Different methods have been developed to control, and thus study temperature changes
during compaction. This section focuses on these methods, with particular emphasis on

temperature-controlled dies, given their relevance to the experiments conducted in this study.

A critical review of experimental approaches is provided, comparing their precision,

scalability, and limitations in studying temperature effects on tabletting.

2.3.5.1.1 Temperature-Controlled Dies

As shown in Table 3, temperature-controlled dies are the most widely adopted method to
investigate the effects of externally applied heat on the compaction behaviour and mechanical
properties of pharmaceutical formulations. Directly heating or cooling the die allows precise
control over the thermal environment during compression. This method has evolved
significantly over time, improving the precision and relevance of experimental findings to

industrial-scale tabletting processes.

Matsumoto et al. (1991) used a single-punch tabletting machine equipped with a temperature-
controlled die, applying heat using a resistance heater and cooling via a liquid nitrogen pool.
A thermocontroller maintained precise temperatures of 0 + 0.5°C and 45 £ 0.5°C, monitored
using a thermocouple. While this approach allowed the authors to study the impact of
temperature on the polymorphic transformation and mechanical strength of chlorpropamide
tablets, the study’s single-punch setup cannot capture detailed material behaviour during
compression, simulate rotary press conditions — limiting its applicability to industrial-scale

manufacturing.

Roueche et al. (2006) integrated a thermo-regulated die into a universal testing machine to
apply heat during compaction. Six cylindrical heating rods arranged around the die delivered
a total power of 1500 W, with a calibrated temperature regulator maintaining temperatures at
20, 40, 60, 80, 110 and 140 °C. This setup allowed for a detailed investigation into porosity,
acoustic emissions, and mechanical strength; however, using a low-capacity press (5 kN)
restricted the findings to low-pressure compactions, which may not fully reflect the behaviour

of materials under industrial compaction forces.

Partheniadis et al., (2020) used a modified benchtop tablet press equipped with a heating
element and a thermocouple integrated into the die block to perform temperature studies at

either 20°C (ambient) or 40°C (elevated). This instrumented tablet press setup ensured
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precise data collection, though its small scale still lacks the capability of replicating the

complexities of high-speed rotary presses.

The most recent advancement in heat application was presented by Grumann et al. (2022,
2023) and Grumann and Kleinebudde (2023b, 2023a) who used a specialized thermally
regulated die integrated into a compaction simulator. A heating element connected to a
circulating thermostat maintained precise die temperatures at 22°C, 30°C, 50°C, or 70°C.
Unlike the single-punch machines, universal testing machines, and benchtop presses used in
previous studies, the compaction simulator used in these studies provided the flexibility to
simulate both single-punch and rotary press conditions at realistic compaction conditions,
making the findings highly relevant to industrial-scale manufacturing. Furthermore, the
system's ability to dynamically adjust punch speed, dwell time, and compression force allows
for broader investigations into the impact of temperature on the compaction of

pharmaceutical materials.

2.3.5.1.2 Thermostatically Controlled Jackets

An alternative approach to heating during compaction involves thermostatically controlled
jackets that encase the die and punches, circulating heated or cooled fluids. Pilpel et al.
(1991) used this approach to examine temperatures from 20 °C to 200 °C with preheated
silicone oil circulating through the jacket and preheated dry nitrogen gas to maintain the
external environment. While effective for high-temperature experiments, this approach can
introduce thermal lag effects, making real-time temperature control less precise than heated

dies.

2.3.5.1.3 Modified Tablet Presses

Modified tablet presses have been developed to replicate the temperature rise observed in
full-scale industrial production. Danjo, Kamiya and Otsuka (1993) used a universal tension
and compression tester fitted with thermocouples on the tabletting machine’s surfaces
connected to an air dryer to regulate the thermal environment to monitor surface heat. While
this setup provided a practical means of investigating sticking, this setup lacked precise
control over compaction temperature. More advanced modifications were made by Cespi et
al. (2013) Casettari et al. (2016), who modified a rotary tablet press with temperature and
moisture control. The die plate temperature was controlled using a Multisetpoint Controller,

an infrared thermometer, and a 400 W heater with a fan. Temperatures were maintained at 25
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°C, 35 °C, and 50 °C during compaction. A moisture control system was also employed,

using a vapour generator and moisture probe to ensure a constant relative humidity of 50%.

2.3.5.2 Heat Change Effects on Tablet Properties

2.3.5.2.1 Porosity and Solid Fraction
In the studies by Van Der Voort Maarschalk et al. (1997), Roueche et al. (2006), and

Partheniadis et al. (2020), temperature significantly reduced porosity and increased solid
fraction during compression. Van Der Voort Maarschalk et al. (1997) found that compaction
temperatures approaching or exceeding the T, of amorphous copolymers facilitated relaxation
phenomena post-compression, reducing the final tablet density and increasing the minimum
attainable porosity. Roueche et al. (2006) observed that temperatures below 100 °C had
minimal influence on the compressibility, whereas higher compaction temperatures of 110 °C
and 140 °C approaching the organic powders melting point (150 °C) reduced the tablet

porosity.

Partheniadis et al. (2020) demonstrated that a higher compression temperature of 40 °C
increased the solid fraction for most polymers, with the magnitude varying by material and
processing condition. Specifically, Eudragit® RSPO exhibited solid fraction increases of
6.1% in its unprocessed form and 4.4% in its extruded form. Eudragit® L100-55 showed
solid fraction increases of 4.2% for the unprocessed form and 8.8% for the extruded form.
Similarly, Soluplus® displayed solid fraction increases of 3.4% for the unprocessed form and
3.9%for the extruded form. These improvements were attributed to the plasticisation of
particle surfaces, which promoted interparticle slippage, rearrangement, and the formation of
more extensive boundaries. Scanning electron microscopy (SEM) further supported these
observations by revealing reduced particle size and enhanced interparticle contact in tablets

compressed at elevated temperatures.

2.3.5.2.2 Tensile Strength

Temperature enhances tensile strength primarily through mechanisms that improve bonding

and plastic deformation.

Pilpel et al. (1991) demonstrated that tensile strength increased with rising homologous
temperature, peaking at a homologous temperature of approximately 0.9, after which tensile
strength declined. This behaviour was attributed to an Arrhenius-type temperature

dependency, suggesting that physical interactions rather than chemical reactions govern the
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bonding process. Enhanced bonding energies at higher temperatures were proposed to stem
from plastic deformation or the melting and resolidification of asperities. Roueche et al.
(2006) observed similar behaviour, with tensile strength peaking at 60 °C before decreasing

at higher temperatures, likely due to excessive softening of the organic powder.

Cespi et al. (2013) reported significant improvements in tensile strength with increasing
temperature for the materials with low-temperature thermal transitions (polyethylene oxide
and ammonio methacrylate copolymer), linked to enhanced ductility, which facilitates
stronger interparticle bonding. In contrast, microcrystalline cellulose and dicalcium
phosphate dihydrate, which lacked notable thermal transitions in the DMA temperature range
studied (25-150 °C), exhibited negligible changes in tensile strength.

Casettari et al. (2016) found that increasing tabletting temperatures from 25 to 50°C
significantly enhanced tensile strength in polyethylene oxide acetylsalicylic acid blends. The
effect was more pronounced in higher molecular weight PEOs, though variability at 140MPa
and 200MPa weakened this trend. However, at 90MPa, tensile strength consistently increased

across PEO 100K, PEO 1000K, and PEO 7000K, supporting the authors' conclusion.

Partheniadis et al. (2020) found that a compression temperature of 40 °C increased the tensile
strength for most unprocessed polymers, with the exception of Kollidon® SR, which reported
a 3% decrease. The tensile strength for Eudragit® RSPO, Eudragit® L100-55 and Soluplus®
increased by 13%, 68%, and 59%, respectively. Extruded polymers exhibited more
substantial tensile strength increases: 26% for Kollidon® SR, 172% for Eudragit® RSPO,
55% for Eudragit® L100-55, and 63% for Soluplus®. These enhancements were attributed to
increased plasticity and deformability, promoting interparticle slippage, rearrangement, and
consolidation. The formation of solid bridge-type bonds during resolidification after cooling

was also suggested as a contributing factor.

Grumann et al. (2022) and Grumann and Kleinebudde (2023b, 2023a) further corroborated
these findings, reporting that temperature significantly influenced the tabletability of binary

mixtures, containing 90% lactose and 10% polymer, and multi-component formulations.

Tensile strength increased at elevated temperatures, with Eudragit® E PO blends exhibiting
the highest increase in tensile strength (2.1 MPa), while Kollidon® SR showed a more
modest improvement (1.1 MPa) despite significant reductions in yield pressure (Grumann et
al. 2022). The authors attributed this behaviour to the material’s inherent softness, which

increases elastic strain rather than plastic deformation at higher temperatures.
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Grumann and Kleinebudde (2023b) found that the fine-grade Eudragit® E PO binary blend
exhibited the most significant increase in tensile strength at 70°C, whereas both the fine and
coarse grades of Kollidon® VA 64 and the coarse grade Kollidon® CL-M binary blends
showed minimal alterations in tensile strength at higher temperatures. The fine-grade
Kollidon® CL-F binary blend showed more noticeable tensile strength increases than its

coarse counterpart.

Grumann and Kleinebudde (2023a) reported that the extent of temperature-induced tensile
strength improvement depended on binder type and concentration, with higher binder content
leading to more significant gains in tablet strength. For example, formulations containing
30% Eudragit® E PO exhibited TS increases of approximately 1.1-1.2 MPa, whereas those
with only 10% binder showed smaller increases (approximately 0.5-0.6 MPa).

2.3.5.2.3 Compactability

Temperature-induced variations in compactability have been observed depending on the

material being compressed.

Grumann et al. (2022) observed strong temperature dependence for the Eudragit® E PO
blend, which exhibited higher tensile strength values at equivalent solid fractions when
tabletting was performed above the polymers' T,. The authors attributed this behaviour to
enhanced plastic deformation facilitated by increased molecular mobility above the Tg, which
promoted stronger interparticle bonding. They also suggested that the bonding area between
particles remains constant at elevated temperatures. In contrast, the bonding strength is
significantly increased due to the improved plastic flow of the material, allowing for more
substantial and more cohesive interparticle contacts at higher compression temperatures.
Kollidon® SR exhibited weaker compactability alterations than expected despite having a
lower Ty than Eudragit® E PO, suggesting particle size and packing behaviour influenced
this.

Eudragit® RS and RL showed less temperature sensitivity with nearly identical
compactability curves across different tabletting temperatures. The authors attributed this to
the higher T, values of Eudragit® RS (T = 58 °C) and Eudragit® RL (T = 70 °C), which
make these materials less sensitive to temperature changes. While this explanation is
plausible, the authors' reasoning underemphasizes the impact of differing T temperatures and
the proximity of the highest temperature to their Tg. Eudragit® RS with a lower T,

theoretically exhibiting greater sensitivity to temperature-induced changes. The polymer
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blends with higher thermal transitions (Soluplus®, Nisso HPC SSL and Kollidon® 12 PF)
and pure lactose exhibited compactability curves that were predominantly temperature

independent.

Grumann and Kleinebudde (2023b) only observed a faint temperature dependence in the fine

grade Eudragit® E PO binary blend.

2.3.5.2.4 Friability

Temperature impacts friability by modifying interparticle bonding Partheniadis et al. (2020)
found that unprocessed materials maintained friability <1% at all temperatures. In contrast,
extruded materials displayed friability values exceeding 1% when compressed at ambient
temperature, which fell outside the acceptance criteria. Compression at 40 °C significantly
improved the friability of extruded tablets, reducing values to below 1% and aligning with
USP standards. The higher compression temperature enhanced plasticity and interparticle
bonding, strengthening the tablets and making the material less prone to breaking or

crumbling during friability testing.

2.3.5.2.5 Disintegration Time

Disintegration time can vary depending on the formulation and tableting temperature
(Grumann and Kleinebudde 2023b). For formulations with 10% binder, tablet disintegration
time increased from under 1 minute at low temperatures to 159 + 66 s for formulation 1
(higher lactose content) and 219 + 68 s for formulation 2 (lower lactose content and
microcrystalline included). This was attributed to enhanced binding strength at higher
temperatures, resulted in reduced porosity. The lower porosity, in turn, contributed to delayed

disintegration.

For formulations with 30% binder, temperature effects were more pronounced. At 70°C,
neither formulation disintegrated within the test duration, suggesting that high binder
concentrations led to excessive polymer percolation, forming a strong diffusion barrier,

significantly slowing disintegration.

2.3.5.2.6 Compressibility Models and Yield Pressure

Heckel and Kuentz-Leuenberger (K-L) models have been used in several studies to reveal

how temperature modifies compressibility.
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Van Der Voort Maarschalk et al. (1997) observed a reduction in the Heckel yield pressure
values as compaction temperatures approached the Ty, aligning with dynamic mechanical

analysis (DMA) findings on viscoelastic transitions.

Cespi et al. (2013) demonstrated that polyethylene oxide and ammonio methacrylate
copolymer exhibited decreasing yield pressure at elevated temperatures while brittle materials
(dicalcium phosphate dihydrate) remained unchanged. Additionally, at elevated temperatures
and pressure conditions, the -In(¢) values derived for the in-die Heckel analysis approached
infinity, indicating apparent negative porosity values or relative densities exceeding 1. This
phenomenon was attributed to phase transitions such as glassy-to-rubbery transition for
ammonio methacrylate copolymer and solid-liquid transition for polyethylene oxide. These
phase transitions significantly altered the compressibility behaviour at elevated temperatures.
Casettari et al. (2016) further confirmed that elevated temperatures reduced in-die Heckel
yield pressure across the binary blends considered, with polyethylene oxide molecular weight

having little influence.

Partheniadis et al. (2020) revealed significant reductions in yield pressure parameters
obtained from the Kuentz-Leuenberger (1/Ckr) and Kawakita models (1/b) during hot
compression. The reduction of 1/Ckr by heated compression for the unprocessed polymers
was approximately 23% for Eudragit® L100-55, 32% for Kollidon® SR, 44% for Eudragit®
RSPO and 88% for Soluplus®. For hot-melt extruded polymers, the reduction is even higher:
70% for Kollidon® SR, 73% for Eudragit® L100-55, 90% for Eudragit® RSPO and 92% for
Soluplus®. Similarly, the reduction in 1/b for unprocessed polymers was approximately 24%
for Eudragit® RSPO, 31% for Eudragit® L100-55, 58% for Kollidon® SR, and 29% for
Soluplus®. For hot-melt extruded polymers, the reduction was 26% for Eudragit® RSPO,
28% for Eudragit® L.100-55, 59% for Kollidon® SR, and 45% for Soluplus®. These
reductions signify an increased deformability and plasticity due to the thermal activation of

the polymers at an elevated compression temperature.

Grumann et al. (2022, 2023) and Grumann and Kleinebudde, (2023b) conducted in-die
Heckel analysis on the pure materials, demonstrating that yield pressure decreased with

increasing compression temperature across all materials.

Grumann et al. (2022) which employed manual powder feeding with a 3-minute equilibration
period, revealed pronounced reductions were seen in yield pressure for polymers with lower

Tg values, such as Kollidon® SR (46 MPa) and Eudragit® E PO (39 MPa), while polymers
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with higher Tg values, such as Nisso HPC SSL (14 MPa) and Kollidon® 12 PF (18 MPa),

showed smaller reductions.

In Grumann et al. (2023), which used a gravimetric feeder and a much shorter 2-3 second
powder equilibration time, the overall reductions in yield pressure were less pronounced.
Kollidon® SR still exhibited the most significant reduction (33 MPa), but Eudragit® E PO
exhibited an unexpectedly slight decrease (estimated at 14 MPa) despite its low T,
temperature. The authors attributed this to insufficient heat transfer during the shorter
equilibration period, mainly due to Eudragit® E PO's fine particle size and low bulk density,
which may have limited its temperature sensitivity. Minor yield pressure reductions were
again observed for Soluplus® (9 MPa) and Nisso HPC SSL (8 MPa), consistent with their

higher T, values.

Grumann and Kleinebudde (2023b) observed the most considerable reductions in yield
pressure for the fine grade Eudragit® RS 100 and Eudragit® RL 100 materials (35 MPa and
34 MPa, respectively). The study attributed these reductions to how close the tableting
temperature is to the material’s fixed T, temperature, despite similar yield pressure values for
a 12 °C difference in their Tg temperature. This study assumes that the Tg remains the same
across different particle sizes. However, this overlooks the possibility that the Ty itself may
shift due to changes in particle size, which could provide a more accurate explanation for the

observed results.

2.3.5.2.7 Energy, Elasticity and Work of Compaction

Stored energy during compaction reflects the extent to which mechanical energy is retained
within the compressed material rather than dissipated as heat or transferred to the surrounding
environment. Van Der Voort Maarschalk et al. (1997) reported that stored energy during
compaction increased when temperatures exceeded the Ty, supporting findings that

viscoelastic transitions enhance molecular mobility.

Work of compaction represents the total mechanical energy required for compression and is
influenced by material deformation mechanisms. Both Cespi et al. (2013) and Casettari et al.
(2016) found no significant changes in their energy analyses (net energy and elastic energy),
showcasing that temperature has minimal impact on overall energy parameters in compaction
processes. However, in the work Partheniadis et al. (2020), hot compression influenced the
work of compaction, particularly for Kollidon® SR due to reduced frictional forces and

thermal softening. In its unprocessed form, it decreased from 4.18 + 0.36 J to 1.87 £0.34 J,
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while for the extruded form, it declined from 3.09 = 0.12 J to 1.72 &+ 0.39 J. Similarly,
Grumann et al. (2023) revealed that higher temperatures reduced the net work of compaction
(E2) across all ductile polymers, as plastic deformation was facilitated. Kollidon® SR
exhibited the most significant reduction in E2 (6.7 J), followed by Eudragit® E PO (3.8 J),
with Soluplus® and Nisso HPC SSL exhibiting the most minor reductions (2.8 J and 1.7 J,

respectively).

Elastic recovery refers to the tendency of a compacted material to regain its original shape
after compression forces are removed. Partheniadis et al. (2020) found that elastic recovery
increased at 40°C for all polymers, with Kollidon® SR reporting the most pronounced rise
from 6.89 + 0.21 % at ambient temperature to 13.55 + 1.38 % in its unprocessed form and
7.01 £0.72 % to 13.35 + 0.29 % for the extruded form. This significant increase reflects the
material's heightened elasticity due to the proximity of the T to the compression temperature.
Grumann et al. (2023) found notable variations for in-die elastic recovery, with no apparent
correlation to temperature or Tg. Kollidon® SR was the only material that exhibited increased
elastic recovery at higher temperatures, whereas Eudragit® E PO exhibited the most

significant decrease, followed by Nisso HPC SSL and Eudragit® RS.

