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a  b  s  t  r  a  c  t

Scale-up  of  tableting  process  is  particularly  difficult  due  to specific  concerns  related  exclusively  to the
process  itself  and  that  cannot  be  determined  on a smaller  scale,  which  are  the  effect  of  compression  speed
and  the  build-up  of heat  due  to  the  length  of the  compaction  operations.  In  this  work,  it has  been  simulated
the  rise  of  temperature  observed  during  the  tablets  manufacturing  in  a  full  production  scale  by means
of an  appropriate  modification  of  a R&D  rotary  tablet  machine.  Four  common  pharmaceutical  excipients,
characterized  by  different  chemical  nature,  consolidation  behaviour  and  temperature  sensitiveness  have
been  analysed  in  terms  of  compaction  mechanism  (Heckel  and  energy  analysis)  and  tabletability,  in  order
to  verify  any  effect  of  the increase  of  temperature.

The  results  showed  a relevance  of  the  temperature  on  mechanical  tablets  properties  only  on  materials
characterized  by  low  temperature  thermal  transitions  (melting  or glass  transition),  while,  for compounds
which  do not  exhibit  thermal  events  at low  temperature,  it becomes  less  important  for  ductile  materials
and irrelevant  for  brittle  materials.  Heckel  analysis  highlighted  a  noticeable  increase  of  ductility  only  in
those  materials  whose  tablets  mechanical  properties  depended  on the  temperature.  On  the  other  hand,
energy  analysis  showed  low  sensitivity  failing  to identify  any  temperature  effect  on  compaction  materials
properties.

This work  showed  how  to  simulate  the  process  of  temperature  rise  on  a  small  scale  and  the influence  of
temperature  on  materials  compaction  properties.  The  use  of  a  modified  tableting  machine,  able  to control
the temperature  and  moisture  levels  and  also  capable  of  monitoring  the  punch  movements,  resulted  in
identifying  the  effect  of  temperature  both  on  mechanical  and  compaction  properties  on  materials.  Thus,  it
represents  a  valuable  tool  in  order  to provide  useful  information  at an  early  stage  during  the  development
of tablets  formulations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Process scale-up deals with the procedures of transferring the
results obtained on laboratory scale to the pilot plant and finally to
production scale and it is the consequence of the scale dependency
of many engineering process.

The scale-up issue can be rationally solved applying the analy-
sis of similarities among different scales. These approaches, named
dimensional analysis, are based on the recognition that a mathe-
matical description of a physico-technological problem can be of
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general validity only when the process equation is dimensionally
homogenous, which means that it must be valid in any system of
dimensions (Zlokarnik, 2001).

Dimensional analysis has been used in the scale-up of a sev-
eral pharmaceutical processes, as blending, drying, granulation,
grinding, etc. and a large collection of literature in pharmaceutical
process scale-up can be found (Levin, 2001). However, dimensional
analysis is difficult to apply for some processes, as for example in
tableting. The scale-up of compaction shows several specific con-
cerns related exclusively to the compaction step and that cannot
be determined on a smaller scale, such as the compression speed
and the build-up of heat due to the length of the compaction oper-
ations (Schwartz, 2001). The speed problem can be solved using
specific devices, named “compaction simulators”, able to simulate
the high speed compaction processes, typical of a production rotary
machines, using small amount of material (Celik and Marshal, 1989;

0378-5173/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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Michaut et al., 2010; Picker, 2000). Concerning the influence of
the temperature increase on the compaction performance, at the
moment there is no way to simulate such an effect on a laboratory
scale.

