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Capping and lamination are classical industrial issues that can be challenging during the scale up of solid dosage forms. Previous publications showed that changing the unloading conditions (triaxial decompression, loaded ejection) made it possible to mitigate capping. In the present study, a systematic study of the effect of the unloading conditions on capping and lamination was performed using a compaction simulator.

One model formulation for capping and one for lamination were studied. When symmetrical decompression was performed, as on a rotary press, capping (on both side of the tablet) and lamination were obtained. Asymmetrical unloading (fixed lower punch during unloading) made it possible to suppress lamination and to limit capping to the upper face of the tablet. This unloading condition is similar to the unloading on an eccentric press with a stationary lower punch. Finally, loaded ejection (small pressure on both sides until the end of ejection) made it possible to eliminate both capping and lamination.

Introduction

Tablet is the most common pharmaceutical form. Its production using die compaction has been used for more than a century. Nevertheless, some industrial issues like capping and lamination can still be challenging today. A great number of scientific articles have been published on the subject, but sometimes the results presented are contradictory. For example, the role of the residual die wall pressure (RDP) is still discussed. Even if most of the studies recognize that a high die wall pressure might favor capping [START_REF] Hiestand | Physical processes of tableting[END_REF][START_REF] Sugimori | A new practical index to predict capping occurring during the tableting process[END_REF]Sugimori and Mori, 1989), a recent study found an inverse trend [START_REF] Paul | Gaining insight into tablet capping tendency from compaction simulation[END_REF]. A complete fundamental understanding of the phenomena is thus still to be built.

The first important point is to differentiate the kind of fractures that can occur. In all the discussion in the present paper, the case of biconvex tablets will be considered for clarity reasons. Capping corresponds to the breakage of the tablet cups, whereas lamination refers to a failure in the tablet band [START_REF] Alderborn | Tablets and compaction[END_REF]. Different kinds of lamination have been described. It was proved that in some cases, air entrapment can promote a lamination corresponding to a multi-fracture [START_REF] Klinzing | Modeling the Air Pressure Increase Within a Powder Bed During Compression-A Step Toward Understanding Tablet Defects[END_REF]Mazel et al., 2015a). We also published recently a particular kind of lamination where fracture begins at the center and promotes a failure of the tablet into two halves [START_REF] Mazel | Lamination of biconvex tablets: Numerical and experimental study[END_REF]. This kind of fracture was also reported recently by other authors [START_REF] Yost | Quantitative X-Ray Microcomputed Tomography Assessment of Internal Tablet Defects[END_REF]. In the present paper the discussion about lamination will refer to this specific mechanism.

The mechanism leading to capping in the case of biconvex tablets is now well described. During the unloading part of the compaction, the elastic recovery of the cup and the RDP on the band promote the development of a shear stress at the limit between the land and the cup, and this shear stress can lead to capping [START_REF] Hiestand | Physical processes of tableting[END_REF]Mazel et al., 2015b;[START_REF] Wu | Numerical and experimental investigation of capping mechanisms during pharmaceutical tablet compaction[END_REF]. The study of the stress development using FEM simulation showed that it begins to develop when the contact is lost between the land of the punch and the land of the tablet, i.e. at the very end of the unloading part (Mazel et al., 2015b). It is worth noting that in the cited article, the unloading (and loading) part of the compression was considered symmetrical, as it is the case on a rotary press.

As the stress causing capping develops at the end of the unloading phase, by changing the unloading conditions, it might be possible to prevent the stress development and as a consequence to avoid capping. Two different ways of modifying the unloading part in order to obtain capping free tablets can be found in the literature. The first one is the concept of triaxial decompression [START_REF] Hiestand | Physical processes of tableting[END_REF]. In this kind of decompression, the die wall pressure is removed at the same time as the axial pressure. There is thus no RDP and, as the development of the stress is due to the presence of the RDP, suppressing the RDP should avoid capping. In the case of biconvex tablet, this concept was adapted on rotary presses using flexible die wall and made it possible to reduce capping [START_REF] Amidon | Rotary press utilizing a flexible die wall[END_REF].

An extension was also proposed using a triaxial compression and decompression that also made it possible to avoid capping [START_REF] Carstensen | Triaxial compression of "cappable" formulations[END_REF].

