Léo Picart 
  
Vincent Mazel 
email: vincent.mazel@u-bordeaux.fr
  
Aline Moulin 
  
Vanessa Bourgeaux 
  
Pierre Tchoreloff 
  
  
product, geometry and process parameters

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Press-coated tablets are pharmaceutical solid dosage forms used for the controlled release of active substances. Usually composed of a core tablet containing the active substance coated in a passive shell, this form allows for a delayed release after the administration of the tablet and specific drug release kinetics [START_REF] Conte | Press-coated tablets for time-programmed release of drugs[END_REF][START_REF] Fukui | Studies on applicability of press-coated tablets using hydroxypropylcellulose (HPC) in the outer shell for timed-release preparations[END_REF]. The reachable lagtime has a great interest for the chronotherapeutics as it makes it possible to treat night symptoms or to release the active substance in a precise place like the colon [START_REF] Lin | Current status and approaches to developing press-coated chronodelivery drug systems[END_REF][START_REF] Maity | Compression-Coated Tablet for Colon Targeting: Impact of Coating and Core Materials on Drug Release[END_REF]. Among other coating techniques, the press-coating is carried out without solvent and offers the possibility to produce at high speeds, which are major advantages in the pharmaceutical industry.

As well as any other type of produced tablets, the mechanical strength of press-coated tablets is a property that need to be measured and followed to guaranty the integrity of the tablet during its life-cycle. This property is measured generally using the diametral compression test, as stated in the European Pharmacopeia <2.9.8>. The diametral compression test has been used for a long time for testing the mechanical resistance of pharmaceutical tablets. It is still today the reference test used at different stages in the industry (development, process monitoring and powder characterization). The experiment consists in applying an increasing compression force to the tablet, along its diameter between two platens, until the tablet breaks.

In the case of flat monolayer tablets, the output of the test is the tensile strength of the tablet, given by the equation [START_REF] Fell | Determination of Tablet Strength by the Diametral-Compression Test[END_REF]

: = 2. . . ( 1 
)
where F is the maximal force reached before the tablet breaks, D the diameter of the tablet and t its thickness. It has the advantage of allowing for the comparison of the mechanical strength between different tablets, by varying the powder (particle size, etc.), the formulation (lubricant amount, etc.) or the process parameters [START_REF] Adolfsson | Tablet strength, porosity, elasticity and solid state structure of tablets compressed at high loads[END_REF][START_REF] He | Mechanistic Study of the Effect of Roller Compaction and Lubricant on Tablet Mechanical Strength[END_REF]. Moreover, the tensile strength is an intensive property, i.e. it does not depend on the size of the tablet.

The use of the diametral compression and the calculation of the tensile strength using equation 1 is based on several assumptions, two of them being of major interest in the present case.

First, the tablet should present a tensile failure into two halves along the loading diameter.

Second, the tablet must be homogeneous and must behave as a linear elastic body until failure [START_REF] Fell | Determination of Tablet Strength by the Diametral-Compression Test[END_REF]. If these assumptions may be fulfilled in a case of a single layer tablet, it is obviously not the case for more complex forms. Studies of the use of the diametral compression for bilayer tablets have for example shown that the strength of only one of the layers was in fact tested during the test [START_REF] Castrati | Comparison of breaking tests for the characterization of the interfacial strength of bilayer tablets[END_REF].

The case of press-coated tablets is even more complicated. The press-coated tablets consist of an already compacted core, coated in a shell by powder compression. Due to this particular structure, the densities and mechanical properties are of course not homogenous in the whole compact. The shell itself turns out to have an heterogeneous density after the coatingcompression [START_REF] Ascani | The influence of core tablets rheology on the mechanical properties of press-coated tablets[END_REF][START_REF] Picart | Effect of the compaction parameters on the final structure and properties of a press-coated tablet (Tab-in-Tab): Experimental and numerical study of the influence of core and shell dimensions[END_REF]. Due to this heterogeneity, equation 1 cannot be used to calculate a tensile strength. But even if it is intended to directly use the breaking force detected during the test, the meaning of this force might not be straightforward.