Although the development of heat and the consequent increase
of temperature during tableting is a phenomenon recognized since
the 60′ (Hanus and King, 1968), and afterwards deeply investi-
gated with several techniques and theoretical models (Bechard
and Down, 1992; Buckner et al., 2010; DeCrosta et al., 2000, 2001;
Kapoor and Nemat-Nasser, 1998; Ketolainen et al., 1993; Klinzing
et al., 2010; Travers and Merriman, 1970; Zavaliangos et al., 2008),
there have been only few studies devoted to its influence on the
compaction process and on tablet properties (Rouéche et al., 2006;
Van Der Voort Maarschalk et al., 1997). All these studies showed
a relevance of the imposed temperature on the mechanical prop-
erties of the prepared tablets, even if only model materials were
analysed. In fact, in these works, no real tableting excipient or active
compound was tested, but only a new synthesized copolymer (Van
Der Voort Maarschalk et al., 1997) and a generic organic powder
(Rouéche et al., 2006) were considered. Moreover, none of these
works was intended to simulate the increase of temperature that
can be encountered during tableting on industrial scale, but they
were aimed to the understanding of how the temperature affects
the consolidation of a compound with specific properties.

The aim of this work is to simulate the rise of temperature
observed during the tablets manufacturing in a full production
scale, in order to evaluate the real effect of this parameter on
tablet properties, as a function of the different materials analysed
and the different pressure applied. To reach this goal, a laboratory
scale rotary tablet machine, as those used in R&D study, has been
modified to control the temperature and humidity of the internal
environment. The analysis has been performed on four tablet-
ing excipients, characterized by different chemical nature (organic
and inorganic), main consolidation behaviour (fragmentation and
deformation) and temperature sensitiveness (thermal transition in
a relatively low temperature range).

2. Materials and methods

2.1. Materials

Microcrystalline cellulose (Avicel PH-102 batch D7519C, FMC
BioPolymer, Brussels, Belgium), dicalcium phosphate dihydrate
(Emcompress batch 7031X, Penwest, Reigate, United Kingdom)
supplied by Loxer (Monaco), ammonio methacrylate copolymer
type B (Eudragit RS PO batch G071038159, Degussa, Darmstadt,
Germany) supplied by Rofarma (Gaggiano, Italy), poly ethylene
oxide 600,000 Da (Polyox WSR-205 batch D179533, Colorcon, Dart-
ford, United Kingdom) supplied by Colorcon S.r.l. (Gallarate, Italy)
and magnesium stearate (Acef, Fiorenzuola D’Arda, Italy). All the
materials were used as received.

Along the text the materials name will be reported with the
following abbreviation: MCC  for microcrystalline cellulose, PDC for
dicalcium phosphate dihydrate, EURS for ammonio methacrylate
copolymer type B and PEO for poly ethylene oxide.

2.2. Thermal analysis of powders

The thermal behaviour of all the powders was analysed using
a dynamic mechanical analyser (DMA 8000, Perkin-Elmer, USA),
equipped with a closed furnace. All the tests were performed
in bending mode, using single cantilever geometry and the
proper powder pocket (Royall et al., 2005). All the materials were
tested applying constant deformation amplitude (0.05 mm)  and

frequency (1 Hz), increasing the temperature from 25 to 150 ◦C at
a scanning rate of 3 ◦C/min.

All the tests were performed in triplicate.

2.3. Tableting machine set-up

An instrumented rotary tablet machine (FA/8, Ronchi, Cinisello
Balsamo, Italy) has been modified in order to control temperature
and moisture inside the working area.

The temperature is controlled by a Multisetpoint Controller
(DRR245, Pixsys) connected with an infrared thermometer
(EL301HT-X, Calex Electronics Limited) and a heating system com-
posed by a 400 W heater (HV 031, Stego Elektrotechnik) coupled
with a fan heater (4650Z, Ebm-Papst). The thermometer was  placed
in a vertical support inside the machine working area, facing the
die plate, while the heating system was placed in the machine
roof, with the heaters and the fan in the internal and external face,
respectively.