2.3.5.2.8 Dissolution and Drug Release

Casettari et al. (2016) showed that polyethylene oxide-acetylsalicylic acid tablets compressed
at 25 °C and 50 °C exhibited nearly identical drug release profiles, indicating that

temperature-induced mechanical variations did not alter dissolution kinetics.

In contrast, Grumann and Kleinebudde (2023a) found that tabletting temperature significantly
affected dissolution, with trends aligning with DT results. Formulations with 10% Eudragit®
RS as the binder exhibited rapid paracetamol release across all temperatures, achieving
complete dissolution in <10 min. In contrast, formulations with 10% Eudragit® E PO binder,
compacted at 70 °C, showed slightly delayed dissolution but followed first-order kinetics.
Formulations with 30% Eudragit® E PO (F5 and F6) exhibited dissolution behaviour highly
dependent on tabletting temperature. At 70 °C, F5 (higher lactose content) required ~360 min
for full drug release, while F6 (lower lactose content and microcrystalline included) failed to
reach complete dissolution within 8 hours. This was attributed to polymer swelling and gel
layer formation, which restricted solvent ingress and drug diffusion. Mean dissolution time

increased dramatically for F5 from 2.2 min at 22°C to 145.1 min at 70°C, and F6 from 3.1

72



Chapter 2 Literature Review

minutes to 154.1 minutes. This confirmed that a high binder content at elevated temperatures

led to sustained drug release.

2.3.5.2.9 Polymorphic Transformations

Matsumoto et al. (1991) reported that when chlorpropamide powders were compressed into
tablets at 45 °C, transformation from chlorpropamide form A to form C and to a non-
crystalline solid nearly doubled compared to compression at 0°C. The increased temperature
reduced the resistance of form A crystals to plastic deformation, promoting higher rates of
polymorphic transformation during compaction. In contrast, the transformation of form C
into form A was nearly independent of temperature, with similar transformation rates

observed at both 0 °C and 45 °C tablet compaction.

However, Rouéche et al. (2006) observed no polymorphic changes for their investigated
organic powder (not explicitly identified in the study) across the studied temperature range

(20-140 °C), as confirmed by X-ray diffraction (XRD) analysis.

2.3.5.2.10 Tablet Defects

Danjo, Kamiya and Otsuka (1993) investigated scraper pressure as a measure of sticking
tendencies, revealing that scraper pressure peaked at a homologous temperature of 0.90 for
all samples. This peak was attributed to sintering at the tablet-punch interface, leading to
strong adhesion forces. However, while scraper pressure might provide some insight into
adhesion properties, it likely does not capture the full complexity of sticking during
compaction. Like other criticised sticking quantification methods, it lacks relevance to the
actual conditions and phenomena occurring during tablet production, making it a less

effective tool for measuring or addressing sticking.

2.3.5.2.11 Microstructural Changes

Roueche et al. (2006) found that at temperatures exceeding 60 °C, scanning electron
microscopy (SEM) revealed the formation of inter-granular cracks during cooling. These
cracks led to diminished tablet strength and increased defects, demonstrating a trade-oft
between improved plasticity and cohesion at elevated temperatures and the formation of
fractures near the melting point. Acoustic emission analysis further supported these findings,

detecting grain fracture increases with rising temperature.

Partheniadis et al. (2020) found that at 40 °C, SEM images of tablets exhibited smoother

surfaces and tighter particle packing, with fewer discernible particle boundaries compared to
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ambient compression, reflecting enhanced plastic deformation and particle bonding. For
Soluplus®, however, particle boundaries remained visible but appeared less sharp, with
improved packing density compared to tablets compressed at ambient conditions. This
behaviour was attributed to the material’s high T and microhardness, which limited complete

particle fusion despite the benefits of elevated temperature.

2.3.5.3 Role of Glass Transition Temperature

Glass transition temperature (Tg) is a fundamental parameter that influences the thermal
responses of pharmaceutical materials during compression. Materials remain rigid and resist
deformation below the T,, whereas, above the Tg, they become more flexible, exhibiting
increased plasticity and enhanced molecular mobility (Roudaut et al. 2004). Numerous
studies have investigated the relationship between T, temperature and material behaviour
during compression. Research has demonstrated that compaction behaviour is highly
dependent on T, with materials exhibiting enhanced plasticity as they approach or exceed
their Ty (Van Der Voort Maarschalk et al., 1997; Cespi et al., 2013; Partheniadis et al., 2020;
Grumann et al. 2022).

However, while Tg provides valuable insight into deformation behaviour at elevated
temperatures, it does not fully account for the complexities of material response during
tabletting. Contradictions exist in the literature, particularly regarding materials with similar
Tg values displaying different heat responses. This was observed in the Partheniadis et al.
(2020) study, where Kollidon® SR with the lowest Ty of 45.5 °C experienced a 3% decrease
in tensile strength at a compression temperature of 40 °C, while Eudragit® RSPO (Tg =
60.2°C) showed only a 13% increase. In contrast, Eudragit® L.100-55 (Tg = 70°C) and
Soluplus® (Tg = 79.4°C) exhibited substantial tensile strength gains of 68% and 59%,
respectively. Similarly, Grumann and Kleinebudde (2023b) observed that Eudragit® RS (Tg
= 58 °C) and Eudragit® RL (Tg = 70 °C) exhibited similar reductions in yield pressure
(approximately 20 MPa) despite their differing Tg values, suggesting that factors beyond Tg,
such as chemical composition and polymer flexibility, contribute to thermal behaviour.
Likewise, Eudragit® E PO, despite having a low Tg, exhibited a smaller-than-expected
reduction in yield pressure in the 2023 study, attributed to its fine particle size and limited

heat transfer.
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While Tg remains a valuable parameter in predicting the thermal sensitivity of materials,
these findings emphasize that it is not the sole determinant of a material’s response to

elevated temperatures.
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CHAPTER 3: Materials and Methods

3.1 Materials

The studies conducted in this thesis investigated the compaction behaviour of pharmaceutical

excipients and placebo formulations under varying thermal conditions.

Two distinct experimental approaches were employed: (1) the evaluation of individual
excipients (Chapter 4), and (2) the investigation of multi-component placebo formulations
designed to exhibit different deformation mechanisms (plastic, elastic, and brittle behaviour)

(Chapters 5 and 6).

3.1.1 Individual Excipients

Three different excipients were investigated: microcrystalline cellulose (Avicel® PH-102),
pregelatinized corn starch (starch 1500®, Colorcon), lactose monohydrate (SuperTab®
30GR). All excipients were of commercial grade and complied with USP-NF monographs for

pharmaceutical use.

External lubrication was applied using magnesium stearate (Non-Bovine, Hyqual™).

3.1.2 Placebo Formulations

The methodology described by Peddapatla et al. (2022) was followed to design placebo
formulations to exhibit varying deformation characteristics for direct compression processes.
The three placebo formulations used were designed to exhibit a range of plastic, elastic and
brittle deformation behaviour observed in proprietary direct compression formulations. The
composition of each formulation is described in Table 4. All excipients used in this study
were of commercial excipient grade, meeting the excipient monograph listed in the USP-NF.
The plastic formulation was designed to exhibit predominantly plastic deformation by

incorporating a high proportion of microcrystalline cellulose (87.3% w/w), a material known

76



Chapter 3 Materials and Methods

for its plastic deformation properties (Patel et al. 2006; Al-Ibraheemi et al. 2013; Ili¢ et al.
2013). To introduce elastic behaviour in the elastic formulation, starch (20% w/w), an
excipient with well-established elastic characteristics, was included (Patel et al. 2006). In the
brittle formulation, a high proportion of lactose (87.3% w/w), a material prone to brittle
deformation, was included to achieve predominantly brittle behaviour (Patel et al. 2006; Al-

Ibraheemi et al. 2013; Ili¢ et al. 2013).

Table 4. Composition of placebo blends used to develop the process models.

Placebo Blend Composition (% w/w)

Plastic Elastic Brittle
Components Function
Formulation Formulation Formulation
Microcrystalline
cellulose Diluent 87.3 38.5 9.7
(Avicel PH102)
Lactose monohydrate
Diluent 9.7 38.5 87.3
(SuperTab 30GR)
Starch Elastic
0 20 0
(Starch 1500®) Component

Crospovidone

(Polyplasdone™ Ultra  Disintegrant 1 1 1
10)
Colloidal silicon dioxide

. Flow aid 1 1 1

(Aerosil® 200)

Magnesium stearate

Lubricant 1 1 1

(Hyqual®)
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3.2 Methods

3.2.1 Powder True Density

The true density of all the excipients was measured by helium pycnometer (AccuPyc 11
1340). Measurements were performed at ambient temperature using helium gas as the

displacement medium. Each density value was reported as the average of ten replicates.

For the multi-component placebo formulations, the true density of the blend was calculated
using the weighted harmonic mean of the component true densities. This is given by the
reciprocal of the mass fraction weighted sum of the reciprocals of the true densities of the
individual components, as shown in Equation 19.

i1 W

n O (19)
=1 p;

In equation 19, pparmonic 1S the true density of the powder mixture, w; is the weight fraction

Pharmonic =

of component i and p; is the true density of component i.

3.2.2 Particle Size Distribution

The particle size distributions of each excipient was measured in triplicate using laser
diffraction (Microtrac S3500) in dry mode. A dispersion pressure of 35 psi was applied to

disperse potential agglomerates and results were reported as the average of three replicates.

3.2.3 Powder Moisture Content

The quantity of water within microcrystalline cellulose, starch and lactose monohydrate was
analysed using a Loss on Drying (LoD) test using a Sartorius auto heated weighing scale.

Approximately 5g of powder is heated gently to approximately 105 °C.

3.2.4 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was conducted using a Perkin Elmer TGA 4000 to assess
the excipient’s thermal stability and degradation behaviour of the excipients. Approximately
4-5 mg of each sample was placed in an aluminium crucible and heated from 25 °C to 500 °C

at a ramp rate of 20 °C/minutes under continuous nitrogen purge rate of 30 ml/min.
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3.2.5 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was conducted to analyse the thermal transitions of
the materials, such as melting, crystallization, glass transition, and thermal decomposition.
DSC measurements were performed using Netzsch Polyma 214 (PerkinElmer, Norwalk,

USA) equipped with an intracooler and analysed in an inert nitrogen atmosphere.

A small quantity of the sample (5—10 mg) was placed in an aluminium pan with a pierced lid,
and subsequently sealed. An empty pan of the same type was employed as reference. The
powder samples were analysed using the heat-flow measurement method, with a heating rate
of 10 °C per minute. The temperature range for analysis was set to 0—250 °C for all the

excipients.

Tests were performed in triplicate with the DSC peak area and transition temperatures

determined using the Netzsch Proteus® 7.1.0 analysis software (Netzsch, Selb, Germany).

3.2.6 Powder Preparation

All excipient powders were passed through a 500 pm stainless steel BMC Micro Mesh sieve
(Buckbee Mears, St. Paul, MN 55101, USA) to remove agglomerates. The sieved powders
were then transferred to airtight polypropylene (PP) containers and subsequently stored in a

desiccator for a minimum of 48 hours to prevent moisture uptake prior to compaction.

For multi-component formulations, the sieved excipients were weighed according to the mass
ratios specified in Table 4. Apart from the lubricant excipient magnesium stearate, all
excipient components were added into tumble mixer (Stuart STR6) at 66% fill and blended
for 20 minutes at 18 rpm. Then 1% weight per weight of magnesium stearate was added to
the other components in the tumble mixer, which was then blended for an additional 2

minutes at the same 18 rpm.

When all formulations were blended, they were then stored airtight polypropylene (PP)
containers in a desiccator for a minimum of 48 hours to prevent moisture uptake prior to

compaction.

3.2.7 Powder Compaction

Tableting was conducted using a Styl’One Evo compaction simulator (Medelpharm, France)
simulating a rotary press (Courtoy Modul P — Euro D, 1 station 26 punches) at a constant

production speed (40 rpm). No precompression was applied during any of the experiments. In
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Chapters 4 and 5, 6-mm round flat-faced tooling (D type) was used, while Chapter 6

additionally employed 6-mm round concave tooling (D type), 10-mm round flat tooling (D

type) and 10-mm round concave tooling (D type), as shown in Table 5

Table 5. Overview of tablet sizes and shapes used across experimental chapters, including representative top and side views

of each tablet type.
Tablet Tooling Chapters
Top View Side View
Type Description used
D-type,
6mm Flat round flat- 4,5,6
faced IIHI Ill'lllltlll' |||l|j|l|l‘|'|l|lll|{$l
‘ICmm 2\0 mm 20
1:100 f_J W N 1000 ' Am 2
6mm D-type,
Convex round 6
Vv concave (11111 'I'HHIH" IIIIIJIIIHI'IHIH‘HI
O Dmm 10'nm |
U '-—‘le 2|
D-type,
lginin round flat- 6
a faced T IIHHHII*IIIHHIII
Dnm .‘D 1!(‘/'nm 20
: l]m 2
10mm D-type,
Round round A 6
|1 |
concave . IIIIIJIIIL(IJMHI . II [T ||OI“|rL| I2
11000 T qm 2| 1:100 Q_@_

For the evaluation of individual excipients, external lubrication was applied using a brush.

For the investigation of multi-component placebo formulations, lubrication was incorporated

within the formulation, negating the need for external lubrication.

Temperature assessment was performed using a newly developed temperature-controlled cell

developed by Medelpharm designed to provide consistent and controlled heating of the die

(Figure 8). The system comprised a modified die socket, which was thermally insulated to

minimise heat loss to the environment. The die was placed inside this modified socket, which

contained an integrated thermal sensor positioned at the bottom of the die (Figure 8B). This

sensor continuously monitored the actual die temperature and relayed the real-time data to the

compaction simulator’s computer software, ensuring precise temperature control. The heating

system operated by circulating heated oil through pipes surrounding the die socket (Figure
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8A). This oil was supplied from a thermostatically controlled thermal bath. The heating
element surrounding the die socket transferred heat efficiently, maintaining the set

temperature throughout the compaction process.

(A)

Die

Lower Punch Tip o Die Holder

Heating Ring
Pipes

Containing
Heating Oil

Figure 8. Heated tableting Setup: (A) Experimental setup illustrating key components, (B) Modified die socket with tablet

sensor.
During the experiments, the die temperature was set to either 20 °C or 70 °C.

For all experiments the die was manually filled with powder and allowed a three-minute
temperature equilibration period prior to compaction. For each material, at least 40 tablets
were prepared at each temperature (20 °C and 70 °C). For each temperature, eight different
levels of pressure were applied between 50 and 300 MPa. Tablet weights were dependent on
punch size, with 6-mm tablets weighing approximately 100 mg and 10-mm tablets weighing

approximately 300 mg.
3.2.8 Tablet Analysis

3.2.8.1 Solid Fraction and Porosity

Solid fraction and porosity of tablet were calculated based on Equation (20) and (24).
The tablet solid fraction, SF, was calculated using Equation 20.

SF = Papp (20)

ptrue

In Equation 20, pg,y, refers to the tablet’s apparent density and pyy refers to the true density

as described in section 3.2.1. Temperature-dependent changes in density were not considered.

The tablet’s apparent density is calculated by Equation 21:
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w 21
Papp = 7 @D

In Equation 21, w is the tablet weight and V is the tablet volume which was calculated based

on tablet shape. The thickness and diameter were measured using a PharmaTest hardness

tester (PTB 511E PharmaTest Apparatebau AG, Germany).

For round flat-faced tablets, the volume was calculated using equation 22.
v ="p2 (22)
4
In Equation 22, D is the tablet diameter, and t tablet thickness.
For round convex tablets, the volume was determined by incorporating the curvature of the
tablet faces using equation 23.
(t—Cu—Cl-m-D? (23)
4

In Equation 23, 1, and V; are the dead volumes of the upper and lower punch domes, Cu and

V:Vu+Vl+

Cl are the cup depths of the upper and lower punches and D is the tablet diameter, and ¢ tablet

thickness.
The tablet porosity, €, was calculated by Equation 24.

e=1-SF (24)
3.2.8.2 Tensile Strength

Tensile strength of flat face and cylindrical convex-faced are given by equations (25) and (26)

respectively:
_ (25)
nDt
10F
o= (26)

nD? (2.84% _ 0.126% + 3.15% + 0.01)

In Equation 25 and Equation 26, o is the tablet tensile strength, F is the diametrical breaking
force of cylindrical tablets, the parameters D and t are the tablet diameter and tablet
thickness, and W is the central cylinder thickness (tablet wall height). The diametral breaking
force, thickness and diameter were measured using a PharmaTest hardness tester (PTB 511E

Pharma Test Apparatebau AG, Germany).
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3.2.8.3 Elastic Recovery

Elastic recovery was assessed for flat-faced tablets in Chapters 4 and 5 by evaluating the
change in tablet thickness between the peak of compression and the measured tablet thickness
24 hours after ejection from the die. Elastic recovery was expressed as a percentage and

calculated using Equation 27.

t2a — Lo (27)

ER (%) =

In Equation 27, ER represents the elastic recovery (%), t,, is the tablet thickness measured
24 hours after ejection, and ¢, is the tablet thickness at peak compression (in-die thickness)
which is corrected for punch displacement. The results were used to characterise the extent of

elastic deformation exhibited by the pure excipients and formulations studied.

3.2.8.4 Heckel Compressibility Analysis

In-die Heckel analysis was used to investigate the compressibility of the materials
investigated at different temperatures for which the negative logarithm of the porosity (€) of a
tablet is plotted as a function of the applied compression pressure. The value of € was
obtained from Equation 24. The data processing and evaluation was carried out with an in-
house written MATLAB R2022b program. The mean yield pressure (P,) was identified by
linear regression of the linear region, which was obtained via a recursive, excluding
algorithm , based on a coefficient of determination limit goodness-of-fit for the linear, least
square regression of 0.988, as described in previous studies (Grumann et al. 2022, 2023;
Grumann and Kleinebudde, 2023b). P, was calculated from the slope of the regression line

using Equation 28.

—In(e) = PlP + A (28)

y

In Equation 28, P is the applied pressure and A is the y-axis intercept.

3.2.8.5 Disintegration Testing

Disintegration testing was conducted for the tablets evaluated in Chapter 5. These tablets
were prepared from three model placebo formulations — plastic, elastic, and brittle — and
compacted at two temperatures (20 °C and 70 °C) under two different compaction conditions:
(1) to achieve a target compaction pressure of approximately 150 MPa, and (i1) to achieve a

target solid fraction of approximately 0.85.
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Testing was performed using a PharmaTest DIST-3 disintegration tester (PharmaTest
Apparatebau AG, Germany) in accordance with USP <701> and Ph. Eur. 2.9.1 guidelines for
uncoated tablets (European Directorate for the Quality of Medicines & HealthCare 2023;
United States Pharmacopeial Convention 2024). Six tablets from each formulation were
tested in 900 mL of distilled water maintained at 37 = 1 °C. The disintegration time was
recorded only when the tablet had been completely disintegrated, without any remnants in the
basket. The values were used to calculate the average disintegration time of every

formulation.

