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Abstract

The thermodynamic analysis of tablet formation includes the thermal and mechanical analysis during compression. The aim
of this study was to evaluate alterations of force—displacement data upon temperature rise as an indicator for changed excipi-
ent properties. The tablet press was equipped with a thermally controlled die to imitate the heat evolution from tableting on
an industrial scale. Six predominantly ductile polymers with a comparably low glass transition temperature were tableted
at temperatures ranging from 22-70°C. Lactose served as a brittle reference with a high melting point. The energy analysis
included the net and recovery work during compression, from which the plasticity factor was calculated. The respective results
were compared to the changes in compressibility obtained via Heckel analysis. Elevated temperatures reduced the necessary
work for plastic deformation for the ductile polymers, which was reflected in decreasing values for the net work of compac-
tion and the plasticity factor. The recovery work slightly increased for the maximum tableting temperature. Lactose showed
no response to temperature variations. Changes in the net work of compaction showed a linear correlation to the changes in
yield pressure, which could be correlated to the glass transition temperature of a material. It is therefore possible to detect
material alterations directly from the compression data, if the glass transition temperature of a material is sufficiently low.
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Introduction

Direct compression is a commonly known technique for the
manufacture of tablets. The mechanical strength of a com-
pact is dependent on the bonding strength from molecular
interactions and the established bonding area [1, 2]. During
a compression cycle, powder consolidation includes rear-
rangement, slippage, and elastic and plastic deformation as
well as fragmentation [1]. Sufficient tablet integrity therefore
requires energy input, which is partially lost to heat genera-
tion [3-5]. A significant temperature rise during tableting
has been proven in several studies [5-9]. Local tempera-
tures > 100°C have been discussed [10]. This might affect
the resulting tablet characteristics if the physicochemical
properties of a material are thereby altered [11].
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For the thermodynamic analysis of tablet formation, the
consumed work and generated heat during compression
have been subject to numerous studies. The thermal analy-
sis includes infrared thermography [6—8], calorimetry [9,
12—-15], and finite element analysis [5, 16]. Changes in tem-
perature arise from the conversion of mechanical to thermal
energy. The mechanical energy input can be derived from
force—displacement profiles, which provide detailed infor-
mation about a powder’s compression behavior [17-19].
Their shape is influenced by the material properties, the
tableting equipment, and the applied settings [20]. From the
calculated distance between the punches, the compact height
and porosity during compression can be evaluated simulta-
neously [21]. Several widely used compression equations
relate the porosity, or the respective relative density, to the
applied pressure [22, 23]. These methods, including Heckel
analysis, can be utilized to characterize the mechanistic
deformation behavior of materials. Although the temperature
might rise drastically during prolonged compression periods,
the influence of the generated heat on energy parameters has
rarely been studied. To serve this purpose, either the pro-
duction process needs to be run for a significant time or the
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powder has to be heated before compression to mimic the
temperature rise on an industrial scale. Ketolainen et al. [6]
correlated the mechanical and thermal energy when a tablet-
ing process was run for a maximum of 65 min. The investi-
gation included microcrystalline cellulose (MCC) and dical-
cium phosphate dihydrate (DCPDH), which were tableted
with and without lubrication. While a drastic temperature
change could be observed for some formulations, the energy
parameters remained unchanged after an initial stabilization
period. It is unlikely, however, that MCC and DCPDH were
thermally affected by the evolving heat. For MCC, three
step transitions upon heating have been identified at 132,
159, and 184°C via differential scanning calorimetry [24],
while DCPDH also shows no event until it dehydrates above
100°C [25]. Those temperatures were clearly not reached
during the tableting procedure. Cespi et al. [26] analyzed the
temperature-dependent mechanical properties of four com-
mon pharmaceutical excipients using a fan heater within a
modified tablet press. Heckel and energy analysis revealed a
notable influence on the ductility of materials that undergo
a thermally induced transition, while there was no consider-
able effect on the calculated energy values. It was concluded
that either the effect was too weak or the investigation of
energetic indexes is not sufficiently sensitive. The results
were confirmed in a subsequent study investigating blends
of acetylsalicylic acid and polyethylene oxides with different
molecular weights [27]. In both studies, however, there was
either no thermal transition in the investigated temperature
range or it was only faint when the glass transition tem-
perature (T,) of a material was approached. In another study
of Partheniadis er al. [11], the elevated temperatures were
generated by a heating element, which was fitted to the die.
A decrease in the work of compaction for a polymer with a
T, close to the tableting temperature was noted, which was
explained with a decrease in friction as the material trans-
forms to the viscous state.

