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1.1 Tablets and tableting 

 

1.1.1 Introduction 
 

Tablets represent one of the most common dosage forms within the pharmaceutical 

industry [1]. They are usually manufactured by the compression of a powder or granule. 

Besides one or more active pharmaceutical ingredients (APIs), they may contain 

excipients such as diluents, binders, disintegrants, lubricants and/or glidants. Reasons 

for their popularity include precise dosing, superior patient compliance and a 

comparably efficient manufacturing procedure [1, 2]. The simplest process for tablet 

production is the direct compression (DC) of a powder or powder mixture. If DC is 

feasible, no equipment for additional process steps such as the production and/or 

drying of granules or other intermediate products is necessary. This reduces costs, 

processing time and energy consumption [3, 4]. 

 

DC requires for a powder to possess sufficient flow, lubrication and cohesion [3-5]. 

Sufficient flow ensures a uniform filling of the die, which is usually volumetric on an 

industrial scale. If it is assumed that all particles within a powder mixture are 

homogenously distributed, a reproducible filling during production ensures weight and 

therefore content uniformity of the compact [6]. The flowability of a powder is affected 

by forces acting between particles including Van der Waals, electrostatic and capillary 

forces [6, 7]. After compression, the tablet needs to be ejected from the die. The 

corresponding ejection force is indicative of the friction between the tablet and the die 

wall. Excessive friction not only generates heat, but might also impede tablet quality 

and promote wear of the instruments [2, 8-10]. Moreover, powder particles might 

progressively accumulate on tooling, which is defined as punch sticking [8]. These 

effects might be prevented by lubrication [8-11]. If the optimum amount of lubricant for 

a specific formulation is exceeded, however, this might result in negative effects on 

mechanical strength, disintegration and dissolution [12]. The mechanical strength is 

determined by cohesive forces, which enable the formation of an integer compact. 

During production, the investigation of mechanical strength is a crucial parameter in 

the assessment of tablet quality. Sufficient mechanical strength enables packaging and 

transport as well as handling by patients. It might also have an impact on disintegration 

and dissolution [13].  
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Most excipients and APIs lack at least one of the above-mentioned properties. 

Therefore, formulation development puts a focus on the identification of suitable 

formulations and the production steps involved.  

 

The complexity of the process is enhanced by the physical, chemical and mechanical 

properties of the used components (Fig. 1). The latter is essential for a material’s 

deformation under stress during processing. The physical properties of a material 

include the particle size or particle size distribution (PSD), their shape and density. The 

investigation of chemical structures involves all aspects of a material’s crystallinity 

and/or amorphousness, which is also related to its hygroscopicity [14]. The interaction 

of all properties has an impact on the processing conditions and vice versa [15]. It is 

therefore desirable to explore the behavior of different powders with varying process 

conditions to identify critical criteria during tableting, which define the final performance 

as a drug delivery system. 

 

Figure 1. Excipient and API properties influencing drug delivery system performance. 
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1.1.2 Compression stages 

 

The tableting process involves several compression stages. Initially, the powder 

particles are loosely packed in the die after filling. When the distance between the 

punches decreases, the particles are first rearranged without a notable pressure 

increase. As smaller particles fill the voids between larger particles, the initial bulk 

density of the material is replaced by the deaeration density. As the pressure continues 

to increase, interparticulate friction eventually prohibits a further approach [16]. The 

density subsequently increases by elastic deformation, which is energy stored 

reversibly. When the elastic limit of the particles is exceeded, they deform permanently, 

whereby plastic flow and fragmentation occur [14, 17, 18]. This leads to an enhanced 

contact area between the particles, which reaches its maximum at the end of the 

compression phase [19]. During and after decompression, the stored elastic energy is 

released [14]. Apart from the material properties, the processing conditions can 

strongly influence deformation characteristics [1, 2, 20]. This often enables an 

estimation of a powder’s tableting behavior. 

Depending on the response of a material, the deformation behavior can be classified 

as elastic, viscoelastic, plastic or brittle [21]. Although these characteristics are never 

isolated in pharmaceutical materials, one is usually prevailing for a substance [14, 15, 

22].  

Elastic deformation is energy stored reversibly, which can be quantified by the Young’s 

modulus, Poisson’s ratio or the elastic recovery (ER) [4, 23, 24]. It is detectable as 

tablet expansion when the stored elastic energy is released during and after 

decompression. It contains the fast in-die ER and the slow out-of-die ER, both of which 

are influenced by the time-dependent viscoelastic recovery [25, 26]. Their extent is 

dependent on the compression and decompression speed [27]. The in-die ER can 

directly be retrieved from the compression data even if the tableting properties of a 

material are poor, which is time and material saving. It is limited by the fact that no data 

is generated after the upper punch detaches from the tablet surface. Out-of-die 

analyses include the recovery after ejection, but require additional measuring 

equipment [25]. The ER can be calculated using Equation 1: 
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𝐸𝑅 =  
𝑉𝑟  − 𝑉𝑚 

𝑉𝑚 
∗ 100 % 

Equation 1 

where Vm is the minimal volume retrieved from the minimum distance between both 

punches during tableting and Vr is the recovery volume (in-die or out-of-die). A high 

ER eliminates established bonds, which favors a higher porosity of a compact and 

might trigger capping and lamination [13, 18].  

In contrast to elastic deformation, plastic flow is irreversible. It is a prerequisite for the 

establishment of a large bonding surface area. A sufficient amount of plastic 

deformation allows the release of stored elastic energy without bond breakage during 

decompression [28]. The interplay between the formed bonding area (BA) and the 

bonding strength (BS) determines the mechanical strength of a tablet [16, 29, 30]. The 

BS results from the work of adhesion [31]. Predominantly brittle materials irreversibly 

consolidate by fragmentation [2, 14, 32]. This increases the number of contact points 

available for bonding. After the formation of smaller discrete particles, elastic and 

plastic deformation might still occur [16, 17].  

Irreversible deformation takes place when no more elastic energy can be stored during 

compression. This threshold is referred to as the yield pressure (Py) of a material [14]. 

For ductile materials, the cold flow above Py is time-dependent [33]. For this reason, 

they are especially responsive to process variations such as the compression speed 

[20, 34, 35]. At higher machine speeds, the dwell time available for the material to yield 

is decreased. The effect of compression speed on the fragmentation of brittle materials 

is only limited [35].  

Both the fracture stress and the stress necessary for plastic flow are also influenced 

by the particle size of a material. When the particle size decreases, the fracture stress 

of a material increases. Plastic flow, on the other hand, is independent of particle size 

[36]. If a material exhibits both brittle and ductile characteristics, the fracture stress 

initially increases with decreasing particle size. When the fracture stress exceeds the 

yield stress, plastic flow will occur independent of particle size. This phenomenon might 

change the dominant compaction mechanism of the system and is referred to as the 

brittle-ductile transition [36-38].  
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1.1.3 Temperature evolution 

 

During the tableting process, mechanical work is put into the system [39]. Physically, 

work (W) is defined as the multiplication of force (F) and distance (x) according to the 

following equation [40]: 

𝑊 =  ∫ 𝐹𝑑𝑥 

Equation 2 

The work performed determines the total energy input during compression, which is 

comprised of elastic and plastic deformation, fragmentation and friction. Friction occurs 

between neighboring powder particles, powder particles and the die-wall and between 

the machine components. The compression energy input contributes to the energy of 

adhesion between particles [41, 42]. It can be retrieved from the area under the force-

displacement curve (AUC) [40]. The named processes trigger the generation of heat, 

when mechanical energy is transformed into thermal energy [43, 44]. Its transfer is 

directed from the powder to the tableting instruments and vice versa [45]. The first law 

of thermodynamics dictates that the heat added to or released by the system (Q) 

combined with the work done on the system (W) is the counterpart to the change in 

internal energy (ΔU) [39, 40, 44]: 

𝛥𝑈 =  𝑑𝑄 + 𝑑𝑊 

Equation 3 

It is therefore desirable to assess the generated heat to fully grasp the tableting 

procedure and associated changes in material behavior. During tableting, the 

measured temperatures might exceed 50 °C [46]. Localized temperatures of > 100 °C 

have been postulated [47]. To determine the generated heat is challenging for several 

reasons. Firstly, the heat is promptly dispersed to its environment after compression. 

Secondly, the compact is not physically accessible before ejection, which prevents 

measurements at the assumed temperature maximum. Thirdly, the high pressures 

during compaction would destroy most possible measuring devices brought into the 

powder mixture [43]. Only one publication describes the complicated set-up of placing 

a thermocouple within the powder bed [48]. The complexity is enhanced when not 

single tableting cycles, but prolonged processes are investigated, which increases the 
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overall heat content. Back when the instrumentation of tablet presses and technical 

equipment lacked profound development, studies focused on the assessment of 

temperature changes by measuring the area beneath force-displacement curves with 

a planimeter [40] or by applying thermochromic methods [43]. The progressive 

development of modern instrumentation provided the opportunity to make use of more 

advanced techniques and a higher accuracy during measurement and evaluation. First 

attempts of modern instrumentation go back to the 1950’s [49]. It requires for the 

applied force to be transferred to an electric voltage signal [18]. This is accomplished 

by strain gauges or piezoelectric transducers. The accurate transformation of data to 

a computer system is in need of sufficient resolution, accuracy, precision and sensitivity 

[50]. Nowadays, compression data can be displayed automatically. Compaction 

simulators combine the required data acquisition tools with the possibility to mimic 

specific processes on a small scale. This can be useful during research, development 

and production [51, 52].  

The accurate application of compression parameters has been combined with 

temperature analyses such as infrared measurements [46, 53, 54], calorimetry [45, 55-

57] and finite element analysis (FEM) [44, 58]. These methods require additional 

equipment or complex mathematical calculations and often lack the opportunity to still 

be used efficiently during scale-up. It therefore appears meaningful to directly link in-

die compression data to material changes occurring from temperature rise. This has 

only been subject to few studies [54, 59, 60]. Besides the compression parameters and 

mechanical behavior, the physicochemical structure of a material needs to be known 

in order to interpret the generated data correctly.   

For the above-mentioned reasons, the imitation of elevated temperatures on a small-

scale has gained increasing interest. This often includes the modification of tablet 

presses for heated compression [47, 59, 60]. Recently, an additional tool for the 

modification of the STYL’One Evo tablet press (Medelpharm, France) has been 

developed. With this set-up, it is possible to mimic the temperature increase occurring 

on an industrial scale by thermally controlling the die. The details are depicted in Fig. 2. 

The die is surrounded by a heating element, which is connected to oil-containing pipes. 

The direct connection to a thermoelectric bath provides the opportunity to set the 

desired temperature for the tableting experiments. The maximum possible die 

temperature is 70 °C. Compression data can be recorded with a maximum acquisition 
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frequency of 10 kHz, whereby the accuracy of the punch displacement measurement 

is 1 µm.  

 

 

Figure 2. Set-up of the modified tablet press (STYL’One Evo, Medelpharm):  

(1) upper punch, (2) lower punch tip, (3) heating ring, (4) thermocouple, (5) die, (6) 

die holder, (7) pipes containing heating oil. 

 

1.2 Structure of polymers 

 

Polymers can be defined as long-chained molecules with a high molecular weight. At 

sufficiently low temperatures, all polymers are rigid solids. When the temperature rises, 

the additional thermal energy eventually allows for the material to transform to a liquid 

state [61]. The type of transformation depends on the polymer structure, which can be 

classified as either crystalline, semi-crystalline or amorphous (Fig. 3) [62, 63].  

Crystalline substances exhibit an ordered structure.  When the material is heated, the 

specific volume gradually expands until the melting temperature (Tm) is reached 

(Fig. 3a) [63]. Tm represents the temperature above which crystallinity completely 

disappears and the melt becomes amorphous [62-64]. Besides the volume, the energy, 
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enthalpy and entropy of the system increase [65, 66]. Tm is well-defined. Until Tm, the 

rigidity of a molecule is preserved [66]. 

The structure of amorphous polymers is different. The chains are arranged randomly, 

which prevents a long range molecular order. Short range orders are possible [61, 67]. 

Completely amorphous polymers are obtained if a cooled melt is prevented from crystal 

nucleation, which would subsequently lead to crystal growth [67]. Upon low 

temperatures, the polymer is in a glassy state [61]. Its rigidity hinders extensive bond 

vibration [68]. When the temperature is raised, the larger chain motion triggers the 

transformation to a plastified state close to and beyond its glass transition temperature 

(Tg) [63]. However, the thermodynamic properties do not change abruptly. The polymer 

gradually softens, as coordinated chain motions occur [62, 66]. This increases the 

specific volume (Fig. 3b). The change to a rubbery state or a viscous liquid induces an 

alteration of physicochemical properties [69, 70].  

If both crystalline and amorphous areas are present, a polymer is classified as semi-

crystalline. Generally, the combination of a long chain length and subsequently arising 

entanglements prohibits complete crystallinity of a molecule [62, 71]. Regions 

containing defects within the crystalline structure lead to areas of higher disorder. The 

crystals are arranged as lamellae, which are separated by amorphous areas [72, 73]. 

As a result, amorphous parts are interdispersed between crystalline parts [74]. Semi-

crystalline polymers exhibit characteristics of both amorphous and crystalline 

polymers. The cool state of a semi-crystalline polymer is also rigid. When the polymer 

is heated, it first transforms to the plastified state when the Tg is transgressed (Fig. 3c). 

When the Tm of the crystalline areas is reached, the polymer converts to the liquid 

state. The Tm is always beyond the Tg [62]. 

The identification of the Tg or the Tm can be conducted via thermal analyses. The most 

popular technique is differential scanning calorimetry (DSC) [75, 76]. 
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Figure 3. Specific volumes of polymers as a function of temperature (modified 

after [63]): (a) Crystalline (b) Amorphous (c) Semi-crystalline.  
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The degree of crystallinity can influence the deformation behavior of a material [77]. 

