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Abstract 9 

Evolution of the compaction properties of powders with the compaction speed (strain 10 

rate sensitivity, SRS) is a common phenomenon during the manufacturing of 11 

pharmaceutical tablets. Nevertheless, several different phenomena can be 12 

responsible of the SRS like friction, viscoelasticity, viscoplasticity or air entrapment.In 13 

this work, an original experimental methodology was developed to characterize 14 

specifically the viscoelasticity of tablets using a compaction simulator. After various 15 

compressions, tablets were finally loaded elastically at different constant strain rates. 16 

This methodology made it possible to measure the apparent bulk and shear moduli 17 

as a function of the strain rate. The methodology was successfully applied to 18 

microcrystalline cellulose (MCC), Starch, Lactose monohydrate (GLac) and 19 

Anhydrous Calcium Phosphate (ACP). No significant evolution of the moduli was 20 

found for Lac and ACP as expected. On the contrary, for MCC and Starch, both 21 

shear and bulk moduli were found to increase along with the strain rate. The 22 

viscoelastic behavior was then successfully modeled using prony series. Assessment 23 
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of the model parameters was achieved by inverse identification using an analytical 24 

model and a finite element analysis. 25 

keywords: viscoelasticity, compaction, speed, strain rate sensitivity, mechanical 26 

behavior, tablet 27 

1. Introduction 28 

The tablet is the most popular solid dosage form in the pharmaceutical industry. 29 

Nevertheless, the mechanical phenomena occurring during the manufacturing 30 

process are complex and still not fully understood. Even if the compaction process is 31 

used for more than a century, some manufacturing problems are still challenging 32 

today, like, for example, capping or sticking.  33 

Scale-up is a critical aspect during the development of new tablets, because some 34 

problems may remain undetected during development. Historically, for the 35 

development of tablets, companies used eccentric presses whereas final production 36 

was generally performed on rotary presses. However, tablets produced on an 37 

eccentric machine might differ from those produced on rotary presses especially 38 

because the kinematic of this two kinds of presses is very different. To fill the gap, 39 

compaction simulators were created to be able, at the development scale, to mimic 40 

the kinematic behavior of the industrial rotary presses.  41 

In fact, on industrial rotary presses, compaction speed can be very high and it is well 42 

known that this speed can have consequences on the final tablet quality attributes. 43 

This phenomena is often called Strain Rate Sensitivity (SRS)(Armstrong, 1989). 44 

Several aspects can explain the SRS. The first one is air entrapment. When the 45 

compaction speed increases, air can have difficulties to escape from the tablet and 46 

this can imply a modification of the apparent deformation behavior of the powder 47 



(Casahoursat et al., 1988; Garr and Rubinstein, 1991). In addition, defects can 48 

appear inside or at the surface of the tablet (Long and Alderton, 1960; Mazel et al., 49 

2015). Another factor is the kinematic friction between the powder/tablet and the die. 50 

It was shown that the kinematic friction coefficient increases with the sliding speed 51 

and that this speed dependency is an intrinsic property of the friction between a 52 

tablet and a die lubricated with magnesium stearate (Desbois et al., 2019).  53 

Other aspects of the SRS are directly linked with the intrinsic mechanical properties 54 

of the compressed powder. Viscoplasticity means that the plastic deformation is time-55 

dependent and viscoelasticity means that the elastic (recoverable) deformation is 56 

time-dependent (Alderborn and Nyström, 1996; Vincent, 2012). Both aspects have 57 

been studied (Çelik and Aulton, 1996; Katz and Buckner, 2013; Malamataris and 58 

Rees, 1993; Morehead, 1992; Radebaugh et al., 1989; Rees and Rue, 1978; Rippie 59 

and Danielson, 1981; Tye et al., 2005). Unfortunately, in the literature, the different 60 

aspects of the SRS are often mixed. To precisely define the SRS, it would be of 61 

interest to define a methodology that makes it possible to separate the different 62 

aspects.    63 

This work is focused on viscoelasticity. In the literature, two main approaches were 64 

used to characterize viscoelasticity. The first one consists in characterizing the tablet 65 

after ejection (i.e. “out of die”). Several articles have presented methodologies with 66 

this approach using relaxation tests or dynamic mechanical analysis (Ascani et al., 67 