The moisture control was  assembled in a similar circuit, using a
controller of the same type of that used for temperature, connected
with a moisture probe (EE06, Pixsys) and a vapour generator. The
vapour generator was connected with the tableting machine work-
ing area using an insulated pipe passing through the aspiration line.
The scheme of the temperature and moisture control apparatus is
presented in Fig. 1.

Preliminary tests showed that temperature and moisture sys-
tems were able to control the temperature from ambient value up
to 60 ◦C and the moisture up to 55%.

The tableting machine was  also instrumented with load cells
for the force measurement and 4 LVDT trasducers (2 for the upper
punches and 2 for the lower punches) for the punches displacement
recording. More details on force and displacement devices set-up
and calibration procedure were previously described (Cespi et al.,
2008; Palmieri et al., 2005).

Preliminary test performed without the materials at 50% UR and
temperature of 25, 35 and 50 ◦C did not highlight any effect of the
environmental conditions, inside the working area of the tableting
machine, on the transducers and load cells transmission apparatus
(Figure SF1 in supplementary data).

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.ijpharm.2013.03.014.

2.4. Tablets preparation

Flat-faced compacts of 100 mg  and 6 mm of diameter were pre-
pared for all the materials selected using a rotary tablet machine
(FA/8, Ronchi, Cinisello Balsamo, Italy) instrumented as reported in
the previous section.

For each material at least 20 tablets were prepared working in
a continuous mode at 3 different temperatures of the die plate,
25, 35 and 50 ◦C, and 4 different levels of pressure, 60, 90, 140
and 200 MPa. All the runs were performed at a constant value of
moisture, 50%, and at a constant production speed, 20 rpm.

In order to avoid errors in the data interpretation, due to the
effect of water removal and not to that of temperature, all the
materials were previously tested in terms of weight variation when
stored in the environmental compaction conditions. None of them
showed remarkable weight variations (maximum values was  1.8%
for MCC, while all the others materials showed a maximum of
0.6%) up to 325 min  (Figure SF2 in supplementary data), a time by
far longer than that of powders stay inside the tableting machine
feeder.

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.ijpharm.2013.03.014.
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Fig. 1. Scheme of the sensors and devices used to control temperature and moisture inside the tableting machine working area.

Magnesium stearate was added to all the materials, except PEO
(it is a lubricant itself), in a percentage equal to 0.5%.

2.5. Tablets and compaction data analysis

All the produced tablets were characterized in terms of weight,
thickness and diameter (screw micrometre, Mitutoyo), hardness
(Hardness tester TBH30, Erweka) the day after the preparation.
The tensile strength (TS) of each tablet was determined using the
relationship proposed by Fell and Newton (1970):

TS = 2H

�Dt

where H is the tablet hardness, t tablet thickness and D the tablet
diameter.

The force and punches penetration data acquired during each
single compression cycle were processed in order to perform the
Heckel (Heckel, 1961a,b) and energy analysis (Nelson et al., 1955).
Details of data processing for Heckel analysis were previously
reported by the authors (Cespi et al., 2008; Palmieri et al., 2005),
while for the energy analysis it has been followed the procedure
based on the punches separation determination (Ragnarsson and
Sjögren, 1983, 1985).

To evaluate the effect of temperature on tensile strength, yield
pressure and energetic indexes all the data recorded at a certain
pressure were subjected to analysis of variance (ANOVA) followed
by the post hoc Tukey’s test. Statistical analysis was performed
using the software Minitab 15 considering a significance level of
0.05.

The results of statistical tests are reported on the graphs with
the following symbols:

*all the data measured at the three temperature levels are sta-
tistically different;

#only one set of data at one temperature level are statistically
different respect to the others.

The absence of symbols means that there are no statistical dif-
ferences among all the datasets.

