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Abstract

The compressibility of three pharmaceutical excipients (microcrystalline cellulose, lactose and anhydrous calcium phosphate) and
their binary mixtures was studied. The aim of this work was to observe the impact of the mass composition of the mixture on the com-
pressibility. The single-compound materials and their mixtures were compacted using instrumented presses. It allowed obtaining com-
pression cycles (i.e., force–displacement curves) which were associated with energy measurements (specific compaction energy, Esp cp and
specific expansion energy, Esp exp). It was observed that for the mixtures studied, the change of Esp cp with the mass composition could be
fitted using a linear relationship (it was not the case with Esp exp). A linear relationship between the porosity of mixture’s compacts and
the mass composition was also obtained. Heckel’s plots were then obtained for the three excipients and the mixtures. The mean yield
pressure was calculated with the ‘‘in-die-method’’ and the ‘‘out-of-die method’’. A proportional relationship was not valid for the mean
yield pressures. But, a predictive approach was proposed in order to obtain indirectly the mean yield pressure of a binary mixture if the
data of the single materials were known. It used the linear mixing rule observed with the porosity. The validity was verified and compared
with the experimental values. This comparison showed that it was possible to predict the mean yield pressure of binary mixtures from the
accessible data of the single excipients.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Tablets produced in the pharmaceutical industry consist
of more than one component. But, if the compaction of
mixtures is a common pharmaceutical operation, the mech-
anisms of their consolidation and their compaction have
received little attention when compared with studies
performed on single materials. Then, the densification
behaviour and the compaction properties are strongly
influenced by the characteristics of the mixture like frac-
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tions of the components. However, very little is known
about interactions between particles of dissimilar materials
that cause mixtures to produce tablets with different prop-
erties than those produced from single substances. In the
literature, there are few papers concerning the compaction
behaviour of powder mixtures, and contradictory results
were found from the relationship between compaction
behaviour and mixture composition [1–8]. In fact, linear
and non-linear relationships were observed from the mean
yield pressure of the single materials and their proportions
in the mixture [5,6]. Then, because of the complexity of com-
paction, a satisfactory theory enabling prediction of the
compressibility of the mixtures does not exist at present.

In this work, we studied the compressibility of binary
mixtures of excipients commonly used in pharmaceutical
technology. With this aim in view, we used a procedure
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Nomenclature

V microcrystalline cellulose, Vivapur 12�

F partly amorphous lactose, Fast Flo�

A anhydrous calcium phosphate, A TAB�

VA Vivapur 12�/A TAB� mixtures
VF Vivapur 12�/Fast Flo� mixtures
AF A TAB�/Fast Flo� mixtures
e mean compact porosity
Ecp compaction energy (J)
Eexp expansion energy (J)
Esp cp specific compaction energy (J g�1)

Esp exp specific expansion energy (J g�1)
PyA mean yield pressure obtained from the Heckel

plot by ‘‘in-die method’’
PyB mean yield pressure obtained from the Heckel

plot by ‘‘out-of-die method’’
Pye 1/Pye = 1/PyA � 1/PyB (it characterizes the

tendency of a material to recover visco-
elastically)

n number of experimental trials used in the
calculus of the average values

Table 1
Apparent particle densities for the single-component powders (experi-
mental values; n = 3) and the binary mixtures powders (calculated values
using Eq. (1))

Notation Powder Apparent particle
density (g cm�3)

V Microcrystalline cellulose, Vivapur 12� 1.5402 ± 0.0005
A Anhydrous calcium phosphate, A TAB� 2.8103 ± 0.0002
F Partly amorphous lactose, Fast Flo� 1.5309 ± 0.0001

VF82 80% Vivapur 12� + 20% Fast Flo� (w/w) 1.5383
VF63 65% Vivapur 12� + 35% Fast Flo� (w/w) 1.5369
VF55 50% Vivapur 12� + 50% Fast Flo� (w/w) 1.5355
VF36 35% Vivapur 12� + 65% Fast Flo� (w/w) 1.5341
VF28 20% Vivapur 12� + 80% Fast Flo� (w/w) 1.5328