Hence, it appears reasonable to consider a polymer’s
thermal sensitivity when evaluating energy parameters. In
ductile materials, the Tg can be identified as a crucial param-
eter for compression experiments. Upon temperature rise,
polymers leave the rigid state and become more deformable,
as their molecular mobility increases [28]. This affects their
compressibility, which is the capacity of a powder to reduce
its volume upon pressure [29]. When the compressibility is
evaluated using Heckel analysis, a temperature-dependent
decrease in yield pressure (Py) has frequently been observed,
which is influenced by the Tg of a material [11, 26, 30, 31].
The reduced resistance against deformation promotes a
higher strength of compacts after tableting [10]. As in-die
Heckel analysis is derived from parts of the force—displace-
ment data, changes in Py should also be reflected in the
energy calculation.
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The aim of this study was to evaluate in-die compres-
sion data as a tool for changed excipient properties upon
temperature rise and their correlation to the T, of a material.
In contrast to a previous study, the equilibration time of the
powder within the die was kept short to mimic the tempera-
ture increase on an industrial scale [32]. The applicability
of the plasticity factor, as introduced by Stamm and Mathis
[33], was critically assessed for elevated temperatures. The
T, of all investigated polymers was within or closely above
the investigated temperature range.

Materials and Methods
Materials

The investigated excipients are listed in Table I. Lactose was
chosen as a mostly crystalline reference with a high melting
point and brittle compaction properties. All used polymers
have a comparably low T, and show predominantly plastic
behavior, which results from an amorphous or partially crys-
talline structure.

Methods
Particle Density

Particle densities were determined according to
USP < 699 > using helium pycnometry (AccuPyc 1330,
Micromeritics, USA) [36]. Measurements were performed
at25+0.1°C (n=3).

Powder Compression

Tableting experiments were conducted on a STYL One
Evo compaction simulator (Medelpharm, France), which
was equipped with a thermally controlled die. The detailed
set-up has previously been described [32]. Tableting was
performed maintaining a die temperature of 22, 30, 50, or
70°C, respectively, using flat-faced, round EuroD punches
with a diameter of 11.28 mm. All materials were stored in a
climate room (21°C, 45% r.h.) for at least 7 days before pro-
cessing. After lubricating the die with a brush, it was filled
gravimetrically due to the low bulk density of the excipients
(tablet weight ~350 mg). Between the end of filling and
the start of a tableting cycle, a time period of 2-3 s was
exemplarily monitored. All excipients were compressed at
250 MPa maximum compression pressure with an acquisi-
tion frequency of 10 kHz (n=3). The tableting speed was set
to 25% in force mode (1-compression), which corresponds to
an average upper punch speed of 15 mm/s and lower punch
speed of 39 mm/s.
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Table| List of the Investigated Excipients

Trade name Abbreviation Chemical composition Supplier T/°C

Flowlac® 100 FL a-Lactose monohydrate Meggle (Germany) 216™*

Kollidon® SR KSR Polyvinyl acetate, polyvinylpyrrolidone, sodium lauryl sulfate, BASF (Germany) 42 &%
and silica (ratio 8:1.9:0.08:0.02)

Eudragit® E PO EPO Copolymer of N,N-dimethylaminoethyl methacrylate, methyl Evonik Industries (Germany) 49 &*
methacrylate, and butyl methacrylate

Eudragit® RS PO RS Copolymer of ethyl acrylate, methyl methacrylate, and meth- Evonik Industries (Germany) 58 &*
acrylic acid ester