The number of imperfections within the crystal lattice might have a positive impact on 

the ease of fracture and deformation [78]. Amorphous and partially crystalline materials 

usually exhibit a high degree of plasticity. Within the pharmaceutical industry, a large 

number of materials are amorphous to varying degrees [79, 80]. Therefore, the Tg can 

serve as a critical parameter in several processes such as powder compression [80, 

81], hot melt extrusion [82, 83], film coating [68, 84-86] and dissolution [69, 87]. If all 

process parameters can be controlled carefully, knowing the Tg of a material can be 

used as an advantage. For example, coating processes involve a curing step, during 

which the coated dosage form is subjected to elevated temperatures to aid the 

complete coalescence of the polymer particles. The coalescence is dependent on the 

Tg of the coating polymer [88, 89].  

In compression processes, the Tg has been associated with alterations of tableting 

behavior [90]. The decreased rigidity of polymers results in a less pronounced 

resistance against deformation, which is also reflected in lower elastic moduli. The 

materials develop higher strain under the same pressure [80, 91]. The resulting tablets 

often obtain a lower porosity and therefore higher mechanical strength [47, 92]. 

However, problems during processing arise if the interdependence of temperature, the 

process and/or materials is not sufficiently understood. This includes the adherence of 

material onto the punch surface, which is referred to as sticking. Sticking phenomena 

might ultimately lead to defective tablets (e.g. lamination, capping), which 

compromises product quality [93-95]. Besides macroscopically visible defects of the 

compact, the alteration of material properties might influence other critical tablet 

attributes during development and production [47].  

Several studies have examined the influence of temperature on process and tablet 

characteristics [47, 60, 80, 90, 92, 96, 97]. Some findings have been linked to the 

closeness of the compression temperature (Tc) to the Tg [47, 97].  
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1.3  Compression analyses 

1.3.1 Introduction 
 

Pharmaceutical development and production aims at the manufacturing of a drug 

delivery system with a desired therapeutic performance. This requires a fundamental 

understanding of the interplay between process parameters and material 

characteristics. Trial-and-error approaches can be time- and resource-consuming and 

often lack adequate comparability to other processes and/or materials [98]. During the 

last years, systematic approaches have been put more into focus in course of the 

Quality by Design (QbD) recommendations by the Food and Drug Administration 

(FDA). The QbD approach aims at product- and process understanding and process 

control to ensure product quality [99]. 

Compression analyses focus on the behavior of materials under pressure. It is 

commonly acknowledged that the compression process is divided into different stages 

that tend to overlap. This has led to the development of rather complex mathematical 

models. It is therefore common practice not to examine all stages of compression 

simultaneously [100, 101]. The goal is to derive equations capable of adequately 

describing the obtained data. Predicting quality attributes of a compact after the 

assessment of density-pressure relationships and therefrom derived parameters is 

desirable. 

The relation between the relative density and the applied pressure is material-

dependent. Analyses include in-die (“at-pressure”) and out-of-die (“zero-pressure”) 

methods [91, 102, 103]. In-die methods evaluate the measured force-displacement 

data during compression. Consequently, they allow a non-destructive characterization 

with only little amount of material. As all the required information is retrieved directly 

from the compression data, the integration of these techniques into manufacturing lines 

is facilitated [104]. If no intact tablet is formed, the analysis of material behavior is still 

possible during early-stage development. Criticism of the in-die method arises from the 

fact that the relationship between porosity and pressure can be distorted by the elastic 

deformation of a sample under stress [105].  

Out-of-die analyses require the collection of data after tablet ejection. The time-

dependent relaxation of tablets can lead to deviations from in-die data [91]. They also 
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require additional equipment and generate higher costs when the use of destructive 

tests generates product loss. 

The obtained compression parameters can be linked to key attributes of the resulting 

tablets. In that respect, the tensile strength (TS) and the solid fraction (SF) of a compact 

are of special interest. Disintegration and dissolution processes require for a solvent to 

penetrate into the tablet [106, 107]. If the TS and the SF are too high, the slower solvent 

ingress might decelerate disintegration and API release. The relationship between 

compression parameters and tablet quality attributes is depicted in Fig. 4. 

Compression pressure, solid fraction and tensile strength are interdependent. Their 

correlation can be investigated by three frequently used parameters: compressibility, 

tabletability and compactibility.  

 

 

Figure 4. Relationship between compression parameters and tablet quality attributes 

(modified after [98, 108]). 
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1.3.2 Compressibility 
 

1.3.2.1 General 
 

Compressibility describes the dependance of solid fraction on the applied compression 

pressure. It refers to the ability of a powder to reduce its volume under stress [108]. 

The compressibility can be linked to a material’s tableting performance. Numerous 

mathematical models for the density-pressure relationship have been established [109, 

110].  

1.3.2.2 Energy analysis 
 

The conversion of mechanical to thermal energy during tableting contributes to 

elevated temperatures. Force-displacement profiles can be used to calculate the 

mechanical energy input [111-114]. Their shape is reliant on the tableting equipment, 

the applied settings and the material properties. It is therefore of great importance to 

keep the used equipment and parameters constant when comparing materials [115]. 

Force-displacement profiles have been the basis for the prediction of plastic flow, 

elastic recovery and brittle fragmentation by different methods [111]. These also 

include Heckel analysis, which is the most popular technique to describe powder 

compaction data within the pharmaceutical area [101, 116].  

A typical force-displacement curve is depicted in Fig. 5 (solid line). The gross energy 

input is the AUC of the triangle between A, B and C (AUCABC). Initially, the distance 

between punches is large. As they approach each other, particle slippage and 

rearrangement during consolidation only lead to a minor force increase. As the 

distance between punches further decreases, the force rises significantly from 

deformation and fragmentation processes. The available energy for deformation is 

reduced by the dissipated energy E1 from die-wall friction and particle interactions [43]. 

The remaining energy is referred to as the compressive work (Ecw). Ecw is composed 

of E2 (AUCabD) and E3 (AUCDBC). E3 corresponds to the release of stored elastic energy 

during decompression, which compromises the established bonding area [1]. It is 

termed the elastic work. E2 contains the residual stored elastic and the plastic energy. 

It is referred to as the net work of compaction and is used for the plastic deformation 

of particles. E2 is of special interest during the analysis of force-displacement data, as 

it corresponds to the stored energy of the compact. It has been stated that the amount 
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of stored energy is associated with a large BA and might be used as a surrogate for 

the mechanical strength of tablets [117].   

 

 

Figure 5. Example of a typical force-displacement curve. 

 

For the area E2, the following relationship can be established: 

𝐸2 = 𝐴𝑈𝐶𝑎𝑏𝐶 − 𝐴𝑈𝐶𝐷𝐵𝐶 

𝐸2 = 𝐸𝑐𝑤 − 𝐸3 

Equation 4 

For its calculation, the trapezoidal rule is applicable [112, 118]: 

𝐸2 = ∫ 𝐹(𝑥) ∗ 𝑑𝑥 − ∫ 𝐹(𝑥) ∗ 𝑑𝑥
𝑥𝑚𝑖𝑛

𝑥0𝑑

𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥
  

Equation 5 
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xmax represents the distance between punches at which the force F exceeds 0 as a 

function of 𝐹(𝑥), xmin is the minimum distance between punches and x0d is the punch 

separation when the force drops to 0 during decompression.  

The association of E2 with the plasticity of a material has led to the development of a 

plasticity factor (PF) [119]: 

𝑃𝐹 =  
𝐸2 

𝐸2 + 𝐸3 
∗ 100 % 

Equation 6 

Although the analysis of force-displacement profiles would offer a valuable tool to 

directly detect alterations of the tableting process, the influence of generated heat on 

the calculated energy values has rarely been studied. The PF, controversially 

described as the amount of plastic flow [115, 120, 121] or the necessary energy input 

during compression [122], has never been critically evaluated for temperature 

variations. This is probably rooted in the fact that corresponding assessments are 

rather challenging. To mimic the temperature evolution on an industrial scale either 

requires for the powder to be heated before compression or for the process to be run 

over a prolonged time period. For both scenarios, existing studies are scarce. 

Ketolainen et al. [54] made the effort to run a tableting process for up to 65 min on a 

small production scale. The compressed powder was composed of microcrystalline 

cellulose and dicalcium phosphate dihydrate either with or without lubrication. They 

stated that the energy parameters remained unchanged after an initial stabilization 

period despite a notable temperature increase. However, both materials do not show 

any thermal transitions < 100 °C, which were not reached during processing [123, 124]. 

In a study by Partheniadis et al. [97], unprocessed and hot-melt extruded polymers 

with Tg values up to 80 °C were compressed at 20 and 40 °C to improve their 

compaction performance. E2 decreased for a polymer with a Tg close to the elevated 

tableting temperature. Hence, it is reasonable to link the investigation of energy 

parameters to the thermal sensitivity of polymers to examine the applicability of energy 

parameters as a tool for altered material properties upon temperature rise.  
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1.3.2.3 Heckel analysis  

 

Within the pharmaceutical area, Heckel analysis has been the most frequently used 

technique to describe powder compression data [101, 116]. Reasons include the 

simplicity and speed of data collection using a small amount of material [91, 105]. For 

its application, it is assumed that the volume reduction of a powder bed under pressure 

follows first-order kinetics [125, 126]. Plotting the negative natural logarithm of the 

porosity (-ln(ε)) versus the applied compression pressure yields a characteristic 

compression curve (Fig. 6). It usually contains a linear region, which is enclosed by 

two curved sections in the low- and high-pressure regions. The first curvature can 

mainly be attributed to particle rearrangement and elastic deformation and is not 

considered in the analysis. Afterwards, irreversible deformation takes place, which can 

be either plastic or brittle. The respective curve section is linear. As the compression 

pressure further increases, the space for plastic flow diminishes. Eventually, the 

particles deform elastically when the porosity approaches extremely small values. 

Porosity values < 0.05 result in a steep increase of the corresponding -ln(ε). The 

interpretation of the second curvature is therefore impeded [91, 116].  

 

 

Figure 6. Example of a typical in-die Heckel plot. 
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The yield pressure Py is referred to as a material’s resistance against irreversible 

deformation. It can be derived from the reciprocal slope of the linear region after the 

following equation: 

− ln(𝜀) =  
1

𝑃𝑦 
𝑃 + 𝐴 

Equation 7 

where P is the applied pressure and A is the y-axis intercept of the extrapolated linear 

section. The plasticity of predominantly ductile materials is reflected in low Py values.  

Besides the chemical characteristics, the particle size of materials also contributes to 

their deformation behavior [38]. Current literature on the effect of particle size on Py is 

inhomogeneous. Most authors have found increasing Py values with decreasing 

particle size [127-131], whereby it has also been stated that Py increases with 

increasing particle size [132]. The effect of temperature on grades with varying particle 

sizes has not been subject to any studies. Smaller particles might exhibit a higher 

sensitivity to elevated temperatures due to a larger specific surface area [133].  

Although frequently used, Heckel analysis has been criticized by several authors [101, 

102]. One of the mentioned points refers to the susceptibility to errors during the 

measurement of particle density, which influences the calculated porosity. Systematic 

errors of its determination show substantial influence on the calculated Py values [101]. 

Criticism has also arisen due to a lack of reproducibility and repeatability, which 

complicates the comparability of different materials. This can also be traced back to 

varying experimental conditions [20, 134, 135]. However, it has also been stated that 

Heckel analysis is practicable if the processing conditions are accurately controlled 

and deformation mechanisms of the materials are known [102]. Hence, the use of 

Heckel analysis is feasible, if modern equipment is used with commonly used 

excipients or APIs.  

For a variation of tableting temperature, Heckel analysis has been proven to be 

sufficiently sensitive to analyze material behavior [59, 60]. For this it has to be kept in 

mind, that the particle density is assumed to be constant for the analysis of the same 

material. In that respect, errors in its determination would show no effect on the 

calculation of Py for a given material for different temperatures. Moreover, the 

processing conditions do not necessarily vary during analysis. The temperature 
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change serves as the variable. Those limitations therefore account for the comparison 

between materials, but not for the comparison of different tableting temperatures for 

the same material.  

It has frequently been stated that elevated temperatures lead to a decrease in Py and 

therefore decreasing resistance against deformation. The extent is influenced by the 

Tg of a material [59, 60, 80, 81, 97]. However, a thorough investigation of Heckel 

analysis and its transfer to critical tablet characteristics under elevated temperatures 

is still missing. Often only few tablet characteristics were considered in isolation. 

Accordingly, comparisons between Heckel analysis and the assessment of energy 

parameters, which can directly be retrieved from the compression data without further 

calculations, are scarce. In the only existing studies, where the energy analysis was 

classified as being less sensitive, the thermal transitions of the investigated materials 

were rather high, so that the visible effects were of limited value. Only few materials 

were compared [59, 60]. In order to gain deeper insights, studies should aim at 

including several polymers with closely allied thermal transitions within a practicable 

temperature range. This would ensure a sufficient thermal sensitivity and open up the 

possibility of directly correlating the results to Heckel and energy parameters and to 

evaluate their respective applicability in the prediction of altered tablet characteristics. 

 

1.3.3 Tablet quality attributes 
 

1.3.3.1 Tabletability 

 

Tabletability describes the dependence of tensile strength on the compression 

pressure [108]. In contrast to the measured breaking force during testing, the 

calculation of TS accounts for the geometry of the tablet [136]. Adequate TS is a crucial 

quality attribute, as it not only ensures tablet integrity during coating-processes, 

packaging and transport, but might also influence disintegration and drug release [13, 

137]. The usual expectation is that higher compression pressures generate tablets with 

higher mechanical strength due to the creation of a larger BA [16]. However, the 

increase in TS is not infinite. It reaches a plateau. For some materials, the TS might 

even decrease with increasing pressure, which is referred to as overcompression [108, 

138]. In course of the decreasing porosity at higher pressures, most voids are 
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eventually eliminated. The formation of a larger BA is therefore limited. For a given 

material, the BS is not affected by compression pressure [139]. If the available space 

for plastic deformation is exhausted, the stored elastic energy increases. 

