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This thesis is prepared as a combination of three research papers. The first paper is published in the journal 'Advanced Powder Technology', while the rest of the two is currently, under submission stage for the journals. Such kind of dissertation where the chapters are based on research papers are known as 'Cumulative Thesis'. This format is famous in the Universities of Sweden and also in many universities across the globe.

The first part of the thesis is concerned with understanding the densification mechanism of the granules and raw powders during the tableting process. The granules were produced from ribbons which were roll compacted at two different roll compaction forces and after milling were sieved into two different size classes (small and big granules). Thus, the effect of roll forces on the granules compaction behavior are explored in detail along with the effect of granules size class. The study was conducted on two commonly used pharmaceutical excipients MCC101 and mannitol exhibiting plastic and brittle behavior respectively. The compressive curve obtained during tableting are unique for each material and hence are better known to characterize different material behavior. As complete information could not be directly retrieved from the curves, the Cooper-Eaton model was used to quantify particle rearrangement and plastic deformation mechanism for the powders. The model proved its ability to capture both the effect of roll force and size class effects on granules densification behavior as well as to differentiate the compaction behavior of granules and raw powder for both MCC and mannitol. Some discrepancies observed for mannitol due to its brittle nature were also discussed. It was found that, during tableting, granulating materials are easier to rearrange and have increased flowability and resistance to plastic densification. This behavior of granules is further material dependent and also on the process settings that were fixed to manufacture them.

The second part of the thesis is focused on understanding the sources of heat generation during the processes, the amount of temperature rise as a consequence of it, and how the level of temperature generated can be controlled. The process parameters involved throughout the manufacturing line along with the thermal properties of the pharmaceutical powders are important factors responsible for controlling the temperature rise during the processes. The study is hence aimed as follows:

1) To better understand the sources of heat generation during the processes by analyzing the specificity of the process. The work done in deforming the material plastically and the friction between the rolls and powder particles are assumed as two major sources of heat generation during the roll compaction process.

viii By applying the thermal energy balance to the process i.e. the total heat generated is equivalent to total heat losses [ 𝑄 ̇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑= 𝑄 ̇𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑄 ̇𝑙𝑜𝑠𝑠 ], and by assuming only conductive heat losses, the resulting equation to predict the temperature distribution and the exit temperature of the compacted material is shown as: Where, 𝑄 ̇𝑔 is the heat generated from plastic deformation and friction. The mechanical (𝜌) and thermal properties (𝐶 𝑝 , 𝑘) of the compacted material are inter-dependent and are defined as follows: (𝜌) = material density, 𝐶 𝑝 = specific heat, 𝑘 = thermal conductivity, Cv (= 𝜌 𝐶 𝑝 )is the volumetric heat capacity.

𝜌
2) With the objective to establish a relationship between the relative density and thermal properties (k, Cv), an experimental study was undertaken on both materials MCC102 and Mannitol. Tablets with different relative densities were manufactured and their thermal properties were measured using an instrumented setup known as a hot disk thermal constant analyzer. It was found that the thermal properties of the compacts follow a linear relationship with their relative densities. Moreover, results showed they are low conductivity materials (k) having low volumetric heat capacity (Cv).

3) In-line temperature measurements of the ribbon surface at different process settings using an Infrared thermographic camera. The impact of process parameters such as roll speeds, gap size between rolls, and screw speed on the average surface temperature was investigated. The temperature distributions on the ribbon surfaces of MCC102 along its width and rolling direction were characterized. The results showed that the surface ribbon temperature can reach up to 35.3°C at the exit when the powder temperature in the hopper is at 22°C. An increase in roll speed and screw speed leads to a higher surface temperature of the ribbons, while, the temperature of the ribbons kept getting lower as the gap size between rolls was increased. Moreover, the distribution of temperature over the ribbon surface in the width direction follows a unique pattern, with the temperature being maximum towards the center and lower near the sides resembling a potential similarity with the density distribution of the ribbons observed in the work of Perez-Gandarillas et.al (2016) and Mazor et.al (2016).

In conclusion, the mechanical aspects of the study allowed a better understanding of the compactibility of the tablets produced from either raw powders or granules which were pre-engineered at different process settings. The thermal aspects of the study lead to a better knowledge of the thermal properties of the compacts and their role in inducing a significant temperature change of the final product. Expecting the dependency of thermal properties on relative density, a new experimental data was generated. The relationship obtained between the thermal properties of the compacts and their relative density has found practical applicability in the modeling of roll compaction and die-compaction process. Monitoring ribbon surface temperature in-line at various process settings during the roll compaction process revealed the optimum settings at which the machine should be operated in order to achieve desirable temperature rise which further largely depends on the sensitivity of the material to heat, the material behavior, the skill of the operator and the operating characteristics of the machine. Based on the characterizations of thermal properties versus the relative density, the balance equation (1), and the set of equations of mechanical behavior developed in the work of Mazor et.al (2016) using the Drucker-Prager Cap model, it would have been possible to develop a finite element simulation of the process to predict and validate the ribbon exit temperature at various roll process settings. Unfortunately, due to the lack of time, this part was skipped and will be a future perspective of further work in the laboratory. Overall, all the obtained results make it
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Résumé

La granulation à sec par compactage au rouleau est souvent utilisée dans les industries pharmaceutiques pour améliorer les propriétés des matériaux en vrac telles que la fluidité et pour assurer l'homogénéité des ingrédients pharmaceutiques actifs (API) (ou des poudres brutes). Fondamentalement, le processus fonctionne comme suit : la poudre est acheminée vers la zone de compactage soit par alimentation gravitationnelle, soit par un alimentateur à vis. Ensuite, la poudre est aspirée entre deux rouleaux contrarotatifs dans la zone de contrainte où le matériau particulaire subit une fragmentation et/ou une déformation pour former un ruban qui est ensuite broyé en granulés. Les granulés sont ensuite utilisés dans le procédé de fabrication de comprimés pour produire des comprimés qui sont aujourd'hui des formes posologiques orales largement prescrites. Afin d'assurer une qualité optimale du produit fini, c'està-dire des comprimés, il est important de surveiller et de contrôler la qualité du produit à chaque ligne de fabrication (rubans, granulés et comprimés). La modification mécanique et thermique que subit le produit sont deux des aspects importants à considérer qui ne sont pas complètement compris jusqu'à présent, en raison de la complexité de la mécanique des poudres et du processus lui-même. En effet, la chaleur générée dans le ruban par la déformation plastique et le frottement des parois (avec les rouleaux et les joues) augmente la température du ruban et cela pourrait être nocif pour les matériaux sensibles à la chaleur et particulièrement employés dans les applications pharmaceutiques. Ensuite, la surveillance en ligne de la température à l'aide d'une caméra thermique infrarouge peut conduire à une mesure continue de la température de surface du ruban qui permet finalement de contrôler la qualité du produit.

Cette thèse est une contribution à la compréhension du comportement mécanique et thermique des processus de laminage et de leurs produits intermédiaires.

La première partie de la thèse s'intéresse à la compréhension du mécanisme de densification des granulés et des poudres brutes lors du processus de compression. Les granulés ont été produits à partir de rubans compactés au rouleau à deux forces de compactage différentes et, après broyage, tamisés dans deux catégories de tailles différentes (petits et gros granulés). Ainsi, l'effet de la force de roulement sur le comportement de compactage des granules est exploré en détail ainsi que l'effet de la classe de taille des granules. L'étude a été menée sur deux excipients pharmaceutiques couramment utilisés, le MCC101 et le mannitol, présentant respectivement un comportement plastique et cassant. Les courbes de compression obtenues lors de la compression sont uniques pour chaque matériau et sont donc mieux connues pour caractériser différents comportements de matériaux. Comme des informations complètes ne pouvaient pas être extraites directement des courbes, le modèle Cooper-Eaton a été utilisé pour quantifier le réarrangement des particules et le mécanisme de déformation plastique des poudres. Le modèle a prouvé sa capacité à capturer à la fois l'effet de la force de roulement et les effets de la classe de taille sur le comportement de densification des granulés ainsi qu'à différencier le comportement de compactage des granulés et de la poudre brute pour le MCC et le mannitol. Certaines divergences observées pour le mannitol en raison de sa nature fragile ont également été discutées. Il a été constaté que, pendant la compression, les matériaux de granulation sont plus faciles à réorganiser et ont une fluidité et une résistance accrues à la densification plastique. Ce comportement des granulés dépend en outre du matériau et des paramètres de processus fixés pour les fabriquer.

La deuxième partie de la thèse est axée sur la compréhension des sources de génération de chaleur au cours des processus, la quantité d'élévation de température qui en résulte et comment le niveau de température généré peut être contrôlé. Les paramètres de processus impliqués tout au long de la chaîne de fabrication ainsi que les propriétés thermiques des poudres pharmaceutiques sont des facteurs importants responsables du contrôle de l'élévation de température au cours des processus. L'étude xi s'articule donc comme suit : 1) Mieux comprendre les sources de génération de chaleur au cours des procédés en analysant la spécificité du procédé. Le travail effectué pour déformer plastiquement le matériau et le frottement entre les rouleaux et les particules de poudre sont supposés être les deux principales sources de génération de chaleur pendant le processus de compactage des rouleaux. En appliquant le bilan d'énergie thermique au processus, c'est-à-dire que la chaleur totale générée est équivalente aux pertes de chaleur totales [ 𝑄 ̇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑= 𝑄 ̇𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑄 ̇𝑙𝑜𝑠𝑠 ], et en supposant uniquement les pertes de chaleur par conduction, l'équation résultante pour prédire la distribution de la température et la sortie la température du matériau compacté est représentée par : En conclusion, les aspects mécaniques de l'étude ont permis de mieux comprendre la compactibilité des comprimés produits à partir de poudres brutes ou de granulés qui ont été préfabriqués à différents paramètres de processus. Les aspects thermiques de l'étude conduisent à une meilleure connaissance des propriétés thermiques des compacts et de leur rôle dans l'induction d'un changement de température important du produit final. Attendant la dépendance des propriétés thermiques sur la densité relative, une nouvelle donnée expérimentale a été générée. La relation obtenue entre les propriétés thermiques des compacts et leur densité relative a trouvé une applicabilité pratique dans la modélisation du compactage au rouleau et du processus de compactage à la matrice. La surveillance de la température de surface du ruban en ligne à divers réglages de processus pendant le processus de compactage des rouleaux xii a révélé les réglages optimaux auxquels la machine doit être utilisée afin d'atteindre l'élévation de température souhaitable qui dépend en outre largement de la sensibilité du matériau à la chaleur, du comportement du matériau, l'habileté de l'opérateur et les caractéristiques de fonctionnement de la machine. Sur la base des caractérisations des propriétés thermiques en fonction de la densité relative, de l'équation d'équilibre (1) et de l'ensemble des équations de comportement mécanique développées dans les travaux de Mazor et.al (2016) à l'aide du modèle Drucker-Prager Cap, il aurait été possible de développer une simulation par éléments finis simulation par éléments du procédé pour prédire et valider la température de sortie du ruban à différents réglages du procédé de laminage. Malheureusement, faute de temps, cette partie a été ignorée et constituera une future perspective de travaux ultérieurs au laboratoire. Globalement, l'ensemble des résultats obtenus permet d'avancer scientifiquement dans le domaine du génie des procédés. Ces résultats sont utiles à la fois aux opérateurs de presses à rouleaux et aux développeurs pharmaceutiques pour le suivi en ligne de l'échauffement en production.

𝜌

Introduction

Dry granulation by roll compaction is an agglomeration process in which the powders are compressed between two counter-rotating rolls to produce ribbons. The ribbons are then milled in a milling system to form granules. The granules with the improved properties are then used for 'tableting' or 'capsule filling'. The process was first developed for metallic/ceramic powders but now it has been widely used in pharmaceutical industries to improve the powder properties such as flowability and to assure homogeneity of various active ingredient (APIs). Dry granulation is considered to be a highly-energy efficient process as no heating or drying step is needed leading to a reduction in cost. Until now, there is a lack of understanding of the mechanical, physical, and thermal modification that the powder undergoes throughout the processes, making the process design quite a challenging task.

One of the major drawbacks of the process is that there is a reduction in the tensile strength of the tablets as compared to direct compaction. The effect of process parameters and milling conditions on the mechanical properties of ribbons and granules is usually studied in order to better understand and improve the compaction behavior of granules during tableting to produce tablets with desired quality and strength, thereby also optimizing the process settings. Compressibility and compactibility are two terms often defined to better describe and have a deeper understanding of the mechanics of powder compaction. Compressibility i.e. the ability of the powders to undergo a volume reduction under pressure during compaction is essential to understand compactibility i.e. the ability of the powders to obtain compacts with adequate strength after achieving a desired volume reduction. The volume reduction of the powder bed under pressure leading to compacts consists mainly of two stages of densification, interparticle, and intra-particle rearrangement at the initial stage when the applied pressure is low and plastic deformation/fragmentation depending on the material at high pressure. These stages can occur simultaneously or one after another. Various models are available in the literature to better understand and quantify the volume reduction during compaction. These models are basically linear or non-linear equations derived to fit the curves as defined by the respective models which are reduced form of the compressive curves i.e. the history of applied force to deform the powders as recorded by the machine during compaction (force vs displacement relationship). The inability of the models to capture the experimental data points completely often leads to difficulty in interpreting and understanding the physical meaning of the constants which can explain the densification stages in detail. In pharmaceutical research, two of the most widely used compaction equations are Heckel [1] and Kawakita [2]. They both were proved to be satisfactory in predicting the compaction behavior especially for a wide range of pharmaceutical materials. However, they are largely focused on the 2 nd stage of densification (as initial pressure data points are normally eliminated for better curve fitting with low residuals and to satisfy goodness of fit). The initial stage of densification is also crucial which can further influence the 2 nd stage process. The knowledge of the whole range of the densification processes is needed to understand the compressibility of the powders to a larger extent. Moreover, some discrepancies are often reported regarding them highlighting the need to either develop the original models or to test another model simultaneously in order to better relate the parameters to the compaction mechanisms. In this context, the ability of the Cooper Eaton model [3] which is a two-stage densification model and originally developed for metals and ceramics, can be applied and tested to understand the compaction mechanism for a wider range of pharmaceutical materials and the whole range of densification processes.

During the processes, various exothermic reaction takes place which mainly involves the conversion of work energy into heat energy. The work done by plastic deformation/fragmentation and the friction between powder particles and work tool are two of the major sources of heat generation during the process. This leads to a rise in temperature which can be important enough to induce a significant change in the material properties especially for those who are highly sensitive to temperature. In order to manage the temperature rise during the process, an in-depth understanding of two important factors i.e. thermal properties of the powders [4] and process parameters effect [5] are needed. As the process is continuous, accurately monitoring the temperature of the product in-line in a non-contact manner throughout the manufacturing line is complex. For that, Infrared thermography (IRT) is often applied in the field of pharmaceutical science. For the tableting process, the real-time investigation of the temperature rise and its evaluation based on the process parameters have been widely studied and documented in the past. Also, the study on the measurement of thermal properties of the compacts for different materials has been researched to a great extent. However, most of them measured only the volumetric heat capacity (Cv) values of compact while the thermal conductivity (k) values are also necessary. Research on how the thermal properties of the compacts vary with relative density is scarce. The values of thermal properties of the compact, as well as its relationship with the relative density, are not only needed for understanding the final temperature reached for the end product but also for successful prediction of the thermomechanical behavior (temperature of the product, temperature distribution) with the help of a suitable modeling approach such as FEM. Research on the application of IRT to measure in-line the temperature of the product during roll compaction is limitedly documented and is mostly emphasized on studying the effect of process parameters on the ribbon surface temperature and the temperature distribution along its width direction. The suitability of an infrared camera to accurately measure the temperature of the product is often tested and demonstrated. However, in the field of IRT, the experimental setup and the calibration factors such as emissivity values of the objects which are crucial in successfully monitoring the temperature of the desired objects are less discussed in pharmaceutical research.

The main objective of this thesis is thus to progress in understanding the mechanics and thermodynamics of the powders when they are being compacted during typical pharmaceutical manufacturing processes such as dry granulation by roll compaction and die compaction. It is further explored in detail as follows:

 To analyze the densification behavior of roll granulated powders, in particular, to explore why granulated powders behave differently from those of raw powders with the intention to further explain the changes in the mechanical properties of the tablets compacted either from raw powders/granules. The equation developed by Coper-Eaton for ceramics, will be used to model the compaction behavior of pharmaceutical excipients. The methodology followed will give clarity on the effect of roll force and the effect of granules size class on the strength of granules, their rearrangement and plastic deformation/fragmentation behavior during die compaction. The analyses will be conducted on MCC101 and Mannitol exhibiting ductile and brittle behavior respectively.

 To carry out a study on the measurement of two critical thermal properties i.e. thermal conductivity (k) and volumetric heat capacity (Cv) of the pharmaceutical compacts. Hot Disk Thermal Constant Analyzer, which is a well-known transient measurement device to accurately measure the thermal properties of a wide range of materials having conductivity as low as 0.005 W/m/K and high as 500 W/m/K will be employed for this study. The experimental procedure followed will reveal the range of thermal properties of the tablets corresponding to their specific range of relative density. The dependency of those thermal properties on relative densities will then be explored leading to the possibility of establishing a relationship between them. Finally, based on the obtained values, to categorize the materials as low conductive or high conductive materials having low or high volumetric heat capacity respectively. MCC102 and mannitol will be used as a model powder.

 To measure in-line the rise in temperature during the roll compaction process by applying Infrared thermography. The main objective is to successfully monitor the average ribbon surface temperature when it exits the compaction zone and how the process parameters such as roll gap, screw speed, and roll speed can play a significant role in influencing the level of temperature reached.

The feed powder roll compacted is MCC102. The infrared camera used to capture the experimental recording in-line and to simultaneously analyze the data for temperature measurement is OptrisPI 640, hence, the applicability of the camera will be tested by validating the findings with those in the scientific literature, where the operation characteristics of the machines are different. How the temperature is distributed along the ribbon width direction according to the process settings used is also of interest of this study in order to progress towards a better understanding in obtaining optimum product quality. The investigation carried out will reveal the basic experimental setup and calibration factors required to install the IR camera. A part of the whole study also involves characterizing the emissivity values of the ribbons compacted according to the process settings and having different relative densities.

The outlook of how the thesis is organized chapter wise and the main information covered is given in details as follows:

In Chapter 1, an abstract for literature review that was planned is given. However, this part is skipped and can be found scattered in the next chapters (2, 3, and 4). Instead, we converted this chapter into a theory chapter, where some information on what led us to the mechanical aspects of the work (Part I) and thermal aspects of the work (Part II) is described in brief. In fact, the techniques of granulation are introduced along with the common challenges faced, the work carried out in our lab and by the scientific community is described in short, before referring the readers towards Chapter 2, which is the first part of the thesis i.e. mechanical aspects. Then, a theory on the sources of heat generation and heat transfer phenomenon during roll compaction is given along with the thermal equations involved, some important thermal boundary conditions, the final equation governing the heat transfer to predict the temperature distribution in ribbons, some important thermal properties concerned. This section is the basis of the second part of the thesis i.e. thermal aspects (Chapter 3 and Chapter 4).

In Chapter 2, the application of the Cooper-Eaton model to study the densification behavior of granules, which were produced according to the process condition i.e. roll force (roll force effect), milling condition (size class effect) is discussed and compared with raw powders. The description of materials used, preparation of granules, how the die-compaction was achieved, model definitions, results, analysis, and discussion can be found.

In Chapter 3, the measurement related to the thermal properties of the pharmaceutical excipients is discussed about. A complete description on the materials used, tablet preparation, measurement technique, results obtained, their analysis, and discussion can be found.

In Chapter 4, the infrared temperature measurements of the ribbon surfaces that were carried out are explored. The material description, specification, and working of the roll compactor used, preparation of ribbons, design of experiments, calibration and experimental set-up of the IR camera, results, analysis, and discussion are presented.

Chapter 1.

Literature review (abstract) and Theory (leading to Paper I, II and III)

Chapter 1

Literature review

Abstract

The chapter starts with introducing the concept of the granulation technique, why, where and for how long it has been used in Industries. Then, a complete theory of 'Roll compaction by dry granulation' and 'Tableting process' along with their history, application, and challenges concerned with managing the product quality has been reported. The chapter is then organized into (or followed by) various subchapters where the following topics have been reviewed and discussed in a systematic way: Firstly, a bibliography on recent research and development related to 'Mechanics of tableting and modeling' in order to gain in-depth understanding of the process parameters effect in the previous manufacturing step on the in-die densification mechanism of the materials being compacted and to explore the differences when they are compacted raw. The experimental studies presented are mainly targeted based on the evaluation of the densification behavior of the materials by applying well-known pharmaceutical compaction equations and their limitations. The studies lead to the possibility of approaching fresh models which are widely known for ceramics and metal powder compactions, also suited well to understand the mechanics of porous materials but not widely applied and tested in the field of pharmaceutical research. Secondly, how the heat generation takes place during the processes is introduced by applying the concepts of thermodynamic along with a description of some governing equations involved. Then, some studies done by researchers in the earlier stages of understanding the thermodynamics of the tableting process and the methodology they followed to quantify the heat generated have been reviewed. How the research and development are evolved over the past few decades until now, related to temperature measurements during tableting and the influence of process parameters is emphasized, by presenting experimental studies. Similarly, concerning temperature measurements for roll compaction, it was noted that the study is scarce and further development is still needed. It was then followed by reporting some developed finite element models to predict the thermomechanical behavior of the product during these processes thereby optimizing and scaling up the whole design process. Finally, some research is shed in the area related to thermal properties of pharmaceutical powders specifically those in the compacted forms (tablets). More attention was paid in defining those properties according to their significance related to the thermodynamics of the processes and how they can be measured by listing some steady-state and transient techniques available along with their description. Which experimental techniques are commonly used by the researchers and they were reviewed as they appear from the past few decades until now. 

Introduction to granulation techniques and their types

Granulation is an agglomeration technique in which the size enlargement of particles takes place. The particles which are either fine or coarse thus get converted into larger agglomerates known as granules with improved material characteristics such as flowability and content uniformity [1]. In 1862, a physician named Thomas Skinner has mentioned in his article that the term 'granulation' was first described in the field of medicine (1773) and further reported the earlier process of producing granules by French pharmacist [2]. Till then and until now, in recent times, the process of granulation is successfully employed (or has successfully found its place in) by various industrial sectors such as pharmaceuticals, metals, ceramics, and metallurgy (to name a few).

Depending on the physiochemical properties of the materials being treated and with the objective to produce agglomerates with desired quality, two types of methodology: Dry granulation and Wet granulation, which broadly comes under the category of widely known granulation techniques are commonly adopted and developed. In wet granulation, a binding agent in the form of liquid is added to the raw material and as a result of adhesion, agglomeration is achieved. Dry granulation, on the other hand, uses mechanical compression of the raw materials to form bonds leading to agglomeration of the particles. The main advantages of the dry granulation process are that it is a highly-energy efficient process as no drying stage is needed, thus applicable to materials sensitive to heat and moisture. However, major disadvantages of this process as compared to wet granulation is: larger amounts of fines are produced during the subsequent milling process to form respective granules which can have a significant effect on the quality of tablets compacted. Nevertheless, in the field of pharmaceutical science, a continuous effort has been put forward by researchers since (the 1970's) to control desired property of the end product by focusing on identifying critical process parameters, modeling approaches, in-line, and offline characteristic techniques and an excellent review on this topic overall for wet granulation and dry granulation is given in [3] and [4] respectively. The granules produced by wet granulation are considered as free-flowing, nonsegregating, and having controlled strength, whereas the ones produced by dry granulation are….Further means of achieving those techniques are classified in a schematic diagram presented below (Fig. 1) along with their subsequent processing and respective intermediate product.

The working principle to achieve 'Dry granulation by roll compaction' is described in brief in [5]. The basic assembled experimental set-up and the process variable involved are highlighted along with the materials concerned. The same is then followed for its next processing step 'Tableting' which in some cases is also performed as a solo compressing step to manufacture tablets suitable for a particular application.

