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Abstract 

The mechanical properties, tensile strength and identation hardness of compacts of different excipients with brittle or plastic 
characteristics are discussed, using two approaches on powder compaction. The first one, Leuenberger's exponential model 
extended later by percolation theory, is used to determine the compactibility, the compressibility and the characteristic relative 
density (p*) of the compacts. Characteristic relative density p* is the point when the first stable pharmaceutical compact is 
obtained. The second approach characterises the compact properties by using dimensionless indices, Hiestand's indices, which give 
insight about relative tableting performance of materials. This study showed that the two approaches are complementary. In fact, 
when the relative density of excipients with plastic behaviour is increased, the bonding index increases. This evolution may be 
interpreted by the percolation theory for the region of dense compacts by the assumption of a difference in the percolation 
thresholds p~, and p* obserbed from indentation hardness and tensile strength measurements respectively. The appearance of 
these transitions by 'out-of-die' measurements of the compaction properties of the studied excipients is similar to that observed 
earlier by the application of percolation theory to 'in process' compaction measurements. © 1997 Elsevier Science B.V. 

Keywords: Powder compaction; Percolation threshold; Brittle and plastic behaviour; Tensile strength; Indentation hardness; 
Bonding index; Brittle fracture index 

1. Introduction 

Powder compaction complexity is linked to a great 
number of  parameters which affect this process. Some 
of  these parameters play a role in the compressive stress 
transmission through the powder bed, for example: 
stress intensity, speed and application time of  the stress, 
die dimensions, and the mechanical properties of  the 
powder. These, and other parameters, also influence the 
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mechanical properties of  the compacts obtained: size 
distribution, shape, crystalline state, interfacial proper- 
ties, and the viscoelastic properties of  powders. 

Despite numerous studies which have been published 
about compaction of  powders in different scientific 
fields such as metallurgy, ceramics and pharmaceutical 
technology [1-4], the development of a unified theory 
which makes it possible to predict the quality of  phar- 
maceutical compacts based on knowledge of  the partic- 
ulate constituents and the general 'in process' 
conditions, is still a scientific and industrial challenge. 

However, the compaction of pharmaceutical powders 
involves different mechanisms which occur in stages. It 
has been established that the sequence of events is 
highly dependent on the nature of  the material consid- 
ered, especially in terms of brittleness or ductility [3-6]. 
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Heckel treatment of compaction data [7,8] considers 
the compaction process to be analogous to a first order 
chemical reaction, the pores acting as a reactant. The 
Heckel equation in its final form is: 

1 
In = kcr c + A (1) 

1 --Pr 

where ac is the applied mean pressure, Pr is the mean 
relative density and A, k are two constants, k is classi- 
cally related by its reciprocal value ( l / k =  Py) to the 
mean yield pressure or plastic yield pressure of the 
material [9]. Then, a low value of Py is characteristic of 
a ductile material which is deformed plastically during 
compression whereas high Py values are obtained with 
brittle materials. Depending on the measurement of the 
compact relative density (in die and during compression 
or out-of-die after elastic recovery), the Py values may 
fluctuate widely [10]. Moreover, the experimental condi- 
tions may also greatly influence Py values (e.g. use of 
lubricants, compression speed) [11,12]. 

Hiestand also proposed a theory that describes the 
processes involved in tablet bonding by applying a 
theory of adhesion to the interpretation of the strength 
of compacts [3]. In this approach, the number of active 
contacts is a function of the solid fraction. However, 
the mechanism which acts at the interparticle contacts 
also may change with solid fraction. Specifically, some 
materials compacted at low compression forces may 
undergo isthmus formation during decompression (duc- 
tile mechanism) and then change (ductile to brittle 
transition) to the brittle mechanism (during decompres- 
sion) at high compression forces. Indeed, it is useful to 
quantify the forces that come into play, to understand 
their origin and to describe properties in fundamental 
terms. 

However, reducing the values of the tensile strength, 
shear strength, elastic modulus or hardness of compacts 
to a dimensionless form provides more insight and 
enables comparisons to be made of the properties of 
different materials. In this sense, Hiestand has defined 
three dimensionless parameters that characterise the 
relative tableting performance of materials. These 
parameters are based on dynamic indentation hardness 
(P) and tensile strength (aT) measurements [13]. 