2019; Çelik and Aulton, 1996; Hancock et al., 2001; Radebaugh et al., 1989). 68 

Nevertheless, these approaches have several drawbacks. First, only products that 69 

make it possible to obtain intact tablets after ejection can be used. Then, the forces 70 

used for the characterization are generally very low and far from the loads used 71 

during compaction.  Finally, the characterization is often unidirectional, meaning that 72 



only one elastic modulus is characterized in terms of viscoelasticity whereas a 73 

complete description would need the use of two different moduli.  74 

The second method is to observe the viscoelasticity directly in the die, before tablet 75 

ejection. Several articles were published using a relaxation test at the compression 76 

top (Casahoursat et al., 1988; Rees and Tsardaka, 1993; Rehula et al., 2012). But at 77 

the compression top, both viscoelasticity and viscoplasticity are occurring. It is thus 78 

not a true viscoelastic characterization.  Another approach is the use of the unloading 79 

part of the compaction cycle, where deformation is supposed to be elastic (Rippie 80 

and Danielson, 1981). Nevertheless, in the literature, it was also shown that plastic 81 

deformation takes place during most of the unloading step (Hiestand et al., 1977). 82 

Finally, other techniques were proposed like the use of ultrasounds (Saeedi Vahdat 83 

et al., 2013). 84 

In this work, we propose an original experimental methodology to characterize 85 

specifically the viscoelasticity of a tablet directly in the die. This methodology makes it 86 

possible to separate viscoelasticity from the other kinds of time-dependent 87 

deformations.  88 

Beyond the characterization of viscoelasticity, another objective of this study was to 89 

model the viscoelastic behavior with the objective of integrating this behavior in 90 

numerical simulations. Currently, Finite Element Method (FEM) is mainly used for the 91 

modelling of powder compaction. The models used (e.g. Drucker Prager Cap) are 92 

essentially time independent. In order to represent the viscoelastic behavior using 93 

FEM, a mathematical formulation of the viscoelastic behavior must be found. In this 94 

work, the time evolution of elastic moduli was represented using Prony series and 95 



model parameters were found by inverse identification using an analytical approach 96 

and FEM simulations.  97 

2. Material and method 98 

2.1. Materials 99 

2.1.1. Powders 100 

Four pharmaceutical excipients were used:  Lactose Monohydrate (GLac) (Excipress, 101 

ArmorPharma, Maen Roch, France), Anhydrous Calcium Phosphate (ACP) (DiCafos 102 

A60,  Chemische Fabrik Budenheim, Budenheim, Germany), Microcrystalline 103 

Cellulose (MCC) (Vivapur200, JRS Pharma, Weissenborn, Germany) and Starch 104 

(Lycatab C, Roquette, Lestrem, France). Magnesium Stearate was used for external 105 

lubrication (Partek Mg Lub, Merck, Darmstadt, Germany). 106 

2.1.2. Powder compaction  107 

All compaction experiments were performed on a compaction simulator Styl’One 108 

Evolution (Medelpharm, Beynost, France). This machine is instrumented with load 109 

sensors (strain gauges) and displacement sensors (incremental sensors) on each 110 

punch.  The die-wall pressure is measured with an instrumented die (strain gauge). 111 

For the experiments, round flat punches with a diameter of 11.28 mm were used.  112 

An external system was used to lubricate the punches and the die. This system used 113 

a pulsed air blow cabinet to spray the Magnesium Stearate powder on the punches 114 

and die. Precise compaction conditions are explained below. 115 

2.1.3. Numerical simulation 116 

FEM was used for numerical modelling. All simulations were performed using the 117 

software Abaqus® (Abaqus® Standard 6.13, Dassault Systèmes, Vélizy-Villacoublay, 118 



(1) 

France). To represent the compaction process, the die and punches were modelled 119 

as analytical rigid surfaces and the tablet was defined as a continuous deformable 120 

solid. For symmetry reasons, axysymmetrical simulations were performed. A friction 121 

coefficient dependent of the speed was used to represent the friction between the 122 

tooling and the tablet during compression. Its value was taken from a previous 123 

publication (Desbois et al., 2019). Linear elastic and viscoelastic laws with Prony 124 

series were used.  125 

2.2. Theoretical background: Linear viscoelasticity 126 

In the case of linear elasticity, the relation between the strain of a solid (ε) and the 127 

applied stress (σ) can be represented by Hook’s law: 128 

𝜎 = 𝐸𝜀 

In the case of linear viscoelasticity, the previous equation can be replaced by an 129 

integral form (Marques and Creus, 2012): 130 

 131 

σ(t) = ∫ 𝐸(𝑡 − 𝜏)
𝑑𝜀(𝑡)

