
RESEARCH ARTICLE – Pharmaceutics, Drug Delivery and Pharmaceutical Technology

On the Links Between Elastic Constants and Effective Elastic
Behavior of Pharmaceutical Compacts: Importance of Poisson’s
Ratio and Use of Bulk Modulus

VINCENT MAZEL, VIRGINIE BUSIGNIES, HARONA DIARRA, PIERRE TCHORELOFF

Univ Paris-Sud, EA 401, Matériaux et Santé, 92296, Chatenay Malabry, France
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ABSTRACT: The elastic properties of pharmaceutical powders and compacts are of great interest to understand the complex phenomena
that occur during and after the tableting process. The elastic recovery after compression is known to be linked with adverse phenomena
such as capping or delamination of tablets. Classically, the elastic behavior is modeled using linear elasticity and is characterized using
only Young’s modulus (E), often by using a value extrapolated at zero porosity. In this work, four pharmaceutical products were studied.
The elastic behavior of compacts obtained using a large range of applied pressure was characterized. First, it was found more suitable to
use apparent elastic moduli than extrapolations at zero porosity. Then, the results indicate that there was not always a good correlation
between the values of Young’s modulus and the actual elastic recovery of the compacts. Poisson’s ratio (v), which differs from one product
to another and is porosity-dependent, must be taken into account. Finally, the bulk modulus (K), which combines E and v, was shown
to be well correlated with the elastic recovery of the compacts and can be considered as a relevant parameter to characterize the elastic
behavior of pharmaceutical compacts. C© 2013 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci
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INTRODUCTION

The elastic properties of pharmaceutical powders and compacts
are of great interest to understand the complex phenomena that
occur during the tableting process. Adverse phenomena like
capping were linked to the elastic properties of the compact
that can be evidenced during the unloading part of compaction
cycle and the ejection.1–3 The elastic properties are also involved
in the problems of delamination of multilayers compacts.4,5

To model the elastic behavior of the compacts, linear elastic-
ity based on Hook’s law has been used for a long time in the
pharmaceutical field.6,7 Young’s modulus (E) was mainly con-
sidered and was extensively studied in the literature for a great
number of pharmaceutical products.8–11 On the contrary, only
few studies were focused on Poisson’s ratio (v),12–14 certainly
because of the difficulty to perform a precise measurement of
its value. Thus, in most of the cases, Poisson’s ratio is not taken
into account or considered as constant and equal to 0.3.

One of the specificity of a pharmaceutical compact is to be
a porous medium with porosity depending on the pressure ap-
plied to produce it. Mechanical properties such as elasticity
are porosity dependent, which means that the elastic constants
measured on the compacts must be considered as apparent pa-
rameters, that is, not only dependent on the product but also on
the porosity of the compact. The characterization of the elas-
tic properties of a pharmaceutical product must thus be per-
formed as a function of the density. To overcome this problem
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and obtain a single value that makes it possible to compare the
products to one another, mathematical equations giving the
evolution of Young’s modulus were used.15–17 Thanks to these
equations, a value of E0 (Young’s modulus at zero porosity) can
be derived and was used to build an elasticity scale to compare
the products.8

Nevertheless, this approach is questionable. The first reason
is that, for some products, the value of E0 depends on the chosen
mathematical model.7,11 This point was already discussed in
the literature but for the moment no satisfactory answer was
provided. The value E0 must then be taken with caution. The
second reason is that the zero porosity level is, most of the
time, very far from the actual porosity found in pharmaceutical
tablets. If for high pressures some products give compacts with
very small porosity (e.g., cellulose), some others always keep
a high porosity level even for high compaction pressure (e.g.,
some calcium phosphates).18 This means that the value of E0

is not always representative of the elastic behavior of compacts
obtained with the actual industrial loads.