The other strategy was proposed by a Japanese team [START_REF] Funakoshi | Some Observation on the Capping Properties Detected in the Tablet Making Compaction Process[END_REF][START_REF] Funakoshi | Ruling Factors of Capping in the Compressing Process and the Method of Preventing Capping[END_REF]. They modified a uniaxial press in order to obtain a "loaded ejection". This means that the pressure was not totally relieved at the end of the decompression and that a small pressure was applied on both sides of the tablet during the whole ejection. As explained above this can prevent the development of the shear stress. This device was later used by other researchers and made it possible to obtain defect free tablets for any product (Sugimori et al., 1989).

Differences in unloading conditions are not limited to especially designed machines.

The unloading is fairly symmetrical on a rotary press, due to conception of the machine itself, but it is not the case, for example, on eccentric presses using a stationary lower punch. On these presses, as the lower punch is not moving during both loading and unloading, the pressure on the lower punch is not totally removed at the end of the unloading. The residual pressure experienced by the lower punch is linked with the friction between the tablet and the die, and to the RDP. This kind of unloading conditions is likely to change also the way the residual stresses develop in the tablet. To our knowledge, this was never studied in the literature.

Thanks to the development of compaction simulators, it is now possible to customize much more easily the compaction cycle used to make a tablet. The aim of this article is to perform a general study of the influence of unloading conditions on capping and lamination. This would make it possible to definitively confirm the mechanisms proposed previously for capping and lamination but also to have a global understanding of the role of the unloading phase on the occurrence of defects during compaction.

Material and methods

Powders

The following products were used for this studies: granulated lactose monohydrate (GLac) (Excipress, Armorpharma,), Anhydrous calcium phosphate (aCP) (Anhydrous Emcompress®, JRS Pharma, Rosenberg, Germany), crystallized Ascorbic Acid (VC) (Sigma-Aldrich, Steinheim, Germany) and Magnesium Stearate (MgSt) (Parteck LUB MST, Merck, Darmstadt,Germany). Model formulations for capping and lamination were chosen based on previously published studies [START_REF] Mazel | Lamination of biconvex tablets: Numerical and experimental study[END_REF][START_REF] Mazel | Shear strength of pharmaceutical tablets: Theoretical considerations, evaluation and relation with the capping tendency of biconvex tablets[END_REF]. For capping, the formulation was FVC: 20%VC, 79%GLac and 1%MgSt (w/w). For lamination, aCP was mixed with 2% MgSt. In both cases, the blending was performed at 50 rpm for 5 min using a turbula mixer (Type T2C, Willy A Bachofen, Muttenz, Switzerland).

Tablet manufacturing

Compaction simulator

All experiments on compaction simulator were performed on a Styl'One Evolution (Medelpharm, Beynost, France). This device is a single station instrumented tableting machine. It is equipped with force sensors (strain gauges) on both punches and on the die wall, and the displacements of the punches are monitored using incremental sensors. It is equipped with a separate engine for each punch. Punches can thus be moved independently. All experiments were performed using Euro B round concave punches with a diameter of 11.28 mm and a radius of curvature of 11 mm (11.28R11). The filling height was set to 7 mm for the capping experiment using FVC and to 8 mm for the lamination experiments using aCP. In all cases the tablets were made under a mean axial pressure of 200 MPa. Filling heights and axial pressure were chosen, based on previous experiments, to emphasize the defects occurring during compression.

In all the experiments a symmetrical compression with a constant compression kinematics (compression (loading) time around 120ms) was used. Unloading conditions were then varied to understand their effect on the occurrence of tablet defects. Three conditions were studied:

-Symmetrical Unloading (SU): both punches were moved back during unloading, and the pressure on both punches drops to zero at the end of the unloading. This correspond to the situation found on a rotary press.

-Asymmetrical Unloading (AU): upper punch was moved back but not the lower punch, and the ejection phase was performed immediately. In these conditions the pressure on the upper punch dropped to zero but the pressure on the lower punch never dropped below the ejection pressure which was between 2 and 3 MPa in all the experiments performed.

-Loaded Ejection (LE): both punches moved back but the movement was stopped in order to keep on each punch a pressure between 2 and 3 MPa.

The ejection was performed by moving both punches up at the same speed.

Using this condition, the tablet was never totally relaxed before going out of the die. This condition is close to the one presented by Funakoshi [START_REF] Funakoshi | Some Observation on the Capping Properties Detected in the Tablet Making Compaction Process[END_REF].

