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Seven commercially available pharmaceutical excipients used for direct tableting were
studied. Flowability, true and tap density, loss on drying, particle size, specific surface area
and scanning electron micrographs were used to characterize these powders with low
compaction pressures (lower than 10 MPa). The relaxation mode was analysed to describe
the behaviour of each product under strain. Three new models are proposed to aid
understanding the physical phenomena involved in the compaction phase, and the Peleg
model was applied to the relaxation phase. The models were related with the physical
properties measured, and illustrate the sliding friction, the viscoelastic behaviour and the
aptitude of particles to fragment during compaction, as well as the elastic behaviour during
the stress relaxation of powders. C© 2000 Kluwer Academic Publishers

1. Introduction
The main techniques used to analyse the behaviour
under strain of direct tableting excipients have been
described by several authors, and more recently by
Celik [1, 2]. Most study the applied pressure versus
punch displacement during compaction [3], obtained
with industrial or experimental tablet presses. The ma-
chines work at various applied pressures, and com-
paction speeds and the mode of analysis is varied ac-
cordingly. The models usually employed to establish
the compaction phenomena involved require high pres-
sures (100 to 400 MPa). The Heckel model for example
[4] describes the final part of the compaction phase in
the range 50 to 300 MPa which corresponds to the plas-
tic deformation of particles. Studies at a low pressures
(lower than 10 MPa) representing the compaction of
the particles, are not frequent due to the numerous phe-
nomena involved at the beginning of particle cohesion
which are usually difficult to distinguish. Moreover, the
standard models (for high pressure) used to study the
behaviour of powder under strain cannot be used in
this pressure domain. Nevertheless, rheological stud-

ies have been performed on food products with a stress
relaxation mode at low pressure [5–7], and they have
allowed the viscoelastic behaviour of such products to
be determined according to the Peleg model [8]. Other
authors [9, 10] then investigated the viscoelastic prop-
erties of some pharmaceutical excipients by using the
stress relaxation mode at low pressure. However, only
a few models have been proposed to account for the be-
haviour of these powders during the compaction phase
in this strain range. Our work consists of applying new
models to characterize the behaviour of the excipient
during compaction and relaxation for applied pressures
lower than 10 MPa.

2. Materials and methods
2.1. Materials
The powders used for compression were two microcrys-
talline celluloses with different particle sizes (Avicel®

PH101 and Avicel® PH102, FMC Corp., Philadelphia,
PA), two calcium phosphate dihydrates (Encompress®,
Edward Mendell, Inc Carmel, NY; Ditab®, Rhone
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Poulenc Basic Chemical Co., Shelton, CT), two lactose
monohydrates, one obtained by nebulisation (lactose
Fast Flo, Foremost Ingredient Group, Baraboo, WI) and
the other by granulation (lactose Pharma, French Phar-
maceutical Cooperation, Melun, France) and a mod-
ified starch (Sta-rx® 1500, Colorcon Inc, West Point,
PA). These materials were stored in an atmosphere
maintained at 40% humidity, at a temperature of 25◦C.

2.2. Equipment for powder compaction
Compaction was performed on a texture analyzer,
model TA-XT2 (Rhéo, Champlan, France) instru-
mented with a strain gauge model 25-1, able to mea-
sure forces going up to 245 N, and the data-processing
software Texture Expert version 5.16 working with
Windows®. The punches used were flat and cylindri-
cal with a diameter of 5 mm. The height of the metal
compaction chamber was adjustable.

The compaction speed was 5 mm/s and the maximum
applied pressure was 10 MPa. Stress relaxation was ob-
served for 30 seconds. The frequency of data acquisi-
tion was 400 Hz. Analyses were performed at constant
weight (100± 2 mg) and the compaction chamber was
gravity-fed.

The reproducibility of measurements was validated,
on five samples, by calculating the average, the stan-
dard deviation and the coefficient of variation (CV). The
threshold of measurement acceptability (coefficient of
variation) was fixed at±10% and was not exceded for
any of the parameters studied.

