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Abstract

Roller compaction is a dry granulation technique in which the feed powdebjiscted

to different types of stresses, which are applied between two caatdéng rollers. The

stress applied during this process mediates both desired (intact ribbon) and undesired
(ribbon splitting/sticking) bond formation. The phenomenon of nibgalitting/sticking

could originate from either process or formulation related causes; due to the imbalanced
combination of material mechanical properties and stress application which has the
potential to result in different types of ribbon failures cehesion and/or adhesion
related ribbon failure. Despite current research work conducted in the field of roller
compaction, there remains a lack of comprehensive understanding in relation to the
development of ribbon failure during roller compaction wtdah hinder the use of roller
compaction with many formulations. Therefore, atg@pth understandingf the causes

of ribbon failure during roller compaction is required to design better formulations and

incorporate steps which will mitigate/stop the ocence of ribbon splitting/sticking.

The aim of this work is to build a mechanistic understanding of ribbon splitting/sticking
phenomenon in terms of the ribbaoller interactions in both the bulk and at the roller

walls.

A range of materials was seted to cover a wide range of powder deformability, the
minimum gap between the two smooth rollers was fixed and the maximum roll stress was
varied. Ribbon splitting was observed to occur either transversally (through the ribbon
thickness) or longitudinall (through the ribbon width). It was observed that transverse
splitting is commonly associated with sticking of the split ribbons to the rollers.
Longitudinal splitting is associated with an acresdth distribution of the ribbon density
which may causereadverse effect on the mechanical strength and dissolution properties
of the tablets formed from the milled granules. The observed trends of ribbon splitting
were rationalised in terms of a splitting index which is a measure of the residual stresses

driving crack growth relative to the tensile strength of the ribbons.

Furthermore, knurled rollers with higher roller/powder contact surface area have been
investigated in terms of the occurrence of ribbon splitting/sticking. The predictability of
the splittingindex was improved by incorporating the ribbon solid fraction difference

across the ribbon width. Using knurled rollers extends the range of transversal
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splitting/roller sticking when compared with the smooth rollers and reduces the extent of

longitudinalsplitting.

Attempts have been conducted to correlate powder and metal thermodynamic work of
adhesion with its sticking tendency during roller compaction. The technology of inverse
gas chromatography was utilised to characterise both powder and metaisnof their
surface energy. No clear correlation between the work of adhesion/cohesion and sticking
probability was found which suggests that particle deformation is the dominant factor of
sticking during compaction. However, the result could contritoutiee elaboration of the
lubrication mechanism of MgSt during powder compaction.

Finally, a datedriven model was developed to predict the ribbon porosity distribution
using the artificial neural network approach (ANN). Various procelsded parameters

and material properties considered as the inputs of the ANN. While the outputs of the
network were the porosity which was experimentally measured-tgy Xomography
across the ribbon width, powder and ribbon porosity distribution have linked together
using ANN approach as a novel approach to predict the heterogeneity of ribbon in terms
of its porosity distribution. Results showed that the ANN was able to successfully map
various material and process parameters to the ribbon porosity distribution &eross t
ribbon width, which is considered to be one of the most important quality attributes in the
roller compaction process. Due to its short processing time This is particularly useful as
it allows potentially for future powders and formulations to be medeib understand

the propensity of undesired ribbon properties to occur.
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Nomenclature

A Parameter described Eguation2-7

b Width of ribbon(mm)

C The BET or sorption constant related to the heat of adsorptioncartnsation
0 A constant related to the volume reduction of the powlguétion3-1)

d Average thickness of the briquette rolled when the roll gap is(aam9
dps Travelling distance per lubricant shiotm)

dr Roll diameter(mm)

(6] Youngbés modulus (Pa)

0] Reduced effective youngds modulus (GPa

f The activation function (ANN)

F Force applied during compaction test (N)

Fad Adhesion forcegN)

Feo Cohesion forceéN)

Fec Carrier gas flow ratéml/min)

Fet Detachment forcéN)

Q Force factor
O Force required to break the ribb(x)

Fuaw Lifshitz-van der waal forc€N)

h Displacement during single particle test (mm)

Current powder bed heigfihm)

Q Distance separation between the contiguous bddigs

Q Initial height of powdeXmm)

Q Displacement of the moving platen (single particle test) (mm)

O Splitting index

J JamesMartin correction factor
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0 Distance between the supporters in the three point ben@egt

m Ribbon thicknesgmm)

M Themolar mass (g md)
a The mass of the adsorbent (g)

0 The Avogadro number (6.022 x 10&8®l'Y)

£ The amount ofjas adsorbed at equilibrium pressure

£ The amount of gas adsorbed in a monolayer
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1
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CHAPTER 1 INTRODUCTION

1.1 Granulation in general

As a result of increasing diversity and competition between the pharmaceutical
companies, most of the globally working pharmaceutical compatie&aptto maximize
the efficiency of the manufacturing processes. Ditabteting is the most preferred
formulation technique for the solidodage forms. However, afigredients irthe case of
direct tableting have to be homogenous terms ofphysical and chemicairoperties.
Otherwisea negatre variation in segregatidrehaviour might occur, and this magué
in tablets with poor mass and content uniformity. Moreover, in addition to theforeed
sufficient flowability and compressibility behaviour, the need for specially produced

direct compressible excipients could affect its @df#ctivenes$l].

To overcome sucproblems and to mask the poor flow properties exhibited by many
drug compounds, granulation by incorporation into anngxd ent 6 s mat r i x i
modify the properties of the raw powdarorder toobtain a final dosage form withe
desiredstability, disintegration and integrity profile. Granulation bandefinedas a size
enlargement process which particlesare phygally groupednto strong agglomerates

in which theoriginal rawparticles can be distinguish2].

1.2  Why dry granulation

Granulationprocesss are mainly classifiedinto two main categoriesvet and dry
proceses In wet granulation, an external liquid is used in conjunction with agitation to
achieve particle agglomeration. Wet granulation processeasubdividednto three
main approacheslow shear, high shear, and fluid bed granulation. Each of these
processe has its own merits and demeritéeverthelessall of the wet granulation
processe&xploit the principle of forming cohesive forces between the moist particles
with the added granulation liquid in the form of liquid bridges; tteseconvertedhto

more permanent forces during the subsequent drying stage.

Use of wet granulation improves the flow, compression, and density of the powder

particles, as welhs, ensuring better distribution of the colouring agent or the active
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ingredient if itwas solubilizd in the granulation liquidFurthermorethe use of this
technique reduces the amouot segregtion and dust formation duringowder

processing.

Wet granulation processstill suffer froma few disadvantages that mighifectits
effectiveness such abe need for huge amounts of energy and processddraine
subsequent drying stage. Thisrsddition to the stability issu@henheat and moisture
sensitive compoundse processedloreover, the usef organic solvent as a granulation
liquid can esultin hard restrictionsn the residual solvent in the end product. All of these
limitations encourage researcherstimpt dry granulation amn alternative solutiothat
is more coseffective and capable of forming good quality granules without ¢dleel 0f

adding liquid during granulation or removing it during drying st&je

Dry granulation came definedas a pressure mediated agglomeration process where
the material@re agglomeratedithout using any moisture or heat. Initially, the process
started by compssing the powder blend into a large tab®bt(cm diameter0.6 cm
thickness) in a process called slugging where the slugs are milled into smaller particles
known as granulelgl]. This methodhasmultiple limitations.It results in a considerable
amount of dust that could lead to cr@ssmtamination issue&ince it is a single batch
processslugginghas verypoor proces control and poor nmaifacturing throughput per
hour. Consequently, roller compactor has been introduced to the market to deal with such
limitations. It is a continuous technique, which is the key for more advanced dry

granulation.

It has considerable paaction capacitymore control over the processing variables,
which is accompanietby the ability of processing material having inconsistent density,
flowability, or compactibility Thus this technique satisfies the neéar the high

processing rate, togetheith a competitive cost and quality efficien|&j.

Conventional roller compactors usually consist of three systems; the feed system, roll
system, and granulation systehine process starts with the feeding systeatdelivers
the powder by gravity roby a screw feeder into the compacti@area which is
theoretcally divided into three zone&igure 1-1), while the boundaries betwa these
zonesare deined by their angular positions. The powaeethin the slip zone mosat

speed slower than the rolls speed by the effect of gravity, friction, or force feeder, which
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push and rearrange the powder particles to fill the interstitedespand expel the air

inside.Both of the particle shape asizeare the key factors in this zof&5,6].

Figurel-1: Schematic diagram of the roller compaction process shatvngifferent compaction zories
Adapted[7].

In the nip zone, the particles nomoveat a speed equal tat of therolls and the pressure

appliedto the powdelincreasess the gp distance between the rollecrease As the

particles become closer to each other, plastic deformatidorgratticle fragmentation

increass the contact surface area between them and create new bondwiduys

mechanims|[8].

In the release zone, the appl@anpactiorpressure begins ttecreasas the gap distance

starts to expand. Once the pressurelisved the compacted materiaayhavetencency

to retain its original shap#ue toits elastic potential propertie§herefore, theresulting

ribbon shape and thickness depends on the predomination qflasicity and/or
elasticityresponses upon decompression. The quality of the final prodepends on

powder responses to compression and decompression processes. The mechanical
properties of the powder 6s clothprandwithnthe and t
equpmentin addition to theprocessg parameters and equipment desgignificanty

affect the p,andtdusthedusalityobtlisepiralmpoduct.

1.3 Roller compaction challenges

Roller compaction like any other process hasvis drawbacks that have te taken
into account before starting any production process.Ifitte loss of workability on
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recompactiorwhich was refeed by many authors as being duevtwk hardening effect
of the feedmaterials[9] or to the enlargement in particle siggd]. Secondly, the
heterogeneity of the ribban terms ofits densitydistribution whichis usually periodical
in nature and synchronized with the screw feegernod. Heterogeneity is mainly
governed by two main factors, whi are the design of the powder feed sydtethand
the powder flow behaviour in the compaction zfii#13] Moreover, the leakage of high
amount of uncompacted powder between the roller seals gyeltly affect the
efficiency of theprocess, the main cause of this phenomendhesveak bonding of

ribbons at its edges asesult of noshomogewus feeding or air entrapmej].

In addition,splitting and stickingof thecompacted ribbons on the roller surfa&ene
of the main limitations that could hinder the use of roller compactor midmy
formulationslt is a compleyhenomenothat take place in the release region; suchttha
the ribbon might split in different wayand in some casestick to roller surface[14].
Ribbon spliting could take place across different riblabmensionsdutdoes not prevent
the ribbons from being milled into granules, howesierilar tothe defects encountered
during a tableting processthis phenomenon could be a signaturenadre serious
processg defectssuch as the heterogeneity of density acomsspact dimensiond.5i
17]. Additionally, ribbon splitting couldbe relatedassociated withpowder sticking
which is one of the mosimportantproblems encounted during powder compaction
processes in generdt could have variousleleteriousconsequences that range from
losing control oveprocess parameters suchtasgap distance in roller compactifis]
ortheforce appliedn atableting proces$19], tool wearingmaterial wasting20]. Also,
sticking could lead tgroblemsrelated toproductuniformity if one or more of the
formulation components shows a preferenttatkeng to the tooling surfaces or even

batch failure in case afevee powder stickingo tooling surfacegl9].

Splitting/stickingas one of theampact defectthatoccurduring powder compaction
has been investigated the field of tablding but to a very limited extent in the field of

roller compactiorwhere a different combination of shear and normal stresses are applied
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1.4 Mechanism of bonding

Understandingf inter-particular bonding mechanisoouldassist imitigatingmany
problems such as the stickiness on the roller surface or the amountsopridaleiced
during compaction; thisould bemplementedy modifying the formulation components
or adjusting the processing paramsgerd/or desigim order to have theptimalbonding
mechanism for the intended product quakigr example, changing design of the feeding
system by adding feeding guiders absignificantly improve the quality of the produced
ribbons[13]. The bonding adjustment depends on the bondiaghanismand the limit
of the adjustment shouldlfil the intended quality of the final products, i.e., porosity,

strength, and dissolution profile.

The particlebonding via roller compactiois mairly controlled bythe applied forces
sinceit is a dryprocessMoreover, material properties suakdeformability could also

affect bonding strength and subsequently the properties of the final dosage form.

The pressure applied during roller compaction enforces particles to rearrange their
positiorsto tightly pack by reducing the air voidhis stages mainly controlled by both
particle shape and size distributiot a certain limit of lhe applied forcethe free
volumes of particles areinimized and thus prevent partialeovement, and so the
particles startto fragmentor deform as a response to @éhapplied pressure, and
consequently their contact areas increase. The compacted ps\viéally subjectedo
el astic deformation according to its Young©¢
it deforms plasticallyThe contact arebetween power particlexould also béncreased
by fragmentation whengarticlesbreak down to smallédragmentsvhen the applied stress
is greater thatheir tensile strength, and then theyght undergo subsequent stages of
rearrangements, elastic and plastic defttion[2,8]. The mechanidgroperties of the
powder components control their ability to form permanent bonds due toiglast
deformation (irreversible) or temporary bonds due to elasticretoon (reversible).

Also, thetendency to fracture is responsibide creatinganew contact area amaodifying
the size distributionto fit the voidage Generally, the fragmentation pilwmnmenon
predominates over the deformation when the materials are hard and [8}it@Bond
formations can be callemhagglomeration process because particles agglomerate tightly
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together to forma larger entity. The stages of bonding and compression mechanism

during roller compaction are illustrated iRigure1-2).

Loose
powder

Fragmentation Deformation

Elastic
deformation

Plastic
deformation

<aJnssaJd paijdde ayi 8uiseasou|

Figurel-2: Possible events during particle compaction dystiapted[21].

The interparticular forces generated duriaig agglomeration process are due to
mechanical interlocking, intermolecular forces and the solid brifzf§s Mechanical
interlocking occurs between adjacent particles, and it is mainly controlled by the shape,
regularity and the suate properties of the particlé,23]. The intermolecular forces,

i.e., adsorption bonding, is mainly governed by the van der Waals forces and more
precisely to the London dispersion forces whick believed to be the most important
bonding mechanisrf4]. These types of forces maintaine attractive forces in gases
and liquids within distances of 4100 nm. The solid bridges are usually considered as
the strongest interparticulate borichey occumwhen the degree of mixing between the
interfaces is high. Thihappens when the movement andidfusion of the particles
induce sufficient molecular mobility The diffusion can be mediated either by contact
melting due to highly localized stress during compactioty a glassrubbery transition

of an amorphous aterial Figurel-3 shows different types of bonds and their theoretical

strengths in relation to particle size
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Figurel-3: Suggested bond types and their theoretical strengths in relation to partic]2zi24].

1.5 Thesis oerview

The outline of the thesis is as follows:

Chapter 2 presents a review of the existed literature efforts conducted in the field of
powder compact integrity. The chapter will focus on the factors that could affect the
integrity of a compact during arafter stress application in roller compaction and other
stressmediated processes such as tablettilng.addition the chapter includes a

comprehensive review tfiework relatedo the area of this thesis.

Chapter 3 describe the mairtypes of equipmentmethods, and materials used to
characterise both the feed powders and compacts.

Chapter 4 corresponds to the main results and discussion of this research work.

In this chapter, a comprehensive study was conducted in an attempt torbagtanistic
understanding of the splitting phenomenon. ®hservedrends of ribbon splitting were

rationalised in terms of a splitting index.
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Chapter 5 investigated the effeaf knurled rollers which have laigher roller/powder
contact surface area on the occurrence of ribbon splitting/stickivegpredictability of

the splitting index waapplied to the new data.

Chapter 6 focuses orhe effect ofthe intermolecular interactions betweeed powder
and metal surface on the occurrence of ribbon stickirgergies of interaction have been

examined for any correlation with the trendribbonsticking

Chapter 7 looked at the development of a dat@ven modelto predict the ribbon
porosity distribution using the artificial neural network approach (ANME chapter
presents a practical approach that coulihijgemenedin the control system across the

manufactuing line.

Chapter 8 presents the overall conclusion of the thesis and recommends some future
studies.
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CHAPTER 2 LITERATURE REVIEW

In an attempt to build a mechanistic understanding to the phenomena of ribbon
spitting/sticking,there is a need first t@view the existed research efforts conducted in
the field of powder compact integrityuring stressmediated processeshé@& current
chapter focuses on the work reportedhaliterature abouthe factors that could affect

the integrity ofa compactduring andafter stressapplicationin roller compaction and
other stressnediated processes such as tabletting. Compact integrity could be disrupted
externally by improper bond formation with the tooling surfaces or internally by un
designed responsef the @mpact to the stress appliédgure2-1 summaries théactors
affecting compact integritywhich will be discusseffom theliterature point of viewn
thefollowing secton. Additionally,thechapter highligre some physical and dathiven

model used to enhanoeir understanding aheroller compactiorprocess

Defects due to
powdermetal p—] Process related Compaction pressure

interaction

Contact melting

Formulation
related

Lubrication

Compact Integrit Mechanical properties

Process related Compaction pressure/speed

D

TN

Tooling surface

Defects due to

powderpowder
interaction \

Formulation
related

Mechanical properties

J

/)

Lubrication

Figure2-1: Main points discussed in this chapter.
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2.1 Compactdefects dueto sticking (powder-metal interaction)

Stickiness or adhesion of powder formulations during @mtipnis one of the most
common problem#hatare usually referreth thetablet stickinessMaterials adherento
the compression toolinguch as theoller surface punch surface or the die wa#ind
undergomultiple compaction cyclewith the new materialsbeingcompactegthis may
result inanunacceptablgpoor quality conditionof thecompactand might causserious

damage to the press machja8].

At the molecular scale,sshypothesizedy Wang et al[25], the potential of adhesion
during powder compactioris mainly determined by the intermolecular interaction
between the powder molecules and tibaling surface. In other words, the energies of
interaction on the molecular level between the powder and metal surface will determine
the primary adhesioorocessandthesubsequent mechanical evenill affect the extent

of adhesion.

At a higher sda, Waimer et al[26] explainedsticking phenomenon duringtabletting
processthe study mentioned that tablet stickingcurredwhen there is an imbalance in

the relationship between the detachment forgg)(khich is applied perpendicularly to
remove the tablet from the punch surface in comparison to the adhesion forces between
surfaces k¢ and the cohesion forces inside the table)(FThus if the applied
perpendicular detachment force was higher than the adhesion force but not as high as the
cohesion forces within the tablet, tiadletwill be removed freely from thpunch surface

with no sticking.The measured detachment foneehis caerepresergthe real adhesion

forces between the tablet and the punch surféoeever if the applied detachment force

was lower than the adhesiforces,but higher than the cohesion inside the tablet, the
separation will take place within thabletand stickiness will happernn this casethe
measured detachment forces will represent the cohesion within the tablet. Moreover, if
the adhesion and cohesion forces are similar in their esegpdyation takes plaeg¢the

surface as well as within theblat and powder sticks partially to the puneled Figure

2-2).
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Metal surface with a layer of adhered Damaged compacted body|
powder particles.

No-Stickiness

FCO > FdEt >Fad -

Clear metal surface
Intact compacted body

Figure2-2: Possible cases durimptachment of an adhered compacted powder; particles are delbgche
perpendiculaforces Adapted[26].
Limited researclefforts have beemmadeto study the sticking phenomena during roller
compactionthe researcimasmainly focused orthe consequences dfis phenomenon
and highlighted some mitigation strategi@be effectof powder stickinessn roller
compactiondepends oithe extent of stickinessvhich canrange from improper ribbon
quality to batch failurevhere the process hashie stoppedh order toclean thesurfaces
of the rolles [27].

Using thegap controlling system during roller compaction is more likely to caase
problemin the caseof roller sticking. This systa uses a set point for the minimum roll
separatiordistanceand any deviation from this point will be corrected by an automated
adjustment of the auger feed rotational speed. If the postidks to the rollersurfaceit

will causethe gapdistance to open wider whidtctivateshe gapcontrolling system to
decrease the speed of the feeding screw to returgaht its original set point. The
extent of thescrewspeed reduction will depend on the thickness of the adhered layer
which will consequently affect the mass throughput of the process. Moreover, the adhered
layer on the roller surface will undergaultiple compaction cyclethatmight affect the
properties of the final granul¢23].
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The effecs of powdersticking on a roller surface wreinvestigated by a recent study
conducted byHamdan et al[27]; a thin layer ofinstantmix Epoxy(3 cm in length and
covering the entire roller width) was attached to roller surface to mimic the occurrence of
roller sticking The treated roller was used for MCC roller compactkor. comparson
purposesthe process response to this event was comparedthveittameexperiment
without the epoxy layebeing fixedto the roller surfaceThe process response to this
event was analysed and showed that the adhered layer caused a periodic wsnillatio
roller gap, leadingo ribbon density variation while both of the feed screw speed,

hydraulic pressure and roll speed remained unafféEigdre2-3).

This oscillationin theroller gap is usually compensated by adjusting the feed screw speed
by the roller gap controlling systerhowever, if the oscillatiors large enough to affect
theribbon quality and consequently the tablet quality, the process has to be shut down in
order to remove the powder from the roll, this can consequently affect the continuity of

the process and affect its castectivenes$27].
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Figure2-3: Oscillation in roller compactor process parameters as a result of roller stickiness [20].

This problem usuallypccurs whera significant number oparticles adhere to the roller
surface and disturb the integrity of the ribbon afiect the continuity of the process. In
a tabletting process and similarly in other compaction mediptedessesticking of
powder to thenetalsurfaceis mainly attributedo either a formulation or process causes

(Table 2-1). Whereas, hygroscopicity, cohesiveness, low meltingntpansufficient
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lubrication and poor powder characteristics; such as particle size and polymorphism are

the main formulatiomelatedcauses. Usinghappropriatescraper adjustmendy surface
configuration, too low compaction pressure, and rough surfagethe main process

based causg3able2-1).

Table2-1: The main causes of powder stickiness dutiregabletting procesfl9].

Formulation -related causes Processrelated causes
Insufficient lubrication29] Rough punch surfadé9]
Poor powder characteristif30] Insufficient compaction forcf31]

(particle size, crystal structure or crystal habit]

Contact melting32] Improper surface engraviri9]

High moisture conter{83] Improper compction spee(1]

It is worth mentioning that both of the cohesion and adhesion are mediated by the same

mechanisms discussed before, but the term adhissimually referredo the interaction

between particles different chemical naturg34].

In theliterature, adhesion mechanisarge generallglassified according to the presence
or absence of material bridges between the contacted suifégese2-4).

Q van der Waals
clectrostatics
[ Insulator )

with _material bridges
/

chemical binding

/ sintered bridge

/
hardened binder

/ cryst. of dissolved
substances

A
liquid bridge
highly viscous
- binders

Figure2-4: classification of the bonding mechanisms according to the presence or absence of material
bridges between the contacted surfd8&3.

electrostatics
{ conductor )
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However, other studies find it more useful éamk the adhesion forces according to their
strength in the following ordgfrom weakest to strongesplectrostatic forces, van der

Waals liquid bridgesand solid bridges respectivdlys].

During processing, the different types of adhesion mechanisms coylinptedby
discretemechanismshat could be a formulation or processated.

2.1.1 Factors affectingsticking (powder-metal interaction)
2.1.1.1 Processrelated factors

2.1.1.1.1 Effect of compaction pressure

The main function of the applied force during compaction is to create more cangact
which will be provided either by the deformation or the breakageder toincrease the
probabilityof bond formationThusthe higher the appligatessurgthe more the cohesive
forces between the particles will be. However, the same applied force can mediate the
formation of unwanted bonding with the metal surftta&t can cause the problem of

sticking.