Related to these processes, the most common challenges in understanding the behavior of materials and their inter-relation with the process parameters are discussed in the following. To produce tablets by applying dry granulation/roll compaction steps to the primary raw powders, there are many challenges that concern the pharmaceutical industry. One of the most common problems is to
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Tableting understand the behavior of the intermediate products due to the complexity involved in the process, the behavior of the parent material, and the process parameter interaction with the materials. This also leads to a difference in the quality of tablets as compared to direct compression. In this context, a doctoral study was undertaken by Lucia Perez-Gandarillas [5], which was a part of the IPROCOM project (ITN-Marie Curie Actions) aimed at predicting the properties of intermediate products (ribbons and granules) and end product (tablets), by developing robust process models [6]. The objective of the study was to gain deeper insights on the influence of the process parameters, sealing system design, and milling conditions on the quality of the produced ribbons and granules respectively, before proceeding towards obtaining clarity on why granulated powders show different behavior than those of feed powders, in an attempt to understand the 'loss of reworkability/tabletability' phenomenon highly reported in the literature. The whole study itself proved to be a promising approach to improve the process understanding leading to a higher quality of process design, thereby, enhancing the product development.

In the work of Lucia Perez-Gandarillas, the Drucker-Prager Cap model was used to model the compaction behavior of granules, which was also successful to compare the difference between granules compaction behavior and feed powder compaction behavior, apart from explaining the effect of operational parameters (process condition, milling condition) on granules die-compaction behavior. The physical parameters involved in the model explain the plastic behavior of a material which takes place at high compaction pressure. Such behaviors can also be modeled by other well-known pharmaceutical equations, such as Heckel and Kawatika, available in the literature. This led us to think, what happens to the powders at the initial stage of compression (where the pressure is too low), and is dominated by the rearrangement process of densification. For investigation, the Cooper-Eaton model [7] which accounts two largely independent probabilistic processes, the filling of large holes (rearrangement) and the filling of small pores (plastic deformation) during the compaction process can be employed. The equation of this model is defined by the relationship between the fractional volume compaction, V* and the pressure, P as:

𝑉 * = 𝑉 𝑜 -𝑉 𝑉 𝑜 -𝑉 ∞ = 𝑎 1 𝑒𝑥𝑝(-𝑘 1 /𝑃) + 𝑎 2 exp (-𝑘 2 /𝑃) (1)
Where, 𝑉 𝑜 is the initial total volume and 𝑉 ∞ is the volume of compact when all large holes, but no other holes are filled.

𝑎 1 and 𝑎 2 are dimensional coefficients indicating the theoretical fractional compaction achieved by particle rearrangement and plastic deformation respectively. The constants 𝑘 1 and 𝑘 2 correspond to the magnitude of the pressure at which the particle rearrangement and plastic deformation occurs respectively. 𝑎 1 + 𝑎 2 = 1, when the compaction can be completely described by the above two separate processes.

The above-mentioned theory is the basis of the first part of the thesis i.e. the mechanical aspects and is considered as an extension of the work done by Lucia Perez-Gandarillas, where the densification behavior of the granules roll compacted from MCC101 was studied, and DPC analysis was conducted to compare their behavior with those of feed powders and additionally to capture the effect of granules density and granules size class on their die-compaction behavior. In our work, the analysis is now based on the Cooper-Eaton model and is also extended to mannitol, exhibiting brittle behavior as compared to plastically behaving MCC101. Complete detail on the literature reviewed, main objectives, and methodology followed, results, analysis, and discussion can be found in Paper I attached to chapter 2. During the roll compaction process, various exothermic processes take place due to the friction between the particles (inter-particulate friction), friction between the particles and the roll, and plastic deformation/fragmentation of the material under high roll pressure. This leads to an increase in temperature during the process which can change the mechanical, physical, and chemical properties of the materials which are sensitive to heat. This sources of heat in roll compaction has been described in brief as follows:

Theory: Sources of heat during dry granulation/roll compaction

The sources of heat generation during roller compaction process

Rotation of the screw

The heat can be generated by the friction between the screw and the chamber, the friction between the powder particles and the screw, the plastic deformation/fragmentation of the powder particles when the screw pushes the powder into the compaction zone. The knowledge of heat generation due to rotation of screw along with the mechanism of heat transfer taking place before the roller compaction zone can help us to better predict temperature input of powder before roll compaction.

RIBBONS POWDERS

Interparticle friction

Rolls

Rolls

Friction between particles/rolls Plastic deformation

Feed screw 1.2.2 Work done by plastic deformation

The plastic deformation of the powder particles during compaction generates heat. It is based on the concept of the conversion of work energy to heat energy. The amount of heat generated due to plastic deformation is defined by the relationship between stress (𝜎) and strain (𝜀̇𝑝)as follows [8,9] :

𝑞̇𝑝 =  (𝜎. 𝜀ṗ) (2)
Where,  is the remainder of the plastic deformation energy for the change in internal energy due to dislocation, density change, and change of grain boundaries [10].

Heat generated by friction

Friction between the rolls and powder particles will also generate heat. The distributed surface heat flux prediction [11] is based on the basic approach given by Roberts [12] and Koot [13]:

𝑞̇𝑓 = 𝜏 . 𝑣 𝑟𝑒𝑙 (3) 
Where, 𝜏 (MPa) is the shear stress, 𝑣 𝑟𝑒𝑙 (mm/s) is the relative slipping velocity

The friction between cheek plates and the un-compacted powders can also generate some heat, however, the major sources of heat generation will be due to plastic deformation of the powders during compaction and friction between the roll surface and the powders.

Thermal energy balance during the roll compaction

The total heat generated in the process (as explained in the above process) will be dissipated by the three known universal modes of heat transfer i.e Conduction, Convection, and Radiation. A part of heat generated will be stored.

Thus,

𝑄 ̇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑= 𝑄 ̇𝑠𝑡𝑜𝑟𝑒𝑑 + 𝑄 ̇𝑙𝑜𝑠𝑠

Where, 𝑄 ̇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 (or 𝑄 ̇𝑔) is the total heat generated in the process, and, 𝑄 ̇𝑙𝑜𝑠𝑠 is the total heat loss Fig. 3. Mechanism of heat transfer during the process

The phenomenon of heat loss taking place is explained as follows [13,14]:

i)

The heat transfer by conduction from the ribbon (deformation zone) to the rolls. ii)

The heat conduction in the rolls from bottom to top, and then, will be lost to the atmosphere by convection and radiation. iii)

The heat transfer from the deformation zone to the rest of the ribbons and also heat loss from the ribbon surface to the atmosphere by convection and radiation.

The mechanism of heat generation and heat transfer in the screw feeding system need also to be studied in detail.

Thermal equations required to solve the above problem 1.4.1 Basic laws

 The heat transfer by conduction (mechanism of intermolecular interaction) is defined by Fourier's law as: Where: q = heat flow rate (W) k = Thermal conductivity (W/mK) A = c/s area in the direction of heat flow (m 2 )

𝑞 𝑐𝑜𝑛𝑑 = -𝑘 𝐴  𝑇 (5) 
 𝑇 = temperature gradient (K/m)  The heat transfer by convection (combined mechanism of intermolecular interaction and bulk transport) is defined by Newton's cooling law as:

𝑞 𝑐𝑜𝑛𝑣 = ℎ 𝐴 𝑠 ∆𝑇 (6) 
Where: q = heat flow from the surface (W)

𝐴 𝑠 = surface area (m 2 ) ∆𝑇 = 𝑇 𝑠 -𝑇 𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 (𝑇 𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 is the air temperature) h = heat transfer coefficient [W/ m 2 K]
 The heat loss by radiation is given by Stefan Boltzman's law:

𝑞 𝑟𝑎𝑑 =   ( 𝑇 𝑠 4 -𝑇 𝑒𝑥𝑡𝑒𝑟𝑖𝑜𝑟 4 ) (7) 
Where,  is the emissivity (constant and independent of wavelength),  is the const, 𝑞 𝑟𝑎𝑑 = electromagnetic radiation emitted by the grey body [W/m 2 ]

Governing partial differential equation to predict the temperature distribution in the ribbon and work roll

The governing 3-D equation (neglecting convection and radiation heat losses) to predict the ribbon temperature is given by [15,16]:

𝜌 𝐶 𝑝 𝑑𝑇 𝑑𝑡 ⁄ = 𝜕 𝜕𝑥 (𝑘 𝜕𝑇 𝜕𝑥 ⁄ ) + 𝜕 𝜕𝑦 (𝑘 𝜕𝑇 𝜕𝑦 ⁄ ) + 𝜕 𝜕𝑧 (𝑘 𝜕𝑇 𝜕𝑧 ⁄ ) + 𝑄 ̇𝑔 (8) 
Where,  (Thermal diffusivity) is defined as:

 = k/ 𝜌 𝐶 𝑝 (9) 
𝜌 = material density, 𝐶 𝑝 = the specific heat of the material, 𝑘 = material thermal conductivity. 𝑄 ̇𝑔= Internal heat generated from plastic deformation and friction.

In a similar way, the governing equation to predict the work roll temperature is given in polar Co-ordinates [16]. A further reading [8,9,11,16], especially on 𝑄 ̇𝑔, is encouraged for application of eq. 8.

Initial Conditions

The material is transported by screw to the inlet of the rollers with a temperature which can be considered equal to the ambient temperature or equal to a temperature increased by the contribution of the heating of the transport phase by screw. This contribution is difficult to measure experimentally, but can be estimated for example by discrete element modeling of the screw feed.

Thermal Boundary conditions

The thermal boundary conditions to apply in the deformation zone are explained in the literature [16,17]. At the contact interface between the work roll and the ribbons, an interfacial heat transfer coefficient (thermal contact resistance) must be assumed. The relation is given as:

-𝑞̇𝑟 𝑜𝑙𝑙 = ℎ 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (𝑇 𝑟𝑖𝑏𝑏𝑜𝑛 -𝑇 𝑟𝑜𝑙𝑙 ) (9)

Crucial material properties to understand the heat transfer phenomenon:

The following material properties will be needed to better understand the heat transfer phenomenon and subsequently for process modeling. Coefficient of friction (µ)

In pharmaceutical industries, there is a need to limit the temperature rise which is a manifested form of heat generated during the process. To start with the basic question, one has to first address how much is the maximum temperature rise that has taken place in the formed product (ribbons) and how to control Roll Ribbons ℎ 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑞̇𝑟 𝑜𝑙𝑙 it. This will first depend on the material that is being compacted. Then, as mentioned in theory §1.2, the screw speed, the roll force (which controls plastic deformation of the powder), the roll speed (which impacts the friction between the particles and rolls) will play a significant role in altering the product temperature. The second question that arises is, how to measure (or monitor) this changing temperature of the product during continuous batch production. A possible approach to have precise measurement is to implement a non-contact measuring device. Infrared thermography is considered to be a simple yet very effective technology for measuring the temperature of moving objects, nevertheless, the experimental setup (camera position, calibration factors, and emissivity measurement) can make the measured values deviate from the actual values.

Apart from the experimental measurements, it would also be of importance to implement a suitable modeling approach such as FEM to predict the maximum temperature generated during the process. The simulation model should also be able to adapt itself according to the process parameters and hence validate the outcome of temperature measurements. Such models have the capabilities to improve the cost efficiency of the processes by reducing experimental trials and errors. The theory mentioned above ( § 1.2, 1.3, 1.4, 1.5, 1.6 and 1.7) can be considered as the first step towards developing such kind of models predicting the thermo-mechanical behavior of a material being formed into a product. The equation (8) given in § 1.4.2, to predict the temperature distribution in the ribbons, defines two important thermal material attributes i.e. material thermal conductivity (k) and Volumetric heat Capacity (Cv =  C p ) required to successfully model the process. They both are described as below:

Thermal conductivity (k) is defined as the heat energy transferred per unit of time and per unit of the surface area divided by temperature gradient. It is the measure of the ability of the material to conduct heat from a warmer to a cooler surface. Mathematically, it is expressed as shown in eq.10 for the onedimensional representation of heat flow [18].

T2

𝑄 ̇= 𝑘 𝐴 ∆𝑇 ∆𝑥 T1

∆𝑥

Where, 𝑄 ̇= heat energy transferred per unit time, ∆𝑥 = thickness of the sample, A = area normal to the direction of heat flow, ∆𝑇 is the temperature difference across the sample, where T2 and T1 are the temperatures of the warmer and cooler surface respectively.

The volumetric specific heat (Cv) is defined as the amount of heat energy (Q) required to raise the temperature of a unit volume of a substance by 1 degree kelvin. It gives an indication of how much heat energy a material can store [19].

Q = 𝐶𝑣 𝛥 𝑇

Where, 𝛥 𝑇 is the change in temperature of a substance.

𝑄 ̇

(10) (11) On the other hand, as powder compaction is a densification process, the heat flow might vary during the product formation process which can be explained by the graphical representation shown below: This is because the air trapped between the powder particles has:

• Insulating effect which can affect k • The ability to absorb heat which can affect Cv There is thus, a need to establish a relationship between:

• Thermal conductivity (k) = F [relative density()] • Volumetric heat Capacity (Cv) = F [relative density()]
Hence, to measure the thermal conductivity (k) and the Volumetric heat Capacity (Cv) of the powders and how they vary with the relative density will be of interest to study. Nevertheless, by their definition, these thermal properties are also responsible for controlling the temperature rise during the processes.

How the study on thermal property measurements and their relationship with relative density was developed is described in detail in publication chapter 3 (Paper II). Now, concerning the following aspects i.e. At last, it is better to develop a FEM model which can successfully predict the thermo-mechanical behavior of ribbons (i.e. ribbon surface temperature, the temperature distribution in the ribbons) according to the material compacted and process parameters used. Out of the listed thermal properties in §1.7, three thermal properties are of importance in this work. The thermal conductivity (k) and volumetric heat capacity (Cv) would have already been measured in chapter 3 and the results are expected to be added to the FEM model. The emissivity values of the ribbons ( 𝑟 ) would have been characterized in chapter 4 to calibrate the IR camera for thermal measurements. Whereas, the rest of the properties are needed, if one has to progress towards predicting the temperature rise (and temperature distribution) of the work roll. With respect to modeling, Alon Mazor, in his thesis work [20] developed a 3D FEM model, using the ABAQUS tool, which predicted the density distribution over the ribbon surfaces according to the process parameters and the sealing systems used. Let us say, the steps involved (material behavior, constitutive equations, contact approach, boundary conditions, basic assumptions etc.) to successfully develop such a model is the mechanical module of the Abaqus program for roll compaction process simulation. The 3D model developed by Alon Mazor will be further modified by the addition of the thermal module (thermal material properties, governing equations, thermal boundary conditions) to the deformation or mechanical module, to predict the thermo-mechanical behavior of ribbons. As already mentioned in the abstract, this part is anticipated as future work in our laboratory. 

Introduction

Dry granulation by roll compaction is a continuous manufacturing process often employed in the pharmaceutical industry to improve powder properties. In this process, the powders are compacted between two counter-rotating rolls to produce ribbons that are subsequently milled into granules. The granules with improved flowability are then used for further processes such as die compaction or capsule filling. The process is particularly used for materials which are sensitive to heat or moisture, as no drying stage is needed hence leading to a reduction in cost [1].

The effect of roll compaction process parameters such as roll force, sealing system design (which limits the loss of powder during the compaction) and milling conditions on ribbon, granules and tablets properties had been widely reported in the literature [2,3,4,5,6,7]. These process parameters are considered as the important parameters affecting the mechanical properties of the granules which ultimately affect their compressibility and compactibility [8,9,10,11]. In the recent work [6], the effect of different roll compaction and milling conditions on ribbons, granules and tablet properties were studied for microcrystalline cellulose (MCC) and mannitol powders. It was found that the higher the roll force, the lower was the tensile strength of tablets from granules. Moreover, MCC, which exhibits plastic behaviour was more affected whereas mannitol which exhibits brittle behaviour does not show much difference.

During die compaction, the granules show different behaviour than feed powders and this observation had been reported many times in the literature as 'Loss of reworkability/loss of tabletability' leading to a reduction in tensile strength of tablets produced from granules [12,13,14]. It is also commonly observed that plastic materials are more sensitive to this phenomenon than brittle materials [15,16]. In the earlier paper [16], the understanding of how granules behave differently from feed powders had been studied for MCC101 powder. The analysis was based on Drucker-Prager Cap model (DPC), which characterizes the Elastic-Plastic behaviour of powders and takes into account the main properties of the compacted material (cohesion, internal friction, hardening and breaking under shearing stress). It was shown that the material properties were density dependent and the values of the DPC parameters were lower for granulated powders as compared to feed powders. However, in this analysis, which was based on DPC model, the main studied behaviour concerned the plastic deformation of the material rather than the early and intermediate densification stages where the powder behaviour can exhibit differences in compressibility that can influence the further plastic deformation.

The compressibility describes the ability of the material to undergo volume reduction under pressure. This deformation is the result of several mechanisms ranging from particle rearrangement to plastic deformation or fragmentation of particles which are essential in the understanding of the compactibility [17]. However, such mechanisms generally depend on granules properties which are polydisperse both in density and size. Many equations had been developed to describe the compressibility of powders [18,19,20,21,22,23,24]. The theoretical background along with the limitations of some of these equations had been reviewed in [25]. It was concluded that none of these equations was found to be satisfactory for the complete analysis of the mechanism involved in the compaction of powders. This may be due to the complexity of the compaction process consisting of particle rearrangement, elastic/plastic deformation or fragmentation [26]. Moreover, all pharmaceutical materials exhibit different behaviours. Plastic deformation plays a major role during compression of ductile materials whereas brittle material deforms mainly by fragmentation [27]. Out of all the empirical relations described in the literature, the model proposed by Cooper and Eaton [21] is a promising approach as it describes the densification behaviour of powders as a two-stage process i.e. particle arrangement and plastic deformation allowing to study the behaviour at both low and high pressure respectively. The model was originally developed for ceramic materials but later, many authors had successfully applied this model to study the behaviour of pharmaceutical materials [28,29,30,31,32,33]. For instance, the effect of particle size on the densification behaviour for microcrystalline cellulose and spray-dried lactose was studied and particle rearrangement was found to be the predominant mechanism for the smallest size fraction [28]. The compression behaviour of four different pharmaceutical powders having widely different particle size distribution and shape was studied and the usefulness of Cooper-Eaton method was suggested [30]. However, as per our knowledge, the study of densification mechanisms of roll granulated pharmaceutical powders based on Cooper-Eaton equation is rare in the scientific literature.

The aim of the present work is to analyse the densification behaviour of roll granulated powder by focusing on both stages of densification at low and high pressure, using Cooper-Eaton model. The analysis is conducted on two types of powders, MCC and mannitol exhibiting plastic and brittle behaviours, which were roll compacted at two different roll force. The attempt of this study is to progress in understanding (i) why granulated powder behaves differently than those of feed powders during die compaction, (ii) What is the effect of roll force on granule strength, rearrangement and plastic deformation and (iii) how the Cooper-Eaton model can differentiate the behaviour of plastic and brittle materials. To go towards a better comprehension of the strength reduction of tablet from granules of plastic material by increasing roll compaction force (the higher the roll compaction force, the higher is the reduction of tablet strength from granules), an evaluation of granule strength based on the equation proposed by Adams and co-workers [24] was used to compute the single granule strength of MCC and mannitol from in-die compaction data.

Materials and methods

Raw material

Two common pharmaceutical materials were employed in this study as received from the suppliers: microcrystalline cellulose, MCC101, Avicel® PH-101 (d50=50 µm) supplied by FMC Biopolymer (USA) and spray-dried mannitol, Pearlitol® 200SD (d50=170 µm) from Roquette® (France). For each material, the bulk density was provided by the manufacturer. The scanning electron microscopy images (Philips, XL30, Netherlands) in Fig. 1 shows that MCC101 is needle shape, however spray-dried mannitol shows a more spherical particle shape. 

Dry granules preparation

MCC 101 and mannitol were roll compacted using Gerteis MiniPactor® 250/25 (Gerteis Machinen + Process engineering AG, Jona, Switzerland) which was equipped with two inclined setups of rolls (250 mm in diameter and 25mm in wide) and cheek-plates as a sealing system. The gap between the rolls was kept constant at 1.5 mm being controlled by the automatic feedback system and the speed of the rolls was 2 rpm. Two specific compaction forces of 4 and 8 kN/cm were used to produce ribbons. The roll force (4 kN/cm and 8 kN/cm) was randomly chosen but with the objective to produce ribbons with lower and higher relative densities. Once the steady state was achieved for each condition, ribbons of MCC 101 and mannitol were milled after compaction using the integrated oscillating granulator in the roll press [6]. In order to determine the ribbon density, solid fraction of different samples of 0.6 x 1cm, cut from the ribbon, was measured using GeoPyc® 1360 envelope density analyzer. The obtained average relative density of the ribbon was assumed as the average relative density of the granules produced from corresponding ribbons. Bulk density of granules was measured by filling a volume of 1 cm 3 of powder and weighing the corresponding mass. The data were summarised in Table 1 and showed an increase in bulk density and relative density according to the increase of roll force. With the objective to understand the effect of granule density and granule size on the densification process, two size classes of granules [250-500 µm] and [500-1000 µm], referred as "Small" and "Big" respectively, were generated by sieve technique. For convenience, we refer in the following to granules from ribbon compacted at 4kN/cm as "Small-4kN/cm" and "Big-4kN/cm" and those compacted at 8kN/cm as "Small-8kN/cm" and "Big-8kN/cm". It can be seen in Fig. 2 that SEM images of granules of MCC 101 present overall an agglomeration of fibre-like single particles and show smoother surface when they are compacted at 8kN/cm. However, the granules produced from mannitol at 4kN/cm or 8kN/cm do not show noticeable differences in the surface aspect. 

Die compaction

The powder compaction was studied using a full-instrumented eccentric press (Frogerais OA), which is fitted with a fixed cylindrical die having a diameter of 11.28 mm and a height of 10 mm [34]. The pressure is applied with the upper punch and the ejection is executed with the lower one. Both punches are flat. For each powder (raw material and granules), a mass of 0.3 (+/-0.01g) was weighted using a Sartorius CP2245 balance having a precision of 0.001g. The powder mass was then manually poured into the die (which was pre-lubricated in the case of mannitol) and pressed assuming a fixed maximum displacement of 7.5 mm for MCC 101 and 7 mm for mannitol. The resulting pressure and time of compaction were recorded accordingly. The average loading rate of the compaction was computed from maximum displacement of the upper punch and time of loading was in the range [1 -1.5] mm/s. All the tests were replicated at least three times. The absolute variation in pressure was less than 0.5%. In further analysis, the average of the data was considered. Pressure versus displacement curves of raw material and granules of MCC 101 and mannitol were plotted in Fig. 3 (a) and Fig. 3 (b) respectively.

Cooper-Eaton Equation

In order to study the particle rearrangement, plastic deformation and the effect of granules density and granules size range on these mechanisms, the non-linear equation proposed by Cooper and Eaton [21] was used. The model is defined by the relationship between the fractional volume compaction, V* and the pressure, P as:

𝑉 * = 𝑉 𝑜 -𝑉 𝑉 𝑜 -𝑉 ∞ = 𝑎 1 𝑒𝑥𝑝(-𝑘 1 /𝑃) + 𝑎 2 exp (-𝑘 2 /𝑃) (1)
Where, 𝑉 𝑜 is the initial total volume and 𝑉 ∞ is the volume of compact when all large holes, but no other holes are filled.

As all the tests were performed with the same die, the equation ( 1) can be simplified as:

ℎ 𝑜 -ℎ ℎ 𝑜 -ℎ ∞ = 𝑎 1 𝑒𝑥𝑝(-𝑘 1 /𝑃) + 𝑎 2 exp (-𝑘 2 /𝑃) (2) 
Where ℎ 𝑜 , ℎ and ℎ ∞ are the height of the bulk powder bed at zero pressure, the height of the compact at the pressure P and the compact height at infinite pressure, respectively. 𝑎 1 and 𝑎 2 are dimensional coefficients indicating the theoretical fractional compaction achieved by particle rearrangement and plastic deformation respectively. The constants 𝑘 1 and 𝑘 2 correspond to the magnitude of the pressure at which the particle rearrangement and plastic deformation occurs respectively. Analysis of the compression data by this equation enables us to evaluate the contribution of each mechanism on the densification process according to the density and the size range of granules.

