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Introduction

Pharmaceutical tablets are produced, at the industrial scale, using die compaction on large rotary presses. One of the specificity of the die compaction process in the pharmaceutical field, compared to other fields such as powder metallurgy or ceramics, is the very short time during which the stresses are applied to the product. The compaction event lasts, indeed, only a few milliseconds, especially on the largest rotary presses, and punch speed can be up to around 1 m.s -1 . As a consequence, time-dependent phenomena occurring during compaction play an important role in the final tablet properties. The dependency of the tablet properties on the compaction speed is generally called strain rate sensitivity (SRS) [START_REF] Alderborn | Tablets and compaction[END_REF][START_REF] Armstrong | Time-dependent factors involved in powder compression and tablet manufacture[END_REF]. SRS is of particular importance during scale-up because there can be a large difference between the kinematic of compaction of a small development press and the one of a large production press.

Even if the dynamic effects occurring during compaction are often described by the single concept of SRS, it is important to note that several different phenomena can be involved, like speed-dependent friction [START_REF] Desbois | Influence of the Punch Speed on the Die Wall/Powder Kinematic Friction During Tableting[END_REF], viscoplasticity, viscoelasticity [START_REF] Çelik | The Viscoelastic Deformation of Some Tableting Materials as Assessed by Indentation Rheology[END_REF][START_REF] Katz | Characterization of strain rate sensitivity in pharmaceutical materials using indentation creep analysis[END_REF][START_REF] Malamataris | Viscoelastic properties of some pharmaceutical powders compared using creep compliance, extended Heckel analysis and tablet strength measurements[END_REF][START_REF] Morehead | Viscoelastic Behavior of Pharmaceutical Materials During Compaction[END_REF][START_REF] Rehula | Stress relaxation study of fillers for directly compressed tablets[END_REF][START_REF] Van Der Voort Maarschalk | The effect of viscoelasticity and tabletting speed on consolidation and relaxation of a viscoelastic material[END_REF] or air entrapment [START_REF] Casahoursat | The Use of Stress Relaxation Trials to Characterize Tablet Capping[END_REF][START_REF] Zavaliangos | Prediction of air entrapment in tableting: An approximate solution[END_REF]. These different phenomena may not influence in the same way the final tablet properties and it is thus important to develop characterization methods that are suited to study independently each of these phenomena. The present work is focused on the case of viscoelasticity.

A product is viscoelastic if its elastic (recoverable) deformations are time-dependent [START_REF] Alderborn | Pharmaceutical powder compaction technology[END_REF][START_REF] Vincent | Structural Biomaterials[END_REF]. Several methodologies have been proposed in the literature to characterize the viscoelastic nature of pharmaceutical tablets. Some of these methodologies are applied to the tablet after its ejection from the die like dynamical mechanical analysis or relaxation tests [START_REF] Ascani | The influence of core tablets rheology on the mechanical properties of press-coated tablets[END_REF][START_REF] Çelik | The Viscoelastic Deformation of Some Tableting Materials as Assessed by Indentation Rheology[END_REF][START_REF] Hancock | Micro-scale measurement of the mechanical properties of compressed pharmaceutical powders. 2: The dynamic moduli of microcrystalline cellulose[END_REF][START_REF] Radebaugh | Characterization of the viscoelastic properties of compacted pharmaceutical powders by a novel nondestructive technique[END_REF] and some are developed directly on the tablet press before ejection [START_REF] Casahoursat | The Use of Stress Relaxation Trials to Characterize Tablet Capping[END_REF][START_REF] Desbois | Characterization and modeling of the viscoelasticity of pharmaceutical tablets[END_REF][START_REF] Rees | Time-Dependent Deformation of Some Direct Compression Excipients[END_REF][START_REF] Rehula | Stress relaxation study of fillers for directly compressed tablets[END_REF][START_REF] Rippie | Viscoelastic stress/strain behavior of pharmaceutical tablets: Analysis during unloading and postcompression periods[END_REF].

One of the characteristics of viscoelasticity is that it acts as a damping factor during the vibrations of a solid. It is thus also possible to study viscoelasticity by studying these damping phenomena. One way can be to study the damping of an elastic wave (e.g. ultrasonic wave) during its propagation in the tablet [START_REF] Vahdat | Ultrasonic approach for viscoelastic and microstructure characterization of granular pharmaceutical tablets[END_REF]. Another way can be to acquire the spectra of the natural frequencies of the solid and to characterize the shape of the peaks. The presence of damping in a solid promotes an enlargement of the vibration peaks corresponding to natural frequencies. This enlargement can be measured for example using the half-power bandwidth method [START_REF] Meirovitch | Fundamentals of Vibrations[END_REF]. From the experimental point of view, several techniques can be used to measure the natural vibrations of a solid to characterize the damping like resonant ultrasound spectroscopy [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF][START_REF] Lee | Resonant ultrasound spectroscopy for measurement of mechanical damping: Comparison with broadband viscoelastic spectroscopy[END_REF] or impulse excitation technique [START_REF] Popov | Impulse excitation technique and its application for identification of material damping: an overview[END_REF].