𝑑𝑡
𝑑𝜏

𝑡

0

                   (2) 

In this case, if Young’s modulus depends on time, the stress-strain relationship is a 132 

function of the loading history (t=0 represents the beginning of the loading history).  133 

Previous equations represent the 1D case. For 3D cases, it is possible to extend this 134 

approach using the deviatoric and volumetric parts of stresses and strains (Rippie 135 

and Danielson, 1981). This implies the use of the bulk (K) and shear (G) moduli. In 136 

these cases, the evolutions of the deviatoric (q) and the hydrostatic (p) stresses are 137 

given by the following relations (Marques and Creus, 2012):  138 



𝑞(𝑡) = ∫ 𝐺(𝑡 − 𝜏)
𝑑𝜀𝑠(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

             (3) 

 139 

𝑝(𝑡) = ∫ 𝐾(𝑡 − 𝜏)
𝑑𝜀𝑣(𝜏)

𝑑𝜏
𝑑𝜏

𝑡

0

                 (4) 

 140 

with 𝜀𝑠 and 𝜀𝑣 the deviatoric and volumetric strains respectively. 141 

To use equations (3) and (4), it is necessary to propose an analytical form of the 142 

time dependency of K and G. The most classical form is the Prony series. Prony 143 

series are derived from the generalized Maxwell model. They can be expressed 144 

as (Marques and Creus, 2012): 145 

𝐺(𝑡) = 𝐺∞ (1 + ∑ 𝑔𝑖𝑒
−𝑡

𝜏𝑖⁄

𝑛

𝑖=1

)               (5) 

𝐾(𝑡) = 𝐾∞ (1 + ∑ 𝑘𝑖𝑒
−𝑡

𝜏𝑖⁄

𝑛

𝑖=1

)              (6) 

 146 

where 𝐺∞ and 𝐾∞ are the infinite shear and bulk moduli and 𝑔𝑖, 𝑘𝑖 and 𝜏𝑖 are model 147 

parameters.  148 

A complete characterization of the viscoelastic behavior of a solid using this model 149 

means the determination of all the constants included in the previous equations. This 150 

work presents a methodology for such a characterization. 151 

2.3. Experimental protocol for the characterization of the viscoelasticity  152 



To characterize viscoelasticity, it is important to design experiments where the tablet 153 

is deformed only elastically. This is for example not the case for relaxation 154 

experiments performed at the compaction top. For this purpose, a specific 155 

compaction cycle was defined and is presented in figure 1.  156 

A first compression was performed to make the tablet.  Furthermore, an extended 157 

dwell time was used to complete as much as possible the viscoplastic effects. This 158 

first compression defines the tablet that will be studied. In this work two first pressure 159 

levels were used: 100MPa and 200 MPa. Using these two different first pressures 160 

made it possible to obtained, for each product, tablets with two different porosity 161 

levels. These two values of pressure were chosen arbitrarily but are consistent with 162 

classical pressures used to obtain tablets. Thus, for each product, two sets of data 163 

will be presented: one for the tablets obtained under 100 MPa and one for the tablets 164 

obtained under 200 MPa.  165 

After this first compression (either at 100MPa or at 200MPa), two more compressions 166 

with extended dwell times were performed at a pressure lower than the first one in 167 

order to complete as much as possible the plastic and viscoplastic deformations.  168 

Finally, the viscoelastic properties were measured during the fourth compaction. The 169 

displacement during this compaction was set between 50 and 100 µm (depending on 170 

the product) which corresponds to a global strain between 1.75% and 3.5%.  These 171 

values were chosen as a trade-off between a displacement value sufficiently high to 172 

ensure the precision of the measurements and overpass the initial non-linear 173 

elasticity (Brewin et al., 2007), and sufficiently low to remain in the linear viscoelastic 174 

domain. The compaction speed of this fourth step was varied in order to have loading 175 

times between 30 and 30000 ms with a nearly constant speed. Times were adjusted 176 



as a function of the displacement to obtain, for each product, strain rates around 1, 177 