VA82 80% Vivapur 12� + 20% A TAB� (w/w) 1.6932
VA63 65% Vivapur 12� + 35% A TAB� (w/w) 1.8296
VA55 50% Vivapur 12� + 50% A TAB� (w/w) 1.9898
VA36 35% Vivapur 12� + 65% A TAB� (w/w) 2.1808
VA28 20% Vivapur 12� + 80% A TAB� (w/w) 2.4124

AF82 80% A TAB� + 20% Fast Flo� (w/w) 2.4078
AF63 65% A TAB� + 35% Fast Flo� (w/w) 2.1743
AF55 50% A TAB� + 50% Fast Flo� (w/w) 1.9821
AF36 35% A TAB� + 65% Fast Flo� (w/w) 1.8211
AF28 20% A TAB� + 80% Fast Flo� (w/w) 1.6842
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described in detail in a previous work [9]. The binary mix-
tures were compared with the use of compression cycles,
energetic parameters, porosity variation and Heckel’s
model. Finally, a predictive model for the mean yield pres-
sure of binary mixtures was proposed. The values obtained
with the model were compared with experimental data for
various binary mixtures at different concentrations.

2. Materials and methods

2.1. Excipients

The materials were a microcrystalline cellulose (Vivapur
12�, 5601210932, JRS, Germany, kindly given by JRS), a
partly amorphous lactose (Fast Flo�, 8500042062, Fore-
most, USA) and an anhydrous calcium phosphate
(A TAB�, GW930187, Rhodia, France). These excipients
consolidate by different mechanisms, Vivapur 12� (V) by
plastic deformation and A TAB� (A) by fragmentation
[10,11]. Fast Flo� (F ) has an intermediate behaviour [12].

The same particle size fractions of each material were
used to minimize the possible effect of particle size on con-
solidation. The 100–180 lm sieve fractions were obtained
by sieving on a mechanical sieve shaker (AS 200 digit�,
Retsch, Germany). The mean particle sizes in volume were
obtained by laser diffraction (Coulter LS 230) in conditions
of validity of Frauhofer’s theory (162 ± 35 lm for
A TAB�, 134 ± 36 lm for Fast Flo� and 152 ± 48 lm
for Vivapur 12�). Before use, the fractions were stored in
a closed chamber at 48 ± 6% of relative humidity for at
least 3 days. The apparent particle density of each fraction
was determined using an helium pycnometer (Acupyc
1330�, Micromeritics, USA), see Table 1.

2.2. Preparation of binary mixtures

The binary mixtures (Vivapur 12�/A TAB�:VA, Vivapur
12�/Fast Flo�:VF and A TAB�/Fast Flo�:AF) were
prepared in mass percentage (20/80, 35/65, 50/50, 65/35,
80/20, w/w) with a Turbula mixer (type T2C, Willy A
Bachofen, Switzerland) at 50 rpm for 5 min (the degree of
filling of a 550 ml vessel was about 50%). The mixtures were
labelled with their composition (Table 1). For example,
VA36 means a mixture of Vivapur 12� and A TAB� with a
respective concentration of 35% and 65% in mass. The
apparent particle densities of the binary mixtures were calcu-
lated from the values of the mixture components according
to their weight proportions in the mixture [13] (Table 1):

100

dpart mix

¼ X 1

dpart1

þ X 2

dpart2

; ð1Þ

where dpart1, dpart2 and dpart mix are the apparent particle
densities of the single components and their mixtures,
respectively, X1 and X2 are the weight fractions of the con-
stituent powders.

2.3. Formation of compacts

Parallelepipedical compacts of single-component pow-
ders and binary mixture powders (40 · 6 mm2) were
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obtained using an instrumented hydraulic press (Perrier
Labotest�, France) at compaction pressures between 4
and 210 MPa to obtain parallelepipedical compact of dif-
ferent porosities. The mass of powders used was the mass
necessary to obtain a theoretical thickness of 5 mm for
the compacts at zero porosity. No lubricant was used in
this compaction procedure.

