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Abstract Previous work suggested that two-dimensional
small-angle X-ray scattering (2D-SAXS) could offer a new
method for evaluating the local variations of density, strain
and principal strain direction within powder compacts,
which arise due to the effects of friction and die shape.
In order to test this method further, this work compared
results from 2D-SAXS with finite element (FE) simulations
using a modified density-dependent Drucker—Prager Cap
(DPC) model, for compacts of complex shape, prepared
using a cylindrical die, a flat-faced upper punch and shaped
lower punches with three different central protrusions.
Variations in compaction behaviour were observed, which
were due to friction against the die walls and the punch
shape. Good agreement was obtained between SAXS
measurements and FE simulation, supporting previous
indications. Hence, this combination of experimental and
computational techniques appeared particularly powerful
for investigating powder compaction behaviour, in con-
siderable accuracy and detail. Moreover, observations of
the compaction behaviour in the vicinity of the central
protrusion may be relevant to tablets with embossed fea-
tures or compacted artefacts of more complex shape.
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Introduction

The pharmaceutical industries depend heavily on com-
pacted tablet formulations. This, in addition to various other
engineering applications, makes a good understanding of
powder compaction behaviour of paramount importance.
Recent studies of various compacted powders [1-4] dem-
onstrated that their two-dimensional small-angle X-ray
scattering (2D-SAXS) patterns became elongated in the
compaction direction, to an extent that increased with the
applied upper punch pressure. This suggested a potential
method for studying compaction behaviour, based on an
empirical relationship between the changes in 2D-SAXS
and relative density (p, i.e. bulk density divided by true
density). Analysis of data from different locations across
diametral cross-section revealed variations in p, along
with local changes in compaction direction, which were
attributable to the effects of friction against the compaction
die and punch shapes. Subsequent work suggested a more
quantitative relationship, based on deformation of the
nanometre scale morphology within granules (herein
referred to as nano-strain) during compaction. Although this
effect may vary significantly between individual granules, it
was shown that the aggregated effect over a large number of
granules was equivalent to initially spherical elements of
volume being compressed along the direction of applied
stress, into ellipsoids [3]. This appeared to involve a volume
reduction during compression (i.e. affine deformation of the
nano-scale intragranular morphology, qualitatively similar
to the uniaxial compaction of the bulk powder bed), which
was probably facilitated by voids in the sub-granular
structure [5] collapsing.

The effects of wall friction on the distribution of forces
within a granular bed have been known for a considerable
time, following the first scientific analysis by Janssen
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[6, 7]. Moreover, the widespread importance of powder
compaction, in situations as diverse as grain silos, civil
engineering and the manufacture of products from metal,
ceramic or polymeric powders, has stimulated an enormous
body of work. Indeed, the importance of compacted tablets
for pharmaceutical dosage forms alone has driven much of
this work.

A considerable range of experimental methods have been
employed to investigate powder compaction, including
force—displacement measurements, helium pycnometry,
mercury intrusion porosimetry, indentation measurements
of hardness and various types of microscopy. Several recent
studies [8-10] used X-ray microtomography (XpT) to
observe local density variations within tablets. Eiliazadeh
etal. [11] used XuT to follow the movements of metal shot
tracer beads, to investigate the effect of die geometry on the
compaction behaviour of a pharmaceutical excipient pow-
der. Djemai and Sinka [12] also demonstrated the use of
magnetic resonance imaging with a non-swelling, perme-
ating liquid to observe density distributions within tablets of
differing shapes and preparation conditions.

In parallel with experimental investigations, there have
been considerable advances in the modelling of powder
compaction [9, 13, 14], including significant work by
Cunningham, Sinka and Zavaliangos [15-17], Hassanpour
and co-workers [18, 19] and Michrafy et al. [20, 21],
amongst others [22-28]. These simulations fall into two
categories: discrete model and continuum model methods.
The former treat each powder particle individually and
analyse the contact interactions and deformation of the
particles, while the continuum model methods consider the
powder as a continuous elasto-plastic medium. While dis-
crete model methods are more useful for understanding the
physical processes of powder compaction, they present
computational difficulties in simulating large-scale plastic
deformations of powders [29]. Although a powder is
clearly discontinuous at the particle level, this becomes less
relevant at a larger scale of aggregation, such as when it is
compacted to a relatively high density in a die, during
tabletting. Therefore, continuum model methods, with
phenomenological models based on the principles of con-
tinuum mechanics at a macroscopic level, have been
widely used for studying the compaction behaviour of
powders in metallurgical, ceramic, pharmaceutical and
other fields. A continuum model method has been used in
this study, where a modified density-dependent Drucker—
Prager Cap (DPC) plasticity model [9, 28] was imple-
mented in a commercial finite element (FE) package
(ABAQUS), to simulate powder compaction behaviour.

SAXS is a well established and widely used method for
conducting morphological studies [30, 31]. Since the
scattering arises due to the interactions of X-rays with
electrons, SAXS is sensitive to electron density variations
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associated with morphological features over the scale of
roughly 1-100 nm. The versatility of SAXS has led to
numerous publications in many diverse fields of science
and engineering; nevertheless, its application to investi-
gating powder compaction has emerged only recently
[1-4].

Initial work [1, 2] studied the effects of compaction on
pre-gelatinised starch, spheronised microcrystalline cellu-
lose (s-MCC) and hydroxypropyl-methyl-cellulose, mate-
rials commonly used as pharmaceutical excipients for
compacted tablets. Empirical relationships were demon-
strated between the applied punch pressure, p.; and
changes in the 2D-SAXS patterns for a series of flat-faced
cylindrical specimens. Subsequent work [3] proposed an
explanation for the observed changes in 2D-SAXS pat-
terns, based on affine deformation and volume reduction of
the ‘fractal-like’ sub-granular structures of the powders [5]
during compaction (i.e. qualitatively similar to the behav-
iour of the macroscopic powder bed). This led to the
concept of ‘nano-strain’ of the sub-granular morphology on
the nanometre scale during compaction, as a contribution
to but distinct from the overall ‘macro-strain’ of the pow-
der bed, which also included the mechanisms of granule
movement and fragmentation. In a recent paper [4] the
SAXS method was used to reveal variations in the com-
paction behaviour within tablets of different size and shape.
As an extension of that work, this investigation used
2D-SAXS to estimate both density and strain distributions
within powder compacts of more complex shape, com-
paring the results with simulations using FE methods. In
addition to providing a rigorous test of both the SAXS and
FE methods, the results are expected to be a stepping stone
towards subsequent investigations into more challenging
applications such as sintered engineering parts and com-
pacted artefacts with irregular shapes, including pharma-
ceutical tablets with grooves, company logos or other
embossed features.