The first parameter is the strain index (SI) obtained 
from the dynamic indentation hardness experiments. It 
may be interpreted as indicating the relative strain 
during the elastic recovery that follows plastic deforma- 
tion or as the relative strain energy that could develop 
at a 'crack' during elastic recovery after plastic defor- 
mation has occurred: 

P 
SI = - -  (2) 

E' 

where E' is the reduced elastic modulus ( E / 1  - v 2 where 
v is the Poisson's ratio). 

The second parameter is the bonding index (BI): 

BI =--O'T (3) 
P 

As it compares indentation hardness to tensile 
strength, BI is thought to indicate the relative survival, 
during decompression, of the areas of true contact that 
were established at maximum compression. The maxi- 
mum ratio for ~rT/P should occur when the particles 
yield plastically at areas of true contact, during decom- 
pression. Then, the bonding forces at the particle-par- 
ticle interfaces must be strong enough to induce plastic 
deformation (isthmus formation) instead of giving rise 
to the peeling apart of the interface. In the latter case, 
BI will have a low value. It is important to note that the 
maximum value of BI in Hiestand's works is 0.04 [14]. 
However, this value is based on experimental results, 
i.e. only valid for the test systems described in these 
studies. 

In the case of determination of the P value by the 
quasi static indentation method, a 'best case' bonding 
index (Bib) was defined, which is greater than the 'worst 
case' bonding index (BIw), determined under Hiestand's 
conditions [15]. 

The last parameter is the brittle fracture index (BFI), 
obtained by comparing the tensile strength of tablets 
with (aTh) and without a hole (aT) in their centre: 

= I F  O'T --  1 ] (4) 
BFI 2LO-Th 

The hole in the tablets corresponds to the insertion of 
a 'programmed' crack into the material. Under the 
conditions of the strength test, elasticity theory predicts 
that the stress concentration factor should be about 3 
for a hole in an isotropic homogeneous solid. For most 
real compacts, with materials which are not completely 
brittle, the experimental stress concentration at failure 
is well below 3. Although the BFI parameter variations 
are in the range [0, 1], empirically, it has been observed 
that fracture problems are always severe when BFI _> 
0.8 (brittle mechanism) and become negligible if BFI 
tends towards very low value ( <  0.2). 

Hiestand has pointed out that these indices are useful 
formulation guidelines, but, however, a single index 
number alone is insufficient for an understanding of 
tableting performance [15]. 

Leuenberger has developed another approach to 
powder compaction [16]. The compactibility is evalu- 
ated on the basis of mechanical properties of tablets 
compressed at different pressure levels, i.e. tablets of a 
wide range of porosity. Two mechanical tests, the in- 
dentation hardness (P) (Brinell hardness) and the ten- 
sile strength (efT) are performed. 

The following equations give satisfactory results: 

P = Pm(1 -- e ( - ~p~opO) (5) 
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Table 1 
Characteristics of the powder systems 

275 

Substance Powder true density Pv Mean particle size Percent Mg stearate a Mixtures calculated true density Pt (g/cm) 
(g/cm) (#m) (w/w) 

Lactose 1.525 134 1 1.518 
Microcrystalline cellu- 1,530 50 1 1,522 

lose 
Dicalcium phosphate 2,359 180 1.5 2.315 
PVP 1,174 90 2 1.171 

a pv = 1.048 g/cm. 

o- T = O-Tin(1 -- e (7#°-cPr)) (6) 

Pm and aXm are the maximum deformation hardness 
and tensile strength, respectively, when a c ~  oe (i.e. 
Pr ~ 1). 7p and 7s are the compression susceptibilities, 
related to compressibility. Pm and aXm are considered to 
describe the compactibility of a powder bed. 

These equations can be combined to obtain the 
bonding index, and a comparison with the Hiestand 
data has already been published [17]. In a recent review 
Doelker has reported extensive data with the extrapo- 
lated bonding index for various excipients [18]. 