Eccentric press

For the experiments on an eccentric press, an instrumented Frogerais OA was used.

The compression forces were measured with strain gages on the upper and lower punches. The punches used were round concave with a diameter of 11.28mm and a radius of curvature of 10 mm. Filling height was set as previously to 7 mm for the capping experiments and to 8 mm for the lamination experiments. Tablets were made under a mean axial pressure of 200 MPa.

Tablet testing

Friability test

Capping assessment was performed using a friability tester Erweka TA (Erweka, Langen, Germany). For each test, 10 tablets were submitting to 100 drops.

Diametral compression test

The diametral compression test was performed using a TA.HDplus texture analyzer (Stable microsystems, Surrey, United Kingdom). Compacts were compressed between two flat surfaces at a constant speed of 0.1 mm.s -1 with an acquisition frequency of 500 Hz. Photographs of the tablets after failure were taken under a binocular loupe Meiji EMZ-13TRD equipped with a Deltapix camera (Microscope Concept, Voisin le Bretonneux, France).

Numerical modelling

The FEM modelling was performed using Abaqus® software (Abaqus® Standard 6.13, Dassault Systèmes, Vélizy-Villacoublay,France). The mechanical behavior of the powder was modeled using Drucker-Prager Cap model as generally performed in the literature (Brewin et al., 2007;[START_REF] Cunningham | Analysis of tablet compaction. I. Characterization of mechanical behavior of powder and powder/tooling friction[END_REF][START_REF] Diarra | Finite Element Method (FEM) modeling of the powder compaction of cosmetic products: Comparison between simulated and experimental results[END_REF][START_REF] Michrafy | Modelling the compaction behaviour of powders: application to pharmaceutical powders[END_REF][START_REF] Wu | Modelling the mechanical behaviour of pharmaceutical powders during compaction[END_REF]. The parameters were characteristic for aCP and were taken from a previous publication [START_REF] Diarra | Investigating the effect of tablet thickness and punch curvature on density distribution using finite elements method[END_REF]. The press was numerically represented by a die and two punches, and these materials were considered as deformable with elastic properties of steel (E= 220GPa and ν=0.3).

Exact simulation setup will be detailed below.

Results and discussion

Influence of the unloading conditions on capping

As explained above, capping is due to the development of a shear stress at the limit between the land and the cup. In a previous publication (Mazel et al., 2015b), we used numerical modelling to show that this shear stress appears at the end of the decompression when the land of the punch loses the contact with the land of the tablet. During the last part of the unloading, the shear stress keeps on growing until the contact is definitively lost between the punches and the tablets. The simulations used symmetrical decompression and, as expected, the shear stress was the same on both sides of the tablets. According to this mechanism, tablets should thus cap on both sides. By looking at this results, it is clear that, if a stress was maintained on a face of the tablet, the shear stress would be lower and even, if the applied stress was high enough, it could disappear. The defects observed on the tablets might thus differ for the different unloading conditions.

To test capping, as explained above, tablets obtained under the three unloading conditions were submitted to drops in a friability tester. Figure 1 shows pictures of the tablets after the friability test. For SU and AU conditions, only four tablets are presented for clarity reasons. As observed previously [START_REF] Mazel | Shear strength of pharmaceutical tablets: Theoretical considerations, evaluation and relation with the capping tendency of biconvex tablets[END_REF], the formulation FVC had a high capping tendency. When SU conditions were used, all the tablets were capped after the friability test and capping had occurred on both sides (Figure 1a). This is coherent with the stress distribution described previously. When AU conditions are used, all the tablets were also capped but only on one face (Figure 1b). To identify the side on which capping had occurred, tablets were made under the same conditions, but before the experiment, ink was placed on the upper punch using a marker. As a result, all the tablets made presented a mark of ink on the upper side. These tablets were also submitted to the friability test. The same result was obtained with all tablets capped on one side (Figure 1c), and it was possible to see that the capped face was the upper face (the ink point is on the capped face). In AU conditions, the pressure is never completely relieved on the lower punch, which means that the shear stress cannot fully develop on this side. This prevents capping on the lower side. On the contrary, the shear stress still develops on the upper side and capping was still observed on this side.