0.1, 0.01 and 0.001s−1. It must be noted that for ACP and GLac, it was not possible 178 

to obtained reliable results for the strain rate 1s-1. So for these products only three 179 

strain rates will be presented. Times longer than 30000ms were not used because 180 

the normal compression time is often less than a few hundred milliseconds. The 181 

results presented here will thus focus on the viscoelasticity occurring during 182 

compression and not on very long term viscoelasticity (occurring during hours or 183 

days). With the compaction simulator used, it was also impossible to obtain a reliable 184 

signal for a compaction time under 30ms, especially because the speed was not 185 

constant during loading.  186 

During the loading at different strain rate (or time), the viscoelastic behavior of a 187 

tablet can be approximated by an apparent linear elastic behavior, with apparent 188 

elastic constants that change from one loading time to another (Mattei and Ahluwalia, 189 

2019). A previously published method (Mazel et al., 2012) was used to determine the 190 

apparent Young’s modulus (E) and Poisson’s Ratio (ν). Finally, apparent K and G 191 

were calculated for the different loading times using the following equations (Landau 192 

and Lifshitz, 1959):  193 

𝐾 =
𝐸

3(1 − 2𝜈)
                        (7) 

𝐺 =
𝐸

2(1 + 𝜈)
                 (8) 

For each condition, 5 tablets were produced. 194 

3. Results and discussion 195 

3.1. Experimental characterization of viscoelasticity 196 



Before applying the methodology described above, it was important to verify that no 197 

viscoelastic effect was introduced by the press itself. The compaction system has 198 

indeed an elastic compliance, i.e. it deforms elastically during loading and unloading. 199 

It was thus important to verify that this elastic deformation was not time dependent. 200 

To measure the elastic deformation of the press, a steel gage was compressed 201 

between the two punches. The deformation of the gage, even if very small, was taken 202 

into account in the measure of the press deformation (Young’s modulus of steel 203 

E=220 GPa). For this experiment, the gage was compressed between 0 and 90 MPa, 204 

which covers the range used in the fourth compression. This was done for 205 

compression times of 30, 300, 3000 and 30000 ms. This corresponds to the range of 206 

compression times used in our protocol for viscoelasticity determination. Results are 207 

presented in figure 2. The different runs are perfectly superimposed which means 208 

that no viscoelastic effect is introduced by the press itself. The elastic compliance of 209 

the press was taken into account in the measurement of the displacements. 210 

 The original in die method described above was then applied to four excipients to 211 

determine their viscoelastic behavior. The final porosities of the tablets obtained for 212 

each product and each pressure point are presented in table 1. No significant 213 

differences were found between tablets made with the same product and the same 214 

first pressure but with different loading time for the last compression. As a 215 

consequence, only one value of porosity for each first compression pressure is 216 

reported in table 1.  217 

The apparent elastic moduli measured during the experiments are presented in table 218 

2 and figures 3 and 4. For MCC and Starch, results in table 2 indicate that both K and 219 

G are dependent on the strain rate. More precisely, K and G increase when the strain 220 

rate increases, which is expected in the case of a viscoelastic product. To better 221 



illustrate the variations, values of K and G normalized by the value obtained for the 222 

smallest strain rate (longest loading time) are presented in figures 3 and 4. For 223 

starch, at a strain rate of 0.1s-1, the increase was between 32% and 38% for G and 224 

between 21% and 24% for K. For MCC we obtained, for the same strain rate an 225 

increase of G and K between 14% and 20%, and 4% and 12% respectively. On the 226 

contrary, changes observed for ACP and GLac were always below 5% whatever the 227 

strain rate. 228 

The excipients used in this study were chosen based on their mechanical behaviors 229 

as described in the literature. Starch is known to be a viscoelastic product and MCC 230 

present also some viscoelasticity (Malamataris and Rees, 1993; Van der Voort 231 

Maarschalk et al., 1997). On the contrary, ACP and GLac are not expected to show 232 

significant viscoelasticity. The results presented above are thus totally coherent with 233 

the existing literature: starch is the most viscoelastic of the four products and MCC 234 

also presents some viscoelasticity. On the contrary, the viscoelasticity of GLac and 235 

