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Pellets are spherical agglomerated particles used to produce multiparticulate pharmaceutical dosage forms. This
study aims to develop a new approach that evaluates the deformation behavior of pellets under compression, by
combining tableting data and compression models with X-ray micro computed tomography (XMT) image anal-
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1. Introduction

Pellets are spherical agglomerated particles used to produce
multiparticulate pharmaceutical dosage forms. The pelletization pro-
cess involves the agglomeration of active pharmaceutical ingredients
and excipients in spherical units of sizes comprised between 0.5 and
1.5 mm called pellets [1,2]. These multiparticulate systems offer a
wide range of therapeutic aswell as technological advantages compared
with monolithic systems [3]. For example, they disperse as individual
units in the gastrointestinal tract thus reducing high local drug concen-
tration (minimizing side effects like the irritation of the gastricmucosa),
maximizing drug absorption and reducing plasma concentration fluctu-
ations. Another additional therapeutic advantage is that the drug effect
is independent on gastric emptying, thus reducing intra and interindi-
vidual variability of the drug plasma concentrations [4,5]. Examples of
technological advantages of the pellets are their spherical shape, their
narrow particle size distribution and their low friability which ensures
very good flow properties necessary for further processing such as coat-
ing; capsule filling or tableting [1,2,5,6]. Moreover, these dosage forms
allow combining non-compatible drugs or different drug release pro-
files in the same formulation [7,8].
harkawi).
Pellet compression has received increasing attention over capsule
filling because of the many benefits of the tablet dosage form. They
are mechanically stronger, can be divided, dispersed into water prior
to intake andmost importantly, produced at lower costwhen compared
to capsules. The major challenge during compression of pellets is to an-
ticipate their deformation behavior during this process. Indeed, depend-
ing on the mechanical properties of the pellets and the applied stress,
compression can either result in an elastic or plastic deformation or
even fragmentation of the individual pellets. The understanding of
these behaviors is fundamental for the control of the usage properties
of tablets generated by pellets compression. The mechanism of defor-
mation of pelletsmay have a direct impact on the disintegration process
and thus on the active pharmaceutical ingredients (APIs) release profile.
For example, plastic deformation usually will increase surface contact
points between particles, potentially increasing particle cohesion and
limiting tablet disintegration [9]. Whereas fragmentation can change
pellet functional properties, for example by altering pellet coating integ-
rity or changing drug release profile due to modification in specific sur-
face area. In the same way as for the deformation of native particles,
pellets deformation can be described by classical compression models
such as Heckel, Kawakita, Walker and Adams models [10,11]. These
models are used to describe the global behavior of the powder bulk dur-
ing compression and also the mean particle mechanical properties [12].



Nevertheless, thesemodels do not provide information on the evolution
of individual particle properties during compression such as size, shape,
specific surface area variation and their distributionwithin the compact.

To study the evolution of these morphometric properties during
compression, classical granulometric analysis methods (SEM, laser dif-
fraction, sieving, etc.) are not relevant as they require destruction of
the tablet to separate the individual particles prior to analysis. The
separation process on its own (liquid dispersion/crushing/etc.) can
often induce changes in the particle properties thus leading to potential
artefacts or false interpretations The use of X-ray micro-computed to-
mography (XMT), a non-destructive method requiring little sample
preparation, is a relevant alternative to determine these particle proper-
ties prior to and within the compact after compression. From 2D radio-
graphic projections, XMT provides a three-dimensional image of the
inner and outer structure of the sample with a spatial resolution of
around one micrometer by measuring the attenuation of X ray beam
passing through it at different angular orientations [13]. Following scan-
ning of the object, a backprojection algorithm [14] combines radio-
graphic projections in order to obtain two-dimensional sections of the
sample that allow to reconstruct the sample in three dimensions. The
final image is composed of voxels having different grey levels corre-
sponding to different density values [15].