Kakimi et al.[31] investigated the effesbf compaction pressure and speed on the tablet
sticking during compactiona rotatory tabléing machinewas used to compactet
extruded granulesnade witha formulation of AButyl p-hydroxybenzoate|actose,
anhydrous silicic acid and binder ofhydroxypropylcellulose The studyshowed that
sticking occurs when the adhesive forces between the tablet surface and the metal plate
are stronger than the ocedian forces inside the tablefhis outcomewvas confirmedoy
measuring the scraper force (SCRich is the shear force between the lower punch
surfaceand the surface of the tabléts expected, increasing the compaction pressure
leads tostrongettables that will result in a lowescrapefforce Figure2-5). At the same
time, the study showed the effesaf the compaction speed on the sticking behaviour,
wherehigh compaction speedsd to inadequate time to achieve relaxation within the
tablet al consequentlya higher amount of residual pressure imparted to the Iaver
punch, which is related tohegher adhesion force between the surfaces of the lower punch
and the tablet.
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Figure2-5: The relationship between the compression pressure and the scraper force at different
compression speed, wherd3l]. 310 rpm; o 15

The effecs of compaction pressuren compactsticking were further investigatedy
Waimeret al.[26] usinga specially instrumented upper punch designed to measure the
adhesion force thaiccurs when the punch detaches itself from the tablet surface after
compaction. Irthe caseof sorbitol tablets, increasing the compaction pressure resulted in
higher adhesio forces with no sticking observe(Figure2-6); thiswasclaimed to be a
result ofincreasingcohesion inside the tabl@to experimental proof was providedp
thetablet can detach itself completely from the punch surface with no stiedsw.the
force recorded in this case will be a true measurement of the adhesion on the tablet
surfacelnlike Sorbito| sticking was observeat a thin film of aggregated particleben
microencapsulated acetylsalicylic acid (ASAxs usedSmalleradhesionforces were
observed which indicate a lower degree of adhesion and cohesion inside the tablets
(Figure 2-7). Increasing the compaction forces led to lower adhesion forces and less
sticking occurrencéFigure2-7); thiswas attributedo the higher level of cohesion inside
the tablet at higher compaction forcksall casesadding magnesium stearakégSt) to
sorbitol or microencapsulated AS#lwaysled to a decrease in the measured adhesion

forces.
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Figure2-6: Adhesion force versus compressic  Figure2-7: Adhesion force versus compression forci
force profiles of sorbitol at three different profiles of microencapsulated ASA with and without
magnesium stearate levels (0.25, 0.5, and 1.! 0.5% magnesium steard@s].
[26].

A similar finding was reported by Toyoshima et [86] who usedsurfaceroughness
measuementsto evaluatehestickiness of lactose formulations. Tablets were compacted
usinga singlepunchtableting machine equipped wita concaveounch and at a rate of
15 tables per minute.Tables werethen measured for their surface roughness and the
values ofsurface roughness weplottedagainst the number of compression cycle; the
slope of the resulted regression line was used to evaluate tablet sticking so that higher
slope values is an indicatiari higher sticking tendency.he study showed thdahelog

of the sticking parametefor the different lactose formulatiomecreased as the
compression pressure increasesn 0.4 to 0.8 ton.

In another study, Paul et 4B7] studied theeffectsof compaction pressure on tablet
sticking propensities 0b active pharmaceutical compourttiatweremixed with MCC

and MgSt in the following percentages respectively 10%/89.75%/0.35&king was
assessed hyeasuringhe weight of the adhered massa removable punch tighe tip

was attached to the facetbe upper punchUnlike thestudiesmentioned abovet was
shown that increasing compaction presduoen 50 to 200 MPdends to make tablet
sticking more problematiclhis behaviourwas attributed to thgreatercontact surface
area between thactive pharmaceutical ingrediedtRI) particles and punch ti@chieved
atahigher compaction pressure. Howeutie study did naiakethe role ofthethermal
sensitivity of the studied materiahto the account For example,the relatively low
melting point of ibuprofen (Fé 7 6 colld lead to contact melting and change the

involved sticking mechanisfi38].
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Althoughextensive research has been conducted on the effect of compaction pressure on
the occurrencef sticking duringthe tableting process no attemptas beemmade to
investigate the effestof the applied stressn the development of sticking the roller
compactionprocessin which different combinationsof normal and shear stresses are
applied. Thiscreats a researclgap thawill be addresseth more details in the coming

chapters.

2.1.1.1.2 Effect of tooling surface engravings

Fitting imposing or engravings onto the compactioaling surface could be essential for
identification purposes or to enhance the efficiency of the procebgdase otableting
proceses engravings are applied to therfaces of the tabkefor identification purposes

as ruled by the FDA for all solid oral dosage forf89,40] In the case ofthe roller
compaction procesknurledrollers are usuallyised to overcomproblems associated
with insufficient gripping of feed powder into the gap between rollers. However, such
modifications could deterioratéhe sticking problems encountered during powder
compactior7,14,18,41,42]

Waimer et al[43] used a specigl designedupperpunchto investgate the influence of
engravingonthe extent ofablet stickingoy measuringhetablet pull off force the punch
wasequipped witha small conethatcould havedifferentandes between the punch face
and the cones lateral fa@gigure2-8). During unloading, the measured adhesion signal
could either represents a separation at the punch surface (adhesion) or inside the tablet
(cohesion).

Figure2-8: The instrumented compactitooling usedoy Waimeret al.[43]. Thefigure also showa
schematic drawing to the shear cdhatisf i xed t o the upper puncthe surface.
punchplain surface andhe cone lagral surface

The study concluded that the shape of the shear cones is an important factor for the

occurrence of punch stickingie two formulations explored in this study showed more
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tablet sticking whehecone angle increased from 45° to°60he study also mentioned
that the conesreatea stress and strength distribution at the tablet sutfzatecould
consequently affect theehaviarr of stickingatthe engravingsf the punch surface.
Similarly, Roberts et al[44] investigated the effeaf punch tipembossmenten tablet
stickiness of an ibuprofen formulation. Tablet sticking was quantifiechégsuring the
weightof theadhered powder on the upper punch tip. The preseraeggodvingon the
punch faces significantly increased tablet sticking comparing witmemeembossed
punchesThis was attributed to the high shear stresses at the faiegabf the engravings
thatenhance the occurrence of sticking during punch retraction. The asthtaisthat
sticking to embossed punches was less dependent on compaction pasgaedvith
the nonembossed punchesh@& studyalsoshowed thasticking tothe punch face was
reduced by increasing punch tgprvature but was independentmumch diameter.

In thecaseof theroller compactiomprocessusing knurled rollexrcouldbe advantageous
in terms ofincreasing friction apowder/roller interfaceThis could be mandatoryor
somelubricatedformulation Otherwise the powder will build up in the praip area and
block the feeding systefi8]. However the use of knurled rollers wabservedy many
researchers to deteriorate the occurrence of roller stiekidgffect the efficiency of the
procesy7,14,18,28,41,42]Alternatively,a pairof smooth rollersor a combination of
knurled and smooth rollsareused to reduce roller sticking.

On the basis ofhe exising literature and experimental observasofurther work is
required to understand the impa€ttusing knurled rollerg terms of its influence on the

occurrence of sticking and the properties of the compacted ribbons.
2.1.1.2 Formulation related factors

2.1.1.2.1 Effect of particle mechanical properties

Particle adhesion to a surface can vary according tengehanical propertiesf the
contactingmateriab such ashardness, elasticitgnd viscoelasticity These properties
control the response of powder particles to the appfdssand can consequently
influencepowder sticking by changingpth of bonding area armbndingstrength either
between powder particldsohesion)or between powder particles atiek metal surface
(adhesn).

Hardness can be defined as the resistance of the solid material against the indentation
caused by a second solid bodp]. On the other hand, elasticity is the ability of the
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material to recover its shape and size upon telhseand itis usuallycharacterised by

Yo u n gnéddus ‘O [Pa] which isthe constantof linear proportionality between the

extensional stress [Nm] and the extensionatrain(l

o

. OU (Equation2-1)

However, duringstressapplication, the nature gfarticle deformation changefrom
elastic to plastiat a certainapplied stress callatieyield stressRy). Additionally, if the
mechanical properties of the material suchl @s u nngodusus of elasticity changed with

time, then the materias referred to a viscoelastic

Paul et al[37] studied the sticking propensities of five different APIs to the punch during
tableting; the APIlwas mixed with MCC at 9.75 wA#. Sticking was evaluatetly the
weight of the adhered powdeio a removable punch tip after 25 compactions for a total
of 100 compactions. Tlygnvestigated tablet sticking at a ranggofvderdeformability

and compaction force3he pwdess deformability wasassesselly macraeindentation
metod using aspherical indenter on tablets made from 1:1 anxtof MCC and API;
tablets hge been compacted at a range pvéssures, indentation hardness of the
compacted talets at zero porosity that is obtained by gxdlation was then used to order
materials according to their plasticitfhe study showed thahe sticking tendency
increasewith increasing powder deformabiliiy the moderate tdigh pressureaange
(100200 MPa) the authors mainlgttributed this to the higheontact surface area with
the punch and the higher cohesion of the API to the sticking layer on the piaveéver,

it was difficult to show a clear relationship between particle deformability and punch
sticking at lowercompaction pressuseNeverthelessthe study negleetl the effects of
powder thermal properties which could affect particle adhesidmehaviar during
compaction, forexample the relatively low melting point of ibuprofen (Tén 7 6 )
could lead to contact melting and change the sticking mech&s&m

On thecontrary, Chattoraj et dl39] reported thaalargenumber ocomppundsthatshow

a tendency to stick during compaction are among those with the highest yield point in
pharmaeutical formulations. For example, h e aut hor s melactbse o n e d
monohydrate and mannit@ls stickymaterias with a relatvely high yieldvaluesin
compaison with plastic materials.In arother study AbdelHamid and Betz[46] used

the radial die wall pressure asréerionto evaluate punch stickinthisincludes SR (the

stress ratio which iaxial to radial stresgansmsdon) and RDP theresidualdie pressure
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meauredjust after removing the normal strigsBifferent amounts of a highly sticking
drug (Mefenamic aciyl were mixed with various types of fillers thatre either brittle
(lactoseor mannito) or elastieplastic(MCC or starch)n nature. The mixtures were then
compacted using a compaction simulator at a range of compaction pre$herstudy
showed thatormulationsmadewith brittle fillers showed higher tendencies for punch
sticking than viscoelastic fillerswhich showedhigher sticking to the diewalls. The
authorsascribedsticking observatioato the higherSRin the case of brittle filletghey
claimedthat brittle fillers undergo higher axial to radial stress transmission which offers
a higher chance for thisrmulationsto interact with thggunchsurface and enhance punch
sticking.This is unlikeformulations made witkiscoelastic filles which exhibitedhigher
tendencies for die wall sticking associated with higher vaRB®; this was further
confirmed by the higher ejection forces obsemwgti these formulatios

So far, there are navailable studies tovestiggte the effects of material mechanical
properties on the stickinduring roller compaction process However, someefforts
weremadeto correlae powder mechanicglropetiesto the cohesion properties of the
compacted ribbonsvhich could be helpful to understand the sticking that could take
place during roller compactiol\l-Asady et al[45] succeasfully correlated theNano
Indentatiorhardness for sidifferent types of materials their workability during roller
compactionThe investigated materialanged from very hard materialcium carbonate

to a veryductile material MCCMaterials were characterised for their flow properties and
compressibility andhe maximum stress applied during roller compaction eséisnated
usi ng Jsdheayisg].dl'neGauthordound thatif the measuregbarticle hardness
waslowerthan the maximum stress applied during roller compaction then stronger ribbon
are expected as a result of more plastic deformatiogule 2-9). Higher particle
deformabilitywas aso aseciated withhigher ribbon width and lower ribbon porosity.
This was believed to be due tbe higher contact area as a result of more plastic

deformationthatprovided a higheprobabilityfor bond formation.
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2.1.1.2.2 Effect of Lubrication

One of the most obvious causes of sticking during compaction is insufficient lubrication
of the formulation. Inthe pharmaceuticalindustry, the most common lubrication
mechanism is boundary lubrication in which thkricant particles form layetsetween

the surfaces or at interfacesremluce the direct contact between the intended surfaces.
Lubricant concentratidgmixing timein the formulaion has to be optimized sbatit can
reduceunnecessarifriction/adhesiorio thetool surfaces at the minimabverseeffect on

the particleparticle interaction insidehe formulaion, which could consequently
influence the performance of the lubricat@anpact in terms of strength and dissolution
[48].

Lubricationhas beemxtensively studied irme field of tabletting procees most of the
researchconductedin this field showeda significant reduction in the occurrence of
sticking as the lubricant contemtasincreasd in the formulation36,49,50] However,

not all materials show the same effeRoberts et al[51] usedtwo different types of
lubricant, namely magnesium stearate and stearic acid to evaluate the sticking tendency
of an ibuproferilactoseformulation on the punch tips during tablettirfgticking was
assessed by quantifying the amount of ibuprofen adhettéd tgpper punch using diode

array spectroscopyJnexpectedly, the study showed that increasing lubricant content
does not reducthe sticking occurrenceAdding magnesium stearate to fleemulation

led to higher punch sticking, the authatributed ths to the lowering of ibuprofen

melting pont by magnesium stearatembined with the negative effect of the lubricant
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on the cthesive forces within the tabléthe authors also mentied that the presence of
glidant (Aerosil) in the formulationalleviated the deleterious effect of magnesium
stearate othetablet strengthHoweverthis comes at the cost of reducing the lubricating
efficiencyand lead to capping problems

Limited studiesvereconducted to understand the effect of lubricatiorherperformance
of roller compaction process astudycarried outoy Dawes et al[18] investigated the
effect external lubrication on the adhesion behavioua pharmaceuticaformulation
containing adhesive APA novel systemwasdesigned tspray a controlled quantity of
magnesium stearate on the roller surfaketravelroll distance per st (dps), which is
the distance the circumference oé ttoll travels betweelubricantshotshas been used
as ascalableparameter to ensure consigtérbrication during roller rotatiofEquation
2-2).

. Bt (Equation2-2)
Q —
Y
where,Q is the roll diameten) is the roll speed (rpm), andf is the number of shots

per minute (mirt).

A placebo formulation of mrocrystalline ce |l ul os e, -Ectosey dnd o u s
croscarmellose sodium weusedin this study. ltshowed thateducing thedps from 3to

1 cm ledto four different scenarios of roller stickitigat rangd from (a) thebestcase to

(d) the worst case Figure 2-10). Working with an unlubricated formulation led to the
worst casén whichthe formulation adhered to the roller surfaead formed complete
surface coveragd-{gure 2-10-d). The @plication of external lubricant usingdgs of 3

cm decreased the severity of the roller sticking so that the ribbons split in half after leaving
the minimum gap and incompletely removed by sheaper(Figure 2-10-c). A further
decrease of théysto 2 cm leadto the compacted ribboappearingo completely adhere

to the roller surfacebut it was entirely removedby the scraperand the roll surface
remained cleaduring its rotationigure2-10-b). At a roller travelling distance ofcin,

the ribbon was observed to leave the roller surface immediately after release from the
minimum gapwith no splitting and again resulting in a cleat surface Figure2-10-a).
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Figure2-10: Suggested scenarios of the roller stickiness ranging from the best case (a) to worst case with
complete roller coverage (f8].
The study also reported that stickingthe roller surface was associated withariation
in the measured roller gap with time. The usexiernallubrication kept the roller gap
relatively constantHowever, cessation of external lubrication resulted gignificant

increase in the roller gapatstarted to fluctuate between 1.6 andiar (Figure2-11).

2.6

Roll Gap (mm)

-30 [1] 30 60 a0
Time [secs)

Figure2-11: Change in roll gap distance as a respdosxternal lubrication application.

A similar study conducted by the same researd8&jsn whichasimilar formulation of
a n h y d flactoss, miorocrystallm cellulose and sodiunrascarmellose sodiunvas

used to investigate the effect internal lubrication (magnesium stearatkg powder
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feeding duing roller compaction. It washownthat roller sticking of the unlubricated
formulation occurred in about 38D sec from the start uplowever adding magnesium
stearate to the formulatisiffrom 0.05to 0.5% w/w) completely impeded roller sticking
during compactionThe authors reported thedmpared to than-lubricated formulation,
alubricatedformulation showed a higher mass throughput when a pair of knurledsroller
wereused. Nevertheless, this effect was remarkably lowered if one or both vodiers

replaced with smooth rollers.
2.1.1.2.3 Contact melting

During compressiarparticles aresubjected to high levels of localized stress that could
create points of high temperature. The generated rhegtt exceed the meltingjass
transitiontemperatur®f the compressed material and subsequently enhance its adhesion
to the roller surfacg52]. At relatively low temperaturg, and excluding the effesbf
moisture, adhesion is dominated by London Lifskidn der Waals forces whicire

describedy the following equatiof34]:

i E ion2-
0 (Equation2-3)

Y'Q
where™O s the Lifshitzvan der Waal force [N], is the Lifshitzvand der Waal
constant, [J]r is the particle radius [m], ari@ is the distance of separation between the
contiguous bodies [m]. Temperature can affect the interaction constamass it is a
measure of the energy of the Lifshitan der Waal interaction between two bodies of
similar or differet geometry. This value may beeasuredising dielectric spectroscopy
or can balerived from the properties of the materials in contact and can change according

to the medium temperatuj@4].

At higher temperatuse closer to the thermal transition of the material that could be
glass transition irthe case of amorphous material or meltingttie caseof crystalline
materials the heatng will excite the moleculesto higher vibration energiesand

consequently increaslee mobility and its plastic deformabilityp3].

In the case otabldting processs the high compaction speed and theild-up of
temperature durinipng operation timgcan increase the temperatbye20-30°C beyond

the ambient temperatu[82,54] This couldhave annfluenceon alower melting point
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component of the formulation such as ibuprofer {578 'C) and affect both of th

mechanical properties and thckingbehaviour of the compacted materigl9,51]

Danjo et al[32] studied the effectsf operatingtemperature on the sticking biityl p-
hydroxybenzoate during tabletting. Punch sticking veasluated by measuring the
pressure applied by the scraper to detach the tablet from the lower punch. Punch
temperature was controlled usitigermocouples that were placed at different parts of the
tabletting machinandthenconnected tan air dryer. Th study showed thétescrapper
pressure indicatesmaximum value when the ratio tifelower punch temperature to the

APl melting point beconw about 0.9 for every samplélhis thermal ratio was
accompaniedby a remarkablgounch stickingwhich wasattributed to the occurrence of
sintering betweenthe tablet and punch surfageThe scraper pressure findmgvere
furtherconfirmed byconducting a shear test between the tablet and a metal plate surface
at a range of temperatuseusing specially designed equipmert showed that both

scrappepressurand sheastrength were maximal at the same thermal ratio.

In another studyCespi efal. [55] investigated the effect of processing temperature on the
cohesion btables, which as explainegreviouslycould affect the sticking tendencies
during tabletting Four different types of pharmaceutical excipients that have different
mechanicabehavious anddistinctthermal sensitivities were inviigated this included
both of mcroaystalline cellulose (MCC) andichlcium phosphate dehydrate (PDC)
whichdo not hae any thermal change in the range oflB0 C, polyethene oxidgPEO)
which has a melting point between-38 ‘C, andEudragit RS (EURSWith a glass
transition transformation at 580 °C. Tabletting was conducted using a rotary talsigt
machinethat was equiped withspecial sensors and devices to control temperature and
humidity in the compactionraa.The authors reportethat only materials which have a
thermal change aglativelyalow range otemperatureshowed a canged in the compact
propertiesYet, thischange was less significance fessductile and negligible for brittle
materials. As shown inFigure2-12, both PEO and BJURS have a significant increase in
the deformability (lower yield strength {Pvaluesdetermined by Heckel analyyiat
lower temperature®©n the other hanthothMCC andPDCwere less affected he effect

of temperature was reflected as a change in tablet tensile strangthalysis showeal
remarkable increase in tablet strength for materials characterizethegmal transition

at low temperatue
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Figure2-12: Effect of the temperature and compression pressure on the yield pressveduEs derived
from Heckel analysis for all the different materials testerleasily compare materials with different
ductility and consequentlyy, the yaxis is set to show a Py range ofMPa Symbols * and # refer to
statistical significancgs5]
In the field of roller compactiomgowder particles are subjected to high levels of friction,
deformation, and fragmentatidhatcould significantly increase ribbon temperature and
subsequently affect its adhesion tender@gborn et al]8] used a thermal imaging
technique tonline record thesurfacetemperature profile of the ribbent was found
that the rilibon surface tempatureis a materiadependent phenomen; thetemperature
beinggenerated by friction and stress appliethe material during processingltering
sone processing parameters suclgdraulic pressure, gap distance, roller speed and the
lubricant concetnation can significantly affect the temperature of the ribbeigure
2-13). On the other handshangingother processing parametesuch as the use af
cooling systendid nothave an déct on the ribbon temperaturndowever,it is worth
mentioning that the us# a cooling systemappeared to limithe stiking of maltodextrin

athigh compactiorpressurs|8].
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In a more diailed study, Omar et gb6] employedanonline thermal imaging technique
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temperature was shown to increase slightly with increasing roller speed; this was

attributed taboth 1) the increase in powder internal frictian higher powder velocities

when powder paicles pass between the rollers é&)dthe ncrease in the feeder screw

speed at constant gap distar8enilarly and due to the same reasons, increasihgreit

gap distance or screw speed leathigher of ribbon surface temperature

More recentlyWiedey and Kleinebudde[57] evaluatedthe use of themography
technology to monitor the cohesion property of the ribbon indeifrits solid fraction.
The applicability of this technique was tested on a wide range of fitleas possess
different mechanical and thermal properties and at various levelagifesium stearate.
A calibrationcurvewasdevelopedo correlateribbon surface temgrature withthe solid

fraction. The curve was thepplied to determine ribbon solid fractioreatide range of

processingparametersThe authorseportedthat calibration curves varied substantially

in terms of slope and offset so that a new calibration doagetobe devisedfor every

formulation.For all tested materiglshe ribbon surface temperature increased at higher

solid fractionshoweverthis relationship variedsignificantlyin thecase of roller stickig
occurrencgplastic materials with no roller sticking showed hiRfh whereas moderately
sticking DCPA showedlower value and thextremelysticking mannitol showedmuch

lower correlation valueTable2-2). The authorseferredthat to thereductionin the gap
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distance whemmaterial permanently adhere to the rollarface.Moreover, the study
showed that adding magnesium stearate to the powder lead to higher heat development
especially when a pair of smooth rollers were employed; this was claimed to be a result
of theaccumulatiorof powder around the tamping augehich by frictionincreased the

temperature of the powdprior to compaction.

Table2-2: Correlation between sticking to roller surface and the adjusted coefficient of determination

[57].
Material Roller sticking R?
Isomalt None 0.9999
MCC None 0.9884
DCPA Moderate 0.9505
mannitol Massive 0.7893

2.2 Compact defect due to impropetrinteraction between powder

particles (cohesioninduced defects)

In addition tothe compact defects induced by thewdermetd interaction (adhesion
induced compact defect),compactdefect can alsoriginate from theesponse of the
compacted material to the applied streshesioninduced defects}hisis similar to the
capping andaminationencountereduringtablettingproceses Severahypothesswere
madeto understandhe incidencef such kind of failureDwivedi [58] hypothesisedhat
compact failure during decompression occurs when the bonds formed during compression
cannotwithstand theelastic recovery during decompressibarthermore\Wu et al.[59]
usedthefinite elemenmethod(FEM) to investigate theompactiorbehaviouiof powder
during compactionLactosepowder was moddled as anelasbplastic continuum using
the DruckerPragerCap (DPC) model The FEM showed a heterogeneous density
distribution across tablet dimensions; vdgnsezone at the top edge of the tablet and a

relatively low density at the lowedge(Figure2-14-A).
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Figure2-14: the distribution of (A) density at maximum compaction pressure and (B) Shear stresses as
reported in Wu et a[59].