ACP is very low as expected. These results make it thus possible to validate the 236 

present methodology for the determination of the viscoelastic properties of 237 

pharmaceutical tablets. Based on these results, GLac and ACP show very limited 238 

viscoelasticity even if the strain rate range was three decades. Viscoelasticity can 239 

thus be neglected, on the time range studied in this work, in the mechanical behavior 240 

of these two products. The following parts of the article will thus focus on the results 241 

obtained on MCC and starch. 242 

Besides showing that MCC and starch are indeed viscoelastic products, the 243 

methodology developed makes it possible to study both the volumetric and the 244 

deviatoric part of viscoelasticity. Generally, in the literature, the volumetric part of 245 

viscoelasticity is neglected compared to the deviatoric part. This was for example 246 



done in the studies performed in the pharmaceutical field on the unloading part of the 247 

compaction profile (Rippie and Danielson, 1981). Such a hypothesis would mean that 248 

K should remain constant and that only G should vary with the strain rate. Results 249 

presented in figures 3 and 4 clearly show that the volumetric part of the viscoelasticity 250 

cannot be neglected in the case pharmaceutical tablets. Even if G shows greater 251 

variations than K, K is also varying with the strain rate.  252 

As explained above, the purpose of using two different first compression pressures 253 

(100 MPa and 200 MPa) was to analyze the viscoelasticity with two different tablets 254 

for the same product. The results of the experiments reported in table 2 show 255 

differences between both compression pressures. As expected, for all the products 256 

and for each loading time, K and G increase when the first compression pressure 257 

increase, i.e, when the porosity decreases. This was expected according to the 258 

literature (Mazel et al., 2013; Roberts et al., 1994). In figures 3 and 4, a different 259 

evolution of the viscoelasticity of each product is found when the first pressure varies. 260 

When the first compression pressure increases (i.e. reduced porosity, see table 1), 261 

normalized G and K increase for Starch, however, for MCC the normalized moduli 262 

decrease. These results imply two different behaviors. For Starch the viscoelasticity 263 

increases and for MCC the viscoelasticity decreases when the porosity decreases. 264 

These results are very preliminary, and a complete understanding of this phenomena 265 

would require further work that overpasses the objectives of this study. 266 

Finally, the proposed characterization method made it possible to characterize the 267 

viscoelasticity of the different products qualitatively and quantitatively. For each 268 

product, we obtained a couple of K and G associated with a loading time. The 269 

following objective of this work was to find a model that represents correctly this 270 

viscoelastic behavior and that could be introduced in FEM simulation.  271 



3.2. Modeling of the viscoelastic behavior  272 

As explained above, to be able to use equations (3) and (4) to represent the 273 

viscoelastic behavior of the powders, it is necessary to choose an analytical 274 

expression of K and G. As often done, Prony series were chosen in this study for this 275 

purpose. The objective of this part is to determine the coefficients of the Prony series 276 

for G and K that make it possible to represent the viscoelastic behavior found in the 277 

previous experiments for Starch and MCC. The first step was to find approximate 278 

coefficients of the Prony series with an analytic approach. In a second step, using 279 

FEM simulation, friction between the die and the tablet was taken into account. 280 

3.2.1. Analytical development of the Prony series 281 

In our experiments, the loading speed is constant, which implies that the strain rate is 282 

also approximately constant:  283 

𝑑𝜀(𝜏)

𝑑𝜏
=

𝜀

𝑡
= 𝐴                                 (9) 

with A the strain rate (𝑠−1) .  284 

In this case, the integrals from equations 3 and 4 can be easily calculated. The 285 

results for the evolution of q and p as a function of time can be found in the following 286 

equations:  287 

𝑞(𝑡) = 𝐴𝐺∞ [𝑡 + ∑ 𝑔𝑖

𝑛

𝑖=1

𝑒
−𝑡

𝜏𝑖⁄ × 𝜏𝑖 (𝑒
𝑡

𝜏𝑖⁄ − 1)]             (10) 

𝑝(𝑡) = 𝐴𝐾∞ [𝑡 + ∑ 𝑘𝑖

𝑛

𝑖=1

𝑒
−𝑡

𝜏𝑖⁄ × 𝜏𝑖 (𝑒
𝑡

𝜏𝑖⁄ − 1)]         (11) 



Using equations (10) and (11), it is possible to calculate the apparent K and G for the 288 

different loading times. The apparent moduli found are function of the parameters of 289 

the prony series. The aim was then to find the parameters of the prony series that 290 

make it possible to obtain analytically apparent moduli close to those found 291 

experimentally. 292 

The first step was to decide how many terms to use in the prony series. It is common 293 

to consider one characteristic time (𝜏𝑖) per decade. Considering the analytical 294 

protocol developed, we chose to use three characteristic times: 30 ms, 300ms and 295 