XMT literature concerning pharmaceutical tablets and granules
focuses mainly on relating density and morphological aspects of
the tablets to functional properties. Farber and al., (2003) [16] used
XMT to characterize the porosity and morphology of pharmaceutical
powder granules. Wu and al., (2008) used XMT to identify the cap-
ping problem in pharmaceutical tablets [17]. Sinka and al., (2004)
determined material density distributions within pharmaceutical
tablets [18]. Finally, Jia and Williams (2006) investigated the struc-
tural input for a hybrid mesoscale modeling approach to drug disso-
lution in tablets [19]. XMT characterization of individual objects size
within complex matrices has been previously reported [20,21]. The
authors used XMT to determine the bubble size distribution in
wheat flour and in non-yeasted wheat flour doughs. Friedrich and
al., (2012) [22] showed that XMT can be used to determine the par-
ticle size distribution of ideal models made of polydisperse soda
glass beads. The aim of their study was to compare the produced dis-
tribution with the recommended values for the NIST 1019b stan-
dard. They showed that the values of particle sizes measured with
XMT were within errors of certified values. In the pharmaceutical
field, Fu and al., (2006a, 2006b) [23,24] have extended the applica-
tion of XMT and image processing to the investigation of a granular
system by comparing the XMT particle size distributions with
those obtained from SEM picture analysis. Although this study can
be considered as an important step, the comparison between size
distributions obtained from 2D projection (SEM) and 3D projection
(XMT) is problematic. Moreover, no insight on the impact of com-
pression on the evolution in particle size distribution is given. Yang
and Fu (2004) [25] have developed a material labeling method
using some lead impregnated microcrystalline cellulose particles as
an XMT tracer. They managed to characterize particle rearrange-
ment during the early stage of die compaction but no insight about
particle size variation was given. Thus, the determination of particle
size evolution within tablet during compression using XMT has still
yet to be explored.

This study proposes an approach to characterize the mechanical be-
havior of pelletized materials by combining the use of tableting data,
compression models and 3D image analysis generated from XMT in
order to evaluate the deformation behavior of pellets under compres-
sion. In this study, initial experimental work was performed on an in-
strumented rotary press simulator by compacting different pelletized
materials. Compacts were characterized according to porosity or solid
fraction and tensile strength. From the compression data, Heckel,
Walker and a recent elasto-plastic model was applied in order to
investigate the behavior of the pelletized material compared to refer-
ence pharmaceutical excipients. This initial data is characteristic of the
overall particle bed behavior. In order to get individual particle behavior
information, this work implemented a complementary tool based on
image processing using XMT, to follow the particle size distribution
from loose to compacted pellets at different compaction pressures.
Two morphometric parameters, Structure Thickness (St Th) and Vol-
ume Equivalent Sphere Diameters (ESDv) of pellets were evaluated
prior and post compaction.

2. Materials and methods

2.1. Materials

Microcrystalline cellulose (MCC) pellets (MCC PELLETS™
CP-203 SEPPIC, France) and Sugar pellets (Vivapharm Sugar Sphere
40–60 Mesh JRS, France) were used as pelletized materials. These
two materials were chosen due to the spherical shape of their par-
ticles and the different behavior under pressure (mainly plastic
for MCC sphere and mainly brittle for sugar sphere). Microcrystal-
line cellulose (MCC) (Vivapur 102, JRS Pharma, Germany) and
Lactose monohydrate (EXCIPRESS SD2 Armor pharma. France)
were used as reference pharmaceutical excipients for the compac-
tion characterization. All powders were sieved between 150 and
300 μm before use.

2.2. Methods

2.2.1. Powder density
True density (ρ*) of the excipients was measured in triplicate in a

measuring chamber of 35 cm3 using heliumpycnometry (Multi Volume
1305, MICROMERETICS, USA). The true density is 1.51, 1.64, 1.53 and
1.44 g/cm3 forMCC pellets, sugar pellets, MCC and lactosemonohydrate
respectively.

2.2.2. Particle characterization
Particle morphology was evaluated by scanning electron micros-

copy using a Hitachi 4800-S electronic microscope (Hitachi, Tokyo,
Japan) at different magnifications. The particle size distribution
was determined by dry laser diffraction (Mastersizer 2.18; Malvern
Instruments Ltd.). Each measure was performed at least in triplicate
and the median particle diameter (d50) was used to express the
particle size.