Overcompression occurs when the resulting elastic recovery eliminates established 

bonds to a degree that the TS decreases despite higher pressures [140].  

Conclusions about the tableting performance can be drawn from the necessary 

pressure to form a compact with specified strength or from a linear regression of 

appropriate data points to compare the slopes of different materials [108, 141]. Plastic 

materials exhibit less resistance against deformation than brittle materials, which 

favors the formation of a large BA. The established BA also varies with particle size 

and shape [13]. Smaller particles benefit from a large specific surface area available 

for bonding [133]. A large BA favors a high TS of the compact. For materials with a low 

Tg, the BA can be altered upon the application of higher temperatures [139]. When the 

temperature is raised, the decrease of Py results in its transgression at an earlier stage. 

The prolonged dwell time above Py yields a larger extent of plastic deformation and 

therefore a larger BA. The effect might be pronounced if the tableted particles are 

small. The larger specific surface area could promote a higher sensitivity for 

temperature variations. 

The positive effect of temperature on the TS has been proven in several studies [47, 

53, 90, 92, 142]. However, often pure materials or formulations with a high polymer 

content (≥ 50 %) were analyzed. Realistic polymer contents for the use as binding 

agents (~ 10 %) have rarely been investigated. A direct correlation to the Tg of materials 

was either missing or often only single tableting cycles were investigated. This neglects 

a possible temperature increase of the equipment during manufacturing. Moreover, the 

critical influence of particle size was not considered, although often several grades of 

a material are commercially available. 

 

1.3.3.2 Compactibility 
 

Compactibility profiles relate the TS to the SF or porosity [108]. They serve the 

assessment of BS. The plots usually yield an exponential relationship between TS and 

SF. A low SF corresponds to a lower mechanical strength of a compact [13, 143]. In 

contrast to tabletability profiles, compactibility profiles are not speed-dependent, which 
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could justify their preferred applicability during formulation development and scale-up. 

The SF might serve as a predictor of TS for a given material [35].  

The SF also plays a crucial role for the disintegration and dissolution behavior. The 

disintegration process requires for the solvent to be absorbed by the tablet. Its 

components are hydrated and might start swelling or dissolving, depending on the 

formulation and its characteristics [107, 144, 145]. A fast disintegration ensures a rapid 

drug release [146-148]. Ideally, a reasonable compact porosity is combined with 

sufficient mechanical strength.  

Ductile materials often yield tablets with a low porosity due to their high degree of 

plastic deformation. If the applied stress exceeds a material’s capacity for plastic flow, 

however, the excess energy is stored reversibly. It is released during and after 

decompression. This relaxation favors a higher compact porosity. For thermally 

affected polymers, the stress relaxation propensity can be altered upon temperature 

rise. Initially, when the tableting temperature is far below the Tg, the amount of stored 

energy is comparably large. This changes as the Tg is approached. As Py decreases, 

the enhanced plastic flow favors a lower porosity and therefore higher mechanical 

strength of the compact. This might also affect disintegration and drug release, which 

has not yet been explored in respect to temperature variations. When the Tg is 

exceeded, the elastic modulus of a polymer decreases drastically [80, 81]. At the same 

compressive stress, the strain is enhanced [91]. This can yield porous tablets after 

polymer relaxation. Established bonds might be broken, which compromises the 

compact strength. It has therefore been concluded by some authors, that the optimum 

tableting temperature is about 20 K below the Tg to attain minimum porosity and 

maximum strength [80, 81]. Although porosity changes under elevated temperatures 

have being investigated before, no comparison of compactibility profiles has been 

carried out. This provides the opportunity to display the interdependence of TS and SF 

as two parameters with significant impact on tablet attributes. 

 

1.3.3.3 Disintegration 
 

Disintegration of a tablet can be described as the state in which any remaining part, 

except insoluble fragments, is a soft mass without a firm core [149]. As mentioned 

above, a rapid disintegration is usually the prerequisite for a fast dissolution of the API 
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[146-148]. This is especially critical for immediate-release tablets, which are required 

to release the API within a short period of time. If the disintegration process is 

compromised, this might delay the release. 

The solvent ingress is the first step during the disintegration process. The absorption 

of the medium by the compact leads to the breakage of interparticulate bonds. 

Mechanistically, capillary bridges built by the penetrating solvent create an attraction 

between neighboring particles. If the attractive forces exceed the interparticulate 

forces, the bonds are disrupted. The tablet disintegrates. If the porosity of a compact 

is critically low, the penetration of the solvent might be impeded [147, 150]. This 

decelerates the liberation of the API.   

The effect of temperature on disintegration time (DT) has rarely been examined [151]. 

If produced tablets are intended for immediate-release, studies on the effect of 

elevated temperatures should also include disintegration. 

 

1.3.3.4 Dissolution 
 

Dissolution studies have been recognized as an essential aspect during 

pharmaceutical development. The dissolution of a drug is the prerequisite for its 

bioavailability [98]. Therefore, the development aims at the adjustment of the 

dissolution performance to a desired therapeutic effect. Generally, immediate-release 

dosage forms can be distinguished from modified release dosage forms. If a rapid drug 

release is required, the formulation components of a tablet need to ensure the API is 

released quickly upon contact with the dissolution medium. The formulation 

components therefore have a critical influence on API release [152, 153]. 

Numerous mathematical models have dealt with the prediction of dissolution behavior 

[154, 155]. The overall drug release from a dosage form can be described by kinetic 

models, whereby the dissolved amount of drug is related to the test time [153].  

Most immediate-release dosage forms are designed to release an API immediately 

after oral administration and therefore follow first-order kinetics. Mathematically, first-

order models can be described by the following equation [156]: 

 

                ln(𝑐𝑃 − 𝑐𝑡) =  −𝑘 ∗ 𝑡   

Equation 8 
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where cp is the concentration of drug after complete release, ct is the cumulative 

concentration at the time t and k is the first-order rate constant. To test its applicability 

has also been called the sigma-minus method [157]. The ICH Q6A specifications state 

that at least 80 % of drug need to be released within 15 min at pH 1.2, 4.0 and 6.8 for 

a rapidly dissolving product [158].  

If tablet characteristics are altered upon temperature rise, the dissolution behavior of a 

dosage form might change.  

 

If the fitting of the release curve fails to display a linear relationship, the release kinetics 

were altered. Provided that the drug release profile of a dosage form differs from that 

of a conventional one, the release is modified. Although modified release serves as a 

method to control drug release, the effect is unacceptable if the alteration arises from 

temperature variations. One of the first models developed to describe the drug release 

from a matrix system was the Higuchi model [156]. For the Higuchi model, the 

cumulative drug release is related to the square root of time after the following equation 

[159]: 

 

𝑐𝑡 = 𝑘 ∗ 𝑡
1
2 

Equation 9 

where ct represents the cumulative concentration at the time t and k is the Higuchi 

dissolution constant. The correlation of the data points with the square root of time 

yields a linear relationship. In most cases, the equation is only applied for data points 

up to 60 % of the release curve. 

  

Similar to the Higuchi model, the data can be described by the Korsmeyer-Peppas 

model. In contrast to the Higuchi model, it is able to display different release exponents. 

The relationship is described by the following equation [160, 161]: 

 

𝑐𝑡 = 𝑘 ∗ 𝑡𝑛 

Equation 10 

with ct as the cumulative concentration at the time t, k as the release rate constant and 

the exponent n as the release exponent. The data is linearized by logarithmization of 
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both axes. Data points below 10 and above 60 % of the release curve are usually 

excluded from the investigation.  

As not all kinetic models are applicable to all release curves, the mean dissolution time 

(MDT) as a model-independent method is useful to compare release curves with 

different kinetics. It can be calculated according to the following equation [153, 162]: 

 

𝑀𝐷𝑇 =  
𝐴𝐵𝐶

𝑐𝑝
=  

∑ [(𝑐𝑖+1 − 𝑐𝑖) ∗
(𝑡𝑖 + 𝑡𝑖+1)

2 ]∞
𝑖=0

𝑐𝑝
 

Equation 11 

The area between curves (ABC) can be calculated with the trapezoidal equation. The 

concentration c is the API released over the time t. 𝑐𝑝 represents the initial drug load. 

Only few publications concerning alterations of release curves upon temperature rise 

during tableting exist. Casettari et al. [60] investigated the effect of elevated 

temperatures on the modified release of matrix tablets, but found no significant effect 

of temperature. However, the lowest Tm of the investigated materials was beyond the 

maximum tableting temperature. More thorough investigations are still pending. 

 

1.4 Excipient selection 

 

1.4.1 Introduction 

 

As described above, the material properties have a substantial influence on the 

resulting tablet characteristics. The Tg of the investigated materials was of critical 

essence in this work. Therefore, the selection of polymers was based on their 

amorphous or semi-crystalline character and moderate Tg. As a maximum tableting 

temperature of 70 °C could be set for the tablet press, only polymers with Tg values 

below 100 °C were included in most studies. The Tg values were determined via DSC. 

To account for the effect of particle size and morphology besides the processing 

conditions, different grades of the materials were used. Besides the pure polymers, the 

investigations included complete formulations to account for realistic binder contents 

during manufacturing. All used materials are introduced briefly. 
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1.4.2 Polymers with moderate Tg 
 

1.4.2.1 Polymethacrylates 
 

The functionality of polymethacrylates within the pharmaceutical area can be 

categorized as film-forming agents, tablet binders or tablet diluents for oral solid 

dosage forms. The most common is the use as film-coating agents [163]. They are 

marketed e.g. under the name Eudragit® (Evonik, Germany). All Eudragit® types are 

synthesized by polymerization of acrylic acid and methacrylic acids or their esters 

[164]. They exhibit an amorphous character, which suggests a high plasticity and 

justifies their use as binders [164]. In this work, three Eudragit® types with a moderate 

Tg were chosen for the investigation. Eudragit® E is a terpolymer composed of N,N-

dimethylaminoethyl methacrylate with methylacrylate and butyl methacrylate [165]. It 

is soluble in gastric fluid (pH < 5). The Tg is ~ 49 °C. Eudragit® RS and RL are 

copolymers of ethyl acrylate, methyl methacrylate and methacrylic acid ester. The 

introduction of quaternary ammonium groups modifies the permeability [164, 166]. 

Eudragit® RL films have a higher permeability than Eudragit® RS films. As both 

polymers are not water-soluble, they are often used for sustained-release products. 

They have found applications in DC as matrix formers [167-171]. Their Tg values are 

58 °C (Eudragit® RS) and 70 °C (Eudragit® RL), respectively. Experiments on thermal 

treatment of matrices after compression have been described [168, 169]. The 

investigated materials are commercially available as powders (Eudragit® E PO, 

Eudragit® RS PO, Eudragit® RL PO) or granules (Eudragit® E 100, Eudragit® RS 100, 

Eudragit® RL 100) [172]. The powder is obtained from milling the granules, which 

explains the irregular shape of its particles (Fig. 7a-c). Due to the broad range of 

products, the Eudragit grades played a key role in all studies. 
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Figure 7. SEM images of a) Eudragit® E PO, (b) Eudragit® RS PO and (c) Eudragit® 

RL PO. 

 

1.4.2.2 Hydroxypropyl cellulose 
 

Hydroxypropyl cellulose (HPC) is derived from cellulose by partially substituting 

hydroxy groups by hydroxypropyl moieties. Cellulose consists of β–(1-4)-linked D-

glucose units. Its treatment with sodium hydroxide produces a more reactive type of 

cellulose, which is subsequently reacted with propylene oxide at elevated pressure and 

temperature [163, 173]. In contrast to the other polymers in this study, HPC is semi-

crystalline. Its particles are of fibrous nature (Fig. 8a,b). Typical uses in solid oral 

dosage forms include tablet binding, film-coating and extended-release matrix 

systems. Commercially available grades differ in their particle size, degree of 

polymerization, degree of substitution and moles of substitution (MS). Its solubility in 

water is determined by its MS [163]. HPC grades of lower molecular weight have a 

lower Tg. In this work, HPC SSL SFP and HPC SSL (Nippon Soda, Japan) were 



27 
 

selected. They differ in their particle size, whereby HPC SSL SFP has finer particles 

than HPC SSL. The Tg value is ~ 82 °C [174]. 

 

 

Figure 8. SEM images of (a) HPC SSL SFP and (b) HPC SSL 

 

1.4.2.3 Polyvinylpyrrolidone (Povidone) 
 

Polyvinylpyrrolidone consist of 1-vinyl-2-pyrrolidinone groups. The respective 

polymers are commercially available with varying molecular weights. They are typically 

characterized by their K-value, which represents their viscosity in aqueous solution 

relative to that of water [163]. Povidones with a K-value below 30 are manufactured by 

spray-drying and their particles are therefore of spherical shape (Fig. 9). The shape of 

povidone particles with K-values above 30 is different, as they are manufactured by 

drum-drying [163]. In solid dosage forms, povidones are often used as binders in wet-

granulation processes [175]. Their use in DC is challenging, as they suffer from a 

pronounced hygroscopicity [176]. The Tg of the amorphous polymer varies with 

molecular weight. Kollidon® 12 PF (BASF, Germany) has the lowest Tg out of the 

commercially available products (~ 102 °C). It was only used in the first study of this 

work. The plasticizing effect of water on the hygroscopic powder impeded the 

reproducibility of experiments and promoted stickiness of the material. The polymer 

was subsequently excluded from further studies. 
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Figure 9. SEM image of Kollidon® 12 PF. 

 

1.4.2.4 Mixture of polyvinylacetate and polyvinylpyrrolidone 
 

The demand of excipients with improved compression properties has led to the 

development of coprocessed excipients. The coprocession includes two or more 

established excipients to obtain superior properties over the physical mixture [177]. 