Eudragit® RLPO  RL Copolymer of ethyl acrylate, methyl methacrylate, and meth- Evonik Industries (Germany) 70 £*
acrylic acid ester

Soluplus® SP Copolymer of polyvinyl caprolactam, polyvinyl acetate, and poly- BASF (Germany) 75 &%
ethylene glycol

Nisso HPC SSL SSL Hydroxypropyl cellulose Nippon Soda (Japan) 82 &k

Parteck® LUB MST - Magnesium stearate Merck 140 ke

(Germany)
m, Melting; g, Glass Transition “[32], **[34], ***[35]
Compression Analysis “ln(e) = %P A @

Compressibility The compressibility of all materials was
investigated using in-die Heckel analysis, where the nega-
tive natural logarithm of the in-die porosity (¢) of a tablet
is plotted against the applied compression pressure. £ was
calculated from the in-die solid fraction (SF):

e=1-SF (1

with

o pl—5% )
Pplms] @

SF contains the tablet density p, and the particle density p,,,
which was determined as described in the “Particle Density”
section. The tablet density was obtained from the tablet weight
w after ejection and the tablet volume V during compression:

_ wlmg]
T VIimm3)

3

The data pre-processing and evaluation was executed
with an in-house written Python 3.9 program (EvTab 1.6.3.),
where a threshold of 1 MPa for the upper punch indicated
the starting point of the compression cycle. The mean yield
pressure (P)) was identified by linear regression of the linear
region, which is located between the starting point and the
maximum compression pressure of the respective tableting
cycle. P, can be obtained from the reciprocal slope of the
regression line using Eq. 4:

y

where P is the applied pressure in MPa and A is the y-axis
intercept. The linear region was identified using a recursive,
excluding algorithm, which was based on a coefficient of
determination limit for the linear, least square regression
via the stats.linregress algorithm of SciPy 1.7.2 of 0.988.
All measurements were performed in triplicate.

Energy Analysis The mechanical energy input of a tablet
machine can be derived from force—displacement measure-
ments. The force—displacement analysis of both punches was
calculated from the distance between the upper and the lower
punch (x) at any time during the compression cycle using an
in-house written Python 3.9 program (EvTab 1.6.3.). The
acquisition frequency was set to 10 kHz. Typically, the gross
energy input of one punch corresponds to the area under
the trace ABC (AUC 5., Fig. 1). It contains the dissipated
energy from friction (E,) and the compressive work (E,,,).
E,, is the sum of the net work of compaction E, (AUC ;)
and the elastic work E; (AUCpp) [37]. Hence, the following
relationships can be defined:

E, =AUC - —AUCppc 5
E2 =ECW_E3 )

The energy E, was calculated using the trapezoid rule
[18, 38]:
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B

Force / kN

Distance between Punches / mm

Fig. 1 Characteristic compression cycle with the associated energy
parameters

E, = / F(x) = dx — / F(x) * dx (6)

‘max min

where x,,,, is the distance between punches at which the
force F rises from O as a function of F(x) (Fig. 1, point A),
X,y 18 the minimum distance between punches (Fig. 1, point
C), and x,, is the punch separation when the force returns to
0 during decompression (Fig. 1, point D).

The relation between net work and compressive work can
be used to calculate the plasticity factor (PF) [33]:

E
—2 % 100% )
E, +E;

PF =

Tablet Characterization

The in-die elastic recovery was calculated by Eq. 8:

Fig.2 a P, versus homolo- 80+

gous temperature (mean +sd, 70 a -

n=3, except KSR;poc, n=1). L N ol -

b Change in Py versus T, at 60 - S~ . *.

250 MPa compression pressure
(mean, n=23)

Vr Vm
ER = —~ * 100% 8)

m

with the corrected minimal volume V,, [mm?] and the in-
die recovery volume V, [mm?]. Both were derived from the
die radius and the measured thickness values during com-
pression. The in-die recovery thickness is obtained during
decompression when the upper punch force is reduced to 0.