Cylindrical tablets of single-component powders and
binary mixture powders, i.e. powders mixed with 0.5% by
weight of magnesium stearate (NF-BP-MF2, Akcros
Chemicals v.o.f., Netherlands), were manufactured using
an eccentric instrumented Frogerais OA tabletting press.
The powders were manually poured into the cylindrical
die of 1 cm3 (section of 1 cm2 and height of 1 cm). Tablets
of various porosities were produced by varying the com-
paction pressure between 5 and 280 MPa.

For the two compact geometries, the presses and the
methods of compaction were described in more detail in
previous paper [9]. After compaction, the compacts were
stored for at least three days in a closed chamber at a rel-
ative humidity of 48 ± 6%. In order to calculate the mean
compact porosity (e), the compacts were measured
(micrometer Digimatic 293�, Mitutuyo, Japan) and exactly
weighted (Sartorius BP 2215�, Germany) after compaction
and after total elastic recovery.

e ¼ 1� apparent density

apparent particle density
. ð2Þ
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Fig. 1. Compression cycles of binary mixtures for a maximum compaction
pressure of 280 MPa. (a) Vivapur 12�/Fast Flo� mixtures (VF), key: d, F;
j, V; h, VF82; }, VF63; n, VF55; s, VF36; *, VF28; (b) Vivapur 12�/A
TAB� mixtures (VA), key: m, A; j, V; h, VA82; }, VA63; n, VA55; s,
VA36; *, VA28; (c) A TAB�/Fast Flo� mixtures (AF), key: m, A; d, F; h,
AF82; }, AF63; n, AF55; s, AF36; *, AF28.
3. Results and discussion

3.1. Compression cycles

The cycles were obtained from the data collected during
the compaction of the cylindrical compacts. Compression
cycles (or force–displacement curves) of the single materials
show three steps: the first one corresponds to rearrangement
and packing, the second one to fragmentation and/or plastic
deformation of the particles and finally, the third stage to
instantaneous elastic recovery when the applied pressure is
released (closed symbols in Fig. 1). The step of rearrange-
ment is the lowest for Fast Flo� and the most important
for Vivapur 12�. Whereas the powder volume used and the
compaction pressure are the same (1 cm3 and 280 MPa in
Fig. 1), the displacement of the upper punch is important
in the case of Vivapur 12� due to an important first step of
rearrangement and to the plastic deformation of the parti-
cles. The compression cycles obtained with the binary mix-
tures are shown in Fig. 1 (opened symbols). In all the
cases, the compression cycles of the binary mixtures are
between those of the single components. The cycles are closer
for AF mixtures than for VF and VA mixtures.

3.2. Energy measurements

The areas below the curve associated to the compression
cycle in the force–displacement plane define the work per-
formed. It can be expressed as energies (J) [9,14]. The area
under the compaction phase (between the beginning of the
force increase and the maximal punch displacement) corre-
sponds to the compaction energy, Ecp (J). This is the energy
used for rearrangement, fragmentation and/or ductile
deformation of the particle. The expansion energy, Eexp

(J), corresponds to the energy lost by instantaneous elastic
recovery. The integral calculus is made between the maxi-
mal displacement and the displacement corresponding to
the return of the force to zero. To compare the energetic
parameters of the single materials and the binary mixtures,
the energies are divided by the mass of powder used [9].
These values are expressed as specific energies in
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J g�1 (Esp cp and Esp exp). For the single excipients and all
the mixtures, the values of the specific energies were
obtained for 14 compaction pressures (between 20 and
280 MPa) and for each pressure, 8 trials were realized.

The Esp cp and Esp exp of the three single materials
obtained under various compaction pressures are shown
in Figs. 2 and 3. For the range of pressure applied, Esp cp

is the lowest for A TAB� and intermediate for Fast
Flo�. For these two materials, the evolution of Esp cp is lin-
ear for compaction pressure higher than 50 MPa. The Esp cp

of Vivapur 12� is the highest, but the evolution is not lin-
ear. For compaction pressure higher than 150 MPa, Esp cp

is almost constant. Between 0 and 70 MPa, the Esp exp val-
ues of the three single materials are nil. Above this compac-
tion value, the Esp exp values increase. The most important
increase is observed with Vivapur 12�.