Impulse excitation technique was recently introduced in the pharmaceutical field [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF] and proved to be an easy and quick methodology to characterize the elastic behavior of pharmaceutical tablet including its anisotropy [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF]. The goal of the present work is to extend the use of this methodology for the characterization of the viscoelastic behavior of pharmaceutical tablets by studying tablet damping behavior with the half-power band method. For this purpose, the applicability of the half-power bandwidth method for pharmaceutical tablets was investigated in order to determine the convenient conditions to evaluate tablet modal damping ratios. Finally, the validation of this method to characterize tablet viscoelastic behaviour was realized.

Theoretical considerations

Definition of damping

Vibrations require energy. In the case of free systems, energy is given to the system when an external force sets the system in motion. When those vibrations are undamped, this energy is transformed, without dissipation, from potential to kinetic energy and vice versa.

The amplitude of vibrations is thus constant for an infinite period of time. The intrinsic characteristics of an undamped system vibrating freely after external perturbations are: a) the displacement patterns associated with its harmonic vibrations (called 'mode shapes') and b) the given specific oscillation frequency at which the system vibrates (called 'natural frequencies'). However, in real-life vibrating systems, energy gets dissipated continuously in different forms over time. The amplitude of vibrations gradually decreases and goes to zero over time.

A common way to model damping is to assume proportional viscous damping using Rayleigh model [START_REF] Strutt | The Theory of Sound[END_REF]. The equation of motion for a viscously damped vibrating freedom system in modal coordinates reads:
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Where , and are the displacement, velocity and acceleration vectors and the parameters and are respectively the angular natural frequency and modal damping ratio related to each classical mode shape i. Damping ratios are modal parameters related to the damping behaviour of each mode shape of the tablet studied.

The half-power bandwidth method

In this work, we chose to measure the damping ratio related to a given mode on the amplitude-frequency curve at resonance [START_REF] Bachmann | Vibration Problems in Structures: Practical Guidelines[END_REF] using the half-power bandwidth method. This method is commonly used in different fields, e.g. in the characterization of building structures [START_REF] Papagiannopoulos | On the use of the half-power bandwidth method to estimate damping in building structures[END_REF][START_REF] Shi | Modal identification of Shanghai World Financial Center both from free and ambient vibration response[END_REF] or biological materials [START_REF] Mc Donnell | Vibrational testing of trabecular bone architectures using rapid prototype models[END_REF][START_REF] Veltri | Damping factor for monitoring the bone interface at dental implants[END_REF].

The half-power bandwidth method considers a symmetrical response curve, light damping ( < 1/2√2), no effect of neighbouring modes on the analysed mode and the knowledge of impact of the excitation signal on the frequency response [START_REF] Beards | Structural Vibration: Analysis and Damping[END_REF][START_REF] Silva | Vibration: Fundamentals and Practice, Second Edition[END_REF].

The modal damping ratio related to a mode was defined as:

= Δω 2
where Δ is the frequency bandwidth related to the half-power amplitude √2 ⁄ . Note that there are other parameters that evaluate damping such as the loss factors and that there are all mathematically related, e.g. = 1 2 ⁄ . Figure 1 shows an illustration on a peak of the evaluation of the damping ratio using the half power bandwidth method.

The more damped a mode is, the faster the decay of its vibrations is when set in motion which leads to wider peaks on the frequency spectra. Thus, for a given shape mode, an increase of its width is directly related to an increase of its damping ratio.

3 Materials and methods

Powders

Four classical pharmaceutical excipients for direct compression were used in this study: lactose monohydrate "MLac" (Excipress GR150, ArmorPharma, Maen Roch, France), anhydrous dicalcium phosphate "ACP" (Di-cafos A60, Chemische Fabrik Budenheim, Budenheim, Germany), microcrystalline Cellulose "MCC" (Vivapur12, JRS Pharma, Weissenborn, Germany) and starch (Lycatab C, Roquette, Lestrem, France). Magnesium stearate (Partek Mg Lub, Merck, Darmstadt, Germany) was used for external lubrication during tablet manufacturing. In addition, the apparent particle density of each powder was determined using a helium pycnometer (AccuPyc 1330, Micromeritics, Norcross, GA, USA). The measurements were performed in triplicate (10 purges and 10 runs). The pycnometric density of each powder is presented in Table 1.