Results and Discussion
Compression Analysis

The compressibility relates the porosity reduction of a pow-
der bed to the applied pressure [36]. For Heckel analysis, it
is assumed that the volume reduction of a powder undergo-
ing plastic deformation follows first-order kinetics [39, 40].
Typically, the plot reveals a linear region described by Eq. 4,
which is enclosed by two curved sections in the low- and
high-pressure regions [41]. The reciprocal value of the slope
determines the yield pressure Py for the degree of plastic
deformation [42].

Previous studies included an equlibration time of 3 min
per tablet for each polymer [32]. This appears reasonable to
understand a material’s behavior under elevated tempera-
tures, but fails to mimic realistic conditions during tableting
if heat evolves over a prolonged time period. To serve that
purpose, the tableting cycle was started immediately after
filling the die. As the changes in P for FL were considered
to be negligible in previous studies, it was excluded from the
following investigation.

All polymers proved to be sensitive to elevated tempera-
tures (Fig. 2a). The plasticity of the materials is reflected in
low Py values at ambient conditions. The closeness of the
tableting temperature (T,) to the T, can be expressed by the
homologous temperature ? [10, 11]. KSR with the lowest

T, shows the highest sensitivity to elevated temperatures of
all polymers. P, decreases by 33 MPa comparing a

08 085 09 095
T /T,
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homologous temperature of 0.94 to 1.1, which corresponds
to tableting temperatures of 22 and 70°C, respectively
(Fig. 2b). The drastic change can be attributed to the soften-
ing of the material close to and especially above its T,. The
increased molecular mobility reduces the resistance against
deformation, which affects the resulting Py value. The
decrease in Py for EPO is surprisingly low. In previous stud-
ies with longer equilibration times, it was comparable to RS
and RL. Particle size distributions revealed an x5, value of
only 9+0.1 pm for EPO which might hinder a sufficient heat
transfer due to its low bulk density if the equilibration time
is short. The investigated RS and RL grades had x5, values
of 55+0.2 uym and 58 +0.7 um, respectively, which
improved the flowability of the powders during fillling [32].

The smallest change is observed for SP and SSL, which
have the highest T, of the investigated materials. The ;

value is below one for all tableting temperatures. Althougﬁ
the temperature can locally rise drastically due to friction,
the T, will not be exceeded prior to tableting [10]. The mate-
rial properties are therefore altered to a lesser extent. P, only
changes by 9 and 8 MPa, respectively.

The investigated polymers are sensitive to elevated tem-
peratures, even if the equilibration time is kept short. Poly-
mers with lower T,s are more sensitive than polymers with
higher Tgs [11,26, 31].

Energy Analysis
Force-Displacement Profiles

Apart from the tableting machine and settings, the shape of
force—displacement profiles is determined by material char-
acteristics [20]. In the beginning of a tableting cycle, inter-
particle slippage and rearrangement reduce the volume of the
powder bed at low consolidation pressures [43]. Afterwards,
elastic and plastic deformation as well as fragmentation of
materials lead to a significant force increase as the distance
between punches decreases. The available deformation
energy is impaired by energy lost through die-wall friction
and particle interaction within the powder bed [4]. During
decompression, the release of stored elastic energy by elastic
recovery compromises the created bonding area [1, 44]. The
remaining energy contains the residual stored elastic and the
plastic energy (E,, Fig. 1). The latter can be referred to as the
net work of compaction, which is used to plastically deform
particles. It has been stated in literature that E, might be
used as a surrogate for the tensile strength of tablets [21]. As
plastic deformation is irreversible during decompression, the
amount of stored energy within a tablet ensures a high bond-
ing area and therefore density of the compact.

For all investigated materials except FL, the force—dis-
placement profiles are altered when compression is per-
formed at elevated temperatures as the physicochemical
properties of materials change (Fig. 3a—g). FL served as a
predominantly brittle reference with a high melting point.
An increase in tableting temperature does not affect the
crystal structure and therefore the compaction properties of
the material (Fig. 3a). As was already observed in previous
studies, the material structure is barely affected by increased
temperatures, as the yield pressure does not change over the
investigated temperature range [32]. Accordingly, E, is the
same for all temperatures (Table II and Fig. 4a).