In a previous article,14 we presented an original method to
measure Young’s modulus and Poisson’s ratio of pharmaceutical
compacts. In the present work, this methodology was applied
to four pharmaceutical products. In a first part, it was intended
to account for the advantage of using the apparent elastic mod-
uli instead of extrapolations at zero porosity. Then, the role of
Poisson’s ratio in the elastic deformation during die compaction
was emphasized, to confirm whether or not, Young’s modulus
was a suitable parameter to study the elastic behavior of the
powders under compaction. For this purpose, the apparent elas-
tic moduli were compared with the experimental consequence
of elasticity, that is, the total elastic recovery (%ERt) of the
compacts.
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Figure 1. Particle size distribution in volume of the different powders.

MATERIAL AND METHOD

Powders

Four pharmaceutical powders were studied in this work: micro-
crystalline cellulose (MCC; Avicel R© PH-200; FMC Biopolymer,
Newark, Delaware), anhydrous dicalcium phosphate (ACP; A
TAB R©; Rhodia, Courbevoie, France), ibuprofen (IBU; Ibupro-
fen DTP; BASF,Ludwighafen, Germany), and mannitol (MAN;
Pearlitol R©, Roquette Pharma,Lestrem, France). The particle
size distribution in volume (V%) was obtained by laser diffrac-
tion (Mastersizer 2000; Malvern Instruments, Malvern, UK)
using the Fraunhofer’s theory. The measurement was per-
formed on dry powders with a dispersion pressure of 2 bar. The
results can be seen in Figure 1. For the compression, all the
powders were lubricated with 1% magnesium stearate MF3V
(Peter Greven, Bad Munstereifel, Germany). The blending was
performed at 50 rpm for 5 min using a turbula mixer (Type
T2C; Willy A Bachofen, Muttenz, Switzerland).

The particle density was determined using a helium pyc-
nometer (AccuPyc 1330; Micromeritics, Norcross, Georgia) with
measurements performed in triplicate (10 purges and 10 runs
each time).

Compression

The compaction experiments were performed using a Stylcam R©
200R (Medelpharm, Bourg en Bresse, France) compaction sim-
ulator. This device is a single-punch tableting press. Two ro-
tating cams with inserts control the displacement of the two
punches. The rotation of the cams is controlled electronically,
and the two punches have a symmetrical movement during the
compaction process. The height of the precompression insert
can be adjusted to change the precompression pressure (from
0% to about 90% of the main compaction pressure). The pres-
sure level during the main compaction is controlled through
the thickness of the compact.

The pressure on the upper punch, the lower punch, and the
die wall are measured with strain gauges. The die-wall pres-
sure was calibrated using an elastomer with a Poisson’s ratio
of 0.5. The accuracy on the axial force was 10 N and 0.5%
on the radial pressure. The punch displacements were moni-
tored with potentiometric displacement transducers with a pre-
cision of 0.01 mm. During the acquisition, the sampling rate
was 1000 Hz. We used standard Euro B round and flat-faces
punches with a diameter of 11.28 mm. All the experiments
were performed in the direct cam mode with a speed of 2 cpm.

For the measurement of the distance between the punches,
the deformation of the machine was taken into account. This
deformation was determined using a stainless steel calibration

disc (40CMD8S; Deville rectification, Pont-Salomon, France)
with a Young’s modulus of 205 GPa. The calibration disc was
compressed under the conditions mentioned above. The strain
of the disc was calculated using Hooke’s law and was taken into
account for calculation of the elastic deformation of the press.

To measure a value of the die-wall pressure as accurate as
possible, the compacts were made in order to have, during the
compression, the middle of the compact height as near as pos-
sible to the center of the strain gauge. The pressure level was
fixed by simultaneously adjusting the filling height and the dis-
tance between the punches to always have a thickness at the
compression peak around 3.50 mm. It means that the mass of
compacted powder changed during the experiments.

The values of Young’s modulus and Poisson’s ratio were
obtained using double compaction experiments as described
elsewhere.14 In this methodology, the first compaction is used
to obtain the compact and the elastic properties are measured
during the beginning of the second compaction. To obtain the
evolution of the porosity with the compaction pressure and the
final volume of the compact, single compaction experiments
were performed, and the compacts were measured immedi-
ately (i.e., within 1 min) after the ejection using a micrometer
(Mitutoyo, Kawasaki, Japan).