Subsequently, Leuenberger et al. [6] have applied the 
percolation theory to the formation of  a tablet com- 
pression-compaction process. In a process where a 
percolation mechanism occurs for a threshold value Pc 
of a variable p, some properties (X) of the system 
follow a power law such as: 

X = S ( p  - pc) q (7) 

where S is the scaling factor and q the critical exponent. 
In the case of the indentation hardness (P) and 

tensile strength (aT), Leuenberger has shown that the 
exponent q is equal to unity, and corresponds to a 
percolation in a Bethe lattice. Two critical relative 
densities, a bond percolation threshold P0 (value close 
to the relative tap density, corresponding to transition 
powder bed~ loose  compact) and a site percolation 
threshold P r* (corresponding to the transition loose 
compact ~ dense compact) can be determined. The cor- 
responding equations for dense compacts are: 

p ~  Pmax 
p , ( P r  --  P*) (8) 1 

O'Tmax 
crT = 1 -- p *(p~ - p *) (9) 

The linear portion of the experimental Heckel plot at 
intermediate and higher pressures corresponds to the 
formation of dense compacts. Thus, the subsequent 
intercept corresponds to p* which can be defined as the 
relative density at which the first stable compact, is 
obtained by the creation of a bonds network between 
the particles. This percolation threshold must be deter- 
mined experimentally from both the Heckel plot and 

the deformation hardness or tensile strength versus 
relative density plots [6]. It was pointed out by Leuen- 
berger that because of the complex phenomena that are 
involved in the formation of a tablet, no sharp percola- 
tion thresholds could be expected [6]. 

In this work, mechanical properties of compacts 
formed at intermediate and higher pressures (linear part 
of the Heckel plot) were investigated in the light of 
both theories. On one hand, Leuenberger's models ap- 
plied to the formation of tablets were considered. On 
the other hand, we developed a methodology to deter- 
mine Hiestand's indices BI and BFI. 

A comparison of the results obtained by the two 
different approaches makes it possible to have a better 
understanding of the stages of events which occur 
during the compaction of  granular materials. 

2. Material  and methods 

2.1. Ma ter ia l s  

• ~-monohydrous lactose (lactose EFK ®, Rh6ne Pou- 
lenc, GW 920414) and dicalcium phosphate dihy- 
drate (Di-Tab ®, Rh6ne Poulenc, 10700) were chosen 
as brittle substances; 

• microcrystalline cellulose (Avicel PH-101C~, FMC, 
6044) and polyvinyl pyrrolidonne (PVP) (Kollidon 
35-50 ®, BASF, 93068) which are both highly ductile 
and viscoelastic materials were also investigated be- 
cause of their typical contrasting mechanical proper- 
ties in the field of pharmaceutical materials. 
Some characteristics of these substances are sum- 

marised in Table 1. Magnesium stearate was used as an 
internal lubricant. 

2.2. Powder  compact ion  

Prior to the experiment, the powders were stored 24 
h in an environment with a relative humidity of 40%. 
Then, the powders were deagglomerated by sieving and 
mixed with magnesium stearate in a Turbula mixer 
(Type T2C, Willy A Bachofen, Basel, Switzerland) in 
two steps. All the magnesium stearate was mixed with 
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one third of the powder for 1 min, and then the 
remainder was added and mixed for 2 min. The pro- 
portions of lubricant used are shown in Table 1. 

The true densities (Pv) of the pure substances were 
determined with a helium gas pycnometer (Model 
1330, Micromeritics, Norcross). The true densities of 
the mixtures with lubricant (Pt) were evaluated by 
using the equation: 

100 xl x2 
(10) 

Pt  Pvl Pv2 

where x/ and Pvi are respectively the percentage and 
the true density of each component. The calculated Pt 
of powder systems are compiled in Table 1. 

Powders were then compressed on an instrumented 
Frogerais OA eccentric press at a frequency of 30 
compacts/min. The punch diameter was 11.28 mm. 
The die depth was maintained constant (tablet weight 
from 0.350 g for the PVP to 0.930 g for dicalcium 
phosphate). Powders were compressed under various 
measured compressional stresses (6-10 series of 40 
compacts) to cover a wide range of relative densities 
(intermediate and high pressure). After ejection and 
tablet elastic recovery (24 h) the thickness of the 
compacts was determined. The compact weight was 
also measured and the density calculated. 

plied load (F), the indentation hardness (Brinell 
hardness), (P) is calculated for each material by the 
following equation [4]: 

2F 
P (12) 

~D(D -- a ID 5 - d 2) 

All the measurements were performed five times, 
and the mean P values were calculated. 

2.5. Brittle Jracture index (BFI) determination 

Holes with diameters of 0.3 and 0.6 mm were 
bored through the compacts with a cocentred drill 
under very low rotational speed. The tensile strength 
tests on the drilled compacts were then performed 
under the same conditions as mentioned above. 