For ductile materials, the behavior is different. E,
decreases upon temperature rise (Table II and Fig. 4a).
The most prominent change can be observed for KSR and
EPO with the lowest Tgs of the investigated polymers. E,
decreases by 6.7 J from 14.6+0.0J to 7.9 + 0.8 J and by
3.8 J from 10.5+0.2 J to 6.7+0.2 J, respectively. Due to
the low T, of the polymers, the physicochemical properties
of the materials are altered the most. The increase in tem-
perature allows a softening of the materials, which enhances
molecular mobility and facilitates particle deformation [28].

In contrast, the net work of compaction for SSL decreases
by 1.7 J from 4.4 £ 0.1 J to 2.7+0.1 J only. As the T, of
SSL is higher than the maximum tableting temperature, the
applied temperature affects the polymer to a lesser extent.
The change in P, was also least pronounced for SSL, which
coincides with the observed findings (Fig. 2). The other
polymers can be classified in between these cases. These
results contradict the hypothesis that there is a direct rela-
tion between the size of the area E, and the tensile strength
of tablets. Previous studies showed an increase in tensile
strength for binary mixtures containing the same polymers at
elevated temperatures [32]. It appears accurate to state that
the required energy input for plastic deformation decreases
when the temperature increases.

A linear fit was performed for the obtained data using
the simple fit function from OriginPro to directly correlate
the change in E, from 22 to 70°C tableting temperature to
the T,. The decrease in E, shows good correlation to the
increase in temperature for a given polymer (Table IV). The
p-values of the slopes suggest that the increase in temperature
significantly affects the area E,. The slope for FL. was not sig-
nificantly different from 0. If the slope of the fit equations is
plotted against the T, of the respective materials, an exponen-
tial relationship is revealed (Fig. 4b). The lower the T, of a
polymer, the more pronounced is the decrease in E,. The only
point deviating from the exponential curve is RL (7,=70°C).
If this point is excluded from the fit, the adjusted coefficient
of determination (adj. R?) changes from 0.941 (blue line) to
0.991 (black line). The slope of the regression line depending
on T, can be described by the following equation:
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For RL, the slope is higher than expected considering
the high T, of the polymer, which means the temperature
influence on E, is greater than expected (Fig. 4b, blue
point). To investigate this phenomenon, the in-die elastic
recovery (ER) of the polymers was evaluated.

@ Springer

and RS upon temperature increase, while it stays the same
for RL. At a tableting temperature of 70°C, RL shows the
highest in-die ER of all materials (9.2%). As a result, E, is
compromised to a larger extent, which explains the higher
slope in the decrease of E,.
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Table Il Net Work of Compaction (E,) for the Investigated Materials
(mean + sd, n=3, Lower Punch)

Table lll Recovery Work (E;) for the Investigated Materials (mean +
sd, n=3, Lower Punch)

Material E,/J Material E;/J
22°C 30°C 50°C 70°C 22°C 30°C 50°C 70°C

FL 9.4+0.1 9.4+0.1 9.3+0.0 9.2+0.1 FL 0.6+0.0 0.6+0.0 0.5+0.0 0.5+0.0
KSR 14.6+£0.0 13.7+0.1 11.2+0.1 7.9+0.8 KSR 1.5+0.0 1.5+0.0 1.6+0.0 1.8+0.1
EPO 10.5+0.2 9.9+0.1 8.7+0.0 6.7+0.2 EPO 2.0+0.0 2.0+0.1 2.0+0.0 22+0.0
RS 9.7+0.0 9.4+0.1 8.6+0.2 7.3+0.1 RS 1.5+0.0 1.5+0.0 1.5+0.0 1.6+0.0
RL 10.1+0.0 9.7+0.0 8.7+0.0 7.3+0.2 RL 1.5+0.0 1.5+0.0 1.6+0.0 1.6+0.0
SP 9.4+0.0 9.0+0.1 8.4+0.0 7.5+0.1 SP 1.5+0.0 1.5+0.1 1.6+0.0 1.6+0.0
SSL 44+0.1 4.0+0.0 33+0.0 2.7+0.1 SSL 1.8+0.1 1.8+0.0 1.8+0.0 1.8+0.0