Finally, Figure 1d shows that with LE conditions, no capping is detected after the friability test. As claimed in the literature, LE conditions make it possible to obtain defect free tablets even with a formulation with a high capping tendency. Again, by maintaining a small pressure on the tablet, the shear stress cannot fully develop and capping does not occur. In our case, a pressure of 2 to 3 MPa was enough to stop the capping phenomena. A screening of the exact pressure needed to maintain the integrity is beyond the scope of this article, but we can of course anticipate that this level is dependent on the formulation. In our situation, a pressure in the order of magnitude of the ejection pressure was enough.

To conclude this part on capping, we can say that it is possible to limit the occurrence of capping by changing the unloading conditions. Maintaining a small pressure on one face of the tablet until the end of the ejection can make it possible to eliminate any capping on this face.

Influence of the unloading conditions on lamination

As explained above, in this part the term lamination refers to a particular case presented in a previous publication [START_REF] Mazel | Lamination of biconvex tablets: Numerical and experimental study[END_REF] but that can be found elsewhere in the literature [START_REF] Osamura | Formulation design of granules prepared by wet granulation method using a multi-functional single-punch tablet press to avoid tableting failures[END_REF][START_REF] Yost | Quantitative X-Ray Microcomputed Tomography Assessment of Internal Tablet Defects[END_REF]. It was proved that this defect was caused by a tensile stress that developed at the center of the tablet during the unloading phase of the compaction. Contrary to the case of capping presented above, it is difficult to predict the effect of the unloading conditions on the stress distribution inside the tablet, especially in the case of AU, directly from the results already published. In this part we will first do a numerical study, using FEM, to see the influence of the unloading conditions on the stress distribution inside the tablet. Then experimental confirmation will be presented.

Numerical results

The study using numerical modelling has mainly a qualitative purpose. It is wellknown that the unloading part of the compaction cycle is not well represented by the DPC model. In the simulation, same punch geometry as in the experiment was chosen (11.28R11). A symmetrical compaction was performed at an axial pressure of 150MPa. This value is less than the experimental one but was chosen to avoid numerical problems during the simulation especially due to high stresses developing near the land of the tablet. Two unloading conditions were used. The first was the symmetrical unloading which correspond to SU presented above (called numerical symmetrical unloading NSU). In the second case, the lower punch was kept stationary during unloading and only the upper punch was removed. This set represents the asymmetrical unloading (AU) and will be called numerical asymmetrical unloading (NAU). The condition LE can be deduced form the NSU by considering the increments before the axial pressure is totally removed.

Figure 2 shows the distribution of the normal stress along the compaction direction (y-axis, see Figure 2) at the end of the unloading for NSU and NAU conditions.

Positive values correspond to tensile stresses. For the sake of simplicity, only the tensile stresses were represented, and the same scale was used for both results. It can be seen that some tensile stresses are present at the die wall interface. These stresses are due to friction and are superimposed with high compressive stress in the x-axis direction. They will not be discussed in the present paper because, even if they can be of interest, they are not linked with the lamination pattern obtained. As demonstrated in our previous study, lamination is due to the tensile stresses at the center of the tablet, that are clearly seen in the NSU condition. Nevertheless, for the NAU, stresses at the center of the tablet are no more tensile but compressive. (left) and NAU (right) conditions. On both image, scale was limited between 0 and 3.8 to ease the comparison.

To enter a little more into details, Figure 3 represents the normal stress at the center of the tablet along the y-axis (σyy) as a function of the pressure on the upper punch for NSU and NAU conditions. In the simulation for NSU conditions, the pressure on the lower punch is the same as on the upper punch. For the NAU condition this not the case and at the end of the unloading the pressure on the lower punch was 3.6MPa, which is in the order of magnitude of the experimental values presented above. For NAU conditions, the normal stress at the center is always compressive. For NSU conditions, the stress is compressive until very low values of the axial pressure (around 0.5 MPa). This means that, if NSU gives indeed a tensile stress at the center, for LE conditions maintaining an axial pressure around 2 or 3 MPa, the stress should remain compressive. The conclusion of this numerical part is that both AU and LE conditions should make it possible to prevent the development of the tensile stress at the center of the tablet.

Lamination should thus not occur in these conditions.