Experimental methods
Specimen preparation

Specimens for SAXS experiments were prepared using
s-MCC powders (Celphere SCP100, Asahi-Kasei, Japan,
stored under ambient conditions and used as received).
Fractionation by sieving found 90% by weight of this
material had granule sizes between 75 and 212 pm, in line
with the manufacturer’s product description. Single-sided,
uniaxial compaction was performed in a stainless steel die
(nominally 10 mm internal diameter, Specac Ltd. Smiths
Industries, Kent, UK), with a driven upper punch and static
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lower punch. Specimens of different shapes were produced
using a shaped lower punch (manufactured at the Depart-
ment of Materials Science and Metallurgy, University of
Cambridge), incorporating a central cylindrical, hemi-
spherical or conical protrusion, with dimensions as shown
in Table 1.

Compaction experiments were performed using an
Instron 5567 mechanical testing apparatus (Instron Ltd.
High Wycombe, Buckinghamshire, UK), at a speed of
3 mm min~", during both loading and unloading stages, as
described previously [1, 2]. Once the maximum loading
(nominally 15 kN, equivalent to an average upper punch
pressure of 191 MPa) was reached, unloading followed
immediately. The displacement and force were recorded
during each compaction experiment, in order to calculate
curves showing average upper punch pressure versus rel-
ative density. Each specimen was ejected from the die
immediately after unloading, in the same direction as the
compression. Diameter (d) and height (k) were measured
using callipers with a vernier scale (to =0.02 mm), within
about 1 min after ejection; the mass (m) was subsequently
measured using an electronic top-pan balance (to
40.0003 g). Results are shown in Table 1.

The dimensions of the specimens were further checked
by XuT using a 1072 bench-top tomograph (Skyscan,
Belgium) at a magnification of x22 (giving a pixel size of
12.74 um), in order to generate geometrical models for FE
simulations. The sealed microbeam X-ray source was set at
46 kV, 224 pA and a 0.5 mm aluminium filter was used.
The specimens were individually mounted (upside-down)
on a Perspex rod, using double-sided adhesive tape.
A series of projections were collected at (nominally) 0.45°
steps from 0° to 180°, using an exposure time of 7.5 s per
frame and a 4-frame average at each step. Reconstruction
of the tomographic data was performed using N-Recon
software (Skyscan, Belgium) and the resulting stacks of
images were subsequently analysed using Image-J software
(available from the NIH, [32]). Images of diametral sec-
tions, as shown in Fig. 1, were prepared by ‘re-slicing’
regions of interest spanning 10 voxels (i.e. cubic volu-
metric equivalent of square pixels) either side of the
diameter, then projecting the average grayscale (and add-
ing false colour for digital publication).

(a)
Qualitative scale

High density

Low density

(b)

Fig. 1 Images of diametral sections from XuT, showing (qualitative)
variations in density, for specimens made using: a cylindrical,
b hemispherical and ¢ conical protrusions (false colour applied for
improved clarity in the digital publication)

SAXS measurements

Detailed descriptions of the methods used to collect and
analyse the SAXS data are presented elsewhere [1-4], so
only the main points are summarised here.

2D-SAXS data were collected using a Nanostar camera
(Bruker AXS Inc. Madison, WI, USA), with Cu Ko radi-
ation (wavelength, 1x = 0.154 nm) and a gas-filled wire-
grid ‘Hi-star’ detector. A sample-to-detector distance of
(nominally) 1.06 m was used, which was calibrated using
the scattering from silver behenate. The entire beam-path,
including sample chamber, was evacuated to minimise air
scattering. A lead beam-stop was suspended in front of the
detector, to protect it from the intense beam of undeviated
X-rays.

Compacted specimens were shaved using a sharp scal-
pel, to prepare diametral sections roughly 2 mm thick.

Table 1 Experimental details and simulation parameters for specimens made with different protrusions

Protrusion Experimental specimens Simulated filling
- - - - : height (mm)
Shape Radius Height Volume Weight Height Diameter Average
(mm) (mm) (mm?) © (mm) (mm) Prel
Cylindrical 2.5 3.0 58.9 0.5065 5.54 10.02 0.845 10.04
Hemispherical 3.0 3.0 56.6 0.5006 5.30 10.02 0.874 9.90
Conical 2.5 3.0 19.6 0.5113 4.92 10.02 0.876 9.63
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Specimens of this thickness produced strong scattering
patterns, while minimising any effects due to surface
damage during preparation. Sections were individually
attached to the computer-controlled sample stage within
the SAXS apparatus, which was programmed to raster the
X-ray spot over the specimen. The spot size was about
0.9 mm, albeit with the highest intensity close to the cen-
tre, which limited the spatial resolution with the present
apparatus to roughly 0.5 mm. Consequently, the spot was
moved in increments of 0.5 mm, both horizontally and
vertically. (It may be noted, however, that finer resolution
would be possible, using apparatus with a smaller X-ray
spot size.)

Acquisition times of 900 s were used at each location
across the specimen. Background scattering was found to
be negligible, under these conditions; therefore, correction
was considered unnecessary. Intensity curves were
extracted from the 2D-SAXS patterns using SAXS for
Windows® NT software (Bruker AXS Inc. Madison, WI,
USA). Examples of the changes in 2D-SAXS data from
different locations on a diametral section (for a specimen
prepared using a cylindrical protrusion) are shown in
Fig. 2.