This heterogeng was attributed to the friction along the die wall timditibits powder
movement as the punch moves downwards. The heterogeneity of the density distribution
indicates more relaxation at the tablet top compared with that at the bottom. Tablet
recovery wasassociated with intensive shear bands that propagate from the surface
towards the centre edgEigure2-14-B); this shear band was considered to be the main
cause of gaping during decompaction. The results of the density distribution and
development of failure were all demonstrated experimentally using -ray
microtomographiémages. This mechanism of compact failure has also been reported in
asimilar study[17].

It has been suggestethat other contributory factors could also participate in the
developmet of thecompactdefectssuch asir entrapmentwhich prevens strong bond
formation during compactiof60], friction conditions between the powder and the die

wall [17], and thedeformationcharacteristicef the compacted materidls5,61]

On theother hangdso farthere is no clear understandioighe cohesiorinducedcompact
failures that take placein theroller compaction procees However,a few researchs
reported the occurrence silichdefectsduringroller compactionno clear understanding
of theunderlyingmechanisnwas providedWu et al.[62] investigated the effects of the
moisture content of microcrystalline cellulose (MCC) as a pewdderand naed that the
ribbons produced at high values (>11.44 %) tended to split across the width. It was
ascribed to the resulting reduction in the tensile strength of the ribBodset al.[63]
reportedthat, for a range of powder feeds, the occurrence of ribgolitting (the exact
location of the splitting was not mentioned) vmaisiimisedwhen the gap was < 2.6 mm.
Cunningham et a[64] suggestedbased on finite elementodellingthat the reversal of
the direction of the shear stress at the neutral angle could be a contributorgiteetor
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that particle compacts are weak in shear. However, it would be difficult to evaluate

experimentally.

Similar to the cappinghenomenoin tabletting ribbon failure during roller compaction
could be aesultof serioudlaws thatmayhave its impacbn the final product attributes.
Accordingly, building a mechanisticunderstanshg of this phenomenomight assist

formulators and designers to avoid the underlying cause of splitting.

2.2.1 Factors affecting defects due to improper particleparticle interaction
2.2.1.1 Material related causes

2.2.1.1.1 Effect of materials mechanical properties

Material mechanical properti@seone of the main contributory factors to the occurrence
of the cohesioiinduced defects such as capping and laminatidahbtettingor ribbon
splitting encountered irthe roller compactionprocess In the case ofthe tabletting
processMullarney and HancocK65] investigated the capping tendencysof different
pharmaceutical excipients that haverigus degreeof deformability. Cubic compact
weremade using uniaxial compaction machin¢éhe compaa werethensubjected to
indentation ad transverse tensile testingdifferentorientations. The degree cdmpact
anisotropywasthendetermined based on dimensionless raiarsely the axial to adial
tensile strength anthe side to top indentation hardneBse study showed that compsct
with higher anisotropylevels showed higher brittle fracturevalues The dgree of
anisotropy was compared with tablet tensile strength to assess capping teRrdency
example,Ulactosemonohydrateshowedmoderateto high anisotropyvaluescoupled
with a relatively low compact tensile strengirhich suggested that this materlasa
highertendency for cappingn the other hand, MC®asunexpectedlyound to have
comparatively highdvel of anisotropy, however, the authors claintetthe very high

tensile strength of the compactsti compensate for its anisotropy ahdsprevened

anycapping.

In another studyRauland Sur{66] examined the hilie compaction data in an attempt to
understand the mechanism of tablet failure (capping/laminatidime authors
investigated the cappingopensity ofan acetaminopheitontainingformulation which
is a weltknown poorlycompressile drug. The deformability ofthe formulation was

varied by increasing th&PI concentratiorby 25% increments a binary mixture with
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MCC. An instrumented comg#on simulatorwas then used tmaketabletsover a
pressure range of 280 MPajthe maximumdie wall pressuré@VIDP), residual die wall
pressurdRDP), andthe ejection forcenvererecorded for each tabléfhe ceformability
of the differentformulatiorswa s det er mi n ednalyss.iUsig theldie k e | 6
compaction datehe followingresults weréoundand used tbuild an empirical equation
for capping prediction: 1high powder yield strengthesulted inmechanically weak
tablets and higher capping probability2) the maximum die wall pressure was
independent of composition and compaction speed anddatfect on cappindg) the
in-die tablet elastic recoveyER) increased at both higher compaction pressareal
higher drug loadingandlead to higher levslof capping 4) the residual die wall pressure
was insensitiveo the increase idrug loading up to 50%owever increasing the drug
loading to 75%and 100%significantly reducedhe residual die wall pressurghichwas
attributed to the occurrence of capping inside ttablet;5) increasing both compaction
pressure andPl concentration resulteth ahi gher Patioi (rg) samd ngteater
capping propensityrigure2-15 shows the capping and neapping zones in relation to

the most statistically significant affecting processing parameters.
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Figure2-15: Contourplots of capping and necapping zones at (A) constant tensile strength and
Poi ssonds r at i diermaowery 4nB fesiduabdiepressi@®. i n

Eventually, the most statistically significant capping facteeseimplemented ira two

factorinteraction modelo predictcappingpropensity (CPas Dllows:

60 ¢& w i BOO'YUBEY OV vy Y'Y @] €) Equation2-4
vg BYOBY'Y T8 BYH®)
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Similarly, Kuppuswamy et al[67] investigated the role of powder mechanical properties
on the capping tendencthree sets obinary mixtureswere chosero represent three
different types of deformationombinations namely, plastmastic, brittleplastic and
brittle-brittle. MCC and magnesium steargte@lgSt) were selected & plastic model
materials while dicalcium phosphatgihydrate(DCP) and acetaminophen (APARge
chosen as brittle material§he @pping propensity was evaluatedoy conducting
indentationhardness measuremems thesurfaces of the different tabdetthe study
classified cappig tendency according to the indentation depth at which a takek
place while the surface crack is evaluated lobse images taken by light and scanning
electron microscope# the indentation teseadsto cracks at an indentation depth of 0.5
mm orlower, the tested material is then classifiedussceptibleo fail upon compaction.
Also, if no cracksoccurredup to 0.7 mmthisindicates low failure risk. Nevertheless,
cracksinitiated between 0.5 and 0.7 mandthen the material has to be treatetthw
caution.Theresults are mainlgttributed to the ability of the plastic material to prevent

crack propagation.

Similar findings wererepoted inanother stug [15]; however, so famo attempthave
beenconducted tainderstand the developments of seoimpactdefectsin the field of

roller compaction.
2.2.1.1.2 Effect of lubrication

Lubricans arewell known to reducéoth powdertooling and powder/powder friction
which could be beneficial iminimising compact defect§68]. Factors lke lubricant
concentratiorj69], type [70], methodof application[71], and druglubricant interaction
[72] are the main factors that shoulddpimisedbeforelubricaion. Takeuchi et al[71]
assessed theeffects of lubrication on the @pping tendency of two different
pharmaceutical excipients, namdpcto® andmannitol during tabletting MgSt was
either addedby internal or external methods the case othe externalmethod, the
lubricant was applied directly on the die wadling a cotton budVhereasn the case of
internal lubrication, each excipient was mixed with différeoncentrations digStin
the range of 0.1 to 1%Tlhe @pping tendency was evaluated basedthe several
compaction parameters includiMpP (mean die wall pressureRDP(residual die wall
pressure)and the ratio oRDP/MDP. The studypresentedRDP/MDP asa novelindex
to predictcapping propensity evenihe cas®f external lubrication. Aowerindex value
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suggest a higher degree dbond formationand lower capping tendency; this is because
of the higher stress transition at the maximum applied normal sgesdieated by the
MDP, in addition tathe lower friction withthe die wall as presented by the RDP. The
effect oflubricant addition on the suggested capping index is showngare2-16); the
use of external lubrication for lactoaed mannitol corresponds to 1%de0.5%for those
internally lubricatedablets As seen in the figure, adding lubricant either internally or
externally was successful minimising tablet cappingwhich extensively happened

without lubrication Capping @currence a is represented by (*).
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Figure2-16: effect of external and internal lubrication on the RDP/MDPAlactose and Bnannitol *
Capping was observed duritegpletting[71].

Similar findingswerereported byZuurman et al[73] who investigatethe effect of MgSt
on the level of particle bonding of two materials with different deformdtigmaviour
namely, MCC (predominantly plastically deformable) and sorbitol (more brittle in
nature). In comparison with sorbitol, MCC tablets showed a higher lubsessitivity
as indicated by the higher reduction in tensile strength when lubricant was(kaped
2-17 A-B). This was attributed to the fragmentation of sorkaggregates, which destroys
lubricant filmsand create new cleaparticle surfacesthat are free forinterparticular
bonding. However, the brittle nature of sorbitol made it more susteptib the
occurrence of cappingghich was denoted by the higher discrepancy of the sorbitol tablet
tensile strength data when plotteghmst its compaction pressufide data plottedy an
astrix represent unlubricated sorbitol tablets that do not fit the corresponding curve.
Adding MgSt resulted imeaker tabletaith more consistent data to the fitting line, which

was associated with no capping inciderfeigyre2-17).
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Figure2-172 Tensile strength of unlubricated (Yy) and | ub

at a range of compaction pressures. (*) represents unlubricated sorbitol tablets which show start of

capping[73].

A different conclusionwas made byDudhat et al.[74] who evaluatedthe capping
propensity of the tablets tht are made from a blend of pharmaceutical powders
(APAP/MCC)based ortheirrheological propertieand more specifically thgowderair
permeability Powderswith higherair permeability are moreaée to relievehe entrapped
air and reduce the occurrensecompact defectd he permeability of the powder blend
was measured by compacting the blend at a series of normal stresses by a vented piston
Subsequently the powdé&edbase was subjected to a constant velocity air stream. The
permeability was then determined according to the pressure drop across the powder bed.
The study showed that increasing APA&PI1) contents lead to significantincrease in
the pressure drop at@lt 80 % API contentHigure2-18). The authors claimed that this
significant change in the pressure drop was responsible for the high capping propensity
at this APl %.Adding 0.5% MgSt to the APAP formulations showed a higher level of
pressure drop compared with the fobricated formulation Kigure 2-18), i.e.
lubrication did not easthe ability of the powder bed to relieve the entrappedTdiis
could eventually explain the inefficacy of using MgSt to prevent the occurrence of
capping with these formulations.
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Figure2-18: Permeability of powder beexpressed as the pressure drop across the powdat b&dkPa

as a fuietion of API contentsThe measurements were conducted with and without 0.5% MgSt
In conclusion, there isonsiderableesearchhathasinvestigate lubricationas a strategy
to alleviate the occurrence @bmpact defectsluring tableting. However, so far, no
research trials were conducted to investigate sudtrategyin the field of roller
compaction.

2.2.1.2 Process related factors

2.2.1.2.1 Effect of compaction pressureand speed

During powder compaction, particles are subjected to an increasing pressure by which
particles undergo variousefbrmation mechanismsincluding elastic deformation
followed by plastic deformain and/or fragmentatioihis is followed bythe unloading

stage during which some of the stored elastic strain is restBrexbssive elastic
deformation could lead to compact defects ifisit high enough toovercome the
interparticularbonding formed in the compaction phase. Tl and ratef pressure
applicationarecritical factorsfor both theinterparticulafonding ad elastic recovenyni

the unloading phase. Akseli et pl5] investigated the effect of compaction pressure and
speed on the cappinggmensity duringhetablettingproces. The authors developed a
nondestructive method tpredict capping propensity based on the acoustic property of
the compacttabletaxial and radial soungtave propagatioselocity wasdetermined and
correlatedwith the elastic property of the compact at different orientatidie degree

of capping was then evaluated using a dimensionless ratio afR£E ragiawhich is

the ratio ofthe axialtoradiak o un g 6 s mo d u | Based anfthe éxpeementa b | e t .
results higher EG values indicate more homogenous compact and less probability of

capping.A diverse set of pharmaceutical formulations (28 blends) were compacted at a
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rage ofcompaction forcg(5-25 kN) andcompactiorspeed (25,40 and 80 rpmand the
resulted tablets weranalysedfor their acoustic properties usirg pair of 5 MHz
transducers operating pitch-catchmode The study showed thatcreasing compaction
force led to lower EG values and subsequently higherappingtendency In terms of
compact porosity, capping was more pronounced at porotisthan 25%.This was
ascribed to thénigher stored elastic stramat higher compaction foregthis strain is
restored at the decompression phase and act as a stresstreboicéo decrease the
compact integrity.Additionally, the authorsmentioned thatovercompactionof the
powder bed could resutt intensive shear bandsiring decompression whichaybreak
the already formednterparticularbonds and cause compact defe€s.the other hand,
increasingcompaction speedenerally coincidé with a higher degree of compact
defects. However, no scientific evidence was provided to sufipefinding

The previougesultswerefurther confirmedoy Pauland Sur{66] who investigated the
effect of both compaction pressure and speed on the occurrence of tidfkcts.
Different amourg of aetaminophen powdeveremixedwith MCC and MgSt, thellends
were thercompactedver a pressure range of-360MPa and at a dwetime of 10, 15,

25, and 100ns. The study showed that increasing bottmpactionpressure and speed
tends to increase tpeopensityof capping. This was ascribed to the increased in the level
of elasticrecoveryas indicated by the measureddie elastic recovery (IER %]}his
could weaken thaterparticulafonding and enhance theobabilityof compact defects
(Figure 2-19-A). Moreover, reducing tabletting speed at constant pressure tends to
improvebondformation and reduce cappifgigure2-19-B). Excessivancrease®sf the
appliedpressurg>200 MPa)was associated with a sudden fallthe measured tensile
strength which was claimed to be a resuthefdevelopment ahacro crack thetablet
structure. Consequently, the measured tensile stregngdtiis caserepresents the energy
of crack propagation rather than ih&erparticularstrength Figure2-19-B).
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Figure2-19: the effect okcompaction pressure on A:-ilie elastic recover (IER %) and (B) tablet tensile

strength for a formulation containing 75% Acetaminopf&). The time shown on the figures is the
dwell time.

In the field of roller compaction, limited or no research trials Haencarried out to
understand the effect of rollpressureandspeed on thdevelopment of ribbodefects;
the literaturdnasmainly focused on the impact of these parameters on sétheribbon
properties such aberibbon strength and densitly.is generallybelieved thatheroller
compaction pressuretise most influencing parameter on riblaord granuleproperties;
increasingcompaction pressure irease ribbon density and strength and hhs same

impact ongranules propertig§6i 78].

On the contrary, increasing roller spesidconstant feeder screw spegds found to
reducetheribbon tensile strength and density; this is believed to be due to the fact that
increasing roller speed at constant feeder screw spRetes the amount opowder
delivered to the compaction zone and subsequently rethieabbon width, thickness,

and breaking forcgr7,79]

2.2.1.2.2 Effect of tooling geometryroughness

Tooling design and specificatisrsuch asthe punch curvaturelie wall roughnessn
tablettingprocess or roller surface featuresratier compacton processreone of the
parameterghat couldinfluence the properties of the compact during the compaction
processHowever, very limited researaliorks havebeencarried outto understand its
impact oncompactintegrity. In tableting, changing punch wvaturéroughnesswas
found to change the pressure distribution and affect defedishaviour upon
decompression; Wu et gB0] have conducted a numericand experimentaktudy to

investigate the occurrence of capping. The study demonstrated that the main cause of
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cappingis the intensive shear basfdrmed during decompressiofhe authors explored
different approaches to alleviate capping propensity; bas&Earumericamodelling
the study evaluated capping propensity dnalysingthe pattern ofthe shear stress
distribution under different process parameter. was found thatecreasinglie-wall
coefficient of frictiondid not eliminate thelevelopment of the sheaards; the results
showed intensive shear bands running from the top edge tonidecentreat both low
and high diewall friction values(Figure2-20 A-B). Moreover the results showd less
intensive shear bandsr convex tablets comparing with fidced tablet¢Figure 2-20
B-D). This agreed with the experimental observations, wiessecapping was observed

whenincreasing the concavity of the punches used
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Figure2-20: The shear stress distribution during decompression for compaction with differeveltie
friction and surface curvaturg¢®0].
Similarly, Akseli et al.[75] reported in their study that a bettablettingperformance
and lower capping propensity was observed when a more rounded punch surface was
used.Moreover,in another studyPauland Surn[66] reportedthatincreasingthe AP1%
in the formulationincreased the coefficient of frictiopetweenpowder and die wall
however at higherAPI percentagéi.e. >75%) thee was a remarkable decrease in the

coefficient value which was attributed to thecurrence of capping.

In the field of roller compactiorthere have beemo studies so fazoncernimg the role of
roller surface specificationn the occurrenceof ribbon defectsi.e. ribbon splitting
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However,some efforts have been made to understand the role of roller surface features
such as roller knurling and roughness ribbon density which could improve our
understanding to the developmetribbon defects i.e. ribbon splittinBaugherityand
Chu[81] investigated theffect of roller serrationvolume on ribbon tickness;a set of

four different rollers with various roller serration volumesre employed to roller
compacta formulation of lactose, MCC drMgStinto ribbons.Theresults showed that

at the same processing conditiog. constant roller pressure/auggreed/roller speed
ribbons produced with more serrated roller surface have higher ribbon thickhess.
was attributed to the fact that more serrated rollers can draw more powders into the
compaction area and increase both gap distance and ribborefgdWlore recently as

a part of their studyCsordas et a[82] investigatedhe effectof roller surfaceon ribbon
relative densitytwo pairs of smooth and knurled rollers were usewtogact MCC and
mannitol, mixture of MCC/mannitol into ribbons. Compag all relative density results

it was found that denser ribbons wereaned for all studied materials when roller
compaction was performed with smooth roll@fgyure2-21 A-B). The ribbon relative
density was determinefom the ratio ofthe enveloge to true density; envelop density
was measured usiregGeopyc powder pychometer, so that only an average value was
taken to repremnt ribbon density, i.e¢he study did not take ttedfect of the weHlreported
density heterogeneity o consideation when making this argumenthe authors
attributed this to the greater contact area achieved when knurled soleusegthis
resulted inlessstress than the one exerted by the smooth rollers. Moreover, the study
mentionedthat all ribbons made with mannitol showed significantly higher ribbon

relative density than MCC or MCC/mannitol mixture.
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Figure2-21: Relative density of MCC, annitol, and MCC/mannitol ribbons produced using a pair of
smooth (A) and knurled (B) rolle{82].

2.3 Predictive models in roller compaction

Various theoretical models have been developed to enhance our understdrttieg
roller compactiormechanics which is essential when trying to optimise, design, control
and overcome challengeBhese models have bedevelopedo predict diffeent critical
attributes such as the maximum norrsess and ribbon densitfhe naximum stress
applied durig compaction is considered to be the nioitiential parameter over ribbon
physical propertiesuch as ribbon density and strengthus building a predictive model

for the stress profilef roller compactiorcould be ofgreatimportance tamprove our
understandingf the processis well ageducingtime and effois spent during trial and
errors experiments.

2.3.1 Johansord® Model

Johansonj47] has developed a comprehensive mdmeded on the Jenike yield criteria
for particle steady flow in hgpers and silosThis model assumes the powder to be
isotropic, compressible, frictional and cohesivithe model uses both equipment
geometry specificationandthreemain physical properties, namethe effectiveangle

of internal friction

, theangle of wall friction» |, and the compressibility factor

(K) to determine the nip angle and the maximum stress apaidte materialBoth
effective ande of internal friction )

and angelwall friction n  can be measured

experimentally using shear cell.The compressibility factqiK), can bedeterminedrom
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the slope of the logarithmic plot of the densitgs a function of the pressuieduring
uniaxial compression.
iide 4 'I'M—Q Equation2-5
n M
The model divided the compaction zone into two zones according to their angular
positions.Assuming that sligroller speed is higher than powder spesdhappening

along a certain angular range of the rollsurface, Johanson described the pressure

distribution in this area by the following equatif@T]:

3
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where A is themean normal stress at positiep—is the angular position in roll bitg
is the effective angle of the internal friction (related to material flow propé&ty$ the

roll diameter andi is the gap between the rollers.
A is aparameter given by:

f w2 Equation2-7
.

" is described by the following equation:

, "Q‘i me
| E—=
i Qe

n Equation2-8

wherel s the angle of wall friction (related to material flow property), &ncan be
calculated by the following equati¢#7]:

A Equation2-9

A
t 8

As the materialarrive tothe nip area where no slipping is occurring, all mateasd
trapped and compressed to the thickness of the roll gap andethe distribution in this
area is covered by the following equat{df]:
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whered can be defined as the average thickness afibbenrolled when the roll gap S

is zero.

The angle at whicthe pressure gradient of botheslip and nip areas are equatdaled
the nipangle | andis determinedy equatinghe pressure distribution lBquation2-6

andEquation2-10 as shown irfEquation2-11:

Equation2-11

Subsequently, the maximum stress appt@the material can be calculatég the
following equation47]:
G2 Equation2-12

d 70K

WhereRs is the roller separating forc®V is the roller width, anQ is the force

factor and is given by the following equatigtY]:

i Equation2-13
o ————— Al
p ‘g AIJAAIO

J o h a n manel bas beemalidatedby many researchers to predict the pressure
profile along the roller surfagdindhumadhavan et giB3] used an instrumented roller
press equipped with piezoelectric transducer to validate the maximum normal stress
predictedbydhansonds mo d étocrystallime cellhloss was dcompahogsd m
a range of processinqmrameters usinggravity feeding system, the studlgowed alose
agreement between the experimentally meaksmaximumstress and that calculated by

Jo n a h s o n fosa rdngeofagapysizésigure2-22).
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Figure2-22: Comparison between experimentally and predicted stress profile calculated usihnga n s o n 6 s
model at a range of gap distan{&3].

In another studyYousef etal. validated dharson 6 s

Johansonos

theory by

comparing

v aséparatisg foocé and wlled terque with thaseasured

experimentally.The study mentionedthat the predicted valuesf the model wre in

reasonable agreement with the experimental results.

The theory is widelypplied inthe field of roller compactiofi7,41,84] However, in

addition to its weaknessith respecto predictingvariationsassociated witlthanging
roller speed, another limitain of b h a n gheorydvas introduced by dd et al.[85];
the authors mentioned that the compressibdéiermined by the powdaw relationship

between the stress and the ribbon density does not capture the behaviour at small

pressures. Alternatively, a uniaxial compaction data was fittethe@orelationship
developed by Adams et §86] that was adopted i85]. The relationship is given by the

following equation:

a§

ap Qanl -

ae—

Equation2-14

wherell is the modified compressibility factor, is related to the mechanical strength of

the particles and is the compressive natural strain given by:

- Ak

Equation2-15

where'Q is the initialheight of the powder ari is the current powder bed height.
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If the roll separation distance at the nip angldJ is calculated using the following
equation85]:

i i Qp wéE+ Equation2-16
wherei is roll separation distance amangular position-g.

The roll separation distande atthet r ue ni p thembg takulafed usiagrthe
following equation85]:

i s Equation2-17
— P Qone o

and the true nip angl®) is thencalculated accordinglyEquation2-16).

2.3.2 Finite element Modelling (FEM)

FEM is anumeical method for solving engineering problems. The modelling is based on
subdividing the system using a mesh consisting of smalleglements that are
interconnected byodes. Each elememt assigned certainepmetrical and material
propertiesand analysed under specific boundary conditihred could includeforce,
temperatur@anddisplacement. The solutions of aibividual elements are assembled to
describe the response of the whole syq&nh The FEM approach was used by several
researchesto investigate powder behaviour during roller compact®yg et al[84] built

a two dimensionaFEM modelto investigateMCC powderbehaviarr during roller
compaction.The model was developed using a commercially available ABAQUS code
based ora modified DruckeiPrager capnodel (DBC) asthe constitutive model This
material models a pressurelependenyielding plasticity model with linearlasticity
which was calibratetly conductinga series of simple and diametricalmpressioniests

in an instrumented didhe model assumed no cohesmtweemowder particles. Ko,
while theangle of internal friction was estimated to bé&, &% angle of wall friction was
assumed to followhe Gulomb law of friction with coefficient of friction values ranging
from 0.35 to 0.5Modellingwas conductedntil constant values of roll force and roll

torquewereobtained.