Concerning the Esp cp of the binary mixtures, a linear fit
describes well the change of the specific compaction energy
with the mixture composition (w/w) at a constant compac-
tion pressure (Fig. 4). This observation is assessed using the
linearity test of likelihood ratios which corresponds to a
Chi-square test. The linear fit is tested vs. a second degree
polynomial fit with a number of degrees of freedom of 1
y = 0.0809x + 2.3374

R2 = 0.9991

y = 0.1246x + 4.3692

R2 = 0.996

y = 0.1666x + 8.6468

R2 = 0.9951
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Fig. 2. Evolution of specific compaction energy (Esp cp) versus compaction
pressure. Key: m, A; d, F; j, V. The white crosses correspond to the
linear evolution of Esp cp.
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Fig. 3. Evolution of specific expansion energy (Esp exp) versus compaction
pressure. Key: m, A; d, F; j, V.
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Fig. 4. Specific compaction energy (Esp cp) of binary mixtures versus the
mass composition, for different compaction pressures (P); n = 8; (a)
Vivapur 12�/Fast Flo� mixtures (VF), (b) Vivapur 12�/A TAB� mixtures
(VA), (c) A TAB�/Fast Flo� mixtures (AF).
and a risk of 5%. The test confirms that a linear relation-
ship is more suitable in this case. Then, the following mix-
ing rule can be used to calculate the specific compaction
energy of a mixture from the data of the single materials:

Esp cp AB ¼ x � Esp cp A þ ð1� xÞ � Esp cp B; ð3Þ
where Esp cp A, Esp cp B and Esp cp AB are the specific compac-
tion energies of the single components and their mixtures,
respectively, x and (1 � x) are the weight fractions of the
constituent powders.

For the VF mixtures, the change of Esp cp is limited,
since the Esp cp values of the two single components are
closer. For the AF and VA mixtures, the change is more
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Table 2
Characteristic energies of the single-compound materials and the binary
mixtures calculated from the compression cycles at 200 MPa on the
Frogerais OA tabletting press (n = 8; values are expressed as
means ± standard deviation)

Notation Specific compaction energy,
Esp cp (J g�1)

Specific expansion energy,
Esp exp (J g�1)

V 36.3 ± 0.3 4.3 ± 0.2
A 18.3 ± 0.1 1.6 ± 0.1
F 29.4 ± 0.3 1.9 ± 0.1

VF82 34.5 ± 0.3 4.0 ± 0.3
VF63 33.4 ± 0.4 4.0 ± 0.2
VF55 32.8 ± 0.3 3.1 ± 0.2
VF36 31.7 ± 0.3 3.2 ± 0.2
VF28 30.8 ± 0.4 3.1 ± 0.1

VA82 32.3 ± 0.3 3.0 ± 0.3
VA63 29.6 ± 0.2 2.9 ± 0.2
VA55 29.4 ± 0.3 4.3 ± 0.1
VA36 25.6 ± 0.2 2.5 ± 0.2
VA28 22.6 ± 0.3 1.6 ± 0.1

AF82 20.8 ± 0.2 1.4 ± 0.1
AF63 21.9 ± 0.3 2.2 ± 0.2
AF55 22.9 ± 0.3 2.1 ± 0.1
AF36 24.9 ± 0.5 1.8 ± 0.1
AF28 26.4 ± 0.4 2.5 ± 0.1
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Fig. 6. Evolution of porosity of parallelepipedical compacts versus
compaction pressure in the case of single materials. Key: m, A; d, F; j, V.
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important, due to the higher Esp cp value of Vivapur 12�

and Fast Flo�.
Contrary to Esp cp, a linear fit is inappropriate to

describe the change of Esp exp with the mass percentage
of the mixture components. Fig. 5 shows the example of
the VA mixtures. A TAB� and Fast Flo� are characterized
by closer and lower Esp exp values. Then, Esp exp in the case
of AF mixtures are almost constant for compaction pres-
sures lower than 100 MPa (data not shown). Since Vivapur
12� is characterized by the highest values of Esp exp, the
mixtures with this excipient have an important specific
energy of expansion too. The values of Esp exp of the VF
and VA mixtures significantly decrease if the concentra-
tions of A TAB� and Fast Flo� are higher than 50%
(w/w) and 35% (w/w), respectively (see Fig. 5 with the
example of VA mixtures).