Analysis of SAXS data

The analysis used azimuthal variations (i.e. intensity
changes around the direction of the incident beam), which
were measured by scanning around the 2D-SAXS patterns
in steps of d¢ = 0.5°, over an angular range that included
all the observable scattered intensity. The results were
quantified using the Hermans orientation parameter
(H) defined as [30]:

3(cos? ¢) — 1
== (1)

fo%ol(d)) cos? ¢ - |sin¢| - d¢p
Lo 1(¢) - Isin @] - dgp

The integration in Eq. 2 was performed numerically,
using Microsoft® Excel®. Use of [sin¢| avoided the
change of sign at 180°, allowing the integration to be
performed between 0° and 360° and giving better accuracy.
Hence, it was generally possible to determine H to £0.003.

The overall scattered intensity depended on X-ray
absorbance, which was affected by specimen thickness and
density; indeed, absorbance was used previously to reveal
(qualitative) local density variations within a cross-section
[2]. Variations in X-ray absorbance (due to thickness or
density variations) did not significantly affect H or the

{cos® ¢) =

(2)
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subsequent analyses, however. Consequently, the results
appeared to be essentially unaffected by specimen prepa-
ration—although care was still taken to prepare reasonably
uniform cross-sections.

Deviations between the major axis of the 2D-SAXS
pattern and the vertical (i.e. the direction of applied force)
were evaluated by substituting:

¢ = ¢tk (3)

where ¢y is the azimuthal angle, measured from the ver-
tical direction in the ‘laboratory frame’ and searching for
the value of x that maximised H, using the ‘Solver’ sub-
routine in Excel.

Relative density estimates

Relative density (i.e. bulk density divided by true density,
where pyue = 1590 kg m > [9]) was estimated from SAXS
data, using the calibration reported previously for s-MCC
[2], which is described by the equation:

H
= 04 A11H +0.449(1 — —_—
Orel 0433 +0 + 0.449 [ exp{ 0.00SH

(4)

This relationship is also shown in Fig. 3a. Although
related to the compaction behaviour of s-MCC, depending
on the balance between deformation within the subgranular
nanometre scale morphology and the overall compaction of
the powder bed, Eq. 4 is essentially empirical.

Uncertainty in the values of relative density from Eq. 4
arose in two ways: at low densities, it was mainly attrib-
utable to the errors in measuring H (£0.003); this improved
at higher densities, but was limited by the variability in the
relative densities (0.02) of the calibration samples used to
obtain the relationship. Hence, the uncertainty was esti-
mated to be +0.05 at p,,; = 0.77, decreasing to £0.02 for
Pret > 0.85 and less than £0.01 for p,; > 0.90.

Nano-strain of granules

Previous work [3] suggested that the changes in 2D-SAXS
patterns observed for compacted powder were due to
deformation of the ‘fractal-like’ nanometre scale intra-
granular morphology [5] (herein referred to as ‘nano-
strain’). On that basis, a relationship between nano-strain
and the Hermans orientation parameter for s-MCC was
obtained, which is described by:

Enano = 2.9006H — 1.1104H? (5)

where a positive value of ¢,,,, indicates compression. This
relationship is also shown in Fig. 3b. The uncertainty of
£0.003 in obtaining H corresponded to an uncertainty of
40.009 in the values of &,an0-
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Fig. 2 Typical SAXS data, at
three different positions, from a
specimen made using a
cylindrical protrusion:

a—c examples of 2D-SAXS
patterns; d showing
approximate locations where
SAXS data (Points A—C) were
collected; e azimuthal plots
corresponding to the SAXS
patterns in a—c

() Point A l ol 2 ./
Point C
[
(e) 300
250 7 at Point C:
H=0.013
200 -
>
2 i at Point B:
g 150 H=0.028
100 7 at Point C:
H=0.131
50
0 T T T
0 % 180 270 360

FE simulation

The entire compaction process, including ejection, was
simulated for the three different profiled lower punches,
using the FE method. A modified density-dependent DPC
plasticity model was implemented in ABAQUS version 6.7
(Dassault Systemes, France) [33], in line with previous
publications [9, 15-17, 20-23, 28]. Changes in mechanical
properties of the powder bed with density during com-
paction were accommodated using tabulated parameters
and a user-defined subroutine.

Azimuthal angle

FE parameterisation for Celphere SCP100

Several FE simulations of microcrystalline cellulose
compaction have been reported previously [15-17, 20, 22,
23, 28], but those studies used Avicel, rather than
spheronised Celphere SCP100. Although these materials
are chemically similar, the compaction behaviour may
also be affected by the granule shape and internal mor-
phology. Consequently, it was necessary to obtain a
parameterisation describing the s-MCC used in the
experimental part of this study.
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Fig. 3 Calibration functions for estimating a relative density and b
nano-strain from SAXS measurements

The FE parameter set for Celphere SCP100 was mea-
sured following the methods reported previously [9, 15,
28]. Flat-faced cylindrical specimens were prepared using a
hydraulic compaction simulator fitted with an instrumented
die, which was lubricated by painting the walls using a
suspension of magnesium stearate in ethanol. After cali-
brating the punch separation (using a 8 mm thick slip
gauge), the lower punch was retracted and the powder
charge added manually. The upper punch moved at
0.1 mm s~ ', during compaction and subsequent unloading,
while the forces on both punches and the stress at the die
wall were recorded. After unloading, the upper punch was
retracted and the lower punch moved upwards (also at
0.1 mm s™') to eject the specimen, which was promptly
measured and weighed, in order to calculate the relative
density. By adjusting the powder charge (0.226-0.287 g)
and the expected minimum punch separation (3.40-
475 mm), maximum punch pressures in the range
17-255 MPa were obtained; this achieved values of p.; in
the range 0.594-1.015 at maximum loading, which gave
specimens with p. in the range 0.572-0.897 after ejection.

@ Springer

(a) 250
©
o
S 200 A
g
S
83 150 4
o
o
<
o 100 -
c
2 s /
o 50
a ™
D T
0 e T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative density
(b) 150 1
< Fc
o
=3
o 100 4
(7] )
%] experimental
Q data
@ \ —
[%] o o
g (=]
— mo
s 50 - i l/
d -4 N
Po
0 T T T T
0 50 100 150 200

Hydrostatic stress p (MPa)

Fig. 4 Selected data sets from compaction simulator, used to obtain
FE parameterisation: a upper punch pressure versus relative density;
b DPC model and compaction behaviour in p—g space, filled squares
show maximum pressure points from individual experiments

Four typical compaction experiments to different target
densities are compared in Fig. 4a; the concurrence of the
loading curves demonstrates the excellent agreement
between data sets.