The spray-dried mixture of 80 % polyvinylacetate and 19 % polyvinylpyrrolidone is 

traded as Kollidon® SR (BASF, Germany). Small amounts of sodium lauryl sulfate 

(0.8 %) and colloidal silica (0.2 %) are added for stabilization and flowability 

improvement. Spray-drying yields hollow particles with a spherical shape (Fig. 10). The 

excipient is mainly used as a filler, matrix former or as a film-coating agent. Although 

the povidone part is soluble in water, the insoluble polyvinylacetate part determines 

the overall solubility [172, 178]. KSR has frequently been used in DC [179-181]. The 

Tg of the amorphous polymer is ~ 42 °C, which was the lowest in this work.  
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Figure 10. SEM image of Kollidon® SR. 

 

1.4.3 Other excipients 
 

1.4.3.1 α-Lactose monohydrate 
 

Lactose is a disaccharide obtained from milk in which D-galactose is β–(1-4)-linked to 

D-glucose. It is one of the most frequently used fillers in DC [182-184]. The most 

commonly used form for oral solid dosage forms is α-lactose monohydrate [185]. 

Crystallization can also yield an anhydrous form, whereby the ratio of α- and β-lactose 

is determined by the temperature of crystallization [163]. A variety of products is 

available, which might vary in particle size, flow and compaction properties. The Tm of 

crystalline lactose is 216 °C.  

Commercial products include milled, spray-agglomerated or spray-dried grades [186]. 

The milled products are usually used in wet- and dry granulation processes due to their 

small, sharp-edged particles, which trigger cohesiveness. However, the flowability for 

DC is insufficient. Spray-agglomerated products benefit from a better flowability of the 

crystalline particles. This makes them suitable for DC [187]. The spray-drying process 

introduces amorphous parts into the product, which are able to flow plastically and 

improve compaction performance. However, the amorphous content of marketed 

products is only between 10 - 15 %, so that the deformation behavior can still be 

classified as predominantly brittle [183, 188]. As the particles obtain a spherical shape 

after spray-drying (Fig. 11), the powder possesses sufficient flowability for DC. 

Depending on the storage conditions, the Tg of the amorphous content has been 
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reported to vary between 41.5 and 104 °C [189]. In this work, spray-dried lactose 

(FlowLac® 100, Meggle, Germany) was selected as a filler for all tableting experiments.  

 

 

Figure 11. SEM image of FlowLac® 100. 

 

1.4.3.2 Microcrystalline cellulose 
 

Microcrystalline cellulose (MCC) is one of the most frequently used excipients for tablet 

formulations due to its excellent tableting properties [190, 191]. It consists of β–(1-4)-

linked D-glucose units [173]. For its manufacturing, α-cellulose from fibrous plant 

materials is hydrolyzed in acidic environment, whereby amorphous regions are 

preferentially removed. While the crystallinity index increases, the average degree of 

polymerization decreases. The packed structure is broken up by shearing of a water 

slurry before the material is spray-dried. A fibrous structure is obtained (Fig. 12). 

Different commercially available grades arise from variations of hydrolytic, shearing 

and drying conditions [163, 191].  Despite its highly crystalline structure, MCC is 

characterized by a large amount of plastic flow [192, 193]. For oral solid dosage forms, 

it is mainly used as a capsule and tablet diluent, whereby it also exhibits disintegrant 

properties [163]. Although it is insoluble in water, the substance is hydrophilic. The 

tableting performance is dependent on the moisture content [173, 194]. MCC chars at 

260 – 270 °C [163]. In this work, Vivapur® 102 (JRS Pharma, Germany) was used as 

a filler-binder during the investigation studies of complete formulations.  
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Figure 12. SEM image of Vivapur® 102. 

 

1.4.3.3 Polyvinylpyrrolidone-vinyl acetate copolymer (Copovidone) 
 

Copovidone is a synthetic copolymer of polyvinylpyrrolidone and ethenyl acetate at a 

ratio of 3:2. It is produced by free-radical polymerization. Spray-drying of the product 

yields an amorphous powder with spherical particles (Fig. 13a,b). Within 

pharmaceutical applications, it is mostly used as a tablet binder, coating agent or matrix 

former. Copovidone is suitable for wet-granulation and DC [163, 195]. Compared to 

povidone, it has a higher plasticity, which facilitates its deformation during tableting. 

Moreover, it is less hygroscopic [163]. The Tg is ~ 108 °C. Different grades are 

commercially available. In this work, Kollidon® VA 64 Fine and Kollidon® VA 64 (BASF, 

Germany) were of interest due to their varying particle size. 

 

 

Figure 13. SEM images of (a) Kollidon® VA 64 Fine and (b) Kollidon® VA 64. 
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1.4.3.4 Polyvinylpolypyrrolidone (Crospovidone) 
 

Crospovidone is a crosslinked polymer of N-vinyl-2-pyrrolidinone. It is prepared by a 

“popcorn polymerization” process. Crospovidone is frequently used as a tablet 

disintegrant [196, 197]. The rapid hydration of the polymer promotes its capillary 

activity. The disintegration capacity is influenced by the particle size. Crospovidone is 

practically insoluble in water [163]. The Tg is ~ 184 °C. Grades of different particle size 

are commercially available. Their shape is irregular, whereby the particles tend to 

agglomerate (Fig. 14a,b). Kollidon® CL-M and Kollidon® CL-F were used for the 

comparison of different material grades in one study. Later, Kollidon CL-F was used 

as a disintegrant in the dissolution studies. 

 

 

Figure 14. SEM images of (a) Kollidon® CL-M and (b) Kollidon® CL-F. 

 

1.5 API selection 

 

An active pharmaceutical ingredient is the component of a drug designed to develop a 

pharmacological activity. In this work, paracetamol (acetaminophen) was used as a 

model API (Atabay, Turkey). It is commonly used for the analgesic and antipyretic 

treatment of patients. Paracetamol crystallizes in three polymorphic forms with different 

crystal habits, whereby only form I and II are stable. The commonly marketed form I is 

known for its poor compression properties with only little plastic deformation [198-201]. 

Its particle shape is irregular (Fig. 15). The melting point is ~ 170 °C and it is soluble 

in water [202].  
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Figure 15. SEM image of Paracetamol. 
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Aim of the thesis 

 

The aim of this work is to deepen the understanding of altered excipients properties 

upon temperature rise. The identification of influential process and material 

characteristics serves the prevention and elimination of tableting problems. On the 

other hand, some formulations might benefit from elevated tableting temperatures. The 

development and production processes of solid oral dosage forms could be improved, 

which saves production time and costs. A special focus will be put on polymers with a 

high binding capacity and a moderate Tg.  

Recently developed equipment is used to heat the die before compression. Besides 

material characterization upon elevated temperatures, this allows for the simulation of 

production processes where heat evolves over longer time periods. 

Systematic correlations between alterations of compression behavior and the Tg of the 

investigated polymers need to be identified. The first experiments serve the 

assessment of material deformation behavior and should ensure a homogenous 

temperature distribution within the powder bed. Therefore, the materials are 

equilibrated within the die after filling. Polymers are to be evaluated regarding their 

thermal response during compression. Binary mixtures containing a filler are to be 

analyzed regarding their resulting tablet quality attributes. This accounts for practicable 

binder contents on a full-production scale. 

To mimic realistic tableting conditions on an industrial scale in the subsequent studies, 

the equilibration time of the powders is kept short. Besides the transfer of the previously 

obtained results, two existing in-die compression analyses are to be compared with 

regards to their applicability for heated compression. This would enable a direct 

detection of material alterations from compression data. 

It was assumed that the particle size of materials is another critical criterion when it 

comes to temperature variations. Up to this point, no work has considered this aspect. 

Varying sensitivities of different grades would provide the opportunity of using a 

different grade of the same material if the formulation suffers from temperature-

dependent tableting problems. No change in formulation components would be 

necessary. 
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The final objective is to transfer the results to complete formulations containing a model 

API. This also includes disintegration and dissolution studies. It is of central interest if 

alterations of tablet characteristics from the transgression of Tg can be applied to their 

disintegration and dissolution behavior. It may be possible to identify critical alterations 

of material behavior at an early development-stage before large investments are made 

or the eventual batch release is compromised. 

  



37 
 

References 
 

1. Jivraj, M., L.G. Martini, and C.M. Thomson, An overview of the different 

excipients useful for the direct compression of tablets. Pharmaceutical Science 

& Technology Today, 2000. 3(2): p. 58-63. 

2. Patel, S., A.M. Kaushal, and A.K. Bansal, Compression physics in the 

formulation development of tablets. Critical Reviews in Therapeutic Drug Carrier 

Systems, 2006. 23(1): p. 1-65. 

3. Armstrong, N.A., Tablet manufacture by direct compression, in Encyclopedia of 

Pharmaceutical Science and Technology, Six Volume Set (Print). 2013, CRC 

Press: Boca Raton. p. 3539-3549. 

4. Rasenack, N. and B.W. Müller, Crystal habit and tableting behavior. 

International Journal of Pharmaceutics, 2002. 244(1): p. 45-57. 

5. Shangraw, R.F., Compressed tablets by direct compression, in Pharmaceutical 

dosage forms: Tablets. 1989, Marcel Dekker, Inc.: NY, USA. p. 195-246. 

6. Prescott, J.K. and R.A. Barnum, On powder flowability. Pharmaceutical 

Technology, 2000. 24(10): p. 60-84+236. 

7. Leturia, M., M. Benali, S. Lagarde, et al., Characterization of flow properties of 

cohesive powders: A comparative study of traditional and new testing methods. 

Powder Technology, 2014. 253: p. 406-423. 

8. Sun, C.C., Dependence of ejection force on tableting speed-A compaction 

simulation study. Powder Technology, 2015. 279: p. 123-126. 

9. Zuurman, K., K. Van der Voort Maarschalk, and G.K. Bolhuis, Effect of 

magnesium stearate on bonding and porosity expansion of tablets produced 

from materials with different consolidation properties. International Journal of 

Pharmaceutics, 1999. 179(1): p. 107-15. 

10. Roberts, M., J.L. Ford, G.S. MacLeod, et al., Effect of lubricant type and 

concentration on the punch tip adherence of model ibuprofen formulations. 

Journal of Pharmacy and Pharmacology, 2004. 56(3): p. 299-305. 



38 
 

11. Shah, A.C. and A.R. Mlodozeniec, Mechanism of surface lubrication: Influence 

of duration of lubricant-excipient mixing on processing characteristics of 

powders and properties of compressed tablets. Journal of Pharmaceutical 

Sciences, 1977. 66(10): p. 1377-1382. 

12. Strickland, W.A., E. Nelson, L.W. Busse, et al., The physics of tablet 

compression IX: Fundamental aspects of tablet lubrication. Journal of the 

American Pharmaceutical Association (Scientific ed.), 1956. 45(1): p. 51-55. 

13. Sun, C.C., Decoding powder tabletability: Roles of particle adhesion and 

plasticity. Journal of Adhesion Science and Technology, 2011. 25(4-5): p. 483-

499. 

14. Çelik, M. and C.E. Driscoll, An overview of the effects of some physico-chemical 

and mechanical characteristics of particulates on the compaction and post-

compaction properties of compacts. Drug Development and Industrial 

Pharmacy, 1993. 19(17-18): p. 2119-2141. 

15. Jain, S., Mechanical properties of powders for compaction and tableting: An 

overview. Pharmaceutical Science & Technology Today, 1999. 2(1): p. 20-31. 

16. Nyström, C., G. Alderborn, M. Duberg, et al., Bonding surface area and bonding 

mechanism-Two important factors for the understanding of powder 

comparability. Drug Development and Industrial Pharmacy, 1993. 19: p. 2143-

2196. 

17. Duberg, M. and C. Nyström, Studies on direct compression of tablets XVII. 

Porosity-pressure curves for the characterization of volume reduction 

mechanisms in powder compression. Powder Technology, 1986. 46(1): p. 67-

75. 

18. Schwartz, J.B., Scale-up of the compaction and tableting process, in 

Pharmaceutical process scale-up, M. Levin, Editor. 2001, CRC Press: Boca 

Raton. p. 221-237. 

19. Hiestand, E.N., J.E. Wells, C.B. Peot, et al., Physical processes of tableting. 

Journal of Pharmaceutical Sciences, 1977. 66(4): p. 510-519. 



39 
 

20. Roberts, R.J. and R.C. Rowe, The effect of punch velocity on the compaction of 

a variety of materials. Journal of Pharmacy and Pharmacology, 1985. 37(6): p. 

377-384. 

21. Picker, K.M., Time dependence of elastic recovery for characterization of 

tableting materials. Pharmaceutical Develeopment and Technology, 2001. 6(1): 

p. 61-70. 

22. Cole, E.T., J.E. Rees, and J.A. Hersey, Relations between compaction data for 

some crystalline pharmaceutical materials. Pharmaceutica Acta Helvetiae, 

1975. 50(1-2): p. 28-32. 

23. Hiestand, E.N., Mechanical properties of compacts and particles that control 

tableting success. Journal of Pharmaceutical Sciences, 1997. 86(9): p. 985-990. 

24. Roberts, R.J. and R.C. Rowe, The Young's modulus of pharmaceutical 

materials. International Journal of Pharmaceutics, 1987. 37(1): p. 15-18. 

25. Haware, R.V., I. Tho, and A. Bauer-Brandl, Evaluation of a rapid approximation 

method for the elastic recovery of tablets. Powder Technology, 2010. 202(1): p. 

71-77. 

26. Keizer, H.L. and P. Kleinebudde, Elastic recovery in roll compaction simulation. 

International Journal of Pharmaceutics, 2020. 573: p. 118810. 

27. Çelik, M., Viscoelastic models, in Pharmaceutical powder compaction 

technology, S.K. Lum, Editor. 2011, Taylor & Francis Inc: Boca Raton. p. 9-24. 

28. Nyström, C., J. Mazur, and J. Sjögren, Studies on direct compression of tablets 

II. The influence of the particle size of a dry binder on the mechanical strength 

of tablets. International Journal of Pharmaceutics, 1982. 10(3): p. 209-218. 