2.2.3. Tableting study
The materials were compressed using an instrumented rotary tablet

press simulator (Styl'One Evolution, Medel'Pharm, France). Flat round
punches of 11.28 mm diameter were used for the compaction study
with a velocity of 15.8 mm.s−1 using a default compression cycle
adapted for the compaction press simulator used. 400 mg of powder
was compacted into tablets at different compaction pressures (from 5
to 300 MPa). Tablet thickness, diameter and crushing strength were
measured just after compression using a Sotax Multitester 50FT (Sotax
AG, Switzerland). Results were expressed as themean value of 5 tablets
per compaction pressure± standard deviation. These results were used
to calculate:

• The tensile strength (Pa) using the Eq. (1) given below

TS ¼ 2F
πdH

ð1Þ

where F in N is the crushing strength, d and H are the diameter and
thickness of the tablet, respectively, (both in mm) all values read by
the Sotax Multitester [26].



• Porosity (n) calculated using Eq. (2) [27,28]

n ¼ 1−
ρapp

ρ∗

� �
� 100 ð2Þ

where ρapp and ρ* refer to the apparent density and true density
respectively.

• Heckel and Walker modeling

For Heckel modeling [29], three tablets of the different materials,
compressed up to 200 MPa, were used. Heckel mean yield pressures
(Py) are given by the inverse values of the slope (K) of the following
Eq. (3):

Ln
1
n

� �
¼ KP þ A ð3Þ

In Eq. (3), n is the porosity and P is the compaction pressure, K is the
slope of the linear part of theplot (with thebest R2fit) andA is theY axis
interceptwith the linear part of theHeckel plot. Hersey and Rees (1970)
[30] considered that Py values (1/K) can be used to characterize the de-
formationmechanism ofmaterials. The low value of Py reflects the plas-
tic deformation of a hard-ductile powder while Py high value reflects a
fragmentary deformation of a brittle-soft material under compaction
force. Very hard ductile materials showed a Py value lower than
40 MPa while very brittle materials have a Py value higher than
200 MPa [31].

For Walker modeling [32], compression data was analyzed accord-
ing to Eq. (4) to determine decrease in powder relative volume
(V) with the increase in the compaction pressure.

100V ¼ −Wlog Pð Þ þ C ð4Þ

Walker modeling uses W (compressibility coefficient) which ex-
presses the percent change in the specific volume of the material
when the pressure is increased on log scale, and represents the slop of
the line obtained using Eq. (4). The range of pressure used for the linear
regression was the same used for Heckel modeling (R2 ~ 1). C is a con-
stant indicating the specific volume at 1 MPa of pressure. Walker
modeling is more robust, reproductible and less sensitive to the exper-
imental variations than Heckel modeling [33,34].

• Elasto-plastic modeling

Finally, an elasto-plastic model recently described in literature [35]
was applied and compared to the experimental results. The model is
based on the relation between the compaction pressure P applied stress
and the solid fractionΦ beyond the jamming point according to the fol-
lowing equation:

P ¼ 1− f p
� � −1

1
Meff þ 1

cZΦ

ln
Φ
Φj

þ f pPy ð5Þ

where c is a material constant to be determined and adjusted to the
model, Z is the coordination number (which, here, being defined as
Z = Zj + 7.9(Φ − Φj)0,5 where Zj and Φj correspond to the jamming
point [36]), fp denotes the ratio between the volume of the plastic
regions of particles and their total volume (which, here, being defined
as f p ¼ α ln Φ

Φj
with α as a constant to be determined), and Meff

represents an effective P-wave modulus:

Meff ¼
Geff 4Geff−Eeff

� �

3Geff−Eeff
ð6Þ

Here, Eeff and Geff are, respectively, the effective Young's and shear
moduli given by:
Eeff ¼ E 1−
n
nc

� � f E
ð7Þ

Geff ¼ G 1−
n
nc

� � f G
ð8Þ

fE and fG denote the characteristic components for Young's and shear
moduli, and nc is the critical porosity, below which the effective
Young's and shear moduli become zero. This corresponds to below
and near the jamming point. Note that the above relation is defined
for elastic-perfectly plastic materials [35].

2.2.4. XMT analysis
Samples of uncompressed and compressed (between 5 and

300 MPa) sugar and MCC pellets were scanned and analyzed to corre-
late the evolution of morphometric parameters, such as particles
granulometry, with the applied stress. Duplicate XMT was performed
on uncompressed particles and on the first 2 compacted samples for
both Sugar and MCC pellets.