Analysis of the compaction data using Janssen—Walker
theory gave values of the friction coefficient (i) for s-MCC
against the lubricated die wall in the range 0.05-0.11. This
variation in u between compaction experiments was
probably due to how thoroughly the magnesium stearate
lubricant suspension had been painted onto the tooling.
Young’s modulus (£) and Poisson’s ratio (v) were obtained
from the wall stress and punch pressures during the
unloading phase of each experiment, following the meth-
ods described previously by Han et al. [28], which assumed
a non-linear elastic unloading behaviour.

The key features of the DPC model are plotted in the
p—q plane in Fig. 4b, where p is the hydrostatic stress and
q is the Mises equivalent stress, as described elsewhere
[9, 15, 28]. For the cylindrical symmetry in this work, these
can be calculated as:
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p= 720 (6a)
q= |0 — 0| (6b)

The meanings of the various parameters describing the
DPC model are shown diagrammatically in Fig. 4b. The
position of the shear failure surface (Fs), in terms of its
slope (f5) and intercept (d), was calculated from the axial
and diametral breaking strengths of the compacted
specimens after ejection, as described elsewhere [15, 28].
Other DPC model parameters describing the cap surface
(Fc) in terms of its ellipticity (R) and the p-co-ordinates (p,,
and p,) of the intersections with Fg and the p-axis, were
subsequently obtained from peak pressure measurements,
following the methods described previously by Han et al.
[28]. In order to achieve a smooth transition between Fg
and F, a transition surface was included in the model and
an empirical constant (o = 0.02) was used, in line with
previous work [28].

Examples of experimental compaction data in p—q space
are also plotted in Fig. 4b. Again, the excellent reproduc-
ibility is demonstrated by the maximum pressure points
from different compaction experiments all falling very
close to the curve representing the compaction data for the
highest pressure run achieved in this work. The small
deviations between experiments may be attributed to
variations in wall friction, due to how thoroughly the die
was lubricated.

In order to minimise experimental uncertainty, trend
lines were fitted through the results obtained for each
parameter over the range of relative densities achieved.
Thus, empirical equations describing the dependences of
the various parameters were obtained, from which the
values shown in Table 2 were calculated.

FE compaction simulation for Celphere SCP100

Axisymmetric models were employed, consistent with the
geometry and constraints expected in the experimental
compaction set-up. Geometric models and mesh configu-
rations for simulating compactions with the three shaped
lower punches are shown in Fig. 5. Each model consisted
of two rigid punches, a rigid die and a deformable powder
bed. Both the upper punch and die had the same radius
(5.00 mm); the dimensions of the three lower punches in
the geometrical models were as shown in Fig. 5. The
simulated powder charges matched the weights of the
experimental specimens, giving the initial filling heights
(ho) shown in Table 1, based on a filling density (pgp) of
694 kg m> (corresponding to p = 0.438).

The rigid punch and die were modelled as analytical rigid
bodies; the powder bed was modelled using axisymmetric

continuum elements and elements of the CAX4R type,
comprised of a network of 4-node quadrilaterals, each with
a single integration point and ‘hourglass control’. In order to
avoid severe distortion of some elements due to the large
strains involved in the compaction process, a ‘mesh-to-
mesh solution mapping’ re-meshing technique was
used, as provided in ABAQUS/Standard. This replaced
the deformed mesh with a mesh of better quality, before
continuing the simulation. Contacts between the powder
and the rigid tooling were modelled by defining contact
pairs of surfaces. The tooling surface was associated with a
rigid body by its specified reference node, on which the
loads or displacement of a rigid body were applied. Fric-
tional contact between surfaces was simulated using the
Coulomb friction law. For s-MCC against non-lubricated
tooling, a wall friction coefficient of u = 0.2 was applied,
based on previous work [28]. For comparison, simulations
were also performed for zero wall friction.

The simulations included three steps, representing
compression, decompression and ejection, respectively. In
the first step, the upper punch head was moved downwards
by applying a displacement to its reference point, to sim-
ulate the compression process, while the die and the lower
punch remain fixed. In the second step (representing
decompression), the upper punch was moved out of the die
by applying an upward displacement to its reference point.
In the third step, the lower punch was moved upwards
against the powder compact, representing ejection of the
tablet from the die. For the sake of simplicity, the third step
could also be simulated by releasing all the contact forces
between powders and the die set, in the following way:
first, all the displacements of a compact within a die were
frozen to their current state (i.e. after unloading) by
applying a displacement boundary condition; then, all the
contacts were removed by disabling the mechanical inter-
action between contact surfaces; finally, the displacement
boundary defined in the previous step was removed, to
allow free recovery of the simulated compact.

The relative density and principal plastic strain direction
after ejection were calculated through a user-defined sub-
routine. Relative density was calculated from the volu-
metric plastic strain (¢P) through the relationship:

&=t + ey b= 1n{pfe‘} (7)
Po

where a positive value indicates compression, &, &, and
&, are the normal strains calculated in the radial
(i.e. horizontal), axial (i.e. vertical) and circumfer-
ential directions and pq is the initial relative density,
corresponding to the filling density. The principal plastic
strain direction was determined from the total strain tensor,
&, as:
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Table 2 FE parameterisation for Celphere SCP100