3. Results and discussions

3.1. Thermal analysis of powders

The materials used for this study were selected according to
their chemical nature (organic or inorganic) and according to their
temperature sensitiveness. Particularly, PDC is an inorganic com-
pound while MCC, PEO and EURS are organic substances; moreover,
PDC and MCC  do not result to have any thermal transition in the
range 20–150 ◦C (except the loss of moisture for MCC) (Cunha-Filho
et al., 2007; Mura et al., 1995; Verma and Garg, 2005), whereas
PEO melts in the range 50–75 ◦C (Abiad et al., 2010; Windbergs
et al., 2009; Yang et al., 1996) and EURS goes through a glass tran-
sition at around 50–60 ◦C (Fujimori et al., 2002). All the thermal
data available concerning these materials, and also those of most
of the pharmaceutical materials, derive from differential scanning
calorimetry (DSC) studies, a technique which measures energetic
exchange between sample and ambient. DSC and its several vari-
ants (microDSC, HyperDSC, modulated DSC) represent the elective
techniques to detect and analyse materials thermal transitions.
However, these techniques do not allow to obtain data concern-
ing the effect of temperature or the impact of eventual thermal
transitions on materials mechanical properties, which represents
valuable information if the materials have to be tableted. For these
reasons, all the selected excipients were analysed using a dynamic
mechanical analyser (DMA). This technique detects any thermal
event capable of altering the mechanical properties of materials.
The DMA  results were analysed both in terms of storage mod-
ulus (E′) and tangent of the phase angle (tan d), as a function
of temperature. The last parameter highlights the prevalence of
the solid-like or liquid-like behaviour of viscoelastic materials.
Moreover, it allows the easy determination of the transition tem-
peratures since transitions appear as a peak. The storage modulus
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Fig. 2. Effect of the temperature on the (A) storage modulus E′ and (B) tangent of
phase angle tan d of all the different materials in powder forms determined during
a  dynamical mechanical analysis.

is instead related to the material stiffness, and a transition appears
as a step indicating the increase or decrease of the material rigidity
(Menard, 1999). DMA results are reported in Fig. 2. Storage modulus
(Fig. 2A) and tan d plots (Fig. 2B) confirm the DSC results found in
the literature for all the materials, showing that only PEO and EURS
are characterized by a thermal transition in the analysed tempera-
ture range, at 67 and 75 ◦C, respectively (the values are calculated as
the tan d peak temperature). Moreover, it can be observed that both
the transitions determine a reduction of materials stiffness, more
pronounced for the EURS with respect to the PEO. For the EURS,
the transition observed is also wider in terms of temperature inter-
val, beginning at around 35 ◦C and ending at around 100 ◦C. The
slight reduction of E′ as the temperature increases for MCC  and
PDC seems deriving from the aluminium pocket and not from the
materials, as deducible comparing the slopes of the empty pocket

(3.3 × 1010 Pa/◦C) with those of the materials (2.1 × 1010 Pa/◦C and
2.0 × 1010 Pa/◦C for MCC  and PDC, respectively)

3.2. Compaction data analysis

The four materials were selected also according to their different
compaction behaviour. MCC  and PEO represent two ductile mate-
rials (Celik and Marshal, 1989; Palmieri et al., 2005; Picker-Freyer,
2006; Yang et al., 1996) while PDC is a typical brittle excipient
(Celik and Marshal, 1989; Doldán et al., 1995; Palmieri et al., 2005).
In the literature there are no data regarding Eudragit RS com-
paction behaviour; however, results obtained with different type of
Eudragit (Emeje et al., 2007; Tatavarti et al., 2008; Yap et al., 2008)
suggest a probable predominant deforming mechanism.

The materials compaction behaviour was determined using the
Heckel and energy analysis.