3.2.8.6 Microcomputed Tomography of Tablets

In Chapter 5, microcomputed tomography analysis was performed on plastic formulation
tablets compacted at 20 °C and 70 °C, targeting a solid fraction of 0.85. Scans of each tablet
were conducted using a Zeiss Xradia 510 Versa operating at 80 kV and 87 pA, with a voxel

size of 2.04 um and an exposure time of Is.

The acquired images were reconstructed using the Dragonfly software by Object Research
Systems. Segmentation using the Otsu thresholding method enabled differentiation between
compact and pore spaces. Metrics such as pore volume, pore surface area and pore sphericity

were calculated.

3.2.8.7 Hyperspectral Imaging of Tablets

For Chapter 6, five tablet samples were prepared for each tooling shape and temperature at a
targeted compaction pressure of 200 MPa. After ejection, each tablet was marked on its side
to differentiate the bottom face (in contact with the lower punch and die) from the top face (in
contact with the upper punch) for subsequent hyperspectral imaging. This process was
repeated to produce tablet samples for each tooling shape and temperature at a targeted solid

fraction of 0.85 (equivalent to a porosity of 0.15).

Hyperspectral imaging was conducted using a HySpex Classic SWIR-384 (HySpex)
hyperspectral camera, covering a spectral range of 930-2500 nm with a spectral sampling
interval of 5.45 nm. The spectral sampling interval refers to the wavelength spacing between
consecutive spectral bands captured by the hyperspectral camera, meaning that data was
acquired at discrete wavelengths separated by 5.45 nm across the full spectral range. This
resolution enables the detection of small spectral variations in the tablet’s material

composition. Images were acquired for both tablet faces, labelled as bottom and top. A close-
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up lens was used during data acquisition, providing a spatial resolution of 53 um.

Hyperspectral data collection was performed using Breeze software (Prediktera).
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CHAPTER 4: Investigating the Impact of Temperature
on the Compaction of Microcrystalline Cellulose,

Starch and Lactose Monohydrate

4.1 Introduction

Pharmaceutical excipients are essential in tablet formulations, ensuring stability, efficacy, and
manufacturability, and can constitute up to 90% of the total mass or volume (van der Merwe
et al. 2020). The mechanical properties of excipients play a crucial role in tablet compression
and performance, as their deformation behaviours influence tablet mechanical properties
(Patel et al. 2006). Further details on excipients and their compaction behaviours can be
found in Section 1.1.2 (Excipients and Active Pharmaceutical Ingredients), Section 2.2.1
(Mechanical Properties of Materials) and Section 2.2.5.1 (Material Properties).
Microcrystalline cellulose, starch, and lactose are among tablet formulations' most commonly

used pharmaceutical excipients (Patel et al. 2006; Hebbink and Dickhoff 2019).

It has been well recognised that the compaction of a powder into a pharmaceutical tablet is
always accompanied by the irreversible conversion of mechanical work into heat, as
discussed in Section 2.3.1 (Sources of Heat Generation). The net heat generated during
compression causes a temperature rise in the powder with numerous studies confirming this
phenomenon as outlined in Section 2.3.3 (Measurement of Temperature Rises during
Tabletting). For example, thermochromic indicator studies have demonstrated tablet
temperatures reaching 40-55 °C (Hanus and King 1968), infrared thermography studies
reported surface temperatures exceeding 50 °C within 19 minutes of continuous production,
with localised hot spots and nonhomogeneous heat distribution within tablets (Bechard and
Down 1992), and Finite Element Analysis (FEA) models further predict that actual peak
temperatures within the compact could be significantly higher (Zavaliangos et al., 2008;
Klinzing et al., 2010). Together, these findings suggest that tablets frequently experience
temperatures exceeding 50 °C under standard compression conditions, with localised heating
potentially surpassing 100 °C during prolonged industrial-scale manufacturing (Pilpel et al.

1991).
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The glass transition temperature is often used to indicate a material's response, particularly in
predicting deformation behaviour at elevated temperatures. However, studies have
demonstrated that materials with similar Tg values can exhibit vastly different mechanical
changes, while those with different Tg values can show comparable compaction responses
(Partheniadis et al. 2020; Grumann et al. 2022). The limitations of relying solely on Tg, are
discussed in 2.3.5.3 (Role of Glass Transition Temperature). These findings demonstrate that
predicting thermal responses based solely on T, can be unreliable, and T, alone does not fully

account for the complexities of a material's response to temperature during tabletting.

Most studies investigating the effect of elevated temperatures on tabletting behaviours have
focused on polymers with well-defined Ty values, using temperature-controlled dies to
simulate the thermal effects observed during large-scale industrial tabletting (Partheniadis et
al., 2020; Grumann et al. 2022, 2023; Grumann and Kleinebudde, 2023a, 2023b). Despite
extensive research on polymers with well-defined T values, key pharmaceutical excipients
such as microcrystalline cellulose, starch, and lactose remain underexplored at elevated
temperatures. Studies investigating these excipients have yielded inconsistent or incomplete
findings, particularly regarding their yield pressure reductions and compaction behaviour at

temperatures relevant to industrial-scale tabletting.

4.2 Research Objective

This chapter aims to systematically evaluate how an elevated temperature (70 °C) affects the
compaction behaviour of three commonly used pharmaceutical excipients: microcrystalline
cellulose, starch and lactose monohydrate — by assessing changes in compressibility,

tabletability, compactability, elastic recovery, and in-die yield pressure.
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4.3 Results and Discussion

4.3.1 Material Properties

To comprehensively evaluate the impact of elevated temperature (70 °C) on the compaction
behaviour of the selected pharmaceutical excipients — microcrystalline cellulose, starch and
lactose monohydrate — it is essential to first characterise their fundamental physicochemical
properties. These properties influence compressibility, tabletability, compactability, elastic

recovery, and in-die yield pressure.

Particle size is a crucial determinant of powder flowability, compressibility, and compaction
behaviour. As shown in Table 6, microcrystalline cellulose and lactose monohydrate exhibit
relatively similar median particle sizes (dso = 122.57 = 0.65 um and 113.77 £ 1.11 pum,
respectively), while starch has a notably smaller median particle size (dso =91.26 £ 0.71 um).
The dio and doo values indicate that starch has a narrower particle size range than
microcrystalline cellulose and lactose, which may affect its packing density and deformation
behaviour under compression. The span values, which represent the width of the particle size
distribution, indicate that lactose monohydrate (1.65 + 0.002) has the widest distribution,
followed by starch (1.48 + 0.05) and microcrystalline cellulose (1.44 = 0.01). This broader
distribution lactose monohydrate may contribute to improved packing efficiency and

compaction properties compared to starch and microcrystalline cellulose.

Moisture content is another critical parameter influencing compaction and mechanical
properties. Microcrystalline cellulose exhibited a moisture content of 5.14 + 0.31%,
significantly higher than lactose monohydrate (0.07 + 0.03%) but lower than starch (8.01 +
0.43%). The high moisture content of starch could impact its plastic deformation properties
and swelling during compression, while the negligible moisture content of lactose suggests

greater stability against hydration-related changes.

True density (py) is a crucial parameter as it influences the compacts' packing characteristics,
interparticle interactions, and overall solid fraction (porosity). The pt values for
microcrystalline cellulose (1.5703 + 0.0016 kg/m3) and lactose monohydrate (1.5492 +
0.0006 kg/m3) are comparable, while starch exhibits a slightly lower true density (1.4957 +
0.0016 kg/m3).
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Table 6. Physical characterisation of microcrystalline cellulose, lactose monohydrate and starch. Particle Size, Span and
Thermal Degradation Values: n=3, mean+SD. True Density Values: n=10 mean+SD

Microcrystalline Lactose Starch
cellulose monohydrate
Particle size dio 44.48 + 1.40 4531 +0.58 24.44 4+ 0.13
(pm)
Particle size dso 122.57 + 0.65 113.77 = 1.11 91.26+0.71
(um)
Ffrrltll)de size o 220.50 +1.30 233.43+£4.71 153.10 £ 6.06
Dgo—Dy9
Span [=,—] 1.44 + 0.01 1.65 + 0.02 1.48 +0.05
(dimensionless)
Loss on drying
+ + +
M) 5.14+0.31 0.07 £0.03 8.01+0.43
True (1361151'[}’ pt 1.5703 £0.0016 1.5492 + 0.0006 1.4957 £ 0.0016
(kg/m’)
Degradation . 328.82 + (.88 28324 +2.17 312.46 + 0.02
Temperature (°C)
DecompOSltIO{)l 351.15+ 0.20 32197 £0.74 333.11+0.13
Temperature (°C)

The thermal stability of the excipients was assessed via thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC), as shown in Figure 9 (DSC curves) and Figure
10 (TGA curves). Degradation here refers to the initial loss of mass, while decomposition

represents the onset of complete structural breakdown, leading to major weight loss.

Microcrystalline cellulose showed a pronounced endothermic peak with an onset at 41.47 +
1.10 °C and a peak maximum at 86.43 £ 2.21 °C, corresponding to the loss of adsorbed
moisture (enthalpy = 127.3 + 2.7 J/g), as seen in Figure 9A. This agrees with the findings of
Cespi et al. (2013) and (Krok et al. 2017). Notably, no melting or glass transition events were
observed, indicating high thermal stability up to its degradation temperature (328.82 + 0.88
°C) and decomposition temperature (351.15 £ 0.20 °C) — well above the compaction

temperature of 70 °C.

Lactose monohydrate exhibited a strong dehydration endotherm with an onset at 141.30 +

0.20 °C and peak maximum at 146.90 £ 0.61 °C, with an enthalpy of 155.9 = 1.0 J/g as seen
in Figure 9C. While this peak is often referred to as a dehydration endotherm, it represents a
solid—solid transition involving the loss of crystalline water from the monohydrate structure,

leading to the formation of anhydrous a-lactose. This process can resemble melting in DSC
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thermograms but does not represent the melting of the monohydrate itself. Following
dehydration, melting of the anhydrous a-lactose form occurred at 213.77 + 3.42 °C (Figure
9C), followed by melting of the B-lactose form at 227.77 £ 0.12 °C (Figure 9C), in agreement
with the findings of Gombas et al. (2002). No clear glass transition was observed for lactose
monohydrate in the DSC data, suggesting high thermal stability up to the compaction

temperature of 70 °C.

Starch exhibited an endothermic peak at 98.70 £ 0.10 °C (onset at 47.90 = 0.87 °C) and an
enthalpy of 286.1 + 12.1 J/g, as seen in Figure 9B, which may be attributed to moisture loss
and/or gelatinisation (Coral et al. 2009). During gelatinisation, water penetrates the
amorphous regions of starch granules, disrupting hydrogen bonds and leading to the melting
of crystallites and the loss of molecular order, ultimately resulting in the swelling and
solubilization of the granules (Donmez et al. 2021). The TGA data (Figure 10B) only showed
moderate weight loss (3.2 + 0.4%) at 98.7 °C, which suggests that moisture evaporation alone
does not fully account for the DSC peak. However, the Loss on Drying (LOD) result of 8.01

+ 0.43% at 105 °C indicates the presence of residual moisture in the sample.

3.5 3.5 35
(A) (B) (&)
3.0 3.0 3.0
25 25 25 Lactose
= = S Monohydrate
£ E E (n=1)
= 2.0 Microcrystalline Cellulose (n=1) = 2.0 Starch (n=1) = 2.0 ——Lactose
—Microcrystalline Cellulose (n=2) = —— Starch (n=2) E Monohydrate
5 1.5 | |—Microcrystalline Cellulose (n=3) S 1.5 - l——Starch (n=3 o 1.5 (n=2)
7] 1] » —Lactose
010 010 010 Monohydrate
. . . oy
0.5 [‘/\,_— 0.5 0.5
0.0 0.0 0.0
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 9. Differential Scanning Calorimetry curves for (4) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate
(n=3, single curves).
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Figure 10. Thermogravimetric analysis curves for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate (n=3,
single curves).
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4.3.2 Mechanical Properties

4.3.2.1 Compressibility

Compressibility reflects how readily the powder material undergoes a change in volume
when compressed, typically expressed as solid fraction as a function of the compaction
pressure. This section presents the compressibility behaviour of three commonly used
pharmaceutical excipients — microcrystalline cellulose, starch and lactose monohydrate —

when compacted at die temperatures of 20 °C and 70 °C (Figure 11).

Across all materials, an increase in compaction pressure led to a corresponding rise in solid
fraction, reflecting the expected densification behaviour (Figure 11). At 20°C, the ranking of
compressibility varied depending on the applied compaction pressure. At lower pressures (50-
75 MPa), lactose monohydrate exhibited the highest solid fractions (Figure 11C), indicating a
greater degree of densification at these initial stages of compression. However, as compaction
pressure increased beyond 100 MPa, microcrystalline cellulose (Figure 11A) surpassed
lactose monohydrate (Figure 11C) in terms of compressibility, achieving higher solid
fractions at equivalent pressures. This behaviour is consistent with microcrystalline
cellulose's plastic deformation properties, allowing progressive densification at higher
pressures (Al-Ibraheemi et al. 2013). In contrast, starch exhibited the lowest compressibility
across all compaction pressures (Figure 11B), with consistently lower solid fractions than
microcrystalline cellulose (Figure 11A) and lactose monohydrate (Figure 11C). This suggests
that starch undergoes less efficient densification under pressure, potentially due to its more

rigid particle structure or limited plasticity.

Temperature had a notable impact on compressibility (Figure 11). Starch exhibited the most
pronounced response to the elevated die temperature (Figure 11B), with a substantial increase
in solid fraction at 70 °C compared to 20 °C across all compaction pressures. For example, at
a compaction pressure of 150 MPa, the increase in solid fraction was 0.082 + 0.004 for starch
(from 0.813 £ 0.003 to 0.895 + 0.002), 0.041 + 0.007 for lactose monohydrate (from 0.837 £+
0.007 to 0.877 £ 0.004) and 0.018 £ 0.003 for microcrystalline cellulose (from 0.864 & 0.005
to 0.882 + 0.003). Lactose monohydrate also displayed a noticeable temperature-dependent
increase in compressibility (Figure 11C), contradicting its traditionally brittle behaviour,
which may suggest partial softening or altered fragmentation properties under heat. In

contrast, microcrystalline cellulose showed the smallest increase (Figure 11A), indicating that
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its ability to undergo a reduction in volume under applied pressure remains relatively stable

across the tested temperature range.

These compressibility results for microcrystalline cellulose, starch, and lactose monohydrate
demonstrate clear temperature-dependent behaviour. Notably, despite the absence of a
defined glass transition for microcrystalline cellulose and lactose, their compressibility
improved at 70 °C, suggesting that the observed densification is likely governed by

mechanisms unrelated to T,.

To further quantify the densification behaviour observed in compressibility profiles, Heckel
analysis was performed to assess the deformation mechanisms of microcrystalline cellulose,

starch, and lactose monohydrate under different temperature conditions (Figure 12).
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Figure 11. Compressibility profiles for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate at tablets compacted at 20 °C and 70 °C. Average values are shown, n = 5, error bars
indicate the * standard deviation from the mean.
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4.3.2.2 In-die Heckel Analysis

The Heckel analysis was conducted to evaluate the compaction behaviour of three commonly
used pharmaceutical excipients, microcrystalline cellulose, starch, and lactose monohydrate,
under two temperature conditions (20 °C and 70 °C). Each of the three excipients displayed
distinct characteristics in the Heckel analysis, exemplified by compaction at 150 MPa as

plotted in Figure 12.

Microcrystalline cellulose exhibited a typical plastic deformation profile (Figure 12A). In
Region I of the Heckel plot, microcrystalline cellulose starts at a relatively lower position on
the y-axis compared to the other materials investigated, indicating that the initial porosity of
microcrystalline cellulose was relatively low. This suggests that microcrystalline cellulose
particles were already moderately packed before compression began. This initial region of the
Heckel plot (Region I) had a steep rise in Heckel values at low compaction pressures before
transitioning into a more linear region (Region II). The slope in Region I is relatively high,
indicating that the microcrystalline cellulose particles demonstrated efficient particle
rearrangement at low pressures. Region II, corresponding to plastic deformation, showed a
well-defined linear relationship between compaction pressure and densification, confirming
microcrystalline cellulose's ability to undergo plastic flow under pressure. The high degree of
plasticity observed aligns with microcrystalline cellulose's known behaviour as a highly
compressible excipient. At higher compaction pressures (Region I1I), the Heckel curve
exhibited only mild curvature, indicating that microcrystalline cellulose experienced minimal
strain hardening as it continued to deform plastically rather than resisting further

compression.

Starch (Figure 12B) started at a higher y-axis position than microcrystalline cellulose (Figure
12A) in Region I of the Heckel plot, suggesting it had a more densely packed structure and
lower initial porosity before compression began. Despite its denser initial packing, the early
phase of compression for starch (Region I) was less pronounced than for microcrystalline
cellulose, indicating that starch underwent less particle rearrangement before plastic
deformation dominated. Region II of the Heckel plot displayed a clear linear phase indicative
of plastic deformation. However, at high pressures (Region Three), the Heckel plot exhibited
pronounced curvature, suggesting an increase in resistance by the starch particles to further

densification, which may be due to significant strain hardening.
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Lactose monohydrate, in contrast, exhibited classic brittle behaviour (Figure 12C). In Region

I, lactose monohydrate's curves began at a lower point on the y-axis than those for starch but
higher than microcrystalline cellulose, suggesting that lactose particles were moderately

packed before compression. The initial curvature in the Heckel plot indicates some degree of

particle rearrangement, though likely less pronounced than in more ductile materials.

As compaction pressure increased, the Heckel plot transitioned into a linear Region II, a
behaviour typically associated with densification by fragmentation in brittle materials. This
inference is based on the relatively early onset of linearity and the steep slope, which are
characteristic of brittle excipients such as lactose that densify primarily through particle
breakage rather than plastic deformation (Patel et al. 2006). In Region III, the Heckel plot
exhibited a steep curvature, confirming that lactose monohydrate was highly susceptible to

strain hardening.

Temperature altered the Heckel profiles of all excipients (Figure 12), modifying their

compaction behaviour and deformation mechanisms.