Relative Poisson’s Young’s Slope Intercept Cap ellipticity p» (MPa)
density ratio v modulus E (MPa) p(© d (MPa) R
0.44 0.140 56.31 70.1 0.0523 0.506 0.26
0.45 0.142 268.40 70.0 0.0612 0.529 0.79
0.50 0.153 499.18 69.9 0.1281 0.623 4.66
0.55 0.164 585.30 69.7 0.2498 0.687 8.24
0.60 0.177 798.25 69.5 0.4598 0.731 17.20
0.65 0.190 987.71 69.3 0.8060 0.766 25.46
0.70 0.204 1191.14 69.1 1.3552 0.804 37.68
0.75 0.211 1403.35 68.8 2.1984 0.854 55.76
0.80 0.221 1664.33 68.6 3.4566 0.929 74.19
0.85 0.224 2006.97 68.4 5.2876 1.038 111.12
0.88 0.228 2252.46 68.2 6.7435 1.125 162.01
0.90 0.235 2563.49 68.1 7.8944 1.193 190.73
0.92 0.241 3250.76 68.0 9.2098 1.270 231.42
0.95 0.246 4023.33 67.9 11.5336 1.404 287.48
0.98 0.267 4862.15 67.7 14.3430 1.563 338.40
1.00 0.285 5475.86 67.6 16.5258 1.683 395.85
» 26y XuT images of the diametral sections from the three
0p = 0.5tan <8xx—8> (8) specimens are shown in Fig. 1, where the colour gives a
VY

where 0, denotes the angle between the horizontal direc-
tion (x-axis) and the direction of the principal strain and &,
is the shear strain.

Results and discussion

In order to check the reliability of the FE parameter set,
five powder compaction experiments were chosen at ran-
dom, over the range of maximum pressures achieved and
their compaction curves simulated using the weights and
minimum punch separations listed in Table 3. The com-
parisons between the FE simulations and the experimental
data are shown in Fig. 6. In each case, the simulated
loading curves and maximum pressure points matched the
experimental data very well. Slightly larger discrepancies
were evident during unloading, particularly for the higher
pressure runs, where the simulations did not reproduce the
non-linear behaviour of the experimental specimens. This
was not surprising since unloading elicits elasto-plastic
recovery; in this work, the compacted specimens exhibited
further density decreases during ejection and subsequent
storage. Nevertheless, even in the worst case (Expt. 5), the
simulated p.; was within 0.02 of the experimental result
for the fully unloaded specimen in the compaction die.
Thus, it appeared that the FE simulations using the
parameters obtained here closely matched the compaction
behaviour of the s-MCC used for the experiments.
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qualitative indication of density variations. The data were
slightly degraded by electronic ‘noise’ of high spatial fre-
quency. Regions of lighter colour were also observed
across the top of each cross-section; these were imaging
artefacts associated with the mountings used to support the
specimens. Nevertheless, higher density rims were obser-
vable around the upper part of each compact, where the
greatest effect of wall friction was expected, while low
density regions were indicated in the lower part, around the
protrusion. A large region of high density was also indi-
cated above the cylindrical protrusion, while smaller vari-
ations were associated with the hemispherical and conical
protrusions.

Typical SAXS data from three different locations across
the specimen made using the cylindrical protrusion are
presented in Fig. 2. The data at Point A, above the cylin-
drical protrusion, showed the strongest azimuthal variation
(H = 0.131), indicating the greatest local compaction and
relative density. This also resulted in the lowest overall
intensity, due to X-ray absorbance by the s-MCC. The
smallest azimuthal variations were found to the sides of the
cylindrical protrusion, as exemplified by the data at Point
C. In this case, the low relative density resulted in weaker
X-ray absorbance and stronger overall intensity; never-
theless, the azimuthal variation was only just discernible
above the random ‘noise’ in the data. Slight dips in the
intensity were also evident close to 90°, 180°, 270° and
360°, due to the absorbance of X-rays by the polymeric
filaments used to support the beam-stop. The azimuthal
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Fig. 5 Typical mesh and geometry of FE models for specimens made
using: a cylindrical, b hemispherical and ¢ conical protrusions

variation at Point B showed a small angular off-set; the two
maxima were located close to 30° and 210°, which was
attributable to the effect of wall friction on the resultant
compaction force at that location. By performing similar
analyses at all the locations across each diametral section,
it was possible to construct maps of SAXS data, from
which estimates of relative density, nano-strain and prin-
cipal strain direction were obtained.

Relative density estimates from SAXS (i) are com-
pared with FE predictions with and without wall friction

Table 3 Experimental parameters for compaction tests used to val-
idate the extracted DPC model parameters

Experiment number 1 2 3 4 5

0.2269 0.2302 0.2315 0.2781 0.2866
4770 3.946 3.457 3.713 3.553

Powder weights (g)

Minimum punch
separation (mm)

250
Experimental data
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<
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0 : T " / T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Relative density

Fig. 6 Comparison between measured punch pressure and predicted
values from FE model

(i1 and iii), in the form of colour-coded maps of the diametral
sections for each protrusion shape, in Fig. 7. Only one half
of each diametral section is shown, since the compacted
specimens were expected to exhibit cylindrical symmetry.
This allowed SAXS measurements to be made across both
sides of the diametral section, then averaged to give the
results shown. The continuous lines roughly indicate
the outlines of the specimens. Due to the finite size of
the X-ray spot on the sample (about 0.9 mm diameter),
2D-SAXS patterns collected close to the outer edges of the
specimens were contaminated by strong reflection spikes,
which prevented reliable analysis. Hence, there was a gap
between the experimental results and the specimen outline.
This limitation did not apply to the ‘inside edges’ adjacent to
the protrusion, however, due to the finite thickness of the
specimen and curvature of this surface. Although the FE
simulation did not incur the same limitations, it was decided
to omit the outermost results, in order to facilitate compar-
isons with the SAXS data. Also, although the FE method was
capable of predictions at a much higher spatial resolution
(depending on the element size and the computing power
required to run the model), the results were locally averaged
to match the same spatial resolution (0.5 mm) as the SAXS
results.

