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Abstract

Three pharmaceutical excipients (microcrystalline cellulose, lactose, anhydrous calcium phosphate) and their binary mixtures were
compacted to form compacts of various mean porosities. Some mechanical properties (Young’s modulus, tensile strength and Brinell
hardness) were studied on these compacts. The mechanical properties of the binary mixtures were not proportional to the mixture com-
position expressed in mass. More, for all the properties, a negative deviation was always observed from this linear relationship. In ref-
erence to a composition percolation phenomenon, critical mass fractions were detected from the graph mechanical property vs. mass
composition of a mixture. The results obtained with Brinell hardness differed from the results of the Young’s modulus and the tensile
strength, i.e. the most plastic material in the binary mixture controlled the mixture behaviour. Secondly, a predictive model based on
a statistical approach was proposed for the Young’s modulus and the tensile strength. The validity of this model was verified on exper-
imental data, and an interaction parameter used to characterize the affinity of the two compounds was calculated. Finally, the X-ray
tomography technique was applied to the compacts of cellulose/phosphate mixtures to obtain cross-sections images of the compacts.
The analysis of the cross-sections images allowed explaining the no linear relationship of the different mechanical properties results
observed on these binary mixtures.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Tablets produced in pharmaceutical industry are gener-
ally made with a number of components. However, the
study of the properties of compacted mixtures has received
little attention. Data of single materials are generally avail-
able and the right formulation is generally obtained after
lots of trials. Whereas, it must be useful to predict the tab-
let properties from the data obtained with the mixture com-
0939-6411/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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ponents. Numerous workers have investigated the
compaction of binary mixtures [1–8]. In most cases, no sim-
ple relationship is found from the compaction properties of
the single materials and their proportions in the mixture,
and the mechanical properties of tablets compressed from
binary mixtures are in general not linearly related to the
properties of tablets obtained from single materials. Many
studies show three possibilities for this relationship, a posi-
tive/negative effect or a linear relationship [8]. These results
are attributed to the degree of magnitude of the bonds
between particles of different materials. In that case, the
aim of all studies of tableting powder mixtures will be to
use the known properties of single materials in order to
predict the compaction behaviour of mixtures. Due to the
variety and the complexity of tableting properties, there
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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�/TAB� mixtures
VF: Vivapur 12�/Fast Flo� mixtures
AF: A TAB�/Fast Flo� mixtures
e: mean compact porosity
Py: mean yield pressure
rc: compaction pressure
rr: tensile strength
E: Young’s modulus
Hb: Brinell hardness
Fm: maximal load applied in microindentation

and Young’s modulus measurement
Fr: maximal load applied in tensile strength

measurement
p: distance between the two support of the

three point single beam test
d: central deflexion in the three point single

beam test
h and l: thickness and width of the parallelepipedi-

cal compacts

D: indentor diameter
D: diameter of the indentation imprint
n: number of experimental trials used in the

calculus of the average values
YAA, YBB: properties of the single materials (A and B)

in the 1st approach of the statistical model
YAB: property resulting from the binary interac-

tion {AB} in the 1st approach of the statis-
tical model

Yww: interaction parameter in 1st approach of
the statistical model

YAAA, YBBB: properties of the single materials (A and
B) in the 2nd approach of the statistical
model

YABB, YBAA: properties resulting from the triplet inter-
action {ABB} and {BAA} in the 2nd ap-
proach of the statistical model

Yww1, Yww2: interaction parameters in 2nd approach of
the statistical model

x and (1� x): mass proportions of the two components
of a binary mixture in the statistical model
(Section 3.3)
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are few studies in the literature which propose a model for
mechanical properties of compacted mixtures [9,10]. A sat-
isfactory theory enabling the prediction of the mixture
properties does not exist at present. Recently, the percola-
tion theory was used to explain the change of properties of
compacted binary mixtures [11,12]. In the case of powder
mixtures, it is a composition percolation phenomenon
and the important parameter is the phase fractions. Binary
mixtures of powders can be considered as systems made of
three phases: two particles phases and pore space. Accord-
ing to a composition percolation phenomenon and at a
constant porosity, the mixture can be in three situations
[12–14]. If an A/B mixture is considered, when the fraction
of B is small, these particles are isolated inclusions and
form a dispersed phase. The component in a greater pro-
portion (A) and/or with the smaller particle size forms a
continuous phase. The presence of a dispersed phase
changes the behaviour of the continuous phase due to the
localization of tensions. When the fraction of B increases,
the particles of B form aggregates. At last, when the frac-
tion of B particles is high, a percolating B particle network
appears for a B concentration corresponding to the perco-
lation threshold, pc1. The phase A ceases to exist as an infi-
nite cluster for a B concentration corresponding to the
upper percolation threshold, pc2. Between the two thresh-
olds, the two components form two interpenetrating perco-
lating networks. To know in which situation the mixture is
could be helpful to understand the behaviour of powder
mixtures. More, in binary mixture containing particles of
both components A and B, three kinds of interactions
may occur [15]: (1) A bonds preferentially with A and B
bonds preferentially with B, (2) the affinity of A (B) for
A (B) is the same as the affinity of A for B, (3) A bonds
preferentially with B. Thus, the percolation thresholds in
a compact of a binary mixture depend on the relative con-
centrations and the relative bond-forming properties [14].