29. Leuenberger, H., E.N. Hiestand, and H. Sucker, Ein Beitrag zur Theorie der 

Pulverkompression. Chemie Ingenieur Technik, 1981. 53(1): p. 45-47. 

30. Olsson, H. and C. Nyström, Assessing tablet bond types from structural features 

that affect tablet tensile strength. Pharmaceutical Research, 2001. 18(2): p. 

203-210. 



40 
 

31. Kendall, K., Adhesion: Molecules and mechanics. Science, 1994. 263(5154): p. 

1720-5. 

32. Zhou, F., J.-F. Molinari, and K.T. Ramesh, Effects of material properties on the 

fragmentation of brittle materials. International Journal of Fracture, 2006. 

139(2): p. 169-196. 

33. Rees, J. and P. Rue, Time-dependent deformation of some direct compression 

excipients. Journal of Pharmacy and Pharmacology, 1978. 30(1): p. 601-607. 

34. Roberts, R.J. and R.C. Rowe, The effect of the relationship between punch 

velocity and particle size on the compaction behaviour of materials with varying 

deformation mechanisms. Journal of Pharmacy and Pharmacology, 1986. 

38(8): p. 567-71. 

35. Tye, C.K., C.C. Sun, and G.E. Amidon, Evaluation of the effects of tableting 

speed on the relationships between compaction pressure, tablet tensile 

strength, and tablet solid fraction. Journal of Pharmaceutical Sciences, 2005. 

94(3): p. 465-72. 

36. Roberts, R.J. and R.C. Rowe, Brittle/ductile behaviour in pharmaceutical 

materials used in tabletting. International Journal of Pharmaceutics, 1987. 

36(2): p. 205-209. 

37. Kendall, K., The impossibility of comminuting small particles by compression. 

Nature, 1978. 272(5655): p. 710-711. 

38. Roberts, R.J. and R.C. Rowe, Brittle-ductile transitions in sucrose and the 

influence of lateral stresses during compaction. Journal of Pharmacy and 

Pharmacology, 2000. 52(2): p. 147-50. 

39. Coffin-Beach, D.P. and R. Gary Hollenbeck, Determination of the energy of 

tablet formation during compression of selected pharmaceutical powders. 

International Journal of Pharmaceutics, 1983. 17(2): p. 313-324. 

40. Nelson, E., L.W. Busse, and T. Higuchi, The physics of tablet compression. VII. 

Determination of energy expenditure in the tablet compression process. Journal 



41 
 

of the American Pharmaceutical Association (Scientific ed.), 1955. 44(4): p. 

223-225. 

41. Vachon, M. and D. Chulia, The use of energy indices in estimating powder 

compaction functionality of mixtures in pharmaceutical tableting. International 

Journal of Pharmaceutics, 1999. 177(2): p. 183-200. 

42. Rankell, A.S. and T. Higuchi, Physics of tablet compression XV. 

Thermodynamic and kinetic aspects of adhesion under pressure. Journal of 

Pharmaceutical Sciences, 1968. 57(4): p. 574-577. 

43. Hanus, E.J. and L.D. King, Thermodynamic effects in the compression of solids. 

Journal of Pharmaceutical Sciences, 1968. 57(4): p. 677-684. 

44. Zavaliangos, A., S. Galen, J. Cunningham, et al., Temperature evolution during 

compaction of pharmaceutical powders. Journal of Pharmaceutical Sciences, 

2008. 97(8): p. 3291-3304. 

45. Wurster, D.E., C.E. Rowlings, and J.R. Creekmore, Calorimetric analysis of 

powder compression: I. Design and development of a compression calorimeter. 

International Journal of Pharmaceutics, 1995. 116(2): p. 179-189. 

46. Bechard, S.R. and G.R.B. Down, Infrared imaging of pharmaceutical materials 

undergoing compaction. Pharmaceutical Research, 1992. 9(4): p. 521-528. 

47. Pilpel, N., J.R. Britten, A.O. Onyekweli, et al., Compression and tableting of 

pharmaceutical powders at elevated temperatures. International Journal of 

Pharmaceutics, 1991. 70(3): p. 241-249. 

48. Travers, D. and M. Merriman, Temperature changes occurring during the 

compression and recompression of solids. Journal of Pharmacy and 

Pharmacology, 1970. 22(S1): p. 11S-16S. 

49. Higuchi, T., E. Nelson, and L. Busse, The physics of tablet compression. III. 

Design and construction of an instrumented tableting machine. Journal of the 

American Pharmaceutical Association, 1954. 43(6): p. 344-348. 



42 
 

50. Levin, M., Tablet Press Instrumentation, Encyclopedia of Pharmaceutical 

Technology. Marcel Dekker Inc., NY, USA, 2002. 

51. Pento, T., Procedure for simulating tablet compression. 1996, United States 

Patent No. 5,517,871: United States of America. 

52. Çelik, M. and K. Marshall, Use of a compaction simulator system in tabletting 

research. Drug Development and Industrial Pharmacy, 1989. 15(5): p. 759-800. 

53. Picker-Freyer, K. and A.G. Schmidt, Does temperature increase induced by 

tableting contribute to tablet quality? Journal of Thermal Analysis and 

Calorimetry, 2004. 77: p. 531-539. 

54. Ketolainen, J., J. Ilkka, and P. Paronen, Temperature changes during tabletting 

measured using infrared thermoviewer. International Journal of Pharmaceutics, 

1993. 92(1): p. 157-166. 

55. Rowlings, C.E., D.E. Wurster, and P.J. Ramsey, Calorimetric analysis of powder 

compression: II. The relationship between energy terms measured with a 

compression calorimeter and tableting behavior. International Journal of 

Pharmaceutics, 1995. 116(2): p. 191-200. 

56. DeCrosta, M.T., J.B. Schwartz, R.J. Wigent, et al., Thermodynamic analysis of 

compact formation; compaction, unloading, and ejection: I. Design and 

development of a compaction calorimeter and mechanical and thermal energy 

determinations of powder compaction. International Journal of Pharmaceutics, 

2000. 198(1): p. 113-134. 

57. DeCrosta, M.T., J.B. Schwartz, R.J. Wigent, et al., Thermodynamic analysis of 

compact formation; compaction, unloading, and ejection: II. Mechanical energy 

(work) and thermal energy (heat) determinations of compact unloading and 

ejection. International Journal of Pharmaceutics, 2001. 213(1): p. 45-62. 

58. Klinzing, G.R., A. Zavaliangos, J. Cunningham, et al., Temperature and density 

evolution during compaction of a capsule shaped tablet. Computers & Chemical 

Engineering, 2010. 34(7): p. 1082-1091. 



43 
 

59. Cespi, M., G. Bonacucina, L. Casettari, et al., Effect of temperature increase 

during the tableting of pharmaceutical materials. International Journal of 

Pharmaceutics, 2013. 448(1): p. 320-326. 

60. Casettari, L., G. Bonacucina, M. Cespi, et al., Effect of manufacturing 

temperature and molecular weights on compression, mechanical and 

dissolution properties of PEO matrix tablets. Journal of Drug Delivery Science 

and Technology, 2016. 32: p. 236-240. 

61. Cowie, J.M.G. and V. Arrighi, Polymers: Chemistry and physics of modern 

materials. 2007, Boca Raton: CRC press. 

62. Sperling, L.H., Introduction to physical polymer science. 2005, Hoboken, New 

Jersey: John Wiley & Sons. 

63. Rähse, W., Produktgestaltung über mechanisches Agglomerieren von Pulvern. 

Chemie Ingenieur Technik, 2015. 87(7): p. 881-902. 

64. Flory, P.J., Thermodynamics of crystallization in high polymers. IV. A theory of 

crystalline states and fusion in polymers, copolymers, and their mixtures with 

diluents. The Journal of Chemical Physics, 1949. 17(3): p. 223-240. 

65. Fann, D.M., S.K. Huang, and J.Y. Lee, DSC studies on the crystallization 

characteristics of poly (ethylene terephthalate) for blow molding applications. 

Polymer Engineering & Science, 1998. 38(2): p. 265-273. 

66. Lee, W. and G. Knight, Ratio of the glass transition temperature to the melting 

point in polymers. British Polymer Journal, 1970. 2(1): p. 73-80. 

67. Fecht, H., Thermodynamic properties of amorphous solids-Glass Formation and 

glass transition-(Overview). Materials Transactions, JIM, 1995. 36(7): p. 777-

793. 

68. Porter, S.C. and K. Ridgway, An evaluation of the properties of enteric coating 

polymers: Measurement of glass transition temperature. Journal of Pharmacy 

and Pharmacology, 1983. 35(6): p. 341-344. 



44 
 

69. Omelczuk, M.O. and J.W. McGinity, The influence of polymer glass transition 

temperature and molecular weight on drug release from tablets containing 

poly(DL-lactic acid). Pharmaceutical Research, 1992. 9(1): p. 26-32. 

70. Salmen, N. and E. Back, The influence of water on the glass transition 

temperature of cellulose. Tappi, 1977. 60(12): p. 137-140. 

71. Saleki-Gerhardt, A., C. Ahlneck, and G. Zografi, Assessment of disorder in 

crystalline solids. International Journal of Pharmaceutics, 1994. 101(3): p. 237-

247. 

72. Bartczak, Z. and A. Galeski, Plasticity of semicrystalline polymers. 

Macromolecular symposia, 2010. 294(1): p. 67-90. 

73. Keller, A., Polymer crystals. Reports on progress in Physics, 1968. 31(2): p. 

623. 

74. Flory, P.J. and D.Y. Yoon, Molecular morphology in semicrystalline polymers. 

Nature, 1978. 272(5650): p. 226-229. 

75. Prime, R.B., H.E. Bair, S. Vyazovkin, et al., Thermogravimetric analysis (TGA), 

in Thermal analysis of polymers: Fundamentals and applications. 2009, John 

Wiley & Sons, Inc.: USA. p. 241-317. 

76. Sinko, P.J., Martin's physical pharmacy and pharmaceutical sciences. 2023, 

Mexico: Lippincott Williams & Wilkins. 

77. Picker-Freyer, K.M. and D. Brink, Evaluation of powder and tableting properties 

of chitosan. AAPS PharmSciTech, 2017. 7(3): p. 75. 

78. York, P., Solid-state properties of powders in the formulation and processing of 

solid dosage forms. International Journal of Pharmaceutics, 1983. 14(1): p. 1-

28. 

79. Hancock, B.C. and G. Zografi, The relationship between the glass transition 

temperature and the water content of amorphous pharmaceutical solids. 

Pharmaceutical Research, 1994. 11(4): p. 471-477. 



45 
 

80. Van der Voort Maarschalk, K., K. Zuurman, M. Van Steenbergen, et al., Effect 

of compaction temperature on consolidation of amorphous copolymers with 

different glass transition temperatures. Pharmaceutical Research, 1997. 14: p. 

415-419. 

81. Van der Voort Maarschalk, K., H. Vromans, G. Bolhuis, et al., Influence of 

plasticizers on tableting properties of polymers. Drug Development and 

Industrial Pharmacy, 1998. 24(3): p. 261-268. 

82. Repka, M.A., S.K. Battu, S.B. Upadhye, et al., Pharmaceutical applications of 

hot-melt extrusion: Part II. Drug Development and Industrial Pharmacy, 2007. 

33(10): p. 1043-1057. 

83. Crowley, M.M., B. Schroeder, A. Fredersdorf, et al., Physicochemical properties 

and mechanism of drug release from ethyl cellulose matrix tablets prepared by 

direct compression and hot-melt extrusion. International Journal of 

Pharmaceutics, 2004. 269(2): p. 509-522. 

84. Sakellariou, P., R.C. Rowe, and E.F.T. White, The thermomechanical properties 

and glass transition temperatures of some cellulose derivatives used in film 

coating. International Journal of Pharmaceutics, 1985. 27(2): p. 267-277. 

85. Rowe, R.C., The cracking of film coatings on film-coated tablets-A theoretical 

approach with practical implications. Journal of Pharmacy and Pharmacology, 

1981. 33(1): p. 423-426. 

86. Entwistle, C.A. and R.C. Rowe, Plasticization of cellulose ethers used in the film 

coating of tablets. Journal of Pharmacy and Pharmacology, 1979. 31(1): p. 269-

272. 

87. Korsmeyer, R.W. and N.A. Peppas, Effect of the morphology of hydrophilic 

polymeric matrices on the diffusion and release of water soluble drugs. Journal 

of Membrane Science, 1981. 9(3): p. 211-227. 

88. Bhattacharjya, S. and D.E. Wurster, Investigation of the drug release and 

surface morphological properties of film-coated pellets, and physical, thermal 



46 
 

and mechanical properties of free films as a function of various curing 

conditions. AAPS PharmSciTech, 2008. 9(2): p. 449-457. 

89. Felton, L.A., Mechanisms of polymeric film formation. International Journal of 

Pharmaceutics, 2013. 457(2): p. 423-427. 

90. Picker, K.M., The relevance of glass transition temperature for the process of 

tablet formation. Journal of Thermal Analysis and Calorimetry, 2003. 73(2): p. 

597-605. 

91. Sun, C. and D.J. Grant, Influence of elastic deformation of particles on Heckel 

analysis. Pharmaceutical Develeopment and Technology, 2001. 6(2): p. 193-

200. 

92. Britten, J.R. and N. Pilpel, Effects of temperature on the tensile strength of 

pharmaceutical powders. Journal of Pharmacy and Pharmacology, 1978. 30(1): 

p. 673-677. 

93. Paul, S., L.J. Taylor, B. Murphy, et al., Mechanism and kinetics of punch sticking 

of pharmaceuticals. Journal of Pharmaceutical Sciences, 2017. 106(1): p. 151-

158. 

94. Simmons, D.M., Punch sticking: Factors and solutions, in Chemical engineering 

in the pharmaceutical industry: Drug product design, development, and 

modeling. 2019, Wiley: United States of America. p. 227-243. 

95. Simmons, D.M. and D.S. Gierer, A material sparing test to predict punch sticking 

during formulation development. Drug Development and Industrial Pharmacy, 

2012. 38(9): p. 1054-1060. 