When the compaction temperature was increased to 70 °C, microcrystalline cellulose
demonstrated a clear shift in its Heckel profile (Figure 12A). The first Region, associated
with initial particle rearrangement, remained largely unchanged, indicating that temperature
had little effect on bulk packing properties before compression. However, in Region II, the
slope of the Heckel plot increased, suggesting that elevated temperature enhanced
microcrystalline cellulose's ability to undergo plastic flow. At high compaction pressures
(Region Three), there was a reduction in the upward curvature (i.e., deviation from linearity)
of the Heckel plot compared to that at low temperature (20 °C) indicated a lower degree of
strain hardening. This suggests that once softened by heat, microcrystalline cellulose particles
could form stronger interparticulate bonds and resist the buildup of compressive resistance

more effectively.

At 70 °C, the initial porosity and rearrangement characteristics (Region I) were largely
similar to those at 20 °C for starch (Figure 12B), suggesting that temperature had little impact
on its bulk packing properties before compression. However, in Region II, the linear portion
of the Heckel plot became more pronounced, further confirming that starch exhibited
enhanced plasticity at higher temperatures. In Region III, strain hardening effects were still
present, but their impact was reduced compared to 20 °C, indicating that starch maintained its

deformability even at higher compaction pressures. The reduced curvature in this Region
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suggests that, at elevated temperatures, starch was able to achieve a higher degree of

densification before significant resistance to further compression occurred.

Lactose monohydrate exhibited the least plasticity enhancement with increasing temperature
(Figure 12C). In Region I, the Heckel plot showed a slightly greater degree of particle
rearrangement, suggesting that heat increased the mobility of lactose particles before
compression. Region II of the Heckel plot for lactose monohydrate became more pronounced,
indicating an increase in its ability to undergo densification compared to 20 °C. The slope of
the linear portion increased, suggesting improved compressibility, likely due to thermal
softening effects that may have weakened interparticle bonds or altered the structural
integrity of lactose crystals. While fragmentation remained the dominant deformation
mechanism, the more defined linear Region suggests that higher temperatures may have
facilitated a small degree of plastic deformation before particles fractured. In Region III, the
curvature of the Heckel plot was still present but less pronounced than at room temperature,
suggesting that temperature may have facilitated better interparticulate bonding and more

efficient densification at higher pressures.

These findings are in general agreement with Grumann et al. (2022), who reported that
lactose remains brittle with only minimal temperature-induced changes. However, our
analysis indicates that lactose does exhibit a more pronounced linear Region II in the Heckel
profile at a higher compaction temperature, suggesting an improved ability to densify before
fragmentation. This subtle change was not discussed in the Grumann et al. (2022) study and
may have been masked by their use of a fixed y-axis range across all materials. While lactose
remains predominantly brittle at high temperatures, it is important to note that changes do

occur in its deformation behaviour at high temperatures.
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Figure 12. In-die Heckel profiles for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate for tablets
compacted at 20 °C and 70 °C (n=35, single curves).
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The yield pressure values were determined for microcrystalline cellulose, starch, and lactose
monohydrate at 20 °C and 70 °C to further evaluate their compaction behaviour, as seen in

Figure 13. Yield pressure evaluates a material's ability to undergo plastic deformation under
applied stress, with lower values indicating greater plasticity and higher values suggesting

increased resistance to deformation.

180

m20°C

Microcrystalline Starch Lactose
Cellulose Monohydrate

Excipient Material

Figure 13. Comparison of yield pressure values for microcrystalline cellulose, starch and lactose monohydrate at 20°C and
70°C. Average values are shown, n = 5, error bars indicate the + standard deviation from the mean.

At 20 °C, microcrystalline cellulose exhibited a relatively low yield pressure of 81.20 + 0.56
MPa, indicating that it readily deformed under applied pressure (Figure 13). This aligns with
microcrystalline cellulose's known behaviour as a highly compressible material, as observed
in its Heckel profile. The low yield pressure further confirms that microcrystalline cellulose
undergoes plastic flow rather than fragmentation, supporting its suitability for direct

compression formulations.

Figure 13 shows that starch exhibited a similar yield pressure to microcrystalline cellulose at
20 °C (82.08 = 0.57 MPa), further reinforcing that starch undergoes plastic deformation
rather than brittle fragmentation. This aligns with its Heckel profile, where Region II
displayed a clear linear phase indicative of plastic flow. Although starch had a higher initial
porosity than microcrystalline cellulose, its yield pressure suggests that once compaction

begins, starch deforms in a comparable manner to microcrystalline cellulose rather than
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fracturing. This behaviour is likely influenced by starch's higher moisture content (8.01%),

which may enhance plasticity by acting as a lubricant between particles.

Lactose monohydrate, in contrast, exhibited the highest yield pressure at 20 °C (152.58 +
1.54 MPa), significantly exceeding the values observed for microcrystalline cellulose and
starch (Figure 13). This confirms that lactose primarily undergoes brittle fragmentation rather
than plastic deformation. The Heckel analysis supports this finding, as Region II of the
lactose monohydrate Heckel plot showed a steep and less defined linear phase, characteristic
of fragmentation rather than plastic flow. The high yield pressure suggests that lactose
particles require significantly greater pressure to undergo densification, making it less

suitable for direct compression without additional binders or plastically deforming excipients.

When the compaction temperature was increased to 70 °C, all three excipients exhibited a
reduction in yield pressure, indicating that heated tableting influenced their deformation

behaviour (Figure 13).

For microcrystalline cellulose, the yield pressure decreased from 81.20 + 0.56 MPa at 20 °C
to 69.25 + 0.43 MPa at 70 °C, suggesting that elevated temperature enhanced its plasticity.
This is consistent with the Heckel analysis (Figure 13A), where the slope of Region II

increased at 70 °C, confirming improved plastic deformation due to thermal softening.

Starch demonstrated the most significant reduction in yield pressure among the three
excipients, decreasing from 82.08 + 0.57 MPa at 20 °C to 57.39 + 1.34 MPa at 70 °C. This
substantial decrease suggests that starch becomes significantly more plastic under elevated
temperatures. The Heckel analysis at 70 °C supports this interpretation (Figure 13B), as

Region II became more pronounced, confirming enhanced plastic deformation.

Lactose monohydrate also exhibited a reduction in yield pressure at 70 °C, decreasing from
152.58 + 1.54 MPa to 122.70 = 1.87 MPa. Despite this decrease, its yield pressure remained
significantly higher than that of microcrystalline cellulose and starch (Figure 13), indicating
that lactose continued to primarily undergo brittle fragmentation rather than plastic
deformation. The Heckel analysis at 70 °C showed a more pronounced linear Region II
(Figure 13C), suggesting that thermal effects slightly improved lactose's ability to densify
before fragmentation dominated. However, lactose remained far less plastic than
microcrystalline cellulose and starch, meaning that its compaction properties were not

fundamentally altered by temperature.
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In the Grumann et al.(2022) study, quantitative data or graphical representation of yield
pressure reduction for lactose was not provided — despite having reported such values for all
other excipients studied — leaving uncertainty regarding its thermal response. Our findings
demonstrate that lactose does, in fact, exhibit a notable reduction in yield pressure at 70 °C.
The omission of this data in the previous study may suggest that either no significant
reduction was observed, or that changes were not detected. These results provide direct
quantification of lactose’s yield pressure reduction, that despite its predominantly brittle

nature, temperature can influence its deformation behaviour more than previously recognised.

These results further contradict the assumption that T, alone dictates yield pressure
reductions. The substantial yield pressure changes observed across all three materials
highlight the need for direct experimental evaluation of compaction behaviour at elevated

temperatures rather than relying solely on thermal analysis predictions.

4.3.2.3 Tabletability

Tabletability is regarded as the ability of a powder to be pressed into tablets with a specific
tensile strength to endure further processing such as coating, handling and transportation. The
tabletability of microcrystalline cellulose, starch, and lactose monohydrate was assessed by
evaluating the tensile strength of tablets formed at 20 °C and 70 °C across a range of

compaction pressures (Figure 14).

Across all materials, an increase in compaction pressure led to a corresponding rise in tensile
strength, with the extent of this increase varying significantly depending on the material's

deformation mechanism (Figure 14).

Microcrystalline cellulose, which undergoes plastic deformation, rapidly increases tensile
strength with pressure (Figure 14A). The exceptionally high tensile strength of
microcrystalline cellulose tablets far exceeds typical pharmaceutical requirements, where
tensile strengths generally range from 1.7 MPa (minimum) to approximately 3 MPa (upper
limit) for optimal tablet robustness and handling (Pitt and Heasley 2013). However, this high
tensile strength is expected, as these are pure microcrystalline cellulose tablets rather than
formulations containing a mixture of excipients and active pharmaceutical ingredients (APIs)
(Tye et al. 2005; Al-Ibraheemi et al. 2013). Microcrystalline is well known for its superior
compactibility due to its high plasticity and strong hydrogen bonding capability, which allows
it to form exceptionally hard tablets even at moderate compaction pressures (Tye et al. 2005;

Al-Ibraheemi et al. 2013).
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Lactose monohydrate, a brittle material that undergoes particle fragmentation during
compaction, contributed to a much lower rate of tensile strength increase than
microcrystalline cellulose (Figure 14 A, C). Its limited ability to undergo plastic flow
restricted its capacity to form strong interparticle bonds, resulting in weaker tablets. At 50
MPa, lactose tablets were too weak to withstand hardness testing, but at 75 MPa, lactose
achieved a measurable tensile strength (0.64 = 0.08 MPa) (Figure 14C). Unlike lactose,
which could form weak but measurable tablets at 75 MPa, starch failed to form tablets strong
enough to withstand hardness testing at 50 MPa and 75 MPa, demonstrating its poor ability to
retain compression-induced bonding. Starch demonstrates viscoelastic properties, exhibiting
elastic recovery and time-dependent flow under compression. Its elastic recovery constrains
its ability to form tablets, leading to tablet-ability characteristics similar to those of lactose

monohydrate.

At a higher compaction temperature of 70 °C, the tensile strength increases at all pressures
for the three excipients investigated (Figure 14). For example, at a compaction pressure of
150 MPa, the increase in tensile strength was 2.21 + 0.45 MPa for microcrystalline cellulose
(from 8.76 = 0.22 MPa to 10.97 = 0.43 MPa), 1.35 + 0.61 MPa for starch (from 1.38 = 0.06
MPa to 2.73 + 0.67 MPa) and 0.91 = 0.27 MPa for lactose monohydrate (from 1.19 = 0.11
MPa to 2.11 £ 0.23 MPa). For microcrystalline cellulose, the improvement is due to increased
plasticity, leading to stronger intermolecular interactions. Lactose benefits from enhanced
fragmentation, creating additional bonding surfaces, while starch's reduced elastic recovery
allows for greater particle cohesion. These findings highlight how temperature influences
material-specific bonding mechanisms, ultimately affecting tablet strength and compaction

behaviour.

Microcrystalline cellulose showed the most substantial increases in tensile strength across all
compaction pressures (Figure 14A). At 50 MPa, tensile strength increased by 1.40 + 0.05
MPa, going from 3.06 + 0.05 MPa to 4.46 + 0.06 MPa. An elevated temperature enhances
microcrystalline cellulose's plastic deformation, allowing for greater particle rearrangement
and densification under compression, as observed in the Heckel profiles (Figure 14A). This
improved plasticity may facilitate stronger intermolecular interactions which significantly

increase tensile strength.

Notably, at the 70 °C compaction temperature, lactose monohydrate and starch, which failed

to form tablets strong enough to withstand hardness testing at 50 MPa (lactose) and at both 50
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MPa and 75 MPa (starch) at 20 °C, were able to form measurable tablets at these pressures

(Figure 14B-C).

At 50 MPa and 70 °C, lactose tablets achieved a tensile strength of 0.64 £ 0.09 MPa,
indicating that elevated temperature enhanced lactose's ability to bond effectively at lower
pressures. Similarly, starch, which could not form testable tablets at 50 MPa and 75 MPa at
20 °C, produced tablets with tensile strengths of 0.93 + 0.25 MPa at 50MPa and 1.19 + 0.27
MPa at 75 MPa at 70 °C. At 20 °C, starch's viscoelastic behaviour results in high elastic
recovery (Figure 16B), where particles deform under compression but rebound excessively
upon decompression, preventing sufficient cohesion between particles. This leads to the
formation of weak tablets incapable of withstanding hardness testing. In contrast, at 70 °C,
reduced elastic recovery (Figure 16B) allows for greater particle cohesion and stronger

interparticulate bonding, facilitating tablet formation even at lower compaction pressures.

These findings challenge the conclusion by Grumann et al. (2022) that “T, affects the extent
of changes in compressibility, tabletability, and compactibility.” While starch demonstrated
increased solid fraction at higher temperatures, it did not exhibit a corresponding significant
increase in tensile strength, suggesting that densification occurred without a proportional
improvement in interparticle bonding strength. This reinforces the notion that T, alone cannot
reliably predict the compaction response of excipients, particularly for materials without a

well-defined glass transition in the studied DSC temperature range.

102



Impact of Temperature on
Chapter 4 Microcrystalline Cellulose, Starch and
Lactose Monohydrate

14 ( A) 14 (B) 14 (C)
12 12 —e—20°C Starch 12 ——20°C Lactose Monohydrate
—_ —_ —e—70°C Starch —_ ——70°C Lactose Monohydrate
o o o
= 10 = 10 = 10
£ = =
g 8 g 8 g 8
o o o
7 o »
o 6 o 6 o 6
0 » o
© & &
F 4 = 4 = 4
——20°C Microcrystalline
2 Cellulose 2 2
—e—70°C Microcrystalline
Cellulose
0 0 0
0 100 200 300 0 100 200 300 0 100 200 300
Compaction Pressure (MPa) Compaction Pressure (MPa) Compaction Pressure (MPa)

Figure 14. Tabletability profiles for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate at tablets compacted at 20 °C and 70 °C. Average values are shown, n = 5, error bars indicate the +
standard deviation from the mean.
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4.3.2.4 Compactability

Compactability, the relationship between tensile strength and solid fraction, was evaluated for

microcrystalline cellulose, starch, and lactose monohydrate at 20°C and 70°C (Figure 15).

As expected, an increase in solid fraction resulted in a corresponding increase in tensile
strength (Figure 15), although the relationship is not strictly linear. Tensile strength tends to
rise more rapidly at low to mid-range solid fractions before plateauing at higher solid
fractions at which point additional compaction yields smaller gains in strength, as most
particle bonding has already occurred. At 20°C, starch exhibited the lowest compactability
(Figure 15B), followed by lactose monohydrate (Figure 15C), failing to form testable tablets
at lower compaction pressures, while microcrystalline cellulose consistently exhibited the

highest tensile strengths across all solid fractions (Figure 15A).

For all excipients, densification was enhanced at elevated temperatures, leading to greater
solid fractions, observable as the 70 °C temperature curve shifts to the right in Figure 15. The
highest solid fractions were observed at 70 °C for starch (Figure 15B), reaching 0.932 +
0.012, while microcrystalline cellulose and lactose monohydrate attained maximum solid

fractions of 0.924 + 0.005 and 0.932 + 0.012, respectively (Figure 15 A, C).

Microcrystalline cellulose displayed a temperature-dependent compactability, particularly at
solid fractions above 0.8 (Figure 15A). Microcrystalline cellulose tablets formed at 70 °C
exhibited notably higher tensile strength than those formed at 20 °C. For instance, at a solid
fraction of 0.864 + 0.005 (20°C), tensile strength was 8.76 &+ 0.22 MPa, whereas at a nearly
equivalent solid fraction of 0.860 + 0.005 (70°C), tensile strength increased to 9.82 £ 0.27
MPa. This may relate to the thermal behaviour observed in DSC, where microcrystalline
cellulose exhibited an endothermic event with an onset at 41.47 £ 1.10 °C and a peak
maximum at 86.43 + 2.21 °C, attributed to moisture loss (Figure 9A). Although no glass
transition was detected, this thermal event occurred below the compaction temperature

(70 °C) and may have contributed to improved plasticity and interparticle bonding.

Unlike microcrystalline cellulose, starch and lactose monohydrate exhibited temperature-
independent compactability, meaning that for a given solid fraction, tensile strength remained
similar regardless of compaction temperature (Figure 15B-C). For example, Starch, at a solid
fraction of 0.849 + 0.003 (20 °C), had a tensile strength of 1.89 £ 0.12 MPa, while at a
comparable solid fraction of 0.860 = 0.011 (70 °C), tensile strength was 1.92 + 0.46 MPa.
Notably, while starch also exhibited an endothermic peak (onset at 47.90 + 0.87 °C; peak
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maximum at 98.70 + 0.10 °C) in its DSC curve (Figure 9B), likely due to moisture loss
and/or gelatinisation, its compactability remained largely temperature independent. Similarly,
lactose monohydrate at a solid fraction of 0.837 £+ 0.007 (20 °C) had a tensile strength of 1.19
+ 0.11 MPa, whereas at a solid fraction of 0.835 £ 0.002 (70 °C), tensile strength showed
negligible difference to 1.22 + 0.21 MPa. While tensile strength increased with temperature
for lactose monohydrate and starch (Figure 14B-C), this was mainly due to the higher solid
fractions achieved at elevated temperature rather than an inherent change in bonding strength

at a given solid fraction.
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Figure 15. Compactability profiles for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate at tablets compacted at 20 °C and 70 °C. Average values are shown, n =5, error bars indicate the
+ standard deviation from the mean.
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4.3.2.5 Elastic Recovery

Elastic recovery data was assessed for microcrystalline cellulose, starch, and lactose

monohydrate at die temperatures of 20 °C and 70 °C (Figure 16).

At 20 °C, starch exhibited the highest elastic recovery among the three materials (Figure
16B). For example, at a compaction pressure of 150 MPa, its mean elastic recovery was
15.51% =+ 0.26%, while microcrystalline cellulose and lactose monohydrate exhibited values
0f 6.56% + 0.30% and 0.80% = 0.57%, respectively. The high elastic recovery of starch
indicates its pronounced viscoelastic behaviour, meaning it undergoes significant elastic
deformation during compression and expands considerably upon decompression. While
microcrystalline cellulose primarily undergoes plastic deformation, a minor elastic
component is present, leading to some degree of elastic recovery upon decompression (Figure
16A). Lactose monohydrate exhibited minimal elastic recovery, aligning with its

predominantly brittle nature (Figure 16C).