RESULTS AND DISCUSSION

Evaluation of the Apparent Young’s Modulus

The apparent Young’s modulus was measured for all the prod-
ucts as a function of the pressure used to produce the compact
(i.e., the precompression pressure in the double compaction ex-
periments). By measuring the evolution of the porosity with
the applied pressure, the apparent Young’s modulus could then
also be studied as a function of the porosity. The results are pre-
sented in Figure 2. In Figure 2a, the values are presented as a
function of the porosity; and in Figure 2b, they are presented as
a function of the compaction axial pressure (Pax) needed to ob-
tain the compact. The mean value between the pressure on the
upper punch and the pressure on the lower punch was taken
as Pax. The values of E0 were calculated as often done in the
literature, using the Spriggs equation,7,9,11,16,19 and the results
are presented in Table 1.

Anhydrous dicalcium phosphate had a much higher E0 than
other products, MAN had an intermediate value, and IBU and
MCC had a rather low E0. These results are consistent with the
existent literature.8,11 Classically, these results are interpreted
saying that ACP is a hard material, whereas IBU and MCC
are soft elastic material, MAN being intermediate.8 Neverthe-
less, these results reflect only the behavior at zero porosity.
Figure 2a shows that for the pressure range used in this exper-
iment, the porosity levels were very different from one prod-
uct to another. For example, for ACP, the lowest porosity was

Table 1. Values of E0 Calculated by Using the Spriggs Equation:
E = E0e−bN with N the Porosity

Products E0 (GPa) b R2

ACP 190 10.7 0.9855
MAN 11.1 7.2 0.9948
IBU 4.3 16.7 0.9949
MCC 3.2 5.7 0.9897
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Figure 2. Evolution of the apparent Young’s modulus for the four
products as a function of (a) the porosity and (b) the applied pressure.

0.32 (Pax = 230 MPa). The value at zero porosity is then of little
interest for the compacts of ACP obtained under the used pres-
sure range. Instead of using the porosity, the apparent Young’s
modulus can be compared as a function of the Pax used to pro-
duce the compact (Fig. 2b). In this case, the results indicated
that until 150 MPa, MAN and ACP gave compacts that had ap-
proximately the same Young’s modulus when obtained at the
same pressure level, even if the E0 of MAN was almost 20 times
lower than the ACP one. So finally, by looking at the apparent
Young’s modulus at the same Pax, there was no great difference
between the elastic properties of compacts of MAN and ACP ob-
tained at the same pressure. These results emphasize that E0

is maybe not the right parameter to judge the elastic behavior
during compaction. Thus, in the following sections, apparent
Young’s moduli were used instead of E0.

The second point of this work was to verify weather the ap-
parent Young’s modulus is a suitable parameter to predict elas-
tic behavior under compaction. For this purpose, it would be
interesting to study weather it is well linked to the experimen-
tal consequence of elasticity, that is, the elastic recovery.

Relation Between Elastic Recovery and Elastic Moduli: The Role
of Poisson’s Ratio and the Use of the Bulk Modulus

The principal experimental consequence of the elasticity during
compression experiment is the elastic recovery of the compact
after the compaction. Part of this recovery occurs immediately
after compaction and ejection, and for some products, the volu-
metric expansion still continues several hours after compaction
because of viscous phenomena.20,21 The elastic moduli represent

the immediate elastic recovery, so only the expansion immedi-
ately after the ejection will be considered in this work.

The immediate elastic recovery is a complex phenomenon.22

It can be divided into two steps.23 There is a first recovery dur-
ing the unloading part of the compaction cycle. Nevertheless,
because of the presence of the die and of the frictions between
the die and the compact, this relaxation is not complete and
a second step of volumetric expansion occurs when the com-
pact is ejected from the die. Some classical approaches only
consider the first step to evaluate elasticity, especially when
using energetic approach.24–27 The approach considering only
“in-die” recovery does not require any extra handling of the
compact which can be convenient particularly for products with
very low cohesion after the ejection. In certain cases, authors
showed that there was a good correlation between “in-die” elas-
tic recovery and %ERt.23 Nevertheless, “in-die” elastic recovery
is influenced by the frictions between the powder and the die
that are not linked to the elastic properties of the compact. As
the products studied in this work did not present problems of
cohesion, the use of the elastic recovery including the two steps
was chosen to evaluate the experimental elastic behavior.