Samples with a known mass were introduced in a polystyrene
sample holder. XMT imaging was carried out with a Bruker SkyScan
1272 high resolution scanner. The samples were scanned at a nom-
inal resolution of 4 μm. The current (U, eV), the intensity (I, μA) of
the X-ray beam as well as the nature and thickness of filters vary ac-
cording to the sample (nature of particles and sample density vari-
ation) and were selected to obtain a constant signal transmission of
30%. The X-Ray power source (P=U·I) is kept constant at 10 W. A
camera pixel binning of 4032 × 2688 was applied. The scanned
orbit was 180 degrees with a rotation step of 0.2° adapted to the
magnification.

Bruker's NRecon® software was used to reconstruct the scan projec-
tions into 2D images using Feldkamp algorithm [14]. Gaussian smooth-
ing, ring artifact reduction and beam hardening corrections were
applied.

Volume rendered 3D images (Fig. 1) were generated using an RGBA
transfer function in SkyScan CTVox® software.

Image analysis was performed using SkyScan CTAn® software. A
specific task list analysis described below was developed to individual-
ize particles within the pellet bed or the pellet compacts so as to evalu-
ate the change in particle size distribution according to the increase in
compression stress.

Two image segmentationswere successively carried out on the orig-
inal image (Fig. 2a): the first one to define the sample volume of interest
(VOI) and the second one to define the object volume (powder particles
volume) within this VOI (Fig. 2b). To avoid subjective segmentation, a
grey level threshold was set by successive iterations in a way to fall in
a volume object (V) equal to:

V ¼ m
ρ∗ ð9Þ

where m is the mass of the object (the entire sample i.e. all loose or
compacted pellets) subjected to acquisition and ρ ∗ is the true density
of the material as measured by a helium pycnometer.

After image binarization, a 3Dwatershed separationwas used to dis-
sociate particles that appeared joined together (Fig. 2c).

Each stage of the image analysis task list (filtering with a median fil-
ter and tolerance value for watershed separation) was chosen to have
the closest d50 values between XMT and laser diffraction granulometry.
As shown in Fig. 3, the particle size distribution obtained with XMT
gives narrower populations compared to laser diffraction method. The
XMT distributions detect few or no particles larger than 300 μm, unlike
the laser diffractionmethod. Since the particles were all sieved between
150 μm and 300 μm, this difference is explained by the physical artifact
associated to laser diffraction previously mentioned in other studies



Fig. 1. 3D image of a 11 mm diameter Tablet of MCC pellets visualized in CTvox software.

Fig. 2. Analysis steps starting from the original image (a), binarized image before watershed separation (b), binarized image after watershed separation (c).

Fig. 3. Comparison between XMT and laser diffraction particle size distributions: MCC pellets (a) and sugar pellets (b).



Fig. 4. Schematical representation of the ESDv of a non-spherical particle.
[37–40] and by the fact that themeasurement of the particle size of non-
perfectly spherical shapes takes into account the projected cross section
averaged over all the particle's possible orientations relative to the di-
rection of the beam. This overestimates the size of less spherical parti-
cles [41]. Equally, with nominal resolution of 4 μm., a 300 μm pellet
Fig. 5. 3D example of the largest spherewhich can be fittedwithin a particle (a). Schematic repr
(b) [43,44].

Fig. 6. Scanning electron microscopy of unco
has a digital size of 75 pixels acros. If one considers an uncertainty of 2
pixels at each end, this can represent an uncertainty of approximately
5% of the pellet size.

Two morphometric parameters were selected to follow the evolu-
tion of the particle size distribution during compression: Structure
thickness (St Th) and Volume Equivalent Sphere Diameters (ESDv).
ESDv is the diameter of the sphere that would have the same volume
as the discrete 3D object (Fig. 4). It is estimated by the following for-
mula: ESDv = ∛(6Vp/π) where Vp is the particle volume. St Th is the
diameter of the largest sphere which can be fitted completely inside
the particle as shown in Fig. 5. The calculation of the St Th is preceded
by a skeletization in which the two medial axes are identified. Then
the “sphere-fitting” local thickness measurement is made for all the
voxels lying along this axis.

ESDv and St Th are calculated from the 3D images for all individual
binarized 3D objects within the VOI. A specific code was created with
R studio® software to obtain sample granulometric distributions.
esentation of the determination of the structure thickness startingwith the skeletonization

mpressed MCC (a) and sugar (b) pellets.