2.3. Powder characteristics
2.3.1. Flow rate
The method used (European Pharmacopeia 3rd Ed.)
consisted of measuring the time taken for 100 g of pow-
der to flow through a normalized funnel. It is less than
10 s for a powder that flows easily.

2.3.2. True density
The true density was measured with a gas pycnome-
ter (Acupyc 1330, Micromeritics Instruments Inc.,
Atlanta, GA), using helium. The sample was vacuum
outgased for 2 hours under 15 mm Hg. The measure-
ment was repeated 3 times.

2.3.3. Bulk density and tap density
The apparent bulk density represents the aptitude of
a material to become organized without constraint.
The method (European Pharmacopeia 3rd Ed.) con-
sisted of pouring 100 g of powder through a 5 mm
funnel into a 250 ml graduated cylinder and reading
the volume obtained. The tap density was read after
1250 taps (Erweka SVM tapping volumeter, Erweka
Gmbh, Hensenstamm, Germany). Three runs were per-
formed for each material.

To compare the behaviour of each excipient, we used
the Hausner factor [11] and the Carr index [12]. The
Hausner factor is always greater than 1; it increases
with the friction between particles and indirectly eval-
uates the flow rate of powders. The Carr index corre-

sponds to the rearrangement of particles in the powder
column and is related to the compressibility in the test
conditions.

2.3.4. Particle size analysis
Particle size distribution was measured with laser par-
ticle sizer, model LS100Q (Coulter Corporation, Mi-
ami, USA) with a Dry Powder Module that permits the
analysis of particles suspended in air. The parameters
obtained are the median diameter ord50 (µm) and the
coefficient of variation of the median (%); which is re-
lated to the breadth of the particle size distribution.

2.3.5. Specific surface area and porosity
The specific surface area of a powder quantifies the ex-
tended solid/gas interface. It was determined by adsorp-
tion of nitrogen at the surface of the material (NOVA
1000, Rhéo, Champlan, France). It was calculated by
the multi-point B.E.T. method for five relative pressures
between 0.05 and 0.3. Porosity was measured during the
desorption of nitrogen during the same analysis. The
total pore volume and the average pore diameter were
obtained by the B.J.H. equation for relative pressures
between 0.05 and 0.9. Products were vacuum outgased
for 24 hours at 50◦C for calcium phosphates, and at
105◦C for the other excipients. The measurement was
repeated twice for each powder.

2.3.6. Weight loss on drying
Weight loss on drying represents the water adsorbed
by the powder. According to Alderborn [13], this water
acts as a binder, lubricant and agent of plastic defor-
mation during compaction. Measurements used a ther-
mic infrared weighing machine (Mettler LP16) and fol-
lowed the method of the European Pharmacopeia 3rd
Ed. A weight of approximately 1 g wasappropriated
and placed at a temperature of 110◦C for 20 minutes.
Five runs were performed for each material.

2.3.7. Scanning electron microscopy
Scanning electron micrographs of the powder sam-
ples, sputtered with a gold/palladium mix: thickness
about 50 nm (Ion splutter JFC 1100, JEOL, Croissy
sur Seine, France) were taken with a Hitachi S450 ap-
paratus (Elexione, Verri`eres le Buisson, France). The
accelerating voltage is plotted in the photographs. For
photographic documentation B/W Ilford FP4 plus film
was used.

3. Results and discussion
3.1. Models created for the interpretation of

the compaction and relaxation phase
3.1.1. The compaction phase
Compaction can be studied using the equation proposed
by Heckel [4] and modified by Schwartz et al. [14]:

ln
1

1− D
= k P+ A− B exp − (αP) (1)
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where,D is the relative density or the ratio of apparent
density to true density;P is the applied pressure; the
constantk is the capacity of the material to deform
plastically;α is the coefficient of compressibility due
to viscoelastic resistance [14];A andB are constants.