96. Rouèche, E., E. Serris, G. Thomas, et al., Influence of temperature on the 

compaction of an organic powder and the mechanical strength of tablets. 

Powder Technology, 2006. 162(2): p. 138-144. 

97. Partheniadis, I., A.E. Karantzalis, R.R. Shah, et al., Influence of compression at 

elevated temperature on the compactibility of thermo-mechanically processed 

polymers. Chemical Engineering Research and Design, 2020. 156: p. 64-75. 



47 
 

98. Sun, C.C., Materials science tetrahedron-A useful tool for pharmaceutical 

research and development. Journal of Pharmaceutical Sciences, 2009. 98(5): 

p. 1671-1687. 

99. FDA. Guidance for Industry. 2009  [cited 2023/09/29]; Available from: 

https://www.fda.gov/media/71535/download. 

100. Sonnergaard, J.M., Investigation of a new mathematical model for compression 

of pharmaceutical powders. European Journal of Pharmaceutical Sciences, 

2001. 14(2): p. 149-157. 

101. Sonnergaard, J.M., A critical evaluation of the Heckel equation. International 

Journal of Pharmaceutics, 1999. 193(1): p. 63-71. 

102. Gabaude, C.M., M. Guillot, J.C. Gautier, et al., Effects of true density, 

compacted mass, compression speed, and punch deformation on the mean 

yield pressure. Journal of Pharmaceutical Sciences, 1999. 88(7): p. 725-30. 

103. Wu, C.-Y., O. Ruddy, A. Bentham, et al., Modelling the mechanical behaviour 

of pharmaceutical powders during compaction. Powder Technology, 2005. 

152(1-3): p. 107-117. 

104. Gendre, C., M. Genty, J.C. Da Silva, et al., Comprehensive study of dynamic 

curing effect on tablet coating structure. European Journal of Pharmaceutics 

and Biopharmaceutics, 2012. 81(3): p. 657-665. 

105. Vreeman, G. and C.C. Sun, Mean yield pressure from the in-die Heckel analysis 

is a reliable plasticity parameter. International Journal of Pharmaceutics: X, 

2021. 3: p. 100094. 

106. Korsmeyer, R.W., R. Gurny, E. Doelker, et al., Mechanisms of solute release 

from porous hydrophilic polymers. International Journal of Pharmaceutics, 

1983. 15(1): p. 25-35. 

107. Wan, L.S.C., P.W.S. Heng, and L.F. Wong, The effect of 

hydroxypropylmethylcellulose on water penetration into a matrix system. 

International Journal of Pharmaceutics, 1991. 73(2): p. 111-116. 

https://www.fda.gov/media/71535/download


48 
 

108. USPC, <1062> Tablet compression characterization, in USP 41-NF36. 2018, 

USP: Rockville, MD. p. 7042-53. 

109. Çelik, M., Overview of compaction data analysis techniques. Drug Development 

and Industrial Pharmacy, 1992. 18(6-7): p. 767-810. 

110. Leuenberger, H. and B.D. Rohera, Fundamentals of powder compression. I. 

The compactibility and compressibility of pharmaceutical powders. 

Pharmaceutical Research, 1986. 3(1): p. 12-22. 

111. Gharaibeh, S.F. and A. Aburub, Use of first derivative of displacement vs. force 

profiles to determine deformation behavior of compressed powders. AAPS 

PharmSciTech, 2013. 14(1): p. 398-401. 

112. De Blaey, C.J. and J. Polderman, Compression of pharmaceuticals. I. The 

quantitative interpretation of force-displacement curves. Pharmaceutisch 

Weekblad, 1970. 105(9): p. 241-50. 

113. Higuchi, T., R.D. Arnold, S.J. Tucker, et al., The physics of tablet compression. 

I. A preliminary report. Journal of the American Pharmaceutical Association 

(Scientific ed.), 1952. 41(2): p. 93-96. 

114. De Blaey, C.J. and J. Polderman, Compression of pharmaceuticals. II. 

Registration and determination of force-displacement curves, using a small 

digital computer. Pharmaceutisch Weekblad, 1971. 106(8): p. 57-65. 

115. Antikainen, O. and J. Yliruusi, Determining the compression behaviour of 

pharmaceutical powders from the force-distance compression profile. 

International Journal of Pharmaceutics, 2003. 252(1): p. 253-261. 

116. Ilkka, J. and P. Paronen, Prediction of the compression behaviour of powder 

mixtures by the Heckel equation. International Journal of Pharmaceutics, 1993. 

94(1): p. 181-187. 

117. Bauer-Brandl, A. and W.A. Ritschel, Die Tablette - Handbuch der Entwicklung, 

Herstellung und Qualitätssicherung. 3 ed. 2011, Bamberg: ECV - Editor Cantor 

Verlag. 



49 
 

118. Hauschild, K. and K.M. Picker-Freyer, Evaluation of tableting and tablet 

properties of Kollidon SR: The influence of moisture and mixtures with 

theophylline monohydrate. Pharmeutical Development and Technology, 2006. 

11(1): p. 125-40. 

119. Stamm, A. and C. Mathis, Verpressbarkeit von festen Hilfsstoffen für 

Direkttablettierung. Acta Pharmaceutica Technologica, 1976. 22: p. 7-16. 

120. Ren, G., C. Clancy, T.M. Tamer, et al., Cinnamyl O-amine functionalized 

chitosan as a new excipient in direct compressed tablets with improved drug 

delivery. International Journal of Biological Macromolecules, 2019. 141: p. 936-

946. 

121. Kása, P., J. Bajdik, Z. Zsigmond, et al., Study of the compaction behaviour and 

compressibility of binary mixtures of some pharmaceutical excipients during 

direct compression. Chemical Engineering and Processing: Process 

Intensification, 2009. 48(4): p. 859-863. 

122. Krok, A., A. Mirtic, G.K. Reynolds, et al., An experimental investigation of 

temperature rise during compaction of pharmaceutical powders. International 

Journal of Pharmaceutics, 2016. 513(1-2): p. 97-108. 

123. Picker, K.M. and S.W. Hoag, Characterization of the thermal properties of 

microcrystalline cellulose by modulated temperature differential scanning 

calorimetry. Journal of Pharmaceutical Sciences, 2002. 91(2): p. 342-9. 

124. Botha, S. and A. Lötter, Compatiblity study between oxprenolol hydrochloride, 

temazepam and tablet excipients using differential scanning calorimetry. Drug 

Development and Industrial Pharmacy, 2008. 16: p. 331-345. 

125. Heckel, R., Density-pressure relationship in powder compaction. Transactions 

of the Metallurgical Society of AIME, 1961. 221: p. 671-675. 

126. Heckel, R., An analysis of powder compaction phenomena. Transactions of the 

Metallurgical Society of AIME, 1961. 221: p. 1001-1008. 



50 
 

127. York, P., Particle slippage and rearrangement during compression of 

pharmaceutical powders. Journal of Pharmacy and Pharmacology, 1978. 30(1): 

p. 6-10. 

128. Eriksson, M. and G. Alderborn, The effect of particle fragmentation and 

deformation on the interparticulate bond formation process during powder 

compaction. Pharmaceutical Research, 1995. 12(7): p. 1031-9. 

129. Garekani, H.A., J.L. Ford, M.H. Rubinstein, et al., Effect of compression force, 

compression speed, and particle size on the compression properties of 

paracetamol. Drug Development and Industrial Pharmacy, 2001. 27(9): p. 935-

942. 

130. Patel, S., A.M. Kaushal, and A.K. Bansal, Effect of particle size and 

compression force on compaction behavior and derived mathematical 

parameters of compressibility. Pharmaceutical Research, 2007. 24(1): p. 111-

124. 

131. Wünsch, I., J.H. Finke, E. John, et al., The influence of particle size on the 

application of compression and compaction models for tableting. International 

Journal of Pharmaceutics, 2021. 599: p. 120424. 

132. Sun, C. and D.J.W. Grant, Effects of initial particle size on the tableting 

properties of L-lysine monohydrochloride dihydrate powder. International 

Journal of Pharmaceutics, 2001. 215(1-2): p. 221-228. 

133. Nyström, C. and M. Glazer, Studies on direct compression of tablets. XIII. The 

effect of some dry binders on the tablet strength of compounds with different 

fragmentation propensity. International Journal of Pharmaceutics, 1985. 23(3): 

p. 255-263. 

134. York, P., A consideration of experimental variables in the analysis of powder 

compaction behaviour. Journal of Pharmacy and Pharmacology, 1979. 31(1): p. 

244-246. 



51 
 

135. Rue, P.J. and J.E. Rees, Limitations of the Heckel relation for predicting powder 

compaction mechanisms. Journal of Pharmacy and Pharmacology, 1978. 30(1): 

p. 642-643. 

136. USPC, <1217> Tablet breaking force, in USP 35-NF30. 2011, USP: Rockville, 

MD. p. 868-870. 

137. Pitt, K.G. and M.G. Heasley, Determination of the tensile strength of elongated 

tablets. Powder Technology, 2013. 238: p. 169-175. 

138. Sun, C.C., A classification system for tableting behaviors of binary powder 

mixtures. Asian Journal of Pharmaceutical Sciences, 2016. 11(4): p. 486-491. 

139. Osei-Yeboah, F., S.-Y. Chang, and C.C. Sun, A critical examination of the 

phenomenon of bonding area - bonding strength interplay in powder tableting. 

Pharmaceutical Research, 2016. 33(5): p. 1126-1132. 

140. Gong, X., S.-Y. Chang, F. Osei-Yeboah, et al., Dependence of tablet brittleness 

on tensile strength and porosity. International Journal of Pharmaceutics, 2015. 

493(1): p. 208-213. 

141. Wu, S.-J. and C. Sun, Insensitivity of compaction properties of brittle granules 

to size enlargement by roller compaction. Journal of Pharmaceutical Sciences, 

2007. 96(5): p. 1445-1450. 

142. Malamataris, S. and N. Pilpel, Effect of temperature on the tensile strength of 

lactose coated with fatty acids. Part 2. Tablets. Powder Technology, 1981. 

28(1): p. 35-42. 

143. Sun, C.C., Quantifying errors in tableting data analysis using the Ryshkewitch 

equation due to inaccurate true density. Journal of Pharmaceutical Sciences, 

2005. 94(9): p. 2061-2068. 

144. Reynolds, T.D., S.H. Gehrke, A.S. Hussain, et al., Polymer erosion and drug 

release characterization of hydroxypropyl methylcellulose matrices. Journal of 

Pharmaceutical Sciences, 1998. 87(9): p. 1115-23. 



52 
 

145. Maggi, L., L. Segale, M.L. Torre, et al., Dissolution behaviour of hydrophilic 

matrix tablets containing two different polyethylene oxides (PEOs) for the 

controlled release of a water-soluble drug. Dimensionality study. Biomaterials, 

2002. 23(4): p. 1113-1119. 

146. Zhao, N. and L.L. Augsburger, The influence of swelling capacity of 

superdisintegrants in different pH media on the dissolution of 

hydrochlorothiazide from directly compressed tablets. AAPS PharmSciTech, 

2005. 6(1): p. 19. 

147. Markl, D. and J.A. Zeitler, A review of disintegration mechanisms and 

measurement techniques. Pharmaceutical Research, 2017. 34(5): p. 890-917. 

148. Nickerson, B., A. Kong, P. Gerst, et al., Correlation of dissolution and 

disintegration results for an immediate-release tablet. Journal of Pharmaceutical 

and Biomedical Analysis, 2018. 150: p. 333-340. 

149. USPC, <701> Disintegration, in USP 35-NF30. 2011, USP: Rockville, MD. p. 

293-294. 

150. Nogami, H., J. Hasegawa, and M. Miyamoto, Studies on powdered 

preparations. XX. Disintegration of the aspirin tablets containing starches as 

disintegrating agent. Chemical and Pharmaceutical Bulletin, 1967. 15(3): p. 

279-289. 

151. Pilpel, N. and S. Esezobo, The effect of temperature on the tensile strength and 

disintegration of paracetamol and oxytetracycline tablets. Journal of Pharmacy 

and Pharmacology, 1977. 29(1): p. 389-392. 

152. Ei-Arini, S.K. and H. Leuenberger, Modelling of drug release from polymer 

matrices: Effect of drug loading. International Journal of Pharmaceutics, 1995. 

121: p. 141-148. 

153. Costa, P. and J.M. Sousa Lobo, Modeling and comparison of dissolution 

profiles. European Journal of Pharmaceutical Sciences, 2001. 13(2): p. 123-

133. 



53 
 

154. Siepmann, J. and F. Siepmann, Mathematical modeling of drug delivery. 

International Journal of Pharmaceutics, 2008. 364(2): p. 328-343. 

155. Siepmann, J. and N.A. Peppas, Modeling of drug release from delivery systems 

based on hydroxypropyl methylcellulose (HPMC). Advanced Drug Delivery 

Reviews, 2001. 48(2-3): p. 139-57. 

156. Dash, S., P.N. Murthy, L. Nath, et al., Kinetic modeling on drug release from 

controlled drug delivery systems. Acta Poloniae Pharmaceutica, 2010. 67(3): p. 

217-223. 

157. Cummings, A.J., M.L. King, and B.K. Martin, A kinetic study of drug elimination: 

The excretion of paracetamol and its metabolites in man. British Journal of 

Pharmacology, 1967. 29(2): p. 150-7. 

158. ICH. Specifications: test procedures and acceptance criteria for new drug 

substances and new drug products: Chemical substances. 1999 [cited 

2023/07/30]; Available from: 

https://database.ich.org/sites/default/files/Q6A%20Guideline.pdf. 

159. Higuchi, T., Mechanism of sustained-action medication. Theoretical analysis of 

rate of release of solid drugs dispersed in solid matrices. Journal of 

Pharmaceutical Sciences, 1963. 52: p. 1145-9. 