Generally, h0 is determined from the bulk density [35]. However, this procedure was imprecise in this study due to the shape that granules can take after their filling into the die. For that, we computed h0 from the displacement-pressure data by first determining the displacement di, from which the pressure starts to increase, Pi. These values were then used to shift the pressure and the displacement and h0 was computed as h0=10 -di.

In the following, we refer, V1* = 𝑎 1 𝑒𝑥𝑝(-𝑘 1 /𝑃) and V2* =𝑎 2 𝑒𝑥𝑝(-𝑘 2 /𝑃) Where V1* and V2* represent the fractional volume compaction by particle rearrangement and the fractional volume compaction by plastic deformation, respectively, and V1* + V2* = 𝑉 * .

To determine the model parameters (a1, a2, k1, k2), a least square optimization method is considered using the data of the compression curve. To solve the optimization problem, the function fitnlm (fit non-linear model) proposed in MATLAB software and based on the Levenberg-Marquardt algorithm [36], was employed. For this iterative algorithm, the initial condition (a1 = 0.5, a2 = 0.5, k1 = 0.08, k2 = 0.5) was considered. As it can be observed, the condition a1 + a2 = 1 is respected and k1 < k2 as filling of large holes takes place at much lower pressure than filling of small holes [21]. Respecting the above conditions, the optimization problem converges to an optimum solution. Moreover, by varying the initial estimate sets, the same solution was obtained. It can be observed for the results (Table 2) that a1 + a2 = 1 in not always respected. Similar result was reported in [31], [33] and [37]. The resulting values of each powder were summarised in Table 2. The role of the density and the size range of granules on the rearrangement and the densification mechanisms was then evaluated and compared to the corresponding raw material.

Adams model

The shape of the single granule is non-spherical and its strength cannot be evaluated by the compression test. In order to estimate the strength of single granule from in-die compression data, the Adams equation [23] was used:

ln 𝑃 = ln(𝜏 0 ′ /𝛼′) + 𝛼′ɛ 𝑛 + ln (1 -𝑒 (-𝛼 ′ ɛ 𝑛 ) ) (3) 
Where 𝜏 0 ′ is the apparent single agglomerate fracture strength, 𝛼′ is a constant related to friction and ɛ 𝑛 is the natural strain given by:

ɛ 𝑛 = ln ( ℎ 0 ℎ ) ( 4 
)
Where ℎ is the height of the compact at the pressure P.

The last term of the equation ( 3) is generally negligible for higher strain and the linear part is employed to determine the parameters 𝜏 0 ′ 𝑎𝑛𝑑 𝛼 ′ [23,38]. The pressure range above 1 MPa was considered for all the powders and the parameters 𝜏 ′ 𝑎𝑛𝑑 𝛼 ′ were obtained using the least square algorithm implemented in MATLAB software with R-squared > 0.99. In Table 2 were summarised the obtained parameters according to the studied materials.

Results

Compaction behaviour

Fig. 3 (a) and(b) shows the plot of pressure versus displacement for raw material and granules of MCC101 and mannitol respectively. Despite having the same particle size range, the granules "Small-4kN/cm" and "Small-8kN/cm" have different densities (Table 1).

For MCC101, the compressive curves in Fig. 3 (a) indicates that granules "Small-8kN/cm" has better compressibility as compared to "Small-4kN/cm" and raw material below 25 MPa. This behaviour highlights the good rearrangement properties of the densest granules and can be supported by the fact that the particles of "Small-8kN/cm" show smoother and spherical surface (Fig. 2 (b)) due to the higher roll compaction pressure. This leads to the reduction of the inter-particle friction which results in a slightly larger volume reduction than the particles of "Small-4kN/cm". Above 25MPa, the compressive behaviour of both kinds of granules shows more resistance to the applied pressure than raw material. This may be due to the pre-compaction of the granules which now requires more pressure to be deformed. Moreover, above 25 MPa, both granules have the same behaviour probably due to the granule breakage. . Similar to MCC101, it can be observed that the granules of mannitol require more pressure than raw material for their deformation (an increase of the slope of compressive curves above 20 MPa).

Regarding the effect of the particle size range on the densification behaviour, no noticeable difference was observed from compressive curves of MCC and mannitol granules. These curves are not included here, but this effect will be discussed further based on Cooper-Eaton analysis.

Compaction Behaviour based on Cooper-Eaton model

With the objective to understand the densification mechanism of the granules as a contribution of particle rearrangement and plastic deformation, the model of Cooper-Eaton was used to determine the fractional volume compaction V* vs pressure plotted in Fig. 4 (a) and (b) respectively. The constants a1, a2, k1, k2, were summarised in Table 2 and V1* and V2* plotted in Fig. 5 (a) and(b).

Fig. 4 (a) shows that the fractional compaction volume of the granules is higher than that of raw material and the plot in Fig. 5 (a), show clearly that for MCC101, the densest granules have the highest volume of rearrangement and the lowest volume of plastic deformation. Moreover, the data of Table 2 indicate that by increasing the granule density, the contribution of particle rearrangement (a1 coefficient) was more considerable for MCC101 (a1=0.47 for raw material, 0.61 for "Small-4kN/cm" and 0.68 for "Small-8kN/cm"). The SEM images of the MCC granules [Fig. 2 (a), 2 (b)] shows that "Small-8kN/cm" are smoother than "Small-4kN/cm", which may have improved the rearrangement. A Similar observation was reported by Kondoh et al. [39] for the rearrangement process of wet aluminium alloy powder. The constant k1, which did not show a significative difference, indicated that for both raw material and granules, the particle rearrangement was initiated at similar pressures.

In contrast, the plastic deformation coefficient a2 decreased with the granule density, revealing that increasing the granule density, restricted the deformation capacity of the powder bed. {Similar observation was reported by Rajkumar et al. [11], where higher roll compaction stress lead to reduction in deformability of a material. As described by Alderborn et al. [40], the degree of deformation (termed as fractional compaction by plastic deformation in our case) controls the process of forming intergranular bonds during compaction process. Low plastic deformation leads to weaker inter-granular bonds during tableting resulting in tablets with low tensile strengths. Similar results had been reported by Kleinebudde et al. [9] and Lucia et al. [6] where reduction in tensile strength of tablets was observed with increasing specific compaction force. Hence the reduction in plastic deformation of granules as compared to feed powder and its decreasing contribution in case of granules obtained at higher roll force is agreeable as it can explain the 'loss of reworkability' or 'work hardening' phenomenon commonly reported in the literature [12]}. Moreover, the higher constant k2 than k1 indicated that the filling of voids in the second stage of consolidation (plastic deformation), required higher pressure which increased with the increase of the granule density. This result highlights that the densest granules required the highest pressure to be deformed. A similar result was also obtained by Kleinebudde et al. [9] where they showed that the resistance to plastic deformation was higher with increasing specific compaction force for MCC101. Their analysis was based on Heckel model in which mean apparent yield pressure defines the resistance towards plastic deformation. This finding was consistent with SEM observation of fracture surface of the compact by diametrical test in Fig. 6, where, the densest granules

The sentences between the parentheses {} cannot be found in original article and is included in the thesis for information purposes.

("Small-8kN/cm") are still intact [Fig. 6 (b)] while the granules compacted at 4kN/cm can no longer be distinguished [Fig. 6 (a)]. As mentioned earlier, the granules are neither homogeneous in density nor in size. It is therefore difficult to deconvolute these two effects on the results. Nevertheless, in this study, two size classes ([250-500 µm] and [500-1000 µm]) having the same average relative density (0.57  0.02 and 0.70  0.02) were investigated. The predicted data in Table 2 did not really show a difference between the constants of small and big granules which were roll-compacted at the same force (4kN/cm or 8kN/cm). Although this investigation is empirical and not extended to several size classes, it could be observed in this study, that the granule size had less effect than the granule density in the densification process of dry granules. Nevertheless, the impact of granules size on tablet properties was demonstrated in [16,38] where they particularly showed that granule size does not significantly affected the tablet tensile strength. In Fig. 7 (a) was represented fractional volume compaction vs pressure for the granules "Small-4 kN/cm" and "Big-4 kN/cm" of MCC101. It can be noticed that no detectable difference can be distinguished between small and big granules. This finding is also valid for the granules roll compacted at 8 kN/cm (not included here) where "Small-8 kN/cm" and "Big-8 kN/cm" shows similar behaviour.

Regarding the densification behaviour of mannitol powders, the constant a1 showed less difference than k1. The resulting V1* plotted in Fig. 5 (b) highlighted the good rearrangement properties of the granules, indicating that the size enlargement by dry granulation improved the relative mobility of particles under pressure. This also could be a consequence of the lower k1 values for granules (k1 value represent the pressure required to induce particle rearrangement), which means that, at low pressure, the Granules are easier to rearrange than feed powder. For the plastic deformation behaviour, the situation is different from that of MCC, as raw material showed the lowest fractional volume compaction by plastic deformation (V2*) as shown in Fig. 5 (b). However, the plot of V2* shows no significant difference neither for the granules having different densities nor between raw materials and granules. Indeed, the predicted constant a2 for both the granules was similar but slightly lower than raw material. However, the pressure k2 required to fill the voids in the second stage of consolidation was the highest for raw material and decreased with increasing the granule density and the granule size range. This tendency is opposite to that shown by MCC101 and can be due to the brittleness of mannitol behaviour. In this context, Mosig et al. [41] found that for lactose, which is commonly considered as a brittle material, no sign of 'loss of reworkability' by increasing roll compaction force.

Regarding the effect of particle size, fractional volume compaction vs pressure for the particles "Small-4 kN/cm" and "Big-4 kN/cm" of mannitol was plotted in Fig. 7 (b). As it can be observed, there is a slight difference between the sizes during the rearrangement and the plastic deformation. Anyway, with regard to the brittleness of the material, this difference cannot be considered significant. 

Adams Model

The Adams constants for both materials are shown in Table 2. The result of failure strength of granules was in the range [0.6 -1.43 MPa] for MCC101 and [1.3 -1.43 MPa] for mannitol and did not show a clear difference between the failure strength with respect to the granule density. Particularly for MCC101, the result suggested that the granules which were roll compacted at 8 kN/cm were weaker than those roll compacted at 4 kN/cm. This is unlikely to be the case as the finding is inconsistent with the above analysis using Cooper-Eaton model and also which is reported in the literature that roll compacted granules of MCC101 at higher roll force must be harder due to the work hardening [12,41]. For mannitol powder, a small difference was obtained between the granules failure strength, which means that the strength of the granules are almost similar for granules roll compacted at 4 or 8 kN/cm. This behaviour has also been observed with regard to the tablet tensile strength of mannitol in [6] and seems to be common for brittle materials. Overall, prediction of failure strength of granules using the Adams model showed mixed results indicating that the model is not representative of the behaviour of the studied granules.

Comparison between feed powders of MCC and mannitol*

Till now, the understanding on the comparison between, the densification behaviours of feed powders of MCC101 and their granules were done based on Cooper-Eaton model. Whereas, the Adams model was tested for strength prediction of MCC101 granules. In a similar way, the analysis was repeated for feed powders of mannitol and their granules. Now, it is also worth to check, if the Cooper-Eaton model is able to explain the differences between the densification behaviour of feed powders of such materials. The attempt made, is hence being described as follows.

The relationship between fractional compaction volume by particle rearrangement (V1*) vs Pressure and fractional compaction volume by plastic deformation/fragmentation (V2*) vs pressure for the feed powders of MCC and mannitol is shown in Fig. 8. It can be observed that, the V1* for mannitol is higher than that of MCC101. This behaviour might result from the better flowability of mannitol than MCC, which shows rough and fibre like surface [33]. The better flowability of mannitol powder is essentially due to its larger particle size (Table 1), spherical and smooth surface (Fig. 1) [42,43]. Hence the contribution of particle rearrangement step to the global volume variation (a1 is the upper limit of V1* according to pressure) is higher for mannitol than for MCC101.

Regarding the large deformation, MCC which deforms plastically [44] has a higher V2* than mannitol which deforms primarily by fragmentation due to its brittle nature. It is known that plastic deformation [45] or fragmentation [46] during compaction are considered to be the important bond forming compression mechanisms resulting in good mechanical strength of tablet. Hence, the area available for bonding in case of tablets compacted from MCC is large as explained by Alderborn et al. [37]. The tablets compacted from mannitol will be weaker as intensive brittle fracture created a comparatively weak type of bonding [33,47,[START_REF] Van Der Voort Maarschalk | Improving properties of materials for direct compression[END_REF] which resulted in inferior tensile strength as compared to MCC tablets [6]. 

Conclusion

The objective of this study was to understand the densification mechanism of two dry granulated materials (MCC101 and mannitol) with regard to the contribution coming from particle rearrangement and plastic deformation using the model of Cooper-Eaton. To explain the predicted constants and discuss their dependency on granule density and size, the Adams model was used to compute the failure strength of single granule from in-die compression data.

For MCC101 material, the Cooper-Eaton model was able to quantify and explain the rearrangement and the plastic deformation stages of raw material and granules during the densification process. The model also captured the effect of the granule density and granule size on the rearrangement and plastic deformation mechanism. This information could not be directly retrieved from the compressive curves and demonstrated the relevance of the model to better understand the densification mechanism. However, when applied to mannitol powder, the model showed mixed results which cannot improve the understanding of granule densification mechanisms. On another hand, the failure strength of granules computed by Adams model showed values in the range [0.6 -1.43 MPa] for MCC 101 and in the range [1.3 -1.43 MPa] for mannitol. These values were lower than those reported in [42] for monodisperse granules which were obtained by die-compaction, with a similar solid fraction. It should be noted here that the Adams model was derived for near spherical particles with a narrow size distribution while in this study, the granules are not spherical and have a relatively wide range of sizes. 

ABSTRACT

Monitoring temperature rise during the tableting process and dry granulation/roll compaction process is important in order to control the product quality. The thermal properties of powders are one of the critical parameters that control the temperature rise apart from the process parameters. Investigation on how the thermal properties may vary with microstructural changes during the compacting process is also required as an input data for the compaction simulation process. This study focuses on the measurement of thermal properties of two pharmaceutical powders MCC102 and mannitol. For that, the powders were compacted into tablets at different relative densities. The tablets were then characterized for their thermal properties such as thermal conductivity [k] and volumetric heat capacity [Cv] using a hot disk thermal constant analyzer. Results showed that, for relative density between 0.30-0.70, the measured thermal conductivity of MCC102 was in the range 0.165 -0.387 W/m/K, and its volumetric heat capacity was estimated between 0.214-0.688 MJ/m3/K. Similarly, the values of thermal conductivities for mannitol were within the range 0.218 -0.388 W/m/K, and the values of volumetric heat capacity were within the range 0.620 -1.134 MJ/m3/K, for the relative densities 0.45-0.72. Moreover, it was found that there is a linear relationship between the thermal properties of each material versus the relative density i.e. an increase in the relative density leads to an increase in k and Cv values. The relationship was more accurate for k as compared to Cv. The values estimated and the obtained relationship was compared with the data available in the literature for pharmaceutical materials as well as for other materials. Due to the difference in methods and experimental parameters, some discrepancies in the values were found as expected. Careful consideration of experimental parameters such as heating power and measurement time to measure the thermal properties are advised to have more accurate values for future research. Keywords: Hot Disk, Thermal Conductivity, Volumetric specific heat, Relative density, Tablets

Introduction

Tablets are the most prescribed oral dosage forms in the pharmaceutical industry today. The quality of the tablets is of utmost importance for handling, storage, dissolution, and solubility. Tablets are either manufactured by direct compression of pharmaceutical powders or powders are pre-engineered before in a dry granulation process which is a size enlargement process for improving the bulk material properties prior to compaction [1]. In the dry granulation process, the materials are compacted between two counterrotating rolls to produce ribbons which are subsequently milled into granules to be further used in the tableting process.

For the compacts to be in good adequate strength, it is important to control the quality of the product at each intermediate step: ribbons, granules and compacts. The mechanical modifications that the material undergoes during the process and how they are affected by different process parameters have been reported many times in the literature [2,3,4,5]. Also, during the process, heat is generated due to inter-particle friction, friction between powders and tools, plastic deformation under high tool pressure. This leads to a rise in temperature in the powders which are sensitive to heat, which may alter the product's therapeutic properties, mechanical strength or dissolution properties. Thus monitoring the temperature rise in the material during such processes is of practical significance in order to control the quality of product at different scales: Ribbons, granules and tablets. Several experimental studies have investigated this phenomenon. These include studies on the effect of ambient temperature on the powder behavior during compaction [6], the effect of temperature on mechanical properties of the tablets [7,8] the rise of tablet temperature in the tableting process [9,10] as well as the warming up of ribbons during roll compaction [11,12].

The temperature rises of these pharmaceutical excipients are controlled not only by the process parameters [12,13,14,15] but also by its material thermal properties i.e. thermal conductivity [k] and volumetric specific heat [Cv] [16,17,18] which further are related to material density and temperature. Thermal conductivity is characterized as the ability of the material to dissipate heat and volumetric specific heat describes the ability of the material to store heat. Several experimental techniques such as the guarded hot plate method and pulse transient method were used in the literature to measure k and Cv for polymers, metallic materials or other materials which are porous in nature [19,20,21,22,23,24]. Several models were also developed that allow the prediction of the thermal properties of particulate materials, in particular, for metal powders or polymers [25,26,27,28]. More detail on this topic about experimental and theoretical models can be found in [16].

For pharmaceutical materials (specific to tableting) however, there is a lack of information available in the literature. For instance, only two studies reported the measurement of the thermal properties of tableting excipients. Recently, Krok et.al (2017) measured the thermal conductivity (k) and specific heat capacity (Cv) of tablets compacted from five pharmaceutical excipients [MCC 101, MCC 102, Avicel DG, mannitol and lactose] at different relative densities and temperatures using differential thermal conductivity analysis (TCA) and studied the effect of relative densities and temperatures on those thermal properties (k & Cv). The range of relative density considered was approximately 0.5 to 0.8 for all the materials whereas the temperature was varied from ambient to 120 C. Additionally, Thermogravimetric (TGA) and differential thermal analysis (DTA) were employed to identify the exhibition of mass loss by the materials and to evaluate the thermal stability i.e. to explore endothermic/exothermic events occurring in the materials respectively. TCA method involves a sensor that consists of a heating element in the shape of a spiral. An electric current needs to be supplied to the sensor which generates heat and it gets transferred to the sample which is placed in contact with the sensor. This leads to a rise in temperature on the other side of the sample and the temperature difference leads to voltage fluctuation of the sensor reflectance. Thermal properties can then be estimated from the rate of voltage change of the sensor. The time interval for the measurement was 5 sec and the experiment was repeated at least four times to ensure accurate results. They found out that an increase in relative density or temperature leads to high thermal conductivity and volumetric heat capacity.

Previously, Ketolainen et.al (1995) measured the thermal diffusivity and the specific heat of three tableting powders: MCC 102, -lactose monohydrate and dicalcium phosphate dihydrate using pulse heating method in combination with differential scanning calorimetry (DSC). MCC 102 was studied both with and without a lubricant (2 w/w of magnesium stearate), whereas the other two powders were studied without a lubricant. The pulse heating method consists of a planar heat source sandwiched between tablets compacted from the same material. A thin thermocouple was further attached to a small groove made into the contact surface of another tablet compacted from the same material. Thus, for the experiment a sample set consisted of three tablets. The planar heat source is responsible for generating a temperature field inside the tablets. The thermal properties were then estimated from the time and magnitude of the maximum temperature response to heat pulse. The temperature was varied from 10 C to 200 C during the measurements. The error of the method was within 4-6 %. The porosity of all the tablets was kept constant at 15. Hence, the variation of thermal properties with relative density was not studied, but, they showed that thermal properties varied with the temperature. The values of thermal diffusivity decreased with an increase in temperature while for specific heat the values increased with temperature. Some anomalies and hysteresis in the observation, depending on the temperatures and the materials compacted, were also discussed. The main motivation of the study was to characterize the thermal properties of the tablets using the pulse heating method from which practical information on tablet stability such as i.e. structural relaxation and material aging of tablets could be extracted.

A few traces of information concerning the measurement of thermo-physical properties of the pharmaceutical compacts has also been mentioned by researchers [9,29,30] during the early stages of studies related to thermal behavior during tableting. However, most of them measured and discussed briefly only the specific heat values (or volumetric heat capacity (Cv)) of the compacts. Indeed, thermal conductivity (k) values are also necessary. Also, a complete description of the measurement techniques has not been given as the research was mainly focused on the temperature rise/heat generation during compressing of pharmaceutical powders. Moreover, specific data on the variation of Cv or k with the relative density (), which is a critical quality attribute of the powders during compaction is found scarcely in the literature. The values of thermal properties of the compact (k, Cv), as well as its relationship with the relative density, are not only needed for understanding the final temperature reached for the end product but also for successful prediction of the thermomechanical behavior (temperature of the product, temperature distribution) with the help of a suitable modelling approach such as FEM.

The objective of this study, hence, is to contribute towards the efforts in providing thermal properties data for pharmaceutical powders. In this study, the thermal properties (k, Cv) of two commonly used excipients MCC102 and mannitol, at various relative densities were measured using Hot Disk Thermal Constant Analyzer. A relationship will then be established between these properties vs relative density. The relationship developed will be of practical use especially in the modelling of die-compaction and roll compaction process, to predict the rise of product temperature according to process parameters as also recently reported in [14] and [31].

Materials and Methods

Materials

Two commonly used pharmaceutical excipients: Microcrystalline cellulose, MCC102, Avicel® PH-102 (FMC, BioPolymer, Roquette) and spray-dried mannitol, Pearlitol® 200SD were employed as received from the manufacturer. For each material, the bulk density was provided by the manufacturer. The scanning electron microscopy images (Philips, XL30, Netherlands) is shown in Fig. 1. Table 1 shows the basic properties of the excipients. 

Methods

Preparation of tablets

The powders were compacted using an instrumented Instron press having a 30 mm diameter and a height of 86 mm. Fig. 2 shows a picture of the set-up. For each powder, 4  0.005 grams of mass were filled manually into the die which was pre-lubricated. For lubrication, the master surface of the punch and die was gently rubbed by a brush containing Magnesium Stearate (Mg(C18H35O2)2). The speed of the punch during compaction was 0.2 mm/sec. Tablets were compacted at different pressure ranges [1 -41 MPa for MCC102, 2-29 MPa for Mannitol] and for each pressure, the dimensions of the compacted tablets were measured using a Digital Caliper (Mitutoyo). For the measurement of k and Cv, two pairs of tablets are required. The experiment was repeated three times for each material, thus 6 tablets were compacted at a given pressure. The dimensions were then used to calculate the relative density of the tablets [average] as shown in table 2. The procedure for lubrication was performed each time for all repetition at a given pressure i.e. for both materials, at each pressure, the die was pre-lubricated to compact 2 tablets. Fresh lubrication was then done for another two repetitions. 

Thermal Conductivity and Volumetric heat capacity measurements: hot-disk method

Thermal conductivity (k) is defined as the heat energy transferred per unit of time and per unit of the surface area divided by temperature gradient. It is the measure of the ability of the material to conduct heat from a warmer to a cooler surface. Thus for a material having high conductivity, the heat will dissipate more quickly than for a material with low conductivity. Mathematically, it is expressed as described in eq.1 for the one-dimensional representation of heat flow [32].

T2

𝑄 ̇ T1 𝑄 ̇= 𝑘 𝐴 ∆𝑇 ∆𝑥

(1)

∆𝑥

Where, 𝑄 ̇= heat energy transferred per unit time, ∆𝑥 = thickness of the sample, A = area normal to the direction of heat flow, ∆𝑇 is the temperature difference across the sample, where T2 and T1 are the temperatures of the warmer and cooler surface respectively. The volumetric specific heat (Cv) is defined as the amount of heat energy (Q) required to raise the temperature of a unit volume of a substance by 1 degree kelvin. It gives an indication of how much heat energy a material can store [33]. The rise in temperature will be less for a material with high heat storage capacity i.e. higher Cv values.

Q = 𝐶𝑣 𝛥 𝑇 (2) 
Where, 𝛥 𝑇 is the change in temperature of a substance.