This model was described by the author for applied
pressures (up to 650 MPa) higher than those used in
the present work (10 MPa). Nevertheless, this high-
pressure model was adjusted to our low-pressure ex-
perimental points by:

ln
1

1− D
= k P+A−(B exp− (bP)+C exp− (cP))

(2)

The apparent density was measured during the com-
pression. Constantsb andc describe the viscoelastic
behaviour of the powder during its densification. The
lower these constants are, the greater the viscoelastic
behaviour of the powder [14]. However, parameterk in
this equation had to be redefined for our applied strain.

Fig. 1 shows the compaction phase using the Heckel
function. The Heckel plots were separated into three
parts or phases A1, A2 and A3 listed in the lactose
Pharma plot. These three parts represent, the packing
phase (A1), the viscoelastic behaviour (A2) and the be-
ginning of the consolidation phase (A3). An equation
can be associated to each part.

(A1) ln
1

1− D
= k′P + E for (D0 < D < Dt)

(3)

(A2) ln
1

1− D
= B exp − (bP)+ C exp − (cP)

for (Dt < D < Dre) (4)

(A3) ln
1

1− D
= k P+ A for (Dre < D < Df )

(5)

D0 is the relative bulk density of the powder in the
compaction chamber,Dt the relative density at the end
of particle packing,Dre the relative density of the com-
pact after the viscoelastic zone andDf the final compact
density in the compaction chamber. The limitsDt and
Dre represent the last points from which the coefficient
of variation, between the experimental curve and the
model is greater than 5%.

In the Heckel plot, the packing phase A1 represented
by a straight line (Equation 3), presents a constantE,
and a slopek′ we call the coefficient of friction. In-
deed, whenk′ tends to infinity the powder particles
organize without opposing resistance, that is to say in-
terparticle and compaction chamber/particle friction is
non-existent while punches are moving. The shallower
the slope, the more the particles resist organization un-
der strain. When the A1 phase does not occur, we can
consider that the powder rearranges spontaneously in
the compaction chamber before compaction.

We determined the relative importance of the pack-
ing phase compared to the total phase of compaction,
with the percent packing due to packing (%Dpack). This

constant is obtained with the following equation:

%Dpack= dt − d0

df − d0
× 100 (6)

whered is the apparent density.
Phase A2 corresponds to the viscoelastic behaviour

of the powder. It is represented by an exponential curve
(Equation 4), and characterized by two constantsb and
c. The viscoelastic behaviour of a powder according to
Schwartzet al.[14] is inversely proportional to the more
significant value of the two constants. Thus, we will
limit our interpretations tob which is more significant
thanc.

Phase A3, with an expression (Equation 5) similar
to that of the plastic deformation phase given by the
Heckel equation for high pressure, will be discussed in
the analysis of results.

3.1.2. The stress relaxation phase
The first step of the stress relaxation study was based
on the relative relaxation percentage or1P/P(0) which
gives an estimate of the relaxation amplitude for each
powder.1P is the pressure variation obtained after
30 seconds of relaxation, andP(0) the maximum ap-
plied pressure.

For the second step, we used Peleg’s model [8] to in-
terpret the behaviour of powders during their relaxation.
This model normalizes and linearizes the pressure as a
function of time according to the equation:

P(0)t

P(0)− P(t)
= k1+ k2 t (7)

P(0) is the maximum initial pressure or applied pressure;
P(t) is the pressure recorded after timet ; k1 is a constant
related to the initial speed decrease of the pressure;k2
has no dimension and represents the elastic behaviour
of the excipient. A purely viscous substance relaxes
totally (k2= 1), while an ideal elastic substance does
not relax at all (k2→∞).

According to the author, this model is suitable for
use when the experimental relaxation curve (applied
pressure versus time) is represented by an exponential
equation with 3 or 4 terms. These equations and their
correlation coefficients for each excipient are reported
in Table I, and show that all the powders tested verify
this rule. Nevertheless, Peleg’s model was established
for an open system with food products. In our case,
the analyses were made on powder in a closed system
limited by the compaction chamber. It can, however,
be adapted to our device if we consider that the axial
pressure applied and the radial forces due to the sides of
the compaction chamber are measured. It gives an esti-
mation of the viscoelastic behaviour of our excipients
during stress relaxation.

