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Tablets are the most commonly used dosage form in the pharmaceutical industry, and their properties
such as disintegration, dissolution, and portability are influenced by their strength. However, in industry, the
mixing fraction of powders to obtain a tablet compact with sufficient strength is determined based on empiri-
cal rules. Therefore, a method for predicting tablet strength based on the properties of a single material is
required. The objective of this study was to quantitatively evaluate the relationship between the compression
properties and tablet strength of powder mixtures. The compression properties of the powder mixtures with
different plasticities were evaluated based on the force-displacement curves obtained from the powder com-
pression tests. Heckel and compression energy analyses were performed to evaluate compression properties.
During the compression energy analysis, the ratio of plastic deformation energy to elastic deformation ener-
gy (E/E,) was assumed to be the plastic deformability of the powder. The quantitative relationship between
the compression properties and tensile strength of the tablets was investigated. Based on the obtained rela-
tionship and the compression properties of a single material, a prediction equation was put forward for the
compression properties of the powder mixture. Subsequently, a correlation equation for tablet strength was
proposed by combining the values of K and E /E, obtained from the Heckel and compression energy analyses,
respectively. Finally, by substituting the compression properties of the single material and the mass fraction
of the plastic material into the proposed equation, the tablet strength of the powder mixture with different
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plastic deformabilities was predicted.
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Introduction

Powder compression is the molding process for tablets
during which pressure is directly applied to the powders. It
has been utilized in various industries, including pharmaceu-
ticals, ceramics, metals, batteries, and foods, because of its
simplicity and low-cost mass production.'”® Particle properties
such as shape, size, Young’s modulus, and plastic deformabil-
ity affect compact properties such as tablet strength and void
fraction.”” Tablet strength is a significant physical attribute
because it strongly affects other important tablet properties,
such as disintegration, dissolution, and portability. However,
in industry, empirical-rule-based trial and error techniques
are used to determine the mixing ratio of components, which
strongly affects tablet strength. Therefore, a method for pre-
dicting tablet strength based on the properties of a single
material is required. Tablet strength is related to the bonding
properties between particles, such as the average coordination
number of particles and plastic deformation. The relationship
between the remaining strain and the tablet strength is often
considered through numerical analyses using the finite ele-
ment method.'*!" The compression process induces significant
densification of the powder bed owing to particle rearrange-
ment and deformation. High compression pressure increases
both the coordination number and contact area between the

powder compression, tablet strength, elastoplastic mixture, heckel analysis, compression energy

particles.!”? Although the plastic deformability of individual
materials has been evaluated, studies focusing on the plastic
deformability of mixed powders and quantitative evaluation
methods are insufficient.

Powder compression involves the following four processes:
packing, compression, decompression, and ejection.*”'” Be-
cause tablet strength is affected by the coordination number
and contact area between particles during compression, pow-
der compression behavior analysis is important.'®!” A method
for predicting the capping tendency was proposed based on
the ratio of elastic to plastic energy obtained from compres-
sion energy analysis.”” Measurement of the die wall pressure
was also useful for estimating the capping tendency.?*? Four
elementary processes occur simultaneously during powder
compaction: rearrangement, elastic and plastic deformations,
and brittle fracture.”®*” Particle rearrangement is a phenom-
enon during which compression causes particles to move
to a stable position without deformation, thereby increasing
their coordination numbers.”® X-ray microtomography of the
compression process of the cohesive nanoparticles revealed
that the density distribution in the powder bed during packing
becomes uniform after compression.’” Particle deformation
can be divided into elastic and plastic deformation. During
elastic deformation, the particle returns to its initial shape
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after unloading, whereas plastic deformation is permanent.
The deformation of the powder beds and the plasticity depend
on the material characteristics. As high pressure is applied
to the powder beds, the powder bed undergoes densification
through brittle particle fracture caused by the compressive
force. These elementary steps occur simultaneously and are
influenced by the powder properties.*” In addition, powder
properties such as particle shape, size distribution, cohesive-
ness, Young’s modulus, and plasticity significantly affect the
structure of the compacts.**?

