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Abstract 

The remaining tensile strength (the strength of tablets in 1-butanol divided by the strength in air) was used as a simplified 
measure of bonding by solid bridges and/or mechanical interlocking. The remaining tensile strength is believed to provide 
information about interparticulate bonding structure. Weak distance forces appeared to play an important role in the bonding of 
all compacts. Bonding by mechanical interlocking has been suggested as a possible bonding mechanism for dicalcium phosphate 
dihydrate and microcrystalline cellulose. Solid bridges develop during compaction of sodium chloride tablets. Sodium bicarbonate 
and sodium chloride have similar chemical structures and volume reduction behaviour. However, due to the more complex 
intraparticulate chemical structure, solid bridges probably do not develop to a large extent in sodium bicarbonate compacts. Weak 
distance forces are probably the most important bonding mechanism for lactose and sucrose. Decreasing particle size and 
increasing compaction load appear to decrease bonding by mechanical interlocking in materials where this type of bond is 
possible. Increasing particle size and compaction load in sodium chloride compacts facilitates the development of solid bridges. 
However, the compaction load and particle size do not seem to have any major effect on the bonding structure in lactose and 
sucrose compacts. © 1997 Elsevier Science B.V. 

Keywords: Bonding mechanism; Tablet; Dielectric constant; Liquid; Remaining tensile strength; Particle size; Compaction load; 
Volume reduction behaviour; Intraparticulate chemical structure 

I. Introduction 

The primary factors thought  to determine the tensile 
strength of a pharmaceutical  compact  are the strength 
of the interparticulate bonds and the surface area over 
which these bonds are active [1]. The forces believed to 
hold tablet particles together in a pharmaceutical  com- 
pact include distance forces, solid bridges and mechani- 
cal interlocking [2-4]. 
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Weak long range distance forces are considered to be 
the dominant  bonding mechanism for pharmaceutical 
materials. The strength of theses forces is affected by 
the type of  material, the distance between the molecules 
or particles and the surrounding medium [5]. Van der 
Waals forces are probably the most  common weak long 
range distance forces holding particles together, but 
hydrogen bonds may be important  for some materials, 
e.g. lactose, sucrose and microcrystalline cellulose and 
might therefore add to the strength of a pharmaceutical 
compact  considerably. Electrostatic forces are weak, 
probably not contributing to any large extent to the 
tensile strength of  a pharmaceutical compact  [1,6]. 
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Solid bridges may be defined as areas of true contact 
between particles, created by covalent or ionic bonds 
and/or weak long range distance forces that are active 
at a molecular or ionic level [7]. Solid bridges thus 
consist of the same types of bond as those occurring 
between molecules and ions within the powder parti- 
cles. It has been claimed that advanced diffusion (i.e. 
transport of molecules or ions) or melting of material 
on tablet particle surfaces during and after compaction 
is assumed to create solid bridges. This type of restruc- 
turing of material may take place at temperatures far 
lower than the melting point of the material [4,8] and 
may be caused by strong forces created locally on the 
particle surfaces during compaction. For this to occur, 
the original size of the particles in the tablet must be 
fairly large and the material should not be too prone to 
fragmentation during compaction [1]. Contact areas at 
a molecular or ionic level (solid bridges) may also be 
created by recrystallisation or restructuring of the mate- 
rial on the particle surfaces. This rearrangement may be 
facilitated by the presence of a liquid [9,10]. 

Interparticulate bonding by mechanical interlocking 
is possible for some materials. Particles with a rough 
texture and irregular shape are probably more liable to 
bond by hooking or twisting [2-4]. Mechanical inter- 
locking brings the particles into close proximity and 
facilitates the development of weak distance forces to 
further increase the tablet strength. Microcrystalline 
cellulose probably has the potential to bond by me- 
chanical interlocking [1]. 

Obviously, the chemical structure of the material is 
important in determining which types of interparticu- 
late attraction mechanism will be in force. The materi- 
als included in this study can be divided into three 
different groups according to their chemical structure. 

(a) Firstly, the particles may consist of simple ions 
building up an ionic crystal structure, e.g. sodium chlo- 
ride. 

(b) Secondly, the ionic material may consist of more 
complex ions held together by covalent bonds, e.g. 
hydrogen phosphate. The hydrogen phosphate ions 
may also form ionic bonds with other ions, e.g. calcium 
ions, building up the chemical structure of, in this case, 
calcium hydrogen phosphate. In these more compli- 
cated materials, bonding with hydrogen bonds and van 
der Waals forces may also occur. 