The present work was performed to analyse the com-
paction behaviour of single materials (microcrystalline
cellulose, lactose and anhydrous calcium phosphate)
and their binary mixtures. This analysis was based on
the measurement of some mechanical properties like
Young’s modulus, tensile strength and Brinell hardness.
The three pharmaceutical excipients were chosen because
of their different compaction behaviour [16,17]. The sin-
gle materials and the binary mixtures were compacted
and their mechanical properties were studied. First, the
variations of these properties with the mixture composi-
tion are presented. Secondly, the objective of this study
is to define the behaviour and to propose a model for
the tensile strength and the Young’s modulus of com-
pacted binary mixtures using the mechanical properties
obtained with the single excipients. X-ray microtomogra-
phy technique was also performed with one of the bina-
ry mixtures to obtain cross-sections images of the
compacts. These images were analysed to characterize
and study the heterogeneity in the compacts. It was also
correlated to the different mechanical properties
observed.
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2. Materials and methods

2.1. Excipients

Granular fractions (between 100 and 180 lm) of phar-
maceutical excipients were used: a microcrystalline cellu-
lose (Vivapur 12�, 5601210932, JRS, Germany, kindly
given by JRS), a partly amorphous lactose (Fast Flo�,
8500042062, Foremost, US) and an anhydrous calcium
phosphate (A TAB�, GW930187, Rhodia, France). The
mean particle sizes in volume were obtained by laser
diffraction (Coulter LS 230) in conditions of validity of
Frauhofer’s theory (162 lm ±35 lm for A TAB�,
134 lm ± 36 lm for Fast Flo� and 152 lm ± 48 lm for
Vivapur 12�). These excipients consolidate by different
mechanisms and are characterized by their mean yield pres-
sure (Py) which is deduced from the Heckel’s plots [18,19].
Vivapur 12� (V) consolidates by plastic deformation
(Py = 54 MPa ± 4 MPa) and A TAB� (A) by fragmenta-
tion (Py = 530 MPa ± 5 MPa). Fast Flo� (F) has an inter-
mediate behaviour (Py = 111 ± 2 MPa) [16,17]. Before use,
the fractions were stored in a closed chamber at 48% ± 6%
of relative humidity for at least three 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 percentages (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 is about
Table 1
Apparent particle densities for the single-component powders (experimental va
(1))

Notation Powder

VIV Vivapur 12�

AT A TAB�

FF Fast Flo�

VF82 80% Vivapur 12� + 20% Fast Flo�

VF63 65% Vivapur 12� + 35% Fast Flo�

VF55 50% Vivapur 12� + 50% Fast Flo�

VF36 35% Vivapur 12� + 65% Fast Flo�

VF28 20% Vivapur 12� + 80% Fast Flo�

VA82 80% Vivapur 12� + 20% A TAB� (
VA63 65% Vivapur 12� + 35% A TAB� (
VA55 50% Vivapur 12� + 50% A TAB� (
VA36 35% Vivapur 12� + 65% A TAB� (
VA28 20% Vivapur 12� + 80% A TAB� (

AF82 80% A TAB� + 20% Fast Flo� (w/
AF63 65% A TAB� + 35% Fast Flo� (w/
AF55 50% A TAB� + 50% Fast Flo� (w/
AF36 35% A TAB� + 65% Fast Flo� (w/
AF28 20% A TAB� + 80% Fast Flo� (w/
50%). The mixtures were labelled with their mass com-
position. For example, VA36 means a mixture of Viva-
pur 12�/A TAB� with a respective concentration of
35% and 65% in mass (see Table 1). The apparent par-
ticle densities of the binary mixtures were calculated
from the values of the mixture components according
to their weight proportions in the mixture [20]
(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

A mass suitable to obtain zero porosity at a theoretical
compact thickness of 5 mm (about 1.8 g for F and V, about
3.3 g for A) was used to obtain parallelepipedical compacts
(40 · 6 mm2) of single-component powders and binary
mixture powders using an instrumented hydraulic press
(Perrier Labotest�, France) [21] at compaction pressures
ranging (rc) from 4 to 210 MPa. After compaction, the
compacts were stored for at least three days in a closed
chamber at a relative humidity of 48% ± 6%. In order to
calculate the mean compact porosity, e, the compacts were
measured (micrometer Digimatic 293�, Mitutuyo, Japan,
with a resolution of 1 mm) and exactly weighted (Sartorius
BP 2215�, Germany, with a resolution of 0.1 mg) after
total elastic recovery.

e ¼ 1� apparent density

apparent particle density
: ð2Þ
lues, n = 3) and the binary mixtures powders (calculated values using Eq.

Apparent particle density (g cm�3)

1.5402 ± 0.0005
2.8103 ± 0.0002
1.5309 ± 0.0001

(w/w) 1.5383
(w/w) 1.5369
(w/w) 1.5355
(w/w) 1.5341
(w/w) 1.5328

w/w) 1.6932
w/w) 1.8296
w/w) 1.9898
w/w) 2.1808
w/w) 2.4124

w) 2.4078
w) 2.1743
w) 1.9821
w) 1.8211
w) 1.6842
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2.4. Measurement of mechanical properties

Mechanical properties were studied on parallelepipedi-
cal compacts after total elastic recovery using a micropress
prototype [22]. The experimental procedure and the evalu-
ation of the mechanical properties were described in detail
in previous work [23]. The experimental parameters specific
to this study are shown in Table 2.

The Young’s modulus (E) and the tensile strength (rr)
were obtained using a three point single beam test. The par-
allelepipedical compacts were stressed using a 2 mm flat
punch at a constant velocity of 0.050 mm min�1. To only
measure the elastic response of the compact, a series of
loading/unloading cycles were applied (Table 2). The
Young’s modulus (E in GPa) was obtained from the slope
of the loading part of the last cycle. The maximum loading
(F) corresponds to about 80% of the load that causes com-
pact fracture (Fr)

E ¼ F m � p3

4:d:h3:l
; ð3Þ

where F is the load applied, p is the distance between the
two supports (34.12 mm), d is the central deflexion and h,
l are the thickness and the width of the compact,
respectively.