Compactibility parameters Pr~ and 0"Tm from 
Leuenberger's exponential model were calculated by a 
non-linear regression analysis (Mac Curve Fit v. 1.2.) 
of the Eq. (5) and Eq. (6). The plastic yield pressures 
Py (reciprocal of the Heckel slope in the linear re- 
gion), the mean critical relative densities p* (Eqs. (1), 
(8) and (9)) and the corresponding standard errors 
have been determined by a linear regression analysis. 

2.3. Tensile strength tests 

The compacts were stored for 2 days (relative hu- 
midity 40%) before the test of diametral compression. 
The tests were performed at a constant speed of 0.1 
mm/s with the TA-XT2 testing instrument (Rheo, 
Champlan, France) allowing the recording of both 
force and displacement. The tensile strength at failure 
was normalised to take into account the thickness 
differences of the compacts between materials when a 
theoretical zero porosity (i.e. pr--*l) was considered. 

hexp (11) 
(5" T = O'Texp h0 

where aTexp is the experimental value calculated using 
the Fell and Newton equation [19]. hex p is the thick- 
ness of the compact and h0 is the theoretical thickness 
of the same compact when Pr ~ 1. 

2.4. Indentation hardness measurements 

A stainless steel sphere (D = 2.381 mm) was pushed 
into the compact surface at a constant speed of 0.1 
mm/s (TA-XT2) up to a testing load of F =  10 N. 
This load was then kept constant for 120 s, The in- 
dentation diameter (d) was measured with an optical 
microscope (HM-LUX, Weitzlar, Germany) equipped 
with a graduated ocular and under grazing light inci- 
dence. From the indentation diameter (d) and the ap- 

3. Results 

3.1. Heckel plot 

The Heckel plots are presented in Fig. 1. Only the 
intermediate pressure region was considered (linear re- 
gion of the Heckel plot). The correlation coefficient 
values of the evaluation according to the Heckel 
equation are compiled in Table 2. The calculated val- 
ues of both the mean yield stress Py and percolation 
thresholds are presented in Table 2. The critical den- 
sity values (p~) were calculated on the basis of the 
y-axis intercept of the linear section of the Heckel 
plot as suggested by Leuenberger [6] (linear regres- 
sion). 

The calculated Py values of microcrystalline cellu- 
lose and PVP are lower than those of lactose and 
dicalcium phosphate, in good accordance with the 
ductile character of the first two and the brittle be- 
haviour of the others. 

It should be pointed out that the yield stress calcu- 
lated values are slightly higher than those described in 
the literature, especially for microcrystalline cellulose 
(Py = 50 MPa Ref. [20]). Such a difference may be 
explained by the out-of-die method [21]. In fact, ex- 
periments with the same batch of pure Avicel, exter- 
nal lubrication and in die measurements gave a Py 
value of 49 MPa. 
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Fig. 1. Heckel plot used to determine the percolation threshold (p*) and yield pressure (P~) for the region of dense compacts. Key: (A) lactose; 
(~ )  microcrystalline cellulose; (C)) dicalcium phosphate; ( I )  polyvinyl pyrrolidonne. 

3.2. Indentation hardness and tensile strength 

The two models which describe the evolution of 
mechanical properties with regard to the relative den- 
sity changes were also applied, according to Eqs. (5) 
and (8) for indentation hardness and Eqs. (6) and (9) 
for tensile strength. The graphs obtained are presented 
in Fig. 2a, b, according to the exponential model and 
the 'percolation' model respectively for the indentation 
hardness and Fig. 3a, b for the tensile strength. The 
calculated values of Pro, O-Tin, and P . . . .  a T . . . .  corre- 
sponding to the maximum deformation hardness and 
tensile strength of the substances when Pr ~ 1 are com- 
piled in Table 3a, b. 