It could indeed correspond to a measure of the strength of the core, of the coating shell or even of the interfacial strength between the two parts of the shell as some non-diametral failures can occur [START_REF] Ascani | The influence of core tablets rheology on the mechanical properties of press-coated tablets[END_REF]. In order to use the test correctly, it is mandatory to correctly identify and interpret the breaking pattern obtained during the test. This was, to our knowledge, never been done in the literature despite a large use of the diametral compression test on press-coated tablets in the industry. Moreover, and particularly with the press-coated tablets, it is a challenge to dispose of a test that can indicate the release attributes of the presscoated tablets. The use of the diametral compression test as an indicator of the release performance of the press-coated tablets might be questioned.

Thus, this study aims to describe and to understand the different failure patterns that can be found during the diametral compression of press-coated tablets. Occurrence of the failure patterns was studied in relation with material properties and coating parameters such as layer thickness and compaction pressure. An experimental and numerical study was carried out to understand the initiation and propagation of the failure, and to explore the role of the process parameters.

Materials and methods

Powders and blend

Two powder mixtures (chosen for the sake of the demonstration) were used in this study. The first one is composed of 99.5% (w/w) microcrystalline cellulose MCC (Vivapur 200, JRS Pharma gmbh, Rosenberg, Germany) and 0.5% magnesium stearate (Partek Mg Lub, Merck, Darmstadt, Germany), and the second one is composed of 99.0% (w/w) granulated lactose monohydrate (Excipress GR150, Armor Pharma, Loudéac, France) and 1.0% magnesium stearate. To homogenize the mixture, the powders were blended during 5 minutes using a Turbula mixer (Wab, Muttenz, Switzerland) set on 49rpm, and were then let 48h at 45% relative humidity (RH) before being used for compaction.

Both powder mixtures were used either to produce the core-tablets or to coat them.

Tablet manufacturing

Compaction simulator

The tablets were manufactured with a compaction simulator Styl'One Evolution (Medelpharm, Beynost, France). This device is a single station instrumented tableting machine. It is fitted with force sensors (accuracy 10 N) on both punches, and the displacements of the punches are monitored using incremental sensors (accuracy 1 µm). The die was filled automatically with a gravity flow feeder containing the powder.

Core compression

The cores were manufactured using euro B flat punches of 8mm diameter. MCC cores were produced at a 150MPa pressure (namely a force of 7.5kN for the chosen punches). Lactose cores were compacted at two different pressures: 150MPa and 300MPa. The three types of cores will be referred in the following text as: MCC150, LAC150 and LAC300 respectively. For all cases, the filling height was adjusted to reach a core thickness of 3.0mm. The core tablets have approximate weights of 198mg, 198mg and 214mg, for MCC150, LAC150 and LAC300

respectively. The three types of core tablets have a solid fraction of 0.831, 0.858 and 0.923 for MCC150, LAC150 and LAC300 respectively.

The core-tablets were let 48h at 45% RH for relaxation before the coating compression.

Coating-compression

All press-coated tablets were manufactured using Euro B round flat punches of 16mm diameter. After the first filling, the core was manually placed on the center of the powder bed.

A minimal tamping force of about 1kN (corresponding to 5MPa) was applied to put the top of the core at the level of the powder bed, prior to the second filling and main compression. Four pressure levels were used for the main compression: 25MPa, 50MPa, 100MPa and 150MPa.

Every coating compression was undergone at a constant punch speed of 12,4mm/s, and no dwell time was applied.

The filling heights were adjusted to have the target thickness of 0.6mm, 1.0mm or 1.8mm for both upper and lower layers after the compression, i.e. the powder over and beneath the core, as drawn on the Figure 1. The corresponding approximate mass of coating powder are given in Table 1.