The thermal properties of the tablets were measured by using a hot-disk thermal constant analyzer which is based on transient plane source (TPS) technique [20,34]. The method uses a transient plane source sensor (fig. 3) which consists of an electrically conducting pattern of thin Nickel foil (10 µm thick), having a shape of double spiral resembling a hot disk. The spiral is embedded between two thin insulating layers made of Kapton. The TPS sensor is the source of heat generation for the sample and also acts as a 'resistance thermometer' to record time dependent temperature increase (total of 200 recordings are taken) [35, p.71]. To perform thermal measurements, the sensor must be placed between the two samples as shown in fig. 4 (for one measurement, two samples of the same material having the same specification are required). The critical input parameters required to estimate the thermal conductivity values within the range as shown in table 3 are: heating power use to pass the electric current to the sensor, measurement time for the recording of 200 data points and the sensor size. The relationship between the temperature increase of the sensor T() and the time dependent resistance R(t) is given by [20] :

R(t) = R0 {1 + [T()]} (3) 
Where R0 is the initial resistance of the hot-disk sensor,  is the temperature coefficient of resistance (nickel foil). Based on the theory [20], the time dependent temperature increase T() is given by:

T() = P0 ( 3/2 r k) -1 D() (4) 
Where, P0 is the total output power from the sensor, k is the thermal conductivity of the sample, D() is the dimensionless function. The variable  is defined as:

 = ( 𝑡  ⁄ ) 1/2  = 𝑟 2  ⁄ ( 5 
)
Where t is the time measured from the start of recording,  is the characteristic time, r is the sensor radius,  is the thermal diffusivity of the sample. Now, by plotting the recorded temperature increase T() versus D() [Fig. 5], a straight line is fitted as defined by eq 4. The thermal conductivity (k) is calculated from the slope of this straight line, while, the thermal diffusivity ( ) is calculated from eq 5. As the k and  values are unknown at first, the final straight line to calculate k is obtained through process of iteration (linear curve fitting optimization problem), which, also gives  values [35, p.75]. The volumetric heat capacity Cv is obtained from the relationship:

 = 𝑘 𝐶𝑣 ( 6 
)
All the experiments were performed at the ambient temperature of 21  1 C. For measurement, a hotdisk (TPS 5465) sensor with Kapton insulation having a radius of 3.2 mm was sandwiched between two tablets having the same relative density (Fig. 4). The same sensor is used for other tablets set* (i.e. tablets compacted from the same material and having the same relative density). The radius of all the compacted tablets was around 15 mm while the thickness of the tablets varied. For good accuracy of k during transient measurement, it is recommended that the thickness of the tablets must be larger than the sensor radius in order to avoid heat loss from the side of the tablets [35, p.29]. This consideration is important as the theoretical equations from which thermal properties will be estimated are derived based on the assumption of no heat losses. Also, the radius of the tablets must be at least two times larger than the sensor radius to allow enough material between the sensor and outside boundaries of the tablets [35]. The dimensions of the tablets compacted from both MCC102 and mannitol are already mentioned in section ( §2.2.1) and table 2. The heating power passed through all the tablets set was 40 mW for the time period of 5 secs. The thermal properties were then estimated according to the equations (4, 5 and 6). The contact resistance between the sensor and tablet can affect the calculated values. To minimize this effect of contact resistance, the first 20 points out of 200 recorded data points were eliminated for all the experiments and the corresponding calculated values of the thermal properties (k, Cv and ) were obtained. Only k values and Cv values are discussed for both the materials in the following. (As  is the ratio of k and Cv, it's value is always relative, hence how its evolving with relative density needs not to be reported/studied as there is no relationship). The performance characteristics (ability to predict the values within the given range) of the hot disk sensor is mentioned in table 3 below. 

Table 3

Performance characteristics (ability to predict the values within the given range) of the Hot disk sensor used

Measurement

Measurement Range

Thermal conductivity (k) 0.005 to 1800 W/m/K Thermal diffusivity () 0.01 to 1200 mm²/s Test time 3 -10 secs Accuracy (for the range of k and ) +/-5% Reproducibility (for the range of k) +/-2%

Results and discussion

Thermal Conductivity measurements for MCC102 and mannitol

The thermal conductivity for both the materials as a function of relative density is plotted in Fig. 6 and Fig. 7 respectively. It can be seen that the thermal conductivity of both materials increases with the increase in relative density. Also, the thermal conductivity follows a linear relationship with the relative density. The values of thermal conductivities for MCC102 was found to be between 0.165-0.387 W/m/K, the range of relative density being 0.30-0.70. Regarding the behavior shown by mannitol, the values of thermal conductivities were between 0.218-0.388 W/m/K for the relative densities 0.45-0.72. The standard deviation of measurement was 0.005 W/m/K for MCC102 and 0.01 W/m/K for mannitol.

At higher relative densities, the heat dissipates from the tablets at a faster rate. This is because, the air particles (k = 0.026 W/m K) trapped inside the tablets themselves have their own insulating effect (36). At higher relative density, the insulating effect of air is reduced and hence the resulting values of k are higher, allowing for higher heat transfer as the contact surface area of the particles is also increased [20,37]. Similar observation was reported in the only study done till now for thermal properties of pharmaceutical materials (specific to tableting) by Krok et.al (2017). This phenomenon was explained by the Smoluschowski effect that is observed as the decrease of the effective thermal conductivity of the particulate media during the gas evacuation from the media [38,39]. For MCC102, the values ranged from 0.2 to 0.3 W/m/K for the relative density 0.48-0.78. There was a linear relationship between k and .

Comparatively, the values reported in our study are a little higher. This small difference can be due to experimental parameters like the heating power used to pass the electric current and the time interval for the transient measurement, the methodology and device used to estimate k and Cv, and the dimension of the compacted tablets. This same values of k are also found in the PhD work of Filali [40], but, there, only the k value of MCC102 was characterized.

Fig. 6. Thermal conductivity vs relative density for MCC102

For mannitol, Krok et.al (2017), reported higher values than MCC102 [k = 0.3-0.5,  = 0.5-0.82], no explanation/justification was given. As per our knowledge, mannitol is a brittle material. It deforms primarily due to brittle fracture, as compared to MCC102, which deforms by plastic deformation. Thus, the surface area available for bonding [41] will be different for the tablets compacted from both MCC102 and mannitol, at the same compaction pressure. As heat transfer through conduction is an internal phenomenon, the available surface area will affect the tablet's ability to transfer and store heat. This might have resulted in a difference in k values. However, pharmaceutical powder mechanics are still not properly understood and the data available for thermal properties of pharmaceutical compacts are scarce. So, commenting on comparing the k values of MCC102 and mannitol is limited. No significant differences between the k values of MCC102 and mannitol were detected in our study.

Several experimental studies available in the literature for other materials also reported the same relationship between thermal conductivity and relative density [23,28,42,43]. 

Volumetric heat capacity of MCC102 and mannitol

The volumetric heat capacity was computed from eq. ( 6). Its values give an indication of how much heat energy a material can store. Fig. 8 and Fig. 9 shows the volumetric heat capacity for both MCC102 and mannitol. The figures indicate that there is a nearly linear relationship between Cv and , i.e. as relative density increases, the volumetric heat capacity increases. This difference (in Cv values as  varies) is due to the ability of the trapped air particles to absorb heat. The trapped air particles have relatively lower heat capacity (Cv = 0.0012 MJ/m3 K) [44] than the powder particles. Thus for tablets with higher relative density, the Cv values are higher, as the trapped air particles are reduced and more powder particles are present accounting for its higher ability to store heat. Another justification for this observation lies in the definition of Cv itself. For instance, the amount of mass per unit volume in tablets is increased as the relative density increases. Thus more heat is required to raise the temperature of the tablets, which is reflected in higher Cv values. As compared to the thermal conductivity, the linear relationship between Cv and  was not so accurate [less accurate for MCC102, more accurate for mannitol]. The reason for this could be, as per the method, k and  are estimated first, and from them, Cv is calculated. The accuracy of all the results depends on certain terms associated with the numerical calculation. Thus, the error terms associated with k and  values might have affected Cv values. Nevertheless, the values of Cv are very much reliable (less than 1 MJ/m3K) as recommended in the manual of Hot Disk [35, p.62] for porous materials. The Standard deviation of measurement was 0.05 MJ/m3 K for MCC102 and 0.03 MJ/m3 K for mannitol.

For MCC102, the values of volumetric heat capacity were found out to be between 0.214-0.688 MJ/m3 K, the range of relative density being 0.30-0.70. For mannitol, the Cv values were between 0.620-1.134 MJ/m3 K, the range of relative density was 0.45-0.72. As compared to MCC102, the Cv values for the mannitol was higher. Again, mannitol being brittle and MCC102 being plastic can be a reason for such a difference. Also, the bonding surface area available will be different affecting the tablet's capacity to store heat. Similar observation was reported by Krok et.al [2017], where they reported the increase in volumetric heat capacity values for MCC102 and mannitol as the relative density increases (and comparatively higher Cv values for mannitol). The high heat storage capacity of mannitol as compared to Relative denisty () mannitol MCC102, suggests that, when tablets will be compacted under similar conditions i.e. pressure, mass, the velocity of the punch, etc., the expected rise in temperature for MCC102 will be higher as compared to mannitol. Nevertheless, the rise in temperature during tableting will also depend on the heat energy release due to the friction between powders and tool during compression, inter-particulate friction, the material deformation behaviour (Plastic deformation/fragmentation) and the shape of powder particles [9]. Overall, the obtained relationship is in agreement with the experimental studies reported for other materials [45,46]. 

Conclusions

An experimental study was conducted in order to investigate the thermal properties of two commonly used pharmaceutical excipients MCC102 and mannitol. Tablets were compacted at different relative densities in order to characterize their thermal properties such as thermal conductivity [k] and volumetric heat capacity [Cv]. Hot disk thermal constant analyzer was used to measure those properties by passing a power of 40 mW for a time interval of 5 secs through the tablets. It was found that, for both the materials their thermal properties follow a linear relationship with the relative density. For volumetric heat capacity, the relationship however was not so accurate especially for MCC 102. The materials being porous, air particles trapped inside the materials were accounted for these observations i.e. they are low conductivity materials ( 0.38 W/m/K) having low volumetric heat capacity ( 1.13 MJ/m3 K) and their values increased with relative density. The air particles inside the tablets have their own ability to absorb and dissipate heat affecting Cv and k values respectively. The relationship was in broad agreement with the other results in the literature for different materials. The measurement parameters such as heating power used and the measurement time need to be selected properly in order to optimize the accuracy of values obtained.

HIGHLIGHTS

 IR camera employed to study the temperature rise of ribbons surfaces and how it is distributed  Increased screw and roll speed lead to higher ribbon surface temperature, whereas the temperature drops when roll gap is increased  Along ribbon width and length, temperature distribution exactly equal to density distribution  The distributions can be considered as a characteristic of a material and rolls-sealing system design combination  A cheap, easy, and reliable technique to indirectly monitor and control the density distribution of the compacts produce during roll compaction

Introduction

Dry granulation by roll compaction is an agglomeration process in which the powders are compressed between two counter-rotating rolls to produce ribbons. The ribbons are then milled in a milling system to form granules. The granules with the improved properties are then used for 'tableting' or 'capsule filling'. The process was first developed for metallic/ceramic powders but now it has been widely used in pharmaceutical industries to improve the powder properties such as flowability and to assure homogeneity of various active ingredient (APIs). Dry granulation is considered to be a highly energyefficient process as no heating or drying step is needed leading to a reduction in cost.

However, the deformation history leads to the mechanical and physical modifications of the product's behavior at different scales i.e. ribbons, granules, and compacts. Up to date, the structural changes to which the powder undergoes throughout the process are not fully understood [1]. During the roll compaction process, the heat can be generated by the friction between the screw and the chamber, the friction between the powder particles and the screw, the plastic deformation/fragmentation of the powder particles when the screw pushes the powder into the compaction zone, the plastic deformation/fragmentation of the powder particles during compaction between the rolls, friction between the rolls and powder particles. This leads to an increase in temperature during the process which can change the mechanical, physical, and chemical properties of the materials which are sensitive to heat. An in-depth understanding of this phenomenon is hence essential.

As Dry granulation/roll compaction is a continuous process, monitoring the temperature rise throughout the production line is quite challenging [2]. One of the best methods is to measure the temperature in-line in a non-contact manner. Infrared thermography (IRT) is a field of science which deals with the acquisition and processing of thermal data obtained in a non-contact way by a measuring device [3]. The main advantages of IRT [4] are that it's a non-contact technology, provides two-dimensional thermal images making a comparison between target region possible, and most importantly IRT is in realtime which enables acquisition from fast-moving targets. The origin and theory of IRT have been reviewed in detail in the literature [5]. Here, only the basic theory and laws had been presented in the methodology section ( §2.2.2) of this paper.

Infrared thermography had been applied in many fields of pharmaceutical science, specifically for the tableting process [6,7,8]. For instance, Ketolainen et al. (1993) applied an infrared thermoviewer to observe the rise in temperature during tableting. The surface temperature of the recently ejected tablets (MCC and di-calcium phosphate di-hydrate were tableted) was monitored. The suitability of infrared thermoviewer for evaluating changes in temperature and the energy content of the powders during compression was demonstrated. Using Infrared thermography, Krok et al. (2016) investigated the influence of tablet shape and compaction speed on the thermo-mechanical behavior of powders during the tableting process. They showed that the average surface temperature increases with an increase of compaction speed and also when compacted with the die having the larger surface curvature. In initial studies [9,10], most of the attempts were made to understand the thermodynamics of the tableting process and how to quantify the heat generated.

The applications of IRT to study the rise in temperature for the case of dry granulation by roller compaction have been reported in the literature [11,12,13,14,15]. [START_REF] Osborne | Bonding mechanisms involved in the roller compaction of an amorphous food material[END_REF] studied the influence of water content and roll pressure on the physical properties of the agglomerate formed during roller compaction, in particular, on the strength of amorphous ribbons and this was related to the bonding mechanism. They showed that increasing the roll pressure increases the ribbon strength and the temperature of exiting ribbons whereas the porosity decreases. The increase in strength is due to sintering, i.e. the creation of solid bridges between the particles as they plastically deform. It occurs when the particles are bought together under high pressure which causes an increase in temperature at these localized points. This rise in temperature was captured by the thermal camera. Increasing hydraulic pressure and the water content causes more plastic deformation among the amorphous particles which is due to a higher temperature and lower glass transition temperature respectively causing the material viscosity to reduce. It was concluded that, the strength and porosity of the ribbon depend on both the roll pressure and the water content of the material.

The effect of morphology and amorphous content of three types of lactose on the properties of ribbon (tensile strength & porosity of ribbons, fragment size distribution, percentage of fines & ribbon structure) produced during roll compaction was investigated by [START_REF] Omar | Roller compaction: Effect of morphology and amorphous content of lactose powder on product quality[END_REF]. Morphology was identified with the help of SEM and the amorphous content was quantified with the help of the Near Infrared technique (NIR). The ribbon surface temperature was measured online using a thermal camera. For calibration, the emissivity of lactose powders was assumed constant and was measured by using a thermometer to obtain the actual temperature of the powder, which was then compared to the reading of the thermal camera. The emissivity was found to be 0.98. Ribbon temperature was recorded right after they left the gap and the pressure had been reached a steady state value. Each experiment was recorded for 60 seconds at a frame rate of 50 fps. It was shown that for all types of lactose, the tensile strength of ribbons increased with increasing hydraulic pressure. Similarly, the ribbon surface temperature increased with increasing hydraulic pressure. The surface temperature of the ribbons measured online by the thermal camera was correlated with the tensile strength of the ribbons and it was found that the higher the surface temperature of ribbons, the higher the tensile strength. It was also shown that the amount of fines in the product was decreasing with increasing the temperature of the ribbon during production. The agglomerated type of lactose (21AN and SD) produced ribbon with higher surface temperature, higher tensile strength, and lower amount of fine in comparison with the non-agglomerated type (200 M). This confirms the role of the morphology of primary particles of lactose powder during the roller compaction process.

Kleinebudde et al. ( 2018) successfully tested the suitability of a thermographic camera as an in-line analytic tool for ribbon density determination. MCC102 was roll compacted at different specific roll compaction forces using MiniPactor Gerteis. Both cheek plates and rim rolls were used. X-ray microcomputed tomography was used to determine density distribution within ribbons. An Infrared thermographic camera was used to measure the surface temperature of freshly formed ribbons right after they left the gap. The methodology to determine the emissivity of ribbons was not mentioned. The correlation between the temperature distribution and ribbon density distribution was proven along the ribbon width. It was shown that the density and temperature are higher at the center and decreases towards the edges for cheek plates whereas the inverted trend was observed for rim rolls with higher homogeneity. For distribution along the length of ribbons, the region of highest temperature followed a periodical pattern in the form of a sinusoidal curve in the case of cheek plates, the same had been shown for density distribution. In the case of rim rolls, the temperature distribution along the length of the ribbon followed a periodical pattern showing a circular region of lower density in the center of the region. A Fast Fourier Transform analysis (FFT) was performed to demonstrate that the rotation of tamping auger causes periodical patterns on ribbons for both cases i.e. cheek plates and rim rolls.

Omar et al. ( 2018) investigated the effect of process parameters (roll pressure, roll gap, roll speed, and screw speed) during the roller compaction process on the product properties and implemented an online thermal imaging technology to further understand the powder behavior during roller compaction. The material used was a -Lactose monohydrate (200 M) [equilibrated at 25 degrees celsius and 20 % RH using Binder KMF 240]. The powder was compacted using a roll compactor Alexanderwerk WP120 (120 mm diameter and 40 mm width). The hydraulic pressure was varied in the range of 18-230 bar. The speed of the roller was controlled from 3 to 13 rpm to vary the time of compression. The gap between the two rollers is varied between 1 and 4 mm. Cheek plates were used as a sealing system. A humidity generator was connected to the top of the hopper on the roller compactor to maintain a constant humidity condition. The ribbon surface temperature was recorded during production using a thermal camera, the amount of fine, the width of ribbons, ribbon tensile strength, X-ray images of the ribbon (for porosity distribution) was determined respectively. The surface temperature of the ribbon increased slightly with the increase of roll speed [(Pressure constant at 50 bar and gap constant at 3 mm using different speed of roller (3, 4, 5, and 6 rpm)]. It was due to increased internal friction of the powder as a result of increasing the speed of the powder. It can also be due to an increase in feeder screw speed in order to maintain a constant roll gap which can increase the friction between the particles and increase the temperature of the ribbon. The fine percentage was found to increase with increasing the roller speed as the speed of powder during compaction decreases the time which the powder spends in the compaction zone, thus the powder will not be distributed evenly across the width as it will not have enough time. This will also lead to a reduction in the width of ribbons at increasing roller speed. Thus the higher the width, the lesser the amount of fine. No significant effect in ribbon tensile strength and porosity due to an increase in roll speed. As the increase in roll speed increases the feeder screw speed (in order to maintain gap]. The temperature of the ribbon increased with increasing the roller gap [Pressure: 50 bar and speed: 3 rpm] as the feeder screw is increased in order to deliver same material and hence the internal friction between the particles and between the barrel wall and particles is increased. Also, a thicker ribbon reduces heat at a slower rate. At a higher roller gap, the percentage of fine is low and the ribbon produced is wider due to better powder distribution across the width as increasing the gap created more space for the powders to spread to the edges of the roller. This also leads to a uniform distribution of temperature across the width. The increase in roll gap leads to a reduction in tensile strength and the porosity is increased. The reduction in tensile strength is due to an increase in the amount of powder between two rolls which can decrease the stress applied on powder between two rolls during compaction. A change in feeder screw feed results in a change in the gap between the rollers (In automatic utilization of the press). Thus the same effect as the roller gap, mentioned above, was expected and demonstrated.

More recently, Krok et.al (2019) studied the evolution of temperature and density in ribbons compacted from microcrystalline cellulose (MCC 102). The ribbons were compacted using an instrumented roll compactor and the unlubricated powders were fed in between the rollers using a gravity feeding system. The surface temperature measurements were successfully carried out in-line by using a highresolution infrared camera (FLIR E8, USA). They demonstrated that the increase in the roll speed leads to higher temperatures in the ribbons and the profile across ribbon width varied slightly for each roll speed setting. The internal friction between powder particles is increased at higher roll speed leading to increased temperatures. The distribution of the temperature and the density across the ribbon width shows similarity i.e. being higher towards the center and lower towards the edges for fixed cheek plates. The thermo-mechanical behavior was also captured by the developed FEM model which can predict the evolution of both the temperatures and density distribution over the ribbon surface and the experimental observations were validated. However, some overestimation of the temperatures near the edges of the ribbons was found, while the maximum surface temperatures are in agreement with the experimental data. This difference could be due to the assumption of heat lost only by the mode of conduction, as the heat lost by the other two modes i.e. convection and radiation was neglected in the FEM model. The addition of all the modes of heat transfer to the FEM model was advised for more better prediction of the temperature distribution over the ribbon surface in future studies.

It is evident that, concerning roll compaction, the application of IRT to measure in-line the temperature of the product is limitedly documented and research is mostly focused on studying the effect of process parameters on the ribbon surface temperature and the temperature distribution along its width direction. Whereas, the temperature distribution along the ribbon length is also crucial to progress towards better understanding in obtaining optimum product quality. The suitability of an infrared camera to accurately monitor the temperature of the product is often tested and demonstrated. However, in the field of IRT, the experimental set-up and the calibration factors such as emissivity values of the objects which are crucial in successfully monitoring the temperature of the desired objects are less discussed in pharmaceutical research.

The main aim of this study is to measure in-line the rise in temperature generated during the roll compaction process using a Komarek roll press. The objective will be to monitor in-line the ribbon surface temperature when it exits the compaction zone with the help of an infrared thermographic camera. How the temperature generated is influenced by the different process parameters (roll gap, screw speed, and roll speed) involved during the process will be of interest in this work. The distribution of temperature along the ribbon width and in the rolling direction will then be explored in brief. The basic experimental setup and calibration factors required to install the IR camera will be discussed accordingly. A part of the whole study also involves characterizing the emissivity values of the ribbons compacted according to the process settings and having different relative densities.

Materials and Methods

Materials

Microcrystalline cellulose, MCC102, Vivapur® PH 102 which is a commonly used pharmaceutical excipient was employed as it was provided by the manufacturer. The scanning electron microscopy image of MCC102 is as shown in fig. 1. The material is considered to deform plastically and the appearance of the particle shows a needle-like shape. The effects of raising the ambient temperature on the die compaction behaviour of MCC102 are reported in [16] where the mechanical parameters such as transfer ratio, transmission ratio, and die-wall friction were considered. During compaction, a softening behaviour in MCC102 was observed with an increase in temperature. The basic properties of the excipient are provided in table 1. 

Methods

Production of ribbons: Roll Compaction

The ribbons were compacted using a Komarek® B050PH laboratory roll press as shown in fig. 2. The roll press consists of a horizontal screw feeding system. The powder can be poured manually through a hopper vertically attached to the feeding system. The screw then pushes the powder between two counterrotating rolls which are vertically arranged and having a diameter of 100 mm and a width of 38 mm. Cheek plates are used as a sealing system to reduce the amount of powder loss from roll sides during compaction. Two different types of rolls having a smooth or knurled surface can be used to compact the raw material. The compaction was achieved using a smooth roll surface. The process parameters such as roll gap can be varied from 1.3 mm to 6 mm while the roll speed and screw speed can vary up to 7.5 rpm and 137 rpm respectively. The process parameters varied during the production of ribbons are described in Table 2 where the values are also reported. The powder must be fed homogenously in order to compact ribbons having good adequate strength. To achieve this, the gap has to be fixed at first, the desired roll speed values need to be set up while the screw speed must be manually adjusted. The values of roll torque, roll speed, screw speed, and the gap constant are displayed on an automation unit attached to the roll compactor. 

Infrared thermography: a non-contact temperature measurement technology

Background of Infrared technology: Basic principles and radiation law's

All objects above absolute zero (i.e. T > -273 C) emit infrared radiation which lies in the infrared region of the electromagnetic spectrum. The electromagnetic spectrum is divided into several regions or bands according to wavelength as follows: Near-infrared (NIR) from 0.8 µm to 1.7 µm, Short-wavelength infrared (SWIR) from 1 µm to 2.5 µm, Mid-wavelength infrared (MWIR) from 2 µm to 5 µm, Long-wavelength infrared (LWIR) from 8 µm to 14 µm. The MWIR and LWIR region are the most commonly used in IRT [17]. The infrared measuring device detects this infrared radiation emitted by the object and transforms it into electronic signal [18].