Particle plasticity strongly affects the compression proper-
ties. Several models have been proposed to describe the plas-
tic deformation of particles.*® The plastic stiffness of granules
also affects their compression behavior.* The compress-
ibility descriptors given by the representative compressibility
parameters, compressibility analysis, Walker equation, and
rearrangement index of Kawakita analysis have a linear rela-
tionship with the formulation of the binary mixture.*> Heckel
evaluated the plastic deformability of powder beds by focusing
on the relationship between relative density and compression
pressure.’® Heckel’s analysis is the most popular method for
evaluating the plasticity of powders.’*® Thus, despite the
effect of the mixing fraction of the powder on the compression
behavior, it was insufficient to predict the mixing fraction to
obtain the required tablet strength.

Therefore, the purpose of this study was to quantitatively
evaluate the relationship between the compression and tablet-
ability properties of powders composed of different materials,
with a particular focus on the particle plastic deformability.
The compression properties of the powder mixtures of differ-
ent materials with different plastic deformabilities were evalu-
ated based on the force—displacement (F—d) curves obtained
through powder compression tests. Heckel and compression
energy analyses were performed to evaluate compression
properties. In addition, the quantitative relationship between
the compression properties and tensile strength of the com-
pacts was investigated. Finally, a prediction equation is
proposed for the compressibility of mixed powders based on
the obtained relationship and the compression properties of a
single material.

Experimental

Powders Microcrystalline cellulose (MCC; CEOLUS®
PH-101, Asahi Kasei Corp., Japan), ascorbic acid (Asc; L-
ascorbic acid, Fuso Chemical Co., Ltd., Japan), acetaminophen
(AAP; ACETAMINOPHEN, BASF Japan Ltd., Japan), lactose
(Lac; Dylactoze® S, FREUND Corp., Japan), and ibuprofen
(IBN; IBUPROFEN, BASF Japan Ltd., Japan) were used.
MCC, Lac, and Asc were sieved to sharpen their size distribu-
tions, whereas IBN and AAP could not be sieved because of
their cohesiveness. The size distributions of the powders were
measured under dry conditions using a laser diffraction par-
ticle size analyzer (SALD-2100, SHIMADZU Corp., Japan).
The size distribution of powders was shown in Fig. 1. The
properties of the powder are listed in Table 1. p,. and Dy,
were the true density and median diameter of the particles, re-
spectively. The particle plasticity 4, was defined based on the
Edinburgh elastoplastic adhesion model for discrete element
method as follows:

— T — T — T
Powder Dy, [pm]
2wk MCC 94.4 _
- IBN 34.5
—o— Lac 85.6
§ L = AAP 63.2 i
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Fig. 1. Particle Size Distributions of Powders
Table 1. Properties of the Powders Used in the Study
MCC IBN Lac AAP Asc
2 [—] 0.75% 0.46% 0.724 0.66*Y 0.16
Pre [Kg/m’] 1566 1118 1555 1263 1694
A
ky
ky

Force, F'[N]

v

Displacement, d [mm]

Fig. 2. Force Curve of Powder Compression to Define &, and &,

_ ki
h=1-- ()

where &, and k, denote the slopes of the compression and de-
compression curves, respectively, as shown in Fig. 2. A mate-
rial with 4, = 0 is regarded as perfectly elastic. As the value of
4, approaches 1, the material shows high plastic behavior.
and k, were obtained from the nanoindentation results.

Two different powders were mixed in a mortar and pestle
with different mass fractions of plastic powder () as follows:

m
— p
Wp_

Myotal (2)
where m,, and m, are the total mass and mass of plastic pow-
der, respectively. W, ranged between 0 and 1.0. When MCC
was used as the plastic powder, Asc, AAP, Lac, or IBN was
used as the elastic powder. When Asc with the lowest 4, was
used as the elastic powder, Lac or IBN was used as the plastic
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Fig. 3. Schematic of Powder Compression Tester
powder. Finally, the mixed powders of MCC-Asc, MCC-AAP,
MCC-Lac, MCC-IBN, Lac-Asc, and IBN-Asc were prepared.
Powder Compression Test Figure 3 shows the powder
compression tester (PCM-500, DARTON Corp., Japan) used in
this study. It consists of a stepping motor, displacement sen-
sor, upper punch, lower punch, die, and a measurement system
for data collection. The inner diameter of die (2r) was 8.0 mm.
After 0.2g of powder was put into the die, the powder was
compressed by moving the upper punch. Changes in the upper
punch force (FU), lower punch force (F-), and powder bed
height (H) were continuously measured during the compres-
sion, pressure relaxation, and decompression processes. The
compression and decompression speeds were set to 0.1 mm/s.
The height of the powder bed was corrected considering the
equipment strain measured from the force curve without pow-
der. For each powder mixture, five compression tests were
performed.

Evaluation Methods

Heckel Analysis Heckel evaluated the plastic deformabil-
ity of powder beds using Eq. 3 focusing on the relationship
between the relative density at a certain time (p,,) and the
compression pressure (P).>®

1
In =KP+In—— ©)
1 —prel 1 = prel illing
Miotal
_ 4
Prel 72,7'2 H ( )

Here, p,q giings K, and r are the relative density at filling, the
unique constant value of powder, and the radius of the tablet,
respectively. Figure 4 shows the Heckel plot of the MCC,
where the curved area I represents the particle rearrangement,
and the linear area II represents the powder densification due
to the plastic deformation of the particles.*”” The value of K
is correlated with the inverse of the yield stress. A higher K
indicates that the powder yields easily or that it is easily plas-
tically deformed. Therefore, in this study, we evaluated the
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Fig. 4. Heckel Plot of MCC to Define the Powder Plastic Deformation
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Fig. 5. Schematic of the Compression Energy Analysis from F—d Curve

slope K of area II as the plastic deformability of the powder.

Energy Analysis of Powder Compression A prediction
method was proposed for the capping tendency based on the
ratio of elastic to plastic energy obtained from compression
energy analysis.*” Figure 5 shows a schematic of the com-
pression energy analysis of F'—d curve. The curves OA and
OD represent the compression curves of the upper and lower
punches, respectively. Curve AB represents the force curve
of the upper punch during decompression. The total energy
of the powder compression was divided into the elastic defor-
mation energy, plastic deformation energy, and the frictional
work of the powder. The ACBDA area (green area) represents
the elastic recovery energy (E,). The OADO area (grey area)
represents the loss of pressure transfer between the upper and
lower punches, which was regarded as the frictional work
(FW). The remaining area OBDO (red area) represents the
plastic deformation energy (£,). The ratio of the plastic to
clastic energy (E/E,) was calculated to evaluate the plastic
deformability of the powder bed.

Tensile Strengths of the Tablets The tensile strengths of
the tablets obtained from the powder compression test were
evaluated using a tablet-breaking hardness tester (TH-203MP,
Toyama Sangyo Co., Ltd., Japan). Force was applied in the
radial direction of the tablet, and the force required to break
the tablet (F/,) was measured to calculate the tensile strength
(o) from Eq. 5.
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where T is the tablet thickness.

This study investigated the relationship between the plastic
deformability of a mixed powder and the tensile strength of a
tablet.

Results and Discussion

Plastic Deformability of Elastic and Plastic Powder
Mixtures The plastic deformabilities of the elastoplastic
powder mixtures were evaluated using Heckel and compres-
sion energy analyses. Figure 6 shows the relationship between
the mass fraction of the plastic particles (/#,) and the value of
K calculated from the Heckel plot. The left and right ends of
the graph show the value of K of the raw powders of elastic
and plastic materials, respectively. The value of K increased
in the following order: Asc <Lac<<AAP <IBN<MCC. The
order was not similar to the trend for 4, listed in Table 1. The
result indicated that 4, which is the plastic deformability of
particles, do not always express the plastic deformability of
powder. Furthermore, the plastic deformability of the powder
was affected by other particle properties such as particle size.
Overall, K increased with increasing W,. The value of X in-
creased significantly, especially when MCC was used as the
plastic powder, owing to the greatest plastic deformability of
MCC among those of all the powders. In contrast, the IBN-
Asc and Lac-Asc conditions indicated a small change in K.
This small effect of mixing occurred because the value of K of
Asc was similar to those of the two powders.