(c) In the third type of chemical structure, the mate- 
rial consists of molecules with intramolecular covalent 
bonds. The attractions between the molecules are van 
der Waals forces and hydrogen bonds. An example of 
such a material is sucrose. 

In the study of bonding mechanisms, different meth- 
ods of removing the interparticulate forces have been 
used. For example, it has been claimed that covering 
the tablet particles with magnesium stearate before 
compaction filters out the long range forces [1]. Com- 

paction in liquid [6,7] or soaking the compacts after 
compaction [11,12] in liquids with different dielectric 
constants may also remove weak long range distance 
forces. An increase in the dielectric constant of the 
liquid would result in lower surface energy and thus 
reduction of the strength of the weak distance forces 
[7,12]. Thus, the tensile strength of a tablet compacted 
in liquid with a high enough dielectric constant should 
then be due to solid bridges and/or mechanical inter- 
locking [6,7]. From two different studies carried out at 
our laboratory, it was concluded that a dielectric con- 
stant of 18 would filter out interparticulate weak long 
range distance forces without dissolving the materials 
included in this study. In these two papers [6,7] the 
theory behind strength reduction when compaction is 
performed in a liquid is discussed in more detail. 

The aim of this study was to investigate the effect of 
chemical structure, volume reduction behaviour, parti- 
cle size and compaction load on bonding structure, and 
further to evaluate the bonding mechanisms and the 
possibility of quantifying bonding type for some phar- 
maceutical materials. The bonding structure was stud- 
ied by compaction and strength characterisation in 
butanol and in air. 

2. Materials and methods 

2.1. Test materials 

The primary characteristics of the test materials are 
summarised in Table 1. Three size fractions (180-355 
pm, 90-180 ¢tm and 20-40 pm) of sodium chloride 
(crystalline, puriss, Kebo-lab, Sweden), dicalcium phos- 
phate dihydrate (Emcompress ® Edward Mendell Co. 
Inc., USA), lactose e-monohydrate (Svenskt socker 
AB, Sweden) and sucrose (crystalline, Svenskt socker 
AB, Sweden) were prepared. Two size fractions (90- 
180 pm and 20-40 pm) of sodium bicarbonate (crys- 
talline, puriss, Kebo-lab, Sweden) were prepared. The 
finest size fraction (20-40 pm) was obtained by milling 
in a pin disc mill (Alpine 63C, Alpine AG, Germany), 
except for preparation of sodium chloride where a 
mortar grinder (Retsch, Germany) was used. In order 
to obtain the finer size fractions, air classification 
(Alpine 100 MZR, Alpine AG, Germany) was under- 
taken after milling. The coarser fractions were prepared 
manually by dry sieving of the raw material with labo- 
ratory sieves (Retsch, Germany). Microcrystalline cellu- 
lose (Avicel ® PH101, FMC, USA) was used as the raw 
material was supplied. 

2.2. Characterisation of test materials 

The surface areas of the powders were characterised 
by permeametric methods [13,14] and the apparent 
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Table 1 
Primary characteristics of the test materials 

Material Size fraction (~m) Volume specific surface area (cm-~) Apparent particle density (g/cm 3) 

Sodium chloride 180 355 235 (3)" 2.152 (0.001)~ 
90-180 436 (0) a 
20-40 3168 (45) b 

Sodium bicarbonate 90-180 651 (4) a 2.214 (0.000) c 
20-40 4370 (17) 8 

Dicalcium phosphate dihydrate 180-355 757 (10) a 2.341 (0.002) ~ 
90 180 1068 (49) ~ 
20-40 5925 (185) b 

Lactose 180-355 392 (6)" 1.535 (0.001) c 
90-180 611 (2) a 
20 40 3909 (138) b 

Sucrose 180-355 265 (1)" 1.588 (0.000) ~ 
90-180 532 (5) a 
20-40 6937 (57) d 

Microcrystalline cellulose * 5773 (69) 8 1.571 (0.001) ~ 

Mean values for two or three measurements are presented, and the corresponding standard deviations are given in parentheses 
* Raw material used as supplied. 
a Determined using a transient permeameter [11]. 
b Determined using a Blaine permeameter [10]. 