In the following text, both upper and lower layers will be referred as "layer", as they have the same thickness. Every combination of "core type / shell material / compression pressure / layer thickness" was studied, which resulted in 72 sets of press-coated tablets. For the rest of the study, the press-coated tablets will be designated in the format of the following example: LAC150-MCC -th.1.8mm -100MPa; where "LAC" is the core material, "150" the core compression pressure in MPa, "MCC" the shell material, "1,8mm" the thickness of the layers and "100MPa" the coating-compression pressure.

To ensure the reproducibility of the results, three replicates were produced for each set. The press-coated tablets were let to relax 48h at 45% RH before the characterization.

Diametral compression test and imaging

The diametral compression test was performed using a TA.HDplus texture analyzer (Stable microsystems, Surrey, United Kingdom). Compacts were diametrically compressed between two flat surfaces at a constant speed of 0.5 mm. s -1 until the failure.

A Fastcam Mini high-speed camera (Photron, Tokyo, Japan) was placed in front of the device, and was set to a rate of 1000 images per second to capture the front face of the tablet along the test. Due to the short exposure time of 1ms, the flow of incident light in the camera lens must be high. Therefore, the tablet was strongly lit up by two 70W lamps (Multiled ST, GSVitec, Bad Soden-Salmünster, Germany) during the test. The lamps were switched on a few seconds before the beginning of the test to prevent heating of the tablet.

Digital image correlation

The digital image correlation technique has been widely used in the field of mechanics for assessing the experimental strain fields [START_REF] Lecompte | Quality assessment of speckle patterns for digital image correlation[END_REF]Xu, 2014). This method has also been used in the field of compacted powders and particularly in the pharmaceutical field (Mazel et al., 2016a;[START_REF] Stirling | The application of digital image correlation to Brazilian testing of sandstone[END_REF] and was used in this study to assess the deformation of the tablet surface during the diametral compression test.

Before the diametral compression test, the front surface of the tablets was colored with black ink to create a speckle. This speckle allows for the use of image correlation technique (Mazel et al., 2016b). The images from the high-speed camera were processed using the software Vic-2D (v.6, Correlated Solutions). The chosen output was the normal strain in the direction perpendicular to the loading diameter and parallel to the tablet surface. This strain will be called ε11 in the following text, and corresponds to the normal strain in the direction of the tensile stress that leads to the failure of the tablet.

Numerical modeling

Finite Elements Modeling Abaqus® software (Dassault Systèmes, Vélizy-Villacoublay, France) was used to undergo numerical simulations of the die compression and the diametral compression test of press-coated tablets.

In the same way as different previous studies [START_REF] Picart | Effect of the compaction parameters on the final structure and properties of a press-coated tablet (Tab-in-Tab): Experimental and numerical study of the influence of core and shell dimensions[END_REF][START_REF] Diarra | FEM simulation of the die compaction of pharmaceutical products: Influence of visco-elastic phenomena and comparison with experiments[END_REF], die compression was simulated using the Drucker-Prager-Cap model, with the parameters of microcrystalline cellulose.

For the diametral compression test simulation, a linear elastic model was used to analyze the stress and strain distributions in the tested tablet before failure. The elastic properties of the model were defined according to the die compaction simulations, as presented in Table 2.

The geometry of the tested tablet was simplified in three sections: the core, the layers, and the band (as presented in Figure 1), as the properties are almost homogeneous upon these regions (Figure 2). A mean relative density was chosen for each section, converted into elastic properties and applied to the whole region.

As the geometry, properties and loads are symmetrical, only a quarter of the tablet was modelled and symmetries were applied. Each section was meshed with 3D elements with the properties reported in Table 2, according to a calibration on MCC of a previous work (Diarra et al., 2013). The jaws of the testing device were modelled as an analytical rigid part, on which the force was applied. For the need of the study, two model tablets were submitted to the diametral compression test simulation:

Tablet n°1 : MCC150-MCC -th.0.6mm -50MPa

Tablet n°2 : MCC150-MCC -th.1.8mm -150MPa

Results

Description of the different breaking patterns

When performing the diametral compression test on the different press-coated tablets, four different breaking patterns were found depending on the tablet manufacturing parameters.