EJE, was calculated from the F—d curves of the powder mix-
tures. Figure 7 shows the relationship between E/E, and W,
The order of the E/E, was Asc <AAP <Lac<IBN<MCC,
similar to the trend observed for K. The overall trend was
a nonlinear increase in E/E, with W, whereas K increased
linearly with W,. In particular, linearity was low when Asc
was the elastic material. As the compression energy analysis
included the particle rearrangement process, this nonlinear be-
havior could be attributed to the effect of powder flowability.
When the powder flowability was low, the packing structure
became loose. Particle rearrangement actively occurred in
the loose packing structure. The deformation of the powder
due to rearrangement was not recovered by decompression.
Therefore, the deformation of powder layer caused by rear-
rangement was considered as plastic deformation energy in
the compression energy analysis. When the plastic deform-
ability of the particle was large, the influence of the plastic
deformability of the particles on E/E, was significant. How-
ever, when the plastic deformability of the powder layer was
small, the influence of the rearrangement on E /E, was large.
From the above, the linearity of the change of E/E, in the
case of MCC used as the plastic material increased compared
to that of Asc used as the elastic material, owing to the plastic
deformability of the particles.

Thus, the plastic deformability of the raw powder affected
that of the two-component powder mixture. Furthermore, the
large difference in plastic deformability resulted in a remark-
able influence.

Relationship between Powder Plastic Deformability and
Tensile Strength Figure 8 shows the relationship of ¢, with
K and EJE, of the elastoplastic mixtures of powders. Both
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Fig. 6. Relationship between the Mass Fraction of Plastic Powders W,
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Fig. 7. Relationship between the Mass Fraction of Plastic Powders 17,
and E /E,

plastic deformability (K and E/E,) were highly correlated
with the tensile strength. As mentioned in many reports, high
plastic deformability resulted in the high tensile strength of
the tablet. The coefficient of determination (R?) of EJE, (0.88)
was smaller than that of K (0.90) because E/E, included the
particle rearrangement process. The relatively high correla-
tion observed in this study could be attributed to the use of
powders of similar sizes and densities. Further investiga-
tion is necessary when materials with significantly different
properties are used. In summary, the prediction of the tensile
strength of tablets using these different evaluation methods
should be improved. Therefore, because both evaluation meth-
ods were highly correlated with the tensile strength to some
extent, a combination of the two indicators may be used to
provide highly accurate predictions.

Since there was a linear relationship between K and E JE,
and o,, it was assumed that there was also a linear relation-
ship between the combined plastic deformation parameter and
o,. The product of powers of the variables was used as the
composite plastic deformation parameter, as in the dimension-
less parameters of the dimensional analysis. o, was described
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and (b) E/E, of the Elastoplastic Mixtures of Powders

using E/E, and K as Eq. 6. The coefficients a,, a,, a3, and a,
were appropriately determined to obtain a straight line be-
tween the measured o4 and f (E/E,, K) by the least squares
method. The resulting prediction equations are expressed in
Eq. 7, which relates tensile strength to the plastic deformabil-
ity of the powder. The exponent £ /E, was smaller than K but

P
larger than 0; hence, it could not be neglected.

04= a1(Ey/E)" (K)" + a4 (©)

0a=50.61(E,/E.)"*¥ (K)*77 —1.242 (7)
Figure 9 shows the relationship between the tensile strength
obtained from experiments (o, and calculation (o, ,) using
Eqgs. 6 and 7. The coefficient of determination was 0.986,
which was higher than those for £,/E, or K. The combination
of E/E, and K demonstrated the relationship between the plas-
tic deformability and tensile strength of the mixed powders
with high accuracy.

