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Processability of powders in high load compaction constitutes a challenge due to particle rearrangement,
compression and breakage occurring simultaneously. Although tableting is a central operation in phar-
maceutical technology, a better understanding of the link between the macroscopic powder behaviour
and its micro-mechanical properties is still required. In the present study, a dual focus on the powder
compaction behaviour and the quality properties of final tablets using a compaction simulator is pre-
sented. Tableting has been performed for a wide size range of limestone powders from 10 to 400 MPa,
in order to understand and compare the powder compaction behaviour at both low and high confining
stresses.
Compactibility of limestone, the relation between porosity and stress, has been assessed with both the

classical (logarithmic) Heckel model and the newly proposed (double logarithmic) Wünsch model, con-
firming the improvement of the latter to enhance the description of the porosity change during com-
paction, as well as the model robustness towards non-pharmaceutical powders. The qualitative effect
of particle size and thus cohesion on the bulk density at high pressure compaction is found to be very
similar to the low pressure regime. However, the geometrical interlocking influence of large size powders
found in a previous study becomes irrelevant at such high pressures. For d50 < 10 lm, the tablet tensile
strength remains almost insensitive to the size variation. However, for the coarsest grades, the tensile
strength decreases with increasing d50 at all compaction stresses. In addition, the tablet tensile strength
is found to follow a non-monotonic trend with median particle size.
� 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Granular media are envisaged as a collection of microscopic
particles which interact through dissipative contact forces; their
natural discontinuity poses many challenges for both academia
and industry in understanding their bulk behavior [1]. A contin-
uum description of the flow behavior of granular media is highly
desirable, for application in both natural phenomena studies and
industrial applications [2].
Powders are a special class of granular material that consists of
fine particles, widely used in construction, food or pharmaceutical
industries. They may flow when shaken or tilted, but stick when
left at rest or being compressed. A series of characterization tech-
niques with empirical indices, such as the Hausner ratio [3], the
Carr’s index [4] or different variants of the angle of repose method
[5] are used to quantify and generalize the performance of a mate-
rial. Element tests are also commonly applied to get a deeper
understanding of the influence of particle properties such as fric-
tion, cohesion, size distributions and shape on the bulk mechanical
responses [6–9].

During the process of high load compaction or tableting, a bulk
solid is transformed into a new structure with physical properties
different from the original ones. Many efforts have been made to
correlate the powder flowability measured with classical instru-
mentation to the performance of tableting processes [10–13].
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Other authors have investigated the effect of particle size on com-
paction behavior for ranitidine hydrochloride [14], L-lysine mono-
hydrochloride dihydrate [15], as well as limestone powders [16].
Although all three studies trace the effect of particle size on tablet-
ing, they do not transcend to evaluate the root causes of tableting
failure. Thus, a precise understanding of the tableting process from
a micro-mechanical point of view is still pending. A wide range of
physical phenomena occur simultaneously in a very short time and
therefore, it is challenging to track the mechanics of compaction on
the single particle level. Densification of powders through uni-axial
compaction takes place by four main mechanisms: rearrangement,
elastic deformation, plastic deformation and fragmentation.
Rearrangement of particles is a phenomenon normally restricted
to relatively low stress, as a series of non-deformation related
mechanisms such as rotation, translation and percolation of fines
produce an initial reallocation of particles within the bulk [17].
Elastic deformation can be defined as a reversible deformation of
particles that after removing the load, return to their original form
[18]. Plastic deformation is an irreversible deformation mechanism
occurring after reaching the yielding point, after which particles
start to flow visco-plastically and remain deformed after with-
drawing the load. This phenomenon is the principal densification
path for ductile powders (the paradigmatic example is microcrys-
talline cellulose), whereas for brittle specimens or agglomerates,
the elasto-plastic deformation is restricted to very low compaction
forces. In this case, the main mechanism for the densification of a
bulk is particle fragmentation, an irreversible process of diametri-
cal and edge breakage [19,20].

The main goal of this study is to analyze the effect of the median
particle size on the tableting performance of a series of limestone
powders. Prior to the compaction, a characterization of the raw
powders (density, size distribution, crystallographic structure,
specific surface area and flow properties) is performed in order
to elucidate the interplay of morphology and shape on the final
tablet strength. The latter results are from a previous report on
the same limestone powder specimens [21] that demonstrated a
successful characterization of the flowability at low confining
stress in correlation with their particle size. The most relevant
parameters to interpret the densification paths up to very large
stress and overall the quality of the final tablets are computed from
acquired in-die and out-of-die data: porosity, yield pressure, in-die
elastic recovery, bulk density and tensile strength.