Secondly, Fr was measured and used to calculate the ten-
sile strength (rr in MPa) using the following equation:

rr ¼
3:F r:p

2:l:h2
; ð4Þ

where p is the distance between the two supports (i.e.
34.12 mm) and h, l are the thickness and the width of the
compact, respectively.

The Brinell hardness (Hb in MPa) was obtained using a
microindentation test [23]. A stress was applied on the top
side of the parallelepipedical compact by a spherical inden-
tor with a 2.38 mm diameter at a rate of 0.06 mm min�1.
The maximal displacement of the indentor and the relaxa-
tion time were adjusted to the sample composition (Table
2). The Brinell hardness Hb was calculated by the following
equation [24]:

Hb ¼
2:F m

ðpp:DÞ:ðD�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D2 � d2
p

Þ
; ð5Þ

where F is the maximal load applied, D is the indentor
diameter and d is the diameter of the indentation surface.
Table 2
Specific parameters for the study of the mechanical properties (All the
other parameters are those of the reference [23])

Young’s modulus, E Brinell hardness, Hb

Vivapur 12� 5 loading/unloading
cycles

Indentor displacement: 0.1 mm
Relaxation time: 5 min

Fast Flo� 3 loading/unloading
cycles

Indentor displacement: 0.08 mm
Relaxation time: 3 min

A TAB� 3 loading/unloading
cycles

Indentor displacement: 0.06 mm
Relaxation time: 1 min
For each mechanical property and each pressure tar-
get, three tablets were tested. But, it was not possible
to obtain these tablets under exactly the same compac-
tion pressure (i.e. with the same porosity) and to provide
mean and standard deviations for the experimental
results.

2.5. Mechanical properties versus porosity relationship

The mechanical properties of a compact were plotted
versus the porosity e and fitted by the following empiric
relationship [25,26]:

A ¼ A0:e
�b:e; ð6Þ

where A is one of the mechanical properties previously
described (E, rr, Hb), e is the mean compact porosity,
A0 is the mechanical property at e = 0 and b is a
parameter deduced from the fitting of the experimental
curve.

Due to the range of porosities observed with the com-
pacts containing A TAB� (Table 3), the mechanical prop-
erties of VA and AF compacts (interpolated values
obtained with the exponential relationship) were compared
using a 35% porosity value. For VF compacts, porosities of
20% and 35% were used.

2.6. X-ray microtomography measurement

The X-ray microfocus computed tomography (X-ray
lCT) method is a nondestructive inspection technique
which provides cross-sectional images in different planes
from the sample [27]. The principle of the third genera-
tion CT imaging is illustrated in Fig. 1. The sample is
placed on a precision turntable in a divergent beam of
X-rays. A detector (which is in fact a one-dimension or
a two-dimension array of detectors) is used to measure
the local intensity distribution of a diverging X-ray beam
transmitted through the sample, as the sample is rotated
step by step angle in the beam. The sample position from
the X-ray source determines the geometrical magnifica-
tion (i.e. the resolution which is also limited by the
detector size) according to the principle of the cone-beam
geometry. This leads to a series of radiographs also
called projection images at different viewing angles. From
this set, one can reconstruct a three-dimensional repre-
sentation of the structure and/or a composition distribu-
tion within a sample, using a mathematical algorithm
based on the Beer–Lambert law of absorption (see Eq.
Table 3
Range of mean porosities obtained with the parallelepipedical compacts of
the three single excipients

Compact porosity, e (%)

rc = 4 MPa rc = 210 MPa

A TAB� 57 35
Fast Flo� 52 11
Vivapur 12� 63 10
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Fig. 1. X-ray microtomography measurement in the case of the compacted Vivapur 12�/A TAB� mixtures.
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7). This reconstruction is called a tomogram; it has a
spatial volume resolution, which is called a voxel. The
tomogram can be decomposed in a series of cross-sec-
tional images in a chosen plane, and these cuts can be
interpreted in terms of density or composition distribu-
tion after the calibration process.

According to the Beer–Lambert law, the dependence of
the intensity I (x) of the X-ray beam after its crossing
through a layer of homogeneous material of thickness x
is related to the initial intensity I0 and the linear X-ray
attenuation coefficient of the material l (it is a characteris-
tic material coefficient) through [28]:

IðxÞ ¼ I0:e
�l:x: ð7Þ

X-ray micro-CT images were provided for a cubic sam-
ple (about 5 · 5 mm2) of parallelepipedical compacts of VA
mixtures obtained at 120 MPa. A Skyscan-1072 High-reso-
lution desk-top micro-CT system (SkyScan, Aartselaar,
Belgium) was used. The principle of the technique in the
case of this study is illustrated in Fig. 1. The technique
and its application to pharmaceutical compacts were
described in more detail in references [16,17,29]. In this
work, the scanning parameters were as follows: the X-ray
source was operated at a voltage U of 67 kV and a current
I of 90 lA (i.e. P = 6 W) with an exposure time of 3.472 s
per projection and an angular increment of 0.23�. The res-
olution size in the three directions after image reconstruc-
tion was 14.20 lm for VA36 and VA28 mixtures and
12.02 lm for the other VA samples. All the cross-sectional
images obtained with this technique were analysed using
the ImageJ software [30].
3. Results and discussion

3.1. Mechanical properties of the single materials

3.1.1. Young’s modulus, E

Fig. 2 shows the variation of the Young’s modulus with
the mean porosity in the case of the parallelepipedical com-
pacts of the single excipients. For porosities larger than
35%, A is the hardest of the three excipients, since for this
range of porosity, its Young’s modulus is the largest
(E35% A = 3.33 GPa whereas E35% F = 0.96 GPa and
E35% V = 0.59 GPa). For all the porosities, the Young’s
modulus values of V show that it is more prone to the
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deformation. For example, at a porosity of 20%, the
Young’s modulus of V is 1.88 GPa and that of F is
2.48 GPa.