Tablet manufacturing

All tablets were manufactured on a compaction simulator 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. The compaction cycle was set to simulate a Korsh XL 100 Euro-B at a rotation speed of 20 rpm. An example of the punch displacement and axial force profiles of the simulated compaction cycle used to manufacture MLac tablets at 200MPa is presented in the Figure S1 of the Supplementary Material.

Tablets were made for each product presented above at two compression pressures (100 and 200 MPa) using Euro-B flat-faced punches with a diameter of 11.28 mm. Filling height was modified in each case to obtain a final tablet thickness of 2 mm. In the case of MLac and starch, supplementary tablets were manufactured. For MLac, tablets were also made at 200 MPa with Euro-B flat faced punches of a diameter of 11.28 mm with a tablet thickness of 1.5, 2.5 and 3 mm and with Euro-B flat faced punches of a diameter of 8 mm and 16 mm with respectively a tablet thickness of 2 mm and 3 mm. Supplementary tablets of starch were made at 200 MPa with Euro-B flat faced punches of a diameter of 10 mm and a tablet thickness of 3 mm. Lubrication was made using an external system with a pulsed air blow cabinet. The magnesium stearate powder was sprayed on the punches and the die during 1200 ms. For each condition (pressure, product and size), 5 tablets were manufactured to assess the test repeatability.

Impulse excitation technique

Damping ratios were measured based on the results of impulse excitations tests. Those tests were made following the methodology presented earlier [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF][START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF]. As peak shapes and damping ratios are impacted by the amount of energy given to the system to put it into motion, tablets were all dropped on a hard surface (here, stainless steel) at a fixed height (1 cm height) to minimize the variations of this energy during the experiments. In all the cases, to obtain a single rebound, tablets were dropped on their lateral band. The sample free vibrations induced by the impact were recorded using a microphone MM310 (Microtech Gefell GmbH, Gefell, Germany). The data acquisition system was a DEWE-43 coupled with the software Dewesoft X3 (Dewesoft, Trbovlje, Slovenia). Acquisition frequency was set to 200 kHz and as a consequence the maximal detectable frequency was 78.1 kHz. More technical details on the methodology are explained in [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF]. Time-domain amplitude signal was converted into a frequency-domain using a fast Fourier transform (FFT) algorithm. A Blackman window with 2 12 (= 4096) points was used. The frequency resolution was 24.4 Hz. For each product and each condition, spectra were recorded on 5 tablets. On each tablet at least 40 spectra were acquired.

Measurements using the half-power bandwidth method

Modes with lower natural frequencies present higher amplitudes than those with higher natural frequencies (an example can be seen in figure 1 of [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF]).

This is due to the fact that those higher modes are more difficult to excite since a lot of energy is required to set the system to vibrate with those given mode shapes. Thus, in order to compare tablet behaviours, we chose to evaluate the damping ratio of the mode A as presented in [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF] which corresponds to the first flexural mode.

The variability of due to the energy excitation was then quantified based on the study of several frequency spectra for a given product. Due to the large quantity of data acquired (at least 40 spectra per tablet), a Python sub-routine was developed in order to automatize the evaluation of the modal damping ratio on each spectrum. To remove noised spectra from the list of spectra studied, a manual check was then performed. Then, damping ratios were evaluated on the ten frequency spectra with the highest amplitudes of the peak related to mode A. The value of for a given product was then calculated as the mean value of these ten measurements.

Results and discussion

Characterization of tablet damping ratio

Tablets with a diameter of = 11.28 mm and a thickness of ℎ = 2 mm were studied. As presented elsewhere [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF], for this tablet dimension, the mode shape related to mode A corresponds to the first natural frequency of the frequency spectra. The damping ratio related to tablet mode A ( ) was therefore characterized on tablets manufactured with all the products studied and made at two different compaction pressures (100 and 200 MPa) using the methodology presented previously. The results are presented in Figure 2.

Note that all the damping ratios characterized were lower than 4 % (≪ 1/ 2√2 ≈ 35%) meaning that tablets in general are light damping systems. For each product relatively low coefficients of variation were obtained (always under 0.18). This means that the methodology developed makes it possible to obtain reproducible results. Moreover, significant differences can be seen between the products. Indeed, for each compaction pressure, the same tendency in was observed: Starch > MCC > MLac and ACP. This means that the methodology developed can differentiate the products based on their damping behaviour. To the authors knowledge, it was the first time that the damping behaviour of such materials was characterized.