3000ms. We thus used Prony series with three terms.  296 

The experiments at 30000 ms were considered as quasi-static and were used as a 297 

first approximation for K∞ and G∞.  Finally, to determine the different  𝑔𝑖 and 𝑘𝑖 , a 298 

reverse identification with the experiments was performed.  𝑔𝑖 and 𝑘𝑖 values were 299 

adjusted manually until the apparent moduli calculated matched the experimental 300 

values.  301 

Comparison between the experimental and calculated values at the end of the 302 

adjustment process can be found in table 3. As it can be seen, the Prony series make 303 

it possible to represent the viscoelastic evolution obtained experimentally with a great 304 

precision (errors are always lower than 1%).This shows that the analytical approach 305 

proposed gives very good results. Nevertheless, it contains simplifications compared 306 

to the performed experiments. Indeed, it considers that the whole tablet is submitted 307 

to homogeneous stresses, which is not strictly correct because of the friction between 308 

the tablet and the die. Moreover, friction between the tablet and the die was found 309 

previously to depend on the speed of compaction (Desbois et al., 2019). In order to 310 

take into account these effects, the finite element method was finally used. 311 



3.2.2. Finite element method integration  312 

As mentioned previously, all the simulations were performed using the software 313 

Abaqus®. Viscoelasticity based on prony series is already implemented in the code. 314 

Nevertheless, in Abaqus®, Prony series formulation is slightly different from the 315 

expression presented above. In equation 5 and 6, gi and ki correspond to moduli 316 

normalized with respect to the infinite moduli (G∞,K∞). In Abaqus, the parameters 317 

correspond to moduli normalized with respect to the initial moduli. The parameters 318 

calculated above had thus to be transformed in order to be implanted in the code. 319 

Nevertheless, for clarity reasons, in the following text, we will still express the 320 

parameters of the Prony series based on infinite moduli as formulated in equation 5 321 

and 6.  322 

The simulations carried out represent compressions with the experimental loading 323 

times (30ms, 300ms, 3000ms). The simulation generates the evolution of the axial 324 

and radial forces and the thickness of the tablet. These values were used to calculate 325 

the stresses and strains on the tablet during the loading and thus to determine the 326 

apparent elastic moduli as explained above.  327 

The simulations were first performed with the parameters determined analytically, 328 

then parameters were varied to find apparent moduli as close as possible to the 329 

experimental values. The calculations were applied to the two viscoelastic products 330 

studied before, MCC and starch. 331 

The only difference between the analytical approach and the FEM approach is the 332 

introduction of friction. The results obtained in the simulation showed that friction only 333 

promotes a slight increase of all the apparent moduli of a nearly constant value. As a 334 

consequence, to improve the correspondence between simulated and experimental 335 



values it was only found necessary to lower slightly (around 0.5%) the infinite moduli 336 

without changing the gi and ki parameters. The values obtained were very similar to 337 

those presented in table 3 with an error between the experimental and the numerical 338 

values always lower than 1%. This means that Prony series are well suited to 339 

represent the viscoelastic behavior of pharmaceutical tablet during FEM modelling. 340 

Table 4 shows the coefficients of the Prony series used in the simulations for MCC 341 

and Starch. The gi and ki show the same trend as those found in Figure 3 and Figure 342 

4. For example, the gi are higher than the ki which means that the deviatoric behavior 343 

is more important than the volumetric behavior. Nevertheless, the parameters make it 344 

possible to go a little bit further in the characterization of the viscoelastic behavior 345 

because they give access to the importance of the different characteristic times. It is 346 

interesting to note that viscoelasticity is present at both long and short characteristic 347 

times. Viscoelasticity at long characteristics times was expected. It is indeed well-348 

known that tablets of starch or MCC keep expending after ejection and that this 349 

expansion continues during several hours. The term at 3000 ms could correspond to 350 

an expansion just after unloading. Of course, it is possible that longer times might 351 

also be present but they overpass the objectives of this study which is more focused 352 

on the characteristic times occurring during compression.  353 

The results presented in table 4 also show that viscoelasticity is not limited to long 354 

times. The term at 30ms is important in all the cases. Especially, in the deviatoric 355 

part, this term is always the largest. The short time terms are those which are the 356 

most important during compaction (the compaction cycle is generally much less than 357 