3.1.2. Tensile strength, rr

The plot of the tensile strength of the compacted three
excipients versus the mean porosity is given in Fig. 3.
For compact porosities larger than 35%, the tensile
strength of A compacts (rr 35% A = 3.55 MPa) is larger
than three times those of F (rr 35% F = 1.13 MPa) and
higher than one and half those of V (rr 35% V =
2.09 MPa). For compact porosities smaller than 35%,
the tensile strength observed with V compacts is also
larger than those of F compacts.

3.1.3. Brinell hardness, Hb

The Brinell hardness is a characteristic of the surface
elastoplasticity of a compact. Contrary to the Young’s
modulus and the tensile strength which characterize the
sample volume, the Brinell hardness is a property of the
sample surface. The change of Brinell hardness with the
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Fig. 4. Relationship between Brinell hardness (Hb) and the mean porosity
(e) for the compacts composed of the single materials. Key: m, A TAB�

(Hb = 62607e�17.6e, R2 = 0.9768); d, Fast Flo� (Hb = 811.3e�11.9e,
R2 = 0.9755); j, Vivapur 12� (Hb = 111.3e�5.7e, R2 = 0.9787).
mean compact porosity is plotted in Fig. 4. In the range
of porosity covered by the compact of A, the surfaces of
A compacts have a higher Brinell hardness than those of
the two other excipients. The hardness of V and F com-
pacts is in the same order for these porosities. When the
compact porosity becomes lower than 35%, the Brinell
hardness of F compacts becomes higher than the hardness
of V compacts. The hardness of V compacts shows the low-
est increase when the porosity decreases.

3.2. Mechanical properties of the binary mixtures

3.2.1. Young’s modulus, E

The Young’s moduli of the mixtures are compared at a
constant mean porosity e = 35% (and also e = 20% in the
case of VF mixtures) and for various mixture compositions
expressed in mass (Fig. 5). Indeed, for all the mixtures, the
variation of the Young’s modulus with the mixture compo-
sition cannot be described by a simple linear mixing rule,
since a large negative deviation from this relationship is
observed.

VF mixtures (diamond-shaped symbols in Fig. 5). It can
be noted that the Young’s modulus of a mixture can be
smaller than the one of the two single materials. This is
observed at e = 35% and 20% with VF mixtures. Further-
more, the Young’s modulus is nearly at a constant level
between 20% and 80% in mass of F. With reference to
the composition percolation theory, these two particular
values may be closed to the percolation thresholds of the
two materials (these two particular values are also called
critical mass fractions).

VA mixtures (circle symbols in Fig. 5). A is harder than
V since its Young’s modulus is about seven times the one of
V for a porosity of 35%. A constant value is observed when
concentrations of A are less than 60% w/w. This value is
about the one of V. Then, for these mixture compositions,
it is thought that the V particles form a ‘‘soft’’ percolated
skeleton which controls the total elastic behaviour. Beyond
a threshold of 65–70% w/w of A in the mixture, A starts
dominating the system and the Young’s modulus increases.
Therefore, introducing little proportions of A in a network
of V does not affect the rigidity of the compact. It is only
much above 70% w/w of A (which corresponds to the per-
colation threshold of V) that the material becomes harder.
So, the percolation threshold for A cannot be detected.

AF mixtures (triangular symbols in Fig. 5). At e = 35%,
the Young’s modulus decreases when F is introduced in the
AF mixtures until a minimum is observed for a F concen-
tration of 50% w/w, for which the Young’s modulus is
smaller than the F modulus itself. Then, E increases at larg-
er proportions of F (50–80% w/w). At 80% w/w of F, E

reaches the value of the Young’s modulus of F and remains
constant likely from 80% to 100% w/w.

3.2.2. Tensile strength, rr

The tensile strengths of the mixtures are evaluated at a
constant porosity of e = 35% (and also e = 20% in the case
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of VF mixtures) and their variations versus the mixture
composition are shown in Fig. 6. Like for the Young’s
modulus, the variation of the tensile strength with the mix-
ture composition is not described by a simple linear mixing
rule, and a negative deviation from this rule is observed.
Also, there are three different trends for the three mixtures,
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VF mixtures (diamond-shaped symbols in Fig. 6). The
tensile strength deviates significantly from the linear rule
in the whole studied range. Between critical mass concen-
trations of about 20% and 80% of F, the tensile strength
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seems to decrease linearly, with a slope approximately
equal to the linear rule.

VA mixtures (circle symbols in Fig. 6). In the whole
range of mixture compositions, values smaller than the ten-
sile strength of both single materials are observed. At small
A proportions, the tensile strength slightly decreases and
becomes a bit smaller than the rr value of V. Between
20% and 70% of A, the lowest values are obtained. Then,
the tensile strength increases abruptly above 80% w/w to
reach the A value. When the proportions of A are high
enough, it is thought that the percolating network of V par-
ticles disappears (mass proportions higher than 70%). This
leads to an increase of the tensile strength.