Note that for a compaction pressure, the tendency observed in damping ratios was the same as observed in viscoelasticity in [START_REF] Desbois | Characterization and modeling of the viscoelasticity of pharmaceutical tablets[END_REF] where the viscoelasticity of same type of products was characterized using an original in-die methodology of characterization. The methodology proposed seems thus promising in terms of viscoelasticity characterization. However, viscoelasticity is not the only phenomena which can induce damping during the vibration of pharmaceutical tablets. Indeed, energy dissipation can occur at the interfaces of the solid part of the material due to air/solid interactions (frictions) in pores and along the external solid interface with air [START_REF] Biot | Theory of Propagation of Elastic Waves in a Fluid-Saturated Porous Solid. I. Low-Frequency Range[END_REF][START_REF] Takahashi | Flexural vibration of perforated plates and porous elastic materials under acoustic loading[END_REF]. As tablets are porous solids, the impact of porosity on damping must thus be verified. Another parameter that must be considered is viscoplasticity as it can induce energy dissipation. Moreover, depending on the tablet dimensions, some structural effects could also impact damping. Thus, in order to evaluate adequately the relationship between tablet damping ratio and viscoelasticity, the impact of the other phenomena which can induce damping and which were described above (i.e.

viscoplasticity, porosity and tablet dimensions) were investigated.

Effect of viscoplasticity

During the impact resonance tests, tablets are solicited by impact. If the energy related to this impact is high enough, tablet microstructures and properties could be modified, i.e. In order to evaluate this hypothesis, we chose to present here the results obtained on the tablets made under 100 MPa, which are the weakest tablets and are thus more susceptible to undergo plastic deformations. Evolution of the natural frequency of mode A as a function of the frequency spectrum number (a spectrum with a number n was measured after the n th drop of the tablet) for each product are presented on Figure 3. The 10 spectra presented were those on which the damping ratios were measured.

No trend of evolution of the natural frequencies during the experiments was observed.

This was true for all the tests performed as also observed in [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF].

As the natural frequency is a material inherent property, the fact that this parameter remained constant during the test series means that tablet microstructures and properties remained the same. This confirms that the methodology used (i.e. drop of tablets from 1 cm height) was such that tablets were solicited in their elastic domain. We can therefore consider negligible the plastic during the test. We can then neglect the influence of viscoplasticity on the damping ratio during the performed tests.

Influence of porosity

Tablet porosity was estimated using tablet density (evaluated with the measurements of its dimensions and mass) and pycnometric density. Table 2 shows the tablet density as well as their porosity for all the tablets manufactured with a diameter of 11.28 mm and a thickness ℎ of 2 mm. As expected, for each product, an increase of compaction pressure led to an increase of tablet density and thus a decrease of tablet porosity [START_REF] Alderborn | Tablets and compaction[END_REF].

Two comments can be made comparing porosity and damping ratio results. Firstly, for a given compaction pressure, the tendency in tablet porosity was: ACP > Starch > MCC > MLac. However, we observed in Figure 2 a tendency in different from the one observed in tablet porosity (Starch > MCC > MLac and ACP). Thus, there is no direct relationship between the tendency in and tablet porosity.

Secondly, significant variations of porosity were observed from one pressure to another.

Nevertheless, on Figure 2, it can be seen that, for each product, the values of the damping ratios at the two compaction pressures are not significantly different (overlapping of the error bars). This means that a change in porosity has no significant influence on . The absence of impact of porosity on damping behaviour was already reported by several authors using Dynamic mechanical analysis [START_REF] Alberola | Viscoelasticity of porous composite materials: Experimentals and theory[END_REF][START_REF] Radebaugh | Characterization of the viscoelastic properties of compacted pharmaceutical powders by a novel nondestructive technique[END_REF][START_REF] Van Der Voort Maarschalk | The effect of viscoelasticity and tabletting speed on consolidation and relaxation of a viscoelastic material[END_REF]. The influence of tablet porosity on was therefore neglected hereinafter.

Impact of tablet dimensions

During the process of tablet manufacturing, flat-faced tablets can be made with different thicknesses or diameters. As the aim of the methodology proposed is to characterize the viscoelasticity of the product, it is thus mandatory to verify that the result is not impacted by structural effects, i.e. in our case by tablet dimensions (diameter and thickness). In order to understand the influence of tablet dimensions on their damping ratio , we characterized MLac and starch tablets made at 200 MPa with different diameters and thicknesses. Tablet dimensions were specified in section 3.2. As explained in [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF] , the tablet dimensions have an influence on the natural frequencies.