Several granulometric deciles (d10, d50, d90) were calculated from the
resulting distributions. Granulometric distribution span ((d90 − d10)/
d50) was calculated on each distribution.
Fig. 8. Heckel profiles of pellets and reference materials.
3. Results and discussion

3.1. Morphology, tabletability and compressibility

Fig. 6 shows SEM acquisitions of MCC and Sugar pellets. MCC pellets
have homogeneous, smooth and regular surfaces. This surface aspect is
typical of the extrusion-spheronization process used to produce the pel-
lets [2]. Sugar pellets aremore irregular and show agglomerated smaller
particles that are visible on the surface of the pellets. Particle size by
laser diffraction (Fig. 3) shows median particle size of 215 μm for MCC
pellets and 310 μm for the sugar pellets. The particle morphology, size
range and distribution are properties that have an effect in the rear-
rangement phase and thus on the overall compaction behavior, there-
fore we aimed to minimize these variables by selecting relatively
spheroidal shaped particles and by sieving them prior to use.

As shown in Fig. 7a, tablets from pellet material show lower tensile
strength value than the tablets from the non-pelletized lactose and
MCC referencematerials. Non pelletizedMCC is a reference pharmaceu-
tical tablet filer that is known to show strong tablet cohesiveness upon
compaction resulting from the increased surface contact points of the
MCC particles and its high ability to form hydrogen bonding at these
contact points [31,44–46].

The pelletized MCC on the other hand shows the lowest tensile
strength value with very little evolution upon increasing compaction
pressures. The reduced tabletability performance of the pelletized
MCC is explained in literature by the decrease of the inter-particle hy-
drogen bonding [31,47–49]. As these pellets have a smoother surface
and higher sphericity than non-pelletized MCC particles there are
fewer contact points between particles resulting in lower cohesion
values. Furthermore, it is reported that the loss in the bonding capacities
between particles is also explained by the fact that the extrusion-
spheronization process to produce these pellets creates strong intra pel-
let hydrogen bonding of the native MCC particles which in turn limits
the inter-particle interaction within the compacted pellets [31,50].
This is shown by a significant drop in cohesion forces when compared
to non-pelletized MCC particles. Pelletized sugar and lactose have
Fig. 7. Tensile strength (a) and porosity (b) as a function of
similar tabletability profiles at the lower compaction pressurewhile lac-
tose tablets have increased tensile strength at the higher compaction
pressures. This again can be explained from the decrease in contact
points for the pelletized sugar particles compared to non-pelletized lac-
tose that decreases cohesiveness.

Fig. 7b shows the compressibility profiles of the pelletized and refer-
ence materials. Here pelletized materials are less compressible than
non-pelletized materials. This again is attributed to the high sphericity
of the pelletized materials and to the tighter size distribution (lower
span value) of the pelletized materials compared to the non-pelletized
reference materials: 0.4; 0.43; 0.71 and 0.73 for sugar pellets, MCC
pellets, Lactose and MCC respectively. The pelletized powders are thus
less prone to rearrangement and packing capabilities than more ir-
regular particle morphologies. The results also show that despite less
cohesiveness than sugar pellet tablets, the MCC pellets are more com-
pressible. These results are explained by the highly plastic deformation
nature of MCC compared to sugar.
compaction pressure of pellets and reference materials.



Table 1
Mean yield pressure values and compressibility index.

P range⁎(MPa) Py (MPa) W Classification

MCC pellets 38–128 58.5 64.8 Plastic
Sugar pellets 33–192 103.1 37.7 Brittle
MCC 15–134 59.5 81.6 Plastic
Lactose 31–153 87.79 38.4 Brittle

⁎ P range is the range of the pressure used to calculate the Py and W.
3.2. Heckel, Walker and elasto-plastic modeling

Deformation behavior wasmodeled by Heckel [29],Walker [32] and
elasto-plastic [35] equations. Heckel parameter (Py) was used as an ap-
proximate indicator to compare pellet deformation behavior [51–53]. In
literature [54–58], MCC is considered as ductilematerial that undergoes
plastic deformationwhereas lactose ismore of a brittlematerial that un-
dergoes fragmentation. According to Hooper and al., (2016) [59], for a
Py value ˂80 MPa, the material is considered as ductile and undergoes
plastic deformation while a value of Py > 80MPa indicates a brittle ma-
terial that undergoes fragmentation.

Fig. 8 shows the evolution of the in-die Heckel plots. The true density
and the compact thickness calculated from the corrected punch dis-
placement were used to determine the porosity (n).