Good agreement was found between the results from
SAXS analysis, using Eq. 4, and the FE simulation with

@ Springer



5986

J Mater Sci (2011) 46:5977-5990

Fig. 7 Comparison between

relative density results from
SAXS and FE simulations (with
and without wall friction, p) for
specimens made using:

a cylindrical, b hemispherical
and ¢ conical protrusions; the
solid lines represent the edges of
the cross-sections (maps shown
in colour in the digital version)

(i) SAXS results:
min. = 0.726; max. = 0.945

(b)

(i) FE simulation (y=0.2):
min. = 0.733; max. = 0.970

(i) FE simulation without wall friction:
min. = 0.790; max. = 0.950

-‘

(i) SAXS results:
min. = 0.642; max. = 0.931

(c)

! 0.62

(i) FE simulation without wall friction:

(i) FE simulation (u=0.2):

min. = 0.775; max. = 0.972 min. = 0.860; max. = 0.955

(i) SAXS results:
min. = 0.758; max. = 0.931

wall friction (u = 0.2), in terms of both the numerical
ranges and distribution patterns of the relative densities, for
each of the protrusion shapes. Generally, the differences
between the two methods amounted to little more than the
experimental uncertainties in average density and SAXS
measurements.

Moreover, the results in Fig. 7 matched the qualitative
density variations shown by the XuT images in Fig. 1—
albeit with considerably less interference by electronic
‘noise’. In each case, the relative densities decreased down
the sides of the specimen, from the upper to lower rim; this
can be attributed to the effect of wall friction and was
absent from the simulations with no wall friction. A region
of very high density (i.e. higher density than the upper rim)

@ Springer

0.98
0.94
0.90
0.86
0.82
0.78
0.74

(i) FE simulation (= 0.2):

(i) FE simulation without wall friction:
min. = 0.852; max. = 0.959

min. = 0.814; max. = 0.976

was also observed within each specimens, just above the
top of the central protrusion from the lower punch. This
effect appeared most pronounced for the cylindrical pro-
trusion, in terms of its extent and the density range, while
the conical protrusion produced the smallest effect. These
high density regions remained in the FE simulations, even
in the absence of wall friction. Similar high density
regions, associated with moulded break-lines across tablets,
have also been reported by Sinka and co-workers [10, 12].

Variations in strain within the cross-sections, estimated
from SAXS data and predicted by FE simulation, are
compared in Fig. 8. In each case, a positive value indicates
compression. Arrows are also superimposed over the col-
our-coded maps, indicating local variations in the principal



J Mater Sci (2011) 46:5977-5990

5987

strain direction, which were obtained from the principal
axis of the 2D-SAXS patterns, using Eqgs. 1-3, or from the
total plastic strain tensor in the FE simulations, using Eq. 8
and allowing for the thickness of the experimental speci-
mens. Note: true strain values from FE simulations are
shown in Fig. 8, for an easier understanding of how much
the powder has been compressed.

The nano-strain obtained from SAXS data using Eq. 5
was considerably smaller than the principal compressive
strain indicated by FE simulation. This was mainly due to
the different meanings of the quantities calculated. The
nano-strain was associated only with deformation of the
intragranular morphology that occurred during the com-
paction process [3, 4]; other compaction mechanisms,
involving granule movement or fragmentation, which
contributed to the macro-strain of the powder bed were

Fig. 8 Comparison between

(a)

excluded from the nano-strain. By contrast, the FE method
treated the powder bed as a compressible continuum, so
that the strain results predicted by this method included
granule rearrangement and fragmentation, which are
believed to dominate the early stage of compaction. It was
demonstrated previously [3, 4] that the relationship
between macro- and nanostrain is highly non-linear, with
the former dominating the low density compaction stage,
while the latter increased dramatically for p.; > 0.6. It
may be noted that random close packing of uniform
spheres gives a relative density of around 0.64 [34, 35].
Although higher densities can be achieved by polydis-
persed spheres or non-spherical particles, it seems likely
that this would represent a reasonable estimate for the onset
of more extensive granule deformation. On this basis,
compaction from p, = 0.438 (starting point for FE

nano-strain from SAXS and
principal strains from FE
simulations (with and without
wall friction, u) for specimens
made using: a cylindrical,

0.30
0.26

0.14
0.10

b hemispherical and ¢ conical
protrusions; arrows illustrate
the principle strain direction
(maps shown in colour in the
digital version)

0.06
0.02
0.00

™

i) SAXS results:
min. = 0.022; max. = 0.299

(b)

(i) FE simulation (1= 0.2):
min. = 0.410; max. = 0.690

0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40

(i) FE simulation without wall friction:
min. = 0.411; max. = 0.722

0.24
0.21
0.18
0.15
0.12
0.09
0.06
0.03
0.00

(i) SAXS results:
min. = 0.013; max. = 0.232

(i) FE simulation (y = 0.2):
min. = 0.431; max. = 0.762

0.82
0.76
0.70
0.64
0.58
0.52
0.46
0.40

(i) FE simulation without wall friction):
min. = 0.412; max. = 0.809

(0

0.24 0.85
0.21 . 0.80
0.18 Vo 0.75
0.15 VoA 0.70
0.12 \ A\ 0.65
0.09 o\ A\ 0.60
0.06 | B 0.55
0.03 i\ 0.50
0.00 ) 0.45

i3 |

i) SAXS results:
min. = 0.027; max. = 0.234

(i) FE simulation (y = 0.2):
min. = 0.506; max. = 0.795

(iii) FE simulation without wall friction:
min. 0.467; max. = 0.831
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simulations) to p.; = 0.6 (onset of granule deformation
associated with significant nanostrain) corresponded to an
engineering strain of 0.37.

Finally, it should be noted the comparison is made with
the principal compressive strain calculated in the FE sim-
ulation. For ‘normal’ powder compactions in a cylindrical
die, using flat-faced punches, the compression occurs close
to the axial direction, so that principal strain is roughly the
same as volumetric strain. In this work, however, the use of
the shaped lower punch could cause significant outward
(radial) movement and some tensile (i.e. extensional)
strain. For example, at one point in the compaction using
the die with the cylindrical protrusion:

&1 = 0.133 (i.e. compressive in the radial direction),

&> = 1.918 (i.e. compressive in the axial direction),

&33 = —0.471 (i.e. extensional in the circumferential
direction),

&1 = 1.953 (i.e. compressive in the shear direction),

Emax = 2.348 (i.e. compressive principal strain),

&b = 1.580 (i.e. compressive volumetric strain)

Nevertheless, in spite of the differences in numerical
values, the patterns of qualitative variations in nano-strain
from SAXS results and principal strain from FE simula-
tions (with u = 0.2) appeared very similar.