1s). This means that viscoelasticity indeed plays a role during compaction. Thus, 358 

including it for example in numerical modelling is mandatory to correctly represent the 359 

compaction behavior of certain kind of products. 360 



4. Conclusion 361 

Strain rate sensitivity during tablet manufacturing is a complex phenomenon. It is 362 

composed of different phenomena like air entrapment, kinematic friction, 363 

viscoplasticity or viscoelasticity. The methodology developed in this work made it 364 

possible to isolate the viscoelasticity of the material with a special compression cycle 365 

using different strain rates. Four different pharmaceutical excipients were studied with 366 

success and it was found, as expected, that GLac and ACP have very limited 367 

viscoelasticity, contrary to MCC and starch. Moreover, Starch was found more 368 

viscoelastic than MCC. 369 

Prony series were used to represent analytically the viscoelastic behavior. Prony 370 

series terms were first identified using an analytical approach. Then a FEM numerical 371 

approach was used to refine the results by taking friction into account. It was found 372 

that Prony series made it possible to correctly represent the viscoelastic behavior of 373 

pharmaceutical tablets. Moreover, the Prony series parameters obtained made it 374 

possible to quantify the viscoelastic behavior. 375 

In addition to a new methodology to quantify viscoelasticity, the present study 376 

highlights two important results. First, in the case of pharmaceutical tablets, 377 

viscoelasticity is not limited to deviatoric terms. The volumetric part, even if less 378 

important, cannot be neglected, contrary to what was supposed in the 379 

pharmaceutical literature. The other point is that viscoelasticity is present at short and 380 

long times. The short time terms indicate that viscoelasticity might play a role during 381 

compaction and not only during post compaction relaxation. It must be noted that 382 

shorter times effects might also be present but that it was not possible to characterize 383 

them with the present methodology. 384 



As shown in this article, the apparent elastic moduli of a pharmaceutical tablet might 385 

be influenced by the strain rate. This is important to consider when comparing results 386 

of elastic moduli found in different studies as tableting conditions might differ greatly 387 

from one study to the other. 388 

Finally, Prony series could be used in numerical simulation to represent the 389 

viscoelastic behavior of a powder during compression. Nevertheless, some code 390 

limitation may arise. For example, in the current version of Abaqus® (6.13), it is not 391 

possible to use simultaneously viscoelasticity and plasticity. The use of this model 392 

might thus require the development of user defined mechanical behavior in FEM 393 

codes. 394 
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Legend to figures 398 

Figure 1: Typical evolution of the compaction pressure vs time for the proposed 399 

protocol: a) Example of evolution during the whole compaction cycle; b) Examples of 400 

4th compactions at different strain rates. 401 

Figure 2: Total press deformation as a function of the axial pressure for different 402 

compression times. 403 

Figure 3: Normalized shear modulus as a function of the strain rate. 404 

Figure 4: Normalized bulk modulus as a function of the strain rate. 405 
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Table 1: Porosity of the tablets obtained after ejection. True density was determined using 
Helium pycnometry (Accupyc 1340, Micromeretics, Norcross, USA). 

 

Product 
True 

density 
(g.cm-3) 

First 
compression 

pressure 
(MPa) 

Porosity(%) 

ACP 2.857 
100 32.4 ± 0.1 
200 26.2 ± 0.1 

Glac 1.549 
100 16.2 ± 0.1 
200 10.2 ± 0.1 

MCC 1.566 
100 12.3 ± 0.2 
200 5.9 ± 0.3 

Starch 1.485 
100 10.5 ± 0.3 
200 6.4 ± 0.1 

 



Table 2: Apparent elastic constants obtained for all the products (standard deviation between 

parentheses) 

Apparent elastic 
moduli E (MPa) ν G(MPa) K(MPa) 

First compression 
pressure (MPa) 

100 200 100 200 100 200 100 200 
Product 

Loading 
time 
(ms) 

MCC 

30000 1428 
(19.4) 

2005 
(11.7) 

0.323 
(0.002) 

0.357 
(0.001) 

540 
(7.6) 

739 
(5.0) 

1344 
(18.5) 

2331 
(6.5) 

3000  1529 
(19.1) 

2130 
(16.3) 

0.322 
(0.002) 

0.351 
(0.002) 

578 
(7.6) 

788 
(6.9) 

1429 
(16.6) 

2386 
(8.8) 