These patterns are presented in Figure 3:

A) Total diametral failure (Tot. diam.): the whole tablet, core and shell, breaks along a diametral plan, parallel to the loading diameter. This pattern is the most similar to the classic breaking pattern of a monolayer tablet.

B) Layer lamination (Lam.): the upper layer of the shell is separated from the tablet, along a plan parallel to the tablet face. This breaking profile was already reported for press-coated tablets. [START_REF] Ascani | The influence of core tablets rheology on the mechanical properties of press-coated tablets[END_REF] C) Shell diametral failure (Sh.diam): one layer of the shell or both are broken diametrically. In this case, the core is intact after the failure.

D) Around the core failure (Ar. Core): the crack propagates in the shell, from a loading point to the other and following a path which corresponds to the border of the core. The core is let intact after the failure. diam., Lam., Sh. diam, Ar. core) and "Eject." refers to cases where a crack was already visible just after the ejection from the press, before the diametral compression test. This case, which only occurred for the system MCC150-LAC will be discussed at the start of the next part. In some cells, two patterns are mentioned. It corresponds to cases where the three tablets manufactured using the same parameters did not break the same way. A dash in a cell means that the tablet was not cohesive after ejection and could thus not be studied.

Occurrence of the breaking patterns

As it can be seen in Table 3, both the composition of the tablet and the process parameters have an influence on the breaking pattern observed. Before any interpretation of the pattern, Table 3 shows that the use of the diametral compression test on press-coated tablet is to be taken with caution. Different failure patterns correspond to different failure mechanisms. This means that, the force measured during the test does not have always the same meaning.

Comparisons and interpretations in terms of cohesion should thus be made with caution.

The next part of the study will be focused on understanding the origin of each pattern and the relation between the breaking pattern, the tablet composition and the process parameters.

Discussions

Lamination

At the ejection

Before discussing the failure occurring during the diametral compression test, we would like to focus on the case of the tablets that showed signs of lamination when ejected from the die.

Most of the MCC-LAC tablets showed a crack directly after the ejection, and before the diametral compression test was performed. In these cases, the tablets were considered as already failed and were not studied by diametral compression. This spontaneous fissure is visible on the band, at the upper layer interface (Figure 4.A). A slight cohesion is however kept after the ejection, but the upper face easily tends to separate from the tablet, revealing the fissure path (Figure 4.B). When a lamination at the ejection is observed, it is always located near to the interface between the upper layer and the top part of the band, i.e., the interface between the two powder beds of first filling and second filling. However, the fissure path does not exactly follow the interface plan, but is slightly angled to the core band.

This spontaneous crack might be most probably caused by a difference of elastic recovery between the two powders. The elastic mismatch was already reported to be a cause of the delamination of bi-layer tablets [START_REF] Anuar | Interfacial elastic relaxation during the ejection of bi-layered tablets[END_REF][START_REF] Podczeck | Theoretical and experimental investigations into the delamination tendencies of bilayer tablets[END_REF][START_REF] Busignies | Role of the elasticity of pharmaceutical materials on the interfacial mechanical strength of bilayer tablets[END_REF]. In the case of the bi-layer tablets, the difference of radial recovery creates a residual shear stress at the interface. In the case of press-coated tablets, the difference of axial elastic recovery is more likely to play a role in the failure after decompression [START_REF] Nguyen | Investigation of critical factors affecting mechanical characteristics of press-coated tablets using a compaction simulator[END_REF][START_REF] Picker | Time Dependence of Elastic Recovery for Characterization of Tableting Materials 12[END_REF]. Indeed, if the core material tends to elastically recover more than the shell material, an axial traction stress will appear in the band. If the core tends to recover as much as the shell (or less), this phenomenon shall not be observed. To quantify this thickness recovery, the axial elastic recovery is calculated for monolayer tablets:

% = - ( 2 
)
where tout is the tablet thickness measured out of die after the compression; tmin is the minimal in-die thickness that is reached during the compression.