Further analysis of elastic recovery trends across increasing compaction pressures at 20 °C
revealed material specific behaviours consistent with their mechanical properties (Figure 16).
Microcrystalline cellulose (Figure 16A) showed a relatively stable elastic recovery at lower
pressures (50-150 MPa), followed by a marked increase beyond 150 MPa, reaching 8.82% +
0.41% at 200 MPa. This delayed rise is characteristic of microcrystalline cellulose’s
predominantly plastic deformation with a modest elastic component that becomes more
pronounced at higher densification levels. In contrast, starch (Figure 16B) exhibited a steady
and significant increase in elastic recovery with pressure at 20 °C, from 12.76% at 50 MPa to
18.67% at 280 MPa. This continuous rise highlights starch’s pronounced viscoelasticity and
tendency to store elastic energy during compression. Lactose monohydrate, on the other
hand, showed consistently low elastic recovery across all pressures, peaking at just 3.29% =+
1.40% at 250 MPa compaction pressure. This minimal recovery is typical of its brittle

fragmentation mechanism, which limits elastic strain accumulation.

When compressed at a higher temperature (70 °C), starch exhibited a notable reduction in
elastic recovery (Figure 16B). At a compaction pressure of 150 MPa, its mean elastic
recovery decreased from 15.51% + 0.26% to 10.44% =+ 0.19% at 70 °C. This decline suggests
elevated temperatures may reduce starch's ability to deform elastically, potentially due to
increased plastic flow rather than elastic recoil. In contrast, lactose and microcrystalline

cellulose demonstrated minimal changes in their elastic recovery at 70 °C, with values
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remaining within the same range observed at 20 °C

(Figure 16 A, C). This indicates that their deformation mechanisms were less sensitive to
temperature variations than starch. Starch's consistently high elastic recovery values (Figure
16B), particularly at both temperature conditions, reinforce its classification as a viscoelastic

material.
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Figure 16. Elastic Recovery (%) as a function of compaction pressure (MPa) for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose monohydrate at tablets compacted at 20 °C and 70 °C. Average values
are shown, n =5, error bars indicate the + standard deviation from the mean.
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4.4 Conclusion

This chapter demonstrated that elevated temperature (70 °C) influenced the compaction
behaviour of three commonly used excipients — microcrystalline cellulose, starch and lactose
monohydrate — with each excipient responding differently to high temperature tablet
compaction. All three materials exhibited significant yield pressure changes with increased
temperature, aligning with prior findings, but contradicting the idea that this effect is strictly
Te-dependent. Microcrystalline cellulose showed increased plasticity, leading to enhanced
tabletability and improved interparticle bonding. Starch exhibited higher solid fraction and
reduced elastic recovery at elevated temperatures, improving particle packing but without a
significant increase in tensile strength. Lactose monohydrate, despite its brittle nature,
displayed increased tabletability and the largest reduction in yield pressure, suggesting that

elevated temperatures facilitated better fragmentation and bonding.

These findings reinforce that while thermal behaviour plays a role in compaction
performance, it cannot be evaluated in isolation. Although the Ty is often considered a key
parameter in predicting thermal behaviour, the findings in this chapter reinforce that T, alone
does not fully explain how an excipient will respond during tableting, particularly for
materials without a measurable T,. Powder properties such as deformation mechanisms,
bonding characteristics, and particle interactions are intrinsically interconnected, meaning
that compaction responses at elevated temperatures are influenced by multiple factors beyond
Te. The observed variations in mechanical properties at elevated temperatures reveals the

complex interplay between these factors.

The study confirms that direct experimental assessment of compaction behaviour at elevated
temperatures is essential to fully understand how materials behave under industrial-scale
manufacturing conditions. By applying externally controlled heat, this approach provides a

more accurate representation of temperature effects on excipient compaction behaviour.
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CHAPTER 35: Investigating the Impact of Temperature
on the Compaction of Plastic, Elastic and Brittle Type

Formulations

5.1 Introduction

Tablet formulations must be carefully designed to achieve optimal mechanical strength,
manufacturability, and drug release performance, all of which are influenced by the
compaction behaviour of excipients. The compaction behaviour is largely dictated by their
deformation mechanisms, with excipients broadly categorized as plastic, elastic, or brittle
based on their primary deformation mechanism (Patel et al. 2006). Further details on
excipients and their compaction behaviours can be found in Section 2.1.2 (Excipients and
Active Pharmaceutical Ingredients), Section 2.2.1 (Mechanical Properties of Materials), and

Section 2.2.5.1 (Material Properties).

The compaction of pharmaceutical powders into tablets is inherently accompanied by heat
generation, as discussed in Section 2.3.1 (Sources of Heat Generation). Previous research has
demonstrated that tablets frequently exceed 50 °C during standard compression conditions
(Hanus and King 1968; Bechard and Down 1992), with localized heating potentially
surpassing 100 °C in prolonged production cycles (Pilpel et al. 1991). For further details on

these temperature rises refer to 2.3.3 (Measurement of Temperature Rises during Tabletting).

While studies have explored how temperature affects individual excipients and binary
mixtures (a summary of key studies investigating the influence of heat on pharmaceutical
powder compaction is provided in Table 3, Section 2.3.5), limited attention has been given to
multi-component formulations, where interactions between plastic, elastic, and brittle
excipients may lead to complex thermal effects that cannot be predicted from single-

component studies

A recent study by Grumann and Kleinebudde (2023a) investigated six multi-component
formulations, focusing on a comparative analysis of low-glass-transition binders Eudragit

EPO and Eudragit RS. The study examined the impact of microcrystalline cellulose inclusion
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and systematically increased Eudragit EPO concentrations up to 30% in formulations both
with and without microcrystalline cellulose. Their findings demonstrated that higher
temperatures improved tabletability, with significant effects influenced primarily by the
binder type and concentration, while filler variations had a minor impact. This study focused
on examining the effects of heat on formulations containing a single active pharmaceutical
ingredient and specific polymeric binder types, rather than formulations primarily composed
of conventional direct compression excipients such as microcrystalline cellulose, lactose
monohydrate, and starch which are more representative of real-world formulations.
Furthermore, our study systematically investigates the impact of heat on placebo blends
specifically designed to represent distinct model behaviours; plastic, elastic and brittle. By
eliminating APIs and using simplified formulations with well-defined compositions, our

study allows for precise isolation of the effects of heat on model type formulations.

While Chapter 4 has examined the compaction of microcrystalline cellulose, starch, and
lactose as individual materials, their behaviour within realistic, multi-component
formulations remains insufficiently explored, particularly regarding how their deformation

mechanisms interact under heat.

5.2 Research Objective

This chapter aims to investigate the impact of elevated temperature (70 °C) on the
compaction behaviour of direct compression formulations representing plastic, elastic, and
brittle deformation types. By analysing changes in compressibility, tabletability,
compactability, elastic recovery, and in-die yield pressure, this research will provide insights

into how temperature influences formulation performance in a direct compression setting.
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5.3 Results and Discussion

5.3.1 Material Properties

The material properties of the individual formulation components are summarised in Table 7.
These properties influence the mechanical and thermal behaviour of the three placebo
formulations. The material properties of microcrystalline cellulose, starch and lactose
monohydrate have been described in detail in Chapter 4, Section 4.3.1 Material Properties.
Crospovidone, colloidal silicon dioxide, and magnesium stearate were not previously

discussed and are summarised below.

Crospovidone exhibited a fine particle size distribution with a dip of 9.08 + 0.21 um, a dso of
25.93 £0.34 um and a dgo of 53.91 + 1.09 um, resulting in a relatively broad span of 1.76 £
0.05 (Table 7). It has a low true density (1.2232 £ 0.0004 kg/m?). DSC thermal analysis
(Figure 17D) revealed a moisture desorption event at 50.43 £ 0.15 °C, with a peak maximum
at 97.67 + 1.55 °C and enthalpy of 281.0 £ 11.2 J/g, followed by a glass transition at 175.73 +
3.84 °C. This indicates the material’s moderate hygroscopicity and amorphous nature.
Crospovidone displayed high thermal stability, with a degradation temperature of 426.46 +
2.54 °C and decomposition temperature of 458.79 + 0.28 °C (Figure 18D).

Colloidal silicon dioxide had the finest median particle size among all excipients with a dso of
11.13 £ 0.46 pm and a narrow distribution range (dio = 3.61 £ 0.25 um, dgo =24.18 = 1.10
pum), with a broad span of 1.76 £ 0.06 (Table 7). Despite its small particle size, its true

density was the highest (3.0754 £ 0.0015 kg/m?). DSC detected a glass transition temperature
at approximately 180 °C for two of the three replicates (Figure 17E). No clear degradation or
decomposition was observed below 500 °C, highlighting its high thermal stability (Figure
18E).

Magnesium stearate had the smallest overall particle size distribution (dio =2.27 = 0.02 pm,
dso=6.20 £ 0.15 pm, doo = 13.19 + 0.36 um), with a span of 1.74 + 0.04, similar to that of
crospovidone and colloidal silicon dioxide (Table 7). Its true density was the lowest among
all excipients evaluated (1.0983 £ 0.0013 kg/m?) which reflects its chemical composition and
light molecular structure. DSC analysis (Figure 17F) revealed a sharp melting transition with
an onset at 113.77 + 0.61 °C, a maximum peak at 123.20 + 0.10 °C, and an enthalpy of
200.27 + 8.45 J/g, followed by a thermal degradation at 200.97 + 0.49 °C (peak 204.77 + 0.06

113



Chapter 5

Impact of Temperature on Plastic, Elastic

and Brittle Type Formulations

°C) (Figure 17F). These thermal changes were corroborated by the corresponding TGA

profile in Figure 18F, which demonstrated onset of major mass loss near the melting range.
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Figure 17. Differential Scanning Calorimetry curves for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose
monohydrate, (D) Crospovidone, (E) Colloidal silicon dioxide and (F) Magnesium Stearate (n=3, single curves).
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Figure 18. Thermogravimetric analysis (TGA) curves for (A) Microcrystalline cellulose, (B) Starch, (C) Lactose
monohydrate, (D) Crospovidone, (E) Colloidal silicon dioxide and (F) Magnesium Stearate (n=3, single curves).
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Table 7. Physical characterisation of excipients: Microcrystalline cellulose, lactose, starch, crospovidone, colloidal silicon dioxide and magnesium stearate. Particle Size, Span and Thermal
Degradation Values: n=3, mean+SD. True Density Values: n=10 mean+SD

°C)

) ) ) Magnesium
Microcrystalline Lactose Starch Crospovidone  Colloidal stearate
cellulose silicon dioxide

Particle size dio (um) 4448 +£1.40 4531 £0.58 2444 +0.13 9.08 £ 0.21 3.61 £0.25 2.27+0.02
Particle size dso (um) 122.57 £0.65 113.77 £ 1.11 91.26 £0.71 25.93+0.34 11.13+0.46 6.20+0.15
Particle size doo (um) 220.50 £1.30 233.43 £4.71 153.10 £ 6.06 5391 +£1.09 24.18 +1.10 13.19 £ 0.36
Span [D90—D10]

Dso 1.44 +0.01 1.65+0.02 1.48 £ 0.05 1.76 £ 0.05 1.76 + 0.06 1.74 £ 0.04
(dimensionless)
True density p; (kg/m3) 1.5703 £ 0.0016 | 1.5492 +0.0006 | 1.4957 +£0.0016 | 1.2232 +£0.0004 | 3.0754 £ 0.0015 | 1.0983 +0.0013
Thermal degradation (°C) 328.82 +0.88 283.24 £2.17 312.46 +£0.02 426.46 +£2.54 > 500 359.2 +£0.91
Thermal decomposition 351.15 + 0.20 321.97+0.74 | 333.11+0.13 | 458.79+0.28 > 500 379.35+ 1.51
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5.3.2 Mechanical Properties

5.3.2.1 Compressibility

Figure 19 shows the compressibility profiles for the three placebo formulations, with solid

fraction against compaction pressure for both temperature conditions (20 °C and 70 °C).

Across all materials, an increase in compaction pressure led to a corresponding rise in solid
fraction (Figure 19), reflecting the expected densification behaviour. However, the extent and
nature of this densification varied between formulations, depending on their dominant

deformation mechanisms (plastic, elastic, or brittle).

At 20°C, the plastic formulation exhibited a steady increase in solid fraction with rising
compaction pressure (Figure 19A), consistent with its high microcrystalline cellulose content.
The inherent plasticity of MCC allows for significant particle rearrangement and
deformation, leading to progressive densification (Al-Ibraheemi et al. 2013). At 50 MPa, the
plastic formulation achieved a solid fraction of 0.694 + 0.005, which increased to 0.810 +
0.001 at 100 MPa and to 0.860 = 0.004 at 150 MPa. As pressure increased beyond 200 MPa,
the solid fraction began plateauing, indicating efficient packing and bonding between

particles.

The elastic formulation (Figure 19B), which contains starch as an elastic component,
displayed a lower initial solid fraction compared to the plastic formulation (Figure 19A) at
equivalent pressures. At 50 MPa, the solid fraction of the elastic formulation was 0.697 +
0.003, similar to that of the plastic formulation. However, at 100 MPa, the elastic formulation
had a solid fraction of 0.788 + 0.003, slightly lower than that of the plastic formulation at the
same pressure. This difference persisted at 150 MPa, where the elastic formulation reached a
solid fraction of 0.849 + 0.002, compared to 0.860 + 0.004 for the plastic formulation. The
relatively lower solid fractions at higher pressures suggests that elastic recovery upon
decompression may have slightly reduced the overall densification achieved during

compaction (Figure 22B).

In contrast, the brittle formulation, which consists predominantly of lactose monohydrate,

demonstrated rapid densification at lower pressures (Figure 19C). Lactose undergoes brittle
fracture upon compaction, generating new surfaces for particle bonding early in the process
(Patel et al. 2006). As a result, this formulation achieved high solid fractions with relatively

lower compaction pressures, reflecting its fragmentation-driven deformation mechanism.
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The brittle formulation (Figure 19C), primarily composed of lactose monohydrate, exhibited
a compressibility profile different from the plastic and elastic formulations. At 50 MPa, it
achieved a solid fraction of 0.694 + 0.005, similar to the plastic and elastic formulations
(Figure 19 A-B). At 100 MPa, the brittle formulation reached a solid fraction of 0.811 +
0.003, closely matching the plastic formulation and remaining slightly higher than the elastic
formulation. At 150 MPa, the brittle formulation achieved a solid fraction of 0.851 + 0.005.
Unlike the plastic and elastic formulations, the brittle formulation did not begin to exhibit a
plateau at higher compaction pressures. As compaction pressure increased, the brittle
formulation continued to exhibit greater densification, indicating that fragmentation became

more dominant at higher pressures.

At 70 °C, all three formulations showed an increase in solid fraction across all compaction
pressures (Figure 19). Temperature has the greatest effect at low pressures on plastic and
elastic formulations, while the brittle formulation is only slightly affected. For example, at 50
MPa, the increase in solid fraction was 0.050 = 0.006 for the plastic formulation (from 0.694
+ 0.005 to 0.744 £+ 0.004), 0.039 £ 0.004 for the elastic formulation (from 0.697 = 0.003 to
0.735 £ 0.003) and 0.007 £ 0.003 for the brittle formulation (from 0.743 £ 0.003 to 0.750 +
0.002).

At an intermediate pressure of 100 MPa, the plastic and elastic formulations continue to
benefit equally, while the brittle formulation starts to respond slightly more to temperature.
The increase in solid fraction was 0.036 + 0.007 for the plastic formulation (from 0.810 +
0.002 to 0.845 £+ 0.007), 0.038 + 0.006 for the elastic formulation (from 0.788 + 0.003 to
0.826 £ 0.005) and 0.017 £ 0.005 for the brittle formulation (from 0.811 + 0.003 to 0.828 +
0.005).

By 150 MPa, all three formulations exhibited similar temperature-induced gains, with the
plastic formulation increasing by 0.031 + 0.004 (from 0.860 + 0.004 to 0.891 + 0.004), the
elastic formulation by 0.027 = 0.004 (from 0.849 + 0.002 to 0.876 + 0.004) and 0.020 + 0.006
for the brittle formulation (from 0.851 £ 0.005 to 0.871 £ 0.003).
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Figure 19. Compressibility profiles for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C. Average values are shown, n = 5, error bars

indicate the + standard deviation from the mean.
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5.3.2.2 In-die Heckel Analysis

In this study, Heckel plots were constructed for the three placebo formulations compacted at

20 °C and 70 °C, as seen in Figure 20.

The plastic formulation, predominantly composed of microcrystalline cellulose (87.3% w/w),
demonstrated a characteristic plastic deformation profile (Figure 20A). The initial particle
rearrangement stage (Region I) showed moderate particle rearrangement. The linear portion
of the Heckel plot (Region II) showed a characteristic slope associated with materials that
deform plastically rather than fragment (consistent increase in densification with rising
pressure), which is expected given the high microcrystalline cellulose content. As pressure

increased, the formulation became increasingly resistant to further densification (Region III).

The elastic formulation displayed a complex compaction profile due to the combined
influence of microcrystalline cellulose, lactose monohydrate, and starch (Figure 20B). The
presence of microcrystalline cellulose contributed to some degree of plastic deformation,
while lactose monohydrate introduced a brittle component, and starch contributed elasticity.
The initial particle rearrangement phase (Region I) was relatively efficient, with the
formulation exhibiting high initial packing. However, as compression progressed, the elastic
formulation displayed a more gradual increase in density compared to the plastic formulation,
reflecting elastic resistance to permanent deformation. The Heckel plot showed a slower
transition into the linear portion (Region II), suggesting that the formulation required higher
pressures to achieve significant densification. While plastic deformation was observed, the
presence of starch and lactose monohydrate limited the extent of permanent deformation. The

strain-hardening phase was less pronounced than in the plastic formulation.

The brittle formulation, largely composed of lactose monohydrate, exhibited a fragmentation-
dominated Heckel profile (Figure 20C). The initial particle rearrangement phase (Region I)
showed high efficiency, as the crystalline nature of lactose allowed for effective packing even
before compression began. Unlike the plastic and elastic formulations, which required higher
pressures to achieve significant densification, the brittle formulation exhibited a sharp
increase in density early in the Heckel plot, consistent with a material that undergoes brittle
fracture rather than plastic deformation. The linear portion of the Heckel plot (Region II) was
steeper than in the other formulations, indicating that as compaction pressure increased,
lactose particles readily fractured into smaller fragments, effectively filling available void

spaces. This fragmentation mechanism resulted in the highest final densification among the
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three formulations (Figure 20). However, at higher pressures (Region III), the formulation

exhibited earlier onset of strain hardening compared to that of other formulations.

The effect of elevated temperature (70°C) was examined to determine how temperature

influences the Heckel profiles for the three different formulations (Figure 20).