Another focus of the current study is powder compressibility.
Under this term it is defined the relationship between porosity
and compression stress [22]. Some mathematical approaches have
been reported to describe the compression curves and to derive
bulk intrinsic properties [23]. In the first instance some basic for-
mulations considering a maximum of two parameters, such as
the models of Heckel [24], and Kawakita and Lüdde [25] succeed
in describing a reduced part of the compression curve. In the sec-
ond instance, a second range of empirical models have provided
a more accurate depiction of the compaction curve establishing a
clear separation between a first stage of compaction dominated
by particle rearrangement, and a high stress range ruled by plastic
deformation and fragmentation. These models seek to overcome
unreasonable apparent solid fractions above one for high stress
levels, attributed to changes on the crystallographic lattice
[26,27]. This is the example of the model of Cooper and Eaton
model [28]. In a recent report, Wünsch et al. extended formulations
based both on the models of Heckel and Cooper and Eaton includ-
ing an additional term to consider variations of solid density and
thus, to avoid unreasonable low porosity values at high stresses
[29]. In the present study, the validity of the model of Heckel to
estimate bulk compressibility is assessed in two forms: the original
and widespread formulation dating back to 1961, and the extended
version of Wünsch et al. including solid compressibility.
This study is structured as follows: in Section 2, we provide
information on the limestone samples/material; in Section 3, a
description of the experimental devices is provided; Section 4 is
devoted to the test procedures as well as the methods/models used
for analysis. Section 5 discusses the experimental results for differ-
ent compaction pressures and particle sizes, while conclusions and
outlook are presented in Section 6.
2. Material description and characterization

In this work, eight grades of pre-sieved limestone powders
under the commercial name Eskal (KSL Staubtechnik GmbH, Ger-
many) are investigated. Limestone has been used as a reference
powder for standard testing [21] and calibration of equipment in
powder technology, for instance, shear testers [30,31] and optical
sizing systems due to the favorable physical properties: high
roundness, low porosity and an almost negligible sensitivity
towards humidity and temperature changes, which allows to avoid
sample pretreatment.

Each grade of the Eskal series is produced by milling and sieving
to ensure a certain range of its particle size distribution. In the cur-
rent study, the median particle size almost spans three orders of
magnitude, from lm to mm. This permits to analyze the crossed
effects of cohesion, mechanical interlocking, blockiness and elec-
trostatic forces, some of them predominant only on a reduced par-
ticle size range.

Apart from the original eight commercial grades, the air sieved
fraction between 200 and 400 lm of Eskal Körnung 0.1–0.5 is also
analyzed. After sieving, the very fine and coarse particles are
removed, which narrows down the span of the particle size distri-
bution. The air jet sieve process is conducted using the Alpine
Labortyp 200 system. Note that all powders presented are identi-
fied in most of the cases with their median particle size d50.

Table 1 summarizes the physical properties of the calcium car-
bonate samples chosen for the current study. The particle size dis-
tributions were determined by laser diffraction with dry dispersion
via airflow injector with a dispersion pressure of 2 bar (HELOS laser
diffraction, RODOS dispersion system). Median particle roundness
or sphericity (W) and median cluster size (CD) is extracted from
Dynamic Image Analysis (QICPIC) with a free fall dispersion unit
(GRADIS). W is defined as

W ¼ 4pAp

U2 ð1Þ

where Ap is the area and U, the particle perimeter. All aforemen-
tioned particle size devices are manufactured by Sympatec GmbH,
Germany.

The skeletal particle density qp has been measured with helium
pycnometry (ULTRAPYC 1200e, Quantachrome GmbH, Germany).
Results showed that skeletal particle density remains in the same
range (from 2748 to 2868 kg/m3) for all the samples. It is assumed
that these fluctuations proceed from the existence of small air
enclosures not accessible by this technique.

The surface structure and shape of Eskal 150 and Eskal 300 are
analyzed by means of Scanning Electron Microscope (SEM) imag-
ing. Materials were sputtered with platinum and investigated with
a field emission instrument (Helios G4 CX, FEI Deutschland GmbH,
Germany), applying an acceleration voltage of 5 kV and a working
distance of 4 mm. Different magnifications between 185x and
15000x were applied. In Fig. 1, it can be seen that all Eskal 150 pri-
mary particles have similar shapes (left) and rough surfaces (right),
and do not agglomerate. However, for Eskal 300 in Fig. 2 (left) we
observe some clusters of primary particles with an approximate
cluster size between 10 and 20 lm, which is about 5 to 10 times
median particle size of Eskal 300. A much prominent clustering



Table 1
Material parameters of the experimental samples. Here, K0.1–0.5 means Körnung 0.1–0.5, which follows the commercial product naming. In the text of the paper, powders are
referred by their median particle size, d50. The initial bulk density values are provided by the manufacturer, except for the air-sieved fraction extracted from ring shear tests (RST).