The study showed that feeding stress has a significant effect on the roller pressure

increasing feeding stress led to higher roller sé®as constant friction coefficient.
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Additionally, the study demonstrated tHaath roll force andoll torquehaveincreased
whenincreasingthe friction coefficient and feeding stress. The authors mentioned that
the main challenge of the FEM approach i©i&we a constitutional material model that
could better describe material behaviour during compaction.

In another studyCunninghanet al.[64] developedD and 3DFEM modek to evaluate
the variationin the roller compaction process. The modelling triaése followed by
roller compactiorexperimentaisingan instrumented roller that was equipped with load
cells distributed across the roller width. The cells are capable of measuring both normal
and shear stress across the roller width. TH8BC constitutive model was used to
describethe mechanicgbropertiesof MCC powdey which is the model powddor this
study.Experimentally, lhe authors found that the normal pressure started to incedase
about 10°, reached its maximum vahtethe rdl width centreclose to O°and reduag
backto zero at about 5 to 8Figure2-23). On theother handthe shear stresses buif

to about 24 MPa close to the entry angle thieth decrease to zero at the neutral arigle
the exit region, thehear stress reversed its difes and increased rapidly to about- 28
100 MPa at about®ZFigure2-23). The predicted shear stress aftbe neutral angle is
about 3 times higher thahosebefore the neutral angle, this is suggestembtuributeto
properties of the ribbons in terms of fraewr lamination. Additionallythe modelling
explains the pressure variation acragghbon width based orhé heterogeneity in the

feeding across the widdnd the frictional properties of the side sealing.

0
ROLLING DIRECTION
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ROLL ENTRY ROLL EXIT
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’ -3-press (B) -#-shear (B) < press (A) ®-shear (A) ~&—press (C) -+-shear (C)

Figure2-23: Normal and shear pressure distribution as a function of angular pa@sitilgposition across
roll width [64].
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Michrafy etal. [88] used &D FEM model to the roller compaction of MCC powder. The
study theoretically divided the area of compaction into thraedigegions; firstly, the
slip region controlled by sliding of the particles between the rollers. Secdhdlgtick
region of the pavder movesat the velocityof therollers. Finally thereis the ejection
phase in which theheasstresgeverssits sign and thebbon is releasedta speed higher
than the rollerspeed In agreement with Cunningham et f84], both the maximum
pressure and maximum ribb density reachetthe highest level before the minimum gap

distance when there was no shear stress.

In a more recent studj89], FEM was successfullynplementedto investigate MCC

behaviour during compactiothe study included a comparison beem Johanson and

FEM modelling. It showgan agreement ithetrend between the two approaches except

for some discrepancies whehanmgingthe effective frictionanglei . e. unl i ke Joha
approach the FEM model predictednip angle valueshat decreased when increasing

effective friction ante.

2.3.3 DiscreteElementModelling (DEM)

DEM is anumerical modelling method #te particle scalelt compute thedynamics of
particles (typically spherical) based on thémter-particular interaction which is
governedby contactmodek due toexternal force such as gravitgndinteractions with

the surrounding geometrical objestsch agvalls ormixing bladeq90]. Odagi et al[91]
developed a 2D DEM model to simulate the powder behaviour in roller compattie
authors asumedhat theparticleswere spherical and monsized.The interparticular
interactions were expresd as adhesion forcelstained experimentally by measuring the
tensile strength of the ribbons. The stuslyowed thathe model failed to simulate
densifcationand compactiomto a ribbonwhen the adhesion forces were not considered.
However, introducing adhesion forces to the model improved the predictalbilibe
model; the mass throughput was directly proportional to thersgeedwhich followed

the trend of the experimental resuliie authors pointed out that a significant variation
between experimental and predicted stress distribution was observed, this was referred to
the modellingassumptionthat did not take the role of ain account additionally

assuming spherical particles could also contribute to the variation in the results.

In a more recent studiyjazor et al[90] exploitedthe advantages of both DEM and FEM
to model the two mechanisms involved in the roller paation process; DEM which is
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more suitable to simulate particle flow was used to model the feeding of particles to the
compaction areaVhile FEM wasimplemented to simulate particle deformation under
certainfrictional and mechanical properties. The w#lp of particles at the endf the

screw feeder was determined by DEM modelling and used as input data for the
subsequent FEM simulatiaf the compaction zonéFigure2-24).
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Figure2-24: Schematic representation to the approach used by Mazof@]athe predited particle
axial velocity used as an inlet velocity for the FEM model.
The study showetdow theinhomogeneity othe feeding velocity due to screw feeder
rotationcould affectthe density distribution in the resultant ribbons; a sinusqatérn
of roll pressure and relative density was observed in which the period of variation was
equal the screw feeder rotation time. However, no experimental validation was eonduct
to validate the developedadel.

2.3.4 Artificial neural network (ANN) modelling

ANN is adatadriven modellingsystem that is based on a set of algorithms inspired
by the human brain nobanism of information analys[92]. Turkoglu et al.[93] used
ANN and genetic algorithno analyse thelataof 42 different experiments in whic
acetaminophen hadbeen roller compactedising different binders types, binder
concentrationsand number of rollecompactopassesData analysis was conducted in
an attempt to optimisthefinal tablet properties in terms of disintegration time, stiteng
ejection force, and friabilityThe studyshowed thathe ANN was able to predict tablet
crushing strength with R= 0.9064 which was comparable witthe genetic algorithm
resultsHowever theauthorgointed out that genetic algorithrinadhigher pedictability
for the rest of tablet characteristizss comparison with ANN.In another study,

Inghelbrechtet al.[76] successfully used ANN technology poedict granule quality in
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terms of friability while the input of this model were four different process parameters,

namely, roller speedselocitiesof both horizontal and vecal screw feedersand air

pressure. The results showed that unlike polynomial fitting, the developed ANN model

was able to predict the friability of the roller compacted granules more accuBsiséd

on the ANN intercorrelation, the most two influenta | parameters on gran
are loth horizontal screw speed and@essure; these two parameters should be kept low

to maintainhigh granule quality. The study also mentioned that the qualigyasfules

could be mproved if the ratio betweeroller speedand horizontal screw speei

maintained to be around O(kigure2-25).
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Figure2-25: ANN predicted granulériability as a function of horizontal screw speed (HS) and roller
speed (RC)76].

More recently, Sajjia, edl. [94] developed a ANN modelto predict MCC ribbon
average density based omo process parameters as inputs including roller force and
screw speeRibbon average density was measured using Geopic technology alatkethe
from 16 roller compaction experimentgeredividedinto 3 datasets;10 for training, 3
for validation and 3 for testindANN topology was optimised and the best reswiere
obtained when Bidden layers were used.he predictedesults of the developed ANN
was compared with Joavarags deviafioef prediciioeof ANNe s ul t s ;
was 0.9%agai nst 4. 6% f orHowkweh ales com@astion nsoal e |
complicatedprocess which involhemore process and material parameters than those
consideredn this study. Additimally, the meanenvelopdensity predicted in this study
does not reflect the real quality of the final producit agnores the variation of ribbon

density caused by the heterogeneous nature of this process.
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2.3.5 Theoretical Modelling-Summary

Different approaches have been exploited to simulate powskhaviour dung
compaction and each methbdsadvantages and disadvantages. In terms of computer
modelling, FEM requiresa constitutive model that couldccuratelyprescribe material
mechanical propertee DEM could be beneficial to investigatarticle flow mechaniss
involved duringthe feeding stage of roller compaction process, howéyeits nature,

the DEMapproachs not suitablego deal withparticle deformation andf breakage that
could cevelopduring roller compactiorthis could limit itsapplicability for compaction

studies.

In spite ofthelimitations,J o0 h a nteeormv@as confirmety anumber of researchés
provide a reasonable agreement with the experimental measuremeigts@hdiewed

by engineers assatisfactorynodel to predict product properties as a function of process
variables [41,89,95] The main advantageof this model being computationally
economical and vergimpleas onlya limited number of powder parameters, which can
easilybe measureaxperimentally are required tamplementthis theory.Concurrently,
efforts have been elaborated in ordeettancats predictability[7,85]. The modified
Johansono6s moRdtelketalf85] was asedetalcaldulatee maximum stress

of compaction in thisvork.

In terms of datadriven modellingand more certainly ANN modellinghere is only
limited researchin terms of inputs used, whickill diminish the applicability of the
developed model in the field of real process control. Moreover, in termsdei matputs,
most of the existingvork focugson average ribbon porosity addes not take theell-
knownvariation ofporosityacrossaribbon widthinto account. A better model for process
control purposes would predict the variation of ribbon porosibgsiciering more material
and process parameters so that it could respond to both process and iommeilaited

variations. This wilto be discussed in more detail in Chapter
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2.4 Aim of the research

The work is aiming to investigate tfalowing points:

1 The aim of the current wotk to elucidate the mechanisms of ribbon splitting
by an experimental study involving singtemponent powders with a range of

yield strengths, including those that are commonly used as excipients.

1 Assessthe dfects of knurled and smooth roller surfacea ribbon density

distribution and ribbon splitting occurrence.

1 Assess the role gfowder and metaurface energy in powder sticking during

roller compaction

1 To further improveour understandingf theroller compaction in terms of the
inhomogeneity of ribbon properties. A new neural network misgebposed

which accourt fordifferent process and material properties.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Materials

Seven different powders with a rangemdchanical properties were selected: calcium
carbonate (CaC#) (Longcliffe Quarries Ltd., UK), maltodextrin (Glucidex 6, Roquette,
Fr an c-lmdtose monohydrate 200M (GranuLac® 200, MEGGLE Germany),
microcrystalline cellulose (MCC) (VIVAPUR®101, JRPHARMA, Germany),
anhydrous lactose (NBT, Kerry bioscience, USA), mannitol C160 (Pearltol®C160,
Roquette, France), pregelatinized maize stafStarch 1500®, Colorcon, UK) and
magnesium stearate (MgSt) (Pe@neven).The particle sizen terms ofdistributionsand
(d10, d50 and d90yas measured using a Camsizer XT (Retsch Technology GmbH,
Germany) as shown ifrigure 3-1 and Table 3-1 respectively. Scanning electron
micrographs of the particles are showrfFigure 3-2. Moreover, therue density of the
studied feed powdsare tabulated ifable3-1.

12

Fraction %

0 50 100 150 200 250 300 350 400
Particle size (um)

Figure3-1: Primaty powder particle size distributidor CaCQ (5 ), mannitol 0 ), lactose 200M
), anhydrous Iactos@( ), starch (U ), maltodextrin 6 ) and MCC 6 ).
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Table3-1: Primary powder particle size data.
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Figure3-2: SEM images for the primanyarticles used in this study.
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3.1.1 Calcium carbonate (CaCOs)

Calcium carbonates an odourless and tastelgssvder. It can be extracted from nature
by mining or chemically prepared using calcium oxidéis powder is used in
pharmaceutical solid dosage forms as a diluentas a dissolution aid in dispersible

tablets. Also, irthefood industry calcium carbotecan be used as a food addi{®6].

3.1.2 Mannitol C160

Mannitol is a whitepdourlesswatersoluble powder that has a sweet taktes widely

used in pharmaceutical and food industry for a varietgusposes. As pharmaceutical
excipient mannitol can be added to the tablet formulation as a filevesenng agent

in chewable tablet#\dditionally, mannitol can be used as a carrier in dry powder inhalers
or asa bulking agent inthe food industry.According to the processing conditions,
mannitol canexist inthreedifferent crystalline forms|t is worth mentioning that the
mannitol powder used in this study composed of ®¥tannitolwhich knownto bethe

most stable polymorph of mannif@7].

3.1.3 Lactose

Lactose is reducinglisaccharidewvhich consists of two hexose sugar glucose and
galactose. In the solistate, lactose powder occurs as odourless and white-teha#
crystalline particles with slightly swetdsting. Depending on the processaogditions,
lactose can exist in different amorphous and crystalline forms with different projperties
terms ofsolubility, mechanical propertiesad morphology. Changingystalisation and
drying conditionganresult in different crystalline isomeriodms of lactose ranging from

Ulactosemonohy dr at e-] aahbygdr ao-thctosegd8ly dr ous U

Two different types of lactose were used in this stiidstly, UHactose monohydrate
which is produced by slow crystallisation from a supersaturated lactose solution below
93.5 °C, the slow crystallization will enable the water molecules to get incorporated in
the crystalline lattice forming what is -salled the wadr of crystallisation, where each
lactose molecule is strongly bonded to one molecule of waésondlya n hy d ¥ ou s
lactose (ahydrous &ctose NFDT, Kerry bioscience USA), which is industrially
producedoy roller drying of a supersaturated lactose solubiohigh temperature above
93.5 °C, is more brittle than tHglactose monohydrataend has no crystal water irs it

crystal lattice.Figure 3-2 shows the difference in particle structure and the surface
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roughnes$etweerthe sharpedged and smooth surfatdactose monohydrate and the

rough surface and-ladtoset e shape anhydrous D

According toa previous researcivork [99], the two types of lactose haveifferent
amount of amorphous content. While anhydréxisactose is reported to contain no
amor phous -lac@de enoriolaydirate isUexpected to have4%l amorphous
material. The wrk also mentioned that the difference in amorphous content has led to

subsequent changes in the final product attributes.

3.1.4 Starch 1500

Starch1500is awhite freeflowing pregelatinised maize starthatis composed of two
polymers, amylose andamylopectin. This material is commonly used inthe
pharmaceutical industry asfiller, disintegrant binder, or even as flowid due to its

lubrication propertief97].

3.1.5 Maltodextrin

Maltodextrin (Glucidex 6, IMCD, UK), is a sprairied amorphous polysaccharide,
produced by partial enzymatic hydrolysis of the starch. In addition to its application in
food industries as a bulking agent, due to its colourless and flavourless characteristics, it
is preferably used in pharmaceuticalléabndustries as a diluent and coating material
[100].

3.1.6 Microcrystalline cellulose (MCC)

Microcrystalline cdulose ¥IVAPUR®101) is a freeflowing, plastically deforming
material. Itis producedby severe acid hydrolysis d#celluloses which results in a
polymer with both crystalline and amorphous regidsing X-ray diffraction previous
research workeaveproven that the amorphous content of MCC is ab&@#% which is
almost the same in different commercial grades of M1 ]. This material hakts of
applicatiors in the pharmaceutical industry wheresiprimarily usedas abinder/diluent

in oral tblet and capsule formulations.
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3.2 Methods

3.2.1 Powder preparation

Prior to any experiment, the powders were equilibrated for three days at a relative
humidity of 40% and taperature of 25°C in a humidity chamber (Binder KMF 240
climatic chamber, Binder, UK).

3.2.2 Powdercharacterisation
3.2.2.1 Powderyield strength

The yield strengtlf, ) of the particles were estimategingHeckle equation, which is
basedn the compact density as a function of the applied steegstion3-1) [102].

i %‘) o 8 Equation3-1
whereY is the relative density at any given compattwessurer{), which is the ratio of
thecompact envelapto the true densityd is aconstantelated to the volume reduction
of the powder as a result of particle rearrangement and die fllirsga materiarelated
constantand itis related to the response of the material to reduce void fraction as a

response to the applied pressure.

SolIn(lp ) is plotted against the compaction pressyiie gradient of the linear part
of the plot carbe fittedto a straight line where the skpf this line(8) hasbeen useds

an indicator of the material plasticif$03]. Heckel has shown experimentally that the
reciprocalof the slopeof this line can baised to determine the yield strength of the

materials ,, ;).

Although it involves a number of limitatiorj&04] it is still used as a valuable tool for
comparing the mecharal properties of the powders. Theme awvo types ofHeckle
analysis in common use namely-die and outdie analyseq4103]. The difference
betweernthese methoddepends otheway of densitydata collectioni.e. in case ofhe
in-dieanalysisthe data is collected during compactwinereas irtheothermethodablet
density is determinedafter ejection of the compacdEor comparisonpurposesboth

methods aresed in this work.
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For the out die methgogpowdes of the same masgereaddedin a 12 mm diameter
polished stainless steel die aoompressed at a speed of 1 mm/min using a universal
testing machine (Instron 3367, USAJ) different compaction forces (3, 5, 7, 10,12,

and 15 kN). Consequently, the compact dengigs determinedfrom its mass and
volume; tablet thickness was measunsthg twodedmal points electronic callipeand

used to determine tablet voluniéhe resulted tablet density was thevidied by powder

true density to calculate compact relative density. Eventually, both the stresses applied
on the powder and compacts relative densities were fittEquation3-1; the reciprocal

of the slope of the resulted lineused to determine powder yield strength.

On the hand, fothein-die heckle analysis, force and displacement of tablets prepared at
15 kN have been recorded during compaction and used to determine stress and relative

densities similar to the procedure followed for theli@ analysis.

3.2.2.2 Single-particle compression tet

To further investigatéhe mechanical propées of the studied feed powders; powders
have beesieved to the sieve size range (ZBD um). Subsequentiythe single pader
particle ha been compressed at a compaction speed 0.05 mm/minZdwiokyRoel Z

0.5 (Zwick/Roell, Germany) test machimdich was equipped with 5 N capacity load
cell and a rigid metal base fitted with a glass p{@8texm thicknessin order toplace the
particle on it. Moreover, ®ino-Light camera(Premier, AM4013, Taiwan)has been
fixed under the glass plate order torecordthe change in the projection area during the
compression tesfThe test ha been repeated for at least 25 times for each powder

material

3.2.2.3 Compressibility factor of the powders

Raw powdes have beerrompacted using a uniaxiedmpaction machine (Instron 3367,
USA) in a 12 mm inner diametgmolished stainless steel da¢ aforce of 15 kN and a
compaction speed of 1 mm/mifhhe compaction dataesefit to Equation2-14 and the
compressibility constant calculated accordingly minimum of five replicateswere

conductedor each raw powder.

3.2.2.4 Powder flow properties: Shear cell éster

A ring-shear cell tester RSXS.s Or Dietmar Schulze, Germany) was used to

measure both the effective angle of internal frictibn)® and angle of wall friction
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n )°.Tomeasure ,the powder was preonsolidated by applying a certain nornuad
and presheared until a steady state was reached. Subsequently, shearing took place under
reduced normal load ste&@ress of 5000 Pa was used as agbrear normal stress and

three different normal stresses of 1500, 2750, and B@0fere applied sequentially.

The measurement of wall friction is based on determining the sliding resistance
between the powder and a metatface at different applied normal forces with 5000 Pa
as a preshear. Thshearstress was measured against a smooth stainless steel coupon and
a knurled stainless steel coupwhich have similar surface finishing as the rollefhe
knurled coupon wamachined using wirelectrical discharge machine (EDM) to have

the same diagonal cross hatch cuts of the knurled rollers.

3.2.2.5 Work of elasticrecovery

Powder sample of the same mass has been poured in a 4 mm die. Consequently, stresses
equivalent to thestresses applied during roller compaction have calculated using

J o h an s on BguatianZ1®2)andyapplied on the powder at a speed of 1 mm/min.
Displacement recding started aforce threshold of 2 Mhen the punch started to touch

the powder bedThe loadingand unloading energies were calculated fromrédoerded
force-displacement datal he elastic recoveryasthen calculated using the following

expression105]:

- T- Equation3-2

Where- and - are the loading and urdding energies (J) such that= 0 corresponds

to perfectly plastic deformation and = 1 to perfectly elastic deformatioAs shown in

Figure 3-3, the loading energy is calculated from thieea under the OB curwehich
represents the total work input. While the area under the CB curve represents the elastic

recovered work and used for the unloading energy calculation.
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Figure3-3: An example of loadinguhloadirg curvethat useds to calculate compact elastic recovery.

3.2.3 Roller compaction

Alexanderwerk WP120 (Alexanderwerk, Germangller compactor was usgeavhich
incorporates a feeding, compaction, and milling systeigure 3-4). Additionally, the

roller compactor is equippedith a de-aeration system that can enhance the powder
flowability and play a role in reducing the amount of fines. The countating rollers

have widths of 4 cm and diameters of 12 cm. The feeding system is a horizontal auger
and the rotational speed and, berthe applied pressure can be varied. The gap between
the two rollers is sealed with two side cheek plates that are designed to prevent powder
leakage during compaction. Metallic scrapers are fixed at about 0.1 mm distance from the
roller surfaces. Thers a gap feedback system that controls the screw feeder speed in
order to deliver the powder flow rate that will maintain the required gap between the
rollers. The relationship between roller separating force and hydraulic pressure is given
by the manufacirer (Alexanderwerk45] and tabulated iffable3-2.
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Figure3-4: Alexanderwerk WP120 Roller Compactiaith schematic drawings of the main three
systems involved in roller compaction i.e. feediogmpaction, and milling system

Table3-2: The relationship between roller separating force and hydraulic peegswiven by the
manufacturer (Alexanderwerld5].

Hydraulic pressure (bar) Roller separating force (kN)

18 7.46

30 12.43
50 20.72
80 33.15
120 49.76
150 62.16
230 95.38

To examine the effects of the surface topography of the rollers, two pairs of rollers with
different surfaces (knurled and smooth) were used in this dfeidyre 3-5). The
indentation depth of the knurled roller is about 0.5 mm and it was measured with a digital

microscope (Keyence VHX000).

The conditioned powder wasmpacted at different hyallic pressures in the rang@-1
230 bar A fixed roller gap of 2 mm and a fixed roller speed of 3 rpm were employed. In
order to investigate the effects of adhesion between the ribbons and rollerg, @f.25
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MgStas a lubricanwas appliesn each roller surface using a brute same amount of
the lubricant was applied for each roller cyclée ribbons were only collected after a
steadystate hydraulic pressure and roller gap was achiegeditionally, another
approach of lubrication was investigatéfySt was mixed with each feed powder at 0.5
and 1% Mixing was conductedt 50 RPM for 4 min using Roto Junior high shear mixer
(Zanchetta& C, Italy).

@) (b)

Figure3-5: Optical image of a section of the knurled roller surface (a) and the smooth roller surface (b).

3.24 Roller surface coverage monitoring

Adhesion of powder during roller compaction experiments was recorded Usgiy a
speedcamera(Photron Fastcam 10Z4Cl, Itronx Imaging Technologies, CA)at was
set to capture 60 frames per second. Knowing that the used roller speed is 3rpm, six
minute long videosvere takerfor all roller compactor experiments. Inaher word
about 21600 images were talfenthe oller surface during roller compaction and from
which only the first roller cycle for every minute (1200 Images} processed using
ImageJ (National Institutes of Health (NIH), USA) software. The recording area was
fixed on 30 x 40 mm.

This software usea greyscale system that ranges from 0 to 255; where zero is
complete black and 255 is complete white. The imagge convertedb binary images
using the same binary threshold in all images, sargbequentlythe software was used
to quantify the perceng@ of white pixels which represent the powder particles out of the
total number of pixelsrigure 3-6 shows a schematic diagram of the satsed in these

experiments.
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Figure3-6: Schematic drawing of the set used for roller surface coverage monitoring

3.2.5 Online thermal imaging

A thermalcamera (FLIR A65s¢ Sweden) was fixed to face both rollers and record the
ribbon suréce temperaturafter it emergedfrom the minimum gapRibbon surface
temperature was recorded for&ondsfter the gap and screw speed reach steady state
The recording was conducted at 50 fps, and the recorded images were analysed using
FLIR R&D software toget the temperature profile across ribbon wittitorder torecord

the ribbon surface temperature, it is important to measure the emissivity of the materials.
The emissivity can be defined as the energy ethjper unit area per unit tinaed more
certainly, it is essentially the ratio between the amounts of energy emitted by an object to
the amount of energy emitted by a black body that absatof the incident energy
regardless of the angle of incidence or frequency of incidgii®. The emissivity of

the ribbonwas measured by heating thiebon up to 60°Cusing a hotplatethe actual
temperature of thebbonwas monitored using a thermometéhe tiermal camera was

used to measure thbontemperaturasimultaneousl. The actual temperature measured

by the thermometer was then used to correct the thexanatra reading in ordéo get
theribbonemissivity. The emissivity of rmnnitol lactose MCC are0.96 097 and0.94

respectively.