Table 2 sums up the important energetic compressibility
parameters of the single materials and the binary mixtures
for a compaction pressure of 210 MPa.

3.3. Decrease of the porosity under pressure

The compressibility can be expressed by the decrease
of the porosity under pressure. The compact porosities
shown in Fig. 6 are calculated immediately after compac-
tion from the weight, the size of the compacts and the
apparent particular density. The porosities of the sin-
gle-compound materials are shown by the closed
symbols.

A TAB� has the lowest compressibility. For a range of
pressure of 0–210 MPa, the porosity decrease is about
53% for A TAB�, whereas, it is more than 80% for the
two other materials. This must be due to the fact that it
deforms by fragmentation [11]. Due to its fragmenting
behaviour, the densification of A TAB� is less important
and it is linked with a limited range of porosity. For Viva-
pur 12� and Fast Flo�, when the applied pressure
becomes higher than their mean yield pressures, the parti-
cles deform plastically and the porosity decrease is more
important.
For the AF and VA mixtures, the ranges of porosities
obtained are between those of the single materials. As pre-
viously observed by Larhrib and Wells [7,8], when the con-
centration of the brittle material (in this work, A TAB�)
becomes higher, the range of porosity reduces. For exam-
ple, the pressure needed to have a porosity of 20% increas-
es. In the case of VA mixtures, this pressure is about
60 MPa for 80/20 (w/w) mixture and about 75 MPa for
65/35 (w/w) mixture compared to 56 MPa with Vivapur
12� powder. In the case of AF mixtures, this pressure is
about 120 MPa for 20/80 (w/w) mixture and 160 MPa for
35/65 (w/w) mixture compared to 80 MPa with Fast
Flo�. The particles of A TAB� which are brittle hinder
the densification because these particles replace more plas-
tic particles of Vivapur 12� or Fast Flo� that can fill more
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Fig. 8. Evolution of porosity of parallelepipedical compacts of Vivapur
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n = 10.
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Fig. 9. Evolution of porosity of parallelepipedical compacts of A TAB�/
Fast Flo� (AF) mixtures at a constant compaction pressure. Key: �,
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easily the porosity. Bouvard [15] observed the same thing
with the consolidation of a metal powder containing non-
deformable inclusions. The author argued that since the
applied pressure was not totally supported by the deform-
able matrix powder, a higher applied pressure had been
exerted to the composite powder to obtain the same matrix
density that could be achieved without inclusions. Howev-
er, when the fraction of A TAB� is high, the densification is
more controlled by the skeleton of A TAB� particles. In
this situation, even with high pressures, the plastic defor-
mation of Vivapur 12� and Fast Flo� particles is difficult
or incomplete.

Concerning VF mixtures, the ranges of mixture porosi-
ties are very close to the porosities observed with Fast
Flo� and Vivapur 12�, except for compaction pressure
lower than 50 MPa.

More, it appears that for compaction pressures ranged
between 20 and 200 MPa, the relationship between the
porosity of the parallelepipedical compacts and the mixture
composition (w/w) is linear (Figs. 7–9). This observation is
in good accordance with the previous results of
Ramaswamy et al. [16]. The porosity of a compacted
mixture of two materials of equal particle sizes can then
be easily calculated from the relationship porosity vs.
pressure obtained with the single materials, i.e.:

eAB ¼ x � eA þ ð1� xÞ � eB; ð4Þ
where eA, eB and eAB are, respectively, the porosities of the
parallelepipedical compacts composed of the single compo-
nents and their mixtures at a same compaction pressure,
x and (1 � x) are the weight fractions of the constituent
powders.