Property Eskal Unit 300 500 15 30 80 150 K0.1–0.5 Air-sieved K0.5–0.8

Initial particle Size d10 lm 0.78 1.64 12 21 39 97 4.5 167 738
d50 lm 2.22 4.42 19 30 71 138 223 208 938
d90 lm 4.15 8.25 28 43 106 194 292 250 1148

Span (d90-d10)/d50 [–] 1.52 1.50 0.84 0.73 0.94 0.70 1.29 0.40 0.44
Skeletal particle density qp kg/m3 2853 2868 2799 2758 2753 2761 2775 2775 2748

Moisture content w % 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Median roundness (sphericity) W [–] 0.75 0.55 0.48 0.66 0.84 0.88 0.74 0.74 0.85

Median cluster size CS lm 595.83 684.57 287.69 70.25 – – – – –
Initial bulk density q0 kg/m3 540 730 1110 1230 1330 1370 1400 1269 1276
Specific surface area SSA m2/g 2.11 1.13 0.48 0.36 0.30 0.24 – – –

Fig. 1. SEM images of Eskal 150 (d50 = 138 lm) in two different magnifications: 185x (left) and 502x (right).

Fig. 2. SEM images of Eskal 300 (d50 = 2.2 lm). Magnifications: 2500x (left) and 15000x (right).
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tendency at the highly cohesive size range (d50 < 30 lm) has been
characterized by Dynamic Image Analysis (Table 1), demonstrating
the difficulties to accurately dose the finest Eskal grades. Zooming
into a single cluster as shown in the Fig. 2 (right), smaller fines (< 1
lm) sticking on the surface of primary particles can be clearly seen,
and also that the shape of Eskal 300 particles is more irregular than
that of Eskal 150. The other Eskal samples have mostly similar
shapes to Eskal 150, irrespective of the median particle size of
the samples.

The morphology and internal structure of Eskal agglomerates is
studied by powder X-ray diffraction (PXRD) and nitrogen adsorp-
tion. PXRD was carried out on vacuum-dried Eskal 150, 300 and
500 samples to determine the crystal structural variations using
Cu K radiation (Empyrean Cu LEF HR goniometer, The Netherlands)
on a Si sample holder in a range between 20 and 90� (2h) with a
step size of 0.05� (Empyrean series 2, PANalytical PIXcel-3D detec-
tor, The Netherlands). Fig. 3 summarizes the diffraction patterns of
three representative grades of Eskal. Due to the absence of a refer-
ence pattern, it is not possible to estimate neither the proportion of
the crystalline and amorphous phases nor the polymorphism of the
samples. Characteristic peaks of all three samples are placed at the
same diffraction angles, and the base line is slightly higher for the
138 lm grade. In any case, no significant changes on the relative
crystallographic structure of these three grades are determined.

The specific surface area (SSA) of Eskal is determined by nitro-
gen sorption using the NOVA 2000e Surface Area and Pore Size
Analyzer (Quantachrome GmbH, Germany). Each limestone grade
is inserted into the degassing chambers, where they are treated
for 24 h at 55 �C at vacuum conditions in order to remove physi-
sorbed compounds. Then, a conditioning interval of 500 s precedes
the sorption of nitrogen by subsequent injections of nitrogen with
increasing relative pressure levels (p=p0) of 0.06, 0.12, 0.18, 0.24,
and 0.30 with the atmospheric pressure (p0), and an absolute tem-
perature of �196 �C. The specific surface area is calculated with the
best linear fit for the BET model. As well known and reported in
Table 1, the specific surface area follows an inverse dependency
with median particle size: the finest grades present the highest
surface per unit of mass and therefore, the largest specific surface
area. Thus, grades with a larger specific surface area (SSA) exhibit a
better bondability and thus, a higher tensile strength as the possi-



Fig. 3. Diffraction patterns of Eskal 300 (2.22 lm), Eskal 500 (4.42 lm) and Eskal
150 (138 lm).
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bility to establish an effective interaction between granules is max-
imized [20]. Complementing the crystallographic patterns
described in Fig. 3, it can be stated that all Eskal grades hereby ana-
lyzed present almost identical internal composition, morphology
and shapes, which narrows down the differences in processability
to the particle size.
3. Experimental setup - Compaction Simulator Styl’One

The Compaction Simulator STYL’One Evolution is used for high
load compaction of limestone (Medel Pharm S.A.S, France). Stan-
dard EURO B die and punches (punch diameter d = 11.28 mm) were
set up in order to produce cylindrical tablets (Fig. 4). The com-
paction sequence comprises the filling of the die up to a height
of 10 mm with the powder of interest (conditioned for all cases
at 20 �C and 45% RH for 24 h) and the symmetrical movement of
the punches at a constant speed of 0.42 mm/s until the target pres-
sure is achieved. In the current study, compaction pressures run-
ning from 10 MPa up to 400 MPa are investigated. Two distinct
strategies have been followed for powder dosing. Due to the extre-
mely high cohesivity of Eskal 300 and Eskal 500, a target mass of
520 mg is weighted externally and inserted manually into the
die with the help of a spatula. The other grades are automatically
Fig. 4. Close view of the Styl’One Compaction Simulator assembled with Kilian
EURO B 11.28 mm flat punches.
dosed with a paddle filling shoe, in order to speed up the com-
paction sequence. An external lubrication with magnesium stea-
rate (MGST) (Magnesia 4264; Magnesia GmbH, Germany) is
carried out to reduce the friction with the instrumentation and
to avoid high ejection forces. Prior to a compaction sequence of 3
tablets, some MGST is gently spread on the die lateral walls, upper
and lower punches and adjacent surfaces by a cotton swab.