It may be noted that values of ‘bulk’ compressive
macro-strain can also be obtained from the relative densi-
ties calculated using SAXS data. These were closer to the
FE strain predictions. This comparison is not shown,
however, since it effectively reiterates the relative density
comparison of Fig. 7.

In general, good agreement was also observed between
the principal strain directions from SAXS and FE simula-
tion (with ¢ = 0.2), as indicated by the arrows. The largest
discrepancies coincided with the lowest values of H (and
€nano); this was to be expected, since it was relatively dif-
ficult to determine the principal axis of almost circularly
symmetric 2D-SAXS data. There appeared to be significant
outward strain components close to the sides of the diam-
etral sections, where the powder was in contact with die
surfaces; hence the arrows appeared to lean inwards,
towards the centre of the specimen. This may be attributed
to wall friction, since it was absent from the FE simulations
with frictionless die walls. Additional changes in strain
direction were also observed due to the central protrusion
from the lower punch.

While the methods demonstrated here are very capable
of revealing variations in relative density (and the corre-
sponding bulk compressive strain) within powder com-
pacts, similar information can also be obtained by other
means, such as XuT [8-10] or MRI [12]. Conversely, it is
very difficult to obtain information concerning local

@ Springer

variations in principal strain direction using other methods,
although it may be possible by following the precise
movements of tracer particles [11]. Moreover, the authors
are not aware of any other methods that could quantify the
nano-strain deformation of granules and the macro-strain
of the powder bed separately, which emphasises the
potential offered by SAXS studies of powder compaction.

One further observation deserves a brief comment:
preparing diametral sections revealed dark regions within
the specimens, suggesting that the s-MCC had been scor-
ched during compaction. This was most pronounced with
the cylindrical protrusion, as shown in Fig. 9a, although
close examination also revealed faint discoloration with the
hemispherical and conical protrusions. While this inter-
pretation is presently conjectural (and further investigation
is currently underway), scorching suggested a significant
temperature rise. The location inside the compact appeared
to preclude any significant contribution from wall friction.
Instead, it appeared to be due to energy dissipation by
friction between granules or granules undergoing defor-
mation during compaction. Significantly, the greatest dis-
coloration appeared to coincide with the region of highest
density, which had experienced the greatest compaction
strain, as demonstrated by comparison with the FE simu-
lation in Fig. 9b.

It is widely known that industrial powder compaction
can cause considerable tablet heating. Despite its potential
importance, however, this phenomenon has attracted only
limited scientific investigation [36—41]. The main contri-
bution to heating is believed to be from irreversible
mechanical work of compaction, in the form of friction
between granules, friction against tooling surfaces and
plastic deformation of granules. The surface energy of the
system may also decrease, due to the expected reduction of
surface area within or between powder granules during
compaction; however, this is expected to be several orders
of magnitude smaller than the contribution from mechan-
ical work. On this basis, Zavaliangos et al. predicted
temperatures in the region of 30-55 °C for flat-faced,
cylindrical [36] and capsule-shaped [37] MCC tablets
produced under various compaction conditions, which
appeared to agree with their experimental measurements
using an infrared camera. It seems likely that even higher
temperatures would have occurred in the high density
regions caused by the shaped lower punches used in this
work.

The present observations of apparent ‘hot-spots’ inside
the compacts suggest that, at least in some circumstances,
energy dissipated by granule deformation or friction
between granules may be more important than friction
against the tooling. For example, the use of tooling to
produce artefacts of complex shape may concentrate the
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Fig. 9 Observation of (a)
scorching within a cross-section
prepared using the lower punch
with the cylindrical protrusion:
a visual appearance; b FE
simulated density distribution

heating effects inside the compact. These issues will be the
subject of further work, to be reported separately. It should
be noted that the density-dependent DPC model used in
this work did not attempt to simulate temperature changes.
Moreover, it was assumed that the materials properties
were not affected by any temperature change associated
with the compaction process. Incorporating the interde-
pendent aspects of heat generation during compaction
affecting materials properties is not a trivial extension of
the present DPC model; while ABAQUS can easily
accommodate temperature-dependent mechanical parame-
ters, apparatus for measuring those dependences during
compaction is not readily available. Consequently, the
expected temperature-dependences of key mechanical
properties (such as p,, p,, E and u) have been ignored in
recent publications [36, 37]. This is probably acceptable for
simulating compaction close to room temperature, but may
not be realistic for larger temperature increases, whether
due to incremental changes over successive compactions
(as observed during prolonged industrial manufacturing
runs) or resulting from more extreme mechanical work
dissipation (as hypothesised in the present case). These
issues will be considered in further work.

It should also be noted that the present experiments and
simulations were performed at much slower compaction
speeds than commercial compaction processes. While this
should not affect the amounts of energy involved, it does allow
more time for heat conduction. Hence, any temperature rise
may be more pronounced at commercial pressing rates.

Conclusions

As an extension of our previous experimental study on
powder compaction, SAXS was used to evaluate the plastic
strain and the relative density of three powder compacts
with more complicated shapes. To better understand the
SAXS results, they were compared with predictions from
FE simulations using a modified density-dependent DPC
plasticity model for powder compaction.

Results from the two methods were in good agreement,
with respect to local variations in relative density and the

(b)

Relative density
0.96
0.92
0.88
0.84
0.80
0.76
-0.72

principal directions of compaction strain within compacts.
Moreover, the nano-strain distribution from SAXS exhib-
ited qualitatively similar patterns to the principal plastic
strain distribution from FE simulations, even though the
values were quantitatively different. This difference can be
explained because the former measured the deformation of
the intragranular morphology (nano-strain) while FE sim-
ulations provided the total deformation (macro-strain) of
the powder beds.

It appeared that SAXS was able to determine both the
magnitude and net direction of the compaction strain
without the need for tracer particles or coloured layers.
This presents significant advantages over other methods for
investigating powder compaction, including local hardness,
X-ray absorbance or pore volume-fraction measurements.
The FE method based on a modified DPC model for
powders also provided quantitative predictions concerning
the density and plastic strain distributions of powder
compacts. The method developed here, combining SAXS
measurements with FE simulations, is highly applicable for
the study of powder compaction, particularly for pharma-
ceutical materials.