300 1700 
(27.5) 

2273 
(25.5) 

0.312 
(0.002) 

0.344 
(0.002) 

648 
(11.2) 

845 
(10.5) 

1508 
(14.9) 

2436 
(4.5) 

30 1941 
(27.3) 

2517 
(25.6) 

0.301 
(0.002) 

0.332 
(0.002) 

746 
(11.2) 

945 
(11.1) 

1629 
(15.8) 

2498 
(13.9) 

Starch 

30000 634 
(2.8) 

681 
(3.6) 

0.337 
(0.001) 

0.344 
(0.001) 

237 
(1.1) 

253 
(1.5) 

649  
(3.1) 

729 
(1.5) 

3000  723 
(4.2) 

795 
(2.1) 

0.333 
(0.001) 

0.339 
(0.001) 

271 
(1.7) 

297 
(0.9) 

722      
(3.3) 

822 
(0.8) 

300 832 
(10.2) 

931 
(4.7) 

0.324 
(0.001) 

0.329 
(0.001) 

314 
(4.1) 

350 
(1.9) 

787   
(5.0) 

906 
(2.5) 

30 979 
(6.3) 

1111 
(7.4) 

0.311 
(0.004) 

0.315 
(0.001) 

373 
(3.2) 

423 
(3.1) 

864 
(15.6) 

1003 
(5.1) 

ACP 

20000 7336 
(51.1) 

9755 
(36.4) 

0.191 
(0.001) 

0.195 
(0.001) 

3079 
(22.3) 

4082 
(17.2) 

3959 
(24.4) 

5330 
(19.3) 

2000  7480 
(9.0) 

9947 
(35.2) 

0.192 
(0.001) 

0.196 
(0.001) 

3138 
(4.8) 

4159 
(18.6) 

4043 
(10.7) 

5450 
(7.7) 

200 7613 
(12.1) 

10005 
(76.1) 

0.193 
(0.001) 

0.196 
(0.001) 

3191 
(6.3) 

4184 
(34.2) 

4131 
(8.2) 

5481 
(32.9) 

Glac 

17000 4380 
(42.3 

5221 
(24.2) 

0.244 
(0.001) 

0.267 
(0.001) 

1760 
(17.3) 

2060 
(10.2) 

2857 
(25.8) 

3738 
(14.5) 

1700  4441 
(16.1) 

5282 
(10.7) 

0.244 
(0.001) 

0.268 
(0.001) 

1785 
(6.9) 

2083 
(5.0) 

2890 
(10.4) 

3789 
(11.7) 

170 4505 
(13.2) 

5374 
(14.2) 

0.244 
(0.001) 

0.266 
(0.001) 

1810 
(6.2) 

2123 
(6.0) 

2936 
(6.1) 

3827   
(7.5) 

 



Table 3: Comparison of the moduli G and K between the experiments and the analytical 
approach for MCC and Starch 

Product  
First 
compression 
pressure 
(MPa) 

Strain rate 
(s-1) 

G (MPa) K (MPa) 

Experiment Analytic Experiment Analytic 

MCC 

100 

1.000 746 747 1629 1632 
0.100 648 649 1508 1511 
0.010 578 580 1429 1431 
0.001 540 541 1344 1346 

200 

1.000 945 946 2498 2502 
0.100 845 847 2436 2440 
0.010 788 790 2386 2390 
0.001 739 741 2331 2335 

Starch 

100 

1.000 373 374 864 865 
0.100 314 315 787 788 
0.010 271 272 722 724 
0.001 237 237 649 650 

200 

1.000 423 423 1003 1005 
0.100 350 351 906 907 
0.010 297 297 823 824 
0.001 253 254 730 731 

 



Table 4: Parameters of the Prony series for MCC and Starch 

Product First comp 
load (MPa) 

Gi Ki Ti E∞(MPa) ν∞ 

MCC 

100 
0.2330 0.1345 30 

1400.8 0.323 0.1390 0.0290 300 
0.1130 0.1090 3000 

200 
0.1990 0.0377 30 

1978.7 0.358 0.0540 0.0107 300 
0.1120 0.0405 3000 

Starch 

100 
0.3410 0.1685 30 

619.7 0.338 0.1490 0.0480 300 
0.2430 0.1950 3000 

200 
0.3860 0.1880 30 

664.7 0.346 0.1780 0.0590 300 
0.2880 0.2200 3000 
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