The intensity with which the object emits infrared radiation is a function of the temperature of the object, the higher the temperature, the higher the intensity. The radiation leaving the object is the addition of absorption (  ), transmission (  ) and reflection (  ) (eq. ( 1)). These parameters are dependent on wavelength () and the sum of them is always one at any given wavelength:

  +   +   = 1 (1)
In most applications, the object can be considered as opaque and the transmission from the object can be neglected. The eq. ( 1) then reduces to:

  = 1 -  (2)
For blackbodies, the reflectivity is also null and all the striking radiant energy is absorbed (  = 1). The radiation emitted by a blackbody (𝑊 𝑏 )is then given by Planck's law as follows [17] :

𝑊 𝑏 = 𝐶 1  -5 𝑒 𝐶 2  𝑇-1 (3)
Where  is the wavelength (µm), 𝑊 𝑏 is the power radiated by the black body [W/m 2 ] at a particular wavelength, T is the temperature (K), 𝐶 1 and 𝐶 2 are the constant.

The law gives the distribution of infrared radiation from the black body at different temperatures for a particular wavelength [17]. The wavelength at which the emission of electromagnetic radiation takes place depends on the object's temperature (eq. ( 3)). Inverse relation is observed between the wavelength of the peak of the emission spectrum and absolute temperature which is defined by Wien's displacement law (derived from Planck's law) as:

 𝑚𝑎𝑥 𝑇 = 2897.7 µm K (4)
By integrating Planck's law (eq. ( 3)) over the entire wavelength, Stefan-Boltzmann's law is derived which is given by:

W =   4 (5)
Where,  is the constant, T is the absolute temperature, W = electromagnetic radiation emitted by ideal black body (=1).

For grey bodies,  which is constant and independent of wavelength has to be considered and eq. ( 5) reduces to [17] 

W =    4 (6) 
Also, Kirchhoff's law states that emissivity and absorptivity are the same at a particular temperature and wavelength. This can be expressed as:

  =   (7) 
Hence for opaque material, from eq. ( 2) and eq. ( 7), the following relation is obtained [17] 

  = 1 -  (8)

Temperature measurement using Infrared Camera

The infrared radiation emitted by an object is detected in a non-contact way by an infrared detector in the camera and the temperature of the object is computed by using the Stefan-Boltzmann's law (eq. ( 6)).

Infrared detectors are the heart of IRT systems [19]. A brief introduction on how these detectors work had been reviewed in the literature [20 -22]. The schematic of a typical IRT experimental set-up is as shown in Fig. 3. The equation's used (derived by applying Stefan-Boltzmann's law and eq. ( 2), eq. ( 8)) to calculate the temperature of the object by different camera manufacturers can be found in [17,23,24]. The emissivity of the object has a very high impact on the temperature measurement [17] and the general procedure for emissivity measurement had been documented in [25,26]. The research on temperature measurement using IRT is deeply focused on the experimental set-up [17] with some research focusing on detecting the region of interest (ROI) in the captured infrared images [27 -29]. As the images contain information about the target object but also around the surroundings, it is important to identify only the target object for an accurate representation of the temperature. This identification of the region is known as the region of interest (ROI).

Implementation of infrared camera optris® PI 640: calibration and experimental set-up

The optris PI 640 calculates the temperature of the targeted object using the infrared concepts given above. The camera works in the wavelength spectral range of 8 -14 µm [long wave infrared region (LWIR)] and can detect temperatures between the ranges of -20 to 900 degrees Celsius. For the calibration of the camera, the emissivity of the object is to be known and is considered as one of the important parameters for the temperature measurement with good accuracy. The emissivity is set to 1 as default by the manufacturer, thus treating the object of interest as a perfectly black body. In reality, ribbons cannot be treated as a perfectly black body. Hence, the emissivity values of the ribbons must be determined.

In order to carry out the measurement, the camera was placed approximately at the distance of 50 cm from rolls and facing towards the roller compacter as shown in Fig. 3. Indeed, the camera was faced in the front view of the rollers and exactly towards the ribbon exit with 34.5 degrees angle of inclination, so that the temperature of the compacted ribbons can be recorded immediately as they come out from the gap between rollers. The camera is mounted on a tripod which allows adjusting the height of the camera accordingly. Also, the focus of the lens can be adjusted by rotating the knob attached to the camera (either clockwise/anti-clockwise). Thus, the region of interest (ROI) which is of utmost importance in measuring the temperature in-line using an IR camera can be carefully selected by adjusting the height and focus lens of the camera. ROI is displaced on the computer software which is connected to the camera in real-time and displays the calculated average temperature all over the region. Fig. 4 shows the ROI selected in our study to successfully monitor the rise in temperature during the process. One of the interesting features of the Optris software is that, the video of the manufacturing process (Within the limit of ROI) can be recorded, stored, and analyzed offline once all the experiments are conducted with the desired settings. The target region within the ROI can then be selected (Fig. 4). The software only displays the average temperature/the temperature distribution of the targeted region. The determined emissivity values can also be inputted once all the experiments are carried out, as the software then corrects the temperatures accordingly because the previous measurement was determined by treating ribbons as bodies. This feature allows to carry out all the experiments first with the default settings in the software. Once the video is recorded, with proper ROI, the camera software can be calibrated with the actual values, and by selecting the target region within ROI, the temperature/temperature distribution profiles can be studied and analyzed. This online recording of the experiments with the desired ROI and offline analysis of the temperature measurement is time-saving feature of Optris PI 640. At first, the default value of emissivity ( =1) was used in the camera software settings and the atmospheric temperature can be inputted manually for temperature measurements. The experiments were carried out in the controlled atmospheric temperature of 22  0.5 degrees Celsius while the humidity condition () was 30 %  0.5 %. The following different process parameters were varied to carry out the temperature measurements: Roll speed, screw speed, and roll gap. The complete design of experiments selected along with the values for the process settings is described in Table 2. The experiments were recorded (frame rate: 20 Hz) and stored by the software PIX connect, which will further be used for temperature analysis and documentation.

As mentioned previously, the ribbons are not a perfectly black body. The emissivity of ribbons must be taken into account and has to be inputted before proceeding towards the thermal analysis of the recorded data. Kleinebudde et.al (2018) compacted ribbons from MCC102 at five different specific roll compaction forces to study how the temperature is distributed over the ribbon surface with the help of an IR camera (Optris PI640). The ribbons were described as an ideal body, however, the value of the emissivity used and the methodology to determine emissivity was not mentioned. Nevertheless, it was made clear that, even though without using the proper value of emissivity, the absolute value of temperature detected could be biased, but, the relative temperature changes are still valid as the comparison was done for two different sealing systems at various specific roll forces. Similarly, Krok et.al (2019) compacted ribbons from MCC102 at various roll speeds to study its impact on the temperature rise over the ribbon surface using FLIR E8 thermal camera. Whether the ribbons were treated as a black body or a real body was not reported. Omar et.al (2015) assumed the emissivity of ribbons compacted from lactose powder to be constant at 0.98.

In our study, the emissivity of ribbons was measured using a Bruker Vertex-70 Fourier Transform Infrared Spectrometer (FTIR). Prior to the measurement, the ribbons were found out to be opaque as also mentioned in [13] which means that it does not allow transmission of light. A total of 9 ribbon samples were collected, each of them was produced at different roll settings as given in table 2. Thus sample 1 [4][5][6] and set [sample [7][8][9] belong to the roll gaps 1.5 mm and 2 mm respectively at varying speeds. From the spectrometer, the value of reflectance (r) is obtained. The value of emissivity () is calculated as:

 = 1 -(0.94 * r) (9) 
Where, 0.94 is the correction factor applied to the reflectance value so that the calculated ɛ values are correct. The emissivity values for all the samples are summarized in table 3. It is clear that, the values are quite high indicating a high amount of infrared energy is emitted from ribbon surfaces (absorption is high), while reflection from their surfaces is very low. Ribbons compacted from MCC102 can thus be considered as high emissivity material having very low reflectivity and negligible or null transmissivity. Moreover, the values almost remain constant for all the samples. A constant value of 0.9 was hence inputted into the infrared software and the temperature analysis was conducted once with the default value [ = 1] and then with the measured value [ = 0.9]. [LWIR: 8-14 µm] The speed of the rolls is one of the important process parameters studied in combination with other factors such as roll gap, screw speed, and roll force during dry granulation by roller compaction, in order to determine the quality of ribbon [30]. It is responsible for controlling the amount of time the powder spends in the stressing zone. As the powder spends more time when the roll speed is low, the powder compaction is better while the possibility of un-compacted powder, especially, through the edges is higher as roll speed is increased. This is usually observed by studying the relative density of the ribbons at different roll speeds and also comparing their respective density distributions [31].

The average surface temperature of the ribbons was detected by the infrared camera at three different roll speeds (1.5 rpm, 3.75 rpm, and 6 rpm). The roll gap was first fixed at 1.3 mm for all the speeds and then it was fixed at 1.5 mm and 2 mm respectively. Before proceeding towards the findings, it is important to describe in short the working of manually operated Komarek roll press. When the gap is fixed at 1.3 mm and roll speed is set to 1.5 rpm, screw speed needs to be adjusted at 20.55 rpm to deliver the amount of material to the compaction zone resulting in good strength of the produced ribbon. Now as roll speed is set to 3.75 rpm while the gap remained fix, screw speed needs to be adjusted at 41.1 rpm in order to maintain delivering a good amount of material to the compaction zone for good ribbon strength. Again, when we fix the gap at 1.5 mm (or 2 mm) and set the roll speed to 1.5 rpm, the screw speed needs to be at 20.55 rpm. Now as roll speed is set to 3.75 rpm while the gap remained fix, screw speed needs to be again at 41.1 rpm. The different combinations were summarized in Table 2.

The plot of the temperature of the ribbon surfaces at various roll speeds for all the fixed gaps is shown in Fig. 5. It was found that, at a fixed gap, the surface temperature of ribbons increased as the roll speed is increased. This can be attributed to the fact that, at a higher velocity of the rolls, there is an increase of friction between powder particles and between powder particles and the rolls (wall friction). As friction is one of the main sources of heat generation during the roll compaction process, it resulted in higher surface temperatures of the ribbons when compacted at high roll speeds. Another possible reason for the increase in surface temperature of the ribbons is due to the increase in screw speed as roll speed increases, as described in the above paragraph. The increase in screw speed will increase the friction between powder particles and between the screw wall and the powders. Some premature fragmentation/deformation of the particles also can take place while the screw tries to deliver the powder to the stressing zone through the hopper. All of this contributes to an initial rise in temperature of the powder from the hopper, which then is being pushed towards the stressing zone, leading to the final rise in temperature of the ribbons [due to high plastic deformation, intra-particle and inter-particle friction when the powder spends time between rolls]. Thus, the higher temperatures of the ribbon at increased roll speed is also due to the fact that, the powder was delivered to the rolls through the screw at a higher temperature because of increased screw speed, while the gap remained fixed. For all cases, the gravitational feeding was done through the hopper and a spoon was used to assure homogenous feeding. As seen in table 4, the exited surface temperature of ribbons varied from 29.5 to 34.3 C for the case of gap fixed at 1.3 mm. Similar observations were found for the trials conducted for the roll gaps 1.5 mm, and 2 mm (table 4).

The results are in agreement with the findings of Omar et.al (2018), where the temperature of the ribbons compacted from lactose increased (in the range 36-39 C) with increasing the speed of the roller from 3-6 rpm, while the gap was kept constant at 3 mm. The roller compactor used was Alexanderwerk WP120 which has an automatic feedback system to alter the feeder screw speed to keep the gap constant. Rolls having knurled surfaces were employed. Krok et.al (2019) also showed similar results concerning an increase in average ribbon surface temperature with roll speed. They reported an increase in the range of 28-33 C, the roll gap being fixed at 1 mm, while roll speed varied from 1-3 rpm. The material compacted was MCC 102 using an instrumented roll compactor having smooth roll surfaces. Similar findings can also be found in a study done by Osborne [32].

Effect of roll gap

In roll compaction, the gap between the rolls determines the thickness of the exiting ribbons and during production, it has to be maintained constant to produce ribbons with uniform thickness. It controls the amount of stress applied to the powders thus affecting the mechanical properties of the ribbons. Each machine has its own unique way to keep the roll gap constant. For instance, a roller compactor having an automatic feedback system requires altering screw speed to set the respective gaps and increase the amount of powder to be compacted. While, the roll speed and the hydraulic pressure applied can be fixed throughout the production. Alexanderwerk WP120 and Gerteis Minipactor are examples of such kind of machines. Also, the specific compaction force or the hydraulic pressure applied can be varied when the gap is being automatically controlled at a constant value. In the Komarek roll press, the gap has to be fixed manually while changing the screw speed does not automatically alter the fixed gap and vice versa. Also, the roll force (stress) exerted on the powders is more when the gap is low and increases when the gap is set higher. The roll pressure can be measured with strain gauges positioned into the depth of the upper roll [36].

In order to study the effect of roll gap on the maximum temperature generated on the ribbon surfaces, the gap value was fixed at 1.3 mm, 1.5 mm, and 2 mm respectively. For each gap setting, the combination of roll speed and screw speed selected is the same as mentioned in section § 3.1.1 and described in table 2. The combination ensured uniform feeding of powder and produces compact with good mechanical properties. As the screw speed and roll speed remains constant for each gap setting, the effect of roll speed and screw speed (Friction) can be eliminated or the effect is minimum, on the surface temperature of the exiting ribbon while we study the effect of gap on resulting surface temperature of ribbons. In fig. 6, was plotted the ribbon surface temperature at varying roll gaps for all roll speed/screw speed considered. It was found that, the ribbon surface temperature decreased due to an increase in gap. This is because, at a lower gap the roll pressure is higher to compact the material, and thus, the material is deformed more plastically. As per the law of thermodynamics, the work done to deform the material will get converted into heat energy, thereby releasing more heat energy for the case of a low roll gap. The rise in temperature is a direct consequence of this, apart from inter-particle friction and roll wall friction. At higher gaps, the roll pressure applied to the material is low. Thus there is low deformation of the material which will comparatively release low heat and hence ribbons exit at lower surface temperatures. For fixed roll speed of 3.75 rpm and screw speed 41.1 rpm, while the gap varied from 1.3 mm to 2 mm, there was a temperature drop in the range 32.9 C to 28 C. These similar observations for the other studied speeds and for varying gaps are presented in table 4. 2018), the opposite observation as compared to the study presented here was reported, as the surface temperature of ribbons compacted from exiting the compaction zone increased from approximately 34 C to 36 C while increasing the gap between the rolls (in the range 1.5 mm to 3 mm), the roll speed being set at 3 rpm. This is due to the working nature of the roll compactor Alexanderwerk WP120, which is operated with the feedback system being turned on, where an increase in roller gap increases the speed of the feeder screw to deliver more material. An increase in screw speed with the gap, results in more friction between the particles and between the barrel wall and particles which leads to a higher surface temperature of ribbons with an increase in roller gap. Another study concerns understanding the effect of specific roll compaction force or hydraulic pressure on the temperature rise of the compacted material during roller compaction. For instance, Kleinebudde et.al (2018) while studying the applicability of infrared thermography to monitor ribbon porosity, showed the correlation between average ribbon temperature and the specific compaction force. The temperature increase of the ribbon when a higher specific force is applied was predominantly determined by the densification of the ribbon. The experiment was conducted on MCC102 powder using Gerteis Minipactor. The gap was controlled automatically at 2 mm and roll speed fixed at 2 rpm. The specific force applied was in the range 2 -7 kN*cm -1 . During roll compaction, the screw speed horizontally pushes the powder from the vertically fed hopper zone to the compaction zone i.e. the space between the rollers, where the material is simultaneously being grabbed and compacted by the rolls to produce ribbons which are flat. The direction of feeding and the pushing zone depends on the respective machine. Here, the pre-compaction of the material can take place, and also there is particle/barrel friction. Thus, a change in screw speed can have an initial impact on the temperature rise of the powder which is being passed to the gap between rolls (as described in section § 3.1.1). The screw speed is normally adjusted according to the roll speeds, roll gaps, specific roll force or hydraulic pressure, and the combination selected varies largely depending on the machine, the material compacted, the desired quality of the ribbons, and the objective of the study. The combination generally ensures good compact.

An increase in screw speed can thus lead to an increase in the temperature of the powder being delivered to the rolls. The resulting effect on the surface temperature of the intermediate product i.e. ribbons is thus expected to be the same as for the case of roll speed at a fixed gap. This combined effect is shown in fig. 7. In this context, Yu et.al (2020) investigated the powder flow from the feeding zone (the exit of powder from the feeder screw) to the compaction zone using In-line thermography. For that, the cheek plate was assembled with glass windows allowing the thermal camera which is placed normally to the windows to look through and monitor the history of powder from the end of the screw till the exit of compaction. A second camera was placed normally to the ribbon surface to monitor the average surface ribbon temperature and the distribution of temperature along its width direction. While studying the effect of roll force on the powder flow from feeding to compaction zone, and then on average surface ribbon temperature along with distribution in the width direction, they showed that the powder entered the feeding zone at a higher temperature when the roll force was set higher. This was due to an increase in screw speed at high roll force as an attempt to maintain a constant gap. MCC101 was roll compacted using Alexanderwerk WP 120 Pharma roll compactor. The gap was controlled at 2 mm and the roll speed was set to 3 rpm. The roller force ranged from 8.29 to 20.72 kN. Similar findings were also reported by Omar et.al (2018) where they varied the screw speed from 20-80 rpm and fixed roll speed at 3 rpm. They observed the same result for the case of an increase in roll gap, as increasing screw speed fluctuates the gap to increase (or Vice versa) because of the use of automated feedback system as also mentioned in section §3.1.2. 

Temperature distribution over the ribbon surfaces

It is known that the ribbon density (or porosity) is considered as the most significant quality attributes to control, which ultimately determines the quality of the next intermediate product i.e. granules, and the end product i.e. tablets. Along with the ribbon density, how the density is distributed over the ribbon width is studied many times in the literature [31,34,35,36,37] and the distribution over the ribbon length has been reported few times [35,38]. The effect of sealing systems design and the process parameters effect on the density distribution over ribbon surfaces are usually investigated in order to better understand the working process of the machines and to further aid in understanding the other mechanical properties of ribbon defined by their tensile strength (or hardness), the percentage of fines produced. In the previous sections, the average temperature of the ribbons varied according to the process settings and hence it will be of interest to further investigate the mechanical properties of the ribbons that may have been impacted due to such a rise in temperatures. This was documented systematically by Osborne [32]. However, in the following, the distribution of temperature over the ribbon surface in the width direction and the rolling direction (ribbon length) will be discussed in brief and will be compared/related to those of density distribution of the ribbons reported in the previous work.

The distribution of temperature in width direction

The distribution of temperature was not homogenous over the ribbon surface in the width direction. The edge region was colder and the region towards the center was hotter. This was observed firstly in the software, while capturing the thermal images of the ribbons immediately exiting the gaps (Fig. 4). After extracting the data points from the software, the distribution of temperature along the surface of the ribbon width was plotted and is shown in Fig. 8 (a) and (b) respectively. It can be seen that, the distribution follows a pattern which remains the same whether the gap is increased (or decreased) or the roll speed (or screw speed) is varied. Now, this non-uniform distribution of temperature and the unique pattern it follows is because, for roll compaction using cheek plates as a sealing system, the density distribution over ribbon surface shows the same behavior i.e. the density is lower near the edges and higher towards the center [34,36,39]. Thus, the material is compacted more densely towards the center and lowest towards the edges, which has been also reported many times in other works [31,35]. As the material is compacted densely towards the center, the work done in deforming the material plastically will release more heat. The conversion of heat to thermal energy will ultimately lead to higher temperatures towards the center region and lower near edges. The same result was also obtained by Kleinebudde et.al (2018) and Krok et.al (2019), where the same material MCC102 was compacted but on different machines respectively using cheek plates as a sealing system and smooth. In the same study, Kleinebudde [13] further used rim rolls and found an inverted temperature distribution pattern as compared to those found with check plates, which they matched with the density distribution found in ribbons compacted using rim rolls.

Furthermore, as shown in fig. 8 (a), the temperature distribution is wider for high roll gap and becomes narrower when the gap is reduced. This is mainly because of the change in space between the rollers which now accommodates more amount of powder. It is known that, as the space between the rollers increases for high roll gap, there is a more uniform distribution of the stress applied to the powders by the rolls in the width direction which lead the temperature to distribute more widely (uniformly) over the ribbon width. This uniformity of the stress applied to the powders decreases as the roll gap is set lower, and hence, the distribution of temperature becomes less uniform. The distribution of stress on powders according to the roll gap has been documented in the literature to study the densification of ribbons and the density distribution along the width of ribbon [31,40] and it can be approximately matched to the temperature distribution along the ribbon width. Another reason for this observation, can be due to the roll force effect, as the roll force is more for low gap allowing for more densification in the center region leading to higher temperatures in the center [fig. 8 (a)]. This change in the uniformity of the temperature distribution across the ribbon width according to the roll gap can also be found in the study of Omar et.al (2018).

On the other hand, concerning the effect of roll speed, the temperature profile shows no change in its uniformity as seen in fig. 8 (b). It shows nearly similar distribution with a slight difference. As the speed is increased from 3.75 rpm to 6 rpm, the temperature gets slightly reduced only near the edges. This is an indication that the material was less compacted near the edges at increased roll speed. A possible explanation for this is, at high roll speed, although the gap size between the rolls was fixed, the time spent by the powders in the compaction zone was less. This could have led the powders to pass through the edges of the rolls uncompacted or less densed and this phenomenon has been documented experimentally by the researchers [15,31] to study the effect of roll speed on the density variation patterns over ribbon width surfaces. It has also been discussed by some authors [15,39] while using a finite element model to predict the density distribution over the ribbon width in which, assumption of conversation of mass generally overestimates the density prediction near the edges and as a result the model couldn't capture this effect. Nevertheless, for our case, as seen in fig. 8 (b), this difference in the temperature near the edges while studying the effect of roll speed on the temperature distribution over ribbon width surface can be considered insignificant. A similar observation concerning the temperature profiles across ribbon width for three different roll speeds has been reported by Krok et.al (2019). 

The distribution of temperature in rolling direction (ribbon length)

The understanding of how the temperature is distributed over the ribbon surfaces in the rolling direction i.e. ribbon length is also significant to progress towards better monitoring/evaluation of the product quality and also to gain some more significant insights on both, the feeding (by the screw) and compaction mechanism effect (by rolls) on the ribbon properties and how it is related to the process parameters involved. The image captured by the camera [Fig. 9. (a) and (b)], also reveals the inhomogeneous distribution of temperature over the surfaces of ribbon length. Indeed, without any further extraction of data points, it can be seen that the temperature follows a 'snake wise' pattern or in other words, it reveals periodic heterogeneity in the form of a sinusoidal wave. Like the temperature distribution over the surface of ribbon width, this distribution over the ribbon length can also be considered as a characteristic of a roll press-material combination using cheek plates as a sealing system and MCC102 as a primary raw powder. The thermal images shown revealing the distribution in the figures are for the case of roll gap 1.3 mm and two roll speeds. In order to represent more clearly, a line was positioned over the ribbon surface in the rolling direction which is at a distance of 1/3 rd from one edge of the ribbon. The infrared temperatures measured by the camera located at points along this line were extracted and plotted as shown in fig. 10 (a) and fig. 10 (b) respectively. The figures show the distribution of temperatures along the ribbon length for three different screw speeds/roll speed and for roll gaps 1.3 mm and 2 mm respectively. It can be seen that for all cases, the temperature follows a sinusoidal pattern.