AF mixtures (triangular symbols in Fig. 6). These mix-
tures show an important decrease in compact tensile
strength with increasing F proportions. The minimum
which is observed occurs for a F around 50% in mass,
and is well below the one of the two single materials. The
tensile strength increases again and reaches the one of F
at 80% w/w about. Above this concentration, it seems to
remain constant.

3.2.3. Brinell hardness

The variations of the Brinell hardness of compacts are
observed as a function of the mixture composition
(Fig. 7) for a constant mean porosity of e = 35% (and also
at e = 20% in the case of VF mixtures). Like for the two
other mechanical properties (E and rr), the variations of
the Brinell hardness with the mixture composition cannot
be described by a simple linear mixing rule, and a negative
deviation from this rule is observed.
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Fig. 7. Brinell hardness (Hb, interpolated values) as a function of binary mix
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(with e = 35%); } and �, VF (with e = 20% and 35%); m, AF (with e = 35%)
VA and VF mixtures (circle and diamond-shaped sym-

bols, respectively, in Fig. 7). The Brinell hardness shows a
rather constant value for concentrations below 75% w/w
of F and A, which corresponds to the Brinell hardness of
V. This could be explained by the fact that V undergoes
plastic deformation at small applied pressure
(Py = 54 MPa [16,17]) and spreads on the surface of the
compact. Leuenberger et al. [31] observed the same tenden-
cy of the Brinell hardness with cylindrical tablets of mix-
tures of sodium lauryl sulfate/cafeine (which are also
plastic/brittle mixtures). The Brinell hardness starts to
increase when the V proportions are no longer enough to
cover all the compact surface. For these mixtures, this hap-
pens for A and F proportions above around 75% in mass.
In the special case of the VA mixtures, this correlates with
the results of Holman and Leuenberger [32] which
observed very little variations of the Brinell hardness of
microcrystalline cellulose/dihydrate calcium phosphate
mixtures for volume fraction of the calcium phosphate
phase smaller than 69% (this proportion corresponds to a
mass concentration of 77%).

AF mixtures (triangular symbols in Fig. 7). The Brinell
hardness increases continuously from F to A; but the evo-
lution is divided in two linear zones which intercept for a
critical concentration of F around 25% w/w. For A propor-
tions lower than 65% w/w, the Brinell hardness changes
much less than for large proportions of A (>65% w/w).
This could be due to the fact that F is more plastic
(Py = 111 MPa) than A (Py = 530 MPa).

One shall then conclude that at least one of the two per-
colation thresholds cannot be detected from the variations
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of the Brinell hardness, whatever the mixture presently
studied. On the other hand, one of the percolation thresh-
olds may correspond to the turn of variations observed.
However, this turn occurs always around 80% in mass
whatever the density ratio of the two mixed compounds
(see Table 1), that indicates a not constant volume ratio
at turn, so that the turn does not correspond to a fix ratio
of volume hence to a fix percolation threshold.

3.3. Proposal of a model for the mechanical properties of

binary mixtures

The previous experimental results have shown that it
was not possible to describe the variation of the mechanical
properties of binary mixtures using a simple linear mixing
rule. In order to describe the negative deviation observed
with all the mixtures, a statistical model based on a classic
thermodynamic approach was proposed [31,33,34]. It
allows one to obtain interaction parameters which charac-
terize the affinity of the two compounds to each other. This
model was applied to the Young’s modulus and the tensile
strength.

3.3.1. Statistical model, 1st approach, i.e. binary interactions

A binary mixture AB with a proportion x of A is consid-
ered. In this mixture, there are three possible binary inter-
actions, A–A, B–B and A–B (B–A). According to a
statistical approach [33,34], the fraction x of the compo-
nent A and (1 � x) of the component B in the system rep-
resent their distribution probability. Then, the probability
of having two A particles as a neighbour is x2, and for each
interaction, it is possible to calculate the statistical weight
(Table 4).

Using this statistical approach, a property Y of a mix-
ture AB can be expressed by the following relationship:

Y ¼ x2 � Y AA þ ð1� xÞ2 � Y BB þ 2x � ð1� xÞ � Y AB; ð8Þ
where YAA and YBB are the properties of the single materi-
als (corresponding to the A–A and B–B interactions) and
YAB is the property resulting from the A–B and B–A inter-
actions which are supposed to be identical.

Eq. (8) can be developed to obtain Eq. (9)

Y ¼ x � Y AA þ ð1� xÞ � Y BB þ x � ð1� xÞ � ½2Y AB � Y AA

� Y BB� ð9Þ

So, labelling

Y ww ¼ 2Y AB � Y AA � Y BB ð10Þ
Eq. (9) transforms into Eq. (11)
Table 4
Statistical weights attributed to the different possible interactions in the 1st
approach of the proposed model

Interactions A–A B–B A–B B–A

Statistical weights x2 (1 � x)2 x (1 � x) (1 � x)x
Y ¼ x � Y AA þ ð1� xÞ � Y BB þ x � ð1� xÞ � Y ww; ð11Þ
where Yww is the interaction term for the Y property.

When Yww = 0, Eq. (11) corresponds to a simple linear
mixing rule (shown by the dotted line in Figs. 5 and 6)

Y ¼ x � Y AA þ ð1� xÞ � Y BB: ð12Þ
When Yww < 0, a negative deviation from the linear mixing
rule is observed. On the contrary, when Yww > 0, the devi-
ation is positive.
Proportion of Fast Flo® (w/w)

Fig. 8. Young’s modulus (E, interpolated values) of binary mixture vs. the
mixture composition for a constant compact mean porosity (e). The 1st
approach of the proposed model is used (full line). (a) Vivapur 12�/Fast
Flo� mixtures; (b) Vivapur 12�/A TAB� mixtures; (c) A TAB�/Fast Flo�

mixtures. Key: �, e = 10%; j, e = 20%; m, e = 35%, d, e = 40%, *,
e = 50%.