The comparison of the results and estimated stan- 
dard deviations values indicates that the percolation 
model offers more reliable estimates of P and ~v ex- 
trapolated values than does the exponential model. On 
the other hand, the correlation coefficients of the evalu- 

Table 2 
Experimental values ~ for yield strength (Py) and relative density 
corresponding to site percolation threshold (p*) according to the 
Heckel plot 

Substance P~ (MPa) p * r 2 

Lactose 196 _+ 18 0.760 4- 0.013 0.952 
Microcrystalline cellulose 73 + 3 0.409 + 0.022 0.961 
Dicalcium phosphate 329 _+ 12 0.681 _+ 0.004 0.955 
PVP 127 _+ 12 0.640 _+ 0.031 0.987 

Values are expressed as mean + standard error of the mean. 

ation according to the percolation model are lower than 
those according to the exponential model. This is due 
to the fact that the linear model is not as flexible as the 
exponential one. The latter can lead, despite good r 2 
values, to unreasonable values with very large standard 
errors [22]. Moreover, the lack of experimental data at 
high pressures ( >  200 MPa), corresponding to the ex- 
pected plateau region of the exponential model, is a 
heavy handicap in the pertinent use of this approach. 

The extrapolated values Pro, Pmax and O'Tm , O'Tmax are 
in good accordance for microcrystalline cellulose and 
PVP, but very distinct for the two brittle materials. The 
same kind of results were already shown by Leuen- 
berger et al. [6,22]. 

The percolation thresholds were also determined 
from the indentation hardness P versus relative density 
and from the tensile strength versus relative density 
plots, according to Eq. (8) and Eq. (9), respectively. 
The critical densities obtained in these ways are de- 
noted respectively p* and p* and their values are 
shown in Table 3b. 

A comparison between the calculated critical densi- 
ties p* (Table 2) and p*, p* (Table 3b) makes it 
possible to distinguish the two, ductile and brittle, 
classes of behaviour. In the case of lactose and dical- 
cium phosphate, p*, p* and p* values are very close 
one to the other. It is clearly not the same for micro- 
crystalline cellulose and PVP for which p* and p* are 
very similar, but ~ 0.1 units lower than p*. 

It should be noted that other authors have obtained 
similar results but did not discuss them [6,22]. Conse- 
quently, this will be extensively discussed later. 
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Fig. 2. Plot of indentation hardness as a function of the product of compression stress and relative density according to Eq. (5) (a), and as a 
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microcrystalline cellulose; (©) dicalcium phosphate; (11) polyvinyl pyrrolidonne. 

3.3. Brittle fracture index (BFI) and bonding index 
(BI) 

The results obtained in terms of  BFI and BI indices 
for compacts of relative densities between 0.85 and 0.90 
(according to Hiestand's conditions) are summarised in 
Table 4. 

BFI: The calculated BFI values are low, < 0.2 in all 
cases. Nevertheless, here again the two classes of  mate- 
rials are clearly discriminated: the calculated BFI for 
the two brittle substances are in the range of  0.1-0.2, 
while for the ductile substances they are in the range of  
0.01-0.1. 

Moreover, for the brittle substances, the brittle frac- 
ture indices are very similar when the measurements of  
the tensile strength were performed on 0.3 or 0.6 mm 
drilled compacts. On the other hand, BFI seems to be 
more sensitive to the hole diameter for the ductile 
materials, i.e. BFI tends to decrease when the hole 
diameter is increased. 

We have retained the results obtained with the 0.6 
mm hole diameter to stay in the same hole ratio: 
diameter/compact diameter, as the one used by Roberts 
and Rowe in their studies [23]. These authors actually 
considered that such experimental conditions made it 
possible to compare the results with Hiestand's results 
whereas Hiestand worked on square compacts. In fact, 
under a compression speed of  200 mm/s and for a solid 
fraction of  0.7, they determined a BFI value of  0.08 for 
microcrystalline cellulose, close to those presented in 
Table 4. Amidon [24] obtained, under Hiestand's exper- 
imental conditions, a value of  BFI = 0.07 for micro- 
crystalline cellulose with a relative density of  0.7. 

Different works have also considered the influence of  
internal lubrication on the BFI index. Hiestand [14] 

noted an important decrease of BFI when NaC1 is 
mixed with 1% of  magnesium stearate. Williams [25] 
also considered that the lubricant contributes to a 
decrease in the stress concentration. This effect was 
suggested to affect brittle materials as well as ductile 
materials. 

BI: The calculated bonding indices were obtained in 
this work from deformation hardness measured under 
quasi-static conditions (load application time of  120 s) 
(Table 4 for 0.85 < Pr < 0.90). In these conditions, the 
calculated BI values are more related to the 'best case 
bonding index' (BIu) than to the 'worst case' as defined 
by Hiestand. The BI values for lactose and dicalcium 
phosphate are low which may be associated with a poor  
capacity of  the survival of  areas, during decompression, 
of true contacts established at maximum compression 
stress. The higher BI values for microcrystalline cellu- 
lose and PVP lead to the opposite conclusion. One can 
note the intermediate behaviour of  PVP. 