In Region I of the Heckel plot, the plastic formulation starts at relatively higher position on
the y-axis at 70°C, which suggests that elevated temperature improved the initial packing of
particles (Figure 20A). Region I at 70°C has a slightly steeper slope than observed at 20°C,
indicating enhanced flow and rearrangement of particles before significant compression. The
linear portion of the Heckel plot in Region II at 70°C exhibited a steeper slope compared to
20°C, implying an increase in plastic deformation (confirmed by yield pressure analysis in
Figure 20). In Region III, the curve at 70°C showed earlier onset of work hardening
compared to 20°C. This suggests that at elevated temperatures, the formulation reached its

maximum densification sooner, leading to resistance against further compression.

At both compaction temperatures, the elastic formulation exhibited similar starting positions
on the y-axis, suggesting that temperature did not significantly enhance initial particle
rearrangement (Figure 20B). However, like the plastic formulation, the elastic formulation
exhibited a steeper initial slope in Region I at 70 °C, indicating that elevated temperature also
improved its initial particle rearrangement. The effect was not as pronounced as in the plastic
formulation, likely due to the elastic nature of starch (Refer to Chapter 2, Figure 15), which
limits its ability to undergo substantial rearrangement. In Region II, the linear portion of the
Heckel plot at 70 °C showed an increased slope compared to 20 °C, suggesting an
enhancement in plastic deformation. In Region III, the strain hardening region exhibited
similar behaviour at both 20°C and 70°C, indicating that the formulation’s resistance to

further compression was not significantly altered by temperature.

The brittle formulation showed negligible change in the Region I particle rearrangement
behaviour at an elevated compaction temperature (Figure 20C). However, this formulation
did exhibit a steeper slope in Region II at 70 °C, suggesting that temperature may have
facilitated better deformation. Despite this, Region III showed minimal changes, as the work

hardening phase remained similar at both temperatures.
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Figure 20. In-die Heckel profiles for three placebo formulations: (A) Plastic Formulation, (B) Elastic Formulation, (C)
Brittle Formulation compacted at 20 °C and 70 °C (n=35, single curves).
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The yield pressure values for each formulation at 20 °C and 70 °C were analysed (Figure 21).

At 20°C, the plastic formulation exhibited the lowest yield pressure (84.01 + 0.70 MPa),
consistent with its primary mechanism of plastic deformation. The elastic formulation
showed a higher yield pressure (97.20 = 1.06 MPa), reflecting its resistance to permanent
deformation due to the presence of starch which promotes elastic recovery, and the presence
of lactose monohydrate which promotes fragmentation. The brittle formulation had the
highest yield pressure (127.16 + 0.66 MPa), demonstrating that it undergoes densification
primarily through fragmentation rather than plastic flow. These results align with the

expected deformation mechanisms of the formulations.

At 70°C, all three formulations exhibited a decrease in yield pressure, indicating that elevated
temperature enhanced their overall compressibility (Figure 21). The elastic formulation
experienced the most substantial reduction, with yield pressure decreasing to 79.86 + 1.02
MPa (17.35 MPa decrease). The plastic formulation also experienced a notable reduction in
yield pressure, dropping to 72.76 £+ 1.22 MPa, a difference of approximately 11.24 MPa. The
brittle formulation also exhibited a reduction in yield pressure, decreasing to 112.72 + 1.74
MPa (14.43 MPa decrease). Despite this reduction, the brittle formulation still had the highest
yield pressure among the three formulations, confirming that fragmentation remained its

dominant compaction mechanism.
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Figure 21. Comparison of yield pressure values for three placebo formulations (A) Formulation 1 Plastic, (B) Formulation 2
Elastic, (C) Formulation 3 Brittle at 20°C and 70°C. Average values are shown, n = 5, error bars indicate the + standard
deviation from the mean.
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5.3.2.3 Tabletability

Figure 22 presents the tabletability profiles for the three placebo formulations, with tensile
strength plotted against compaction pressure for both temperature conditions (20 °C and 70

°Q).

For all formulations, an increase in compaction pressure led to a corresponding rise in tensile
strength with the extent of this increase varied significantly depending on the material's
deformation mechanism (Figure 22). The plastic formulation consistently exhibited the
highest tensile strength at each given compaction pressure (Figure 22A), followed by the
elastic formulation (Figure 22B), with the brittle formulation showing the lowest values
(Figure 22C). For example, at a compaction temperature of 20 °C and pressure of 150 MPa,
the plastic formulation had a tensile strength of 6.04 + 0.17 MPa, the elastic formulation had
a tensile strength of 2.10 + 0.03 MPa, and the brittle formulation had a tensile strength of
1.64 + 0.04 MPa. This trend highlights the superior bonding efficiency of plastically
deforming materials. At a low compaction pressure of 50 MPa, the brittle formulation could
not form strong enough tablets to withstand hardness testing at both 20 °C and 70 °C due to
insufficient particle bonding occurring. Unlike plastically deforming materials, which form
strong interparticle bonds at lower pressures, brittle materials require higher pressures to

undergo sufficient fragmentation and form a robust tablet structure.

When compaction was performed at 70 °C, all formulations experienced an increase in

tabletability (Figure 22).

The plastic formulation exhibited the greatest increase in tensile strength (Figure 22A),
followed by the elastic formulation (Figure 22B) and the brittle formulation (Figure 22C). At
a compaction pressure of 150 MPa, the plastic formulation exhibited a 1.54 £ 0.27 MPa
(rising from 6.04 £ 0.17 MPa to 7.58 & 0.33 MPa), the elastic formulation increased by 0.76
+0.18 MPa (2.10 = 0.03 MPa to 2.88 £ 0.20 MPa), and the brittle formulation by 0.44 £+ 0.06
MPa (1.64 £ 0.04 MPa to 2.08 + 0.03 MPa).

Interestingly, at higher compaction levels of 250 MPa to 300 MPa, the brittle formulation
exhibited a greater increase in tensile strength compared to the elastic formulation. This
suggests that at sufficiently high pressures, the brittle formulation's fragmentation mechanism
becomes more effective, leading to stronger interparticle bonding and improved mechanical
integrity. However, the elastic formulation exhibited a lower increase in tensile strength at

these higher compaction pressures, potentially due to excessive elastic recovery (Figure 22),
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which may have limited the extent of interparticle bonding and resulted in less efficient tablet

strengthening.
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Figure 22. Tabletability profiles for three placebo formulations (A) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C. Average values are shown, n = 5, error bars
indicate the + standard deviation from the mean.
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5.3.2.4 Compactability

The compactability of the three placebo formulations (plastic, elastic, and brittle) was
evaluated at both 20°C and 70°C by assessing tensile strength as a function of solid fraction

(Figure 23).

At 20°C, the plastic formulation exhibited the highest compactability, with tensile strength
increasing significantly as solid fraction increased (Figure 23A). This behaviour is consistent
with the high content of microcrystalline cellulose, known for its excellent plastic
deformation properties, which contribute to strong interparticle bonding (Al-Ibraheemi et al.
2013). The compactability curve showed a smooth, progressive increase in tensile strength,

confirming efficient densification during compression.

The elastic formulation displayed moderate compactability (Figure 23B). While tensile
strength increased with solid fraction, it was lower than that of the plastic formulation at
equivalent solid fractions. This result is expected given the elastic recovery tendency of
starch, which reduces the efficiency of particle bonding post-compaction, leading to lower

overall tablet strength.

The brittle formulation, primarily composed of lactose monohydrate, showed the lowest
compactability among the three formulations (Figure 23C). The increase in tensile strength
with solid fraction was less pronounced, with tablets exhibiting relatively weaker interparticle
bonds. This behaviour is characteristic of brittle materials, where fragmentation is the

dominant deformation mechanism (Patel et al. 2006).

When compacted at 70°C, all formulations showed changes in their compactability profiles,
though the extent of these changes varied depending on their deformation behaviour (Figure

23).

For all excipients, densification was enhanced at elevated temperatures leading to greater
solid fractions, observable as a the 70 °C temperature curve shifts to the right in Figure 23.
This shift indicates that higher temperatures facilitated more efficient particle rearrangement
and bonding, as observed in the compressibility profiles (Figure 17). The enhanced
densification effect was particularly notable in the plastic and elastic formulations (Figure 23
A-B). The brittle formulation also exhibited improved densification, though to a lesser extent

(Figure 23C).
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For the plastic and elastic formulations (Figure 23 A-B), an increase in compaction
temperature led to a marginal improvement in tensile strength across the solid fraction range,
with the most notable enhancements observed between solid fractions of 0.8 and 0.85. At 20
°C and a solid fraction of 0.843 + 0.004, the plastic formulation had a tensile strength of 5.36
+ 0.12 MPa. At 70°C and a solid fraction of 0.845 £ 0.007, the plastic formulation had a
tensile strength of 5.89 £ 0.33 MPa. At 20 °C and a solid fraction of 0.849 + 0.002, the elastic
formulation had a tensile strength of 2.10 + 0.03 MPa. At the 70 °C and a solid fraction 0.860
+ 0.004, the elastic formulation had a tensile strength of 2.45 + 0.05 MPa.

In contrast, the brittle formulation showed negligible effects on compactability at elevated
temperature (Figure 23C). At 20 °C and a solid fraction of 0.851 £ 0.005, the brittle
formulation had a tensile strength of 1.64 + 0.04 MPa. At the 70 °C and a solid fraction 0.852
+ 0.004, the elastic formulation had a tensile strength of 1.60 £ 0.07 MPa. Tensile strength
remained virtually unchanged at equivalent solid fractions. This suggests that while
temperature facilitated improved densification (Figure 17) and overall tablet strength (Figure

20), it did not significantly alter the deformation mechanisms governing particle bonding.
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Figure 23. Compactability profiles for three placebo formulations (A) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C. Average values are shown, n = 5, error bars

indicate the + standard deviation from the mean.
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5.3.2.5 Elastic Recovery

Elastic recovery data was assessed for the plastic formulation, elastic formulation, and brittle

formulation at die temperatures of 20 °C and 70 °C (Figure 24).

At 20 °C, the three formulations exhibited distinct elastic recovery behaviours, reflecting

their primary deformation mechanisms (Figure 24).

The elastic formulation had the highest elastic recovery up to 150 MPa, ranging from 7.18 +
0.35% at 50MPa, to 6.42 + 0.52% at 150MPa (Figure 24B). This behaviour suggests a
viscoelastic nature in the elastic formulation, with starch contributing to elastic recovery.
However, at pressures between 150 MPa and 300 MPa, the plastic formulation showed
increasing elastic recovery values (Figure 24A), matching those of the elastic formulation
(Figure 24B). At lower pressures, plastic deformation limited recovery for the plastic

formulation, whereas, increasing pressure enhances its time-dependent strain recovery.

The brittle formulation exhibited the lowest elastic recovery (Figure 24C), remaining below
4% across all compaction pressures. The low elastic recovery confirms that once fractured,

brittle particles do not significantly recover post-compaction.
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Figure 24. Elastic Recovery (%) as a function of compaction pressure (MPa) for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at tablets compacted at
20 °C and 70 °C. Average values are shown, n = 5, error bars indicate the + standard deviation from the mean.

130



Impact of Temperature on Plastic, Elastic

Chapter 5 and Brittle Type Formulations

5.3.2.6 Disintegration Testing

Disintegration testing was conducted for the plastic formulation, elastic formulation, and
brittle formulation at two compaction temperatures (20 °C and 70 °C) under two different
compaction conditions: (i) a target compaction pressure of approximately 150 MPa, and (ii) a
target solid fraction of approximately 0.85. The resulting disintegration times are presented in
Figure 25 (disintegration vs. compaction pressure) and Figure 26 (disintegration vs. solid
fraction). Each data point in Figures 25 and 26 represents an individual tablet (n = 6 per
condition), with scatter plots shown for both 20 °C and 70 °C compaction temperatures across

all three formulations.

At a targeted compaction pressure of 150 MPa (Figure 25), all formulations complied with
USP <701> and Ph. Eur. 2.9.1 disintegration specification for uncoated tablets, which
requires disintegration within 30 minutes (1800 seconds) (European Directorate for the
Quality of Medicines & HealthCare 2023; United States Pharmacopeial Convention 2024).
However, significant temperature dependent differences were observed between the

formulations.

For the plastic formulation (Figure 25A), tablets compacted at 20 °C disintegrated rapidly in
35 £ 3 seconds. At 70 °C, disintegration time increased markedly to 150 + 13 seconds.
Although all these tablets remained within pharmacopeial limits, the fourfold increase
indicates a substantial delay. This is consistent with findings where an elevated compaction
temperature increased tablet solid fraction (Figure 19A) and tensile strength (Figure 22A) of
the plastic formulation, as well as Heckel analysis findings (Figure 20A and Figure 21),
where elevated temperature enhanced plastic deformation of the plastic formulation, resulting
in denser packing and increased bonding, thereby limiting water penetration during
disintegration. Furthermore, thermal analysis of microcrystalline cellulose (Figure 17A)
revealed a broad endothermic peak due to moisture loss beginning near the compaction
temperature (onset 41.47 + 1.10 °C), but no melting or glass transition events. While
microcrystalline cellulose remains structurally stable at 70 °C, these subtle thermal changes
may further enhance plasticity and densification during compaction at higher temperatures,

resulting in tablets that are more resistant to disintegration.

Similarly, the elastic formulation (Figure 25B) also showed a significant temperature effect,
with disintegration increasing from 15 + 3 seconds at 20 °C to 93 + 15 seconds at 70 °C. This

delay reflects the increase in solid fraction observed at 150 MPa (Figure 19B), and the
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corresponding rise in tensile strength (Figure 22B). The Heckel plot (Figure 20B) and yield
pressure analysis (Figure 21) indicated enhanced plastic deformation at 70 °C, although the
effect was less pronounced than in the plastic formulation. Additionally, DSC data for starch
(Figure 17B) showed an endothermic peak onset at 47.90 + 0.87 °C and a maximum at 98.70
+ 0.10 °C, suggesting that partial gelatinisation or increased mobility could begin near the
compaction temperature (70 °C). This thermal sensitivity, combined with the starch content
(20% w/w), may have contributed to the formation of a more less porous tablet matrix with

reduced water permeability, thereby delaying disintegration.

In contrast, the brittle formulation (Figure 25C) did not appear to show significant change in
disintegration time at elevated temperatures. At 20 °C, the average disintegration time was 22
+ 9 seconds, while at 70 °C, it was 28 + 12 seconds. While the solid fraction (Figure 19C) and
tensile strength (Figure 22C) also increased at elevated temperature, the overall impact on
disintegration remained small. The Heckel profile (Figure 20C) and yield pressure data
(Figure 21) did show a reduction in yield pressure at a higher compaction temperature (70
°C) but confirmed that lactose monohydrate continued to deform primarily by brittle fracture.
However, DSC analysis (Figure 17C) showed that lactose has no detectable thermal
transitions occurring near the 70 °C compaction temperature. The absence of thermal events
under these conditions supports the minimal change in disintegration performance, with
lactose continuing to fragment and generate a porous matrix structure conducive to rapid

water ingress.

Disintegration times were also assessed at a targeted solid fraction of 0.85 to isolate the
impact of temperature on disintegration behaviour independent of densification. At a targeted
solid fraction of 0.85 (Figure 26), all formulations met USP <701> and Ph. Eur. 2.9.1
disintegration limit of 30 minutes at both 20 °C and 70 °C (European Directorate for the
Quality of Medicines & HealthCare 2023; United States Pharmacopeial Convention 2024).
However, there were notable differences in temperature sensitivity were again evident,

particularly for the plastic and elastic formulations.

The plastic formulation (Figure 26A) disintegration time increased from 11 + 5 seconds at
20°C to 31 + 4 seconds at 70 °C. As solid fraction was controlled, this delay cannot be
attributed to increased densification. Instead, it correlates with the compactability results
(Figure 23A) where an increase in tensile strength observed at a solid fraction of 0.85, which

rose from 5.36 = 0.12 MPa to 5.89 + 0.33 MPa with increasing temperature. This suggests
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enhanced particle bonding at 70 °C, likely resulting from improved plastic deformation of
MCC under thermal conditions. As described previously, microcrystalline cellulose shows a
DSC endothermic peak onset at 41.47 °C (Figure 17A), attributed to the loss of surface
moisture. Although no phase transitions or decomposition occur near 70 °C, this moisture loss
could promote increased plastic flow and bonding during compaction, thereby forming a

stronger matrix that slows water ingress and delays disintegration.

Similarly for the elastic formulation (Figure 26B), the average disintegration time at 20 °C
increased form 15 + 3 seconds to 60 + 9 seconds at 70 °C. Although the target solid fraction
was 0.85, a slight increase in actual solid fraction was observed at 70 °C compared to 20 °C.
While some variation is expected in practice, particularly under different thermal conditions,
the disintegration delay observed here cannot be attributed solely to densification. This is
supported by the substantial difference in disintegration times, despite the solid fractions
being relatively close. This interpretation is further supported by the compactability results
(Figure 23B) where a rise in tensile strength was observed (2.10 = 0.03 MPa to 2.45 + 0.05
MPa) at the same solid fraction. The enhancement in bonding strength reflects greater
compactability at elevated temperature, potentially due to improved plastic deformation of
microcrystalline cellulose and partial thermal modification of starch, as mentioned
previously. These thermal events may lead to reduced pore connectivity or the formation of a

more cohesive matrix, which inhibits water penetration and prolongs disintegration.

The brittle formulation (Figure 26C) exhibited the most stable behaviour, with the average
disintegration time at 20 °C being 22 + 9 seconds, and at 70 °C being 28 + 14 seconds. This
result is consistent with the negligible change in compactability (Figure 23C), and the DSC
analysis of lactose monohydrate (Figure 17C) which shows no thermal transitions occur
below 141 °C. As a result, the deformation mechanism and resulting pore structure were

largely unchanged, maintaining disintegration performance.
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Figure 25. Disintegration time (seconds) as a function of compaction pressure for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation and (C) Brittle Formulation for tablets
compacted at 20 °C and 70 °C. Each data point represents an individual tablet (n=6 per condition).