According to Table 1, non pelletized and pelletized MCC particles
have very similar Py values of 59.5 MPa and 58.5 MPa respectively.
These values are in agreement with literature of plastically deformed
materials [34,60]. This shows that despite the difference in properties
in terms of cohesiveness, the pelletization does not change the defor-
mation mode according to Heckel modeling. The plastic deformation
Fig. 9.MCC compacted pellets retrieved after a compaction pressu
of the MCC pellets after compaction can be observed also in the SEM
images of Fig. 9. These images show particles that were manually re-
covered after compaction from the compacts. They show how the
sphericity of the MCC pellets is gradually changed to polyhedral par-
ticles as the compaction pressure increases without any signs of par-
ticle fragmentation. Table 1 shows that sugar pellets and Lactose have
a Py values that are higher compared to MCC and are more reflective
of brittle materials as reported by literature [55,56,58,61]. This frag-
mentation of the sugar pellets when compaction stress increases is
also shown by the SEM pictures (Fig. 10) of recovered particles after
different compaction pressures.

For the Walker modeling (Fig. 11), reference materials have given
distinct values of W; MCC considered as plastic material presented the
highest value (81.6) while lactose (brittle material) showed a low
value (38.4). Literature reports amaterial is considered to bemore plas-
tic when it possesses the highest value ofW [31,62]. TheW value of the
sugar spheres (37.7) is close to that of lactose and highlights the fact
that it behaves as a brittle material that undergoes a fragmentary defor-
mation mechanism under compaction pressure. On the contrary, MCC
pellets' W value is higher (64.8) and close to that of MCC which reveals
a more plastic deformation behavior.

Finally, the elasto-plastic model (Eq. (5)) is applied to the experi-
mental results. The elasto-plastic model uses mechanical properties of
thematerial that composes the individual particles (Young's and Shear's
moduli) and is a complement to the traditional HeckleWalkermodeling
that are based on empirical phenomenological observation of powder
bed volume reduction. This is a recent model developed in the context
of numerical simulations and strictly applying to after the jamming
point of particles. Since this paper introduces XMT as a tool to character-
ize individual particle behavior we used this new model to confirm our
re of: 50 MPa (a), 100 MPa (b), 200 MPa (c) and 300 MPa (d).



Fig. 10. Sugar compacted pellets retrieved after a compaction pressure of:: 5 MPa (a), 15 MPa (b), 25 MPa (c) and 50 MPa (d).

Fig. 11.Walker profiles of pellets and reference materials.



Fig. 12. Applied stress σ − σc as a function of packing fraction Φ of MCC pellets (a) and Sugar pellets (b).
experimental results of individual particle, which is not possible with
the traditional empirical models.

We consider, here, Zj =6 andΦj ≈ 0.6 [37]. We also set fE = fG =1
and nc = 0.4 (≈1 − Φj) for the two materials. Fig. 12 shows the
predictions of the elasto-plastic model for the MCC pellet (c =
29 MPa and α = 0.02) and the Sugar pellet (c = 14 MPa and α =
0) as well as the experimental data. For the plastically deforming MCC,
the prediction of themodel is in good agreementwith the experimental
values over most of the solid fraction range with a slight divergence at
the very high solid fraction values. For the Sugar pellets on the other
hand, there is a divergence quite early showing that the elasto-plastic
behavior is not respected anymore and that one can consider that
above the further reduction in solid fraction can be mainly attributed
to fragmentation. These results are again in agreement with the previ-
ous modeling.
3.3. XMT evaluation of morphometric and granulometric parameters
within compacts