Table 5
R2 values obtained for the binary mixtures using the 1st and the 2nd
approach of the proposed model

Mixtures e (%) 1st approach 2nd approach

R2 (E) R2 (rr) R2 (E) R2 (rr)

VF 10 0.6839 0.9506 0.9057 0.9566
20 0.8948 0.9790 0.8980 0.9797
35 0.7418 0.9444 0.8297 0.9645
40 0.7263 0.9256 0.8309 0.9551
50 0.7185 0.8889 0.8428 0.9376

VA 35 0.9429 0.8467 0.9973 0.9449
40 0.8972 0.7818 0.9909 0.8651
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3.3.2. Use of the 1st approach for the Young’s modulus and

the tensile strength of binary mixtures

The variations of the Young’s modulus and the tensile
strength for various compact porosities are given in Figs.
8 and 9. The E and rr values vs. the mass fractions of the
two components are fitted with a quadratic equation (full
lines in Figs. 8 and 9). It appears that the E and rr values
seem to be relatively well represented by a quadratic equa-
tion (see correlation coefficients R2 in Table 5). Neverthe-
less, the critical mass fractions do not appear with this
approach. The constant value observed with the Young’s
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Fig. 9. Tensile strength (rr, interpolated values) of binary mixture vs. the
mixture composition for a constant compact mean porosity (e). The 1st
approach of the proposed model is used (full line). (a) Vivapur 12�/Fast
Flo� mixtures; (b) Vivapur 12�/A TAB� mixtures; (c) A TAB�/Fast Flo�

mixtures. Key: �, e = 10 %; j, e = 20%; m, e = 35%, d, e = 40%, *,
e = 50%.

50 0.7903 0.4930 0.9644 0.6956

AF 35 0.9434 0.8755 0.9869 0.9905
40 0.9173 0.8564 0.9796 0.9793
50 0.9152 0.9198 0.9681 0.9616
modulus of the VA and the AF mixtures and the minimum
value observed with the tensile strength of the same mix-
tures are not well described. More, the parameters corre-
sponding to E or rr of the single materials slightly differ
between different binary mixtures (see Table 6).

The parameters used in Eq. (11) for the best fits are
displayed in Table 6. In all the cases, the interaction
parameters Eww and rrww are negative. This is in accor-
dance with the fact that a negative deviation from a linear
mixing rule is experimentally observed. The values of the
interaction parameters could be linked to the affinity of
the mixture components [31]. Negative interaction param-
eters mean that the interactions between same compo-
nents are stronger than between different materials (i.e.
that the cohesive forces are more important). For poros-
ities between 35% and 50%, the absolute values of the
interaction parameters which are obtained in VA mixtures
are larger than for VF mixtures. This means that V par-
ticles have more affinity for F than for A. On the other
hand, the closed values of the parameters in the case of
AF and VA mixtures show that the affinities of A for F
and V are of the same order.

3.3.3. Statistical model, 2nd approach, i.e. triplet
interactions

In a second step, the model was improved to take into
account the environment of the interactions. In the second
version of the model, binary interactions were replaced by
triplet interactions (Table 7). This approach takes into
account the surroundings of each link. More, a triangular
interaction is supposed to be more rigid than binary inter-
action. It was expected that this version could describe with
more accuracy the hardness and the strength of the com-
pacted system.

Similar to the 1st approach, the fraction x of the compo-
nent A and (1 � x) of the component B are introduced in
the model and used to link each triplet term {AAA, AAB,
ABB, BBB} with their corresponding statistical weight
{x3, 3x2 Æ (1 � x), 3x Æ (1 � x)2, (1 � x)3} (Table 7). Each



Table 6
Calculated parameters obtained using a quadratic equation for the Young’s modulus and the tensile strength (EFF, EVV, EAA, Eww: GPa; rrFF, rrVV, rrAA,
rrww: MPa)

Mixtures e (%) Model parameters, E Model parameters, rr

EFF EVV Eww rrFF rrVV rrww

VF 10 5.03 3.78 �3.03 6.41 15.91 �10.45
20 2.40 1.85 �3.04 3.00 7.12 �7.23
35 0.84 0.62 �1.71 1.01 2.12 �3.23
40 0.60 0.43 �1.34 0.71 1.42 �2.39
50 0.31 0.21 �0.78 0.35 0.63 �1.27

EAA EVV Eww rrAA rrVV rrww

VA 35 3.09 0.79 �5.64 3.27 2.24 �5.31
40 1.58 0.53 �3.13 1.50 1.43 �2.45
50 0.42 0.23 �0.99 0.29 0.45 �0.21

EFF EAA Eww rrFF rrAA rrww

AF 35 1.18 3.16 �5.87 1.50 3.23 �7.14
40 0.83 1.65 �3.59 0.99 1.49 �3.80
50 0.41 0.46 �1.41 0.45 0.32 �1.26

Table 7
Statistical weights attributed to the different possible interactions in the 2nd approach of the proposed model

Interactions
A

A A

B

B B

A

B B

B

B A

B

A A

A

A B

A 

B A

B

A B

Statistical weights x3 (1 � x)3 x (1 � x)2 (1 � x)2x (1 � x)x2 x2(1 � x) x2 (1 � x) (1 � x)x (1 � x)
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weight is then modulated by an interaction term whose
strength depends on the nature of the property Y. So, with
reference to the Eq. (8), a property Y of the system is
expressed by the following equation:

Y ¼ x3 � Y AAA þ ð1� xÞ3 � Y BBB þ 3x � ð1� xÞ2 � Y ABB

þ 3x2 � ð1� xÞ:Y BAA: ð13Þ

Using x = 0 and x = 1 shows that YAAA and YBBB are the
properties of the single materials. YABB and YBAA are the
properties of the {AAB} and {BAA} interactions. Eq.
(13) is rearranged:

Y ¼ x � Y AAA þ ð1� xÞ � Y BBB þ x2 � ð1� xÞ�
3Y BAA � 2Y AAA � Y BBB� þ x � ð1� xÞ2 � ½3Y ABB � Y AAA

� 2Y BBB� ð14Þ

If the two interaction terms Yww1 and Yww2 are expressed
by the two following equations:

Y ww1 ¼ 3Y BAA � 2Y AAA � Y BBB; ð15Þ
Y ww2 ¼ 3Y ABB � Y AAA � 2Y BBB: ð16Þ
Eq. (14) can be written as:

Y ¼ x � Y AAA þ ð1� xÞ � Y BBB þ x2 � ð1� xÞ � Y ww1

þ x � ð1� xÞ2 � Y ww2 ð17Þ
When Yww1 = 0 and Yww2 = 0, a simple linear mixing rule
is observed. When the two interaction parameters are neg-
ative, a negative deviation from the linear mixing rule is ob-
tained. On the contrary, when these parameters have a
positive value, the deviation is positive.

3.3.4. Use of the 2nd approach for the Young’s modulus and

the tensile strength of binary mixtures
The use of the 2nd approach for the Young’s modulus

and the tensile strength of the studied binary mixtures is
shown in Figs. 10 and 11. The E and rr values vs. the mass
fractions of the two components are fitted with a cubic
equation (full lines in Figs. 10 and 11). This second
approach using a cubic equation seems to describe more
accurately the change of the two mechanical properties
with the mixture composition. This is represented by better
R2 values than in the case of the 1st approach (Table 5).
Contrary to the 1st approach, the critical mass fractions
could be visualized and the coefficients for the mechanical
properties of the single materials are in the same order
whatever the mixture composition may be. For example,
EFFF obtained with VF mixtures at a porosity of 35% is
0.91 Gpa and EFFF obtained with AF mixtures is
0.99 Gpa at the same porosity. The same trend is observed
with the two other excipients (see Table 8). Then, it may be
predictive from the properties of individual components.
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Fig. 10. Young’s modulus (E, interpolated values) of binary mixture vs.
the mixture composition for a constant compact mean porosity (e). The
2nd approach of the proposed model is used (full line). (a) Vivapur 12�/
Fast Flo� mixtures; (b) Vivapur 12�/A TAB� mixtures; (c) A TAB�/Fast
Flo� mixtures. Key: �, e = 10%; j, e = 20%; m, e = 35%, d, e = 40%, *,
e = 50%.
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Fig. 11. Tensile strength (rr, interpolated values) of binary mixture vs. the
mixture composition for a constant compact mean porosity (e). The 2nd
approach of the proposed model is used (full line). (a) Vivapur 12�/Fast
Flo� mixtures; (b) Vivapur 12�/A TAB� mixtures; (c) A TAB�/Fast Flo�

mixtures. Key: �, e = 10%; j, e = 20%; m, e = 35%, d, e = 40%, *,
e = 50%.
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The parameters of Eq. (17) are calculated by a best fit
procedure and reported in Table 8. Similarly to the 1st
approach, the interaction parameters Eww1, Eww2 and
rrww1, rrww2 are negative (except Eww1 of VF mixture
with e = 10%, Eww2 of VA mixture with e = 50% and
rrww2 of VA mixture with e = 50%). These values corre-
spond to the negative deviation from a linear mixing rule
which is experimentally observed. The interaction param-
eters which correspond to a majority of A (i.e., interac-
tions {VAA} and {FAA}) show the most important
absolute values (Eww1 and rrww1 of VA mixture and
Eww2 and rrww2 of AF mixture). This means that V
and F have a low affinity for A, but a high affinity
between them. More, these interaction parameters have
values which are in the same order for porosities between
35% and 50%. These values mean that the affinity of A
for F and V is in the same order. Similar to the 1st
approach, the interaction parameters point out that the
affinity of V for F is more important than the affinity
for A.



Table 8
Calculated parameters obtained using a cubic equation for the Young’s modulus and the tensile strength (EFFF, EVVV, EAAA, Eww1, Eww2: GPa; rrFFF,
rrVVV, rrAAA, rrww1, rrww2: MPa)

Mixtures e (%) Model parameters, E Model parameters, rr

EFFF EVVV Eww1 (VFF) Eww2 (FVV) rrFFF rrVVV rrww1 (VFF) rrww2 (FVV)

VF 10 4.73 4.07 2.38 �8.44 6.15 16.17 �5.58 �15.33
20 2.42 1.82 �3.44 �2.64 3.04 7.08 �8.02 �6.44
35 0.91 0.55 �2.91 �0.51 1.08 2.05 �4.56 �1.90
40 0.66 0.37 �2.37 �0.31 0.77 1.36 �3.50 �1.28
50 0.35 0.17 �1.44 �0.12 0.39 0.60 �1.96 �0.59

EAAA EVVV Eww1 (VAA) Eww2 (AVV) rrAAA rrVVV rrww1 (VAA) rrww2 (AVV)

VA 35 3.31 0.57 �9.85 �1.43 3.48 2.03 �9.30 �1.32
40 1.73 0.38 �5.93 �0.33 1.58 1.35 �3.94 �0.95
50 0.48 0.17 �2.02 0.04 0.33 0.41 �0.85 0.44