In the literature, the elastic recovery was calculated us-
ing the compact height, its radius, or its volume.11,20,23,24,28 In
this study, the volume was selected as it makes it possible to
measure the %ERt. For this purpose, the compacts were mea-
sured directly after ejection, giving the final volume, Vf. The
%ERt was then classically calculated using the minimal volume
under compaction (Vmin) by using Eq. 1:

%ERt = Vf − Vmin

Vmin
× 100 (1)

This parameter was calculated for each product as a function
of the compaction pressure during single compaction experi-
ments. The results are presented in Figure 3. Different trends
can be seen depending on the product. For MCC, %ERt initially
decreased and then increased for higher pressure. The other
products globally showed a slight increase of %ERt with the
pressure. These results are consistent with already published
ones.25

At all pressures, MCC had the greatest %ERt. On the con-
trary, IBU showed the lowest %ERt for all the pressure levels,
with a %ERt equal to the one of MAN for the two highest pres-
sures. ACP showed a greater %ERt than MAN. If we compare
these results with the apparent Young’s modulus presented

Figure 3. Evolution of %ERt versus Pax for the four products.
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in Figure 2b, there is no clear correlation between the values of
%ERt and the values of the apparent Young’s modulus. For ex-
ample, for compacts produced at Pax = 110 MPa, the apparent
Young’s moduli can be sorted in the following order: E (MCC)
< E (IBU) < E (MAN) = E(ACP), whereas for %ERt the order
is: % ERt(IBU) < %ERt(MAN) < %ERt(ACP) < %ERt(MCC).
Thus, in this case, the use of Young’s modulus is clearly inap-
propriate to describe the elastic behavior and there is no direct
correlation between elastic recovery and Young’s modulus.

To understand these results and find which elastic param-
eter would be suited to represent the elastic deformation, it
would be interesting to look at the equations of linear elasticity.
For homogeneous and isotropic solid, the general formulation
giving the elastic strains (g) as a function of the stresses (F) can
be written as29:

gij = 1 + v
E

Fij − v
E
Fkk * ij (2)

where * ij is the Kronecker delta. In the case of die compaction,
there is a cylindrical symmetry and the stresses and the strains
can be divided into two kinds: the axial ones and the radial ones.
Equation 2 gives then the two following equations30:

gax = 1
E

(Fax − 2vFrad) (3)

grad = 1
E

[Frad − v (Fax + Frad)] (4)

where gax and grad are the axial and the radial strains, respec-
tively, and Fax and Frad are the axial and the radial stresses,
respectively. In the experiments, the axial stress is equal to the
Pax, and the radial stress is equal to the radial pressure (Prad).
During die compaction, the compact undergoes both axial and
radial strains. Both strains are linked to the stresses and to
both E and v. Thus, to characterize the elastic deformation, E
cannot be considered alone and Poisson’s ratio must be taken
into account.

In the pharmaceutical literature, Poisson’s ratio was often
not taken into account when studying elasticity. The reason
for this fact seems to be that authors considered that there
are no great differences between the Poisson’s ratio of the dif-
ferent pharmaceutical products. In such a case, it would then
be justified to consider only Young’s modulus. Nevertheless, it
was reported in a previous work that this approximation is not
always justified.14

Poisson’s ratio was measured as a function of the compaction
Pax for all the products. The results can be seen in Figure 4. The
results show that the products had different Poisson’s ratio and
that Poisson’s ratio had not a constant value. For example, IBU
had a very high Poisson’s ratio compared with other products.
The evolution of Poisson’s ratio differed from one product to
another. This evolution is linked to the evolution of the porosity
of the compact when varying the Pax. For example, the limited
variations of Poisson’s ratio for IBU and ACP could be linked
to the narrow porosity range explored (Fig. 2). Moreover, the
correlation between Poisson’s ratio and porosity was discussed
previously in the literature, and different trends were observed
depending for example on the bulk value of Poisson’s ratio.31–34

Referring to these works, the large changes of Poisson’s ratio

Figure 4. Evolution of Poisson’s ratio versus Pax for the four products.

for MCC could be linked to the large variation of porosity and
to a high bulk value of Poisson’s ratio.