It should be noted, especially for PVP (2% of  magne- 
sium stearate), that the presence of a lubricant was 
shown to diminish the BI values [14,25]. In the presence 
of  increased levels of magnesium stearate, compacts 
seem to be unable to maintain, during decompression, 
the integrity of  the extensive areas that were established 
under maximum compressive stress [25]. Similarly, the 
calculated Bib for microcrystalline cellulose is lower 
than the values reported in the literature [24] 
(Blbmi . . . . .  ystalli . . . .  llulose = 0.12 for Pr = 0.7). The presence 
of a different percentage of lubricant makes it difficult 
to compare the lactose and dicalcium phosphate. Nev- 
ertheless, it seems that dicalcium phosphate, in the 
presence of  1.5% lubricant offers a better potential for 
the survival of areas during decompression, than lac- 
tose with 1% of  lubricant. 
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The changes of BI values were also analysed with 
regard to the relative density. The plots are presented in 
Fig. 4. One can note an undoubted and significant 
increase of BI when Pr increases in the case of the 
ductile materials, microcrystalline cellulose and PVP. 
Such a change in BIw values was already reported in the 
case of microcrystalline cellulose in a 0.4-0.9 Pr inter- 
val, even with 5% magnesium stearate [25]. 

On the other hand, for lactose and dicalcium phos- 
phate, it could be considered that in the 0.5 < ,o r < 0.95 
interval, no change in BI values appears (no significant 
differences between BI values at median and high pres- 
sures). An identical behaviour was also pointed out for 
a brittle material, sulfathiazole [25] (no change in BI 
values in the 0.6-0.9 Pr interval, even for high percent- 
age of lubricants). 

4. Discussion 

The mechanical properties of some compacted phar- 
maceutical materials were considered in the light of two 
principal approaches. The first one describes the me- 
chanical properties of the compacts (principally in 
terms of tensile strength and deformation hardness) in 
regard to the applied compression stress or the relative 
density evolution. The second one characterises the 
compact properties through dimensionless indices able 
to give insight into relative tableting performance of 
materials. 

Whatever the method used, the expected different 
behaviour of the materials studied were confirmed. The 
chosen brittle materials, lactose and dicalcium phos- 
phate, are characterised by high values of yield stress 
(Py), extrapolated deformation hardness (Pro, Pmax), 

and brittle fracture index, and by low values of bonding 
index with regard to microcrystalline cellulose and 
PVP, the two ductile materials. 

The internal introduction of a lubricant did not 
change the expected brittle or ductile comportment of 
the materials studied, but did affect just the absolute 
values of the calculated parameters. 

The mechanical properties of each of the studied 
substances, may be sumrnarised briefly: In the case of 
microcrystalline cellulose, the low value of Py combined 
with both the lowest BFI and the highest BI values 
show indisputably its ductile properties, The particles of 
microcrystalline cellulose yield plastically at areas of 
true contact during decompresion, and the interparticle 
bonding forces are strong enough to induce isthmus 
formation. This also results in high value of the calcu- 
lated tensile strength O'Tr~ax- 

Lactose and dicalcium phosphate may be considered 
together despite the differences in their Py values. Di- 
calcium phosphate is a more brittle substance than is 
lactose, as confirmed by the BFI values. On the other 
hand, dicalcium phosphate seems to be able to better 
preserve the contact areas formed at maximum com- 
pression, during decompression. Its BI is quite close to, 
but significantly higher than that of lactose and clearly 
its calculated O'Tmax is twice that for lactose. Such 
differences may be of great relevance, in terms of 
capping and fracture of the compacts during decom- 
pression [15]. 