134




Impact of Temperature on Plastic, Elastic

Chapter 3 and Brittle Type Formulations
70 70 . 70
(A) (B) : (©)

60 60 60
my ® 20 °C Plastic Formulation ) ¢ ™) ® 20 °C Brittle Formulation
'g ® 70 °C Plastic Formulation 'g ® 'g ® 70 °C Brittle Formulation
6 50 6 50 S 50
Q Q Q
@ (3] L ()
e 2 e .
[(}] [(}] (]
£ 40 . £ 40 £40 .
— - -
530 . 530 530 .« *
"{E ) E ‘E
o o)) o2 o
£ 20 . £ 20 . £ 20 .
0 i) e o0 R o
a o (] ® ()]

10 e * 10 ¢ : : 10 . ®

® ® 20 °C Elastic Formulation
¢ ® 70 °C Plastic Formulation
0 0 0
0.8 0.85 0.9 0.8 0.85 0.9 0.8 0.85 0.9

Solid Fraction

Solid Fraction

Solid Fraction

Figure 26. Disintegration time (seconds) as a function of solid fraction for three placebo formulations (A) Plastic Formulation, (B) Elastic Formulation and (C) Brittle Formulation for tablets compacted at
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5.3.3 Advanced Tablet Characterisation

5.3.3.1 Microcomputed Tomography

At a given solid fraction, higher temperatures resulted in increased tensile strength and longer
disintegration times for the plastic formulation (Figure 23A). At 20 °C and a solid fraction of
0.843 + 0.004, the plastic formulation had a tensile strength of 5.36 + 0.12 MPa. At 70°C and
a solid fraction of 0.845 £ 0.007, the plastic formulation had a tensile strength of 5.89 + 0.33
MPa. Furthermore, the average disintegration time changed from 11.17 + 4.67 seconds at 20
°C to 30.48 £ 3.55 seconds.

The underlying mechanisms contributing to this enhancement may arise from: (1) an increase
in bonding area, (2) an increase in bonding strength, or (3) a combined enhancement of both

(Sun, 2011; Osei-Yeboah et al. 2016; Shi et al. 2020).

For (1), elevated temperatures during compression would improve particle rearrangement and
plastic deformation, thus increasing the contact area between particles (Sun, 2011; Osei-
Yeboah et al. 2016; Shi et al. 2020). However, without changes in bonding strength, the
resulting tensile strength gains would likely be minimal (Sun, 2011; Osei-Yeboah et al. 2016;
Shi et al. 2020).

In the case of (2), an increase in bonding strength alone, as was the explanation attributed to
the temperature-induced compactability differences observed by Grumann et al. (2022),
elevated temperatures could enhance molecular interactions (e.g., hydrogen bonding, Van der
Waals forces) or facilitate greater plastic deformation at particle interfaces. This could lead to
stronger bonds independent of contact area (Sun, 2011; Osei-Yeboah et al. 2016; Shi et al.
2020).

While either mechanism could individually contribute to the observed increase in tensile
strength, it is most likely driven by (3) concurrent improvements in bonding area and bonding
strength (Sun, 2011; Osei-Yeboah et al. 2016; Shi et al. 2020). It is likely that elevated
temperatures not only enhance particle contact but also improve the quality and durability of

the interparticle bonds, leading to the observed mechanical performance gains.

To further investigate these mechanisms, micro-computed tomography (microCT) was
performed on tablets composed of the plastic formulation compacted to assess differences in
pore behaviour at varying temperatures (20°C and 70°C). This analysis could provide insights

into whether increased densification (indicative of changes in bonding area) or alterations in
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pore structure and connectivity (potentially linked to bonding strength) are the primary

contributors to the observed tensile strength increases.

Figure 27 illustrates the frequency distribution of pore volumes for tablets compacted at

20 °C and 70 °C. The pore volume distribution (Figure 27) reveals that, for both
temperatures, the majority of pores were found within the 76 to 678 pm? range, comprising
over 98% of the total pore population. Across the two temperatures, the pore volume
distributions appeared largely similar, and no statistically distinct shift in larger pore
frequencies was observed. This suggests that there were no meaningful differences in bulk
densification or porosity between tablets compacted at 20 °C and 70 °C and supports the
conclusion that the compactability differences observed at elevated temperatures are not
driven by changes in the pore volume distribution or bonding area. Instead, these differences
are more likely attributed to changes in bonding strength facilitated by enhanced molecular

interactions at higher temperatures.
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Figure 27. Microcomputed Tomography pore volume distribution for the plastic formulation compacted to a solid fraction of
0.85 at 20 °C and 70 °C. Average values are shown, n = 3, error bars indicate the + standard deviation from the mean.

Figure 28 presents the pore surface area distributions for tablets compacted at 20 °C and

70 °C. In both temperature conditions (20 °C and 70 °C), the surface area distribution was
heavily skewed towards the 554 um? class, which accounted for over 94% of the observed
pores. While small numerical differences exist in the frequency of higher surface area pores,

these are within the range of experimental variability and cannot be reliably interpreted as
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structural differences. Thus, the surface area data also do not support a clear change in the

extent of particle contact between the two compaction temperatures.

The tablets compacted at 70 °C exhibited a slightly higher frequency in this dominant class
and a corresponding decrease in the occurrence of higher surface area pores (e.g., 990.8 —
2301.49 um?). This subtle shift suggests that pores formed at elevated temperatures may have
smoother or more compacted interfaces, leading to a reduction in particle surface roughness
or complexity. Such structural refinement could be indicative of improved interparticulate
bonding and enhanced bonding efficiency, aligning with the observed increases in tensile
strength at 70 °C. The overall similarity in the surface area distribution profiles at 20 °C and
70 °C indicates that major differences in porosity architecture are not the primary driver of

mechanical differences, but small-scale refinements may play a mechanistic role.
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Figure 28. Microcomputed Tomography surface area distribution for the plastic formulation compacted to a solid fraction of
0.85 at 20 °C and 70 °C. Average values are shown, n = 3, error bars indicate the + standard deviation from the mean.

The pore sphericity distributions are shown in Figure 29 where sphericity is a measure of the
pore’s roundness. High sphericity is typically associated with values approaching 1,
indicating near-spherical pores. The sphericity of the pores was comparable between the two
temperature conditions, with most pores exhibiting a high proportion of nearly spherical
pores, with over 67% of the total pore population falling within the 0.801 to 0.934 sphericity
range. Although a slightly higher frequency of pores with sphericity equal to 1.0 was
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observed at 70 °C, this increase was within the range of standard deviation and not

statistically distinguishable.
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Figure 29. Microcomputed Tomography sphericity distribution for the plastic formulation compacted to a solid fraction of
0.85 at 20 °C and 70 °C. Average values are shown, n = 3, error bars indicate the + standard deviation from the mean.

The microCT analysis revealed no significant structural differences pore volume, surface
area, and sphericity distributions between tablets compacted at 20 °C and 70 °C. While the
technique effectively ruled out large-scale changes in porosity architecture or bonding area, it
does not capture chemical-level changes or molecular interactions that may influence
bonding strength. Therefore, the observed improvements in tensile strength and disintegration
time are more likely due to enhanced bonding strength rather than changes in bonding area.
Elevated temperatures may promote stronger interparticle adhesion through mechanisms such
as increased plastic deformation, enhanced molecular mobility, or thermally driven
intermolecular interactions, as previously proposed in the literature (Grumann et al. 2022).
This shows how microCT can be a useful, non-destructive method for assessing tablet
structure, offering a non-destructive method for analysing pore morphology and distribution

in compacted materials.
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5.4 Conclusion

This chapter investigated the impact of elevated temperature (70 °C) on the compaction
behaviour of plastic, elastic, and brittle placebo formulations, providing insight into how
formulation-level deformation mechanisms respond to temperature variations. The findings
highlight that temperature effects on compaction behaviour are formulation-dependent,

influenced by the interplay between plastic, elastic, and brittle deformation characteristics.

These findings align with the trends observed in the previous chapter, where individual
excipients demonstrated different temperature-induced changes in compressibility,
tabletability, and yield pressure. However, in multicomponent systems, the interplay between
different excipients introduced additional complexity, as temperature effects were influenced
by interactions between plastically deforming, elastically recovering, and brittle-fracturing

materials.

Yield pressure reductions varied by formulation, with the elastic formulation showing the
largest decrease, followed by the brittle and plastic formulations. The reduction in yield
pressure observed across all formulations confirms that elevated temperatures influence
compaction performance with factors such as material interactions, deformation mechanisms,
and particle bonding strength played a crucial role in determining the extent of temperature-
induced changes. The plastic formulation exhibited the greatest increases in tensile strength
across all compaction pressures, while the brittle formulation surpassed the elastic
formulation in tensile strength gains at higher pressures, suggesting enhanced fragmentation-
driven bonding at elevated temperatures. While elevated temperatures can enhance
densification and bonding in plastic and elastic formulations, their effect on brittle

formulations remains more complex and pressure dependent.

Disintegration testing revealed that plastic and elastic formulations experienced significant
temperature-induced delays, at a given compaction pressure and even at equivalent solid

fraction. In contrast, the brittle formulation maintained consistent disintegration performance.

Micro-computed tomography revealed that the bonding area — as indicated by the consistent
pore volume surface area, and sphericity distributions across compaction temperatures —
remained relatively unchanged. This suggests that the improved mechanical properties at
higher temperatures are driven by enhanced bonding strength rather than an expansion of the

bonding area.
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This chapter further confirms that externally applied heat must be evaluated in conjunction
with deformation behaviour and formulation composition to accurately predict compaction

performance at large-scale manufacturing.
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CHAPTER 6: Investigating the Impact of Temperature
on Round Flat and Round Convex Tablets for Plastic,

Elastic and Brittle Type Formulations

6.1 Introduction

During powder compaction, powder material is densified within a die by axially applied
forces from punches during the compression cycle (Amidon et al. 2014). The tablet
compression tool design significantly impacts the compaction process, as outlined in Section

2.1.5 (Tablet Shape Designs).

As previously established, tablet compaction is invariably accompanied by heat generation,
Section 2.3.1 (Sources of Heat Generation), with studies reporting temperatures exceeding 50
°C during compression (Hanus and King 1968; Bechard and Down 1992), and extended
production being estimated to caused localised heating beyond 100 °C (Pilpel et al. 1991).

Further details on temperature rises during tabletting are provided in Section 2.3.3.

All previous studies on the effect of externally applied heat (studies outlined in Table 3,
Section 2.3.5) have focused exclusively on flat-faced round tablets. While the compaction
process of a powder into a pharmaceutical tablet is well-studied, there is a gap in
understanding how the application of heat affects tablet tooling and, consequently, the

mechanical properties of resultant tablets.

6.2 Research Objective

This chapter aims to evaluate how elevated temperature (70 °C) influences the compaction
behaviour of round flat and round convex tablets for plastic, elastic, and brittle type
formulations by assessing changes in compressibility, tabletability and compactability.
Additionally, hyperspectral imaging will be explored as a non-destructive analytical

technique to assess temperatures impact on tablet properties.
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6.3 Results and Discussion

6.3.1 Material Properties

For a comprehensive discussion of the material properties, refer to Section 4.3.1 and Section

5.3.1 of the previous chapters (Chapter 4 and Chapter 5).

6.3.2 Mechanical Properties

6.3.2.1 Compressibility

The effect of elevated temperature (70°C) on the compressibility behaviour of the three
placebo formulations (plastic, elastic, and brittle) was evaluated across various tablet shapes
and sizes (6mm flat, 10mm flat, 6mm convex, and 10mm convex). Compressibility is
represented as the solid fraction as a function of the compaction pressure, as seen in Figure

30.

The compression behaviour of the three placebo formulations is altered when tableting at
elevated temperatures (Figure 30 A-C). A higher temperature results in a tablet with a higher
solid fraction (lower porosity). For a detailed analysis of each formulation’s compressibility
behaviour at 20 °C and 70 °C using 6mm round flat tooling, refer to Chapter 5, Section

5.3.2.1.

The plastic formulation showed negligible differences in compressibility profiles among the
various tooling options for a given temperature (Figure 30A). Furthermore, the increase in
solid fraction as a result of high temperature (70 °C) remains consistent across these different
tablet shapes and sizes. For example, at a compaction pressure of 150 MPa, the solid fraction
increased by 0.031 £+ 0.006 for 6mm flat tablets, 0.026 = 0.005 for 6mm convex tablets, 0.028
+ 0.003 for 10mm flat tablets, and 0.026 + 0.003 for 10mm convex tablets. Temperature
affects all tablet shapes and sizes in a similar way, and tooling selection does not significantly

change the compressibility behaviour of the plastic formulation at a given temperature.

The elastic formulation (Figure 30B) and the brittle formulation (Figure 30C) demonstrate
slight variations in compressibility depending on the tooling used. For the elastic formulation

(Figure 30B), at 20 °C and 70 °C, a lower solid fraction is obtained for a given compaction
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pressure by the 10mm convex tablet shape compared to the other tablet shapes and sizes. At
20 °C and 150 MPa, 10mm convex tablets have a solid fraction of 0.829 + 0.001 whereas
6mm flat, 6mm convex and 10mm flat have solid fractions of 0.849 + 0.002, 0.850 + 0.003,
0.864 £ 0.006, respectively. Similarly for the brittle formulation (Figure 30C), 10mm convex
tablets consistently yield the lowest solid fraction at a given compaction pressure compared
to the other tablet shapes and sizes. At 20°C and 150 MPa, the solid fraction achieved for
10mm convex tablets is 0.825 + 0.002, whereas 6mm flat, 6mm convex, and 10mm flat
tablets obtained higher values of 0.851 £ 0.005, 0.847 &+ 0.004, and 0.843 £ 0.003,

respectively.

The increase in solid fraction as a result of high temperature (70°C) varied across different
tablet shapes and sizes, rather than remaining consistent for the elastic formulation (Figure
30B). Among the different tooling options, 10mm convex tablets consistently showed the
highest increase in solid fraction at a given compaction pressure, whereas 10mm flat tablets
exhibited the smallest increase. For instance, at a compaction pressure of 150 MPa, the solid
fraction increased by 0.036 + 0.002 for 10mm convex tablets, followed by 0.027 + 0.004 for
6mm flat tablets and 0.025 + 0.005 for 6mm convex tablets, with 10mm flat tablets showing
the smallest increase of 0.015 + 0.006.

For the brittle formulation, the increase in solid fraction at 70°C showed inconsistent trends
across the compaction pressure range (Figure 30C), with no clear pattern indicating which
tablet shape was most affected. The solid fraction gains fluctuated across different tooling
configurations, suggesting that the impact of temperature on compressibility in this

formulation is less predictable compared to the elastic formulation.

144



Impact of Temperature on Round Flat

Chapter 6 and Round Convex Tablets
1 1 1
0.95 0.95 0.95
0.9 0.9 0.9
[ C C
5 0.85 5 0.85 5 0.85
-— - -—
Q Q Q
o @ o
w 0.8 o 0.8 o 0.8
o i) o
[e) [e) ©
»n 0.75 »n 0.75 »n 0.75
—8—20°C Flat 6mm —e—20°C Flat 6mm —8—20°C Flat 6mm
——70°C Flat 6mm —e—70°C Flat Bmm —e—70°C Flat 6mm
07 —=—20°C Convex 6mm 07 —=—20°C Convex 6mm 07 —=—20°C Convex 6mm
—&-70°C Convex 6mm —8—70°C Convex 6mm —&-70°C Convex 6mm
—4—20°C Flat 10mm —4—20°C Flat 10mm —4—20°C Flat 10mm
0.65 ——70°C Flat 10mm 0.65 —4—70°C Flat 10mm 0.65 —4—70°C Flat 10mm
—+—=20°C Convex 10mm ——20°C Convex 10mm —+—20°C Convex 10mm
—4—70°C Convex 10mm =——70°C Convex 10mm ——70°C Convex 10mm
0.6 0.6 0.6

0

100

200 300

Compaction Pressure (MPa)

0

100

200 300

Compaction Pressure (MPa)

0

100

200 300

Compaction Pressure (MPa)

Figure 30. Compressibility profiles for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C for flat 6mm tablets, convex 6mm tablets, flat

10mm tablets and convex 10mm tablets. Average values are shown, n =5, error bars indicate the + standard deviation from the mean.
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6.3.2.2 In-die Heckel Analysis

The in-die Heckel profiles, where the negative natural logarithm of the porosity (€) of a tablet
is plotted as a function of the applied compression pressure, can be seen in Figure 31 for the
three placebo formulations — plastic (Figure 31A), elastic (Figure 31B), and brittle (Figure
31C) — provide insights into their compaction behaviour under varying temperatures (20°C
and 70°C) and tooling configurations (flat 6mm, concave 6mm, flat 10mm, and concave

10mm).

A detailed analysis of the in-die Heckel compressibility behaviour of each formulation at 20

°C and 70 °C using 6mm round flat tooling can be found in Chapter 5, Section 5.3.2.2.

Across all formulations, tablet shape influenced the Heckel plots significantly (Figure 31).
Flat tablets, both 6 mm and 10 mm, demonstrated higher initial Heckel slopes, indicating a
more rapid increase in densification as a function of applied compaction pressure. Convex
tablets, particularly at smaller diameters (6 mm convex), exhibited lower Heckel slopes,
suggesting a delayed onset of densification likely due to differences in stress distribution and
particle rearrangement in the die cavity. The influence of tablet size was also evident, with
larger 10mm tablets consistently showing higher compressibility compared to their 6mm
counterparts. This effect was more pronounced in brittle and elastic formulations (Figure 31

B-C).

Figure 32 displays the average mean yield pressure (Py) values obtained from the linear
portion of the in-die Heckel plots in Figure 31. A lower Py value indicates a material with
greater plasticity. Across all formulations, higher temperatures led to a decrease in yield
pressure, confirming that heat facilitates material deformation (Figure 32). A detailed analysis
of the yield pressure values of each formulation at 20 °C and 70 °C using 6mm round flat

tooling can be found in Chapter 5, Section 5.3.2.2.

Flat shapes consistently show greater temperature sensitivity with larger reductions in yield
pressure, especially in elastic and plastic formulations (Figure 32A-B). This may be due to
more uniform stress application. Convex shapes generally retain higher yield pressures at
70°C, particularly in brittle and elastic formulations (Figure 32B-C). However, in plastic
formulations, convex shapes result in higher variability, especially for larger tablets,
suggesting that plastic materials struggle with consistent compaction when curved surfaces

are introduced.
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Figure 31. In-die Heckel profiles for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation, (C)
Brittle Formulation at 20°C and 70°C for flat 6mm tablets, convex 6mm tablets, flat 10mm tablets and convex 10mm tablets
(n =5, single curves).
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6.3.2.3 Tabletability

The impact of temperature (70 °C) on the tensile strength at different compaction pressures
was analysed for four different tooling configurations: 6mm flat round, 10mm flat round,

6mm convex round, and 10mm convex round (Figure 33).

At a given compaction pressure and temperature, the plastic formulation results in the highest
tensile strength values (Figure 33A), followed by the elastic formulation (Figure 33B) with
the brittle formulation showcasing the lowest tabletability (Figure 33C). Chapter 5, Section
5.3.2.3 provides a thorough review of formulation tabletability performance at 20 °C and 70

°C with 6mm round flat tooling.