Heckel analysis relates the variation of powder bed porosity (�)
with the applied pressure (P), according with the following equa-
tion:

−Ln � = KP + A

Heckel equation represents a straight line where K is the slope
and A is the intercept. The reciprocal of K is called mean yield pres-
sure (Py) and, for data acquired “at pressure” (also called “in die”
method) as in this case, represents an estimation of the materials
ductility (Duberg and Nyström, 1986; Fell and Newton, 1971). The
linear fitting of the Heckle equation was performed in the pres-
sure range determined initially by visual inspection and then with
the method of residuals (Sonnergaard, 1999) selecting a maximum
allowed residual equal to 2%. The non-linearity of Heckel plots
(and sometimes the total absence of linearity) and the subsequent
necessity to determine a pressure range where the plot is linear,
it is frequently reported in literature (Abdel-Halim et al., 2011;
Celik and Marshal, 1989; Fell and Newton, 1971; Pedersen and
Kristensen, 1994; Sonnergaard, 1999; Tatavarti et al., 2008). This

Fig. 3. Effect of the temperature and compression pressure on the yield pressure (Py) values derived from Heckel analysis for all the different materials tested. To easily
compare materials with different ductility and consequently Py, the y-axis is set to show a Py range of 60 Mpa. Symbols * and # refer to statistical significance as reported in
Section 2.5. Tablets and compaction data analysis.
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Fig. 4. Heckel plots of microcrystalline cellulose and Eudragit recorded at different pressure and temperature. The pressure value near the sample name in top the left corner
represents the maximum pressure applied.

feature is commonly considered as the consequence of the presence
of other densification mechanisms respect to deformation.

Yield pressure values derived from Heckel analysis are reported
in Fig. 3. Py data are similar to those reported in the literature for the
analysed materials (Celik and Marshal, 1989; Doldán et al., 1995;
Emeje et al., 2007; Palmieri et al., 2005; Picker-Freyer, 2006; Yang
et al., 1996; Yap et al., 2008) confirming that MCC, PEO and EURS
are materials characterized by high ductility, on the contrary PDC
got dense through other mechanisms. The results clearly show the
effect of the temperature. For the materials characterized by a ther-
mal  transition at low temperature, that is PEO and EURS, the Py
values are visibly dependent by the test temperature, specifically
there is a reduction of Py values indicating an increase of materials
ductility as the temperature increases. In the case of PDC (Py value
for the pressure of 60 MPa  were not measured since the traces are
completely curvilinear), which is not a ductile material, the tem-
perature does not influence the yield pressure. For MCC, the results
show an intermediate situation. Indeed, there is a slightly reduction
of Py values noticeable only when the temperature was  at 50 ◦C as
confirmed also from statistical tests. According to these results, it
seems that the temperature plays an important role only for mate-
rials that undergo a thermally induced transition of relevance for
their mechanical properties, while it becomes less important for
ductile materials and irrelevant for brittle materials.

The effect of temperature it is also visible comparing Heckel
plots as reported in Fig. 4 for MCC  and EURS. For the EURS samples,

at 200 MPa  and at the temperatures of 35◦ and 50 ◦C, the −ln �
moves towards infinite values when the pressure approaches the
maximum value. This result was  observed also for PEO samples
at the pressure of 200 and 150 MPa  for all the temperatures (data
not shown), moreover also MCC  seems to begin a similar process.
An infinite values of −ln � means a negative values of porosity,
that is a relative density higher than 1. Similar results are reported
in the literature for acetylsalicylic acid (Pedersen and Kristensen,
1994), hydroxypropyl methylcellulose and Eudragit (Tatavarti
et al., 2008). Such a phenomenon was  explained by Pedersen and
Kristensen (1994) in terms of variation of materials true density
during compaction at high pressure. This effect was observed only
for PEO and EURS, the only two materials characterized by thermal
transitions at low temperature, supporting the hypothesis that the
variation of material’s true density during compaction is the cause
of the −ln � infinity values. In fact, it is known that the transition
from a phase to another, solid-liquid for PEO and glassy-rubbery
for EURS, is associated with a change of the thermodynamic
parameters such as volume, specific volume, density and heat
capacity (Abdel-Halim et al., 2011).