3.2. Rheological and physical properties
The direct tableting excipients were first characterized
by weight loss on drying, the bulk, true and relative
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TABLE I Exponential decay equations of relaxation curves for each excipient, and the coefficient of correlationr

Excipient Exponential decay equation ofP(t) (MPa) versus t(s) r

Avicel® PH101 P(t)= 1.112 exp(−15.63t)+ 0.663 exp(−0.92t)+ 8.234 exp(−1.4 10−3 t) 0.9973
Avicel® PH102 P(t)= 1.194 exp(−15.83t)+ 0.697 exp(−0.95t)+ 8.201 exp(−1.4 10−3 t) 0.9980
Encompress® P(t)= 0.247 exp(−12.16t)+ 0.276 exp(−0.76t)+ 9.789 exp(−3 10−4 t) 0.9964
Ditab® P(t)= 0.272 exp(−16.55t)+ 0.296 exp(−0.92t)+ 9.777 exp(−4 10−4 t) 0.9957
Lactose Pharma P(t)= 0.578 exp(−14.16t)+ 0.354 exp(−0.95t)+ 9.549 exp(−4 10−4 t) 0.9981
Lactose Fast Flo P(t)= 1.387 exp(−12.05t)+ 1.097 exp(−0.69t)+ 7.751 exp(−3.1 10−3 t) 0.9985
Sta-rx 1500 P(t)= 0.963 exp(−11.43t)+ 0.654 exp(−0.76t)+ 8.583 exp(−1.3 10−3 t) 0.9987

Figure 1 Heckel plot at 10 MPa pressure for the following excipients: (a) Lactose Pharma; (b) Lactose Fast Flo; (c) Avicel® PH101; (d) Avicel®

PH102; (e) Encompress®; (f) Ditab®; (g) Sta-rx® 1500.
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TABLE I I Powder characteristics of the excipients

Loss on Bulk density True density Relative Hausner Carr Flow
Excipient drying (%) (g/cm3) (g/cm3) density factor index (%) rate (s)

Avicel® PH101 6.25 0.29 1.54 0.188 1.60 37.65 ∞
±0.56 ±0.010 ±0.04

Avicel® PH102 6.01 0.32 1.59 0.201 1.65 39.35 7.0
±0.08 ±0.012 ±0.06 ±0.22

Encompress® 2.51 0.89 2.29 0.388 1.09 8.04 3.0
±0.53 ±0.011 ±0.06 ±0.15

Ditab® 1.09 0.86 2.31 0.372 1.12 10.34 3.5
±0.20 ±0.009 ±0.05 ±0.26

Lactose Pharma 0.98 0.53 1.51 0.351 1.17 14.21 ∞
±0.04 ±0.013 ±0.09

Lactose Fast Flo 1.06 0.52 1.52 0.342 1.20 16.67 5.0
±0.04 ±0.008 ±0.01 ±0.46

Sta-rx® 1500 10.55 0.58 1.56 0.372 1.18 15.12 ∞
±0.49 ±0.005 ±0.07

densities, the Hausner factor, the Carr index and the flow
rate. These parameters are reported for each excipient
in Table II.

Weight loss on drying shows little adsorbed water
for the calcium phosphates and the lactoses (less than
2.5%), while for the celluloses and especially the mod-
ified starch, the amount of adsorbed water was higher
(over 6%). Starch is known to be particularly hygro-
scopic.

The relative density, represented by the ratio to the
bulk density to the true density, illustrates that cellu-
loses have the lowest values (less than 0.2) and therefore
the least organized particles compared to all the other
excipients (relative densities between 0.342 and 0.388).
The highest value was measured for Encompress®.