However, the way tablet dimensions impact the natural frequency depends on the mode shape studied. As a consequence, depending on tablet dimensions and due to frequency shifts, it is possible that, in certain cases, the first frequency of the spectrum might not correspond the mode A. Moreover, from a fundamental point of view, the damping factor might not be exactly the same for the different modes (see section 2.1). It is thus important to study always the same mode shape whatever the tablet dimensions. In our case, we wanted to verify that, using the dimensions presented in section 3.2, the first frequency of the spectrum always corresponded to the one related to mode A. Based on our previous work, it was already known that the mode shape related to mode A corresponded to the first natural frequencies for tablets with ( = 11.28 mm and ℎ = 2 mm) and ( = 11.28 mm and ℎ = 2.5 mm) [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF]. In order to identify the mode shape related to mode A for all tablet dimensions studied, we followed the same methodology as in [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF] using an undamped modal analysis. The study was performed using the finite element software Abaqus® 6.13 (Dassault Systèmes, Vélizy-Villacoublay, France) with the Lanczos algorithm on 3-D free moderately thick cylindrical plates (representing flat-faced cylindrical tablets) on a mesh of about 40000 nodes. More details on the finite element calculations used can be found in [START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF]. It was checked that the first mode observed always corresponded to the mode A for all the tablets with the dimensions studied in this article.

The damping ratios were then characterized for all the tablets studied, using in each case, the first frequency peak of the spectrum . The influence of tablet dimensions on on MLac and starch tablets made at 200 MPa was presented in Figure 4.

Considering the error bars in Figure 4, no significant variations of the damping ratio were observed with respect to both tablet diameter and thickness for MLac and starch tablets made at 200 MPa. Therefore, as seen for two products presenting very different viscoelastic properties, it seemed that the effect of tablet dimensions on tablet damping ratio was negligible in the range of dimensions studied.

Relationship between tablet damping ratio and viscoelasticity

As explained above, energy loss in tablets leading to damping can be induced by tablet viscoelasticity, viscoplasticity, porosity and dimensions. Negligible effects on tablet damping ratio were observed with respect of tablet viscoplasticity (section 4.2), tablet porosity (4.3) as well as tablet dimensions (section 4.4) whereas the tendency observed in damping ratios was the same as the one observed in viscoelasticity in [START_REF] Desbois | Characterization and modeling of the viscoelasticity of pharmaceutical tablets[END_REF]) (section 4.1). Only the viscoelastic behaviour of tablets seemed to impact .

Therefore, it can be conclude that the characterization of tablet damping ratio makes it possible to classify products based on tablet viscoelasticity. It can be noted that Desbois and al. [START_REF] Desbois | Characterization and modeling of the viscoelasticity of pharmaceutical tablets[END_REF], using a completely different methodology, found slight changes in viscoelastic properties with porosity but without real trends. This was not found in the present study. So, if it exits, the influence of porosity on the viscoelastic behaviour is small and might not be detected by the present methodology.

Due to the simplicity of implementation of the half-power bandwidth method on frequency spectra obtained using impact resonance, this indirect characterization of tablet viscoelasticity is thus a time-saving method compared to the others methodologies of relaxation tests or dynamic mechanical analysis proposed in the literature.

Conclusions

A methodology of characterization of tablet viscoelasticity based on impulse excitation measurements was presented in this article. The relationship between tablet damping of the first flexural mode and their viscoelasticity was investigated. Tablet damping ratio of mode A was characterized using the half-power bandwidth method on frequency spectra obtained by impulse excitation measurements.

The impact of other factors that might affect the damping ratio, like viscoplasticity, porosity or tablet size, were found to be negligible. It was thus found that viscoelasticity was the principal responsible of variations in the tablet damping ratio. This was confirmed by the results found on tablets made from excipients with known viscoelastic behaviour.

In previous studies we already shown that impulse excitation technique could be used to characterize the elastic behaviour of the tablet including its anisotropy [START_REF] Mazel | Applicability of impulse excitation technique as a tool to characterize the elastic properties of pharmaceutical tablets: Experimental and numerical study[END_REF][START_REF] Meynard | Use of impulse excitation technique for the characterization of the elastic anisotropy of pharmaceutical tablets[END_REF]. The new results presented in the present work make it possible to show that impact excitation is an easy-to-use and time-saving way to characterize the global elastic/viscoelastic behaviour of pharmaceutical tablets. This characterization can be of interest in order to understand the behaviour of formulations during compaction. Impulse excitation technique is thus an interesting asset during the development of pharmaceutical tablets. 
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Table 1 :

 1 Pycnometric density of the studied powders

Table 2 :

 2 Density and porosity of tablets manufactured with a diameter D of 11.28 mm and a thickness h of 2 mm