The aim of this section is to demonstrate the ability of the tomo-
graphic tool to quantify the deformation and fragmentation of particles
that have undergone uniaxial stress during compaction to produce a
tablet. Sugar pellets and MCC pellets tablets are generated from native
pellets using compression of increasing pressure.Morphometric param-
eters ESDv and St Th are measured on each particle constituting the
compact. The relevance of these measurements depends on the ability
of the optimized image processing algorithms used, and particularly
theWatershed Separation step, to be sufficiently efficient to individual-
ize all particles within the compact, whatever the compaction stress.
Fig. 13, show a tablet produced after tomographic analysis of sugar pel-
lets compacts, highlights the fact that the majority of the particles
within the compact can be separated from each other, thus allowing
their morphometric evaluation. However, it is also possible to visualize
(in white) elements with ESDv that are bigger than the initially sieved
particles (between 150 and 300 μm). These elements are the result of
the particlesmerging in such a way that thewatershed separation algo-
rithm becomes unable to separate them thus defining particles that are
bigger than the initial uncompressed particles. Table 2 and 3 show par-
ticle populations that are higher than the upper300 μm limit by sieving.
The number of these elements that are mainly located in the peripheral
areas of the compact where the intensity of compaction stress is highest
due to the die walls and thus increases with the applied pressure. As it
will be discussed later, the size distributions of the ESDv should thus ex-
hibit a slight increase in size. This increase cannot be physically ex-
plained by an effect of compression and is the result of the limitation
in the watershed separation image analysis tool as shown in Tables 2
and 3 byparticles that are bigger than the upper 300 μmlimit by sieving.

3.3.1. Structure thickness diameter (St Th)
Fig. 14 shows the evolution of structure thickness distribution for

MCC pellets (a) and Sugar pellets (b) according to compression stress.
The granulometric deciles values are shown in Table 2. The evolution
for MCC pellets St Th with compression shows a reduction in median
size (16% between 0 and 300 MPa) as well as a reduction in span (47%
between 0 and 300MPa). As a result of the applied stress on all the par-
ticles, their St Th decreases almost homogeneously, causing a shift to
smaller size distributions. Concerning sugar pellets, the increase in com-
paction pressure induces a drop in the median size (%) but an increase
in span of the size distribution (124%). Between 0 and 100 MPa, the
clear decrease in d10 (56%) compared to that of d90 (34%) shows that
the stress is applied inhomogeneously within the medium, leading to
the fragmentation of some elements while others remain unchanged
in size. The overall size reduction of particles within the bulk is the
result of the progressive production of a population of small particles
resulting from a fragmentation process to the detriment of the larger
ones.

3.3.2. Volume equivalent sphere diameter (ESDv)
Fig. 15 shows the evolution of the volume equivalent sphere diame-

ter (ESDv) distribution as a function of compaction pressure for MCC
pellets (b) and Sugar pellets (b). In both materials, one part of the
ESDv fraction increases when the compaction pressure rises. As ex-
plained earlier in this section, and since it is not possible for individual
particles to increase in size during compression, the explanation lies in
the merging of particles during compaction that the XMT image pro-
cessing (Watershed Separation) is not able to individualize any more.
This can be quantified by the granulometric deciles values above the
300 um shown in Table 3 for the highest compaction pressures.

Fig. 16 shows that particles of MCC pellets with an ESDv higher than
300 μm results from the merging of individual particles. This merging



Table 2
d10, d50, d90 and span of the Structure Thickness diameter of MCC and Sugar pellets at
different compaction pressures.

P (MPa) d10 (μm) d50(μm) d90(μm) Span

0 147 ± 1 188 ± 3 223 ± 2 0.40 ± 0.01
50 132 ± 4 167 ± 4 202 ± 3 0.43 ± 0.01
100 131 ± 1 160 ± 2 185 ± 5 0.34 ± 0.03
200 130 154 178 0.31
300 140 158 175 0.21

0 160 ± 0 196 ± 0 224 ± 1 0.33 ± 0.01
5 127 ± 10 178 ± 12 215 ± 10 0.50 ± 0.04
10 100 ± 3 155 ± 4 203 ± 4 0.67 ± 0.01
15 74 107 157 0.78
25 72 105 153 0.78
50 66 101 148 0.82
100 71 105 148 0.74

Fig. 13. 3D image of a 11 mm diameter tablets of sugar pellets compacted at 25 MPa (a), 50 MPa (b) and 100 MPa (c).

Table 3
Evolution of d10, d50, d90 and span of ESDv diameters ofMCC and Sugar pellets at different
compaction pressures.