In all the cases, the slope of the curve porosity vs. mix-
ture composition increases with compaction pressure when
it is below 120 MPa. For larger pressure levels, the slopes
become a constant. This can be linked to the fact that this
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Fig. 7. Evolution of porosity of parallelepipedical compacts of Vivapur
12�/Fast Flo� (VF) mixtures at a constant compaction pressure. Key: �,
20 MPa, y = �0.0009x + 0.4455, R2 = 0.9686; j, 40 MPa, y = �0.0005x +
0.3274, R2 = 0.9212; m, 80 MPa, y = �0.0001x + 0.2106, R2 = 0.2729; +,
120 MPa, y = 0.0002x + 0.1412, R2 = 0.2143; *, 160 MPa, y = 0.0001x +
0.1086, R2 = 0.2779; d, 200 MPa, y = 0.0002x + 0.0765, R2 = 0.5188;
n = 10.

120 MPa, y = 0.0023x + 0.1518, R2 = 0.9923; *, 160 MPa, y = 0.0024x +
0.1209, R2 = 0.9946; d, 200 MPa, y = 0.0025x + 0.0977, R2 = 0.9943;
n = 10.
pressure is lower than the mean yield pressure of the most
plastic material of the mixture.

3.4. Heckel’s plots

Compressibility of powder compacts is often studied
using Heckel’s plot, in the (e, P) plane, where e is the com-
pact porosity and P is the applied pressure. The plots were
generated from the compaction pressures and the relative
density data collected during the compaction of the paral-
lelepipedical compacts. Heckel assumed that the volume
reduction of a plastically deforming particle bed was anal-
ogous to a first-order kinetics phenomenon, with the pores
being the reactants and the densification of the bulk of the
powder as products [17,18]. He then derived a linear rela-
tionship between the logarithm of the inverse of the sample
porosity (1/e) and the applied pressure (P):
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Fig. 12. Heckel’s plots (‘‘in-die’’ method) of A TAB�/Fast Flo� (AF)
mixtures in the case of parallelepipedical compacts. Key: m, A; d, F; h,
AF82; }, AF63; n, AF55; s, AF36; *, AF28.

Table 3
Mean yield pressures obtained from the Heckel’s plot by ‘‘in-die’’ method
(PyA, n = 3) and by ‘‘out-of-die’’ method (PyB) for the single-compound
materials and the binary mixtures and Pye calculated using the following
equation, 1/P = 1/P � 1/P
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lnð1=eÞ ¼ k � P þ A; ð5Þ
where k and A are constants.

For pharmaceutical products, the plots are generally not
linear on the whole range of pressure and a non-linear step
corresponding to rearrangement and/or fragmentation is
observed for the lowest pressure. From the linear portion
of this curve, the parameter k which has the dimension of
an inverse of pressure is extracted and it is related to the
plastic behaviour of the material. The mean yield pressure
(Py in MPa) is defined by 1/k. The Py can be obtained by
the ‘‘in-die method’’ (PyA) (i.e., under pressure) and by
the ‘‘out-of-die method’’ (PyB) (i.e., after totally elastic
recovery of the compact) [19].

Heckel’s plots obtained with the ‘‘in-die method’’ and
the parallelepipedical compacts of the single materials
appear in Figs. 10–12 (closed symbols). The plots of the
three materials show a non-linear step corresponding to
rearrangement and/or fragmentation for the lowest
pressures. A linear curve that indicates plastic deformation
is observed. The PyA values are calculated in the linear
zone of the plot, between 40 and 100 MPa for Vivapur
12�, 50 and 210 MPa for Fast Flo�, 100 and 210 MPa
for A TAB�. Three trials were performed for each
component. The mean yield pressures of the single materi-
als illustrate the difference in their densification behaviour.
Vivapur 12� is a plastically deforming material [10], it is
shown by its low mean yield pressure (PyA = 54 ± 4 MPa).
A TAB� has a high mean yield pressure (PyA = 530 ±
5 MPa). As reported previously, it deforms by fragmenta-
tion [20] and due to its behaviour, it is linked with a limited
range of porosity (see Fig. 6). With a PyA of 111 ± 2 MPa,
Fast Flo� is an intermediate material. These values are lower
than those obtained with the ‘‘out-of-die method’’ (Table 3).
From PyA and PyB, it is possible to calculate Pye (1/Pye =
1/PyA � 1/PyB) which characterizes the tendency of a mate-
rial to recover visco-elastically [19]. The lowest value of Pye is
obtain with the Vivapur 12� compacts, whereas, A TAB�

compacts show a little visco-elastic tendency (see Table 3).
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Fig. 10. Heckel’s plots (‘‘in-die’’ method) of Vivapur 12�/Fast Flo� (VF)
mixtures in the case of parallelepipedical compacts. Key: d, F; j, V; h,
VF82; }, VF63; n, VF55; s, VF36; *, VF28.

ye yA yB

Notation PyA (MPa) PyB (MPa) Pye (MPa)

V 54 ± 4 149 85
A 530 ± 5 714 2057
F 111 ± 2 189 269

VF82 55 ± 3 131 95
VF63 60 ± 1 145 102
VF55 77 ± 2 154 154
VF36 85 ± 3 161 180
VF28 93 ± 5 178 195

VA82 73 ± 4 169 129
VA63 114 ± 8 204 258
VA55 181 ± 10 294 471
VA36 265 ± 4 333 1298
VA28 378 ± 6 417 4042

AF82 413 ± 11 555 1614
AF63 322 ± 10 435 1240
AF55 262 ± 4 385 820
AF36 192 ± 4 333 453
AF28 155 ± 2 250 408



V. Busignies et al. / European Journal of Pharmaceutics and Biopharmaceutics 64 (2006) 66–74 73
The Fast Flo� value of Pye is in the same range as previous
results obtained with some lactoses [9].

Heckel’s plots for the mixtures demonstrate that all the
mixtures behave like intermediate materials between the
single materials (Figs. 10–12, opened symbols). In the case
of VF mixtures, mixtures with 50–80% w/w of Fast Flo�

seem to have a densification behaviour closer to those of
Fast Flo�. When concentrations of Vivapur 12� are impor-
tant, Heckel’s plots are more similar to those of Vivapur
12�.

The relationships between the mean yield pressure
obtained by the ‘‘in-die method’’ (PyA) and mixture com-
position (w/w) are depicted in Fig. 13 (the values corre-
spond to the average of three trials). For all the mixtures,
the relationship between the PyA and the mixture composi-
tion is not linear. The compression behaviour of a mixture
is not the weighted sum of the behaviour of the single com-
ponents (dotted lines in Fig. 13) and the plots show a neg-
ative deviation from those predicted from the single
materials. But, the negative deviation is limited in the case
of VF mixtures, since the PyA values are closer. For VF
mixtures, until 35% in mass of Fast Flo�, the PyA is con-
trolled by Vivapur 12�. Between 35 and 50% w/w of Fast
Flo�, the increase of PyA is more important. For higher
concentrations, the PyA of the mixtures are closer to the
PyA obtained by linear interpolation. In some previous
studies, some authors have admitted that for products with
close mean yield pressures, it is possible to predict linearly
the compaction behaviour of the binary mixtures [5,6]. The
PyA values for the mixtures of a plastically flowing material
or an intermediate material with a fragmenting material
show a more important negative deviation from the sum
of the values of the single excipients. For the highest con-
centration of Vivapur 12� in VA mixtures (80% w/w and
more), the densification depends on the behaviour of Viva-
pur 12�. From A TAB� concentrations of 65% (w/w), the
mean yield pressure is no longer controlled by the Vivapur
12� particles since the PyA become higher than 250 MPa. A
similar trend was observed by Ilka et al. [5] with microcrys-
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Fig. 13. Mean yield pressure (PyA) obtained by the ‘‘in-die’’ method as a
function of mass composition of the mixtures (parallelepipedical com-
pacts). Key: m, A; d, F; j, V; s, VA; }, VF; n, AF; n = 3. The dotted
line represents the results of the use of a linear simple mixing rule.
talline cellulose and anhydrous calcium phosphate mix-
tures. On the contrary, Larhrib and Wells [7,8] give a
positive deviation from a linear relationship for PEG/calci-
um phosphate (plastic/brittle) mixtures. For AF mixtures
and for Fast Flo� concentrations higher than 65% w/w,
PyA values below 200 MPa are observed. This can mean
that the mixture behaviour is more controlled by Fast
Flo�. A TAB� starts to control the PyA of the mixtures
when Fast Flo� represents less than 50% in mass (PyA