3.2.6 Determination of un-compacted fine percentage

The amount of fines, uoompacted powder, is defined as particles that are smaller

than thedgo of the original powder. The entire product (ribbons and fines) were collected
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for a set period of time. The ribbons were separated from the fines by sieving (Retsch
GmbH, Germany) and the mesh size was selected accordingito ¢fithe used powder.

The mass of the entire product was weighed together with that of the massrafeskpa
fines to calculate the weight percentage of the fines.

3.2.7 Ribbon strength measurementthree point bend testing

The strength of the ribbonsasmeasured using a thrpeint bend configuratianThis
involved two sharpmetal platesd supporithe ribbon ad a sharp metal plate that is
attached to a Zwick/Roell Z 0.5 (Zwick/Roell, Germany) test madfkiigire3-7). The

test machine applies the load at the centre ofitib®n at a rate of 1 mm/min.

Sharp metal
plate

Adapter to the

ZwickRoell
machine

Ribbon

Supporter

Figure3-7: Schematic drawing of the setting used for the three points bend test.

The tensile strength walsencalculated using the following equatifi®, 18 19]:

g0 0 Equation3-3
coxt

whereA is the tensile strengtf) is themaximum force requiredtbreak the ribbon

(N), b andm are the width and thickness of the ribbspectively 0 is the dstance
between the two supports. is set according to the British standar@s=m (16 + 1))

[12, 18 19]; bis thewidth of the ribbon (mm)and ds the thickness of ribbon (mm). The
measurement procedure was repeated at least ten times for the ribbons produced under

each condition.
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3.2.8 Ribbon porosity measurement using Xray tomography

Ribbon porosity was measured usm@roCT 35 (Scanco Medical AG, Switzerland).
X-ray was operated at a voltage of K6, a power of 8 W, and a
produced imagesvere then analysed using Image J software which was set to a fixed
threslold to distinguish between powder (white pixel) and air (black pixel). The ratio of black
to white pixels indicates the porositf the selected sample area.

3.2.9 Ribbon porosity distribution measurement using Near hfrared

Chemical Imaging (NIR-CI)

1- NIR-CI instrumentation

Roller compacted ribbons are scanned using an offline NIR diode array spectrometer
(EVK Helios G2320 class, EVK DI Kerschhaggl). The spectrometer has InGaAs
detector with 312 x 256 pixethat determinspatial and spectral resolomi respectively.

So using the highest magnification lens provided by the manufaetitre(l cmwidth

FOV), the smallest detectable pixel size~+82 um. The spectrometer works in diffuse
reflectance mode and collsspectra in the range betwe200 to 00 nm at a frame rate

of 120 Hz. Moreover, a broadband quartz tungsten halogen (QTH) light source was
positioned sothat it could uniformly illuminate the sample surfacéhe device is
equipped with a moving conveyor on which the sample is placed anddrnoder the
detector at a constant velty; the velocity of the beésynchronised witthecamera frame

rate to avoid any image shrinkirgy elongation.The camera records one line of 312
adjacent pixels per frame and there lines are recordedhile thebelt is movingFigure

3-8 shows a schematiepresentatiorof the configuratiorof the hyperspectral imaging

system used in this study.

— Camera

— Spectrograph

+— Camera lens

— [llumination lamp

Light source
controll

W 7
4 -
< Convevor beh
5 S
L s m r&l
s Computer & Image

acquisition software

Figure3-8: A schematic of the hyperspectral imaging system, Adajited].
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2- Data processing

(EVK SQALAR software package, Austria) was used for data procesHiegsoftware
is based ontwo main multivariate dataanalyses (MVDA) toqualitatively and

quantitatively analysthe spectral data:

EC3 mode (qualitative analysis): this mode works basedcanducting principal
component analysis (PCA) on the spectral .datasummary PCA is a mathematical
procedurehat isused to reduce large sets of data into a smaller set while keeping most
of the information in the large set. For examplased on g spatial resolutionnGaAs
detector collect812 spectra at the same time, which becomes huge amount of data when
line measurement is repeated to cover the whole sample. PCA is applied to reduce this
data based on the largest variance within the spE@&109] The wavelengtiof the
highest variation in the spectral data is called first principle component and the
subsequent component accounts for the sebattest variation and so on.

Quantitative chemical imaging (QCI) mode (quantitative analyis)mode uses partia

least square analyses (PLS) to build a quantitative predicting model. PLS gives a
guantitative dimension to the PCA by assigning each pahcgmponentd a reference

value

Calibration:a set of7 tablets weremade bycompacting~ 0.1 g of powder magrial in4

mm polished stainless steel demmpression was conducted undaiange of stresses
(equalto thecalculatedstresedused for smooth rollers mediated roller compactan

three tablets erecompacted at each compaction stré$e same sef tablets was made

for the different types of materials used in this study except for ga®@h was found

to be inert to th@perable range of wavelengbi the spectrometeA calibration curve

was then created by plottirtgblet porosity (drelative density against NIRCI mean
absorbancel he calibration was then validated and used for ribbon porosity measurement

across ribbon width.
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CHAPTER 4 NOVEL UNDERSTANDING OF RIBBON
SPLITTING/STICKING PHENOMENA

4.1 Introduction

Ribbon sticking and splitting are among the major factors that can hinder the use of
this process for some formulations. Ribbon splitting can occur either transversally
(through the ribbon thickness) or longitudiggthrough the ribbon width)The current
chapter focusses on elucidating the mechanisms of splitting by an experimental study
involving singlecomponent powders with a range of yield strengths, including those that
are commonly used as excipieng&noot rollers were employed with and without
lubrication by applying magnesium stearate to the rollers. The minimum gap was fixed
and the maximum roll stress was variéidwas observed that transverse splitting is
commonly associated with sticking of the spibbons to the rollers and resultsan
inferior performance of the process. Longitudinal splitting is associated with an-across
width distribution of the ribbon density so that there may an adverse effect on the
mechanical strength and dissolution prades of the tablets formed from the milled

granules.

The observed trends were rationalised in terms of a splitting index, which is a measure
of the residual stresses driving crack growth relative to the tensile strength of the ribbons.
There was a lowdimit at which splitting was observed but the occurrence of transverse
splitting decreased and that for longitudinal splitting increased with increasing values of
the index, which was accompanied by an increase in mixed transwegseidinal
splitting. Transverse splitting was always associated with sticking to the rollers and was
prevented by external lubrication. A detailed discussion of the mechanisms involved is

presented.

4.2 Hypothesis

In the exit region of the rollers, corresponding to upstream aggéeger than that the
minimum gap, a ribbon will undergo elastic recovéfyhe residual stresses are greater

than the critical fracture stress, ribbon splitting may be initiated. Moreover, if there is
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adhesion to the rollers, the resulting bonding seesill augment the residual stresses;

this may be the case even when there is not visible particle debris on the surfaces of the
rollers since adhesive rather than cohesive failure may still impose small opening stresses.
As a result of tese combined stresses, ribb®rcan split transversally and/or

longitudinally as schematically demonstrateéFigure4-1.

Longitudinal splitting Transversal splitting

Figure4-1: A schematic diagram of the two kinds of ribbon splitting investigated.

4.3 Methods

As described in sectioB2.], feed powders have been conditioned and roller compacted
using smooth rollerdixed roll gap and a variety ahaximum roller stresse$he oller
surfacewasmonitoredonline during compactionto measure the particle debris coverage
for a specific roller surface area. The collected ribhewese analysed for their strength
usingthethreepoint bending test. A uniaxial compaction test was performed beforehand
on the feed powddo determingheir yield strength, elastic recoveandcompressibility
factors. Furthermorea shear cell test was used to characterise the feed powder for their
flow propertiesFull details about thprocedures used for charactatienis in chapter

3.

4.4 Results and Discussion

4.4.1 Yield strength

All of the studiedpowders have been selected to cover a wide rangeechanical
propertiesthis is ranging from CaC£as a hard material to tipeedominantlyplastically
deformable MCC. Heckeadnalysis[102] was used to evaluate powder deformability in

terms of measuring powder yiedttength(, ). Feed powders have compacted at a series
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of pressuresThemeasuremerntf tablet thicknesdata have conductdumbthafter ejection
for a series of compaction pressafeut-die Heckel analysisand duringcompaction at
the highest compaction forcee. 15kN (in-die Heckel analysis)The results of data
fitting to Equation3-1 is shown inFigure4-2. The reciprocal of the slope of the linear
partof the line was then calculated as the powder yield strémgtiie4-1). The thickness
of the tablets produced using different pressures have been used forde andlysis,
the fitting results are shown Figure4-2-A. Similarly, for the indie analysis, the linear
part of the forcalisplacement profile of the tablets compacted at the bighessure
(Figure 4-2-B) have beeritted to Equation3-1 and used to calculate the-dire yield
strength Table4-1).

Ln (1/(2Y))

[EEY

05 F
0 1 1 1 1 1
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Compaction pressure (MPa)
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| 1 F
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0 20 40 60 80
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Figure4-2: Typical Heckel analysis profiles obtained by two approachesufdie and B: irdie.:
CaCQ (O), mannitol (A ), lactose 200M%), anhydrous lactose-), starch {), maltodextrin {* ) and
MCC (X).
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Table4-1: Singlepatrticle yield strengths and true densities for the powder feeds.

Materials In-die yield strength (MPa) | Out-die yield strength (MPa)
CaCOs 435+ 9 424.6+ 116
mannitol 233+ 14 137+ 17
lactose 200M 2002 76.6x£9.2
anhydrous lactose 182+ 3.5 54.7+2
starch 123 +2.7 43.3+35
maltodextrin 81+2 39.2+2.7
MCC 691 33.5+0.47

Asseernin Table4-1, both approaches shasimilar trend of deformabilityhe estimated
yield strength valueareranging from a more plastically deformabMCC with low yield
strengthvalueto the very hardCaCQ. Although the indie approach tersto be more
familiar as it is easier in terms of data collection, the out die approach is known to be
more accurat§l03]. In a critical evaluation of the two approaches of Heckel analysis,
Sunand Granf103] repoted thathe indie analysis resulted in yield strength valtrest

are significantly lower thathe truevalues.This was ascribed tihe elastic deformation

of partides during pressure applicatiamich wasfoundto decrease compact density and
cause deviations in thmeasured yield strength values. The authors concluded that the
out-die methodlescribes powdearonsolidation and compaction more accurately than the
in-die method. Consequently, the results oladlvy the out die approach is considered

to differentiate feed powdedeformability in this study.

4.4.2 Single-particle yield strength

To further investigate the deformation behaviour of the studied feed powsiatge
particlediametrical compression testshlbeen conducted. Particles frotine different
types of materials were sieved to the same sieve fractior2212m) and compressed
at the same platen speed (8@G/min). Figure 4-3 shows examples of the force
displacement compression profiles of the different feegimgdes of the study. Two
distinctive deformation behaviour have been obseraditijttle behaviour whera clear
fracture was detected at a certain farceaseof brittle maerials, this was the case for
CaCQ, mannitol c160{}actosemonohydrate and n h y d #aotesethefecordingof

force-displacemenprofiles was continueduntil fracture occurred. Wdreas, incaseof
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predominantly plastically deformingvhere no fracture habeen recognizediuring
particle compressionthe forcedisplacementrecording was conducted until a
predeermined maximum displacementO(8m) has been achievedhis deformation
behaviour wasbserved foMCC, maltodextrin, and starch.

6 CaCQ Lo mannitol
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z z
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g g
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Figure4-3: Forcedisplacement cungeof the studied powder particles, which abtained using the
single particlediametrical compression test.
Subsequently, raattemptwas maddo estimatesingleparticleyield strength using the
previous forcedisplacement profileshe elastic regiomf the curveshas to be defined
first. This was madeby fitting the compaction profiles tdertz equation which describes
the loading of an elastic sphere under diametrical cessjon test between two plates
[110]:

Equationd-1

O i—oQ-

aln |

wherer is the radius of the powder particle (mmj,i&ther e duced effecti ve

modulusin GPaandQ is the displacement of the moving platen in (mm). It shbeld

noticedt hat t he youngo&s phaeshe hssusnedddbe muclegreatert al | i

than that of the powder particles so ttieefe ct i ve youngés modul us ¢

by the following equation

O Equation4-2

-Oz i
P N

where O andrp are Youngdés modsl|l usataond oPoitdheonp o w

respectively The elastic domaimwas estimatedy plotting F?> versus'Q of the force
displacement curves as showrfFigure4-4-A; wherethe point of deviation from linear
gradient(R?= 0.99)is considered to be trendof the elastic domain.
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Figure4-4: A: Fitting the compaction profile aftarchparticle to Hertz equatiofEquation4-1) to find
the elastiddeformationimit; the brown dded line representhe best fitting line to the elastic regidst.
the forcedisplacement range used to deternstegchparticle yield strengthising Equation4-3).
When the stress exceeds the elastic limit, the parsthrts to deform plastically.
Meanwhile theforce-displacement relationshgdter the elastic limit should be linear and
descibed by the following equatiod5,110](Figure4-4-B). The remainder of the fitting

datafor the rest of the studied materials tabulatedn Figure Al.

00
[910]

Wy o Equation4-3
n

where dF/d'Q istheslope of thdinearplastic regionandPy is theparticleyield strength
in MPa(Table4-2).

Table4-2: The yield strength of studied powder materials determined using-giagiele diametrical
compression test.

Material Single-particle yield strength
(MPa)

CaCOs 510+131
mannitol 255+ 81
lactose 200M 162 £ 23
anhydrous lactose 143+ 24
starch 126 £ 22
maltodextrin 76 + 22
MCC 65+11
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As clearly seen iTable4-2 andTable4-1, boththesingleparticle compression teahd
Heckel analysishowed the same trend of deformabilijowever,the singleparticle
method suffered from some weaknesses that could limitsé$ulness; an accurate
determination of the particle yield strength requires a carehllbationof the contact
surface area, in this case, the particle projected surfacevasctieatedhs the contact
surface area for this measurement which can leadntisleading measurement. On the
other hand, it has to be mentioned that &wvdue of 0.99was takerascriteriafor the
determination of the elastic regiofthe forcedisplacement curvegigure4-4-A). This
consideration can add to the weakness imtbasuremergince higher or lower taker’R
can lead to different evaluation of the elastic redigmlike singleparticle measurements
the yield strength valuesstimated by outlie Heckel analysis are based on compacting
the whole size range of the powder bed which is the case during roller compaction
consequently, the yield strength values predicted usinglieutHeckel analysis was

considered for powder defoahility evaluation in the following studies.

4.4.3 Maximum stress in roller compaction

The amount of stregeceived by any material depends on both the pressure applied by

the rollers and the properties thife compactednateriaj therefore, it is necessary to

compare the product properties based on the stress applied on them. To determine the
stress appliednt he powder during roller compacti on,

was used, taking to consideration the process parameters and material proj8g&jes

The maximum applied roll stress and nip angle waakulated using the analysis
developed by Johans¢47] (Equation2-6 to Equation2-16), which has beeamployed

by many researchef83,95] Recentvork has shown that one limitation of the approach
is the application of a powdaw relationship between the stress and the ribbon density
since it does not capture the behaviour at small preg8&je€onsequently, the uniaxial
compaction data was fitted to an alternative relation@bguation2-14), developed by
Adams et al[86] that was adopted {85].

An example of fitting anhydrous lactose compaction data to equatpration2-14),
is shown inFigure4-5. The fitting of the remainder of the studied feed poweshown

in Figure A 2. The resultantfitting parameter gompressibilityfactor @)) of the die
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compaction data t&quation2-14 together with theralues of angle of wall and internal

friction that have been measdmith a ring shear cell tesire given inrable4-3.

8
0 0102 03 04 0506 0.7 0.8
MNatural strain, £

Figure4-5: Typical stressstrain data for anhydrous lactose during uniaxial compaction test. The blue line
represergthe best fit to equatiorEquation2-14) and the black line shows anhydrous lactose compaction
profile.

Table4-3: Compressibility factor and flow properties of the materials.

Material ) - ne

CaCOs 13.2+0.7 448 +0.3 17.1+0.5
mannitol 10.3+0.2 39.3+x0.1 10.3+0.7
lactose 200M 12.7 £ 0.6 46.3+0.3 16.8+1.1
anhydrous lactose 8.8+0.1 40.6 £0.2 136+1.1
starch 84+0.3 342+0.1 95+19
maltodextrin 6.0+0.3 40+ 0.1 10.2+11
MCC 53%0.9 445+0.2 6.9+0.3

Subsequently e maximum roll stress as a function of the hydraulic pressure for the
unlubricated smooth rollersas beencalculated usindg=quation2-6 to Equation2-16
(Figure4-6).
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Figure4-6: Maximum roll stress as a function of the hydraulic pressure for the smooth rollers and the
following feed powders: CaCG), mannitol (2 ), lactose 200M%), anhydrous lactose), starch {),
maltodextrin {* ) and MCC ¥).

4.4.4 Elasticrecovely

Theelastic recovery -  of the powdersvas calculated based on the loading and

unloading - energies, which were calculatédm the forcedisplacement data @f

powder bed during eonfined uniaxial compacticiest(Section3.2.2.5. Thearea under

the curve was calculated and employed in equakgudtion3-2). Figure4-7 shows the
loading/unloading cungof lactose 200M at stresses equivalent to the stresses applied

during roller compactiof st r esses cal cul at edFiguras6.d on Jo
They have been uséd calculate elastic recoveryhe loading/unloading curves for the

remainder of th studied materials are showrFigure A3.
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Figure4-7: The loading/unloadingompaction curveof lactose 200Mbtained during confined uniaxial
compaction test & series ofmaximum compactiostresseg é . 66,---- 110, 184,---295,0 &

443,0 -0 553,80 848MPa)respectivelyequivalent to théaydraulic pressuressedduringroller

compationwhicharel8, 30, 50, 80120, 150, and 230 har

The elastic recoveries as a function of theckel yield strength(Table 4-1) for the
different maximum stresseare shown irFigure 4-8. For all feed powders, the elastic
recovery ncreases with increasimgaximum stressThere is als@ small increase with
increasing yield strengtffhe anomalous behaviour of starch in this figure can probably
be ascribed to the viscoelasticity of this material. Starch is reported to be moresensiti
to the dwell time than thetlver powders used in this stuflyl1,112] Al Asady et al
[111] investigated the effects abmpaction speed on a similar set of materials to those
used in the current study (including CafQactose 200M, MCC, starch and
maltodextrin).The study mentionethat starch has a relatively high dependency on the
compaction speed, i,eunlike the other powder, as reflected in the strength of the

compacts.
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Figure4-8: The elastic recovery of tablets measuredrduuniaxialcompaction as a function of Heckel
yield strength for the range of compressive stresses (MPa) investigated as given to the right of each data
set; the lines are to guide the eye. The symbols for the powder feeds correspond tofa@@nritol

(A), lactose 200M<), anhydrous lactose (+), starct),(maltodextrin ¢ ) and MCC X).

4.4.5 Ribbon tensile strength

The maximum force required to break the ribbons which were made with smooth
rollers was measured and used in combination with the ribbdii \&nd thickness to
calculate the ribbon tensile strengtigure4-9). As the variations in ribbon width and
thickness are considered Bguation3-3, measurements weoenducted orall types of
the ribbons includingthosethatdid not splitat all, andthosethat exhibited transversal
andlongitudinally splitting Assuming that the ribbon is symmettiaaross its centre, the
ribbons thatsplit longitudinally were only considered when the splittingccurred
throughthe-width centre. Moreover, irthe case of maltodextrin, due to its thermal
sensitivity, ribbos could only be produced at lesiress levels and tensile strength
measurements were ontpnducted orsuchribbors. Figure 4-9 shows that upon stress
application dung roller compaction, MCC and attodextrin were found to have the
highest ribbon strength in comparison to the other materials. This was followeddby sta

arhydrous lactose, lactose 200Mammitol C160, and finally CaCGO
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Figure4-9: The effect of maximum compaction stress on the tensile strength of ribbons.

To first order, the tensile strength of thiebons increased linearly with increasing
maximum roll stress and the mean ratio increases with increasing values of the reciprocal
of the yield strengthRigure4-10). The linein Figure4-10is the best linear fit to the data
(R? = 0.94) and corresponds to the following expression, where the intercept represents

the minimum yield strength required to form a coherent ribbon:

2 T 8t p (Equation4-4)
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Figure4-10: The mean ratio of the tensile strength and the maximum roll stress as a function of the
reciprocal of the yield strength for Cag@®), mannitol (2 ), lactose 200M¥), anhydrous lactose),
starch {), maltodextrin {* ) and MCC X); the Ine is the best linear f{Equation4-4).

4.4.6 Ribbon splitting and sticking observations

As previously explainedh section3.2.3 all ribbons were produced using a fixed
minimum gap distance and a variety of hydraulic press@&absequently, ribbons were
collected and all observations of ribbon sticking and splittiegewecordedTable 4-4
summarises the effects of the hydraulic pressure on the sticking and splitting behaviour
of the different powder feeds in desderg order of theiHeckelyield strength for the
unlubricated smooth rollers. Sticking refers to the physical adhesion of the ribbon to the
two rollers and itis more likely associated with transverse splitting. The transversal
(throughthickness) and longitudinal (througtidth) | i tti ng are cl assi f
60L6 respectively. Shaded areas in red indioc
Shaded areas in green correspond to conditions under which splitting or sticking does not

occur.

98



Table4-4: Effect of the maximum roll stress on the splitting and sticking behaviour of the ribbons formed from unlubricated dramt@rey dotted areas indicate@n
achievable condition. Red regions indicate the occurrence of splitting/sticking. Green regions indicateotteeimence of splitting/sticking. Spitting is designated by T
(transversal splitting), Ln (longitudinal splitting into n pieces) and L Jftadinally joined splitting).
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As can be seen ihable4-4, for all of the produced ribbons with the exception of the
CaCQ ribbons, transverse splitting only occurs when there is sticking to the rollers and
thus only longitudinal splitting is posséivhen the rollers are lubricated. Ribbons made
from CaCQ are the exception in exhibiting transvesplitting even though sticking to

the rollers does not occufhe images frontigure 4-11 show the top and the bottom
surface of splitting ribbons that were produced at different stress levels. It can be seen
that the bottom surface is evidently rougher compared with the top suffgoes@d-11-

B). Because of the limited deformability of this material, the increase in the applied stress
was not sufficient to create strong enough bonds to save the integrity of the compacted

ribbon (nonsplitting ribbon).
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Figure4-11: A: Images of top and bottom surface of calcium carbosyliging ribbons produced at

different stresses, and B: Ribbon thickness profile for the top and the back surface of calcium carbonate
splitting ribbons produced at 70 and 877 MPa, the measurements were conducted for 3mm line across the

ribbon through thevidth centre (measured by digital microscope (Keyence \B9RO0).

As exemplified inFigure4-12, for mannitol ribbons, there are transitions in the

longitudinal splitting behaviour with increasing applied stress from the ribbon being

coherentat low stresg o

splitting from the edge so thatthe @ ¢ k s

splitting
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69 MPa 114 MPa 304 MPa 571 MPa

No longitudinal L2 L3 LJ
splitting

Figure4-12: Images of mannitol ribbons that are produced at different maximum roll stresses.