These differences between the Poisson’s ratios of the studied
products explain why Young’s modulus was not well correlated
with the elastic recovery. To study the elastic behavior of the
compacts, both Young’s modulus and Poisson’s ratio must be
taken into account.

By combining Eqs. 3 and 4, it is possible to obtain the total
volumetric elastic strain (gv = gax + 2grad):

gv = (1 − 2v)
E

(Fax + 2Frad) (5)

Equation 5 is classically rewritten as:

gv = p
K

(6)

where p is the hydrostatic pressure and K is the bulk modulus.
These two parameters have the following expression29,30:

p = Fax + 2Frad

3
= Pax + 2Prad

3
(7)

K = E
3(1 − 2v)

(8)

The volumetric elastic strain is closely related to %ERt de-
fined earlier but is not exactly equal to it. In fact, the elastic
strain is calculated, taking as a reference the relaxed state. gv

is thus defined as:

gv = Vf − Vmin

Vf
(9)

From Eq. 6, two conclusions can be drawn regarding the
study of the elastic recovery of the pharmaceutical compacts af-
ter compaction. First, the elastic strain, and as a consequence,
the elastic recovery is directly linked to the bulk modulus,
which thus should be used instead of Young’s modulus. Sec-
ond, apparent moduli should be calculated as a function of the
hydrostatic pressure to make it possible to compare one product
with another.

To test the two previous conclusions, gv and K were calculated
for all the products as a function of p using Eqs. 8 and 9. The re-
sults can be seen in Figure 5. Contrary to the results obtained
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Figure 5. Evolution of (a) K and (b) gv versus p for the four products.

previously with Young’s modulus, there is a good correlation
between the values of bulk modulus and of gv. As expected ac-
cording to Eq. 6, for a given hydrostatic pressure, the higher gv

the lower K. This trend was obtained on the whole domain of
hydrostatic pressure. The influence of Poisson’s ratio and the
usefulness of the bulk modulus were well seen for the case of
IBU. Even if IBU had a lower E than MAN and ACP, because of
the high values of v, it had a highest K on a large domain of p
and this corresponded to the lowest elastic deformation. Thus,
the bulk modulus made it possible to obtain the good trend for
the evolution of the elastic deformation under compaction and
should be considered as a relevant parameter to study the elas-
tic deformation of pharmaceutical powders under compaction.

CONCLUSIONS

The use of elastic moduli is an interesting way to describe
the elastic behavior of the pharmaceutical powder under com-
paction. Nevertheless, it was proved in this study that the value
of the moduli extrapolated at zero porosity must be taken with
caution when using products that gives compacts of very differ-
ent porosity levels for the same pressure range.

Because of the variations of Poisson’s ratio between the dif-
ferent products studied, it was seen that it was difficult to link
Young’s modulus to the elastic recovery of the compact after
compression. The use of the bulk modulus, which is a combi-
nation of E and v, was proposed and made it possible to obtain
the good trend for the variation of the elastic recovery. To be
able to compare the different products, all the parameters were

calculated as a function of the hydrostatic pressure, which takes
into account both the axial and radial pressures.

This study showed that Poisson’s ratio, which was used to
calculate the bulk modulus, must be taken into account to cor-
rectly understand the elastic behavior of pharmaceutical pow-
ders under compaction. The bulk modulus is an interesting
parameter to study the elastic recovery of pharmaceutical com-
pacts during compression. As such, it could be used, in the
quality by design approach, as a material attribute represen-
tative of the elastic behavior of the powder that could be linked
to critical quality attributes like capping.
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