PVP reveals an unexpected behaviour which is most 
probably related to the higher percentage of lubricant 
required for tabletting (sticking material). Its Py, of 
about 130 MPa, is intermediate but higher than ex- 
pected for a highly ductile material. The low BFI value 
is more related to its ductility. On the other hand, the 
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Table 3 
Experimental values ~ of indentation hardness and tensile strength when p ~ 1 

(a) Exponential model 
Substance Eq. (5) Eq. (6) 

P~ (MPa) 7p(x102  MPa z) r 2 a-v(MPa) 7~(x102 MPa i) r 2 

Lactose 
Microcrystalline cellulose 
Dicalcium phosphate 
PVP 

(b) Percolation model 
Substance 

631 __+ 1000 0.089 __+ 0.14 0.959 71.8 __+ 909 0.0096 __+ 0.17 0.979 
108__+ 19 1.4__+0.2 0.983 13.3_+2.8 0.7_+0.2 0.993 
196_+63 0.65_+2.0 0.907 9.57_+300 0.015_+0.1 0.981 
34 _+ 1 1.32 _+ 0.6 0.945 2 _+ 0.6 0.37 _+ 0.16 0.959 

Eq. (8) Eq. (9) 

Pmax (MPa) p* r2 ex . . . .  (MPa) p*  r 2 

Lactose 174 + 6.6 0.807 _+ 0.02 0.980 2.4 _+ 0.3 0.817 + 0.01 0.912 
Microcrystalline cellulose 94 _+ 2.5 0.433 _+ 0.03 0.992 7.8 + 0.3 0.518 _+ 0.01 0.991 
Dicalcium phosphate 268 _+ 3.1 0.672 + 0.013 0.900 4.3 _+ 0.4 0.689 + 0.013 0.851 
PVP 50 + 2.5 0.639 _+ 0.03 0.922 1.45 _+ 0.04 0.733 _+ 0.01 0.983 

a Values are expressed as mean _+ standard error of  the mean. 
(a) According to Eqs. (5) and (6) (Pro and arm); (b) according to Eqs. (8) and (9) (Pm,x and a x , ~ )  and relative density threshold p*,  p*  according 
to percolation model. 

PVP's BI is quite low compared to that of microcrys- 
talline cellulose. This fact is in good accordance with 
the very low value of O'Tmax calculated for PVP. In our 
experimental conditions, PVP is unable to harden when 
compacted. 

Other more general points must be discussed from 
this work. A comparison between the compression 
parameters such as  Pm,  O'Trn, ~P and 7s and the Hies- 
tand's bonding index was already performed by Jetzer 
et al. [17]. These authors pointed out that the BI index 
is dependent on the compression parameters, and by 
considering the Eqs. (3), (5) and (6) the following 
equation may be written: 

GTm(1 - -  e ~ - ~'~ ~ c , , r ~ )  

BI - Pro(1 - e ~ ~,P~opr)) (13) 

Then, BI is constant (BI = O'Tm/Pm) only if ~p = 7s. 
Thus, the exponential model is likely to take into 

account the variation of BI values when the relative 
density is increased. Unfortunately, the calculated 
parameters from this model were shown to be highly 
dispersed (unreasonable estimated standard deviations). 

Conversely, the percolation model was shown to 
offer more reliable estimates of P and o-x extrapolated 
values (pr~ 1). Then, if one considers Hiestand's BI 
index with regard to the percolation model, in the 
intermediate and higher pressure regions, the following 
equations could be written, according to Leuenberger's 
work [6,22]. 

O'Tmax 

BI - O ' T  - 1 -- p* (Pr  - -  P * )  __ O-xm.__.~ x = constant (15) 
P Pmax Pmax 

1 --p* (Pr--P*) 

This equality is verified in the case of the two brittle 
materials. Alernatively, if microcrystalline cellulose and 
PVP are considered, the BI index increases as the 
relative density increases (Fig. 4). In fact, in this ap- 
proach Leuenberger considered that the two mechani- 
cal properties (tensile strength and deformation 
hardness) give insight into the same percolation 
threshold p *. 

But, it had already been observed that in the case of 
microcrystalline cellulose and PVP, p* calculated val- 
ues were higher (in a range of 0.1 unit) than p* values 
(see Table 3b, and also the Leuenberger results in Ref. 
[22] for example). Such a difference should be at- 
tributed, first and foremost, to the tensile strength 
determination methodology. Classically, the measure- 
ment is considered as valid if the compacts break in 
such a manner that tensile stress is the major stress, and 
the specimen fails along the loaded diameter. Compacts 
of predominantly plastic and viscoelastic materials usu- 
ally exhibit non-ideal fracture patterns, which provide 
an approximate value of tensile strength, limiting the 
range of comparison of the test. Conversely, an increase 
in the BI values was already pointed out in the case of 
microerystalline cellulose as a consequence of a relative 
density increase, even by performing the experiments 
under Hiestand's stipulated conditions and without any 
internal lubrication as well as in the presence of increas- 
ing quantities of lubricant [25]. 