4. Test procedures and analysis method

In this section, an overview of the procedures and the details of
the tests performed using the compaction simulator is presented.
In order to investigate the tabletability of the limestone grades,
the maximum compression force is systematically varied from 1
to 40 kN (10 to 400 MPa). Typical tableting pressures are com-
monly set above 100 MPa. The current analysis is extended to
two smaller pressures (10 and 50 MPa) to quantify also the
mechanical stability threshold at low compaction pressure.
Repeatability for a given maximum compressive pressure is inves-
tigated by tableting 5 different specimens. If the compressed for-
mulation offers a stable tablet after ejection from the die, it is
stored for 24 h at 20 �C and 45% RH. Then, tablets are weighted
and the dimensions and tensile strength are extracted by means
of the MultiTest 50 Manual Tablet Hardness Tester (Sotax AG,
Switzerland).

The in-die axial elastic recovery (ERdie�ax) is defined as [32]

ERdie�ax ¼ dF¼0 � dF¼max

dF¼max
; ð2Þ

where dF¼0 is the distance between the upper and the lower punch
at the point of detachment during the withdrawal of the upper
punch and dF¼max is the distance at the target compaction pressure.

A key advantage of instrumented die presses is the access to the
evolution of porosity with compaction stress, the so-called com-
pressibility, during the execution of a single compression cycle.
Therefore, the amount of the material and experimental efforts
required for a comprehensive characterization of powder com-
pressibility are heavily reduced relative to a normal die press. For
out-of-die characterizations, they usually involve the entire com-
paction and testing of tablets at different stresses. Another asset
of in-die analyses is that porosity can be tracked even if tablet
defects such as lamination or capping occur at a given stress. In
addition, the different phases of compaction (i.e. particle rear-
rangement at low stresses, particle deformation and fracture/
breakage at high stresses) can be differentiated and evaluated from
only one trial.

Compressibility of limestone is analyzed using the model of
Heckel [24], and an extended formulation adding a compressibility
term presented by Wünsch et al. [29] (from this point simply
referred to as the model of Wünsch). The classical model of Heckel
assimilates the process of compression with a first-order chemical
reaction equation. On one hand, there are the pores of the tablet
(the reactant) and, on the other hand, the densification of the bulk
(the advance of the reaction). It is formulated as an approximation
to the experimental porosity, e, within the die, which is determined
by the ratio between the bulk density over the skeletal density
reported in Table 1:

ln
1
ec

� �
¼ krax þ A ð3Þ

or equivalently

ec ¼ expð�krax � AÞ ð4Þ
where rax is the applied compaction stress. ec is the reconstructed
porosity. The inverse of the slope of the linear relation is defined
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as the apparent mean yield pressure Py ¼ 1=k, a relevant magnitude
in assessing the plasticity of the material. A low Py value represents
a more plastically deforming material, whereas higher Py values
suggest more brittle behavior [33]. The parameter A ¼ lnð1=ecð0ÞÞ
accounts for the particle rearrangement as being the extrapolated
porosity at rax = 0, associated with an apparent initial relative den-
sity [34].

The assumption of a constant skeletal particle density is one of
the main criticisms to the Heckel model, combined with the omis-
sion of the uncertainties of the compresssed mass, of the measured
solid density and force and displacement of the instrumentation
[35,36]. The latter was out of the scope of the derivation presented
by Wünsch et al. However, the newer model does consider a com-
pressibility term to include a variation of the skeletal density, in
order to overcome the underpredicted porosities at high com-
paction stresses [37]. Although involving the fitting of five empir-
ical parameters, the model of Wünsch enables the description of
the entire compaction curve in a similar fashion as the model of
Cooper and Eaton, and it is not restricted to a limited part of the
compaction curve.