In case of maltodextrindfgure4-13), i ncreasing the applied
in an increase in the ribbon temperature beyond the glass transition temperature of this
material (8°C) [113], which caused the ribbons to split tre@sally and stick to the

roller surfaceFigure4-13 shows the top and the bottom surfaces of maltodextrin ribbons
which were produced at differesiress levels. At low stress (44 and 73 MPa), no splitting
occurred and both ribbon surfaces have similar roughness. At about 122 MPa; ribbon

started to split transversally and stick to the roller surface.

Stress (MPa) 44 73 122

Top surface

Bottomsurface

Figure4-13: Images of top and bottom surface of maltodextrin ribbons produced at different stresses.

Moreover, it was also observed thiae application of MgSt to the rollers complgte
inhibited sticking and transverse splitting but similar longitudinal splitting was observed.

It was also observed that avoiding transversal splitting/roller sticking by increasing the
applied stress was associated with a significant reduction in thenarabfines. The
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percentage of fines decreased with increasing roll stress and approximately with
decreasing values of ttéeckelyield stress as shown for the unlubricated smooth rollers
in Figure4-14. The trends correspond to a reduction in the occurrence of transversal

splitting.
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Figure4-14: The amount of fines (w/w%) produced for threengler feeds with the unlubricated smooth
rollers as a function of the maximum roll stress. The symbols for the powder feeds correspond t0: CaCO

@), mannitol 1), lactose 200M%), anhydrous lactose-), starch {), maltodextrin ¢ ) and MCC ¥).

4.4.7 Ribbon splitting/sticking: effect of maximum roll stress and vyield

strength

It is evident fromTable4-4 that the combined influence of the maximum roll stress and
the yield strength are critical factors in ribbon splitting. This is more directly clear in the
case of pure longitudinal splitting i.e. also excluding mixed longitudraakverse
splitting. Figure 4-15 maps the transition from no splitting to longitudinal splitting in
coordinates of the maximum roll stress and the yield strength for thbrizalted and
externally lubricated smooth rollers, for which the results were identical i.e. this includes
mixed splitting outcomes that revert to pure longitudinal splitting. It shows that there is a
lower limit of the maximum roll stress above which, eeging on the yield strength,
longitudinal splitting occurs. For a yield strength greater than ~ 130 MPa, the critical roll

stress at which such splitting occurs reduces considerably. The sensitivity of longitudinal

103



splitting to increasing the roll streasd the yield strength is clearly related to the increase

in the elastic recovery-{gure4-8).
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Figure4-15: A map of the transition from no splitting to longitudinal splitting in coordinates of the
maximum roll stress and théeckelparticle yield strength for the unlubricated and externally lubricated

smoothrollers. The symbols for the powder feeds correspond to: mannrity] kactose 200MY),
anhydrous lactoser], starch {), MCC (X). Longitudinal splitting was not observed for CaZO

The compaction of powder assemblies is accommodated by a combinatimmaber
of mechanisms that may include the rearrangement, elastic or elastoplastic deformation
and fracture of the particles. It is well established that the stress is not transmitted
uniformly but through force chains that increase in number densityneisasing stress.
Thus, as particles become progressively subjected to increasing stress, it will eventually
cause them to deform plastically rather elastically when their yield strength is exceeded,
and thus reducing the contribution to the elasticveno This would also be the case for
particle rearrangement and fracture. Moreover, greater yield strengths are associated with
less cohesion of the compacted particles so that the tensile strength of the ribbons

decreases with increasing values of theddystrengthKigure4-10).

A critical factor in longitudinal splitting is the relative difference in ploeosityacross
the ribbonssince it is réated to the variation in the elastic recovdfigure4-16 shows

X-ray images of MCC ribbon produced at 204 MPa. The images show a clear difference
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in ribbon porositybetween the ribbon throughe-width centre and its sides; more air

(black pixels) abothedges compared to more powder (white pixels) at the centre.

Left side Centre Right side

Figure4-16: X-ray tomography images of MCC ribbon produced at 204 MPa across its width.

To understand the origin of the relative difference in ploeosity, which has been
observed previouslji14], it is useful to consider roller compaction as a combination of
shear and squeeze flow. The squeeze flow component exerts back pressesmupst
resulting in the maximum pressure occurring at an angle that is greater than that
corresponding to the minimum gap, which is normally taken as zero. This angle is
approximately equal to the neutral angle at which the shear stress is zerdaslakange

of direction[64]. More importantly, the squeeze component results in a lateral pressure
distribution that has a maximum value in the centre of the width of the ribbon. Such non
uniform pressure distributions are observed in the compression of all fluids, solids, and
granular systems e.g. metdlkl5] and paste$l16]. They arise from the resistance to
deformation/flow caused by raip or friction at the contacting walls. As a result, the
powder feed in a roller compactor is more compmrssethe centre of the ribbon
compared to the edges as demonstratddgare4-16. This has important implications

for ribbon splittingas discussed below.

Since theporosityis lowestin the centre of a ribbon, the maximum roll stress must be
greater in this region compared to the edges. ,Tihube exit region, the stored elastic
strain, and hence the expansion of the ribbon, willjteatest in the centre of a ribbon.
As a result, longitudinal splitting always occurs in the centre of the width of the ribbons
where the crack opening stressafi be greatestConsequently, bending stresses are

developed that increase from zero in teatee of the width to a maximum value on the
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edgesTheimportance otherole of theporosity distributiorand bending stressasthe

occurrence of longitudinal splitting is discussed in more details in the following chapter.

Given the importance of gdhmaximum roll stress and the yield strengthibbonsplitting
occurrencethe ratio is a useful dimensionless quantity for quantifying the ranges under
which no splitting and splitting occurs. This is showirigure4-17 for the unlubricated

and lubricated smooth rollers as a histogram based on the outcomes per powder type

normalised by the total number of outcomes.

For thecase of no lubrication, both types of splitting are develppgthis ratio increases

in value there is a generatduction in theaumber of transversal splitting aadincrease

in the number of longitudinal splitting outcom@s thevalue increaseshere is a higher
probability for bonding to occur which could overcome the adhesion to roller surface and
reduce transversal splitting occurrence. However, higher vahgdgsate more elastic
recovery Figure4-8) which can cause longitudinal splittingt certain levels. The trend

of longitudinal splitting becomes clearer in case of lubricated rollers since no transversal
splitting is taking place and all ¢ie mixed tansversalongitudinal splitting hasturned

into pure longitudinal splitting
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Figure4-17: A histogramof the number of nosplitting, longitudinal splitting and transversal splitting
outcomes per powder feed normalised by the total number of outcomes that were observed with the

unlubricatedsolid filling bar) and lubricated smooth rollers (pattéitied bar) based on the ratio of the

maximum roll stress anideckelparticle yield stength. NS refers to no splittin@,to transversal splitting,

L to longitudinal splitting and b to external roller lubrication.
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4.4.8 Splitting index

An alternative dimensionleggiantity is a splitting indexQ
o -, x. Equation4-5

It is more fundamental in terms of its mechanistic interpretation than the, ratid,
but requires that roller compaction has to be carried out in order to mgasafere it

can be employed for assessing formulations and operating conditions.

This index is based on estimating residual stressriabdn tensile strength to predict
splitting occurrence. Howevedespite having the largest yield stren@tilable4-1), and
hence the highest elastic recov@figure4-8) and weakest ribbor{&igure4-9), CaCQ
ribbons never split longitudingl (Table 4-4). The probable cause is that the ribbons
exhibit stable fracture unlike those formed by the other powder fé&egisre4-18).
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Figure4-18: The applied force as a function of the displacement for {poé# fracture measurements.
The ribbons formed from all the powder feeds except those from gaxiibited unstable fracture at all
maximum roll stresses.
A characteristic of stable fractures is that crack propagation is arrested when the driving
force or displacement ceases; a common example is tempager. Thus, it may be

assumed that the stored elastic strains in Ga@@Dons are less than the critical wal
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required to significantly propagate a longitudinal crack. In the case of the ribbons made
from the other powders, the instability of the crack growth will result in catastrophic crack
propagating once it is initiated. It is more difficult to understdvedfactors that result in

the CaCQ ribbons splitting transversely in the absence of observable adhesion to the
rollers. It has been argued, on the basis of finite element modelling, that the reversal of
the shear stress and strain at the neutral angjeresalt in fracture/lamination since
pharmaceutical powder compacts are generally weak under [§dgailhat is, weak
adhesion forces to the rollers may be sufficient to cause such a weak plane to fracture
transversely. The CaG@ibbons would be particularly susceptible to such a mechanism
since theyare so mechanically weak in any ca@®nsequentlyCaCQ splittingdatahas

been excluded for its anomalous splitting behaviour.

When appliedthe splitting indexeads to a trendf decreasing nsplitting and increasing
longitudinal splitting as the values of this parameter incre@sgare4-19). However,
there is an uppdimit at which splitting always occurs. That the values increase to ~45
rather than the ideal case of the critical condition for splitting being approximately unity
arises because the numeratdequatiord-5 is some measure of the residual stress acting

vertically rather than the actual crack opening stress actingtstdiserrface of a ribbon.

0.3
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Figure4-19: A histogram of the number of nesplitting @) and longitudinal splitting outcomes per
powder feed normalised by the total number of outcomes that were observed with the unluE¥icated (
and lubricated smooth rollerz)(bagd on the splitting index. NS refers to no splitting, L to longitudinal
The data for CaCgxibbons are not included since its splitting behaviour is anomalous.
As mentioned previously, with the exception of CaCtansverse splitting and also

mixed trangerselongitudinal splitting is always associated with sticking of gpilt
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ribbons to the rolleréTable4-4). This has tweeffects: (a) the adhesive forces acting on

a ribbon prevent bending strains being developed as would be the case for a ribbon that
was not adhered to the rolldthis will affect longitudinal splittingland (b) the adhesive

forces coupled with the residual stresses result in an increased crack opening stress across
the width of a ribbon approximately in the centre of the thickiftiss will affect

transversal splitting).

The stength of adhesion of the powder feed to the rollers was estimated by recording a
specific roller area after one of the scrapers.@dréicle debris coverages a function of

the maximum roll stress for the powders that exhibited adhesion is shévguie4-20.

The extent of the coverage reduces with increasing roll stress and asymptotically
approaches zero. The coverage for starch, MCC and €a€f@ approximately zero,

which was also the case for hmalextrin until it melted.
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Figure4-20: The particle debris coverage on the smooth unlubricated rollers measured after the scrapers
as a function of thenaximum roll stress for the mannitch (), lactose 200M<), and anhydrous lactose
(+). Adhesion was absent for starch, MCC and CaCO
A histogram involving the splitting index for the unlubricated smooth rollers that includes
transverse and mixed splittingpresenteth Figure4-21. There is a lower limit at which
no splitting occurs after which pure transverse splitting is prevalent but decreases until

there is a tnsition to mixed and longitudinal splitting. While the index is a useful means
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of categorising the data for transverse and mixed splitting, it is of less fundamental value

since it ignores the adhesive stresses acting on the ribbons.
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Figure4-21: A histogram based on the splitting index of the number ofgmitting and splitting

outcomes per powder feed normalised by the total number of outcomes that were observed with the
unlubricated smootioilers. The data for CaGQibbons are not included since its splitting behaviour is
anomalous. The coding refers to transveMalT), longitudinal i, L), mixed transversdbngitudinal |

, T+L) and no splitting®, NS).

The use of single powder feedashallowed the mechanisms of splitting and the critical
factors that govern the occurrence of splitting to be established. However, in pthetice
feed powders are generally medthmponent and include MgSt as an internal lubricant.
Some limited studiewere carried out to examine the effects of including 1 w/w% MgSt
with the same set of powders used before except ftiodextrin which was excluded
because of #thermal sensitivity. Bwderswere roller compactedsing theprocessing
condition for the ulubricated powdersThe results were relatively similar to the feeds
without MgSt except that sticking to the rollers did not octuaddition for anhydrous
lactose, there was no splitting up to hydraulic pressures of 80 bar whereas without MgSt
splitting occurred at all pressures investigatddding lubricant to the powdewas
advantageoum termsof preventing adhesiomnahe roller surface. However, this came
at the cost of reducing the beneficial griping of rotlee surface which is critical to
initiate compaction in the roller compaction process. As a result, adding lubricant reduced
the range of workability of therpcess, as the compaction was not achievable when
lubricant was mixed with all used powders except for mannitol and anhydrous lactose.
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Table4-5 summariseshe effectof hydraulic pressure on the splittibghaviourof the
different powder feeds for the lubricated formulations. Shaded areas in red indécate th
occurrence of the splittingshaded areas in green correspond toitond under which
splitting does not ocau

The compression of practical formulations involving mixtures of powders is complex
because it is likely to involve particles of different mechanical properties, shapes and size
distributions. Systematic studies over a wide range of mixtures have notelpested

for either roller compaction or tabletting although there is some evidence that simple
mixture models could be appligd17]. In extending the current work to mixtures,
measurementsf the effective compressibility factor and yield strength by confined

uniaxial compaction would be the most appropriate approach to adopt initially.
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Table4-5; Effect of the hydraulic pressure on the splitting behaviour of the ribbons formed from lubricated formulations. Grey dstiadieate a neachievable condition.
Red regions indicate threeccurrenceof splitting. Green regions indicate the rotcurrence of splitting. Spitting is designated by T (transversal splitting), Ln (longitudinal splitting
into n pieces) and LJ (longitudinally joined splitting).

Hydraulic pressure (Bar)
MgSt %o
18 30 50 80 120 150 230

CaCO3 1%

0%

mannitol 1%

0%

lactose 200N 1%

0%

anhydrous 1%
Lactose

0%

starch 1%

0%

MCC 1%

0%
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4.5 Conclusions

The plenomenon of ribbon splitting/sticking during roller compaction was investigated
in a comprehensive perspective. Both longitudinal and transversal splitting are
problematic; vinile transverse splitting is generally associated with adhesion to the rollers
tha has a serious detrimental effect e performance of the procesengitudinal
splitting does not prevent the ribbons from being milled, it is a result of a distribution of
the ribbon density across the width. Consequently, it is not possible to naakkeg that

all have optimal properties in terms of the mechanical strength and dissolution
characteristics of the tablefSransverse splitting/sticking happens at low stresses when
there is noenough bonding/deformation across the ribbon thicktiedésould overcome

the adhesion to roller surfaces. This eff@esvery clear when the rollers are lubricated
since transversal splitting/sticking was completely eradicated in case of external
lubrication. Increasing the applied stress anad/ducirg the yidd strengttof feed powder
increases the intgrarticle cohesive strength and thus reduces the probability of adhesion
to the rollers and hence transverse splittidigwever, this increase in the applied stress
increased the probability for longitudinal ligfng which is believed to be due to
heterogeneousxtents oklastic recovery across the ribbon widthe observed trenas
splitting were rationalised in terms of a splitting indexhich isa measure of the stored
elastic energy driving fracture egive to the fracture stress of the ribbonke elastic
recovery increases as the yield strength increases, which is associated with a reduction in

the tensile strength of the ribbons and higher probability of longitudinal splitting.
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CHAPTER 5 RIBBON SPLITTING: ROLE OF
POROSITY DISTRIBUTION

5.1 Introduction

While the main focusof the previous chapter was etucidating the mechanisms of
ribbon splitting, the focus in thecurrent chapteris to further investigate the role of
porosity distribution homogeiity in relation toribbon splitting. The effect of changing
roller surface on ribbon splittingehaviouris examinedknurled rolles were employed
with and without lubrication bynanuallyapplying MgSt to the roller’he compaction
was conducted d@hesame processing conditions used during smooth rollers experiments

and hebehaviourof ribbon splitting and sticking wascorded accordingly.

In comparisonto the smooth rollers, thapplicationof knurled rollers redced the
occurrence of longitudinal splitting aeatended the range of transversal splitting which

in somecase®ccurred without sticking.

The porosity distributiorof ribbons was measurdxy two different approacheasamely,
X-raytomographyand Nearnfrared Chemicalrhaging (NIRCI). An improved splitting
index has been developeddopewith the effect of ribbon porosity distribution.

5.1.1 Hypothesis

As discussed in the previous chaptbg varyingdegree of densification acroasibbon

width was due t@anon-homogenous stress distributidrhis heter@eneity is expected to
reflect ina distribution of strairrecoveryacrossa ribbon widthand subsequently create
bending stress that affedhe trem of ribbon splitting. Figure 5-1 shows a schematic
drawing for the development of bending stress as a result of heterogeneous strain

recovery

In an attempt to investigate the role of porosity heterogeneiheioccurrence of ribbon
splitting, a pair oknurled rollers which in comparison with the smittorollers have a
higher powdemetal contact surface areaere usedDue tothe surface engavings,

knurled rollers are expected to grip powder more homogenwouig compaction zone;

this is expected to reflest a more uniform porosity distribution acrdberibbonwidth.
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Eventually,upon stress releagberibbon will experiencamore wiform strainrecovery
and less bending stress across its width, whichimfiliencethe longitudinal splitting

behaviour.

At the same timgincreasingheroller surface area by using knurled rollers is expected
to change the extent of powemetal inteaction that can affect the occurrence of

transversal splitting.

Homogenous strain Non-homogenous
distribution strain distribution

Figure5-1: A schematic drawing of th#evelopment of the proposed bending steesess ribbon width.

5.2 Methods

All primarypowdeswereanalysedor theirangle of wall friction with the knurled rollers
A specially made shear cell disk to meagbemangle of wall frictiorwas used during the
test The valuesvere usedvith the compressibility factor (Kandthe effectiveangle of
internal friction 1  thatwere measuredoreviously to calculate the maximum stress

appliedbetween th&nurledrollers.

Prior to compaction, all powder feeds were conditiomederms of thehumidity as
described in ection 3.2.1 Powders are then roller compacted at sheneprocessing
conditionsof that useddr smooth rollers experimentsxed roller gag2 mm) and roller

speed (3pm) whileactivating tle feedbaclgap controlling system during experiments.

All produced ribbos are analysed for their porosity distribution usingay tomography
(samplesweretakenevery~3.5 mm across ribbon widthNIR-chemical imaging was
also usedn an attempto overcome some of thé-ray tomographyimitations. TheNIR
needs tde calibrated beforehanttherefore aet of tdlets were compressedaknown
series of stresses, the tableere then scanned agi NIR-CI and then anntensity vs
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porosity relationship was established and used to quantify ribbon porosity distribution

across ribbon width.

5.3 Resultsand discussion

5.3.1 Max stresswith knurled rollers

To examine the effect of roller surface on the ribbon splittetgaliour, a pair of knurled
rollers with a surface roughness (Ra ~ 119.4 + 5.9 um) were used to produce ribbons
using the same materials and processing conditions used with the smooth rollers
experiments The roller surface area waseasured for a certain section and the whole

roller surface area was calculated accordinglgyre5-2).
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A B

Figure5-2: A: The surface area of 25 mMmoller area measured adigital microscope (Keyence VHX

5000). B: Calculated roller surface area of smooth and knurled rollers used in this study.
The maximum stress applied between the two knurled rollers was determined using
J o h ans on ®osappty this theogythe angle of wall friction?  was measured
usinga specially madshear celtoupon which has a similar surface to the knurtdigrs
(Table5-1). Thesevalues weramplemented in combination witthe effectiveangle of
internal friction | and compressibility factorll§ to calculatethe maximum stress
(Equation2-6 to Equation2-14).
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Table5-1: Angles of wall friction for all powders used.

Material n =) knurled coupon
CaCOs 34.35+0.23
mannitol 31.57+0.12
lactose 200M 34.51 +0.43
anhydrous lactose 32.19+0.1
starch 27.79+0.11
maltodextrin 31.1+£0.29
MCC 35.1+0.21

To calculate the nip angle for the knurled rollers, (d), the thickneswoibbon when
the roll gap (s) is zero, was changed from 0 mm for smooth tollemm for the knurled
roller (Equation2-10), where each roller has andentation depth of 0.5 mrigure5-3
shows the maximum stress appltedhe material as a function of hydraulic presdore
smooth rollers (A) and knurled rollefB).

A) B)
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Figure5-3: Maximum roll stress as a function dfet hydraulic pressure for the YAmooth and (B
knurled rollers and the following feed powde@aCQ (@), mannitol { ), lactose 200MX), anhydrous
lactose §), garch (), maltodextrin {* ) and MCC ¥).

All feed powders exhibit a linear relationship with the gradients for a given feed powder
being greater for the smooth rollers since the nip angles areHigsse5-4), i.e. the

contact area with the rollers is smaller at a given rolid@s defined by the set hydraulic
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pressurekigure5-4 shows that using knurledllers could be more advantageous in terms

of increasing the nip ag which could enhance the mass throughput of the pr¢28ks
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200M lactose
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Figure5-4: The calculated nip angles for the different types of powder feed materials, which were
compacted using knurleB} and smoothH) rollers.

5.3.2 Assessing the roller compaction process using knurled rollers
(comparisonwith smooth rollers mediated RC)
5.3.2.1 Strength of the ribbon

Applying the same hydraulic pressure on biytbes ofrollersi.e. knurled or smooth
rollersresuledin stronger ribbongzhensmooth rollersare use@s can be seen gure
5-5, this is due to lower nip angle and higher amount of stress appiliguré¢ 5-3 and
Figure5-4).
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respectively.
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This issupported byhe greater porositgf knurled rollers ribbonat a similathydraulic
pressureas exemplifiedby the Xray images inFigure5-6; thereis a greater number of
black pixels (air) for the ribbon with the knurled rolleFeeresults are in agreement with
a study conducted byhesky and Hendren118] who rollercompacted different

formulations and concluded that whatever the formulation compacted is, the density of

the milled granuless higher when made using smooth rollers compared with those made

with an axialgrooved rollersuface The same findingvas reported by other authors
[81,82,119]

Figure5-6: X-ray tomography images MCC ribbons made with the {Asmath and (B knurled rollers
atmaximum roll stresssof 129 and 92 MPa respectivelyorresponding to a hydraulic pressur&of
bar.

5.3.2.2 Ribbon width and un-compacted fines

The flow of powder to tecompaction zone is the determinant fagtocontroling the
distribution of powder inthe compaction ard@0]. The pwderis fed to thecompaction
area by means dhe screwfeederor gravity Upon contact with the roller surface,
powders are drawim by friction; the velocity of powder increasgradually up to the
roller speedAs suggested bWlichrafy et al.[88], this slip of powder against roller
surfaceparticipates in the reorganisation of particles during flow to thearewhich
could eventually change the final porosity distributimnd the amount of particles
dragged nearmt edges of the rollergigure 5-7 showsthe width of ribbons produced
with different types of powdeia different applied stresses.
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Figure5-7: Effect of roler maximum stress on the ribbon widikedandbluelines represent the ribbon
produced by knurled and smooth rollers ribbons respectively.
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It can be seen that increasing the applied stress or using more deformable material
increased the width of the ribbon; this could be due to the higher paudidiele bonding
that couldsavethe integrity of the ribbon near the roller edge.