For the ductile materials, E; ranges from 1.5 to 2.0 J
at ambient conditions and stays similar up to 50°C tab-
leting temperature, which coincides with previous find-
ings (Table III) [26]. However, the in-die ER significantly
increases at 70°C tableting temperature for KSR. This is also
the case for E;, where this also applies to EPO (Fig. 4d). The
observed increase for KSR and EPO at 70°C tableting tem-
perature might be rooted in the drastic change of the elastic
modulus when the Tg of a material is reached [31]. It repre-
sents the rigidity and therefore resistance against deforma-
tion of a material. When the T, of a material is approached, it
initially decreases gradually but afterwards drastically when
the measuring temperature equals T, [31]. Lower elastic
moduli result in higher strain under the same stress [41]. As
the densification drastically increases, the available space for

plastic flow diminishes. Further application of force results
in increased elastic deformation and therefore stored elastic
energy when the T, is exceeded. The low T,s of KSR and
EPO favor the sensitivity of both materials.

For FL, the stored elastic energy is around 0.6 J for all
temperatures, as it deforms mainly by brittle fragmentation,
while elastic or plastic properties are negligible (Table 1V).

The analysis of force—displacement plots offers valu-
able insights into the alteration of material behavior upon
temperature rise. The sensitivity of the method proves
to be sufficient to detect alterations in ductile polymers.
While the T, plays a crucial role in the changes to be
expected, individual material behavior concerning aspects
such as elastic recovery needs to be considered to fully
characterize a material.
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Table IV Results of the Linear Fit for E, Versus T

Material Slope/J°C™! Intercept/] p-valueg,,. Adj. R
KSR -0.119 17.2 0.00090 0.993
EPO —0.068 12.0 0.00362 0.951
RS —-0.050 10.8 0.00161 0.994
RL —-0.053 11.3 0.00074 0.997
SP —-0.036 10.1 0.00107 1.000
SSL —-0.035 5.0 0.00227 0.979

Plasticity Factor

Plastic materials are able to create a large bonding area dur-
ing compression. In contrast to brittle materials, the local
stress exceeds the yield strength at an earlier stage, so that
created bonds are not significantly compromised by ER [1].
A large bonding area leads to a higher solid fraction and
mechanical strength. To calculate the plasticity factor (PF)
as described by Stamm and Mathis [33], E, is divided by the
sum of E, and E; (Eq. 7). The dependence of PF on the com-
pression force and speed has been subject to several studies
[20, 37, 45], as well as its dependence on the formulation
[46] and particle size [47].

Several studies have interpreted the PF as the amount of
plastic flow corresponding to material plasticity [20, 45-47],
while other authors refer to it as the necessary energy input
for plastic deformation [37]. The first interpretation seems
reasonable considering the frequently postulated correla-
tion to tablet strength [21]. When the temperature is raised,
the plasticity of a material increases [1, 48]. Indeed, little
recovery work during decompression leads to a high value
for the plasticity of a material, which favors mechanical
strength. Nevertheless, E, and therefore the net energy input
decrease upon temperature rise, although the increase in ten-
sile strength observed in previous studies indicates a higher
plasticity [32]. As E, is essential for the PF calculation, it
is likely PF behaves in a similar manner. All compressions

were performed with the same tableting set-up and pressure
to ensure comparable values.