Moreover, the compaction behaviour observed in the
vicinity of the central die protrusions provides insight into
the effects of local shape variations. Although the spatial
resolution in this work was limited to 0.5 mm, consistent
with the X-ray spot size of the apparatus used, finer reso-
lution would be possible in both the simulations and
experimental measurements. In the case of the FE method,
this is limited only by the size of the elements used and the
computing power required to run the model. Finer resolu-
tion could also be achieved in the SAXS method, using a
smaller spot size—including the possibility of a ‘micro-
beam’ at a synchrotron source. Hence, this work provides a
stepping stone towards subsequent investigations into more
challenging applications, such as the use of tooling to
produce artefacts of complex shape, including embossed
company logos or break-lines on tablet surfaces.

Acknowledgements This work was supported by Pfizer Ltd. who
also provided access to a compaction simulator with an instrumented
die, which was used to obtain the FE parameterisation. The authors
are grateful to Yuen Sin Cheong and Craig Bentham, at Pfizer Ltd.

@ Springer



5990

J Mater Sci (2011) 46:5977-5990

Sandwich, UK for their help in performing the compaction simulation
experiments.

References

B W=

10.
11.
12.
13.

14.
15.

16.

17.

18.

19.
20.

. Laity PR, Cameron RE (2008) Powder Technol 188:119
. Laity PR, Cameron RE (2009) Powder Technol 192:287
. Laity PR, Cameron RE (2010) Powder Technol 198:404
. Laity PR, Han LH, Elliott JA, Cameron RE (2010) J Pharm Sci

99:4380

. Laity PR, Cassidy AMC, Skepper J, Jones W, Cameron RE

(2010) Eur J Pharm Biopharm 74:377

. Sperl M (2006) Granular Matter 8:59
. Pitman EB (1998) Phys Rev E 57:3170
. Busignies V, Leclerc B, Porion P, Evesque P, Courraze G,

Tchoreloff P (2006) Eur J Pharm Biopharm 64:38

. Wu C-Y, Ruddy OM, Bentham AC, Hancock BC, Best SM, El-

liott JA (2005) Powder Technol 152:107

Sinka IC, Burch SF, Tweed JH, Cunningham JC (2004) Int J
Pharm 271:215

Eiliazadeh B, Pitt K, Briscoe B (2004) Int J Solid Struct 41:5967
Djemai A, Sinka IC (2006) Int J Pharm 319:55

Brewin P, Coube O, Doremus P, Tweed JH (2007) Modelling of
powder die compaction. Springer Publishing Co., New York
Kremer DM, Hancock BC (2006) J Pharm Sci 95:517
Cunningham JC, Sinka IC, Zavaliangos A (2004) J Pharm Sci
93:2022

Sinka IC, Cunningham JC, Zavaliangos A (2003) Powder Tech-
nol 133:33

Sinka IC, Cunningham JC, Zavaliangos A (2004) J Pharm Sci
93:2040

Samimi A, Hassanpour A, Ghadiri M (2005) Chem Eng Sci
60:3993

Hassanpour A, Ghadiri M (2004) Powder Technol 141:251
Michrafy A, Dodds JA, Kadiri MS (2004) Powder Technol
148:53

@ Springer

21.
22.
23.
24.
25.
26.

217.
28.

29.

30.

31
32.

33.
34.
35.
36.
37.
38.
39.
40.

41.

Michrafy A, Ringenbacher D, Tchorelof P (2002) Powder
Technol 127:257

Sinha T, Bharadwaj R, Curtis JS, Hancock BC, Wassgren C
(2010) Powder Technol 202:46

Sinha T, Curtis JS, Hancock BC, Wassgren C (2010) Powder
Technol 198:315

Picker KM (2000) Eur J Pharm Biopharm 49:267

Sonnergaard JM (1999) Int J Pharm 193:63

Lordi NG, Cocolas H, Yamasaki H (1997) Powder Technol
90:173

Skrinjar O, Larsson P-L, Storakers B (2007) Trans ASME 74:164
Han LH, Elliott JA, Bentham AC, Mills A, Amidon GE, Hancock
BC (2008) Int J Solids Struct 45:3088

Dutt M, Hancock BC, Bentham AC, Elliott JA (2005) Comput
Phys Commun 166:26

Roe R-J (2000) Methods of X-ray and neutron scattering in
polymer science. Oxford University Press, New York

Higgins JS, Stein RS (1978) J Appl Cryst 11:346

More information on Image-] and software downloads are
available at: http://rsbweb.nih.gov/ij/

ABAQUS 6.7 documentation, ABAQUS Inc. 2007

Mehta A (2007) Granular physics. Cambridge University Press,
Cambridge (with contributions from Sir Sam Edwards, Blumen-
feld R, Goldhirsch I, Claudin P)

Zallen R (1998) The physics of amorphous solids. Wiley,
New Yok

Zavaliangos A, Galen S, Cunningham J, Winstead D (2008)
J Pharm Sci 97:3291

Klinzing GR, Zavaliangos A, Cunningham J, Mascaro T,
Winstead D (2010) Comput Chem Eng 34:1082

Bechard SR, Down GRB (1992) Pharm Res 9:521

Ketolainen J, Ilkka J, Paronen P (1993) Int J Pharm 92:157
Waurster DE, Rowlings CE, Creekmore JR (1995) Int J Pharm
116:179

Buckner IS, Friedman RA, Wurster DE (2010) J Pharm Sci
99:861


http://rsbweb.nih.gov/ij/

	Density and plastic strain evaluations using small-angle X-ray scattering and finite element simulations for powder compacts of complex shape
	Abstract
	Introduction
	Experimental methods
	Specimen preparation
	SAXS measurements
	Analysis of SAXS data
	Relative density estimates
	Nano-strain of granules

	FE simulation
	FE parameterisation for Celphere SCP100
	FE compaction simulation for Celphere SCP100

	Results and discussion
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