Prediction of the tensile strength of the tablets composed of
elastic and plastic powder mixtures

Using Eq. 7, the tensile strength of the tablets can be pre-
dicted once EJE, and K values of the mixed powder are pre-
dicted from the compression properties of the raw powder. In
this study, we assumed that £ /E, and K of the mixed powder
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Fig. 9. Relationship between the Experimentally Obtained and Calcu-
lated Tensile Strength Values o, and o, ,, Respectively
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Fig. 10. The Relationship between g, and o,

could be calculated from the relationship between the plastic
deformability of the raw powder and ¥, as shown in Egs. 8
and 9.

(Ep/Ee)mix:(Ep/Ee)pXWp+(Ep/Ee)ex(l _Wp) (8)

Kunin = Ky X W, + KX (1-W,) )
The subscripts mix, p, and e indicate mixed powder, plastic
particles, and elastic particles, respectively. Figure 10 shows
the relationship between the experimental and calculated
tensile strength values obtained by substituting (£,/E,),;, and
K., into Eq. 7. Because the correlation coefficient exceeded
0.9, the assumptions in Egs. 8 and 9 could be applied. Table
2 lists the coefficient of determination. The calculated values
under the conditions using MCC as a plastic material had a
good agreement with the experimental values since the co-
efficients of determination were over 0.95. In contrast, the
coefficients of determination using Asc as an eclastic material
was quite low, owing to small tablet strength. Since tensile
strength of the tablets under the conditions in which Asc
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Table 2. Coefficients of Determination under the Conditions Using Dif-
ferent Powder Mixtures

Powder Coefficient of determination
MCC:IBN 0.963
MCC:Lac 0.983
MCC:Asc 0.951
MCC:AAP 0.988
IBN:Asc 0.688
Lac:Asc —3.312
6 — — T T T T T
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sk ® -- MCC-IBN
s \ - MCC-Lac
S [ MCC-Asc _s®
E 4 F X -- MCC-AAP ’,,’,’
~ } ¥ --IBN-Asc N\
= -
T 3| ® -- Lac-Asc - ,"g
§ ! - /,!‘/ e -
2 T R
o 2k -7 A
z2 & o
=] SO ¥ ___i,-—""
0"""’.::1__‘—1 ® , ¢
0 0.2 0.4 0.6 0.8 1

Mass fraction of plastic particles, W, [-]

Fig. 11. Comparison between the Experimental Tensile Strength and
Predicted Lines as a Function of the Mass Fraction of Plastic Powders for
Different Powder Mixtures

was used as the elastic material was extremely small, tablet
strength prediction was not necessary for practical purposes.
The results indicated that the plastic deformability of mixed
powders can be predicted based on the plastic deformability of
a single material.

Finally, the tensile strength of the mixed powder was pre-
dicted using oy, and W,. Figure 11 shows the experimental
and predicted tensile strengths as functions of the plastic pow-
der mass fraction for different powder mixtures. Although the
predicted lines when using Asc as the elastic material indicat-
ed values different from the experimental values, the predicted
lines when using MCC as the plastic material concurred well
with the experimental ones. Thus, the tensile strength of a
powder mixture can be predicted based on the compression
properties of a single-component powder material when a
highly plastic material is used. The obtained findings suggest-
ed that the mass fraction of the powder mixture had a signifi-
cant effect on tensile strength. The tablets in actual industry
often contain tiny amount of a lubricant. The prediction equa-
tion in this study should be applicable even when a lubricant
is added because the mass of a lubricant is small.

This result provides a quantitative indicator of the ideal
mass fraction for forming a tablet with sufficient strength
composed of a mixture with different plastic deformabilities.

Conclusion
The compression properties of the powder mixtures
with different plastic deformabilities were evaluated. When

particles of high plastic deformability were used, the plastic
deformability of the powder was also high. A correlation
equation was proposed for the tablet strength by combining
K and E/E, obtained from the Heckel and compression en-
ergy analyses, respectively. Furthermore, by substituting the
compression properties of a single material and mass fraction
into the proposed equation, the tablet strength of a powder
mixture with different plastic deformabilities when using a
highly plastic material was predicted. This prediction equation
enables the easy determination of the mass fraction required
to produce tablets with the required tensile strength from the
powder properties of a single material.
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