Michrafy et.al (2011) observed similar periodic heterogeneity while attempting to study the homogeneity of the properties of the strips produced by roll compacting MCC 102. The light transmission through the compact of MCC102 revealed this sinusoidal periodic pattern represented by dark and light zones. Interestingly, a further analysis to measure and plot the density over the strip length shows a similar distribution. This phenomenon can also be seen in the work of Simon and Guigon [38] where other powders were compacted. For both works described above, cheek plates were used as a sealing system. This kind of distribution which the density follows in the rolling direction (ribbon length) was connected to the geometry of the screw and resulted as a consequence of the screw rotation. It was mentioned that the period of the curve in the compact is approximately equal to the period of the screw (one sinusoidal period is induced in the compact by every rotation of the screw). Moreover, Mazor et.al (2018), confirmed numerically with the help of a DEM, that the oscillation of the screw creates a velocity field for the powders exiting the screw and entering the compaction zone. The velocity field was highly inhomogeneous but periodic in time. To study this effect on the compaction of powders between rolls, FEM was then implemented which predicted that the resultant contact pressure and the relative density in the ribbon varies with time, and the profile followed by them resembles a sinusoidal pattern with period same as that of the screw rotation period. Now, the variation of infrared temperature over the surface of ribbon length observed in our study and comparing it to the variation of relative density over the surface of ribbon length in the work of [36,41], a conclusion can be drawn once again that there is a similarity between them. The temperature profile, was hence, generated as a result of the densification profile of ribbons and is based on the concept of conversion of work energy (pressure applied to densify ribbons) to heat energy (seen in the form of infrared temperature). Kleinebudde and Raphael [13] also reported similar infrared temperature distribution along the ribbon length which was correlated with the relative density distribution shown by them in [35].

Also, as the screw speed is increased, the number of periods indicated over the compacts seems to be increasing which can be due to more rotation/turns of the screw. 

The temperature rise in rolls

It is known that, dry granulation by roll compaction which is a continuous manufacturing process is highly energy efficient as there is no drying step involved. A significant portion of energy which gets converted into heat could result in a temperature rise of the product and this was practically demonstrated with the help of an Infrared camera. It is also worth studying how much is the temperature rise in the rolls as they are in direct contact with the deforming powders in the compaction region where much heat generation is believed to take place. As a continuous process, the rolls are exposed to the accumulation of thermal energy during production. Over the production time, the rise in roll temperature could lead to degradation of the rolls material and this could directly affect the quality of the formed product.

Thus, studying the temperature rise in rolls during the process and understanding how the temperature distribution is taking place in rolls right from the region of compaction is beneficial as this might lead to determine the life of the rolls and eventually their proper replacement in time for further runs to manufacture compacts. Such study regarding rolls temperature rise and distribution has been reported highly for other powders such as metallic/ceramic where dry granulation by roll compaction finds it's another application [42,43]. Most significantly, in metal rolling operations where temperature rise is quite high enough to consider the process as a hot working process [44,45]. In our study, the temperature rise has not exceeded 35 C.

It was seen that, the average surface temperature of the rolls detected by the Infrared camera has not risen significantly. The rise in temperature remained constant at around 1-2 C depending on the experimental runs based on process parameters trials. In general, the rolls get warm up due to the heat transfer phenomenon taking place at the roll/work material interface. Now, such a low rise in temperature of the rolls could result due to the fact that, the thermal conductivity of the loosely formed powders between rolls is low as a consequence their ability to conduct heat to the rolls is poor. On the other hand, at ambient temperature, the rolls have a specific heat quite high enough to raise their temperature. Moreover, heat transferred to the rolls will also depend on the interface heat transfer co-efficient (which defines the thermal contact resistance) between the rolls and work material and the value is usually based on assumptions, numerical prediction, or obtained by experiments. Some more information regarding interface heat transfer coefficient can be found in the literature of hot metal working processes [46]. Its value can be considered as an important parameter in modelling the heat transfer phenomenon during roll compaction ultimately leading to predict the temperature rise in rolls/the formed product using modeling techniques such as FEM.

A similar observation concerning negligible rise in temperature of rolls during roll compaction was also reported by Krok et.al (2019). They mentioned a temperature rise of approximately 0.45 C for the rolls [Temperature rose to 22.45 C from 22 C] during the formation of ribbons, while the roll speed was varied from 1 rpm -3 rpm.

In future work, it will be of importance to know, how much temperature rise is taking place in rolls, especially for materials whose not only deforming nature, but also intra-particle friction and friction between its surfaces and rolls releases a huge amount of heat. Due to which, the temperature generated could be as high as (200 C) which is further dependent on the thermal properties of materials and rolls. Then, understanding how the temperature generated in rolls is influenced by both the process parameters and the materials during compaction, would lead to better examine the quality of rolls during the production run.

Results considering true value of emissivity () = 0.9

The results discussed until now regarding infrared temperature measurements of the ribbon surfaces, was done considering ribbons as a black body ( = 1). Now, it is of interest to check what happens when a known value of experimentally determined emissivity is considered. For that, the corrected value of the  = 0.9 for the ribbons was inputted into the software, and the infrared analysis was repeated in the same way. The value obtained for MCC102 ribbons ( = 0.896  0.9) is found to be consistent with another study taken on MCC101 ribbons where the value obtained was 0.88 using a different measurement technique [47]. The modified average ribbon surface temperature is shown in Table 4. It can be seen that, the values of temperature does not alter much as compared to the ones detected for  = 1 (Table 3). The changes in the temperature were very less, around 0.3-1 C depending on cases. Moreover, the overall results remain the same i.e. the graph of how the average ribbon surface temperature varies with process settings for all cases including both trials. This resulted mainly due to the high energy emission properties of the ribbons as the value of  is quite high to allow more deviation in temperature from initial values where the value of  was taken as 1. Also, for all kinds of ribbons roll compacted at different roll settings, the value of  remains constant. The emissivity is known to vary with temperature and is largely influenced by material and its surfaces, wavelength [START_REF] Van Der Voort Maarschalk | Improving properties of materials for direct compression[END_REF].

Similarly, how the temperature was distributed over the ribbon surfaces in the width direction and rolling direction (length) will also remain valid when the actual value of  = 0.9 will be considered. This can be seen in Fig. 11 (a) and (b) where the revised plot of temperature distribution over the surfaces of ribbon width is shown for reference purposes. The distribution over the width is exactly the same for both, concerning the roll gap effect and roll speed effect. For the screw speed effect, the temperature distribution over ribbon length was also the same and hence the figure is not shown. The only change seen is the absolute value of temperatures.

It will be of interest and scientific significance to conduct a study on emissivity measurements for the compacts whose value are far away from black body value and also to consider how it changes depending on temperature (if it is generated very high) and wavelength, in order to make sure the detected infrared temperatures are not biased. 

Conclusions

The impact of process parameters such as roll speeds, screw speed, and gap size between rolls on the average surface temperature of the ribbons produced during roll compaction was investigated. The temperature distributions on the ribbon surfaces of MCC along its width and in the rolling direction were characterized. The results showed that the surface ribbon temperature can reach 35.3°C at the exit when the powder temperature in the hopper is at 22°C. Moreover, along the width, the temperature is higher in the center and lower on the sides. It was also observed that the temperature distribution of the ribbon surface in the width direction follows a pattern reflecting a potential relationship with the density distribution of the ribbons which was observed in the work of Michrafy et.al (2011) 2016) on Gerteis roll press. By varying the process parameters (roll gap, roll speeds, and screw speeds), modifications of the ribbon surface temperature were captured by the infrared camera showing that the increase in roll speed and screw speed lead to a higher surface temperature of the ribbons, while, the temperature of the ribbons kept getting lower as the gap size between rolls was increased. Based on the findings, observations, and analysis conducted in this study and comparing them with other studies, it is worth mentioning that the temperature generated and how it is impacted by the process parameters, will further depend on: the working of the machine, the skill of the operator, the behavior of material used and their sensitivity to temperature, the interfacial properties between rolls and the material, the Infrared analysis carried out by the researchers. It is thus better to report the position of the camera relative to the experimental set-up and also the emissivity values of the product being monitored, if measured and not considered as a black body. In future work, it will of interest to validate the findings with FEM simulation for scaling up of the whole process and improving the cost efficiency as also done recently in [15] to confirm numerically the effect of roll speed on the average surface temperature of ribbons with their experimental findings.

Overall, the study can lead to operating the machine at the optimum process settings in order to better control and achieve the desired quality of the product. 

General Conclusions

The project dealt with understanding the mechanics and thermodynamics of the pharmaceutical materials as they are being processed right from the beginning step (Dry granulation/Roll compaction) until the final step (Tableting) leading to the desired quality of the end product i.e. Tablets. One of the significant aspects of the study was to know how the critical process parameters involved during the process lead to altering properties of the intermediate products: Ribbons, Granules, and Tablets. The first part is concerned with understanding the changes in mechanical properties of the tablets die-compacted from raw powders or powders pre-engineered (i.e. granules) at different process settings, using a suitable modeling approach.

In the second part, why the rise in temperature takes place during roll compaction, how much is the amount, how to successfully measure it in-line with the Infrared Thermography technique is been researched. In fact, the impact of process parameters on surface temperatures/distribution of the exiting product is monitored, analyzed, and related to its mechanical properties (relative density). Additionally, thermal characterization of compacted pharmaceutical excipients (according to relative densities) was done to identify the range of their thermal properties. Overall, the whole study is beneficial to both roller press operators and pharmaceutical research developers, in an attempt, to manage and control the quality of product throughout the manufacturing line.

The following main conclusions can be drawn in general:

 Granules can rearrange themselves very easily, during the formation of tablets. This takes place initially, at very low pressures. At high pressure, during the formation of bonds, granules are hard to deform. The original powders, on the other hand, are tough to displace initially at lower pressures and can deform easily, when bond formation takes place at high compacting pressures. As a result, the tablets compacted from raw powders have superior mechanical strength as compared to granular materials. This two stage-densification behavior of the powders were successfully predicted by the Cooper-Eaton model. Moreover, the rearrangement tendencies of the granules are increased when they are prepared at high roll compaction force, whereas, their ability to deform plastically, at high compacting pressures, is restricted. Thus, the formed tablet resulted in having inferior mechanical strength as compared to those formed from granules roll compacted at lower roll force. The range of size classes of granules (classified as small granules, big granules) selected in our study actually showed no differences in their mechanical behavior during the densification process. Nevertheless, question remains on their densification behavior, if a much higher size class of granules as compared to lower size class were selected. The findings are the representation of the MCC101 granules, considering the effect of roll force on granules and using a different size class of granules. Mannitol granules showed no differences in their densification behavior, neither when higher roll force were used nor when a higher size class of granules were selected. The results were compared with the other studies in the literature, where, different analysis techniques and models were used to study the densification behavior of granules prepared at different roll process settings. The applicability of the Cooper-Eaton model to successfully explain the behavior of granular materials during tablet formation, as well as, the effect of prior roll process settings on such behavior of granules, was tested and demonstrated. This analysis needs to be extended for other materials to be confirmed.

 The compacts of pharmaceutical excipients such as MCC102 and mannitol have very low thermal properties i.e. low thermal conductivity (k) and low volumetric heat capacities (Cv). Low k, will not allow them to dissipate heat quickly, and, low Cv, indicates their heat storage capacity is less. Their thermal properties further show a positive linear dependency with relative densities i.e. an increase in k and Cv values with an increase in relative density. Apart from the behavior of the material itself, the porous nature of the materials can be accounted for this observation, as the presence of air particles (having their own k, Cv values) affected the overall thermal properties of the tablets. This was demonstrated by measuring the thermal properties of tablets according to their relative density using a hot disk thermal constant analyzer. Hence, experimental data on the thermal properties of tablets compacted from both, MCC102 and mannitol powders, was generated. The obtained relationship is expected to be used in modeling the die compaction/roll compaction process to successfully predict the temperature rise/temperature distribution of the product (or powders during the formation of the product). Data on such thermal properties and their relationship with relative densities (a quality attribute during pharmaceutical product formation) in the literature is scarce. The study highlighted the need to generate such data in order to control the temperature rise during manufacturing of a pharmaceutical product and thereby improving and optimizing the product quality.

 During the formation of ribbons in the roll compaction/dry granulation process, the generation of heat takes place due to the interaction of powders with the roll press assembly, the interaction between the powders themselves, and the deformation of powder particles between the rolls. This leads to ribbons being exited from the compaction zone at higher temperatures (max 35C) than that of the initial temperature of raw powders (22 C). The temperature of the ribbons can be controlled by varying the process parameters involved during the production, such as the roll gap, roll speed, and feed screw speed. Indeed, high screw speed and roll speed leads to increased ribbon surface temperature whereas, a high roll gap leads to a decreased ribbon surface temperature. The increase in screw speed and roll speed increases the friction between the powder particles and the screw/rolls. The higher velocity of the screw and rolls also results in increase in intra-particulate friction between powder particles. Thus more heat is generated as compared to low screw/roll speeds resulting in higher temperatures of the ribbon product. Also, the densification of ribbons, which takes place according to roll gaps is responsible for the changing ribbon surface temperatures at different roll gaps. At a low roll gap, the densification of ribbons is high, releasing more heat and hence the final temperature of exiting ribbons is higher as compared to those formed at high roll gaps. Also, the distribution of temperatures over the ribbon surfaces in the width direction is not uniform, with the edges being colder and the center region hotter. This results in a unique pattern which can be considered as a characteristic of a material and rolls-sealing system design combination. Similarly, the temperature follows a sinusoidal pattern over the ribbon surfaces in the length direction which results from the screw rotation and rolls-sealing system design combination. The temperature rise during production is mainly due to the friction between powder particles and tools, and, the plastic deformation taking place at high roll pressure. Whereas, the distribution of temperature over the surface of the ribbons was a result of the densification of the ribbons that took place during ribbon formation, as a similarity was observed between the temperature distribution (in our study) and the density distribution (reported in the literature). Monitoring both, the temperature rise during production and the temperature distribution over ribbon surfaces was realized with the help of an IR Camera (Optris PI640). The emissivity () of ribbons can be considered as a crucial input parameter for precise temperature measurements using such cameras. As  value of ribbons was quite high (0.9), the monitoring of thermal measurements of such materials can be done without inputting their actual emissivity values (as the comparison of data between process settings will remain valid). The material roll compacted was MCC102 on a Komarek roll press having cheek plates as a sealing system. Infrared thermography monitoring proved as a valuable tool to successfully capture not only the average temperature rise of the ribbons and how the temperature is distributed along the width and length of the ribbons, but also the process parameters effect on such temperature rise and its distribution. Overall, the analysis conducted can be considered as cheap, easy, and reliable to indirectly monitor and control the density distribution of the compact produce during the roll compaction process.

Future Perspectives

This thesis, which can be used as an informative tool to better evaluate the quality of a pharmaceutical product, opened doors for some important research aspects for future considerations. As mentioned, this work was divided into two parts: the first being the mechanical aspect and the second the thermal aspects.

The perspective that can be considered in the future (extended from general conclusions) is given as follows:

On the First part:

 It will be of interest to identify (if there are any) the changes in the densification behavior of the granules, when a much higher size class is selected as compared to a small size class, enhancing knowledge on the compactibility of tablets produced from such granules.  The adaptability of the Cooper-Eaton model, when a binary form of raw powders, and, their respective granules are die compacted to form a tablet can be tested.  One of the main motivations in selecting the Cooper-Eaton model in our study, was, to improve the understanding of the rearrangement phase of granules which takes place during the earlier densification stage of compaction. The first term in the model defines this particular stage, which is the filling of large holes. As granular materials are porous in nature, it is expected that, at very low pressures, first, filling of the hole within granules (which is composed of primary raw powders) takes place followed by the filling of holes between granules. Such stages are usually not considered in standard compaction equations (for e.g. Heckel, Kawatika, etc). In this context, a modified form of the Cooper-Eaton model [1], found in studies concerning ceramics and metal powders can be used which consist of three terms as compared to the original two termed equation. The first term in the equation defines such stage, which gives the percentage of displacement occurring at a particular pressure, after quantification.  Another perspective for this study is to carry out numerical experiments by simulating the compaction behavior using the discrete elements method (DEM). The impact of the size, shape and, density of the granules on the rearrangement and densification mechanisms could be studied with a better insight understanding.

On the Second part:

 The experimental data generated for the dependence of thermal properties vs relative density of tablets compacted from MCC102 and mannitol, can be extended for other widely used excipients such as lactose, MCC101, or the binary form of the powders.  The range selected for the relative densities of tablets, to characterize their thermal properties, can be broadened, in order to have more practical insights on understanding the thermal response of such powders.  As of now, no data exists on the thermal properties of ribbons. Nevertheless, the obtained relationship is also valid during ribbon production, as the mechanics of powder compaction largely remains the same. However, conducting a study on characterizing the thermal properties of ribbons will be further beneficial for understanding the heat transfer mechanism during roll compaction.  Research on the variation of thermal properties of such products with temperature is useful, especially for application involving materials which releases a high amount of heat during the processes. Then, data on such variation of thermal properties with both, the temperature and relative density of the powders will give a more robust understanding on the thermal behaviors of powders, mainly for end products desired to have high thermal-structural stability.  Some developed models which are known in the literature for other materials [2,3] can be used for the prediction of thermal properties, if possible, and to test/validate if they fit the experimental data of pharmaceutical powders well.  A separate study must be undertaken to optimize the values of the thermal properties obtained, based on selecting the power supply to pass electric current to the sample and time interval of the measurement, during utilization of the Hot Disk method.  The experiments and the analysis conducted to monitor the Infrared temperatures of the ribbons during production, can also be transferred to other excipients, especially which are required to operate at threshold temperatures. One instance of such kind arises due to the amorphous nature of materials.  One of the mechanical properties to which the temperature was related, was the relative density of the ribbon compacts, in the thesis. Now, the study could further be extended to, relating the temperatures of the ribbons with other mechanical properties such as hardness or tensile strength, in an attempt to arrive at a balance between the reached product temperature and the consistency of the product quality (defined by, but not limited to, their mechanical properties).  The emissivity of a material, was mentioned as a significant input parameter for an IR camera, to have precise temperatures, which, not to our surprise, was quite high in our study (  0.9), leading to a change in detected temperature by maximum 1 C. The rest of the analysis being unaltered, due to the comparing nature of our work (temperatures of the product being compared with different process settings). For a material, who has a lower emissive nature (   0.8), finding how much is the change in the detected temperatures, as compared to those measured with a default value ( =1), will be of interest. On the same note, for a material being compacted in hightemperature applications, finding how the emissivity evolves with the changing temperatures, and calibrating it into the camera, will be a challenging task, from both perspectives i.e. the precise measurement of the emissivity value and obtaining its relationship with the temperature, and, to have accurate measurements of the temperatures of such products.  Finally, numerical simulations based on modeling techniques such as FEM, is anticipated in order to couple the mechanical and thermal behavior of the powders during compaction, to validate the experimental findings, and, also to facilitate the optimization of the design and development concerning the roll compaction processes and the subsequent product i.e. ribbon, with improved cost efficiency.  In our work, during dry granulation/roll compaction of the MCC102 material, the maximum temperature of the ribbons has not exceeded 35.3C. Hence, the rise in temperature of rolls was limited to a maximum of 2C. In future work, it will be of importance to know, how much temperature rise is taking place in rolls, especially for materials whose roll compaction releases a huge amount of heat, as a result, the maximum temperature generated could be as high as (200 C). Then, understanding how much of this temperature rise is transferred to rolls, and, how the temperature is being distributed in the rolls, in both, the width and rolling direction, during compaction, would lead to better examine the quality of rolls during such production runs. One best example of such a case is the hot rolling process. In this context, a study of temperature variations of roll during a hot rolling process [4] showed for example a high-temperature gradient localized in a small thickness of the roll which can cause roll damage. Par ailleurs, la résistante diamétrale des compacts obtenus a été caractérisée par une presse de type Erweka. Cette mesure a pour objectif de comprendre l'effet mémoire de la compression à rouleaux sur la tenue mécanique des compacts. En effet, les granulés possèdent une certaine dureté qui affecte le processus de compression ainsi que la résistance du compact.

Introduction

Il en sort de l'analyse de ces paramètres du modèle de Cooper-Eaton, que les granulés présentent un meilleur réarrangement que les poudres primaires. Ceci est en accord avec le fait que la granulation sèche améliore la fluidité des poudres. De plus, les compacts obtenus à partir des granulés montrent une plus faible résistance que ceux obtenu à partir des poudres primaires. Ceci s'explique par la dureté des granulés qui ne développent pas suffisamment de forces de liaison entre les particules. Ce phénomène est classiquement observé après granulation sèche.

Concernant la résistance à la fracture des granulés, estimée à l'aide du modèle de Adams, les résultats sont cohérents pour la poudre de cellulose au regard de la densité des granulés ([0.6 pour la densité la plus faible et 1.43 MPa pour la densité la plus élevée). Cependant, dans le cas du mannitol, le modèle ne permet pas de discriminer l'effet de la densité des granulés.

D'autres résultats sur l'effet de la taille des granulés ainsi que l'effet de la densité des granulés sur le réarrangement et densification sont données dans le manuscrit.

Mesures continues des températures à la surface des compacts par une caméra infrarouge

Le procédé de granulation sèche par compactage à rouleaux est un procédé qui fonctionne en régime quasi-stationnaire après les premiers instants du démarrage. C'est donc le régime établi qui nous intéresse pour comprendre l'échauffement des compacts en granulation sèche. Pour ce faire, un montage expérimental utilisant une caméra infrarouge (OPTRIS PI 640) qui surveille la sortie du compact pendant le procédé de compactage à rouleaux, est mis en place pour mesurer la température émise par rayonnement par le compact juste à la sortie de l'entrefer (voir dans le manuscrit le détail du montage expérimental). La presse à rouleaux utilisée dans cette étude est une presse instrumentée de type Komarek®. Différents paramètres du procédé de compactage à rouleaux sont variés et leurs impacts sur les niveaux de températures des compacts sont évalués. Pour accéder à la température des surfaces des compacts, l'émissivité (ɛ) du compact est mesurée par spectromètre infrarouge à transformée de Fourier (FTIR) en utilisant le banc Bruker Vertex-70 de la plateforme Mimosa de l'IMT Mines Albi. La valeur d'émissivité a été trouvée à 0.9. Pour remonter à la distribution de température de la surface du compact au cours du temps la loi de Stefan-Boltzmann est utilisée. Par manque de temps causé par la pandémie du COVID-19, l'étude s'est limitée à une seule poudre de cellulose microcristalline MCC 102 (viveur® 102). La Table 2 du chapitre 4 donne les valeurs des paramètres du procédé qui ont été variés pour étudier leurs effets sur les mesures thermiques du compact. On y trouve les principaux paramètres comme la vitesse de la vis d'alimentation, la vitesse des roues, l'entrefer. Dans la conception de la presse Komarek®, l'entrefer est fixe et ne fluctue pas avec la pression hydraulique comme dans des presses industrielles (Alexanderwerk, Gerteis,…). De ce faite, l'ajustement du gap permet de fixer la pression des rouleaux. Dans ce travail, la pression des rouleaux n'a pas été directement mesurée. Pour confiner la poudre entre les roues, la presse est équipée par des plaques fixes (cheek-plates)

Effet de la vitesse des roues

L'entrefer détermine l'épaisseur du compact qui est constant pendant le procédé (pas de fluctuation de l'entrefer) et la pression de compactage. L'entrefer a été fixé à 1.3, 1.5 et 2. mm. Pour chaque entrefer, un couple de vitesses (vis et rouleau) est déterminé pour assurer une densité élevée du compact. Dans Fig. 5 du chapitre 4 (p. 77) est tracée l'évolution de la température des compacts avec la vitesse du rouleau pour les trois valeurs utilisées pour de l'entrefer. Comme dans le procédé de laminage, la vitesse des roues détermine le temps de séjour de la matière sous la pression des roues. De ce fait, la vitesse de production est un facteur important dans le procédé. Les résultats des mesures de température du compact montrent une augmentation de celle-ci à la surface du compact avec la vitesse du rouleau. Cette augmentation peut s'expliquer par l'augmentation des frictions poudre-poudre et poudre-rouleau. De plus, la compression de poudres pharmaceutiques s'accompagne de fragmentation de particules et de densification plastique (phénomènes exothermiques). Par ailleurs, l'augmentation de la vitesse de la vis en relation avec l'augmentation de la vitesse du rouleau, peut aussi contribuer à augmenter la vitesse des particules qui s'entrent choc entres elles et avec le fourreau en s'échauffant avant la compression entre les rouleaux. L'exemple (Considérant ɛ=1) de l'entrefer 1. 