The Hausner factor for celluloses (≈1.6) indicates
high inter-particle friction which prevents the powder
from flowing freely.

In order to compare the excipient behaviour more
precisely, we used the classification given by Carr [12].
According to this classification, our results indicate
the flow capacity as being excellent for calcium phos-
phates, good for lactoses and starch, and poor for cel-
luloses.

Finally, the flow rate measurement showed that
Avicel® PH101, lactose Pharma and Sta-rx® 1500 flow
badly (flow rate→∞) in comparison to the other ex-
cipients (t ≤ 7.0 s). For starch, we considered this was
due to the large quantity of adsorbed water. Comple-
mentary analyses were then performed to characterize
each excipient more fully.

The contact area and the particle size play an essential
role in flow and in the organization of the powder bed,
as well as in the cohesion of the final product. For each
excipient, we therefore measured the particle size, the
specific surface area and the porosity of the particles.
The results are reported in Table III.

The median particle size gave the following rank or-
der:

Emcompress® >Ditab® >Avicel® PH102> lactose Fast Flo>Sta-rx®1500>Avicel® PH101> lactose Pharma

TABLE I I I Particle characteristics of the excipients

Specific
d50 CV surface area Vp 10−3 rp

Excipient (µm) (%) (m2/g) (cm3/g) (Å)

Avicel® PH101 71.3 59.3 1.83 2.71 29.51
±2.7 ±1.3 ±0.10 ±0.03 ±0.56

Avicel® PH102 146.8 58.0 1.42 2.18 30.60
±5.6 ±2.6 ±0.16 ±0.05 ±0.49

Encompress® 180.8 39.2 4.53 9.30 41.05
±3.1 ±3.3 ±0.36 ±0.06 ±1.35

Ditab® 159.5 39.7 3.27 5.92 36.19
±4.8 ±2.7 ±0.25 ±0.18 ±1.67

Lactose Pharma 67.0 92.4 2.60 3.18 24.47
±2.4 ±2.0 ±0.28 ±0.08 ±0.68

Lactose Fast Flo 108.3 42.7 2.94 4.13 28.16
±6.4 ±1.0 ±0.18 ±0.36 ±0.92

Sta-rx® 1500 93.1 56.5 1.04 0.84 16.22
±1.9 ±3.7 ±0.09 ±0.02 ±0.26

The median variation coefficient shows little display-
ing of all powders (less than 60%) except for lactose
Pharma (92.4%). These results and those given above
show that the particle size two times larger for Avicel®

PH102 than for Avicel® PH101 tends to improve flowa-
bility. Moreover, the low value of the median of lactose
Pharma (67.0µm) and breadth of its distribution, due
to a large proportion of fine particles, are factors un-
favourable for flow.

For a large increase in the particle size, the spe-
cific surface area of microcrystalline celluloses only
decreases slightly, without modification of the average
pore radius. The flow of these celluloses seems to be
influenced more by the particle size than by the specific
surface area and the porosity. The calcium phosphates
had the greatest specific surface areas (>3.2 m2/g), as
well as particle pore volumes and radii. We can note that
for Encompress® the pore volume is about twice as high
as for Ditab®. This could be due to the average pore ra-
dius which is a little greater for Encompress®. Lactose
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TABLE IV Compaction parameters for each excipient by model

Phase A1 A2 A3

Excipient d0 %Dpack k′ b c k 10−3

(g/cm3) (%) (MPa−1) r (MPa−1) (MPa−1) r (MPa−1) r

Avicel® PH101 0.263 19.8 0.94 0.9904 1.09 9.68 0.9999 37.4 0.9999
±0.019 ±0.01 ±0.34 ±0.26

Avicel® PH102 0.303 16.3 2.09 0.9245 1.11 9.78 0.9998 37.1 0.9999
±0.007 ±0.01 ±0.20 ±0.35