The axial elastic recovery curves, measured on single layer tablets for MCC and Lac can be seen in Figure 5.A. The curves of Figure 5.A show that the axial elastic recovery of MCC is higher than the one of lactose, especially at the studied pressures between 25MPa to 150MPa which is coherent with existing literature [START_REF] Busignies | Role of the elasticity of pharmaceutical materials on the interfacial mechanical strength of bilayer tablets[END_REF]. It is therefore logical to observe the spontaneous failure only in the case of a MCC core and lactose shell tablet.

Lamination during diametral compression test

Beyond this first result, some press-coated tablets have undergone a lamination (case b in

Figure 3) during the diametral compression test. This fracture profile is quite an exception among the others. Indeed this failure mode is the only one where the failure does not occur in a plane normal to the tablet face but in a plane parallel to it. It must be noted that the obtained failure pattern is the same as the one seen previsouly for the lamination at the ejection. It corresponds to a separation of the upper layer of the tablet i.e. the failure occurs in the zone of the interface between the two powders beds used to make the shell as described previsouly.

This lamination only appears for the tablets manufactured at an extremely low compression pressure and with a high layer thickness. These parameters have been identified to cause the lamination breaking profile, but the responsible effects have not been confirmed. However, we can suggest an hypothesis.

Only press-coated tablets with a MCC shell (Table 3.a,b,c) showed lamination in the diametral compression test. Considering the failure pattern, the strength of the layer interface is likely to have a primary role in the lamination. It has been shown in the litterature (Niranjan Kottala et al., 2012) that a MCC-MCC interface is less resistant than a Lactose-Lactose interface for a bilayer tablet. In the same way as the first compression of a bilayer tablet, the tamping of the core of press-coated tablets smoothes powder surface. This smooth surface may not be favorable to the interlocking of the plastic MCC particles, as suggested by Kottala et al.(N. Kottala et al., 2012), especially at low compaction pressure. This effect might be less important for LAC-LAC interface.

The results indicate that even at low pressure, lamination may not occur if the layers are thin enough (e.g. LAC150-MCC 25MPa or MCC150-MCC 50MPa and Th 0,6mm). In these cases, the failure around the core seems to be favored. In fact, the simulations of press-coating show that the band is less dense with thin layers than with a thick layer (Figure 6.A-B). This is very favorable to the failure around the core, as it will be discussed below, and this breaking pattern occurs before the lamination despite a weak interface.

Although interesting regarding the structure and mechanical resistance of press-coated tablets, this breaking pattern has a low probability to be encounterd on industrial tablets.

Indeed, the concerned tablets are obtained under a very low compaction pressure and are characterized by a low cohesion. The next part of the study will now focus on the three other patterns with a failure pattern in the radial direction.

Failures in the radial direction

Digital Image Correlation profiles and crack initiation

Apart from the lamination, the three other breaking profiles show a failure surface normal to the tablet surface. It can be foreseen that the tensile stresses in the direction perpendicular to the loading diameter and parallel to the tablet surface might play an important role in these patterns. Therefore, it was interesting to assess the deformation of the tablet surface in this direction. With the use of Digital Image Correlation, indications about the origin of the crack could be obtained, as well as the development path of the fissure. The processed deformation fields of the tablet surface have been established on Figure 7 for a tablet of each breaking profile: total diametral, shell diametral and around the core. The presented images correspond to a time before the tablet breaks but close enough to the failure to see the surface crack initiation.

The causes of these three profiles, regarding the compaction parameters and mechanical properties in the press-coated tablet, will be discussed in the next parts.