160. Ritger, P.L. and N.A. Peppas, A simple equation for description of solute release 

II. Fickian and anomalous release from swellable devices. Journal of Controlled 

Release, 1987. 5(1): p. 37-42. 

161. Ritger, P.L. and N.A. Peppas, A simple equation for description of solute release 

I. Fickian and non-fickian release from non-swellable devices in the form of 

slabs, spheres, cylinders or discs. Journal of Controlled Release, 1987. 5(1): p. 

23-36. 

162. Polli, J.E., G.S. Rekhi, L.L. Augsburger, et al., Methods to compare dissolution 

profiles and a rationale for wide dissolution specifications for metoprolol tartrate 

tablets. Journal of Pharmaceutical Sciences, 1997. 86(6): p. 690-700. 

https://database.ich.org/sites/default/files/Q6A%20Guideline.pdf


54 
 

163. Raymond C. Rowe, P.J.S., Paul J. Weller, Handbook of pharmaceutical 

excipients sixth ed. 2009, Pharmaceutical Press: United Kingdom. p. 131. 

164. Thakral, S., N.K. Thakral, and D.K. Majumdar, Eudragit®: A technology 

evaluation. Expert Opinion on Drug Delivery, 2013. 10(1): p. 131-149. 

165. Porfiryeva, N.N., S.F. Nasibullin, S.G. Abdullina, et al., Acrylated Eudragit® E 

PO as a novel polymeric excipient with enhanced mucoadhesive properties for 

application in nasal drug delivery. International Journal of Pharmaceutics, 2019. 

562: p. 241-248. 

166. Patra, C.N., R. Priya, S. Swain, et al., Pharmaceutical significance of Eudragit: 

A review. Future Journal of Pharmaceutical Sciences, 2017. 3(1): p. 33-45. 

167. Ibrić, S., M. Jovanović, Z. Djurić, et al., The application of generalized regression 

neural network in the modeling and optimization of aspirin extended release 

tablets with Eudragit® RS PO as matrix substance. Journal of Controlled 

Release, 2002. 82(2): p. 213-222. 

168. Azarmi, S., J. Farid, A. Nokhodchi, et al., Thermal treating as a tool for sustained 

release of indomethacin from Eudragit RS and RL matrices. International 

Journal of Pharmaceutics, 2002. 246(1-2): p. 171-177. 

169. Azarmi, S., F. Ghaffari, R. Löbenberg, et al., Mechanistic evaluation of the effect 

of thermal-treating on Eudragit RS matrices. Il Farmaco, 2005. 60(11-12): p. 

925-930. 

170. Apu, A.S., A.H. Pathan, D. Shrestha, et al., Investigation of in vitro release 

kinetics of carbamazepine from Eudragit® RS PO and RL PO matrix tablets. 

Tropical Journal of Pharmaceutical Research, 2009. 8(2): p. 145-152. 

171. Ceballos, A., M. Cirri, F. Maestrelli, et al., Influence of formulation and process 

variables on in vitro release of theophylline from directly-compressed Eudragit 

matrix tablets. Il Farmaco, 2005. 60(11-12): p. 913-918. 

172. BASF. Kollidon® SR.  [cited 2023/09/29]; Available from: 

https://pharma.basf.com/products/kollidon-sr. 

https://pharma.basf.com/products/kollidon-sr


55 
 

173. Chaerunisaa, A.Y., S. Sriwidodo, and M. Abdassah, Microcrystalline cellulose 

as pharmaceutical excipient, in Pharmaceutical formulation design-Recent 

practices. 2019, IntechOpen: London, United Kingdom. 

174. Luebbert, C., E. Stoyanov, and G. Sadowski, Phase behavior of ASDs based 

on hydroxypropyl cellulose. International Journal of Pharmaceutics: X, 2021. 3: 

p. 100070. 

175. Dürig, T. and K. Karan, Chapter 9 - Binders in wet granulation, in Handbook of 

pharmaceutical wet granulation, A.S. Narang and S.I.F. Badawy, Editors. 2019, 

Academic Press: London, United Kingdom. p. 317-349. 

176. Rask, M.B., M.M. Knopp, N.E. Olesen, et al., Influence of PVP/VA copolymer 

composition on drug–polymer solubility. European Journal of Pharmaceutical 

Sciences, 2016. 85: p. 10-17. 

177. Saha, S. and A.F. Shahiwala, Multifunctional coprocessed excipients for 

improved tabletting performance. Expert Opinion on Drug Delivery, 2009. 6(2): 

p. 197-208. 

178. Bühler, V. Kollidon. Polyvinylpyrrolidone excipients for the pharmaceutical 

industry 2008  [cited 2023/09/29]; Available from: 

https://www.pharmacompass.com/pAssets/pdf/edqm/application/gmp-

kollidon.pdf. 

179. Reza, M.S., M.A. Quadir, and S.S. Haider, Development of theophylline 

sustained release dosage form based on Kollidon SR. Pakistan Journal of 

Pharmaceutical Sciences, 2002. 15(1): p. 63-70. 

180. Sahoo, J., P. Murthy, S. Biswal, et al., Comparative study of propranolol 

hydrochloride release from matrix tablets with Kollidon® SR or hydroxy propyl 

methyl cellulose. AAPS PharmSciTech, 2008. 9(2): p. 577-582. 

181. Wiranidchapong, C., N. Ruangpayungsak, P. Suwattanasuk, et al., Plasticizing 

effect of ibuprofen induced an alteration of drug released from Kollidon SR 

matrices produced by direct compression. Drug Development and Industrial 

Pharmacy, 2015. 41(6): p. 1037-1046. 

https://www.pharmacompass.com/pAssets/pdf/edqm/application/gmp-kollidon.pdf
https://www.pharmacompass.com/pAssets/pdf/edqm/application/gmp-kollidon.pdf


56 
 

182. Vromans, H., A. De Boer, G. Bolhuis, et al., Studies on tableting properties of 

lactose: Part 2. Consolidation and compaction of different types of crystalline 

lactose. Pharmaceutisch Weekblad, 1985. 7: p. 186-193. 

183. Vromans, H., G. Bolhuis, C. Lerk, et al., Studies on tableting properties of 

lactose. VII. The effect of variations in primary particle size and percentage of 

amorphous lactose in spray dried lactose products. International Journal of 

Pharmaceutics, 1987. 35(1-2): p. 29-37. 

184. Shi, C., H. Zhao, Y. Fang, et al., Lactose in tablets: Functionality, critical material 

attributes, applications, modifications and co-processed excipients. Drug 

Discovery Today, 2023: p. 103696. 

185. Van Kamp, H., G. Bolhuis, K. Kussendrager, et al., Studies on tableting 

properties of lactose. IV. Dissolution and disintegration properties of different 

types of crystalline lactose. International Journal of Pharmaceutics, 1986. 28(2-

3): p. 229-238. 

186. Ilić, I., P. Kása Jr, R. Dreu, et al., The compressibility and compactibility of 

different types of lactose. Drug Development and Industrial Pharmacy, 2009. 

35(10): p. 1271-1280. 

187. Meggle. GranuLac® 200.  [cited 2023/09/29]; Available from: 

https://www.meggle-pharma.de/de/lactose/3-granulac-200.html. 

188. Meggle. Technical brochure FlowLac®.  [cited 2023/09/29]; Available from: 

https://www.pharmaceutical-networking.com/wp-

content/uploads/2017/07/Spray-dried-lactose-grades-for-direct-compression-

FlowLac%C2%AE.pdf. 

189. Sebhatu, T., C. Ahlneck, and G. Alderborn, The effect of moisture content on 

the compression and bond-formation properties of amorphous lactose particles. 

International Journal of Pharmaceutics, 1997. 146(1): p. 101-114. 

190. Sun, C., True density of microcrystalline cellulose. Journal of Pharmaceutical 

Sciences, 2005. 94(10): p. 2132-2134. 

https://www.meggle-pharma.de/de/lactose/3-granulac-200.html
https://www.pharmaceutical-networking.com/wp-content/uploads/2017/07/Spray-dried-lactose-grades-for-direct-compression-FlowLac%C2%AE.pdf
https://www.pharmaceutical-networking.com/wp-content/uploads/2017/07/Spray-dried-lactose-grades-for-direct-compression-FlowLac%C2%AE.pdf
https://www.pharmaceutical-networking.com/wp-content/uploads/2017/07/Spray-dried-lactose-grades-for-direct-compression-FlowLac%C2%AE.pdf


57 
 

191. Doelker, E., Comparative compaction properties of various microcrystalline 

cellulose types and generic products. Drug Development and Industrial 

Pharmacy, 1993. 19(17-18): p. 2399-2471. 

192. David, S.T. and L.L. Augsburger, Plastic flow during compression of directly 

compressible fillers and its effect on tablet strength. Journal of Pharmaceutical 

Sciences, 1977. 66(2): p. 155-159. 

193. Zhang, Y., Y. Law, and S. Chakrabarti, Physical properties and compact 

analysis of commonly used direct compression binders. AAPS PharmSciTech, 

2003. 4(4): p. 62. 

194. Reier, G.E. and R.F. Shangraw, Microcrystalline cellulose in tableting. Journal 

of Pharmaceutical Sciences, 1966. 55(5): p. 510-514. 

195. Moroni, A., A novel copovidone binder for dry granulation and direct-

compression tableting. Pharmaceutical Technology, 2001. 25(9; SUPP): p. 8-

13. 

196. Kornblum, S.S. and S.B. Stoopak, A new tablet disintegrating agent: Cross-

linked polyvinylpyrrolidone. Journal of Pharmaceutical Sciences, 1973. 62(1): p. 

43-49. 

197. Rudnic, E., J. Lausier, R. Chilamkurti, et al., Studies of the utility of cross linked 

polyvinlpolypyrrolidine as a tablet disintegrant. Drug Development and Industrial 

Pharmacy, 1980. 6(3): p. 291-309. 

198. Krycer, I., D.G. Pope, and J.A. Hersey, The prediction of paracetamol capping 

tendencies. Journal of Pharmacy and Pharmacology, 1982. 34(12): p. 802-804. 

199. De Wet, F., J. Gerber, A. Lotter, et al., A study of the changes during heating of 

paracetamol. Drug Development and Industrial Pharmacy, 1998. 24(5): p. 447-

453. 

200. Wang, I.-C., M.-J. Lee, D.-Y. Seo, et al., Polymorph transformation in 

paracetamol monitored by in-line NIR spectroscopy during a cooling 

crystallization process. AAPS PharmSciTech, 2011. 12(2): p. 764-770. 



58 
 

201. Nichols, G. and C.S. Frampton, Physicochemical characterization of the 

orthorhombic polymorph of paracetamol crystallized from solution. Journal of 

Pharmaceutical Sciences, 1998. 87(6): p. 684-693. 

202. Granberg, R.A. and Å.C. Rasmuson, Solubility of paracetamol in pure solvents. 

Journal of Chemical & Engineering Data, 1999. 44(6): p. 1391-1395. 

 

 

  



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Section 3. Results and discussion 
 



60 
 

3.1. Influence of temperature on the compression behavior of 

pharmaceutical excipients 

 

Pretext 

This publication describes the initial investigations to correlate alterations in tableting 

behavior of polymers to their Tg. In this study, four different tableting temperatures 

ranging from 22-70 °C were investigated. To study the material behavior when the 

applied heat is homogenously distributed, the powder was equilibrated for 3 minutes 

per tablet after die filling. The highest Tg was 102 °C. At first, pure polymers were 

characterized for their temperature-dependent compressibility using Heckel-analysis. 

Afterwards, tableting was performed from binary blends composed of lactose and the 

respective polymers (ratio 9:1). The tableting behavior was evaluated in terms of 

tabletability and compactibility. Finally, recommendations were made which types of 

polymers could be useful when trying to avoid alterations of tablet properties or which 

could be of advantage if a change of material characteristics is desired. 

The following paper has been published by the International Journal of Pharmaceutics 

in Volume 628 (2022): https://doi.org/10.1016/j.ijpharm.2022.122305 
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HDG provided contribution to the conception of the work, especially the selection of 

polymers and the specific temperatures studied. Furthermore, HDG acquired the data, 

while its analysis and interpretation was done together with SK and PK. HDG drafted 

the manuscript and changed the sections corrected by SK and PK. Some sections 

were changed by PK.  
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3.2. Evaluation of in-die compression data for a deeper 

understanding of altered excipient properties upon 

temperature rise 

 

Pretext 

In this work, the applicability of energy analysis as an indicator for altered excipient 

properties upon temperature rise was evaluated. This study only included the 

investigation of pure polymers with Tg values < 100 °C, whereby pure lactose served 

as a brittle reference material. The polymers were tableted at four different 

temperatures (22-70 °C). To mimic realistic conditions applicable to a full-production 

scale, the equilibration time was kept short. Alterations of net- and elastic recovery 

work during compaction were evaluated. A relationship between the change in 

energies and the Tg was established. The results from the energy analysis were 

compared to the results obtained from Heckel analysis. Lastly, the plasticity factor and 

its applicability for heated tableting was critically investigated. Recommendations were 

made which analyses should be preferred over others. 

The following paper has been published by the AAPS PharmSciTech in Volume 24 

(2023): https://doi.org/10.1208/s12249-023-02554-3 
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HDG provided contribution to the conception of the work, especially the correlation 

between energy analyses and temperature and the applicability of the plasticity factor. 

Furthermore, HDG acquired the data, while its analysis and interpretation was done 

together with SK and PK. HDG drafted most of the manuscript and changed the 

sections corrected by SK and PK. 
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3.3. Investigating the heat sensitivity of frequently used excipients 

with varying particle sizes 

 

Pretext 

In this publication the influence of the particle size on the tableting characteristics of 

polymers upon temperature rise was investigated. It also included polymers with higher 

Tg values (> 100 °C) to increase the range of available grades. The grades were either 

commercially available or produced by ball-milling. Materials were categorized as “fine” 

or “coarse”. Changes in Py and energy analysis were evaluated regarding their 

sensitivity to detect differences between particle sizes at standard ambient conditions 

and to detect temperature-dependent changes of compression parameters. 