The highest PF is obtained for FL at all tableting tem-
peratures (94.4-94.7%), although its plastic properties are
negligible (Fig. 5a). The brittle character of the excipient
leads to a high amount of fragmentation during compres-
sion. The behavior is the same for all temperatures. After the
maximum compression force is reached, the punch quickly
separates from the tablet during decompression due to the
lack of elastic recovery. The measured force almost initially
drops to 0, which lowers the size of the area E; (Fig. 3a). The
PF value is not able to distinguish plastic deformation from
brittleness, as ER can be small in both cases. In contrast
to brittleness, plastic deformation is time dependent, which
affects the distance between maximum compression pressure
and the maximum punch displacement [20]. In order to fur-
ther classify a material, both aspects need to be considered.

Ductile materials show a significant decrease in the PF
when the tableting temperature is raised (p-value < 0.05)
(Fig. 5a). The highest PF at ambient conditions is obtained
by KSR (90.6 +0.2%). This means that the area E, is not
compromised by a high ER (Fig. 4a). The other extreme is
SSL, where the area E, is already small at ambient condi-
tions. Therefore, the ER has a strong impact on the calcu-
lated PF. The recovery work, on the other hand, is rather
pronounced (Fig. 4d). Both aspects contribute to the low
value for the PF.

The assumption that increased temperatures lead to a
higher plasticity of polymers is not reflected in the PF calcu-
lation. As is shown in Fig. 4a, E, decreases with increasing
temperature, while E; remains constant or slightly increases
(Fig. 4d). This explains the overall reduction in the PF. As
the temperature is raised, the decrease in P, generates a
larger time frame for yielding and polymers become more
deformable. The necessary energy input for plastic deforma-
tion decreases and a higher solid fraction is attained after
compression. It appears reasonable to define the PF as the
necessary energy input for plastic deformation in the context

Fig.5 aPF versus T os5]a b .
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Table V Results of the Linear Fit for the Change in E, Versus the
Change in P,

Material Slope/IMPa™! Intercept/J Adj. R?
KSR 0.192 0.504 0.935
EPO 0.251 0.217 1.000
RS 0.115 0.174 0.997
RL 0.148 0.086 1.000
SP 0.215 —0.209 0.966
SSL 0.191 0.252 0.965

of the experimental data. However, the plasticity should
increase with increasing temperature. As the plasticity val-
ues decrease with increasing temperature, the direct correla-
tion of the PF with the plasticity of a polymer is misleading.

E, is strongly affected by the decrease in Py (Fig. 5b). A
relation is reasonable, as the data for in-die Heckel analysis
contains parts of the force—displacement measurements to
calculate the porosity of a material. FL is not depicted, as
the change in P, was not significant.

The linear fit reveals a high coefficient of determination
for the change in E, plotted against the change in P, when the
temperature is raised (Table V). Both values decrease with
increasing temperature. A reduction of Py leads to a lower
resistance against deformation and required energy input.

The calculation of PF proves to be useful to evaluate
changes considering the net and recovery work of compac-
tion. If alterations are observed in the force—displacement
profile of a tableting cycle, the PF change can be assumed
to directly correlate with the change in Py as it behaves in
the same manner as E,. However, the value should not be
confused with the true plasticity of a material or its amount
of plastic deformation. Although the plasticity is known
to increase with increasing temperature, the PF decreases.
Moreover, the highest PF value was obtained for a brittle
material. Its calculation is therefore unnecessary, as the
change in E, serves as a quick and sufficiently accurate indi-
cator for alterations of the required energy input.

Conclusion

The energy analysis proved to be a sensitive tool for ductile
polymers to detect temperature-dependent changes of the
tableting behavior. Upon temperature rise, the necessary
energy input for plastic deformation decreases, which is
reflected in both the net work of compaction and the plas-
ticity factor. The direct correlation of energy parameters
to calculated Py values from Heckel analysis confirms the
transferability to an alteration of material properties. The
alterations are especially pronounced if the T, of the used
polymers is low. Still, changes were also visible for polymers

with a T, > tableting temperature possibly due to the genera-
tion of higher temperatures in contact areas. However, the
calculation of E, should be preferred over the calculation
of the PF. It is therefore possible to identify temperature-
related changes directly from the compression data, which
is less time- and material-consuming than a thorough raw
data analysis on an industrial scale-up.
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