Total diametral failure: a failure of the core

The deformation field from the image correlation (Figure 7.A) seems to indicate a peak of deformation on the center of the face, which was only observed for the tablets that broke with a total diametral failure. It means that the crack opens in the central zone. Given this, for a total diametral failure the initiation of the crack might be situated in the core. If so, the occurrence of the total diametral failure should be influenced by the core mechanical strength, compared to the one of the shell.

Before comparing the core types, it should be noted that for every core-shell pair where the total diametral failure occurs, this pattern only appears at the highest main compaction pressures and layer thicknesses. The increase of compaction pressure obviously increases the density of the shell and its resistance. The influence of the layer thickness is more complex.

As it can be seen in Figure 6, a decrease in the layer thickness promotes a relative increase of the density of the layer and a relative decrease of the density of the band. Thus, it explains why the total diametral failure is less likely to occur with a thin layer: the band is weaker in these cases and could promote a failure in the band before the failure of the core.

The three types of cores were characterized in terms of tensile strength and the results show a highest tensile strength of the MCC150 core (2.7MPa), followed by the LAC300 (2.3MPa), and finally LAC150 (0.9MPa) is the least resistant (Figure 5.B). Moreover, a high loss of resistance of the lactose cores after the coating-compression has been previously demonstrated [START_REF] Picart | Effect of the compaction parameters on the final structure and properties of a press-coated tablet (Tab-in-Tab): Experimental and numerical study of the influence of core and shell dimensions[END_REF], which was much less severe than for the MCC cores. MCC cores should thus be much more resistant than LAC cores.

The influence of the core on the occurrence of total diametral failure can be seen by comparing the tablets with the same MCC shell but different cores: LAC150, LAC300 and MCC150 (Table 3. a, b and c). This comparison clearly shows that total diametral failure appears at lower apparent compression pressure and layer thickness with a less resistant core (e.g. LAC150

vs. LAC300). The total diametral failure does not appear at all with the most resistant core (MCC150). This observation confirms that this breaking profile is most certainly due to a crack initiation located in the core, if a point of the core reaches its breaking stress before any point in the shell does.

Another way of emphasizing the influence of the shell resistance compared to the core resistance, is to compare press-coated tablets that have the same core but a shell with different resistance. In this case, the total diametral failure should appear more frequently when the shell is more resistant. The comparison of the LAC150-MCC and LAC150-LAC tablets (Table 3.a and d) is well suited for this statement. Indeed, as shown on the tabletability curves in Figure 5.B, MCC is much more cohesive than Lactose at every pressure level. Results show that tablets with MCC shell present more total diametral failure patterns than the tablets with a LAC shell. Namely, with layer thicknesses of 1.0mm with a 150MPa pressure and 1.8mm with a 100MPa pressure, the LAC150-MCC showed a total diametral failure while the LAC150-LAC broke around the core.

The observation is the same comparing LAC300-MCC and LAC300-LAC (Table 3.b and e). In these cases of layer thickness/compression pressure, the MCC shell does not break until the lactose core reaches its tensile strength, whereas the lactose shell breaks before the core leading to a failure around the core. This confirms again the hypothesis of a crack initiation located in the core for the total diametral failure.

Fracture in the shell

We will now focus on the two other cases, where the core does not break during diametral compression test (see Figure 3. B and C). In these cases, the experimental deformation fields indicate a fissure initiation close to the loading point, as already demonstrated for cylindrical tablets (Mazel et al., 2016a). However, the crack propagation happens either along the diameter (Figure 7.b), resulting in a shell diametral failure, or surrounding the layer above the core (Figure 7.c), resulting in an around the core profile.

There were three core-shell systems where both profiles were observed according to the manufacturing parameters: LAC150-MCC, LAC300-MCC and MCC150-MCC (Table 3.a, b, c).