EFFF EAAA Eww1 (AFF) Eww2 (FAA) rrFFF rrAAA rrww1(AFF) rrww2(FAA)

AF 35 0.99 3.35 �2.37 �9.37 1.16 3.57 �0.97 �13.32
40 0.72 1.76 �1.42 �5.76 0.84 1.64 �0.88 �6.71
50 0.38 0.49 �0.77 �2.04 0.42 0.35 �0.73 �1.79
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Then, this 2nd approach is predictive for the properties
of the three single materials studied using the tests per-
formed on binary mixtures. Nevertheless, knowing E and
rr of the single compounds, it is not possible to have a
straight prediction of E and rr for a binary mixture. It is
necessary to perform at least one test to obtain the interac-
tion parameter.

3.4. X-ray tomography of the binary mixtures

According to the Beer–Lambert law (see Eq. (7)), the
attenuation of the X-ray beam depends on the density of
the tested material. For binary mixtures, the two compo-
nents can be detected if the two apparent particular densi-
ties are differentiated and if the pixel resolution of the
Fig. 12. Horizontal (x–y) cross-sections at mid-height of the compacted sample
VA55, (d) VA36, (e) VA28.
cross-section is smaller than the particle sizes. So, in our
systems, these two last conditions are verified and, the
X-ray tomography technique can be used for the binary
mixtures with A. Here, only VA mixtures compacted under
120 MPa were studied. Fig. 12 shows the horizontal (x–y)
cross-section at mid-height of the sample obtained for the
various compositions of the VA mixtures. In this figure,
V is blue and A red. Contrary to previous studies per-
formed on compacts of single components [16,29,35], it is
not possible to detect the heterogeneity in density resulting
from compaction, since this heterogeneity is less important
than the variation between the apparent particular densi-
ties of V and A. But, it appears that V is preferentially
localized near the sample surfaces from a V mass propor-
tion of 20%. In Fig. 12, the applied compaction pressure
s for the VA mixtures compacted under 120 MPa. (a) VA82, (b) VA63, (c)
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(120 MPa) exceeds the mean yield pressure of V
(Py = 54 MPa) [17]. Then, for this compaction pressure,
V deforms plastically and spreads especially near the die
walls. Leuenberger and Rohera [31] observed the same
behaviour with a binary mixture of brittle/plastic materials
on SEM photographs. This observation could explain that
the Brinell hardness of the VA mixtures compacted at
120 MPa is about those of V compacts for A concentra-
tions between 0% and 80% w/w (see Fig. 13). Then, due
to the ‘’skin’’ of the most plastic material in the compacts’
surface, the hardness of the compacted mixtures using a
microindentation test cannot be obtained. The measure-
ment corresponds to the hardness of the material that is
in surface. This correlates with the values of Brinell hard-
ness obtained with compacted mixtures that are measured
on compacts of the material with the lowest Py (see Section
3.2.3). More, except the compact surfaces, the mixture
seems homogeneous, no segregation effects are visible at
this length scale (superior to 15 lm). According to percola-
tion theory [12] and keeping in mind that Fig. 12 shows 2D
cross-sections, it is possible to observe the two critical mass
compositions of V and A for about 35% and 65% w/w of
A. These two concentrations correspond to the fractions
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Fig. 13. Variation of the Brinell hardness (Hb) of VA mixtures vs. the
mixture composition for a compaction pressure of 120 MPa. e is the mean
porosity of the sample compacted at 120 MPa.
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Fig. 14. Variation of the Young’s modulus (E) of VA mixtures vs. the
mixture composition for a compaction pressure of 120 MPa. e is the mean
porosity of the sample compacted at 120 MPa.
when A (35% w/w of A) and V (65% w/w of A) begin to
form a percolating particle network. Between these two
proportions (case of the VA55 mixture in Fig. 12), the
two materials coexist as two percolating networks. These
values are in good accordance with those obtained from
the variation of the Young’s modulus with the mixture
composition for samples obtained under 120 MPa
(Fig. 14).
4. Conclusion

Three mechanical properties of tablets made of single
component (Vivapur 12�, Fast Flo� and A TAB�) and
of their binary mixtures (with various mass concentrations)
were studied. It was shown that the mechanical properties
compared at a constant porosity are not a linear function
of the mass concentration of the two components in the
binary mixture. More, a negative deviation from a propor-
tional relationship was always observed. In accordance
with the composition percolation theory, critical mass frac-
tions were detected. In the special case of the Brinell hard-
ness which is a property of the compact surface, it was
observed that the most plastic material of the two controls
the mixture behaviour from little concentrations in the
mixture. Since a simple linear mixing rule did not hold, a
predictive model based on a classic thermodynamic
approach was proposed. Two approaches based on the
type of components interactions were used. The validity
of the model was demonstrated on experimental data for
the studied binary mixtures. In the case of the Young’s
modulus and the tensile strength, it seemed that the second
approach, based on triplet interactions between the two
components of the mixture, was more adapted. More, an
interaction parameter which characterizes the mutual affin-
ity of the two components was obtained. Finally, the X-ray
tomography technique was applied to one of the binary
mixtures (cellulose/phosphate mixtures) compacted under
120 MPa. Images analysis showed that the compacts were
not heterogeneous in density. Indeed, Vivapur 12� was
preferentially observed in the periphery of the compact
(i.e. near the surface). This confirmed the previous results
obtained with the Brinell hardness. It was also possible to
detect visually the critical mass concentrations of the two
excipients.
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