becomes higher than 250 MPa).
The values obtained with the ‘‘out-of-die method’’ (PyB)

are higher than those obtained with the ‘‘in-die method’’
(PyA, Table 3), but the same trend is observed for the rela-
tionship between PyB and the mixture composition (w/w).

In the VA mixtures with more than 50% w/w of Vivapur
12�, the visco-elasticity tendency of the mixtures is impor-
tant (see values of Pye, Table 3). A similar trend is observed
with AF mixtures. Otherwise, the increase of the A TAB�

proportion in a mixture leads to a decrease of the visco-
elasticity tendency. In the case of the VF mixtures, the
change of Pye values is smaller since the Pye of the two sin-
gle materials are closer.

3.5. Predictive approach for the mean yield pressure of the

binary mixture

The results obtained show that the porosity of the com-
pacted binary mixtures is proportional to the mixture com-
position (w/w), at a constant compaction pressure. It is
then possible to calculate by a simple interpolation, at a
constant pressure, the porosity of a compacted mixture
from the data obtained with the single materials. If the
compaction pressures belong to the linear zone of Heckel’s
plot, it is possible to draw this plot and to deduce the mean
yield pressure of the mixture (Fig. 14):

lnð1=e2Þ � lnð1=e1Þ ¼ k � ðP 2 � P 1Þ; ð6Þ
where e1 and e2 are the porosities of the mixture compacted
under the pressure P1 and P2.
P

Fig. 14. Principle of the predictive approach for the mean yield pressure
of a binary mixture.
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In this work, for each mixture, e1 and e2 were calculated
from the porosities of the single materials compacted under
the pressure P1 and P2 using Eq. (4). In a second step, the
mean yield pressure was obtained using Eq. (6). Since the
porosities of the single materials were calculated after com-
paction (Eq. (2)), e1 and e2 are also the porosities of the
compacted binary mixtures after compaction. The calculat-
ed mean yield pressure is then similar to a mean yield pres-
sure obtained using the ‘‘out-of-die method’’, i.e. PyB. The
PyB values calculated with this predictive approach are very
similar to the experimental values presented in Table 3
(Fig. 15). The most important variation is observed
between the experimental and the predictive values with
the VA mixtures.

The present approach can then be used to predict the
mean yield pressure and the compaction behaviour of com-
pacted binary mixtures simply from the properties of the
single excipients.

4. Conclusion

In this work, the compressibility of some binary mix-
tures of pharmaceutical excipients with various mass con-
centrations was studied. Several approaches were used:
compression cycles with energy measurements, decrease
of the compact porosity under pressure and Heckel’s plots.
For the binary mixtures studied, it was observed that the
specific compaction energy was proportional to the mixture
composition expressed in mass. But, this was not the case
for the specific expansion energy. Similarly for the specific
compaction energy, a proportional relationship was
observed between the compact porosity and the mass com-
position of the mixtures. Concerning the mean yield pres-
sure, in all the cases, the relationship between the Py and
the mixture composition was not linear and for the mix-
tures studied here, a negative deviation was observed. A
predictive approach of the mean yield pressure based on
the proportional relationship between porosity and mixture
composition is proposed. The comparison of the calculated
and experimental values proves the validity of this
approach for various binary mixtures. It is then possible
to predict the mean yield pressure of binary mixtures from
the accessible data of the single excipients.
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