The original model formulation is here slightly simplified as the
introduction of a solid compressibility term is barely applicable for
highly brittle materials such as limestone, as it lacks of conver-
gence at low stress regime and it does not provide a significant
quantitative fit improvement. Thus, the evaluation of the model
of Wünsch is restricted to the fitting of the four constants of the
porosity reconstruction formulation presented in Eq. (5):

ecðraxÞ ¼ el exp �rax

rl

� �
þ eh exp �rax

rh

� �
ð5Þ

The first exponential term accounts for the low stress regime (iden-
tified by the subindex l). It is constituted by two empirical con-
stants: el, the porosity change attributed to the low stress process,
and rl, the bulk densification strength significant for the low stress
process. The second exponential term represents the high stress
regime, and it has analogous parameters to the low stress term:
eh and rh (both identified with the subindex h). The sum of el and
eh gives the unconfined porosity ecð0Þ. The fitting of both Heckel
and Wünsch model constants were performed with the fmincon
function in MATLAB(R) (version 2015b, The MathWorks, Inc., USA)
and Gnuplot, respectively.
Fig. 5. Influence of PSD on the in-die porosity (e) from 0 to 380 MPa.
5. Results and discussions

5.1. Compressibility

In-die evolution of porosity (e) with compaction stress is ana-
lyzed in (Fig. 5). A direct proportionality between the evolution
of e and median particle size can be extracted for the analyzed
process conditions. According to the classification introduced by
Hersey et al. [38] and York et al. [39], limestone exhibits the typical
deformation profile of brittle materials with higher yield pressures.
Particles undergo compression by rearrangement and fragmenta-
tion at the early stages of the compression to provide a dense pack-
ing, and then shift to plastic flow. The finer the limestone powder,
the more pronounced the rearrangement of the particles at the
beginning of compaction is. The transition point around 20 and
40 MPa is thought to be the lowest pressure at which a coherent
tablet is formed [40].

As it can be seen, the porosity reduction is drastic for the coars-
est grades, and remarkably low for the 2.22 lm grade. In the latter
case, particles exhibit a very extended reduction of porosity at the
initial stages of compaction by rearrangement, and a subsequent
stabilization. Initially, particles tend to realign and occupy all voids
of the system; the so-called particle rearrangement results more
prominent for very fine particles. From this stage, the bulk tends
to deform elastically inasmuch as free interstices exist and the
yield pressure is not exceed. Compaction of coarser particles
(> 19 lm) mainly progresses under plastic deformation including
breakage resulting on a large reduction of porosity.

The evolution of the Heckel slope Py is represented in Fig. 6.
According to the classification introduced by Führer et al. [41],
materials with a Py > 80 MPa can be classified as hard/brittle.
Regardless of the particle size, all materials are placed above this
threshold. Fine grades exhibit a more pronounced brittle behavior
and a poorer processability. Deformation described by Py may
include elastic deformation, plastic flow or fragmentation of parti-
cles. A poorer plasticity has been determined for the finest grades,
as d50 goes from 2.2 lm to 938 lm and Py changes from around
1500 MPa to about 500 MPa, with the exception of the 71 lm
grade, which presents a higher Py. The main reason for the high
Py of this grade is probably the higher span, a phenomenon also
found for the 223 lm grade. By reducing primary particle size, frac-
turing becomes more difficult as the initiation of cracking requires
a higher stress intensity, and therefore, these grades exhibit higher
yield pressure [42]. If the primary particle is sufficiently small, the
inter-particle cohesion force starts dominating over the external
forces, which allows stable structures at low bulk density. In the
same plot, we also add the yield pressure of sieved powder with
d50 ¼ 223 lm and the value gets slightly lower after sieving. In
other words, adding fines into a coarse grade powder has a direct
effect on the increase of the yield pressure. This further confirms
that enough fine particles within the bulk carry some of the stres-
ses, leading to a higher contribution to the powder deformation
tendency and result in an increased yield pressure. Heckel plots
can be influenced by the loading rate of compaction, the degree
of lubrication and the tooling size and shape, so the effect of these
variables is to be taken into consideration for further understand-
ing of the processability of limestone for tableting [40].

The overall validity of the models of Heckel and Wünsch to
account for the bulk compressibility is assessed in Fig. 7 for four
limestone fractions: 2.22, 4.42, 30 and 938 lm. A summary of
the fitted parameters for the model of Wünsch can be found in
Table 2. While for low cohesion, the Wünsch model leads to a very
good agreement, the high cohesion data are approximated less well
(with an asymptotic standard error of 1 to 5% for 2.22 lm). Disre-
garding the low pressure (rax <10 MPa) range, where the initial



Fig. 6. Yield pressure (Py) plotted against initial median particle size d50. Py is fitted
by Eq. 3 to the compaction loading curves between 100 and 300 MPa.
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overcoming of the cohesive force is the most significant phe-
nomenon, the quality of the fit improved substantially (reduce
the asymptotic standard error between 0.5 and 1.7% for 2.22 lm,
data not shown since the lines are collapsing). Therefore, results
are reported for 2.22 and 4.42 lm grades for both fit ranges in
Table 2: for the overall compaction stress range, and starting from
10 MPa.