Therefore, it seems reasonable to consider as signifi- 
cant the differences between the critical densities calcu- 
lated from tensile strength or indentation hardness 
measurements through the corresponding percolation 
equations. 



C. lmbert et al./'European Journal of  Pharmaceuties and Biopharmaceutics 44 (1997) 273 282 

Table 4 
Brittle fracture index (BFI) and bonding index (BI) calculated values 

281 

Substance B F P  hole diameter 0.3 m m  BFP hole diameter 0.6 m m  BI a 

Lactose 0.14 ___ 0.01 0.15 _+ 0.01 1.2 ± 0.1 
Microcrystalline cellulose 0.064 ± 0.01 0.049 - 0.01 7.5 ± 0.4 
Dicalcium phosphate  0.16 ± 0.03 b 0.17 _+ 0.03 b 1.6 ± 0.1 b 
PVP 0.069 ± 0.01 0.048 _+ 0.01 2.7 _+ 0.3 

a Solid fraction between 0.85 and 0.90. 
b Solid fraction for dicalcium phosphate  compacts  0.80 0.85. 
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Fig. 4. Bonding index of compacts as a function of relative density. Key: (~') lactose; (0) microcrystalline cellulose; (2) dicalcium phosphate; ( , )  
polyvinyl pyrrolidonne. 

Two different percolation thresholds should then be 
defined, each of them being related to their own me- 
chanical properties. The deformation hardness mea- 
surements are directly linked with the plastic 
deformation properties of the substances. In fact, the 
calculated p* are very close to the p ~ calculated from 
the linear part of  the Heckel graph which is also a 
reflection of  material's ductility. The tensile strength 
measurements are more related to the bonding of parti- 
cles that are part of  the infinite cluster formed at the 
percolation threshold and which represents the 'back- 
bone' of the tablet. 

To sustain the hypothesis of two separate percolation 
thresholds p~ and p*, the results obtained must be 
compared to those published by Holman in his in die 
compaction analysis [26]. Holman identified in the in- 
termediate pressure region a bond percolation threshold 
and a rigidity threshold. The rigidity threshold was 
defined at the point where the flexible incipient perco- 
lating cluster of the particles becomes rigid. The two- 
stage behaviour was only exhibited by soft materials. It 

is of great interest to notice that in the case of micro- 
crystalline cellulose, the bond percolation threshold was 
estimated in the 0 . 3 8 6 < p *  <0.425 interval and the 
rigidity threshold in the 0.532 to 0.604 relative density 
interval. These data are in good accordance with the p* 
and p* values shown in Table 3b. If one takes into 
account the differences in methodology (particularly 
the 'out of die' measurements as opposed to Holman's 
'in die' measurements). In the same way, Radebaugh et 
al. [27] have reported deviations in the relationship 
between the viscoelasticity and relative density of mi- 
crocrystalline cellulose compacts at solid fractions levels 
which are very close to Holman's percolation threshold 
values and the values reported in this work for p* and 
p*. Such a consistency between these results is very 
interesting in view of  the fact that the conditions under 
which the tablets were made and the properties mea- 
sured were different. 

On the contrary, Sinko et al. [28] have identified in 
their work only one percolation threshold in the region 
powder rigid compact for hydroxy-propyl  cellulose. 
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This could p robab ly  be explained by the fact tha t  the 
mechanical  properties were performed only by indenta-  
t ion hardness experiments.  

5. Conclusion 

We have poin ted  out  in this work the complementa r -  
ity between the two approaches:  the percolat ion theory 

and  the dimensionless  indices approach  developed by 
Hiestand.  

The b o n d i n g  index behaviour ,  when the compact  
relative density is increased, exhibits an evolut ion which 

was no t  foreseen by the Leuenberger  percolat ion the- 
ory. The latter is completed by a percolat ion threshold 

(p*) which was no t  initially expected. 

This work illustrates the necessity to ob ta in  the me- 
chanical  responses of compacts  by different means  of 

measurement  (tensile strength masurements ,  indenta-  
t ion hardness  measurements . . . ) .  
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