Despite thdower stress applied by the knurled rollers, which resulted in weaker ribbons
(Figure 5-3 and Figure 5-5), using this pair of rollers has slightly increased the ribbon
width. This could be ascribed to the better gripping ability of the knurled rollers, which
could draw more powder near the roller edge and increase the ribldbn Thd increase

in ribbon width is reflected in a lower amount of-compacted fines produced when
knurled rollers are usedFigure5-8). The fines usually come fronbbon edges at which
knurled rollers grip higher amounts of powder than smooth rollers, and subsequently

produce wider ribbons and therefore result in lower amounts of fines.
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represent the ribbon produced by knurled and smooth rollers ribbons respectively.
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It is also interesting to report that¢éomparison vih knurled rollers, using smdotollers
hasassociatedvith relatively highervalues of feeder screw spegedgure 5-9); smooth
rollers hae lower levels of wallfriction (Table5-1 andTable4-3), subsequentlhigher
screw speesiwererequiredto grab the powder to the nip area andintainthe same
roller gapto that used when knurled rollers were implementéx difference in screw
speed values between the two rollers typedesssoticeablen case ofCaCQthis could

be due to theelatively higher wall frictionof this powder for both smooth and knurled
rollers (Table 5-1 and Table 4-3). The results are in agreement with a recent study
conducted byCsordaset.al [82] usng spraydried mannitol and MCC; the authors
mentioned that using of smooth rollers halgays beemccompanied with higher feeder
screw speeds to that of the knurled rollers when both are implemented at the same
processing conditions.

125



CaCoQ mannitol
e 78 F E 7 f
= =
o o
L 58 @ 58 |
Q. Q.
(%] (%]
s 38t s 38t
3 3 M
n n
18 _oo—p—p—-oa—o—9 18 . .
0 100 200 0 100 200
Hydraulic pressure (bar) Hydraulic pressure (bar)
200M anhydrous lactose
€ 78 F e 78 F
= =
° ]
s 58 o 58 F
Q. o
] (%3]
Z 38t z 38|
3] 3]
n n
18 1 1 18 1 1
0 100 200 0 100 200
Hydraulic pressure (bar) Hydraulic pressure (bar)
starch maltodextrin
e 78 F E 7 f
= =
°© °©
L 58 F L 58 F
o o
[%2] [%2]
c% 38 r q;) 38 |
3] 3]
n n
18 1 1 18 1 1
0 100 200 0 100 200
Hydraulic pressure (bar) Hydraulic pressure (bar)
MCC
€ 78 F
=
B s8 |
o
[%2]
2 38
3]
n
18 1 1
0 100 200
Hydraulic pressure (bar)

Figure5-9: Effect of hydraulic pressure on the feeder screw speed at constant gap distancdd@then)
different studied powder materialRedandbluelines represent the ribbon produced by knurled and
smooth rollers ribbons respectively.
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5.3.3 Ribbon splitting/sticking observations

Table 5-2 shows thathe use of knurled rollerproduceda similar transversal splitting
trend to that of the smooth rollers except ttitmore plastically deformable powder
exhibited such splitting up to greater maximum roll stre¢sesTable 4-4 for smooth
rollers splitting behaviour)Unlike smooth rollers, where ribbon transversal splitting is
always associated with roller stickingh some cases of knurled rollersansverse
splitting occurred without sticking to the rollers, irdpons made witlstarchand MCC.
Nevertheless, roller sticking/transversal splitting in both rollers was always prevented by

external lubrication.

Similar to the smooth rollers, avoidjriransversal splitting/roller sticking by increasing

the applied stress significantly reduced the amount -afoumpacted finesHigure5-8).

In ternms of longitudinal splittingin agreement to the trend noticed with smooth rallers
ribbons made witlknurled rollersstarted to split longitudinally at stress proportional to
its feed powder yield stre¢$able5-2). For example, mannitol with relatively high yield
stress started to split longitudinally at lower maximum roller stress comfualactiose
200M, which started to split at relatively higher stregst the use ofknurled rollers
improved the compaction performance in terms of reducing the occurrence of

longitudinal splitting.
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Table5-2; Effect of the maximum roll stress on the splitting and sticking behaviour of the ribbons formed from unlubricated &ihende@rey dotted areas indicate anon
achievable condition. Red regions indicate the occurrence of splittakipisti Green regions indicate the roocurrence of splitting/sticking. Spitting is designated by T
(transversal splitting), Ln (longitudinal splitting into n pieces) and LJ (longitudinally joined splitting).
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For a better understanding of the underlying mechanisms of splitting, the observed trends
for the knurled rollers were rationalised usiting splitting indexproposed insection

4.4.8 CaCQ was excluded due to immomaloussplitting behaviour (see sectidi4.8.

Ribbon tensile strength drelastic recoverfravebeen determined for all knurled rollers
ribbons;(Equationd-4) andused tocalculate the tensile strength of the ribbonsnfithe
knurled rollergibbon tensile strengthe elastic recovery of each materiaFigure4-8

was fittedto alinear relationshipvith themaximum compaction stress; the redaship

was then used to determities elastic recovery dhe stresesusedto make the knurled

rollers ribbons

A histogram involving the splitting index for thmlubricated and lubricatesimooth and
knurled rollers that includdengitudinal transversal, and mixed splitting is presented in
Figure 5-10. While applying lubricant onthe roller surface has eradicated any
sticking/transversal splitting.

A Smooth rollers B Knurled rollers
@ #NS-Lub #Lub-L mL =T T+L o 03 % NS-Lub  # L-Lub L mT T+L
IS o
o L-Lub IS
e - 8 INSLub ~ NSLub T NSLub
3 025 rustub  NsLub L-Lub g025 ” P »
5 2 7 . 2 . . é
© 02 "7 é 5 02 7 ? g T L-Lub
[} —
£015 |7 :,; €015 7 T 7 Z L
Z ’é ? L T+L 3 g ?‘ é
Z
g o1l _g % B 01 ‘g % ? NSLul
= Z Z T+ 2 = % Z 220 Tra
£ 0.05 _?fLUbL : NSLub | T £ 0.05 —é é ?Lub . 1
2 ﬁ ? Y 5 . ? 7 ?
1.0-43 54-10.3 @11-9-20-522-2-45-0 0.5-2.6 3.2-12.5 13.8-24.624.9-62.1
‘9

Figure5-10: A histogram based on the splitting index of the number ofgmitting and splitting
outcomes per powder feed normalised by the total number of outcomes that were observed with the
smooth(A) and knurledollers(B). The data for CaC£¥ibbons are not idaded since its splitting

behaviour is anomalous. The coding refers to transversal (T), longitudinal (L), mixed transversal

longitudinal (T+L) and no splittingNS). Solid and patterned filled bars refer to unlubricated and

lubricated cases respectively.
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Similar to thesmooth rollersknurled rollers produced trend of decreasing no splitting

and increasing longitudinal splitting as the values of this parameter increages$-10

(A-B)). There was arhit at which the occurrence of transverse splitting decreased and
that for longitudinal splitting increased with increasing values of the index, which was
accompaniety mixed transverséongitudinal splitting. Transverse splitting was always
associated ith sticking to the rollers and was prevented by external lubrication. The main
difference with the knurled rollers was that in some cases transverse splitting occurred
without sticking to the rollersFigure 5-10 shows that changing to the knurled roller
surface increased the transversal splitting and reduced the amount of longitudinal

splitting.

The proposed index was poor in terms of prgaicthe starting value of longitudinal
splitting occurrenceln the case of smooth rollers, longitudinal splitting started at a
splitting index value between G827 while for knurled rollers, splitting took place
between 13.24.5.This is believed to be due to the indet accounting for the bending
stressIn an attempt to improve this indéixywas modified multiplying the splitting index
by the relative solid fraction difference. Thalative solid fraction differencdetween
ribbon centre and edgesrelated taherecovery straimifferenceacross the ribbon width
which, could develop intobending stress across ribbon thickndgieasurement of
ribbons relative solid fraction difference and the application of the modifiedirgplitt

index (O is discussed in the following sections.

5.3.4 Ribbon heterogeneityacross ribbon width

Ribbons made with smooth and knurled rollers were analysed for their porosity
distributionusing differentechniques. Theneasured porositis usedas anexplanation
of ribbon splittingphenomenonThe heterogeneity coulok investigated using different

approaches each haveardvantages and disadvantages

5.3.4.1 X-ray tomography

All ribbons except for CaCOwhich was excluded due to its anomalous splitti
behaviourwasscanned using-rays every~3.5 mm acrosghe width (Figure5-11). In
all casesthe porosity of the ribbons decreased when higher strasappliedandthe
lowest porositywas concentated at the ribbon throughewidth ribbon centre. fis

variation inporosity distribution indicates thtteapplied stress wadwayshigher in the
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acrossthe-width ribboncentre.In comparison to the ribbomade with smooth rollers,

knurled rollers ribbongreremore porous at the same applp@dssureas exemplified in

Figure5-12.
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Figure5-12: Ribbon porosity profiles for ribbons produced at 30 bar using smooth and knurled rollers.

The porosityvariation acrossa ribbon width was quantified using the relative solid

fractiondifferencey} , which is defined byhefollowing relationship:

/I

T

Equation5-1

wherg andf are the solid fractions at the centre and sdf¢he ribbons.
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The relative difference in the solid fraction across the width of the ribbons as a function
of the maximum roll stress is shownkigure5-13 for the smoothand knurled rollers
Figure 5-13 showsthat the relative differences across the widths ofktneled rollers
ribbons vereless than for the corresponding ribbons formed with the smooth rollers.
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Figure5-13: The relativesolid fraction difference across the ribbo&sjation5-1) as a function of the
maximum roll stress for the ribbons formed with thdubricated (solid line) smooth and (dashed line)
knurled rollers.
Measuring ribbon porosity with -Xay tomographywas advantageous in terms of
providing highresolutionporosity determinatiomf the internal matriXup to 16um).
This is in addition to various advantages of theuCT techniquecompared withother
porosity measuring techniqufk20]. However, there is a traddf betweenthe sample

size, resolution, and scanning timethrs casgthe sample size was about 1.3 mm which
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at a resolution of @im requiresapproximately 75 mirutesfor scanningand 15 mimites
for image reconstructiowhich makes XuCT extremely time-consuming. Thus, a
scanning time of about 18 hours is needed to ad@&mm width ribbon by taking a scan
every~3.5 mm.Moreover, sample preparation was anotrégfactthe sample should fit
into the samp# holdertubeandthe sample should be stroegoughto survive duringhe
cutting stageln an attempt to overconteese challenges fastertechniquewith pixel

grade information was used describeth the following section

5.3.4.2 Near-Infrared Chemical Imaging (NIR-CI)

5.3.4.2.1 Theoretical background

In principle, NIR-CI technology combines conventiondigital imaging with NIR
spectroscopy to provide both spatial and spectral informaltlafike conventional NIR
probeswhich average the spectral information &arertain sample area in one spectrum,
NIR-CI technology collects and presents the spectral information yakerving their
spatial dimensioso that each pixel of the captured image contains the NIR spectrum of
this specific location. This can be used as a fingerprint to qualitativelguarditatively

characterise every pixel in that imgdd€9,121,122]

The captured images are usually termed in literatuttgypsrcutes. Thee imagesare
constructed in two main ways, namelyshbioom(the method used inéhcurrent work
and staring approachesThe former involveghe spectral information of a group of
adjacent points in a lin@s thesample is moved usingconveyor belt sytem and the
line measuremers repeated so it can cover the whole samipde.thestaring approach,

thefield of viewis fixed andastack of images ataken at one wavelength after another

The nondestructiveand fast nature features of this technologgan thatit is very
attractive to be used for a wide range of applications such as content unif@28ity24]
porosity in tablets and roller compaction ribbofis25,126] and counterfeit analysis
[127,128]

53.4.2.2 Technical challenges

As previously discussed, this technology has been usedafigie range of applications,
however, NIRCI still suffers from certain challenge that must be taken tn

consideration prior to any measurement.
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1- Sample preparatiothis involved correct positioning of the sample in the field of view
of the lens. Additionally, due tthe limited penetrating nature of the NIRdiation,
sample crossectioning is necessary when core information is needed.

2- Sampleillumination: illuminationshould be intese enough sthat it canreflectan
adequateletectible signaio the detector. Howevehe intensity should not be too high
asit could damage the sample. Moreover, ithemination should beelatively uniform
across the sampling area, otherwise, ititensity of the reflected light could vary
significantly [109]. This variation could be problematic as most of the data processing
systens do not take illumination uniformity ito account and inherenthassume
equivalence between tlogiality of the collected spectra.

3- Sample arface topogray: anirregular surface geometry of the sample could produce
similar effect tahat ofthe non-uniformillumination; surface roughness and/or curvature
could chang¢he relative path length between the sample surface and the detéatbr
consequently affesthe quality of the reflected signdl22,129] WangandPaliwal[129]
reportedsuchthat light does not reflect back uniformiyhen scanning a curved suréac
with NIR-CI; subsequentlyno meaningful conclusionan bemade. For this reason, a
processing algorithm was developed to correct the effect of surface curvature on the
quality of the reflected spectrit. successfully reduced spectral variation causethb
inhomogeneous surface geometBurface irregularitybecomesproblematic if the
fluctuations ofa scanned surfacgeometry exceed the depth of field of the lens (DOF).
DOF isdefined as the volume within which the reflected light is sharply focused on the
detector[130]. Figure 5-14 shows a schematic example of reflection from two points
localisedwithin and out of DOF ranga/henthe reflection takesplacefrom a point
within the DOF the refleced light is sharplyfocused on theletector;otherwise,the

reflected light diergesafter the lens ankbcalisedat acertain detector distance.
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Figure 5-14: A schematic representation of how could surface roughness cause blurry images and affect
the distribution of reflected light on the detector.

Generally when usingNIR-Cl, it is crucial tomake sure that the reflected signal is not
affected by any source of variatidn.general, pblicationsdo nottakethe aforementioned
limitations into account duringmageacquisition. In the field oporosity investigation
which isthe mainfocus ofthe current work, NIRCI was exploited by limited number of
researchers tepatially characterisecompact heterogeneity in tesmof its porosity
although,the use of conventional NIR probe to measure the average bulk porosity was
reported extensively131,132] Khorasaniet al.[133] used NIRCI to map the porosity
and active pharmaceutical ingredient distributiorribbons made with smooth roller
mediated roller compactioifhe calibration model was based on the correlation between
the averagellIR spectrum of the entire ribbon athetaveragd ribbon porosity measured
by theoil absorption methodt could be biased asneglecs the porosity variation across
theribbon dimensionsA more consistent approach could be the usambre uniform
compact such as tablets to build thebration model.The researcher has reported the
same calibration procedure in another two published st[i#2és131] These studiegsed
smooth rolles which couldreducethe effect of surfacepology on the NIR reflectance
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however, no information was mentioned about the surface roughness or lens @efath of
Another trial usind\NIR-CI for ribbonporositymapping was conducted bym et al.[119]

for assessg the variation of porosityf roller-compacted MCC ribbonst successfully
predictedribbon porosity with a correlation of 0.9258 where regionsigher porosity
showed highelintensity of reflectedNIR light. Although knurled rollers where used
(indentationdepthwasnot mentionej] the study did not repoany information about the
DOF of thelensas thiscould affect thantensity ofthe reflected light.Moreover,In a
similarstudy conducted bithorasankt al.[133], the average pychometeibbon porosity
was plotted against its mean NIR absorbaSoeihi et al[134] used NIRCI for the same
purpose andnentioned that despite the usk knurled rollers, the study successfully
predicted porosity ahe bottom and top of the knurling areas. This could be related to the
high DOF of the lens (nahentioned)Based on the discussed lintitans and the existing
literature, there is a need to assess the role of surfagelarity on the predictability of
NIR-CI for the porosity oftieribbon.Forthis reasonthesurface roughness of the scanned
surfaces should be measured and compared with the lens D@iFderto evaluate the
quality ofreflected light angubsequentliyhe appropriateness f@redicting thedensity.

5.3.4.2.3 Determining lens depth of field(DOF)

The lens depth of field was determined fogusingon a plastic micrescaledruler, the
ruler wasthenmoved gradually (5@um in each steptoward the detector by placiray
number of plates 60 um thicknesslunder the ruler in a stepwise manrfeigure5-15

shows how the image becomes blurry when the distance to the défectsrdistance)

was changeby ~ 350 to 4@ um which wagakenas the lens depth of field.
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Figure5-15: Raw imagef plastic micro ruletaken withthe NIR-CI spectrometer at different distances

53.4.2.4

to the spectrometer detector.

Compactsurface roughness

To assesdhe role of surface roughnesswias determined for the calibration tablets and

roller compacted ribborat the lowest and highest compaction seesEhis wasbhased

on the surface profile whias measureavith a digitallight microscope (Keyence VHX

5000) Surface roughness can be mgsedoy different parameters whichre selected

according tahe desired application.oTcompare surface roughness with lens DIQE,

R; value was selectedvhichis the average peak to trough deviatiand it is more

sensitive to high peaks or deegleys:

Equation5-2

139




where R is thesurface roughness parametertfoer meardistance betweethepeals and
trougts, i is the ith segment, n is thember of segmentspeskand Xoughare the deviation
for the peak and the trough in the segment considered, respectively.

Example ofmannitoltables surface profilsat the highest and lowest compaction s&ess
areshown inFigure5-16. They wereevenly divided into five segments according to the
length subsequently the largest and lowest valaé each of the 5 segmentgere
determined and applied Equation5-2 to compute Rz value.
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Figure5-16: Surface profile ofmannitoltablet compacted at a stress equivalent tbar§lowestland 230
bar (Highest)hydraulic pressure in the roller compactor. The profile is divided into five segments to
calculate Rz value.

The roughnesgRz) valuesof all tabletsproducedat the highest and lowest compaction

stresgsareshownin Figure5-17-A. These tablets were later used to calibrate the NIR
Cl.
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Figure5-17: Rz values of the calibration tabdgA), andsmooth roller ribbog(B). Tablets are made at
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ribbon respectively(C) is an example surface profile of knurled ribhwith its Rz vale.
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It can be seen fromigure5-15andFigure5-17 (A-B) thattheRz valuesof the calibration
tablets and the smooth rollers ribbons amach lowerthan the DOF of the lens
Consequentlythe calibration tablets andmooth rollers ribbons are always in focus
through the entire range of compaction stresses. However, becauséndetite on the
ribbon surface, knurled rollers ribbons hd®e value higher than the DOF of the lens
(Figure5-17-C), which could affect thantensity distribution of the reflected lighind
consequently affect the NIRI predictability Asthe porositydistributionmeasurement
depends entirely on ttegatial distribution of the reflectadtensity of the reflected light,

knurled rollers ribbons are not suitable to be measured by this technique.
53.4.2.5 Calibration modeland ribbon porosity distribution

In orderto quantitatively analyséhe porosity distribution of smooth roller ribbong,
calibration model wagonstructedfrom the average NIR spectra extracted from the
known porosityof tablets. The calibration is based tre relationship betweethe
intensity of refected light and tablet porosifgalibration procedure are explained in more
details in sectioB.2.9. An example of the average NIR spectra of each of the calibration
lactosetabletsareshown inFigure5-18 (NIR spectraof the calibration tablet®r the rest

of thestudiedmaterialsare tabulated iigure A4). NIR is sensitive to porosity variation
and thus more compacted powder shdess intensity of reflected light. The same
phenomeann has been used extensively to investigate compact po[d8Ry132,135]
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Figure5-18: A: Raw NIR spectrum of lactose 200M calibration tablets made at stress levels equivalent to
the stress applied on lactose 200M during smooth rollers mediated roller compaction. The stresses are
ordered ascendingly in the folving colour order:—,—— ,— —, , and—-). B:
porosity of the calibration tablets as a function of applled compactlon stress.

142



The modelas evaluateavith a set of validation tablets of known porosityesewere

not includedn the calibrationstage.The validation results for lactos200M tabletsare
shown inFigure5-19.
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Figure5-19: Predicted vs. nominal tablet porosity.

The resultant NIRCI porosity mapsfor lactose 200Mcalibration tablets andoller
compactiorribbons are shown iRigure5-20. (NIR-CI porosity maps of the rest of the
studied materials are shownHigure A5).
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Figure5-20: NIR-CI porosity map®f lactose 200Malibration tablet¢top) androller compactedibbons
(bottom).

ImageJsoftware(National Institutes of Health (NIH), USAyas then used to analyse
smooth ribbondor porosity distribution acrosthe width. It is based on the grsgale

value ofthe calibrationtablets.The mean valueof 2 mm diameter circleat the tablet
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centrewas determined anglottedagainst tablet porosityhe resultantrelationship was
used toconvert the gregcalevalue distribution acrosa ribbon width intoa porosity

profile. An example oflte relationship betweehetabletmeangreyscalevalue andhe

porosity is shown ifrigure5-21.
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Figure5-21: Calibration tablets average gsmalevalue vs. measured porosity (%).

The sam@rocedure was used to analyiseribbon porosity distribution for themainder
of the ribbonsKigure5-22).
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Figure5-22: Porosity profile as measuddoy NIR-CI technique.The colourcoding are in the following
order; —: 18 bar,—: 30,—: 50 bar,—: 80 bar,—:120, : 150 bar).

5.3.4.3 Thermal imaging

The romogeneityacrosgheribbon widthwas furtheinvestigated by thermal imagirig
measure théemperature profileThe stress acting on the material during compaction
brings powder particles closer to each othergarerates heat by increasing the frictional
interactionat thiee interfaces: (i) between moving particles, (ii) between powder particles
and tool walls and (iii) within the powder patrticle itself due to plastic deformation and/or

breakagg54]. The amount of heat generated fsiraction of the stress appliedherefore
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the profile of acrosshe-width ribbon temperatureould bea powerfulcharacterization

technique of the heterogeneitytbe appliedstress during roller compaction.

Figure5-23 shows thesurfacetemperatureprofile across the width of ribbarfor four
different types of materialsompactedising two different pairs of rollers (knurled and
smooth) and at the same level of hydraulic pres@lfenaterials showethigherribbon
surface temperaturelhen smooth rollersvere used this is correlated to théigher

amount ofstress applied when sioih rolleis were usedFigure5-3).

It can be seen frorRigure5-23 thatthe uniformity of temperature profilevasdifferent
when different rollers were usecdompaedwith smooth rollersknurled rollers showed
greaterof temperature homogeneite. lesstemperaturedifference betweethe centre
and edgesThis suggests a mot®mogenous stress distribution acrthesribbonwidth
andthis consequentljeadsto more uniform density distribution as was seeffrigure
5-13.
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Figure5-23: The surfacetemperaturgrofile for four materials across ribbon width; compaction
conducted usingwvo different pairs of rollers (smooth and knurledB0 bar hydraulic pressur@he
dashed line represents knurled rollers whereas continuous line repseaenth rollers.