The main parameter inducing the one or the other is clearly the layer thickness. With a thin layer (high layer density), the failure tends to follow the path around the core and with a thick layer (low layer density), the diametral path is most likely followed. The numerical simulations of diametral compression test can be used to understand the mechanial causes of these two possible paths.

The first modeled tablet is the MCC150-MCC -thickness 0.6mm -compacted at 50MPa, which is a typical tablet giving rise to the failure around the core. The second considered tablet for numerical modeling is typical of the shell diametral failure and is the MCC150-MCC -Thickness 1.8mm -compacted at 150MPa.

These two modeled tablets have very different dimensions and mechanical properties.

Therefore, to get comparable values of strain, the applied force in the simulation was chosen equal to 20N for the first and to 100N for the second. The results for these two simulations are presented in Figure 8 (a) and (b) respectively, where the chosen output was the σ11 stress fields, i.e., the tensile stress perpendicular to the loading and parallel to the tablet face.

With these two examples, we recognize a high stress concentration near the loading points, that is classically observed during a diametral compression test. However, the stress seems to more develop across the diameter in the case B, where the elastic properties are more homogeneous in the tablet. Also, this stress profile is quite similar to the one of a simple tablet under diametral compression test (Mazel et al., 2016a).

With different mechanical properties and different stress distributions, the strain profiles of these two tablets are of course very different, and are presented in the Figure 9, which output is ε11, the elastic strain in the same direction as the previously presented σ11.

As a reminder, the force applied in the simulation is very inferior to the Breaking force of the tablet to assess the deformation field that develops before the failure. In the case A of Figure 9, the strain clearly develops around the rigid layer, whereas in the case B of Figure 9 where the properties of the different regions are closer, the strain develops diametrically. These two simulation cases represent respectively a tablet that breaks around the core and a tablet with a shell diametral failure, and are in accordance with the strain fields observed experimentally.

Thus, the occurrence of around the core failure can be attributed to the high density difference between the band and the layer regions when the layer is thin [START_REF] Picart | Effect of the compaction parameters on the final structure and properties of a press-coated tablet (Tab-in-Tab): Experimental and numerical study of the influence of core and shell dimensions[END_REF]. In these cases, the highly densified layer constitutes a medium where the propagation of the fissure is more difficult than in the band. Contrary, if the layer is thicker the properties in these regions are closer, and the advantaged propagation path is the shortest: along the diameter.

Further discussion and consequences

The test of a tablet using the diametral compression aims to characterize its mechanical strength. During development, this kind of test is performed to determine if the tablet will be strong enough to avoid defect generation during the post-compaction events (e.g. handling, packaging, etc.). During production, this test is performed to assess if the product obtained is within the specifications. These two approaches are fundamentally different and the results presented above have different consequences on each approach.

The specifications used during production are defined during development. Once defined, the breaking force value is used during production to check if the product performs as expected.

As such, the way the tablet breaks is not really important regarding the quality control during production. Nevertheless, in order to ensure that the product is performing correctly, it would be of interest to verify, in addition to the value of the force, that no modification in the failure pattern occurred.

The results presented in this work have more important consequences for the development stage. First because, depending on the kind of failure obtained, different properties are tested.

For the total diametral failure, the properties of the core are tested whereas for the shell diametral and around the core failures, the results are characteristic of the strength of the shell.

In order to predict the behavior of the tablet during the post-compaction process, the shell properties are the one that matters because the shell will interact with the exterior. But if the total diametral pattern is obtained, i.e. a pattern that mainly tests the resistance of the core, little information will be obtained regarding the objective.

But the problem is even more complicated. When the diametral compression test is applied to a monolayer tablet, the force value can be transformed into a tensile strength value using equation ( 1). This makes it possible to take into account the influence of tablet dimensions on the breaking force obtained. The elastic properties of the tablet have no influence on the relation between the stresses inside the tablet and the force applied during the test. If two tablets have the same dimensions but different composition (i.e. different elastic properties), the ratio between their breaking forces will be the same than the ratio between their tensile strengths. This is no longer true for press-coated tablets. Let's consider the example presented in Figure 10. Figure 10 (A) presents the simulation of MCC150-MCC-th.0.6mm-50MPa, and

Figure 10 (B) shows the case where the tablet has the exact same geometry but with a more rigid core, namely with an elastic modulus of E=2800MPa for the core vs. E=1400MPa in the previous case. In both cases, the same force was applied and the same color scale was kept.