The plastic formulation 6mm flat tablets yielded higher tensile strength at lower compaction
pressures (50-125 MPa), Figure 33A. For example, at 20 °C and 50 MPa, 6mm flat tablets
have a tensile strength of 2.03 = 0.06 MPa, whereas 6mm convex and 10mm flat and 10mm
convex tablets have tensile strengths of 1.61 &+ 0.04 MPa, 1.78 = 0.02 MPa and 1.65 = 0.03
MPa, respectively. Whereas, at higher compaction pressures (150-300MPa) the trend shifts
and 10mm convex tablets demonstrate significantly greater tensile strength as compaction
pressure increases. At 20 °C and 150 MPa, 10mm convex tablets have a tensile strength of
6.49 £ 0.05 MPa, followed by 10mm flat and 6mm flat tablets which showed tensile strengths
0f 6.09 = 0.03 MPa and 6.04 = 0.17 MPa, respectively, and 6mm convex tablets demonstrated
the lowest tensile strength with 5.51 + 0.04 MPa.

For the plastic formulation, elevated temperature consistently enhanced tensile strength
across all tooling configurations (Figure 33A). 10mm convex tablets initially exhibited the
lowest temperature-induced tensile strength increase at 50 MPa (0.83 = 0.07 MPa) but their
tensile strength increases steadily rose with each compaction pressure eventually achieving a
tensile strength increase of 2.31 £ 0.11 MPa at 200 MPa. Similarly, 6mm convex tablets
exhibited the second largest increase in tensile strength at 200 MPa (1.72 + 0.20 MPa),
followed 10mm flat tablets (1.53 £+ 0.24 MPa) and 6mm flat tablets (1.29 = 0.30 MPa).

For the elastic formulation (Figure 33B), 10mm flat tablets exhibited higher tensile strengths
than other tablet shapes up to 200 MPa. Beyond this pressure, all tablet shapes demonstrated
similar tabletability, with minimal differences in tensile strength. At 20 °C and 150 MPa,
10mm flat tablets had the highest tensile strength (2.80 + 0.03 MPa), followed by 10mm
convex tablets (2.44 + 0.02 MPa) and 6mm convex tablets (2.24 = 0.03 MPa), while 6mm flat
tablets had the lowest tensile strength (2.10 = 0.03 MPa).
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Additionally, the elastic formulation exhibited a more variable response to temperature
increases, with the effect depending on both tablet shape and compaction pressure (Figure
33B). 10mm flat tablets consistently showed the lowest tensile strength increase, with a
maximum gain of 0.34 +0.15 MPa at 100 MPa, followed by a decline at higher pressures. In
contrast, 6mm convex tablets exhibited the highest tensile strength increases, peaking at 0.81
+ 0.20 MPa at 150 MPa, suggesting that convex shapes experience greater reinforcement
under thermal conditions. 6mm flat and 10mm convex tablets followed similar patterns, with
moderate gains that varied across the compaction range. Overall, for the elastic formulation
10mm flat tablets showed reduced temperature-induced gains in tensile strength while 6mm

convex tablets exhibited the highest tensile strength increases.

The brittle formulation exhibits no significant differences in tabletability across different
tooling configurations until 150 MPa, at which point 10mm convex tablets begin to diverge,
displaying lower tensile strength compared to other tablet shapes at higher compaction
pressures (Figure 33C). Then in the 250-300 MPa compaction range there was a significant
decrease in the tensile strength of 10mm convex tablets at both temperatures due to capping

occurring for tablets produced under these conditions.

At low pressures (50-75 MPa), tensile strength increases in response to temperature remained
minimal (< 0.3 MPa) but began steadily increasing at higher compaction pressures (100-200
MPa) (Figure 33C). This formulation showed no clear tensile strength increase pattern across

different tablet shapes.
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Figure 33. Tabletability profiles for three placebo formulations (A) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C for flat 6mm tablets, convex 6mm tablets, flat

10mm tablets and convex 10mm tablets. Average values are shown, n = 5, error bars indicate the * standard deviation from the mean.
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6.3.2.4 Compactability

The effect of elevated temperature (70°C) on compactability was evaluated across different
formulations (plastic, elastic, and brittle) and tooling configurations (6mm flat, 6mm convex,

10mm flat, and 10mm convex (Figure 34).

Among the three formulations, the plastic formulation showed the highest compactability
(Figure 34A) for a given solid fraction and temperature. The brittle formulation showed a
slightly lower compactability (Figure 34B) compared to the elastic formulation (Figure 34C).
For a detailed analysis of each formulation’s compactability behaviour at 20 °C and 70 °C

using 6mm round flat tooling, refer to Chapter 5, Section 5.3.2.4.

The choice of tooling impacted the compactability of the plastic formulation. The strongest
tablet formed for a given solid fraction is produced by the concave 10mm tooling for both
temperatures. The weakest tablet formed for a given solid fraction is produced by the concave

6mm tooling for both temperatures.

The elastic formulation (Figure 34B) displays only minimal differences in compactability
depending on the tooling used. The brittle formulation (Figure 34C) shows consistent
compactability profiles. This suggests that compactability of the elastic and brittle
formulations remains unaffected by changes in tooling. However, there is an exception
observed for the brittle formulation with the 10mm concave tooling in both high and low
temperature compactability studies. In the compaction range of 250-300 MPa, tablets
produced with the 10mm concave tooling exhibit a significant decrease in tensile strength
values for a given solid fraction due to capping occurring for tablets produced under these

conditions.
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Figure 34. Compactability profiles for three placebo formulations (4) Plastic Formulation, (B) Elastic Formulation, (C) Brittle Formulation at 20°C and 70°C for flat 6mm tablets, convex 6mm tablets, flat

10mm tablets and convex 10mm tablets. Average values are shown, n = 5, error bars indicate the + standard deviation from the mean.

153




Impact of Temperature on Round Flat

Chapter 6 and Round Convex Tablets

6.3.3 Advanced Tablet Characterisation

6.3.2.1 Hyperspectral Imaging Analysis

Figures 35-37 present the hyperspectral imaging spectral plots at a consistent compaction
pressure of 200 MPa for the three placebo formulations—plastic (Figure 35), elastic (Figure
36), and brittle (Figure 37) with both top and bottom sides of the tablets imaged. These plots
compare the effects of temperature (20°C and 70°C) across different tablet shapes: (A) flat

6mm, (B) convex 6mm, (C) flat 10mm, and (D) convex 10mm.

Contrary to expectations based on the compressibility curves (Figure 30) — which suggested
that higher temperatures would result in increased solid fractions and therefore higher
spectral intensities across all tablet surfaces — this was not uniformly observed for top and
bottom surfaces of the tablets. Instead, the hyperspectral data revealed baseline intensity
shifts between the top and bottom tablet surfaces at different temperatures, indicating surface-
level differences in density. Specifically, the bottom surfaces of tablets (the surface in contact
with the lower punch) compacted at 70 °C consistently showed higher baseline intensities,
indicative of denser surface regions, while the top surfaces showed lower intensities,

suggesting reduced density.

Importantly, tablets compacted at 20 °C did not exhibit these top-bottom spectral differences,
with uniform baselines observed across surfaces, suggesting a homogeneous surface density
distribution. Both 20 °C and 70 °C compressions were performed using double-sided
compaction, with tablet weights filled manually into the die. This confirms that the observed
behaviour is temperature-induced, rather than being driven by material segregation or

differences in fill.

To account for potential solid fraction differences when comparing tablets compacted at the
same pressures, Figures 38-40 show the hyperspectral imaging spectral plots at a consistent
solid fraction of 85% (porosity 15%) for the three placebo formulations — plastic (Figure 38),
elastic (Figure 39), and brittle (Figure 40) with both top and bottom sides of the tablets
imaged. These plots compare the effects of temperature (20°C and 70°C) across different
tablet shapes: (A) flat 6mm, (B) convex 6mm, (C) flat 10mm, and (D) convex 10mm.

At a fixed solid fraction of 85%, the baseline shifts were again evident in tablets compacted

at 70°C, where baseline shifts highlighted denser surface regions at the bottom and less dense
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surface regions at the top of the tablet (Figures 38-40). These shifts were particularly
pronounced in formulations exhibiting plastic and elastic deformation behaviours, whereas
brittle formulations showed less pronounced differences. Tablets compacted at the lower
temperature of 20°C again exhibited consistent spectra across surfaces the top and bottom
surface, supporting the observation that lower temperatures maintain the same density
distribution on the top and bottom surfaces of tablets, whereas higher temperatures tend to

promote differences in density between the top and bottom surfaces of the tablet.

The baseline shifts observed in the spectral data between tablet top and bottom suggest that
high temperature compaction can introduce density gradients in the surfaces of tablets.
Similar observations have been documented in the literature, where studies employing
infrared thermography consistently identify non-homogeneous temperature distributions
leading to density variations (Bechard and Down, 1992; Ketolainen et al. 1993; Krok et al.,
2016b; Lee et al. 2018; Otsuka et al., 2022). However, these studies capture the top surface
and sides of the tablet, as these regions of the tablet are directly visible to the infrared camera
during real-time or post-ejection monitoring. The bottom surface of the tablet is in contact
with the lower punch and die during compaction and ejection, making it challenging to access

via infrared thermography immediately after ejection.

It is important to note that tablets were compacted using double- sided compression, wherein
the midpoint of the powder bed ideally represents the plane of equivalent force (Augsburger
and Hoag 2008). Under this condition, stress and density should be evenly distributed above
and below this plane, resulting in uniform surface density throughout the tablet. At low
compaction temperatures, this ideal distribution was achieved, as indicated by the absence of
density differences between the top and bottom tablet surfaces. In contrast, high compaction
temperatures led to top and bottom surface density differences, with the bottom surface of the
tablet consistently exhibiting higher baseline intensities. These findings suggest that elevated
temperatures disrupt the uniform stress and density distribution expected during double-sided

compression.

These surface density gradients observed may affect the mechanical integrity and
disintegration profiles of the tablets. In contrast, compaction at lower temperature yields more
uniform surface density distributions, which could improve the consistency of tablet

performance. The results also highlight the role of material behaviour, as plastic and elastic
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formulations were more susceptible to surface density gradients compared to the brittle

formulation.
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Figure 35. Hyperspectral imaging of tops and bottoms of tablets for Plastic Formulation compacted to 200 MPa at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
omm, (C) Flat 10mm, and (D) Convex 10mm.
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Figure 36. Hyperspectral imaging of tops and bottoms of tablets for Elastic Formulation compacted to 200 MPa at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
6mm, (C) Flat 10mm, and (D) Convex 10mm.
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Figure 37. Hyperspectral imaging of tops and bottoms of tablets for Brittle Formulation compacted to 200 MPa at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
6mm, (C) Flat 10mm, and (D) Convex 10mm.
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Figure 38. Hyperspectral imaging of tops and bottoms of tablets for Plastic Formulation compacted to 85% SF at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
6mm, (C) Flat 10mm, and (D) Convex 10mm.
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Figure 39. Hyperspectral imaging of tops and bottoms of tablets for Elastic Formulation compacted to 85% SF at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
6mm, (C) Flat 10mm, and (D) Convex 10mm.
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Figure 40. Hyperspectral imaging of tops and bottoms of tablets for Brittle Formulation compacted to 85% SF at 20°C and 70°C for tablet shapes: A) Flat 6mm, (B) Convex
6mm, (C) Flat 10mm, and (D) Convex 10mm.
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6.4 Conclusion

This chapter systematically investigated the impact of elevated temperature on the
compaction and mechanical properties of placebo formulations representing plastic, elastic,
and brittle deformation behaviours. The findings demonstrated that an increased temperature
during compaction significantly strengthens tablet mechanical properties, particularly for
plastic and elastic formulations. The effects of increased temperature are evident in increased
tensile strength, reduced yield pressures, and heightened compactability. Furthermore,
hyperspectral imaging revealed temperature-induced top and bottom surface density
differences, indicating that elevated temperatures disrupt the uniform stress distribution

during double-sided compression, particularly for plastic and elastic formulations.

The results also highlight the influence of tooling geometry, with convex shapes generally
enhancing compactability and tensile strength, particularly in the case of the 10mm convex
tablet shape, which consistently produced stronger tablets across various formulations.
Concave tooling shapes (convex tablet shapes) generally improve mechanical strength and
compactability by promoting more uniform particle contact and reducing stress
concentrations. However, the issue of capping was observed in the brittle formulation at
higher pressures for the 10mm convex tablet shape, highlighting the need to match tooling

designs to material properties for consistent tablet quality.
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CHAPTER 7: Discussion, Conclusion and Future Work

7.1 Critical Analysis of Findings and Future Work

This thesis has made meaningful contributions to understanding the effect of elevated
temperature (70 °C) on pharmaceutical tablet compression by systematically examining its
effects on individual excipients, multi-component placebo formulations and tablets of
different sizes and shapes (flat and convex, 6 mm and 10 mm). However, several limitations

and areas for development were identified.

While the study addressed temperature effects across deformation classes (plastic, elastic,
brittle), it was limited to a small set of model excipients and placebo formulations. Future
work should incorporate a broader range of excipients and formulation types, including
additional materials within each deformation category to help determine whether the
temperature-induced changes observed for microcrystalline cellulose, starch and lactose
monohydrate are consistent across other excipients with similar deformation characteristics.
Furthermore, including hygroscopic or moisture sensitive materials would also allow

exploration into how heat and moisture effects interact during compaction.

Tooling geometry, while evaluated in Chapter 6 through flat and convex round tablets in two
sizes (6 mm and 10 mm), can be further explored. Future studies should include non-round
geometry comments such as capsule or oval tablets, to determine if shape specific

temperature sensitivities exist.

The current work was conducted exclusively on pure excipients and placebo multi-
component formulations, without the inclusion of active pharmaceutical ingredients (APIs).
Additionally, previous studies have not examined formulations at realistic API loading
conditions limiting the applicability of their findings to real-world tablet manufacturing
scenarios. Future work should consider both low-dose and high-dose API formulations under
elevated temperature conditions. In low dose-formulations, even minor thermal degradation
may significantly impact the overall potency due to the limited amount of API present.
However, the risk of degradation may be mitigated by the excipients present, which constitute

the majority of the bulk formulation and may provide a protective matrix during high
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temperature compaction. In contrast, high-dose API formulations may be at increased risk of
degradation due to increased API surface exposure during compaction and less excipients
present to protect and stabilise the material under thermal stress. Exploring these two
formulation extremes would allow for a more complete understanding of the thermal risks
associated with direct compression and improved formulation robustness under industrial

processing conditions.

7.2 Contributions to Sustainable Development Goals

(SDGs)

This research contributes to several of the United Nations Sustainable Development Goals
(SDGs), specifically SDG 3 (ensure healthy lives and promote well-being for all at all ages),
SDG 9 (build resilient infrastructure, promote inclusive and sustainable industrialisation and

foster innovation) and SDG 12 (ensure sustainable consumption and production patterns).

In alignment with SDG 3, this study improves the quality and reliability of pharmaceutical
tablets. Compaction analysis at 70 °C revealed significant changes in the tablet properties for
pure excipients, multi-component formulations and round tablets of different shapes and
sizes. The findings from this work identify the risks associated with high-temperature
tabletting and provide valuable insights for manufacturers; ensuring reliable, high-quality

pharmaceutical products which are crucial for safe and effective healthcare.

This thesis supports SDG 9 by integrating novel experimental approaches and cutting-edge
technologies to advance pharmaceutical manufacturing science. Using a temperature-
controlled die fosters innovation by enabling precise experimental investigation of
temperature effects on powder compaction. Furthermore, this work employs advanced
analytical methods — such as micro computed tomography (microCT) and hyperspectral
imaging — which provide non-destructive, higher-resolution analysis of tablet structure and
composition, driving innovation in pharmaceutical manufacturing and promoting data-driven

compaction technologies.

Additionally, this study aligns with SDG 12 by promoting efficient and sustainable
experimental practices. A compaction simulator equipped with a temperature-controlled die

enables heat investigations using reduced quantities of material, thereby reducing
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experimental waste. This small-scale approach consumes less raw material and energy than
full-scale manufacturing trials, supporting sustainable consumption during research and
development. Moreover, by identifying the heat sensitivities of excipients and formulations in
early development, this study contributes to waste prevention and process optimisation,

aligning with the targets on responsible production.

7.3 Overall Conclusion

This thesis systematically investigated the effect of elevated compaction temperature (70 °C)
on pharmaceutical tablet compression, focusing on commonly used pure excipients
(microcrystalline cellulose, starch and lactose monohydrate), multi-component placebo
formulations exhibiting plastic, elastic, and brittle deformation characteristics, and tablets of
different sizes and shapes (flat and convex, 6 mm and 10 mm). Across all three studies, it was
evident that temperature played a significant yet complex role in influencing tablet

compaction outcomes, with its effects being material and formulation dependent.

Chapter 4 demonstrated that at a pure excipient level, each material responded differently to
heat. At 70 °C, microcrystalline cellulose exhibited increased plasticity, leading to enhanced
tabletability and improved interparticle bonding, starch demonstrated higher compressibility
and reduced elastic recovery without substantial increases in tabletability and lactose
monohydrate, despite its brittle nature, displayed significant reductions in yield pressure and
increases in tabletability. These findings emphasise that thermal behaviour during compaction
are governed by more than just the glass transition temperature (Ty); rather, it arises from a
complex interplay of deformation mechanisms, bonding characteristics, and particle

interactions.

Formulation-level investigations in Chapter 5 revealed added complexity, as the combination
of excipients introduced complex interactions. Plastic and elastic formulations generally
benefited from increased tabletability and compatibility at higher temperatures, while brittle
formulations exhibited more variable, pressure dependent behaviour. Disintegration testing
revealed delayed disintegration in plastic and elastic formulations at elevated temperatures —
even at the same solid fractions — whereas brittle formulations maintained consistent

disintegration profiles. Micro-computed tomography showed minimal change in bonding
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area, suggesting that tensile strength improvements at higher compaction temperatures result

from enhanced bonding strength rather than an expansion of the bonding area.

The impact of tooling shape and size, as explored in Chapter 6, was also critical. Convex
tooling, particularly with 10 mm shapes, consistently improved tensile strength and
compatibility across formulations by promoting more uniform particle contact. However,
brittle formulations were prone to capping under high pressure convex compaction
conditions, emphasizing the importance of aligning tooling design with material
characteristics. Additionally, hyperspectral imaging revealed temperature-induced differences
top and bottom tablet surface density, particularly for plastic and elastic formulations,

suggesting disrupted stress distribution during double sided compression.

In conclusion, this thesis demonstrates the importance of considering the impact of
temperature during pharmaceutical tablet formulation development and production. Direct
experimental evaluation under process-relevant heating conditions is critical towards
predicting and controlling tablet properties in industrial-scale tabletting conditions.
comprehensive approach that incorporates material characteristics, formulation design and. A
tooling considerations is essential for ensuring high-quality tablets during commercial

production.
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