Afterwards, binary blends containing lactose and the fine grade of a respective polymer 

were compared to binary blends containing the coarse grade. The comparison 

included changes in tabletability and compactibility. 

The following paper has been published by the European Journal of Pharmaceutics in 

Volume 192 (2023): https://doi.org/10.1016/j.ejpb.2023.09.010 
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HDG provided contribution to the conception of the work, especially the selection of 

polymers and their respective grades. Furthermore, HDG acquired and analyzed the 

data, while its interpretation was done together with PK. HDG drafted the manuscript 

and changed the sections corrected by PK. 
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3.4. Effect of tableting temperature on tablet properties and 

dissolution behavior of heat sensitive formulations 

 

Pretext 

In this publication the previously obtained knowledge was extended to complete 

formulations containing the model API Paracetamol. Six different formulations with 

varying binder type and concentration were tableted at the previously described 

temperatures. Besides the tabletability, the porosity, disintegration and dissolution of 

all formulations were studied. Where applicable, the underlying release kinetics for 

different tableting temperatures were investigated by the sigma-minus method, the 

Higuchi- and the Korsmeyer-Peppas equation. The comparison of all formulations 

included the calculation of the mean dissolution time. Besides the effect of binder type 

and concentration, the variation of the filler-binder components was evaluated for its 

significance. 

The following paper has been published by the International Journal of Pharmaceutics 
(2023): https://doi.org/10.1016/j.ijpharm.2023.123603  
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Core findings 

 

The heat generation from tableting processes can lead to challenges during 

formulation development and production. The transformation of mechanical into 

thermal energy might trigger an alteration of material properties and thereby influence 

their compression behavior [1]. Compromised critical tablet quality attributes can put 

batch release at risk. This results in additional production time, higher costs and energy 

consumption [2]. Amorphous or partially crystalline polymers with a low or moderate 

Tg are especially responsive to temperature variations. It was therefore the aim of this 

work to investigate the Tg as a critical parameter during tableting processes to establish 

a correlation between the Tg and the resulting tablet characteristics. 

The mechanical and thermal energy of compression processes have often been 

studied separately. These days, modern instrumentation allows for accurate in-die data 

measurements [3]. The modified set-up of a laboratory tablet press provided the 

opportunity to set a specific temperature for the tableting equipment. Through this 

combination both components could be linked. The effect of Tg on temperature-

dependent process and tablet characteristics could be evaluated. 

Initially, the direct correlation between the Tg and altered excipient properties had to 

be proven. Heckel analysis is the most frequently used method for the compressibility 

investigation of pharmaceutical materials. Beyond Py, a ductile polymer deforms 

plastically. The high propensity of plastic deformation justifies their suitability as 

binders. The sensitivity of Heckel analysis for temperature variations has previously 

been shown [4]. For heat-sensitive materials, Py decreases when the temperature is 

raised. The earlier transgression of Py favors an increased dwell time above yield 

pressure for heat-responsive polymers.  

To provide a homogenous heat distribution within the powder bed, each sample was 

equilibrated within the heated die for 3 minutes prior to compression for the first 

experiments. This ensured that the powder was heated thoroughly and that all powder 

particles were subjected to the elevated temperature. This work included a broad range 

of polymers with moderate Tg. Direct correlations between the Tg and the resulting Py 

value were found. The lower the Tg, the higher was the decrease in Py. The changes 

observed for the brittle reference material lactose were only minor.  
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The transfer of the results to tablet characteristics included binary mixtures containing 

lactose and the polymer to be investigated (ratio 9:1). They were tableted under the 

same conditions. This accounted for practicable binder contents on an industrial scale. 

The mechanical strength of the tablets resulted from the combination of bonding 

strength and the established bonding surface area. The tabletability of polymers with 

a low or moderate Tg was enhanced. The compactibility analysis revealed that the 

relation between SF and TS was also temperature-dependent for those polymers. For 

tablets compressed under elevated temperatures, the TS (BS) was higher for a given 

SF (BA). It was assumed that the effect could be enhanced by the percolation of 

softened material for smaller particle sizes of sensitive polymers. No effects on the 

compactibility of lactose were observed. The data points formed one master curve. 

Therefore, the TS remained unchanged for a given SF. 

As in the first study, the in-die compressibility for elevated temperatures has mainly 

been determined by Heckel analysis. Heckel analysis has often been criticized due to 

its susceptibility to errors [5]. As it is derived from parts of the force-displacement curve, 

it should be evaluated whether the direct analysis of energy parameters is also feasible 

in detecting material alterations upon temperature rise. The determination of the 

particle density would be obsolete, which would allow for a more meaningful 

comparison between materials. So far, only few studies have considered energy 

analysis as an alternative to Heckel. Its sensitivity for the detection of temperature 

alterations has not sufficiently been proven. As in all following studies, the equilibration 

time was kept short to imitate more practicable conditions on an industrial scale.  

 

The investigated polymers showed a thermal response within the applied temperature 

range. It was found that E2 decreased for ductile materials upon temperature rise. The 

relationship between the Tg and the decrease in E2 could be described by an 

exponential equation. The lower the Tg, the more pronounced was the decrease in the 

size of the area E2. A linear fit of the change in E2 versus the change in Py confirmed 

a good correlation of both parameters. 

It has been hypothesized in the past that the amount of stored energy (area E2) 

correlates with the TS of tablets [6]. As the previous study showed a clear increase in 

the TS when binary blends containing the same polymers were tableted, a positive 

correlation between the size of the area E2 and the TS could not be confirmed. The 
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commonly acknowledged hypothesis was refuted. It appeared more accurate to 

describe E2 as the necessary input for plastic deformation.  

The investigations were expanded to the calculation of the PF. Similar to the above-

mentioned hypothesis, the PF has been described as a surrogate for plastic flow [7]. 

The calculations proved that the opposite is the case. As E2 is essential for the 

calculation of the PF, the PF also decreased with increasing temperature. The higher 

plasticity of polymers upon elevated temperatures was not reflected in the PF 

calculation. It also failed to distinguish between brittle and ductile materials, as lactose 

obtained the highest PF. As E2 is an input variable for the calculation of the PF, it was 

concluded that the direct analysis of E2 with its correct interpretation should be 

preferred over the calculation of the PF. 

Besides the Tg, the particle size may act as a main contributor to tablet characteristics 

[8]. Its influence during heated tableting has never been investigated. It was postulated 

that the larger specific surface area of smaller particles might promote the heat 

sensitivity of a given material. The compressibility was evaluated by Heckel and energy 

analysis. Heckel analysis revealed a higher Py value at standard ambient conditions 

for almost all materials if the median particle size was small. Smaller particles favored 

larger alterations of Py upon temperature rise. Despite identical chemical composition, 

they exhibited a higher sensitivity to temperature variations. The initial hypothesis was 

therefore confirmed.  

The energy analysis was less sensitive at standard ambient conditions. The energy 

parameters were independent of initial particle size. As energy analyses take the 

complete tableting cycle into account, a distortion of the results from material behavior 

during compression and decompression could not be excluded. The previously found 

sensitivity for temperature alterations was still confirmed. When the temperature was 

raised, the decrease of the area E2 was dependent on the initial particle size.  

The enhanced sensitivity of smaller particles could be verified in the tabletability 

studies. The increase in TS for binary blends with lactose was more pronounced for a 

given polymer with smaller particles. The comparison of the increase in TS for two 

grades of the same material revealed that the increase in TS might especially vary 

between two grades if the difference between their median particle size is large.  
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For the compactibility studies, the behavior was a little more complex. The visible effect 

of temperature for short equilibration times was comparably weak. This stood in 

contrast to the first studies with longer equilibration times. Although a more pronounced 

increase in the SF was visible for binary blends containing smaller particles, the extent 

was independent of the mean particle size difference of two grades. For this specific 

study, the tabletability analysis proved to be superior over the compactibility analysis. 

For the final part of this work, the previously obtained knowledge was transferred to 

complete formulations containing the model API paracetamol. Initial studies put a large 

focus on compression data to deepen the understanding of material behavior, whereby 

tablet characteristics were evaluated in isolation. This last study served the 

assessment of temperature influence on a broad range of especially critical tablet 

characteristics. The influence of different formulation components on tablet properties 

was investigated by using different binder types and concentrations, whereby the filler 

composition varied.  

Investigations regarding compressibility, tabletability and compactibility have the 

ultimate goal to ensure the desired disintegration and drug release profile during batch 

release. The temperature-dependent increase in TS during the tabletability studies was 

dependent on the polymer type and concentration. It was independent of the filler, as 

both investigated materials (lactose/MCC) had a rather high Tm.  

The SF was evaluated in connection with the disintegration and dissolution. The SF 

usually has a strong effect on disintegration and dissolution, as the medium needs to 

be able to penetrate into the compact [9]. The SF was similar for all formulations upon 

temperature rise. Still, the disintegration and dissolution were visibly affected. 

The disintegration studies suggested that the effect was strongly reliant on the binder 

type, concentration and its respective binding capacity. All formulations contained a 

disintegrant.  

Weak interactions and a higher Tg of a binder type favored a rapid disintegration 

despite elevated temperatures. The effect was independent of the TS. A different 

binder type with lower Tg yielded an exponential relationship between DT and TS. As 

the mechanical strength was generally higher, the DT was decelerated from stronger 

interactions within the compact.  
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For higher binder concentrations, the analysis focused on tablets compressed at lower 

pressures. Preliminary trials revealed a pronounced deceleration of the DT at standard 

ambient conditions. It was found that the tablets from both investigated formulations 

with higher binder content completely failed to disintegrate when the tableting 

temperature was high. It is likely the high binder concentrations led to the formation of 

a percolating cluster.  

The obtained results were reflected in the dissolution studies. If the tablets 

disintegrated rapidly for a given binder type and concentration, the drug release was 

determined by the dissolution rate of the paracetamol particles. For formulations with 

a lower binder content, the drug release was only sustained if its enhanced binding 

capacity yielded in tablets with higher TS.  

For the former formulation, the drug release was too rapid to accurately calculate the 

underlying release-kinetics. For the latter formulation, the sigma-minus method 

confirmed underlying first-order kinetics.  

For the formulations with a higher binder concentration, the dissolution was clearly 

sustained despite the application of a lower compression pressure. The underlying 

release-kinetics changed from first-order (22 and 30 °C) to a controlled release (50 and 

70 °C). The latter was confirmed by the Higuchi- and the Korsmeyer-Peppas equation. 

Upon the comparison of all formulations, the MDT also changed most drastically for 

formulations with a high binder concentration. 
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Summary and perspectives  

 

This work has deepened the knowledge about critical material characteristics that can 

trigger an alteration of tablet quality attributes upon temperature rise on an industrial 

scale. A broad range of frequently used polymers within the pharmaceutical industry 

was systematically correlated to changed tablet characteristics. The Tg was identified 

as the main contributor to the identified changes. The studies included pure materials, 

binary blends and complete formulations containing a model API. The work included 

aspects of chemical composition, physical properties and mechanical behavior of 

materials. The findings could be used to prevent and eliminate problems occurring in 

tableting processes due to elevated temperatures, but could also be useful during 

formulation development, if an alteration of material properties is desired. 

An important part of this work was the establishment of a direct connection between 

altered excipient properties and in-die compressibility data. Both Heckel and energy 

analysis proved to be suitable for the detection of material alterations. The lower the 

Tg, the larger was the decrease in the yield pressure Py and the energy E2, respectively. 

The change in Py versus the change in E2 showed a good correlation of both 

parameters. Differences were observed concerning their sensitivity in regard to particle 

size variations. In that respect, Heckel analysis was superior in identifying different 

material characteristics for varying excipient grades.  

Moreover, literature statements concerning E2 were revised critically. The common 

hypothesis that the size of the area E2 is the stored energy directly associated with 

tensile strength was refuted. Although E2 decreased, the higher plasticity of heated 

materials promoted a higher mechanical strength. The same findings could be applied 

to the calculation of the plasticity factor. It was concluded that the direct analysis of E2 

including its correct interpretation should be preferred over the calculation of the 

plasticity factor. 

The studies of binary blends provided first insights into the behavior of formulations 

with a realistic binder content upon temperature rise. Tablets containing polymers with 

relatively low Tg values showed an enhanced tabletability and compactibility. For a 

given bonding area, the bonding strength was pronounced. Where binary blends 

contained finer grades of the same material, the effect was more pronounced for the 
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fine grades. For the increase in tensile strength, the difference between two grades 

could be associated to the difference in the median particle size of the compared 

polymers. For the solid fraction, no systematic effect was found.  

The final part of this work focused on the investigation of more complex formulations 

containing the model API paracetamol. Besides the tabletability and porosity, 

disintegration and dissolution studies proved a critical alteration of tablet properties. 

Disintegration and dissolution behaved similarly for a given binder type and 

concentration. The application of kinetic models substantiated the statement that the 

dissolution was clearly sustained for polymers with a high binding capacity and 

concentration but comparably low Tg.  

Further process improvements would include a systematic collection of the findings to 

evaluate alternatives for critical binders rationally during development. Although this 

work included several valuable findings, not all influential parameters have been 

thoroughly understood. This would further reduce empirical approaches by creating a 

profound knowledge network. 

One remaining issue is the connection of temperature evolution and glass transition to 

sticking phenomena during tableting. Sticking leads to a variety of problems during 

processing including capping, lamination and heat generation. In course of this work, 

sticking sometimes prohibited the analysis of a material or promoted the wear of the 

tableting equipment. Ongoing work should focus on the identification of critical 

parameters for sticking, which also includes its accurate quantification. This would 

further assist in the prevention of tableting problems and might eliminate the need for 

excessive lubrication.    

Lastly, it should be kept in mind that the used equipment is not fully developed yet. It 

is unclear, what scale-up processes could look like if formulations were to benefit from 

temperature control in either direction. This provides a range of opportunities for future 

development. 
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