It is clear that, even if the force applied and the dimensions are kept constant, the stress distribution is different in both cases. When the stiffness of the core increases, the stresses increase in the core and decrease in the layer. As a consequence, in order to use this breaking force to characterize the strength inside the tablet, it is mandatory to know the elastic properties inside the tablet, which is very complicated from a practical point of view. Breaking forces obtained during the diametral compression of press-coated tablets are thus very difficult to interpret in terms of actual strength of the tablet.

Finally, and as an opening, the present study opens up the challenge of finding a mechanical test that would be more specific to the press-coated tablets and if possible, partly indicating their release profile. This test should also have an output that is less dependent on the many parameters that can vary in the design of press-coated tablets.

Conclusion

Through this study, it was highlighted that press-coated tablets can break in, at least, four different profiles when submitted to the diametral compression test. The failure pattern depends on the core / shell material and on process parameters: compression pressure and layer thickness. These parameters cause different properties distributions in the press-coated tablet, which result in different crack initiation locations, and different crack propagation paths.

Thanks to digital image correlation, the crack initiations have experimentally been observed at different locations according to the failure profile. These correlate well with the properties fields and stress distribution predicted by the numerical simulations.

Due to these multiple failure patterns, diametral compression test should be used with caution in the case of press-coated tablets. Breaking forces obtained can be characteristic of the core or shell strength depending on the failure pattern. Moreover, it was also shown that even for the same pattern, it might be complicated to compare tablets of different compositions as the relation between the applied force during the test and the stress distribution inside the tablets depends on the elastic properties of the shell and the core. As a consequence, the force output value of the diametral compression test can be used in process monitoring and is likely to indicate an intra-batch or inter-batch deviation, if the manufacturing conditions are close.

Nevertheless, its use during development for characterizing different formulations must be made with caution. 
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 12459 Figure 1 -Schematic cross section view of a press-coated tablet and names of the different regions

Table 3

 3 

reports the breaking patterns obtained during the diametral compression tests performed on the whole set of press-coated tablets produced in this study. This corresponds to press-coated tablets made of different core and shell, at different pressures and with different layer thicknesses. The four mentioned patterns are referred as explained above (Tot.
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 1 Approximate mass of coating material for the different press-coated tablets

Table 2 -

 2 Elastic properties for the diametral compression test simulations

Table 3 -

 3 Breaking patterns of the press-coated tablets depending on the apparent compression pressure, layer thickness and materials

	Material	Layer thickness	25 MPa	Compression pressure 50 MPa 100 MPa	150 MPa
		0,6mm	N/M	520mg	580mg	620mg
	MCC	1,0mm	660mg	750mg	860mg	890mg
		1,8mm	990mg	1170mg	1350mg	1410mg
		0,6mm	640mg	670mg	700mg	700mg
	LAC	1,0mm	830mg	880mg	900mg	920mg
		1,8mm	1200mg	1310mg	1360mg	1420mg

Table 1 -

 1 Approximate mass of coating material for the different press-coated tablets

		Relative density -from compaction simulation	E (MPa) ν
	MCC150-MCC -th.0.6mm -50MPa	Core section 0.862 Layer section 0.847 Band section 0.595	1517 1407 438	0.3428 0.3357 0.2560
	MCC150-MCC -th.1.8mm -150MPa	Core section 0.920 Layer section 0.920 Band section 0.846	2218 2218 1400	0.3882 0.3882 0.3353

Table 2 -

 2 Elastic properties for the diametral compression test simulations