Effet de l'entrefer (pression de compactage)

Distribution de température à la surface du compact

La carte des distributions de température à la surface du compact montre un résultat complexe (Fig. 4, p. 75). En effet, la température à la surface du compact n'est pas homogène. Les températures les plus élevées suivent une forme sinusoïdale dans la partie centrale du compact, alors que les bords du compact subissent une augmentation modérée de température. Cette carte de température reflète l'implication de différents mécanismes pilotés par la microstructure du compact qui se déforme sous l'effet de la pression du rouleau, des vitesses et des conditions de confinement des rouleaux par des plaques (cheek-plates). En effet, dans des travaux antérieurs (Thèse de A. Mazor) sur la distribution de densité dans les compacts, nous avons démontré, par modélisation numérique et par des mesures de densité, que le compactage à rouleaux avec une alimentation horizontale par vis et des plaques de confinement (cheek-plates), la carte des densités élevées dans le compact, montre une forme sinusoïdale dans la partie centrale du compact et des densités modérées sur les bords. La forme sinusoïdale a été expliqué comme étant la signature de la vis d'alimentation. Au regard, des cartes issues de l'étude mécanique et l'étude thermique, une similitude ne peut être ignorée. Cependant, seule, une étude complète de couplage thermomécanique du procédé pourrait nous apporter une explication de cette similitude.

 Profil des températures moyennes dans le sens transversal du compact

Le profil des températures moyennes sur la largeur du compact permet de visualiser les niveaux de température au centre et sur les bords. Les figures 8 et 9 montrent respectivement les distributions avec l'effet de l'entrefer et la vitesse de la roue. Toutes les distributions montrent un profil parabolique avec une température maximale atteint au centre du compact et une température minimale sur les bords. On peut aussi noter que la température maximale augmente avec la diminution de l'entrefer et l'augmentation de la vitesse du rouleau. Le profil des températures rappelle étrangement celui des distributions de densités obtenu dans des travaux précédents. Il est probable que les températures à la surface du compact soient la contribution d'échauffements liés au frottement poudre-rouleau, mais aussi à la diffusion de la chaleur du volume du compact vers la surface avec des propriétés thermiques dépendantes de la microstructure (porosité). La porosité étant plus grande sur les bords qu'au centre du compact.

 Profil des températures moyennes dans le sens longitudinal du compact

Le profil sinusoïdal de la température au centre du compact et dans le sens longitudinal présente une forte dépendance à la vitesse de la vis. En effet, plus la vitesse de la vis est élevée, plus la période de la sinusoïde de la température est petite (augmentation de la fréquence). Ces résultats sont clairement représentés par les mesures des figures 9. et 10.

En conclusion, ce travail expérimental a permis de mesurer en ligne les températures à la surface des compacts pendant le procédé. Il a permis de monter l'impact de différents paramètres du procédé tels que l'entrefer, les vitesses de vis d'alimentation et du rouleau. L'analyse des profils thermique dans le sens transversal et longitudinal du compact a montré que la température est maximale au centre du compact et minimale sur les bords et que le profil des températures le long du compact est périodique et que sa période est contrôlée par le pas de la vis et sa vitesse de rotation.

La similitude entre les cartes de distributions des températures mesurées à la surface du compact et les distributions de densités relatives du compact laisse penser que les deux phénomènes sont liés. Une modélisation du procédé couplant les aspects thermiques et mécaniques est donc souhaitée pour mieux comprendre et expliquer cette similitude. Ce travail fera l'objet de travaux futurs.

Il est à mentionner ici que la détermination de relations entre les mesures thermiques et microstructuraux (via la mesure des distributions des densités), est importante car la densité de la matière constitue une grandeur de qualité de produit en pharmacie. Ainsi, la méthodologie de mesure des températures en continu par caméra infrarouge pourrait fournir une information en continu sur la qualité du produit.

Caractérisation des propriétés thermiques des poudres compactées

L'objectif de cette étude est de mesurer les propriétés thermiques de deux poudres compactées: la cellulose microcristalline MCC102 et le mannitol, deux excipients utilisés dans les formulations pharmaceutiques. Un compact est composé de particules solides et de porosité (air). Les propriétés thermiques (conductivité thermique, chaleur spécifique,…) sont donc fonction de la fraction massique du compact. Plusieurs méthodes de mesures sont décrites dans la bibliographie. Pour cette étude, nous avons choisi d'utiliser la méthode de mesure « hot disk » qui est disponible au le laboratoire. Une fois les mesures réalisées, une corrélation entre les propriétés thermiques et la densité relative est obtenue. Cette corrélation peut être utile pour toute simulation numérique du couplage thermomécanique du procédé.

Description de la méthode

Des compacts plats de MCC102 et de mannitol de 30 mm de diamètre ont été préparés à l'aide d'une presse Instron équipée d'un capteur de force de 30 kN et d'un capteur de déplacement LVDT. Ces deux poudres présentent une bonne coulabilité. Une masse de poudre de 4  0.005g est introduite manuellement dans la matrice de 30 mm de diamètre, pré-lubrifiée à l'aide de stéarate de Magnésium. La vitesse de compression est fixée à 0. Pour mesurer la conductivité thermique et la chaleur spécifique volumique, la base théorique de la mesure par la méthode « hot disk » est décrite dans le manuscrit et dans les références [20,34]. Cette technique de mesure en régime transitoire qui permet de mesurer l'augmentation de la température en fonction du temps, consiste à placer le capteur chauffant « hot disk TPS 5465 » de diamètre 3.2 mm entre deux compacts ayant les mêmes propriétés et de diamètre 15 mm. La puissance de chauffe du capteur est 40 mW pour un temps de chauffe de 5 s. La résistance de contact entre le capteur et les compacts peut altérer la qualité des mesures. Pour réduire la résistance thermique de contact, les compacts et capteur sont confinés par deux supports sous pression par un système à vis. Au total 200 points de mesures sont collectés pour chaque mesure pour estimer la conductivité thermique et la chaleur spécifique volumique.

peuvent entrainer des changements de comportements mécanique (flow yield stress) et physico-chmique (dégradations thérapeutiques). Dans ce paragraphe, les sources principales d'échauffement dans le procédé sont décrites par leurs équations pour établir les équations de bilan énergétique dans la zone de compactage.

Dans le procédé de compactage à rouleaux, divers processus exothermiques se produisent principalement dus au frottement entre les particules, frottement entre les particules et le rouleau, déformation plastique et fragmentation des particules sous l'effet de la pression des rouleaux. De plus, le niveau d'échauffement est dépendant de la vitesse du rouleau ainsi que la pression de compactage. Par ailleurs, le transport de poudres par la vis d'alimentation peut aussi générer des chocs entre les particules et par friction entre les particules et le fourreau. On peut considérer que les particules voient leur température légèrement augmenter avant le compactage. Il n'existe pas pour le moment de mesures ou de simulations numériques qui peuvent renseigner sur l'échauffement de poudres pharmaceutiques lors du transport par vis.

Travail de la déformation plastique dissipée en chaleur

La déformation plastique des particules de poudre lors du compactage génère de la chaleur. Cette énergie provient de la puissance de déformation dissipée en chaleur lors du travail mécanique. La quantité de chaleur ainsi générée est définie par la relation entre la contrainte et la vitesse de déformation plastique dans le volume de poudre [1,2]:

𝑞 𝑝 ̇= 𝜉(𝜎. 𝜀̇𝑝)
Où 𝜉 est la fraction du travail de la déformation transformée en chaleur. Sa valeur est comprise en général entre 0.9 et 1.

Énergie thermique de contact poudre-rouleau

Le frottement entre la poudre et le rouleau (surface de contact) apporte de l'énergie au système « compact-rouleau ». Cette énergie est reliée à la contrainte de cisaillement de contact 𝜏 et la vitesse de glissement relatif entre le rouleau et la poudre 𝜈 𝑟𝑒𝑙 [1,2]: Dans le cadre de la simulation numérique des procédés de mise en forme (laminage à chaud, compactage à rouleaux, emboutissage, forgeage, extrusion…), 𝑎 𝑚 est appelé coefficient de partage et souvent considéré égale à 0.5 par manque de données de mesure à l'interface de contact. 

𝑞̇𝑓

Équation de la chaleur

Conditions aux limites

Le domaine de matière où les équations de la chaleur sont appliquées ici concerne le domaine délimité par l'entrée de la matière entre les rouleaux, la sortie du compact (l'entrefer), les plaques de confinement latéral et les deux rouleaux. Ce domaine inclus la zone d'entrainement de la matière par les rouleaux et la zone de grippage entre les rouleaux.

 Flux entrant (la vis sans fin n'est considéré qu'à travers un flux entrant):

∅ 𝑒 = -𝑘∇𝑇
Ce flux peut être considéré nulle si on ne tient pas compte de l'échauffement de la poudre pendant le transport par vis.

A la sortie de l'entrefer, le compact présente une surface libre où les phénomènes de convection et de rayonnement peuvent être considérés comme suit: The SEM images of the internal surface, after diametrical breakage of tablet compacted at 30 MPa of Granules (Small-4 KN/cm and Big-8 KN/cm) (Fig. 2) do not show noticeable differences in the case of mannitol.

 Flux convectif

Table 1. Thermal properties of Ribbons compacted from MCC102

Ambient temperature: 21  1 C Heating power: 40 mW for the time period of 5 secs Apparatus: Hot Disk TCA

The expected relative density for 1.3 mm roll gap is higher as compared to 1.5 mm and 2 mm roll gap. Thus, the k value increases with the  value as seen in the table. However, the probing depth was larger than expected for all the results indicating there was significant heat loss during transient measurement.

Probing depth is one of the terms associated with the numerical calculation on which the accuracy of the results (k, Cv) depends [1].

Note:

1) Our ribbon surfaces are not flat. For example, lower and higher ribbon of same variation (a sensor is sandwiched between the ribbon samples) are not flat which might have affected the results. Hence, no proper contact.

Solution: To reduce the dimension of ribbons and to try ensuring flatness of surface for all gap variation (based on judgement).

Solution will also largely depend on probing depth as explained below.

2) For expected probing depth, it is better to cut the ribbon smaller so that the nearest distance from any part of sensor to the ribbon outer surface must be less than thickness of ribbons (1. 
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 1 Fig.1. A schematic representation of the granulation techniques along with their further process types and subsequent processing

Fig. 2 .

 2 Fig. 2. Schematic set-up of roll compaction process showing the sources where heat is generated
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  Temperature generated on the surface of ribbons (exit) • Temperature distribution along the ribbon width and ribbon length • Temperature generated on the surface of the rolls And How the level of temperature generated is affected by varying different process parameters? A study was undertaken on the material MCC102 and the findings are presented in chapter 4 (Paper III)
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 4 Fig.4. A representation of ribbon sample
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  This Chapter is published as an article in an International Journal. The reference is: S. Uniyal, L. P. Gandarillas, M. Michrafy, D. Oulahna, A. Michrafy, Analysis of densification mechanisms of dry granulated materials, Adv. Powder Technol. 31 (1) (2020) 351-358. doi: 10.1016/j.apt.2019.10.027
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 1 Fig. 1. Scanning Electron Microscopy images of the excipients (a) MCC 101 and (b) mannitol
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 2 Fig. 2. Scanning Electron Microscopy images of (a) Small -4kN/cm (MCC), (b) Small -8 KN/cm (MCC), (c) Small -4kN/cm (mannitol) and (d) Small -8 KN/cm (mannitol)
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 3 Fig. 3. Pressure versus Displacement for (a) MCC 101 and (b) mannitol
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 456 Fig. 4. Fractional volume compaction (V*) vs pressure for (a) MCC 101 and (b) mannitol
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 7 Fig.7. Fractional volume compaction [by particle rearrangement (V1*) and plastic deformation (V2*)] vs pressure for (a) MCC 101 and (b) mannitol
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 8 Fig. 8. Fractional volume compaction vs Pressure for MCC101 and Mannitol



  Thermal properties of MCC and mannitol tablets were measured using a hot disk thermal analyzer  Change of thermal properties versus relative density investigated  The thermal properties follow a positive linear relationship with the relative density  Comparison to data in the literature discussed  The relationship obtained can be useful for modelling die-compaction/roll compaction processes
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 1 Scanning Electron Microscopy images of the excipients (a) MCC 102 and (b) mannitol
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 2 Fig.2. Instron press for die compaction
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 34555 Fig.3. TPS sensor 5465
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 7 Fig.7. Thermal conductivity vs relative density for mannitol
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 89 Fig.8 Volumetric heat capacity vs relative density for MCC102
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 1 Fig.1. Scanning Electron Microscopy images of the excipients MCC 102
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 2 Fig.2. Komarek® B050PH laboratory roll press

Fig. 3 .

 3 Fig. 3. Schematic setup of Optris PI 640 camera facing towards Komarek roll compactor
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 4 Fig. 4. Region of Interest (ROI) selected in our study along with the target* object
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 6 Fig.6 Maximum ribbon surface temperature at varying roll gaps
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 7 Fig.7 Maximum ribbon surface temperature at varying screw speeds
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 8 Fig. 8 (a) Temperature distribution over ribbon width at two roll gaps (roll speed: 3.75 rpm)
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 910 Fig. 9. Thermal images over the ribbon surfaces (a) roll speed 1.5 rpm and (b) roll speed 3.75 rpm

Fig. 11

 11 Fig.11 Temperature distribution over the ribbon surfaces ( =0.9) (b) along the ribbon width at two roll speeds (roll gap 1.3 mm)

  = 𝜏. 𝜈 𝑟𝑒𝑙 Cette énergie d'interface entre le rouleau et la poudre est transformée en flux d'échange[2]:𝜙 𝑓 = 𝑎 𝑚 (𝜏. 𝜈 𝑟𝑒𝑙 )Où 𝑎 𝑚 = 𝑎 𝑝 𝑎 𝑝 +𝑎 𝑅 représente le ratio de l'effusibilité de la poudre à l'interface poudre-rouleau, avec 𝑎 𝑝 et 𝑎 𝑅 l'effusibilité de la poudre et du rouleau respectivement (𝑎 = √𝑘𝜌𝑐) et 𝑘 la conductivité thermique (poudre ou rouleau).

Fig. 2 .

 2 Fig. 2. Scanning Electron Microscopy images of the fracture surface of the tablets compacted at 30 MPa for (a) Small -4 KN/cm (mannitol) and (b) Small -8 KN/cm (mannitol).

  

  

  

  

  

  

  

  

  

  Où, 𝑄 ̇𝑔 est la chaleur générée par la déformation plastique et le frottement. Les propriétés mécaniques (𝜌) et thermiques (𝐶 𝑝 , 𝑘) du matériau compacté sont interdépendantes et sont définies comme suit : 𝜌 = densité du matériau, 𝐶 𝑝 = chaleur massique, 𝑘 = conductivité thermique, Cv (= 𝜌 𝐶 𝑝 ) est la capacité calorifique volumétrique.

	𝐶 𝑝	𝑑𝑇 𝑑𝑡 ⁄ =	𝜕 𝜕𝑥	(𝑘 𝜕𝑇 𝜕𝑥 ⁄ ) +	𝜕 𝜕𝑦	(𝑘 𝜕𝑇 𝜕𝑦 ⁄ ) +	𝜕 𝜕𝑧	(𝑘 𝜕𝑇 𝜕𝑧 ⁄ ) + 𝑄 ̇𝑔	(1)

2) Dans le but d'établir une relation entre la densité relative et les propriétés thermiques (k, Cv), une étude expérimentale a été entreprise sur les deux matériaux MCC102 et Mannitol. Des comprimés de densité relative différente ont été fabriqués et leurs propriétés thermiques ont été mesurées à l'aide d'un dispositif instrumenté connu sous le nom d'analyseur de constante thermique à disque chaud. Il a été constaté que les propriétés thermiques des compacts suivent une relation linéaire avec leurs densités relatives. De plus, les résultats ont montré qu'il s'agit de matériaux à faible conductivité (k) ayant une faible capacité thermique volumétrique (Cv).

  How many of them are for compacts and concerns which kind of materials, which thermal properties were often measured, and for what purpose are of interest in this review in order to draw a conclusion into what more property measurements are still needed especially for a specific purpose.

This part is skipped and can be found scattered in the following chapters. In what will follow, a very brief theory on what led us to

Paper I, Paper II, and Paper III.

Table 1

 1 Bulk density in g/cm3 and relative density of granules (in square brackets) of studied materials.

	Materials	Raw material	Small-4kN/cm	Big-4kN/cm	Small-8kN/cm	Big-8kN/cm
	MCC	0.3	0.33 [0.570.02]	0.4	0.37 [0.700.02]	0.5
	mannitol	0.48	0.51 [0.710.01]	0.57	0.55 [0.790.01]	0.6

Table 2

 2 Cooper Eaton and Adams constants of MCC101 and mannitol

	Materials	Powder Type		Cooper-Eaton constant		Adams
			a1	a2	k1	k2	R 2	𝜏 𝑜 ′	𝛼 ′
					(MPa) (MPa)		(MPa)
		Raw material	0.476 0.550	0.464	8.864	0.996	2.375 4.301
	MCC101	Small -4 KN/cm	0.609	0.418	0.458 11.777	0.997	1.423	5.043
		Small -8 KN/cm	0.677	0.349	0.381 13.723	0.997	0.974 5.741
		Big -4 KN/cm	0.611	0.40	0.324 10.151 0.997	0.960 5.465
		Big -8 KN/cm	0.710	0.322	0.36	15.972 0.986	0.626 5.946
		Raw material	0.806	0.341	2.803	39.285	1	5.906	6.037
	mannitol	Small -4 KN/cm	0.768	0.295	0.876	22.887 0.999	1.425 8.523
		Small -8 KN/cm	0.738	0.303	0.746 16.234 0.998	1.301 8.465
		Big -4 KN/cm	0.739	0.310	0.774 18.443 0.996	1.380 8.533
		Big -8 KN/cm	0.664	0.354	0.582 10.126 0.996	1.302 8.466

Table

  

Material Mean particle size (µm) Bulk density (g/cm 3) True density (g/cm 3 )

  

	Basic material properties			
	MCC102	130	0.35	1.5717 ± 0.0006
	mannitol	170	0.48	1.4686 ± 0.0003

Table 2 Dimension characteristics of tablets Materials Compaction Pressure range Diameter Thickness range Relative density range (MPa) (mm) (mm)

 2 

	MCC102	1 -41	30	5.16 -11.2	0.31 -0.70
	mannitol	2.8 -40.5	30	5.31 -8.24	0.45 -0.72

  belongs to the following specific roll settings: roll gap 1.3 mm, roll speed 1.5 rpm. Sample 2 belongs to: roll gap 1.3 mm, roll speed 3.75 rpm. Sample 3 belongs to: roll gap 1.3 mm, roll speed 6 rpm. The remaining set [sample

	29.7 C
	24 C
	18 C

Table 2 .

 2 Process parameters and rolls used to monitor the rise in temperature in-line using Optris PI 640 infrared camera

	Material	Rolls	Roll gap	Roll speed	Screw speed
			(mm)	(rpm)	(rpm)
			1.3	1.5	20.55
				3.75	41.1
				6	68.5
	MCC102	Smooth rolls	1.5	1.5	20.55
				3.75	41.1
				6	68.5
			2	1.5	20.55
				3.75	41.1
				6	68.5

Table 3 .

 3 Measured emissivity values for ribbons of MCC102 produced at different roll settings using smooth rolls.

3.

Results and discussion 3.1 Maximum surface temperature of exiting ribbons 3.1.1 Effect of roll speed

  

	Sample no.	Values of reflectance (r)	Values of emissivity () Average value (avg)
	1		0.1090		0.8975			
	2		0.1077		0.8986			
	3		0.1143		0.8924			0.8961  0.9
	4		0.1087		0.8977			
	5		0.1129		0.8938			
	6		0.1126		0.8941			
	7		0.1109		0.8957			
	8		0.1094		0.8971			
	9		0.1088		0.8976			
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Fig.5 Maximum ribbon surface temperature at varying roll speeds

Ribbon surface temperature (C) Roll speed (rpm) Gap 1.3 mm Gap 1.5 mm Gap 2 mm

  

Table 4 .

 4 The values of the ribbon surface temperature detected by IR-camera at different roll process settings ( = 1)

	Materials	Rolls	Roll gap (mm)	Roll speed	Screw speed	Ribbon surface
				(rpm)	(rpm)	temperature
						( C)
						Trial 1	Trial 2
			1.3	1.5	20.55	29.5	29.3
				3.75	41.1	32.9	32
				6	68.5	34.3	34
	MCC102	Smooth rolls	1.5	1.5	20.55	26.3	26.1
				3.75	41.1	31	31.1
				6	68.5	32	31.3
			2	1.5	20.55	25.5	25.3
				3.75	41.1	28	28.1
				6	68.5	29.5	29.2

Table 5 .