Encompress® 0.878 — — — — — — 51.4 0.9990
±0.024 ±0.21

Ditab® 0.883 — — — — — — 61.6 0.9990
±0.017 ±1.08

Lactose Pharma 0.375 38.9 ∞ — 2.86 29.02 0.9950 55.9 0.9995
±0.046 ±0.18 ±1.93 ±0.17

Lactose Fast Flo 0.501 11.0 6.70 0.4421 0.64 32.44 0.9969 43.4 0.9997
±0.008 ±0.01 ±1.55 ±0.39

Sta-rx® 1500 0.504 19.3 2.15 0.9573 1.83 21.68 0.9965 42.9 0.9999
±0.025 ±0.07 ±1.19 ±0.86

Fast Flo develops a specific surface area slightly higher
than that of lactose Pharma. By referring to the total
pore volume and radius, lactose Fast Flo particles are
seen to be more porous than those of the lactose Pharma.
Finally, the negative influence of adsorbed water in Sta-
rx® 1500 concerning flowability seems to be confirmed,
since neither its average particle size, nor its low spe-
cific surface area (1.04 m2/g) can be considered as un-
favourable factors for the flow of the powder.

3.3. Powder compaction
Table IV lists the initial apparent densityd0, the percent-
age of compaction %Dpack, slopesk andk′, constants
b andc, and the correlation coefficient of each model,
for all excipients. Initial apparent densities (d0) mea-
sured in the compaction chamber are equivalent to bulk
densities, for all excipients except lactose Pharma (bulk
density of 0.53 g/cm3 for ad0 equal to 0.375 g/cm3) and
Sta-rx® 1500 (bulk density of 0.58 g/cm3 for ad0 equal
to 0.504 g/cm3). For these two excipients, this can be
ascribed to the problem of flow already observed when
determining the flow rate through a funnel. In addition,
the results show that the filling of the compaction cham-
ber by gravity does not cause preliminary compaction
of the powder.

The data for densification due to packing (%Dpack),
show that calcium phosphates have no packing phase.
This confirms previous conclusions about the good flow
properties and the homogeneous and rapid organization
of particles in this type of excipient. The same observa-
tion was made for lactose Fast Flo; its high flow limiting
the importance of this phase (%Dpack= 11%). Lactose
Pharma presents a very strong compaction phase (up
to 39%), that we attribute to its small particle size and
broad size distribution leading to poor flow.

Fig. 1 represents the excipient compaction. Each
phase will be commented on in the order in which it
occurs.

3.3.1. The packing phase (A1)
In the very low pressure range, the lactose Pharma graph
shows, according to our model (Equation 3), ak′ slope

that tends to infinity. We attribute this absence of slid-
ing friction under pressure to the large interparticle
voids present in the column of powder, causing poor
flow due to small particle size. For lactose Fast Flo,
there was a weak coefficient of regression despite a ho-
mogeneous distribution of experimental points around
the straight line calculated with our model. The model
is not therefore representative of the actual excipient.
The steep slope for lactose Fast Flo (k′ = 6.70 MPa−1)
can be interpreted by a low sliding friction of particles
during their forced reorganization. The celluloses and
the starch showed a high resistance to particle organi-
zation under strain (k′ ≤ 2.09 MPa−1). For celluloses,
this resistance increases as the particle size decreases.
For a given volume of powder, this can be easily ex-
plained taking into account the increase in the num-
ber of contacts between particles when the particles
size decreases. Cross analysis of the initial apparent
densities (d0), the percentage of compaction and the
slopek′ shows the same behaviour as for the Carr in-
dex, the Hausner factor and the flow rate test for each
product.