In essence, the introduction of an in-die compression function
permits the successful quantification and separation of compaction
into two differentiated regimes. As presented before, the first
exponential term represents the low stress regime, whereas the
second term accounts for the high stress regime. The lowest bulk
densification rl is meant to be dependent on the friction experi-
enced by the particles at rearrangement and, therefore, it is directly
proportional to the median particle size. d50=30 lm exhibits a lar-
ger rl as its particle rearrangement may be abrupter due to the
looser initial packing of the particles, because of the narrower
PSD. The material densification strength rh results to be inversely
Fig. 7. Evolution of in-die experimental and predicted porosity for two empirical
relationships: Heckel (in the range 100-300 MPa) and Wünsch (in the range 0-375
MPa). Limestone median sizes: 2.22, 4.42, 30 and 938lm.
proportional to the median particle size, due to the higher neces-
sary compression stress for the breakage of particles, the higher
resistance of primary particles to deform, and the higher stiffness
of the finest grades.
5.2. In-die elastic recovery

The in-die elastic recovery, ERdie�ax, has been extracted for all
calcium carbonate grades from in-die data (Fig. 8). Fine grades pre-
sent larger values of in-die elastic recovery, which collides frontally
with previous reports, where a direct dependency between particle
size and elastic recovery was observed [43,44]. However, some
considerations have to be taken in order to make an intertest com-
parison. Both Patel et al. and Nokhodchi et al. compacted notably
larger median particle sizes (paracetamol from 150 to 1000 lm
and hydroxypropylmethylcellulose 2208 from 45 to 350 lm,
respectively). In the current test case a higher elastic recovery for
2.22, 4.42 and 19 lm grades is attributed to the larger amount of
contact points between particles that permits an extended elastic
recovery. Coarsest grades reach larger interparticle contact sur-
faces, particles get interlocked and thus possibility to withdraw
elastically is much more reduced. Another probable reason for this
behaviour is the different extent of particle breakage. The more
particles (meso-wise) break, the lower the elastic recovery. During
each particle breakage, the energy elastically stored in the particle
is consumed by the fragmentation event.
5.3. Bulk density

Bulk density evolution with normal consolidation stress is plot-
ted in Fig. 9 jointly with the data reported in [21]. Normal stress at
low compaction stress range (0.005 to 0.035 MPa) accounts for the
steady state bulk density under shear of RST, while 10–400 MPa
data originate from uni-axial compaction in the tablet press. Nev-
ertheless, for all Eskal grades, the bulk density increases with the
compaction pressure for both stress ranges and the qualitative
increasing trend is similar and consistent. A peculiar effect is to
be seen on the bulk density of the coarsest fraction: K. 0.5–0.8
(d50 ¼ 938 lm). The density qb series of K.0.5–0.8 (2748 kg/m3)
is the largest at the maximum compression, whereas for the lower
normal stress, qb drops significantly below the corresponding val-
ues of 138, 223 lm and 223 lm sieved fractions. This phenomenon
has its origin in a dual effect. On one hand, at high load com-
paction, the coarse particles tend to fragment into smaller fractions
and the geometrical effect from the confinement is fully removed.
On the other hand, in the low pressure shear process, inter-particle
movement is mainly taking place by sliding or rolling, which con-
stitute low energy interactions producing tangential wear driven
damage that do not affect drastically the overall bulk density. In
contrast with that, the geometrical effect enhances the shear dila-
tion pushing the shear lid upwards and thus reduces the bulk den-
sity at the steady state.

The effect of the median particle size in different grades of lime-
stone powder is presented in Fig. 10. As mentioned before, low
stress regime data series (5, 20 and 35 kPa) were previously
reported in [21]. At a given compaction stress, the bulk density
increases with rising initial median particle size, with a similar
trend for different compaction stresses.

At the low confining stress regime, however, no strong effects of
increasing stress on bulk density can be seen for median particle
size larger than 30 lm. At the high stress range, qb rises pro-
nouncedly with increasing compaction stress for every particle
size. This fact is attributed to different deformation mechanisms
at different stress levels and different experimental setting as for
low confining stressses shear takes place during confinement. At



Table 2
Specific compression parameters of the Wünsch et al. model and root mean squares (RMS) of residuals. The 2.22 and 4.44 lm median size powders are fitted at different pressure
ranges.

d50 [lm] Fit range [MPa] el [–] rl [MPa] eh [–] rh [MPa] RMS [–]

2.22 0–375 0.098 13.7 0.548 1400.8 0.0059
4.42 0–375 0.102 30.2 0.457 772.7 0.0036
30 0–375 0.144 45.3 0.362 579.2 0.0009
938 0–375 0.234 23.4 0.263 462.4 0.0023
2.22 10–375 0.073 44.6 0.529 1687.7 0.0008
4.42 10–375 0.095 47.3 0.445 830.8 0.0006

Fig. 8. In-die elastic recovery (ERdie�ax) plotted against compaction stress (rax).
Lines are guides to the eye.