Energy analysis is based on the measurement of the energy
involved during the compaction and the decompaction phase
determined through integration of the force-punch separation
plots. The energy measured during the compaction phase repre-
sents the work performed by the two punches on powder bed and it
is called total energy or gross energy. The energy determined during
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Fig. 5. Effect of the temperature and pressure on the net and elastic energy values
derived from energy analysis for all the different materials tested. Symbols * and #
refer to statistical significance as reported in Section 2.5. Tablets and compaction
data analysis.

the decompaction phase is the work performed by the powder on
the two  punches and represents the material elasticity (it is called
elastic energy). The difference between compaction and decom-
paction work is the energy effectively employed by the tableting
machine to reduce the porosity of the powder bed and to form
bonds between particles. This kind of energy is usually referred as
net energy (de Blaey et al., 1971).

Plots of the net energy and elastic energy for all the materials
at all the different experimental conditions used are reported in
Fig. 5. The energetic indexes allow to easily discriminate the dif-
ferent materials. MCC  possesses the higher net energy and PDC the
lowest, while EURS and PEO are the most elastic samples. However,
the energetic indexes of the four materials do not show any vari-
ation after their compression at the different tested temperatures.
These results can be explained as a weak effect of the temperature
on the compaction work, or as a low sensitiveness of the energetic
indexes.

Tablet hardness is one of the first parameters checked during
the industrial manufacturing of tablets and provides an immediate
information concerning how the process is progressing. Variation
of tablets hardness during the manufacturing is a typical concern to
solve during the scale-up phase in order to avoid costly drawbacks
during the full scale process.

Tablets hardness, normalized as tensile strength, is reported
in Fig. 6. The materials show noticeable differences in terms of
mechanical resistance of the produced tablets, with MCC  and PEO
characterized by a higher tabletability. Moreover, the tabletability
data reveal also the effect of the temperature. The materials charac-
terized by thermal transitions at low temperature, namely PEO and
EURS, show an increase of tabletability as the temperature grows,
while MCC  and PDC are slightly or not at all affected by tempera-
ture. These results are in agreement with the Heckel analysis, which
it is also able to explain the increase of hardness as an increase of
material ductility as a function of temperature. Increase of ductility

Fig. 6. Effect of the temperature and pressure on the tensile strength values of the tablets prepared with all the different materials. In order to highlight the differences
on  tablets hardness, the tensile strength values are reported using two different scales for the materials with different tabletability. Symbols * and # refer to statistical
significance as reported in Section 2.5. Tablets and compaction data analysis.



Author's personal copy

326 M. Cespi et al. / International Journal of Pharmaceutics 448 (2013) 320– 326

improved the tabletability thank to the increase of mechanical and
chemical interparticle bonds. From the other side, energy analysis
is only able to explain the general trend of tablets hardness, failing
in discrimination on the effect of temperature.

In the case of PEO, the increase in tabletability can also be
attributed to a higher bounds formation through the mechanism
of cold welding.

4. Conclusion

The obtained results reveal that temperature represents a cru-
cial parameter for the manufacturing of tablets composed of
materials characterized by thermal transition at low temperature.
Particularly, these excipients showed a variation of tabletability as
a consequence of a different ductility at the different temperatures.

According to these results, a preliminary thermal analysis (DSC,
DMA, etc.) appears to be a useful tool in order to detect temperature
sensitive materials. However, thermal analysis does not provide
any information concerning the real effect of temperature on the
materials compression properties and on mechanical features of
tablets. Such information can be only obtained simulating the real
compaction process. Moreover, the knowledge of the influence of
temperature on the compaction behaviour of materials (Heckle
analysis) is valuable information to solve the concerns due to for-
mulation scale-up, improving the general robustness of the whole
production process.

Thus, a modified tableting machine, as that used in this work,
represents a powerful instrument in order to provide useful infor-
mation at an early stage, concerning any problems related to
temperature increase, during the development of tablets formu-
lations.
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