3.3.2. The viscoelastic behaviour (phase A2)
The constantb calculated from our model (Equation 4)
shows that lactose Fast Flo presents the highest vis-
coelastic resistance (b< 0.7 MPa−1). The viscoelastic
resistance was lower for microcrystalline celluloses and
does not depend on the particle size of the product. For
lactose Pharma and Sta-rx® 1500, the viscoelastic re-
sistance is the lowest, with a value of the constantb
superior to 2.5 MPa−1 for lactose Pharma. The com-
paction plots of calcium phosphates show a very weak
involvement of phase A2 that does not allow us to in-
terpret the results. Comparison of the results obtained
during phases A1 and A2, reveals the role of the packing
phase in the viscoelastic resistance of the powder. In-
deed, the higher the percentage of compaction (%Dpack
increases), the less the powder exerts viscoelastic resis-
tance during its densification (b increases). Neverthe-
less, for an equivalent value ofk′ for Avicel® PH102 and
Sta-rx® 1500 (k′ ≈ 2.10 MPa−1), we observe values of
b equal to 1.11 and 1.83 MPa−1 respectively, showing
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that sliding friction is not the only parameter involved
in this phase.

3.3.3. The consolidation phase (phase A3)
The phase of consolidation or agglomeration repre-
sented by a straight line of slopek (Equation 5,
Table IV) enables excipients to be ranked in decreasing
order of the slope:

Ditab® > lactose Pharma>Emcompress® > lactose Fast Flo≈ Sta-rx®1500>Avicel® PH102≈ Avicel® PH101

(a) (b)

(c) (d)

Figure 2 Surface of an excipient particle contained in a tablet compacted at a pressure of 6 MPa: (a) Ditab® (magnification×9000); (b) Avicel®

PH101 (magnification×10000); (c) Fast Flo (magnification×7900); (d) Sta-rx® 1500 (magnification×10000).

According to Nystr¨omet al. [15], the study of the den-
sification of pharmaceutical excipients shows that at
high strain calcium phosphate dihydrates and lactoses
are fragmenting materials, and starches and microcrys-
talline celluloses are plastically deforming materials. In
addition, in our range of pressures (under 10 MPa) the
slopek does not represent the capacity of a powder to
deform plastically, as Heckel describes it [4], because
this behaviour is mainly observed for higher pressures
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Figure 3 Exponential and linearized stress relaxation curves plotted with Peleg’s model. (¤ Stress relaxation plot,xPeleg’s experimental points,
—Peleg’s straight line plot): (a) Lactose Pharma; (b) Lactose Fast Flo; (c) Avicel® PH101; (d) Avicel® PH102; (e) Encompress®; (f) Ditab®; (g)
Sta-rx® 1500.

(over 50 MPa). The works of Gonthier [16], based on
the use of the Heckel plot at low pressures (between 0
and about 50 MPa), show that the curvature observed at
low pressure accounts for the rearrangement and/or the
fragmentation of the particles. In our work, the pres-
sure range used for the calculation ofk was lower than
that of Gonthier, but the maximum applied pressure was

sufficient to cause rupture of the particles. We can there-
fore suggest that the constantk describes the fragmen-
tary behaviour of the excipients. To verify this hypoth-
esis, we studied the particle structure once compacted
by means of a scanning electron microscope (Fig. 2).
The study was performed on four of the seven excip-
ients taking into account their classification according
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to theirk values. They were Ditab® and Avicel® PH101
which were at the extremes of this classification, and
lactose Fast Flo and Sta-rx® 1500 which have a dif-
ferent compaction mode under strain for an identical
value of k. The tablets were obtained by applying a
pressure of 6 MPa which corresponds to the middle
of the straight line of our model for phase A2. Ditab®

shows large fissures on the surface of the grains as well
as many smaller particles generated by fragmentation.
For Avicel® PH101, wrinkles appeared on the particle
surface due to plastic deformation of the structure and
very small fissures, not creating new particles, showed
the slight fragmentary behavior of this product. For lac-
tose Fast Flo, very large fissures occurred without the
creation of new particles. This observation indicates
that the structure of the particle was weakened although
its integrity was not affected. Finally for Sta-rx® 1500,
many wrinkles are clearly visible as well as a few fis-
sures that do not seem to form new particles. These
results confirm our hypothesis for these products. In-
deed constantk is related to the tendency of a powder
to fragment, indicating the friability of the particles.