5.3.5 Modified ribbon splitting index

It was shown that the predictabilitf the splitting index to the initiation of longitudat
splitting was not adequatevhen knurledrollers were used;for smooth rollers,
longitudinal splitting was initiated at a valwf the splitting indexn therangebetween
0.9-4.27 while for knurled rollers, it was 1328.5(Figure5-24 (A-C)). This mg be due

to the index notaking account of the bending stresses. In an attempt to improve the
generalsation of the splitting index, thedexwas modifiedoy incorporating tk relative

solid fraction diffeence since the bending stresslesuld scale with parameter.
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The relative solid fractiarf hmeasured by Xay waspreferred over NIRCI results
due to the limitations encountered when NIRhas beemised i.e. thémited depth of
field of the lenscompared wittthe surfacethe geometry of the knurled rollertbbons

The modified splitting indexQ, is defined as follows:

v

o ¥-, X, Equation5-3

A Smooth rollers B Smooth rollers

g g BNSLub “Lubl =L ®T =T+ | ¢ . #NS-lub #zLlub mL mT =T+l

g L-Lub g NSLub L-Lub

= : = 0.25 |, p

3 NSLub LtUb %’:L 3 "é i %L

“= % = L-L

° 7 Z 5 02 |7 b .

o 7 & S ? NSLub ? g

£ 7 . E ? 9 . é

5 e so1s 1 7 m

c ﬁ" T+ o c :/; é T ?-' T+L é

5 Z % S L7 Lub] ZL Z

® Z ~ g 0117 7 7 7

£ LR £005 (7 1 7 5 N

: ' s | 0 MG W

z Z Z z , U 7 Z 7
5.4-10.3 11.9-20.522.2-45.0 0.3-1.6 W 3.5-8 8.8-14.7

(5 ‘ G

\ Knurled rollers \Knurled rollers

#NS-Lub y/L-Lub mL MT mT+L

@

#NS-Lub #Ljlub L mT mT+L

]

o
w

o
w
4

0.25 [NSLub NSL T NSLub 0.25 [NSLub NSLub

NSLub

T L-Lub L-Lub

©

N
T

o

N
T

0.15 0.15

s
|

©
[N
T

o
=
T
VRS ORRRR,

0.05 0.05

T
A S S
Normalised number of outcomes o

Normalised number of outcomes

RS SE RS RRRRRIRRRAR
_|
i B

e A

)
7
7
?
é
g
f
f
f

TR S
A

u
=
é
Z
Z
Z

o
R
R

o

o
~
=

-20.6

o

5-2.6 3.2-12.5 43.8-24.624.9-62.1 .1-09 1.0-3.2 \ 3.6-7.1

Figure5-24: A histogram of the number of nesplitting and splitting outcomes per powder feed
normalised by the total number of outcomes that were observed with the smddthurledollers. The
data for CaC@ribbons are not included since itdigmg behaviouris anomalous. Thibased on the
splitting index O: (A-C) and modified splitting inde¥0(B-D). NS refers to no splitting, L to
longitudind. Coding refers to transversal (T), longitudinal (L), mixed transvdosajitudinal (T+L) and
no splitting(NS). Solid and patterned filled bars refer to unlubricated and lubricated cases respectively.
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The advantage of this index is that the values correspond to the initiation of longitudinal
splitting are more similar for the smooth (1.6.2) and knurled (1.6 7.11) compared

with those for the unmodified index, which had values of (1402) and (1387 24.6).

That is,the modifiedindexis moregeneraléed and covers most of the splitting causing
factors including maximum applied compaction stress, elastic recdwemgjng stress

due to noruniform elastic recovery across ribbon width, and ribbon tensile strength.
(Figure5-24 (B-D)).

5.4 Conclusion

The chapter focuses on extending the predictabifitthe splitting index developed in
Chapter4 by introducinga factor relating to theébending stressinduced at the exiby
incorporating the ribbon solid fraction differenceKnurled rollers have ahigher
powder/metal contact arethat leads tomore homogenous stress distributiam
comparisorwith the smooth rollerswvestigatedn Chapter4. However, heincrease in
the contactareaextendgshe range of transversal splitting/roller stickiwgencompared
with the smooth rollerand reducethe extent of longitudinal splittingrheribbonswere
characterised for their heterogeneity énnhs ofthe porosity distribution using different
techniquesX-ray tomography was challenging in terms of beinge-consumingbut
the use oNIR-CI waspromising for providing pixel scale informatioNeverthelessts
use for testing knurled rollersbbonswas not possible due the optical functioning
limitation in terms of thdow DOF of the lenscompared with Rz value of the scanned
compact surfaceThe incorporatiorof the heterogeneity factor in the splittingdex

successfully enhancelde predictability for longitudinal splitting initiation.

A reduction in the occurrence of thangitudinal splittingwill probably correspond to

more homogenous ribbonghich is essentldor producing uniform granulgsroperties.
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CHAPTER 6 ROLLER STICKING -ROLE OF SURFACE
ENERGY

6.1 Introduction

Physical adhesion of powder smuipmentsurface is reported as one of the main
problems encountereduring powder compaction processasl could leado serious
problemssuchaspoorquality conditionof thecompactand might causseriousdamage
to the press machind9]. The previous chaptedemonstratedhat the occurrence of
sticking/transversal splitting is affected by the stress applied ta@dnechanical
propeties of the compacted materials. Therefargyould be a significant benefit the
sticking poblem could be identified from the intermolecular interaction betwebe
contactedbodiesi.e. the metal toolingsurface and powder particlddnderstandinghe
energies of interaction between contacted bodies has been reported as oassisting
strategiedor predicting sticking problems during tabletting proe=sq4436i 138]. It is
hypothesised in this chapter tHatvourableenergies othe interactioneither between
powder particles (cohesion) or between powder particles anbller surface should
follow the trend of sticking/transversal splitting during roller compactiowerse gas
chromatography (IGC) coupled wigtthin-film cell model was used to evaluate energies
of interactionbetween powder particles (¢¢and between powder particles ahdmetal
surface (Wg). The trend othe energiesof interaction was compared withe sticking

behaviourobserved in chaptet.

6.2 Theoretical background

Whenever two solidsome iro intimate contact the surface energyf the system will
influence their interactiom terms of the stability, adhesion, and cohestkurfacefree
energy (mJm?) by definition isa measure of the excess energy of the surfage of
material onts the energy required to create a unit area of a supi&83. It is important

in a wide range of @licationsincluding; granulation[140,141] crystallisation[142],
andtabletting[136,143]
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The total surface energy ochnsists ofpolar surface energy foacid-base interaction
(r ) andnon-polar surface energy for the dispersive interaatiorn, and itis calculated

by the following equation:
O r=+r Equation6-1

The dispersivesurface energy is mainly due to Van der Waals forces and more
specificallydueto Londondispersion forcen the othehand,the polar surface energy

is describedby both acidiqr ) and basic properties of the surfgce ).

While surface free energyiisferringto the energy of interactiaof atoms and molecules

at the surfag, interfacial surface energytise energy required to separate two surfaces in
a certain mediurfrom intimate molecular contact iafinite separation. This includehe
work of cohesion{Wco) for the interaction between two surfacef the sam@hase and

thework of adhesiorfx ) for the interaction between two different phasesnd 2.

Bothinteractions can bealculatedusingthe following equationfl44]:

x =2 4 zr T+ ¢ zp¢ ] Equation6-2
and
% =2[r z¢ T+ z ¢ “+ z ¢ "] Equation6-3

6.2.1 Methods of measuring surface energiesand its relation to sticking

studies

6.2.1.1 Contact angle

This method is based on placing a liquid droplet on a smooth, flat, isotropic and non
deformable surfacé\s described by Yound45], once settled on the surface, the droplet
will thermodynamically equilibrate witlits vapair and possess a unique profilhe

angk formed bythe tangent of the liquislapour interface witlthe solid-gas interface is

the contact anglélhe contact angl@) is defined by the mechanical equilibrium of the
drop that is subjected to the interfacial energies between timtegfaces; liquid

vaporr ,solidvaporr , and solidiquid r (Equation6-4).
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r AT10 r Equation6-4

Once determined, the contact arsgdé known property liquids on the solid surface can

then be applied in different approaches to calculate solid surface energy. The approaches
existing inthe literature vay according to the number of liquids usaad subsequently

the measured surface energy componemsdispersive, acidic, and basic surface free
energy. The most common widely used approaches are Fowkes,-Qigeds, and Van
OssChaudhuryGood method§146,147]

In terms of its application irunderstandingcompact stickiness during compaction,
Bunker etal. [148] studiedthe adhesioforcesbetweenactose monohydrate and coated
tableting punchest various RH/alues The punchewerecoated with different materials
having various degrees ofhydrophilicity/hydropholgity, which was assessed by
measuring static wateopntact angles on the surface of the punchies.studymentioned
that lactoseshowed a higher adhesion thamondlike carboncoated punchesn
comparison tothe other coating materialsnvestigated.This was ascribedto as the
formation of capillary bridgedue to moisture condensatiaith the more hydrophilic
punch face Additionally, Matjie et al. [138] investigated the adhesion of aluminium
silicate on stainless couponsghich werecoated with differentnateriak. The theory of
van Oss was usedb determine the surface energy of the coated surfaces; this was
achievedby measung the contact angseof knownproperty polar and nepolarliquids

on the coated and nawated stenless steel coupons. The study showed tbaticg
decreasedhe surface energy of theoupons surfaces from 83mJ/nt for uncoated
coupons to value between 23:30.7 mJ/n? depending on the coating materidhe
reduction inthe surface energyas associated with97% decrease ialuminiumsilicate
sticking The same conclusion was made by-K&rawi [149], wherethe contact angles
of molten ibuprofen showed @osecorrelation with the sticking tendencies of various

punch tip coatings

6.2.1.2 Atomic Force Microscopy AFM)

Forthis techniquea probe is either coatear loadedwith the substrate of intereandit

is broughtinto contactwith the studied surface. The movement of damtilever is
monitoredby a laser beameflected off the cantilevesn which the probe is mounted
Becauseof its high sensitivity, the AFM can be used to investigate various types of
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interactionssuchas \an der Waal, capillary and electrical for¢@47]. Wang et.a[136]
used AFM to studyhe adhesion forces between three different profen compaimads
AFM tip thatwas coated with iron to resemlihetablettingpunches The pofensurface
was prepared byhe melting /recrystallisatin of the material on a glass covérhe
measuredvork of adhesionwas reported to be in agreement withe rank order of
adhesiomtmeasured ia subsequerstudy[25]; in which acompaction simulator was used
to compacthe same set of materials and the taléghovalforce wasconsidered as the
criteria forpunch face adhesiomMoreover,Weber et.aJ150] investigatedhelubrication
mechanism ofMgSt by studyingdifferent combinations of particle interactions; the
results showedstronger interaction forces betwedfgSt and a steel surfacevhen
comparedo the interaction wittMCC or MgSt particlestself. The author suggested that
the resultanadhesionnteractiors areresponsible for the lubricatiaonechanisnof MgSt

asit reduce the ejection force and sticking to the tabletting punches.

Generally AFM is usefulfor investigating the molecular interaction at different levels,
while subsequertompaction stresses determine the extent of sticking. However, AFM
still suffers from some limitatios that should be takentmaccount prior to any force
measurement; this ihades the geometry of the particle attached to the probe tip, the

limited scanning area, and tt#ficulty in controlling theelectrostatic charges.

6.2.1.3 Inverse Gas Chromatography (GC)

For this technique,hte sampleunde investigation is packed in@mcolumnand acts as a
stationary phas&vhile an inertgas (usually helium)pases through the column as a
mobile phaseKnown property probes are injected through the mobile phase to interact
with the investigated stationaphaseA series of nofpolar probes such asatkaness

be used to investigate the dispersive property of the solid sampldition polar probes

are therinjected in the column to study the atidse interaction3 heretention timego )

is that taken by thegaseougprobe to pass tbugh the chromatography colunandis
obtained as the fundamental parameter measured. The retention time can be converted
into a retention volume @ ) (Equation 6-5), which is diretly related to several

physiahemcal properties of the solid (adrbent)such as the surface enelfd$1,152]
w oao o Equation6-5

where,
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"O is thecarrier gas flow rate (ml/min) and is the dead the which is thaheeded for a
nortrinteractingprobe (e.g., methaneto pass through the columhis the Jame#$/artin
correction factowhich describethe effect othe carrier gas compressibiléynd is added

to the above equatido correctthe effect of pressure drop and the packing density of the
stationary phase on the retention tjrtiesfactor is calculatetyy the following equation
[153]:

p
p

C CA
C CA

0 g, Equation6-6

o i
G j

where,0 and0 are the outlet and inlet pressures respectively.

Once the retention volume is determingdian be applieth one of the two commonly
used methods in the literature, namtig Doris-Gray and Schultznethods[151], to
calculate thalispersivesurface energy of the solid packed matefidle formerone is
appliedin this studywhich involvesplotting RgTIn(Vn) a function ofthe carbon number
(of theinjected alkane probhewhich should produce a linear correlati@irigure 6-1).
Where R is the gas constant (8 81.mot) and T is the column temperature (kelvin).

R‘,Tiln(Vl\-)
=

n-decane

n-nonane

n-octane

n-heptane

> 8 5 10 C-number

Figure6-1: Determination of surface free energy based on D@&ray approaciil51].

The slope of the alkane lineniFigure 6-1 can be used to determine the dispersive

component of the surface enelgy) using the following equatiofi53]:

r o Lagjp® 2r 2 Equations-7
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where,r is the surface free energy of a solid cordanethylene grouponly such as
polyethylene, is Av o g a cumbed(6.022 x 10?°mol J, and| is the cross

sectional area of a methylene molec@B().

This method can only be used to calculate the dispersive component of surfacesenergy
thatmethods such as polarisatican be used to determine the specific part of the surface
energy.The same parametd{TIn(Vn)) used wittDorris-Graymethod is plo#d against

the molar deformation polarisation of the gaseous proleg ¢B* mol?), whichis an

intrinsic parametegiven by the following equatiofi53] :

- 0 p0 Equation6-8

whereM, w and” are themolar mass (g md), refractive index, and density (g Snof

the probe molecule respectivelyhe resultant plot should be a straight line for the
injected alkanesyhile the points representirte polar probes are located above the
alkane straight linethe vertical distance to the straight line equal to the specific

component of the free energy of adsorpti@®( ) (Figure6-2).
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Figure6-2: The typcal plot of the polarisation method which is used to determine the specific surface
energy of adsorptio@O [153].
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Subsequently, based time van Oss approach, the specific surface enemies d the
samples can be calated, in whichlie specific contribution is subdivided into an acid

(r )anda basiqr ) parameter of the siaceenergy

7 7 7

wO g0 r zr r Zr Equation6-9

Two main probeshould beused to solvéquation6-9; a monopolar electron acceptor

probe which has nor  such as dichloromethane and monopolar electron donor probe

which hasho [

If the specific surface areaf the sample is provided, th6&C can be automatically
programmed to inject the precise amount of probe vapour in order to achieve different
userdefined surface coverage¥he measurement of surface properties at different
surface coverages will result in a surface heterogeneity profile of the sant@e
understanding of energy distributions is particularly useful at interface boundaries of
formulations, as well as to distinguish subtle differences in the surface chemistry of
samples.Sample specific surface areacommonlydetermined using BETheory, in

which a monolayer ofa weakly adsoribg gas is adsorbed on the sample solid surface
while adrption isotherm is assumed to follow typ@tllV adsorption mechanisniny

gas can be used if the gas is physically adsorbed by weak bonds and can be desorbed by
decreasing the pressure at the same temperature. The theory aehatessation and
evaporation rates dhe gas moleculesn the adsorbed layer, the linear form of this
relationship is callethe BET equatiorf154,155]

0 p 6 p o Equation6-10
£ 0 0 £ 6 &6 0

where 0 andd are the equilibrium and saturation pressure of adsorbaesastant

temperature.¢ is the amount of gasadsorbedat equilibrium pressurand¢ is the
amount of gas adsorbed in a monolagers the BET or sorption constant related to the

heat of adsorption and condensation.

BET theory is only valid at arrange of relative pressure between 0.0%.35, at which

the relationshippetween——— and — is suggested to be linear. Thkpe and
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intercept @ this linear relationshipcan beused to calculat¢e ~ as shown in the

following equation:

p QEOQI wQno Equations-11
i aegnQ

Subsequently thBET specificsurface arei ) is calculated from:

: € 0| Equation6-12
S
where is the crosssedional area of thadsorbing gas molecylé isthe Avogadro

number(6.022x 107> mol' 3, V is themolar volume of the adsorbed gas @nd is the
mass of the adsorbent in (Themonolayer capacitys is theamount oftheadsorbent
used to occupy all adsorption sites on the solid sartiptan therbe used as criterion

for the IGCto achieve different usedefined surface coveraggb4].

In terms of its useo understandoarticleparticle interaction involvedn compact
formation IGC was used bFichtner et.aJ143] to study the impact of surface energy on
thecompactibilityof lactose monohydrate hfeepowders ofactesewith differentlevels

of surface energy were prepared by spray drying with different proportions of surfactant
polysorbate 80. Alpbowderpropertieswere similar in terms of particle size, shape and
surface area he produced powdeds lactoseverecompactedvith the same compaction
pressure;the study showed a lower tablet tensile strength at higher surfactant
concentrations. Thiwas attributed tohe decrease ithe powder surfacenergy, which

led to a lower formation of intermolecular forcest the same compaction pressure
Moreover,Jacob and Berfl56] discussed the limitati@associated wit determining
thework of adhesion of porous and granular matergwhg thecontact angléechnique

They comparedhe resultsof thework of adhesioomeasured bygontact angle and IGC
approachesBoth techniqguedave been used to measure th@kaof adhesiorbetween
different polymerg(polyvinyl chloride) PVCand polymethyl methacrylate (PMMA)

and chemithermemechanical wood pulfibres (CTMP). The study showed alose

agreemenbetweerthe worls of adhesion vales determined by both techniques.
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6.2.2 Summay

In summarythe aforementioned techniques suffer from some limitatioat should be
considered prior to angurface energgetermination usingthe contact anglepproach
onpowder particlesr granuless complicated by the presence of poraushitectue that

still existseven when powdgrarticles areompacted into tablet.Rougher surfacdsave

been repodd to produce higher contact angle values when compared with smooth
surfaces with the same compositi@»7]. Additionally, when compressethe topnost
particlescould undergo plastic deformatiamhich could give different results when
compared witanuncompacted powd¢i58]. On the other handFM force resolution

is limited by the propertiesfdhe cantilever used includingtiffnessand sensitivity to
thermal nois¢159].

As mentioned previously,dbh AFM and contact angle techniques were usegsisting
approachesto understandadhesion between surfaces in terms imtiermolecular
interactions and more specifically by measutimethernodynamic work of adhesioimn
an attempt to overcome some of ttieallenges associated with these techragtie
inverse gas chromatograplgs been utilised as an alternative technigéhas been
shown inthe literature that determining intermolecular interaction between powder and
metal surfacecould be beneficial in terms of predicting sticking duringcompaction
proceses metatpowder interaction determia¢he potential othe interaction andany
subsequent mechanical procaffectthe extent of adhesioim an attempt to extend our
undestanding to ribbon transversal splitting/stickipgwderpowder angowdermetal
intermolecular interaction in terms tfermodynamiavork of cohesiorddhesion \&re
determinedusingIGC. Energies of interaction have been examinedafor correlation

with the trend of roller stickingescribedn Chapte+4.

6.3 Methods

A commercial inverse gas chromatogragh@C SEA, Surface Measurement Systems
Ltd., London, UK)was used to analyse the surface energy of both powders and metal

surface.

To determinethe powde surface energy, about 6@0g of powder was packed into a

standard IGGalinizedglass columrof 4 mm inner diameter and 300m in length. All
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powders were conditioned as previously described in se@i@n Although it is been
reported thathe packing method does not significantly influence the surface energy
results[160], for better consistey, prior to inclusion in the IGC overthe packed
columrs weretapped for 5min so thaia homogeneoysowder plug with no channels or
crackswere formed The columns were sealed by glass wool to support the powder
sample. Temperature and humidity were controlled and set to 40% RH and 25
respectivelythroughouthe pre-conditioning and experimenta series of four norpolar
alkanes (hexae, heptane, octane, and nonamgs used to measure the dispersive
component of the surfacenergy while two polar probes dichloromethaared ethyl
acetatavere used for measuring the polar surface energies. Simultanaoesiyane was
used for dead ithe corrections and nitrogen as t@rier gasThe daracteristics of the
probe gases used in the study are summariseabie6-1. All gases were set #bw rate

of 10 ml/min. The IGC used was coupled with a fionization detector to measure the

gas retention times.

To measure stainless steel surface gnea piee of steel ofjrade4140 andRa~ 2.44 +
0.3um (thesame steel gradesused to makéherollers)was cut tespecified dimensions
(60 x 210 x10 mm) to fit in thelGC film cell (Figure6-3). Prior tothe measurements,
the steel piece wadeaned ultrasonicallin anethanol bath fo5 minand subsequently
rinsed with deionised water and dried under nitrogefore placing it in théGC cell
[148].

The machie was then run at a series of fawe coveragem triplicate and theresulting
datawere analysed usinghe advance SEAanalysis softwarewhere peakmax values

were used itheDorris-Gray approach for surface energy determination.

The specific surfacareawas measured usirgseriesof injections of octane at different
injection volumes starting from agdh volume and gradually decreasiihg volume for

each injectionOnceenterednto the tube, the gas will adsooh the sample surface and

the pressre in the tubewill fall until an equilibriumis achieved The amounbf gas
adsorbed (n) at equilibrium pressure is calculated from the difference between the amount
of theinjectedgas and the amount of naalsorbed gas in the gas phase. The use of BET

theory requires at least three measuremehthe adsorbed gaamountsat different

values of relativepressure — |, the resuing datawerethenfittedusing theBET theory
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(Equation 6-10) and the specific surface area calculatadcordingly. Once this is
measured, the system can accurately inject a specific amount of probe vapour in order to
achieve the predefined surface cagas.The experiments were conducted in triplicate

and the results were analysed using the SMS analysis software V1.3 (SMS, Middlesex,
London, UK).

Table6-1: Characteristics of probes gases used in the @dy$161].

Test compound | [m?] r [3n¥] r [md/ne] r [md/ne] Character
hexane 5.15x101° 0.0179 T T nonpolar
heptane 5.73x101° 0.0203 T T nonpolar
octane 6.30%101° 0.0213 ) ) nonpolar
nonane 6.90%x101° 0.0227 ) ) nonpolar

Dichloromethane 2.45x101¢ 0.0245 124.58 0.0 acceptor of

electron
ethyl acetate 3.30x101° 0.0196 0.0 457.67 donor of
electron

Upper part of the module with

groove for gas flow »%. O O O 9}}>

0 0 0 0

Lower part of the module, the

sample is positioned in the middle 8 O o) 0 c,)]

Q Q 0 Q

Sample under investigation in the

form of a flat and monolithic ( )

material

=] (=] (=] [ =)
—.—@ o o o o\ﬂ-p
Lateral view of the module 1

prior to its closure with the
sample in the right position =) > [=)

Figure6-3: Technical drawing of the film cethodule for IGC (60 x 210 x 11 mm). Therows show gas
flow [162].

6.4 Resultsand Discussion:

6.4.1 BET specific surface area
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The BET specific surfaca@as of all samples were determinging @tane adsorpin
isotherm. The use of IGC for surface area determination has been previously reported to
give acceptable and reproducible res[i&3,164] As an exampleFigure6-4 shows the
adsorption isotherm of starch which was used to calculate the specific surface area using
Equation6-10to Equation6-12. The BET specificsurface area and the fitting parameters

for all the studied materials are summarisedable6-2.

390,00

380,00 1
360,00
340,00 4
320.004
300,00 4

280.00 4

Fegf [ * (Page - Fegl]

260,00+
240,00 1

220 0= . 1 " ¥ 1 T 1
0.02 0.05 0.1 0.15 0.20 0.25 0.30 0.33
P.:q |”{'.¢rr

Figure6-4: Octanesotherms (amount adsorbed n as a function of partial preBs{Pey for starch
sample 29&)

Table6-2: Specific surface area parameters determined using octane isotherm.

Material Sorption Monolayer capacitynm) BET surface area (ffg)
constan{C) (mMol/g)
Steel 2.0122 0.0034 1.3407
CaCQ 11.6807 0.0025 0.9554
mannitol 2.0745 0.0029 1.0826
200M 4.3443 0.0018 0.6963
anhydrous lactose 2.4619 0.0022 0.8254
starch 3.373 0.0014 0517

maltodextrin 2.0584 0.0031 1.1905
MCC 2.1048 0.0039 1.3407
MgSt 4.4208 0.1862 7.24235
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6.4.2 Dispersive andspecific surface energiesf powders and metal surface

IGC was employed to detect and quantify the surfamergycomponents of both
powder and steel surfaceall surface energy measurementgre conduced at low
surface coveragesing low soluteconcentratios ranging from (0.020.1 P/R). The
approach of infinite dilution represents over 95% of IGC papers publgiied andis
used to avoiccomplexity associated with determining retention behaviour of the solute
when solutesolute interactiondecome significant at high solute concentrafibsl].
Figure 6-5 showsthe change in surface enengyterms of its fundamental components
i.e. the dispersive and specific surface enag function of surface coveragmilar

values wereeported inother studie$139,165 169]
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