Experimental results

Experiments were performed in order to verify the prediction made using FEM modelling. Tablets were obtained for SU, AU and LE conditions. Images of the tablets obtained can be seen in Figure 4. For SU conditions, totally laminated tablets were obtained as expected. For AU and LE conditions, the tablets were not laminated after ejection. They were thus broken using diametral compression, as performed previously, to see if a sign of lamination at the center could be seen [START_REF] Mazel | Lamination of biconvex tablets: Numerical and experimental study[END_REF]. No sign of lamination was observed (Figure 4). As foreseen using FEM 

Discussion and consequence on development on eccentric presses

The results presented above show that both capping and lamination are highly influenced by the conditions of decompression. Even for formulations with high capping or lamination tendency, it is possible, by modifying the unloading conditions, to produce defect free tablets. Most tablets produced on rotary presses are submitted to SU conditions due to the construction of rotary press itself. As demonstrated before, this condition is the less favorable because it promotes the occurrence of capping and lamination.

Nevertheless, rotary presses are not the only presses used in the pharmaceutical industry. Especially during the development phase, smaller presses are used.

Despite the development of compaction simulator, eccentric presses with a stationary lower punch are still widely used. On this kind of presses, both loading and unloading is asymmetrical. The unloading condition is similar to the AU presented in this paper.

Results presented above are thus of great importance when considering the development using this kind of press. It is well known that it is often difficult to predict failure problem obtained at the production scale, during the development on small presses. One of the reason is supposed to be the difference of kinematics. The results presented above propose also another effect: the unloading conditions.

To verify this fact, tablets of the two previous formulations were manufactured on an eccentric press. Mean axial pressure was set to 200 MPa and the axial transmission was around 95% for both products. The effect of asymmetrical compression is thus limited. The wheel of the press was moved manually, and compression time (loading) was around 200ms, which a little more than in the previous results. Unfortunately, we did not possess 11.28R11 punches for this press. So 11.28R10 punches were used.

They correspond to punch with a higher curvature, i.e. to a worse case compared to the punches used on the compaction simulator. Filling height were the same as on the compaction simulator, which means that due to the difference between the punches, the final band thickness of the tablet was slightly lower on the eccentric press, which corresponds again to a worse case [START_REF] Diarra | Investigating the effect of tablet thickness and punch curvature on density distribution using finite elements method[END_REF].

As previously, the tablets obtained for FVC were submitted to the friability test and the tablets of aCP were checked for lamination. Pictures of the tablets can be found in Figure 5. For FVC, capping had occurred for all the tablets, but only one side, which was, after checking, the upper side of the tablet (Figure 5a). For aCP tablets, no external sign of lamination was found on the tablets. After diametral compression, the tablet halves did not present signs of lamination (Figure 5b). For both cases, the results are the same than those obtained previously for AU condition, as it can be seen by comparing Figure 5 to Figure 1b andFigure 4. This indicates that the difference in defect occurrence between SU condition on a compaction simulator and conditions on an eccentric press with a stationary punch is mainly due to the difference during the unloading phase. Anticipation of tablet defects, especially in the case of lamination, is thus very complicated when using this kind of press.

conclusion

In this study, different kinds of unloading conditions were studied to understand their effect on capping and lamination. It was proved that by maintaining a small pressure on both sides of the tablet (loaded ejection conditions) it was possible to obtain defect free tablets even for formulation with high capping/lamination tendency.

Moreover, maintaining the pressure on only one side of the tablet (Asymmetrical unloading condition), made it possible to stop capping on this side and to eliminate completely lamination. This asymmetrical unloading condition corresponds to the condition obtained on a classical eccentric press using a stationary lower punch. Due to this difference in unloading conditions, it might be practically impossible to anticipate on lamination problem at the industrial level using this kind of development presses.

Acknowledgement

The authors acknowledge the support of the French Agence Nationale de la Recherche (ANR), under grant ANR-17-CE08-0015 (CliCoPha project). 

Legend to figures

Figure 1 :

 1 Figure 1: pictures of the tablets of FVC after the friability test: (a) SU, (b) AU, (c) AU with a mark on the upper face and (d) LE.
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 2 Figure 2: FEM distribution of the normal stress along the y-axis direction at the end of the unloading for NSU
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 3 Figure 3: Evolution of the normal stress along the y-axis (σyy) at the center on the tablet as a function of the pressure on the upper punch.

  AU and LE conditions made it possible to prevent the lamination problem for this formulation.
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 4 Figure 4: Pictures of the tablets obtained for aCP for the different unloading conditions. For AU and LE diametral compression was performed and the picture was taken on one of the half tablet.
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 5 Figure 5: Pictures of the tablets obtained on the eccentric press: (a) FVC after friability and (b) aCP after diametral compression.
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