The higher the value ofk, the more fragmentary
behaviour the powders present during densification.
Indeed, Ditab® (k= 61.6× 10−3 MPa−1) is more fri-
able than the Encompress® (k= 51.4× 10−3 MPa−1),
in agreement with the works of Mu˜noz Ruiz [17] per-
formed at higher pressures. Lactose Pharma is more
friable under pressure than lactose Fast Flo and Sta-
rx® 1500. Finally, celluloses have the lowest value of
k (k< 38× 10−3 MPa−1) which is always independent
of the particle size.

3.4. The relaxation phase
Fig. 3 plots stress relaxation versus time for each excip-
ient as well as the straight line calculated from Peleg’s
model. The relative relaxation percentage1P/P(0), the
constantsk1 andk2 (Equation 7) for each excipient, and
the coefficients of correlation are reported in Table V.

The percentage relaxation of lactose Fast Flo is high
(31.05%). The celluloses and the starch present an equal
but lower relaxation. Finally, the calcium phosphates
and lactose Pharma show the lowest stress relaxation
(1P/P(0)≤ 10%), the value for lactose Pharma being
slightly higher than for the calcium phosphates.

Peleg’s model shows that calcium phosphates have
the highest values ofk2 (>13.6) which indicate high
elasticity of the tablet under pressure. Moreover, the
high value ofk1 (≈5 s) indicates a slow relaxation
speed. With lactose Pharma, the high elasticity leads
to a faster relaxation speed. For celluloses, the increase
of particle size had no significant effect on the elastic
behaviour or the relaxation speed. Rheologically, the
celluloses and starch are less elastic or more “viscous”
than the other excipients. This “viscous” behaviour was
greatest for lactose Fast Flo (k2= 3.22), for a rapid re-
laxation speed. Therefore, according to the elastic re-
sponse indicated by the value ofk2, we obtain the fol-
lowing classification:

Encompress® >Ditab® > lactose PharmaÀSta-rx®1500>Avicel® PH101>Avicel® PH102> lactose Fast Flo

TABLE V Relaxation parameters obtained by Peleg’s model for each
excipient

Excipient 1P/P(0) (%) k1 (s) k2 r

Avicel® PH101 22.12 1.68 4.64 0.9997
±0.33 ±0.08 ±0.009

Avicel® PH102 22.92 1.39 4.41 0.9997
±0.23 ±0.06 ±0.008

Encompress® 7.05 5.67 14.57 0.9997
±0.28 ±0.03 ±0.025

Ditab® 6.72 4.63 13.69 0.9998
±0.18 ±0.05 ±0.021

Lactose Pharma 10.02 2.43 9.34 0.9999
±1.03 ±0.09 ±0.011

Lactose Fast Flo 31.05 1.79 3.22 0.9991
±1.26 ±0.15 ±0.010

Sta-rx® 1500 20.52 1.97 4.96 0.9996
±1.38 ±0.11 ±0.011

This rank order is in agreement with results obtained
by calculating the relative relaxation percentage, and
confirms that Peleg’s model is applicable to our method
of analysis.

From our interpretation of slopek in our model, we
can conclude that the more the powder shows frag-
mentary behaviour during compaction, the greater the
elastic response during stress relaxation.

4. Conclusion
In this work, we studied the behaviour of some pow-
dered pharmaceutical excipients during low pressure
compaction, and stress relaxation. We observed that the
flow and the particle size of such powders accounts for
the degree of packing during their densification. More-
over, in the materials investigated, powders which frag-
ment under pressure show high elasticity during stress
relaxation. The models that we used to describe the
phenomena involved in the densification of powders
showed the important role of particle sliding friction
during the packing phase, the viscoelastic behaviour
during the intermediate phase, and the aptitude of par-
ticles to fragment during the final compaction. Finally,
Peleg’s model applied to the relaxation phase revealed
the elastic response of tablet formed at low pressure.
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