 5 The values of the ribbon surface temperature detected by IR-camera at different roll process settings ( = 0.9) Fig.11Temperature distribution over the ribbon surfaces ( =0.9) (a) along the ribbon width for at two roll gaps (roll speed 3.75 rpm

						Ribbon surface
	Materials	Rolls	Roll gap (mm)	Roll speed	Screw speed	temperature
				(rpm)	(rpm)	( C)
						Trial 1	Trial 2
			1.3	1.5	20.55	30	29.8
				3.75	41.1	33.8	32.8
				6	68.5	35.3	35
			1.5	1.5	20.55	26.6	26.4
	MCC102	Smooth rolls		3.75	41.1	31.7	31.8
				6	68.5	32.8	32
			2	1.5	20.55	25.8	25.3
				3.75	41.1	28.3	28.4
				6	68.5	29.9	29.6

  on Komarek roll Press, Perez-Gandarillas et.al (2016), Kleinebudde et.al (2018) and Mazor et.al (

Principaux résultats 2.1 Caractérisation du comportement en compression des poudres granulées

  Dans l'industrie pharmaceutique, les comprimés sont les formes galéniques les plus utilisés. Afin de produire des comprimés avec des propriétés d'usage contrôlées à l'aide de presses rotatives, il est essentiel que la formulation pharmaceutique ait certaines propriétés telles qu'une bonne fluidité et une granulométrie uniforme. Comme les formulations pharmaceutiques sont souvent des mélanges de principes actifs et d'excipients avec des particules de tailles et de formes différentes, une étape de granulation est souvent nécessaire pour améliorer leurs propriétés, notamment la coulabilité et l'homogénéité.Les procédés d'homogénéisation par granulation, consistent principalement à agrandir la taille des particules par agglomération des poudres primaires. La granulation peut être effectuée en voie humide (ajout de liant liquide et de séchage) ou en voie sèche (sans aucun ajout). Ce dernier procédé, plutôt vert, permet une production continue et n'altère pas, à priori, la qualité thérapeutique des principes actifs sensibles à l'humidité et à la température. La granulation en voie sèche est réalisée à l'aide d'une presse à rouleaux. Son fonctionnement est basée sur le transport de poudres par vis sans fin ou par gravité entre deux rouleaux qui tournent en contre sens et sont séparés par un entrefer. La poudre est ensuite entraînée par les rouleaux dans la zone de l'entrefer pour être compactée sous forme de plaquette sous l'effet de la pression des rouleaux. Ensuite, à l'aide d'un granulateur, les compacts sont réduits sous forme de granules dont les tailles sont normalement supérieures à celles des particules d'origine. Ces granules sont ensuite utilisés dans le procédé de compression pour produire des comprimés. Lors de ces transformations, les formulations subissent des modifications structurales par l'action mécanique de pressage et des échauffements thermiques dus aux frottements poudres-outillage et par déformations plastiques. 'usage (fluidité, dureté, forme, tailles,…). En effet, durant le processus de compactage à rouleaux et de broyage, la structuration de la poudre est complexe et dépend à la fois des paramètres des procédés (pression de compactage, vitesse d'alimentation, vitesse des rouleaux, entrefer, surface des rouleaux), du design de la presse (design du confinement au niveau des rouleaux) et des propriétés des poudres. Compte tenu de l'investissement en compacteurs à rouleaux et en personnels compétents pour la production, il est important d'évaluer ce que l'on gagne et ce que l'on perd en termes d'amélioration de propriétés et de cadences de production. Dans cette thèse, une étude expérimentale et par modélisation mathématique a été menée pour expliquer la différence de comportement en compression de formulations de poudres primaires et leurs formulations granulées par voie sèche.ii) Mesure continues des températures à la surface des compacts par caméra infrarouge Les paramètres de fonctionnement du procédé de granulation sèche sont nombreux. Les propriétés des compacts sont donc dépendantes de l'alimentation par vis (vitesse, type de vis,…) et de la compression entre les rouleaux (vitesse, pression des rouleaux, entrefer, taille des rouleaux,…). Le procédé de compactage à rouleaux utilise les propriétés de frottement poudrerouleau pour entrainer la matière dans la zone de compression. Ce processus ajouté à celui de la densification par déformation plastique entraine des échauffements de la matière qui peut s'altérer en de principe actif sensible à la température. Par ailleurs, lors de l'alimentation, des frictions entre la poudre et le fourreau et la vis participent aussi dans l'échauffement de la poudre.De plus, l'échauffement de la matière dépendra des paramètres utilisés dans le procédé.L'étude et la caractérisation de l'élévation de température des produits compactés lors du procédé de granulation en voie sèche est l'étape principale pour quantifier les niveaux de température, leurs distributions dans le compact, leurs variations avec les paramètres procédé et si possible, discuter l'éventuelle corrélation entre le profil des températures et l'état de la microstructure.Cette étape qui est réalisée en ligne est fondamentale pour le contrôle de la qualité des produits, en particulier la détection de points chauds entrainant la dégradation des propriétés thérapeutiques des principes actifs. Pour mener à bien cette étude, un système de mesure en ligne du rayonnement à la surface des plaquettes pendant la production est mis en place à l'aide d'une caméra infrarouge. Les distributions de température ont été étudiées en fonction des paramètres du procédé (vitesse des rouleaux, vitesse de la vis d'alimentation, pression de compactage, ouverture entre les rouleaux,…) 'étude des propriétés thermiques des poudres pharmaceutiques compactés est très rare et en même temps nécessaire pour comprendre la diffusion de la température dans un milieu poreux ou encore l'estimation précise des températures mesurées par rayonnement infrarouge (émissivité). Par ailleurs, ces données sont nécessaires pour la simulation numérique du procédé (conductivité thermique, chaleur spécifique en fonction de la densité relative). Dans ce cadre, les propriétés thermiques de deux poudres pharmaceutiques ont été caractérisé à l'aide de la méthode du « hot disk » en fonction de la densité relative. iv) Évaluation des sources de dissipation thermique dans le compactage à rouleaux La compréhension des sources de génération de température est importante car elle permet d'identifier les paramètres matériaux et procédé à partir desquels il est possible d'agir (formulation, lubrification, paramètres procédé) pour éviter un échauffement excessif qui dégraderait un principe actif très coûteux. Dans ce cadre, un modèle de couplage faible entre la thermique et la mécanique est établie, identifiant les sources thermiques d'origines mécaniques. Ce modèle tient compte des propriétés thermiques des poudres (souvent évolutives) et des propriétés mécaniques des poudres et des propriétés de friction poudre-rouleau. Un des intérêts du modèle est de mettre en place une modélisation du procédé par une méthode d'éléments finis qui donne l'avantage d'analyser différents situations (différentes presses, différentes formulations, différentes conditions de lubrifications,…) sans avoir recours à l'expérimentation qui est souvent coûteuse en temps, en matériel et surtout en produit trop cher dont on ne dispose pas de grandes quantités. Cette modélisation est mise en perspective pas faute de temps. Cependant, les propriétés thermiques de deux excipients et leurs évolutions avec la porosité ont permis de préparer des données d'entrées à la modélisation. C'est l'objet du dernier objectif de cette thèse. Les vitesses des vis d'alimentation sont automatiquement ajustées pour assurer une alimentation optimale de la zone de compression. Deux niveaux de pression sont utilisées, 4kN/cm et 8 kN/cm qui permettent de produire des compacts de deux densités différentes. Après l'étape de broyage des compacts, les garnulés produits à 4kN/cm sont séparés en deux classes de tailles. La table 1 (p. 25) répertorie les densités et les classes des tailles selectionnées par tamisage. Des photos MEB des différents granulés MCC et mannitol sont présentées dans le manuscrit.La compression des différentes formes de poudres est réalisée à l'aide d'une presse Instron Instrumentée par un capteur de force de 30kN et un capteur de déplacement LVDT. Les poinçons plats de compression et la matrice cylindrique de 1cm 3 , sont de diamètre 11.28 mm. Les courbes de compression sont représentées dans Fig.3(p.30).Pour étudier les différences de comportement en compression, nous avons focalisé l'étude sur les phases de réarrangement et densification. Comme il n'est pas possible lire directement ces informations à partir des courbes de compression, un modèle mathématique a été considéré pour extraire ces informations. Il s'agit du modèle de Cooper-Eaton (Eqs. 1-2) qui considère deux paramètres (réarrangement et densification) qui sont optimisés à partir des courbes de compression. Nous avons aussi cherché à estimer la résistance des granulés à partir de l'essai de compression en utilisant le modèle de Adams (Eqs. 3-4). L'application du modèle de Cooper-Eaton sur les différentes poudres et granulés a permis de déterminer les paramètres du modèle. Ces paramètres sont listés dans Table2.

	Les objectifs de cette thèse sont :
	i) Caractérisation du comportement en compression des poudres granulées
	La compréhension des modifications structurelles à l'échelle des granulés permettant d'améliorer
	les propriétés d

iii) Caractérisation des propriétés thermiques des poudres compactées La compréhension de l'échauffement des compacts pendant le compactage à rouleaux est complexe car plusieurs phénomènes coexistent :  L'échauffement par déformation plastique de la matière  L'échauffement dû au frottement poudre-rouleau et poudre-poudre  La conduction de la température de la zone de contact vers le coeur du compact  Les pertes thermiques du compact vers le rouleau et le système de confinement  Les pertes thermique par rayonnement et par convection à la sortie de l'entrefer De plus, la conduction nécessite la mesure des propriétés thermiques des compacts et les pertes par rayonnement la mesure de l'émissivité qui permet de remonter à la température des compacts en utilisant la loi de Stefan-Boltzmann.

Dans le cadre de cette thèse, on s'est focalisé sur la mesure des propriétés thermiques qui dépendent de la densité relative et de l'émissivité. L

2.

L'objectif est de comprendre la différence de comportement en compression de granules et de poudres primaires en termes de capacités à se réarranger et à se densifier. Deux excipients ont été considérés, la cellulose microcristalline (MCC101, Avicel® PH-101 (d50=50 μm)) et le mannitol (Pearlitol® 200SD (d50=170 μm)). Ces deux excipients ont un comportement plastique et fragmentaire respectivement. Des photos MEB de ces deux excipients sont présentées dans le manuscript (pp.

[26][27]

.

Les deux excipients ont été granulé à l'aide d'une presse à rouleaux (Gerteis MiniPactor® (Gerteis Machinen + Process engineering AG, Jona, Switzerland) équipée de 2 rouleaux de 250 mm de diamètre et de 25 mm de largeur). L'une des roues est équipée d'une jante (rim roll) pour permettre la poudre de rester confinée entre les roues. L'entrefer est fixé à 2 mm et la vitesse des roues à 2 rpm.

  3 mm montre dans la table 4. (p. 82) que pour une température de poudre de 22°C dans la trémie, le compact sort avec une température allant de 29.5 à 34.3° [29.9 à 35.3 pour ɛ=0.9, table 5. (p. 89)], en fonction de la vitesse du rouleau, ce qui correspond à une augmentation de 10 à 13°C. Ces résultats sont en accord avec les rares résultats de la littérature pour les poudres pharmaceutiques.

  2 mm/s et la pression de compactage est variée entre 1 et 41 MPa pour MCC102 et 2 à 29 MPa pour le mannitol. Une fois le compact éjecté, ses dimensions sont mesurées par un pied à coulisse pour estimer le volume apparent du compact. Pour la mesure des propriétés thermiques, deux compacts sont nécessaires. Les mesures sont répétées 3 fois. Ainsi 6 compacts sont préparés pour chaque niveau de pression. La table 2. (p.51) donne les différentes dimensions et densités relatives des compacts préparés.

  où 𝜌 est la densité, 𝐶 𝑝 est la chaleur sécifique, ∇𝑇 est le gradient de température, 𝑘 la conductivité thermique de la poudre et 𝑄 ̇𝑔 est le terme de l'énergie crée par le travail de la déformation plastique, et, du frottement entre les poudres et les rouleaux (𝑄 ̇𝑔 = 𝑞̇𝑝 + 𝑞̇𝑓) La conductivité thermique peut dépendre de la température et la densité du milieu. Dans cette étude, on considère que la conductivité thermique ne dépend que la densité (𝑘 = 𝑘(𝜌)).Dans le cas particulier où 𝑘 est constant, l'équation se réduit à :

	L'équation de la chaleur du système s'écrit:		
	𝜌𝐶 𝑝	𝑑𝑇 𝑑𝑡	= 𝑑𝑖𝑣(𝑘∇𝑇) + 𝑄 ̇𝑔
	𝜌𝐶 𝑝	𝑑𝑇 𝑑𝑡	= 𝑘∇ 2 𝑇 + 𝑄 ̇𝑔

  3 mm for sample 1) [Paper II, pp. 53]But it won't be greater than the radius of sensor (3.2 mm). Hence probing depth will always be high.

		Thermal	Volumetric
	Roll gap (mm)	conductivity (K)	specific heat (Cv)
		[W/m/K]	[MJ/m3/K]
	1.3	0.375	0.225
	1.5	0.33	0.27
	2	0.31	0.36

3) Mesures de température en ligne de la surface du ruban à différents réglages de processus à l'aide d'une caméra thermographique infrarouge. L'impact des paramètres de processus tels que les vitesses des rouleaux, la taille de l'espace entre les rouleaux et la vitesse de la vis sur la température de surface moyenne a été étudié. Les distributions de température sur les surfaces du ruban du MCC102 le long de sa largeur et de sa direction de laminage ont été caractérisées. Les résultats ont montré que la température de surface du ruban peut atteindre jusqu'à 35.3°C en sortie lorsque la température de la poudre dans la trémie est de 22°C. Une augmentation de la vitesse des rouleaux et de la vitesse des vis a entraîné une température de surface plus élevée des rubans, tandis que la température des rubans a continué à baisser à mesure que la taille de l'espace entre les rouleaux augmentait. De plus, la distribution de la température sur la surface du ruban dans le sens de la largeur suit un modèle unique, la température étant maximale vers le centre et inférieure près des côtés ressemblant à une similitude potentielle avec la distribution de densité des rubans observée dans le travail de Perez-Gandarillas et.al (2016) etMazor et.al (2016).

L'effet de l'entrefer sur la température de surface des compacts est examiné pour trois valeurs 1.3, 1.5 et 2mm. Plus l'entrefer est petit, plus la pression des rouleaux est élevée. La figure6. (p. 80) montrent la variation de la température des compacts pour les trois valeurs de l'entrefer. L'impact de la vitesse des rouleaux est aussi représenté. Comme on peut le voir dans cette figure, la température des compacts diminue avec l'augmentation de l'entrefer. En effet, ce résultat s'explique par la baisse de la pression de compactage et par conséquent, la baisse des effets de frottement et de la déformation plastique. Ainsi pour une vitesse de rouleau fixée à 3.75 rpm et une vitesse de vis à 41.1 rpm, la température du compact diminue de 32.9°C à 28°C (33.8 à 28.3°C pour ɛ =0.9) en passant d'un entrefer de 1.3mm à 2 mm. D'autres variations de températures observées pour d'autres couples de vitesses roue-vis sont présentées dans la table4. (p. 82) [et table 5. (P. 89) respectivement]. Il est important de noter ici que ce résultat est conforme au fonctionnement de la presse à rouleaux Komarek® qui n'autorise pas la modification de l'entrefer durant le fonctionnement du procédé. A contrario, les presses de type Alexanderwerk et Gerteis ont un fonctionnement différent qui permet d'ouvrir ou de fermer l'entrefer pendant le compactage pour éviter la sur-alimentation ou la sous-alimentation par la vis. Dans ce cas de fonctionnement, le débit de la matière est fluctuant et l'entrefer change avec le débit entrant, ce qui influe directement sur les vitesses de vis et du rouleau. Dans ce cas, les résultats de mesures de températures du compact ne découplent pas l'effet intrinsèque de l'entrefer de celui des vitesses. Les résultats de la littérature où des presses industrielles sont utilisées montrent une augmentation de la température avec l'entrefer « initial ». En effet, le fonctionnement de ces presses cherche à réguler le débit par la vis pour un fonctionnement continu sans problème de bourrage ou manque de poudres dans la zone de compactage. Ainsi, pour un gap « initial » fixé, le fonctionnement de la presse entrainera l'augmentation des vitesses et l'ouverture de l'entrefer en cas de manque de matière dans l'entrefer. Vu que les vitesses augmentent (grâce à l'augmentation de l'entrefer en fonctionnement), la température des compacts augmente aussi. Nous pensons que cet effet, n'est pas celui de l'entrefer, mais celui des vitesses. Nos résultats et ceux de la littérature ont tous les deux un sens, mais ce sens trouve son explication dans la particularité du fonctionnement des presses.

Résumé en français: Le procédé d'homogénéisation par granulation sèche/compactage à rouleaux, consiste principalement à agrandir la taille des particules par agglomération des poudres primaires. Cette opération permet d'homogénéiser les propriétés de formulations pharmaceutiques et d'améliorer les propriétés d'écoulement nécessaires pour la fabrication de comprimés par des presses rotatives. Dans ce procédé, les variations de températures dans le produit sont rarement considérées. Cependant, des études récentes ont montré que pour des poudres pharmaceutiques, de telles variations peuvent entrainer des changements de propriétés mécaniques et physico-chimiques. Dans cette thèse, une nouvelle méthode de mesure en ligne des températures de poudres compactées par une presse à rouleaux est développée en utilisant une caméra infrarouge. Les distributions de températures à la surface du compact ont été déterminées à l'aide du rayonnement infrarouge émis par le compact après avoir quitté l'espace entre les rouleaux. Ces distributions ont montré une corrélation avec les propriétés microstructurales du compact, ce qui confirme le potentiel de cette procédure dans la surveillance de la qualité du produit. Pour comprendre les sources potentielles de l'échauffement des produits pharmaceutiques en granulation sèche, un modèle de bilan thermique a été établi en prévision de la simulation numérique du couplage thermomécanique du procédé par méthode des éléments finis. Comme les propriétés thermiques du compact dépendent de la densité relative, la conductivité thermique et la chaleur spécifique ont été caractérisées pour deux excipients pharmaceutique modèles. Par ailleurs, l'impact de la granulation sèche sur le réarrangement et la densification des granulés en compression en matrice, est étudié à l'aide un modèle mathématique (Cooper-Eaton) et permet de mieux comprendre l'apport de la granulation sèche à la compression des comprimés.Mots clés : Procédé granulation sèche, Poudres pharmaceutiques, Caractérisations mécaniques, Caractérisations thermiques, Mesures en ligne, Caméra thermique.

A General conclusion to summarize all the results from the work is attached in the end, and, finally, a Future perspective is given as a closing note to the thesis, for continuous improvement in this field.
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ABSTRACT

During the roll compaction process, various exothermic processes take place due to the friction between the particles (inter-particulate friction), friction between the particles and the roll, and plastic deformation/fragmentation of the material under high roll pressure. This leads to an increase in temperature during the process which can change the mechanical, physical, and chemical properties of the materials which are sensitive to heat. Knowledge of temperature rise during the process is beneficial as it will lead to quality control of the product. Moreover, process parameters play an important role in controlling the rise in temperature during the process. An infrared camera was implemented in order to monitor the temperature of the ribbons exiting the rolls at different process parameters. The roll speed, screw speed, and roll gap was varied to study their effects on the temperature of the compacted ribbons. The raw material compacted was Cellulose microcrystalline Vivapur® PH 102 on Komarek® B050PH laboratory roll press having smooth rolls with cheek plates as a sealing system. It was found that, increasing the roll speed leads to an increase in surface temperature of the exiting ribbons due to more friction within the particles, and between rolls and particles as the roll velocity increases. At the same time, the screw speed needs to be increased when the roll velocity is set higher in order to deliver more material to the compaction zone. This lead to higher friction within particles, between particles and screw, and between particles and barrel as screw speed increases delivering materials to the compaction zone at a higher temperature. Thus increased screw speed resulted in having the same effect on the generated ribbon surface temperature as that of roll velocity. The roll speed and screw speed have a combined effect on the compacted ribbon surface temperature from the roll press used. Fixing the roll speed and screw speed, the ribbon exited the compaction zone at the highest surface temperature for the lowest roll gap while the temperature decreased as the roll gap was increased. High plastic deformation at low roll gap released more heat energy resulting in higher surface temperature of the ribbons. The maximum temperature generated was 35.3 degrees Celsius for the lowest gap 1.3 mm, and the highest roll and screw speed at 6 and 68.5 rpm respectively. Moreover, the temperature was not uniformly distributed over the ribbon surface in the width direction. It was lower near the edges and higher towards the center and this characteristic distribution pattern existed for all kinds of ribbons produced at different roll settings. The findings were compared with the other studies done in the literature where material such as a -Lactose monohydrate (200 M), Amorphous food polymer (dextrose syrup IT21), and MCC102 were roll compacted on automated roll press where the process settings operate differently as compared to the machine used in our study. Keywords: Roll compaction, process parameters, Infrared camera, ribbon temperature, ribbon quality Avec ℎ le coefficient de transfert thermique de convection entre la poudre et l'air et 𝑇 𝑒𝑥𝑡 la température extérieure de l'air  Flux de rayonnement

Où ɛ est l'emissivité du compact (comprise entre 0 et 1) et  la constante de Stefan ( = 5.66961 10-8 kg.s -3 .K -4 ).

Le flux de rayonnement est mesuré par caméra infrarouge (c'est une donnée).

Conditions initiales

La matière est transportée par vis jusqu'à l'entrée des rouleaux avec une température qui peut être considéré égale à la température ambiante ou bien égale à une température augmentée par la contribution de l'échauffement de la phase de transport par vis. Cette contribution est difficile à mesurer expérimentalement, mais peut-être estimée par exemple par une modélisation par éléments discrets de l'alimentation par vis.

En conclusion, l'objectif de l'évaluation des sources de création de chaleur et l'échauffement du compact lors du compactage à rouleaux est de décrire et poser les équations thermiques nécessaires à la modélisation d'une telle opération de mise en forme. Ce travail va se poursuivre en dehors de cette thèse par la mise en place d'une méthode de résolution adaptée. Plusieurs perspectives peuvent être considérées: résoudre le couplage thermomécanique fort ou faible par éléments finis ou bien utiliser des approximations et appliquer des méthodes semi-analytiques.

Conclusion général & perspectives

En conclusion, ce travail de recherche a permis de poser les bases d'une nouvelle méthode d'investigation pour le suivi en ligne des propriétés thermiques de compacts lors de la granulation sèche par compactage à rouleaux et l'impact des paramètres procédé du compactage à rouleaux sur le comportement des granulés en compression en matrice. Plusieurs résultats ont été obtenus :

Les distributions de températures à la surface du compact ont été déterminées à l'aide de la mesure des flux de rayonnement par une caméra infrarouge en fonction des paramètres du procédé. (ii)

Les températures et les densités relatives dans le compact ont montrées un accord de distribution et sembles fournir une corrélation entre les propriétés microstructurales du compact et les mesures thermiques donne un sens à la mesure infrarouge par caméra thermique permettant son utilisation dans la surveillance de la qualité du produit. (iii)

Un modèle de bilan thermique a été établi soulignant les sources mécaniques principales qui participent à l'échauffement du compact. Comme les propriétés thermiques du compact dépendent de la densité relative, une caractérisation de cette corrélation a été établie. Elle 113 permet d'une part, de mieux comprendre comment les propriétés thermiques évoluent avec la densité et d'alimenter le modèle de bilan thermique pour une éventuelle simulation numérique du procédé d'autre part. (iv) L'impact de la granulation sèche sur le comportement en compression en matrice a été conduit par l'étude du comportement des granulés en compression. Les deux grandes étapes du procédé (réarrangement des particules et la densification) ont été étudiées par le modèle de Cooper-Eaton et ont permis d'expliquer les différences de comportement en compression des poudres granulés et des poudres non-granulées. Ces différences ne sont pas observables directement à partir du cycle de compression. L'impact de la taille des particules granulées et leurs duretés (liées à la pression de compactage à rouleaux) a été investigué.

Suite à cette thèse, plusieurs perspectives ont été formulées. On peut en particulier citer la modélisation thermomécanique du procédé de granulation sèche par compactage à rouleaux ou encore l'approfondissement entre le lien qui peut exister entre la mesure thermique en surface et les propriétés microstructurales. D'autres perspectives peuvent concerner l'extension de l'approche à d'autres matériaux sensibles à l'élévation de la température lors de la granulation sèche.
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MCC101:

It can be noticed that no detectable difference can be distinguished between small and big granules.

Mannitol: It can be observed, there is a slight difference between the sizes during the rearrangement and the plastic deformation (Can be considered as insignificant due to material brittleness). For good probing depth, the thickness or nearest distance from any part of sensor to the ribbon outer surface must be significantly greater than sensor radii [Paper II, pp. 53]. Inaccurate values of probing depth will directly affect k values, thus Cv values calculated from K will also be largely affected.

Solution: To increase the thickness of ribbons or to use sensor having radii less than 1.5 mm which was not possible as we have C5465 with radii 3.2 mm (minimum).

3) Number of samples is too low (3)(4), As variation in gap for roll compaction [1.3 mm -2 mm or 2.4 mm] is too less. Unlike for tablets (8)(9)(10).

This is also very important to study the trend in results.

Thus we decided to better conclude the study with only tablets. The dimensions i.e. both the diameter and thickness are well within the standard of TCA, and, we had enough samples to study the trend in results.

International Conferences

A part of the work mentioned in the thesis was presented in the 9th International Granulation Workshop (June 2019) that took place in Lausanne, Switzerland.

Title of the Poster presentation: Analysis of compaction behavior of granulated materials using Cooper-Eaton equation S. Uniyal 1 , L. P. Gandarillas 1 , D. Oulahna 1 , A. Michrafy 1

( 1 Université de Toulouse, Mines Albi, CNRS, Centre RAPSODEE, 81000 Albi, France)

The poster was awarded the third best prize for the ''Best Poster in Dry Granulation'' by Alexanderwerk.

Thermo-mechanical behavior of pharmaceutical powders during compaction processes

Abstract: Dry granulation / roller compaction is an enlargement process by agglomeration of the primary powders without adding any solvent. This operation makes it possible to homogenize properties of pharmaceutical formulations and improve the flow properties necessary for the manufacture of tablets using rotary presses. In this process, temperature variations in the product are rarely considered. However, recent studies have shown that for pharmaceutical powders, such variations can lead to changes in mechanical and physico-chemical properties. In this thesis, a new method based on in-line measurements of powders temperature compacted by a roller press is developed using an infrared camera. Temperature distributions on the surface of the compact were determined using infrared radiation emitted by the compact after leaving the gap. These distributions showed a correlation with the microstructural properties of the compact, confirming the potential of this procedure in monitoring product quality. To understand the potential sources of the heating of pharmaceutical products in dry granulation, a heat balance model was established in anticipation of the numerical simulation of the thermomechanical coupling of the process by finite element method. As the thermal properties of the compact depend on the relative density, the thermal conductivity and the specific heat were characterized for two model pharmaceutical excipients. In addition, the impact of dry granulation on the rearrangement and densification of granules in die compression is studied using a mathematical model (Cooper-Eaton) which allowed to a better understanding of the contribution of dry granulation to tableting process.

Keywords : Dry granulation process, Pharmaceutical powders, Mechanical characterizations, Thermal characterizations, Online measurements, Thermal camera.

Comportement thermomécanique des poudres pharmaceutiques lors des processus de compactage