Fig. 9. Bulk density (qb), plotted against the compression stress (rax). Data from
0.005 to 0.05 MPa extracted from [21].

Fig. 10. The influence of median particle size (d50) on bulk density (qb) for different
compression stresses.
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high pressures, most particles deform plastically or even fracture
and thus, bulk density changes take place in combination with
the reduction of the free space between particles and permanent
shape changes of particles themselves. At low pressure levels, the
particles are only slightly (not yet plastically) deformed so that
the bulk density changes mainly occur due to the rearrangements
accompanied by the reduction of the free spaces between parti-
cles/clusters. In parallel there is bulk density reduction for 938
lm at low compaction stress, a phenomenon that disappears from
50 MPa. In that sense taking a look at Table 1, we see that 938 lm
has the lowest span, and by that, a higher free volume of the pack-
ing under low stresses is to be expected. This is highly comparable
to the also low-span air-sieved and vibration-sieved fractions.
5.4. Tensile strength

The dependence of tensile strength on the compaction stress is
shown in Fig. 11(a) and Fig. 11(b).

As expected beforehand, the tensile strength increases with
compaction stress for all samples with similar slopes for all grades
by comparing fine (a) vs. coarse grades (b). As a trend, the tensile
strength for high fineness at the same compaction stress is
decreasing with d50. The decrease in strength is due to the increas-
ing porosity of the tablets, which is inversely proportional to the
bulk density (see Fig. 9 and 10). At the same time, narrower parti-
cle size distributions convey to lower tensile strength due to loss of
SSA on the initial packing density [45]. The latest explains the
extraordinary large tensile strength reported for the 71 lm series
(span = 0.94) in contrast with the adjacent 138 lm grade
(span = 0.70).

Fine Eskal grades d50 < 10 lm show a more brittle behaviour
and thus, lead to lower tensile strength. This could be attributed
to the higher yield pressures derived for such small particles,
depicting a larger resistance against deformation and probably
keeping porosity sufficiently high to result in lower specific contact
areas between neighbouring particles.

The effect of initial median particle size on rt is analyzed in
Fig. 12. The compaction stresses 10 and 50 MPa are intentionally



Fig. 11. Tensile strength of tablets (rt) plotted against compaction stress (rax) for
(a) fine grade Eskal powders (d50 < 50 lm), (b) coarse grade Eskal powders
(d50 > 50lm). All the tablets here are compressed with loading rate 0.42 mm/s
and punch size 11.28 mm. Lines are guides to the eye. Note that for coarse Eskal
grades, the stable tablet is only formed when compaction stress is P50 MPa.

Fig. 12. The tensile strength (rt) plotted against initial median particle size (d50),
for compaction stresses that form stable tablets (rmax = 100, 200 and 400 MPa).
Lines are fittings using Eq. (11) for d50 > 10 lm with rt ¼ 114;227;520 kPa at
compaction stress 100, 200 and 400 MPa respectively; dc ¼ 35 lm at all compa.
ction pressures.
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neglected, because in most cases these two low pressures yield
very unstable tablets after ejection.

For particle sizes d50 > 10 lm, a clear decreasing trend of tensile
strength with rising median particle size is seen at all compaction
stresses, consistent between different grades. This effect is very
similar to what was observed for the cohesive strength as intro-
duced in [21], but the two smallest fractions (d50 < 10 lm) behave
very differently in the high stress compaction regime. This could be
attributed to the large extent of cohesive forces which leads to a
lower bulk density as particles cluster. The elastic recovery within
this size range is also larger, leading to more porous and, by that,
more fragile, less strong compacts. These two points are excluded
of the data fitting. In analogy to the cohesive strength [21], we
introduce also here empirical fittings based on the particle adhe-
sion. According to the early work of Rumpf, Molerus derived the
following relationship for isostatic tensile strength, describing
the cohesion in an unconsolidated powder bulk [46,47]:

rt ¼ kð1� eÞ
pd2 f t ð6Þ

where k is a function of the packing density. For ideally smooth sur-
faces the adhesive forces due to Van der Waals and electrostatic
interactions increase linearly with the radius (f t / d) [48]. Thus,
when this relation is substituted into Eq. (6), an inversely depen-
dency between the tensile strength and the inverse of particle size

(rt / f t=d
2 / 1=d) can be established. Therefore, an empirical func-

tion as in Eq. (7) is proposed to fit all the three compaction stresses
separately for d50 > 10 lm.