P (MPa) d10(μm) d50(μm) d90(μm) Span

0 216 ± 2 245 ± 3 279 ± 5 0.26 ± 0.01
50 217 ± 0 251 ± 0 308 ± 0 0.36 ± 0.01
100 222 ± 1 272 ± 1 351 ± 2 0.47 ± 0.01
200 226 287 371 0.51
300 255 361 496 0.67

0 253 ± 2 279 ± 2 304 ± 3 0.18 ± 0.00
5 249 ± 3 280 ± 3 308 ± 3 0.21 ± 0.00
10 243 ± 3 284 ± 3 326 ± 5 0.29 ± 0.01
15 245 292 354 0.37
25 249 309 382 0.43
50 219 289 350.3 0.45
100 243 311 402 0.51



Fig. 14. Structure thickness diameter distribution at different compaction pressures for MCC pellets (a) and sugar pellets (b).



Fig. 15. Volume equivalent sphere diameter with compaction pressure for MCC pellets (a) and sugar pellets (b).
increases as the compaction pressure rises andmore contact points and
merging of surface area appear. For the Sugar pellets, Fig. 15 makes it is
possible to highlight the gradual appearance of small particles resulting
from the fragmentation of bigger ones when compaction pressure in-
creases. This phenomenon can be highlighted by the decrease of 13%
in the d10 value of sugar sphere ESDv between 0 and 50 MPa.
Concerning MCC pellets, the appearance of such a small size fraction is
absent from the ESDv size distribution which is coherent with a plastic
deformation.

These results concerning both the evolution of St Th and ESDv ac-
cording to compaction pressure make it possible to quantitatively dif-
ferentiate plastic deformation from fragmentary behavior during
compaction. As shown in Fig. 17, the change in structure thickness di-
ameter of a plastic or fragmentary material is different. Upon compres-
sion, plastic material deform so that their St Th decreases but their
volume remains constant. ESDv of plastic particles thus remains con-
stant during compression. When considering brittle material, compac-
tion induces fragmentation of some particles which translates into a
decrease of both St Th and ESDV (due to a decrease in the volume of
the particle). Thus, following the change of these twomorphometric pa-
rameters during compaction makes it possible to distinguish between
thematerials with opposite behavior (plastic vs brittle). It is mentioned
that due to the long calculation time (over 4 h) and the pixel limited
resolution of acquisition, XMT is not meant to be used as an analytical
tool to express exact particle size and particle size distribution but as
an indicator of the size and distribution evolution.

4. Conclusion

The objective of this studywas to develop amethodology combining
X-ray micro-computed tomography and experimental compaction to
evaluate pellet deformation behavior under stress. The approach of uni-
axial solicitation of the particles constituting the medium to determine
the mechanical properties (Young's modulus, breaking point…) is not
effective because it requires reproducing the test on a very important
number of particles to obtain representative data. Thus, traditionally,
the deformation behavior of materials undergoing compaction is evalu-
ated on overall particle bed behavior scale by reduction of the bed vol-
ume according to compaction pressure. The modeling of the evolution
of the powder bed volume properties as a function of the applied stress,
makes it possible to determine parameters that distinguish between
materials undergoing brittle failures or showing a ductile behavior.
The tomographic acquisitions and the image processing that followed
the compression showed a different evolution of the morphometric
parameters (ESDv and St Th) which are able to quantify particle size
evolution and explain particle deformation and fragmentation behavior.



Fig. 16. Particle merging phenomenon in 11 mm diameter tablets of MCC pellets at 300 MPa.
A plastic material will show a St Th decrease while the ESDv remains
constant during compression. A fragmenting brittle material will show
a decrease in both parameters (St Th and ESDv). These behaviors were
confirmed by three different modeling equations of the experimental
Fig. 17. 2D representation of the change of the St Th and ESDv diamet
compression profiles thus validating themorphometric parameters. Ad-
ditionally, by using material specific properties (Young's and Shear
moduli) the elasto-plastic provides insight on the particle deformation
behavior that can be related to individual particle deformation. This
er under pressure in ductile material (a) and brittle material (b).



work describes an original approach in which XMT can be used as a tool
to evaluate particle behavior under compression. Although there are
some limitations regarding the image analysis algorithm used (water-
shed separation and pixel resolution),this work lays the ground for
deeper understanding of individual particles undergoing compression
within a particle bed. XMT can provide more detailed information on
the individual particle shapemodifications aswell as localized deforma-
tionwithin the compact. This promisingmethodology can be used in fu-
ture work to help chose the formulation strategies for pharmaceutical
tablet compacts, as it allows to explain howmaterial deformationmech-
anism takes place during the compaction process and to formulatewith
specifically chosen excipients to accommodate active ingredients or
specific tablet properties.
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