rt ¼ r0
t ð1þ dc=d50Þ ð7Þ

r0
t dc represents the stiffness scale of the tablets, with r0

t the tensile
strength at zero cohesion (d50 goes to infinity) and dc the character-
istic particle size where the cohesion begins to lose its dominance.
Fittings of this section are performed with Gnuplot, using a non-
linear least-squares fitting. Parameter error estimates obtained
from the variance–covariance matrix show a good agreement with
each dataset. The values of r0

t follow a logic increasing trend with
compaction stress (slightly larger than the compaction stress val-
ues). The characteristic particle size dc is found to be around 35
lm for all the data presented here. The tensile strength of the 223
lm sieved grade increases after sieving, strictly the opposite evolu-
tion of yield pressure. The modest reduction in median PSD after
sieving (223 to 208 lm) seems to play a larger role on the overall
tensile strength of the system rather than the span reduction. To
further confirm this point, it is required to perform a detailed study
only focusing on the effect of the span of particle size distribution,
which might constitute a key point for future work.

6. Conclusion and outlook

In this study, we have systematically examined the compaction
of limestone powders, which are only varied in particle size while
all other properties remained approximately equal, methodically
expanding results of Shi et al. [21] towards higher compaction
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stresses. The major goal is to understand the relation between
microscopic properties such as particle size or cohesion, and
macroscopic bulk properties such as yield pressure, compressibil-
ity, bulk density, as well as the tensile strength of final tablets.

The selection of limestone as a reference material has permitted
to isolate and analyze the effects of the median particle size on the
tableting performance of a material. The material morphology and
consistency of raw powders are examined by various characteriza-
tion techniques, confirming that their properties, e.g., true particle
density, crystallographic structure and specific surface area are
very similar among the sizes.

Measurements of the in-die stress–strain data are used to
extract the yield pressure Py and intercept A at zero pressure by
means of the classical Heckel analysis, and the newly proposed
Wünsch model. As expected, both compaction stress and particle
size, influence the compaction behaviour significantly. The yield
pressure, from the classical Heckel analysis, increases with the
compaction stress but decreases with the median particle size.
The higher yield pressure of the finest Eskal grades suggests a
poorer processability (for both flow and compaction) and a more
brittle behavior. At the same time, the original formulation of Yield
Pressure results a very limited correlation for the entire bulk den-
sification. Therefore, solid compressibility, which is the main
responsible of the increase of solid density with rising compaction
stress, cannot be omitted at the calculation of porosity. The model
of Wünsch permits to split the compressibility diagrams into two
regions: a low stress densification governed by rearrangement
and elastic deformation and a high stress region where the bulk
deformation is irreversible plastic deformation.

When the compaction stress increases, the in-die axial elastic
recovery, bulk density (solid fraction) and tensile strength all
increase. The increasing trend of bulk density and strength found
here is consistent with the trends found at lower stresses in [21],
indicating the possibility of bridging over a large range of pres-
sures. Interestingly, if the pressure is high enough in the MPa
regime, the geometrical influence of coarse particle fractions which
dominates at low stresses (kPa) becomes irrelevant. Equally, the
span of the particle size distribution is loosing its effect on result-
ing bulk densities at high stresses.

When looking at the size dependency, the bulk density (solid
fraction) increases with rising median particle size, which qualita-
tively also agrees well with the bulk density size correlation at low
stress shear flows. However, bulk density changes very little in the
low stress regime, under shear flow for particles > 30 lm. Accord-
ingly, such stresses cannot alter the effective bulk properties of
coarser particles. The tensile strength of final tablets is decreasing
with rising median particle size for the powders with d50 > 10 lm.
In analogy to the previous work [21], we correlated this trend to
the decrease of inter-particle cohesive force and proposed an
empirical prediction based on the Rumpf’s adhesion theory [48]
that describes well this decrease and thus confirms the applicabil-
ity of the proposed empirical model. However, the tensile strength
of very fine powders (d50 < 10 lm) do not follow this trend and
indicates there are extra dominating mechanisms involved. Very
small size particles are too cohesive and thus form more clusters
which leads to low bulk density in powder bed. The elastic recov-
ery within this size range is also larger, leading to more porous and,
by that, more fragile, less strong compacts.

For future work, a more detailed investigation on other proper-
ties and mechanisms influencing compaction strength for very fine
Eskal powders like the effect of the span of the particle size distri-
bution should be performed. At the same time, the interplay of pro-
cess parameters such as the loading rate and the tooling size also
has to be elucidated. Furthermore, the present comprehensive set
of experimental data can be used to calibrate and validate simula-
tions of tableting either with DEM or continuum methods, that
focus on the influence of particle size. Furthermore, the most cohe-
sive data indicate that a 2-exponential fit such as the model of
Wünsch without a compressibility term might not be sufficient
for very fine materials (d50 < 10 lm). A third exponential term
needs to be considered (for pressures below 10 MPa) to enhance
the description of the rearrangement driven part of densification,
corresponding to a third low pressure regime, where cohesion is
overly strong and has to be overcome.
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