Determined on the raw material using a helium pycnometer (Accupyc, 1330, Micromeritics, USA). 
d Determined using a Fisher sub sieve sizer (Fisher Scientific Company, USA). 

particle densities o f  all the mater ia ls  were de termined 
(Table 1). All powders  were s tored at 40% relative 
humidi ty  [15] for  at least 2 days  before  compact ion .  
The  liquid used for  compac t ion  and  strength character-  
isation, 1-butanol  with a dielectric cons tant  o f  17.8 [16], 
was o f  puriss quali ty (Kebo- lab ,  Sweden). A med ium 
with such a dielectric cons tan t  was assumed to filter out  
distance forces effectively wi thout  causing any signifi- 
cant  dissolut ion o f  the mater ia l  dur ing compac t ion  and 
s torage of  compac t s  [6,7]. The  dielectric cons tant  o f  air 
was assumed to be the same as in vacuum,  i.e. 1.0 [6]. 

2.4. Calculation of remaining tensile strength 

The remaining strength was calculated as the rat io of  
tensile s t rength in bu tano l  to tensile s t rength in air and 
was expected to be due solely to solid bridges and /or  
mechanical  interlocking. 

3. Results and discussion 

3.1. Material for which the intraparticulate structure is 
formed by ionic bonds (sodium chloride) 

2.3. Compaction and characterisation of tensile strength 

The  tablets  were compac ted  in a hydraul ic  press 
(Apex, UK) .  The  compac t ion  pressure was registered 
using a piezoelectric crystal.  C o m p a c t i o n  was per-  
fo rmed  in a chambe r  specially const ructed to allow the 
use o f  bo th  l -bu tano l  and air [6]. Table ts  were fo rmed  
at three different loads,  100, 200 and  250 MPa ,  and  the 
thickness of  the compac t s  was in all cases adjusted to 
3.0_+0.3 m m  by varying the a m o u n t  o f  material .  
Strength character isa t ion  by diametra l  compress ion  test 
(M30K,  Lloyd Ins t ruments ,  U K )  was pe r fo rmed  after  2 
days s torage in the same m e d i u m  as used for  com-  
pact ion,  and  the radial  tensile s t rength was calculated 
[17]. The  liquid was sa tura ted  with solid mater ia l  to 
prevent  dissolution of  the particles dur ing compac t ion ,  
s torage and  s t rength character isa t ion  of  the compacts .  

An increase in particle size resulted in a decrease in 
tensile s t rength bo th  in air and when compac ted  in 
liquid (Fig. 1 a). A decrease in particle size will p robab ly  
cor respond  to an increase in available bond ing  surface 
area,  irrespective of  the med ium surrounding  the tablet  
particles. 

A reduct ion in particle size seemed also to result in a 
decrease in remaining tensile s t rength (Fig. lb). Fo r  
tablets  p roduced  f rom coarse sodium chloride, the load 
applied during compac t ion  is concent ra ted  at quite a 
small n u m b e r  of  interpart iculate  contac t  points,  i.e. 
large stresses will be created locally. This  concent ra t ion  
of  stresses is believed to facilitate diffusion or move-  
men t  of  mater ia l  at particle surfaces, hence bonding  by 
solid bridges is especially p ronounced  for  the coarse 
fract ion o f  sodium chloride (Fig. lb).  These results are 
consistent  with those o f  Karehil l  et al. [22] but,  in that  
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study, the effect of compaction pressure was not stud- 
ied (all tablets were compressed at 150 MPa). This 
study indicates that the effect of particle size on the 
bonding structure of sodium chloride is also dependent 
on compaction load. 

An increase in compaction load resulted in an in- 
crease in tensile strength for all particle size fractions 
studied (Fig. l a). There was subsequently also an in- 
crease in remaining tensile strength with compaction 
pressure (Fig. 1 b). However, at 200 MPa the remaining 
tensile strength seemed to have reached a plateau, 
especially for the two coarser fractions. When the com- 
paction load is increased, the stress at the interparticu- 
late contact points is expected to increase. However, a 
corresponding increase in remaining tensile strength did 
not occur, which may indicate that the higher energy 
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Fig. 1. (a) Tensile strength as a function of compaction pressure for 
sodium chloride of different size fractions compacted in 1-butanol 
(closed symbols) and in air (open symbols). ((3) 20-40 pm, ([]) 
90-180/zm and (A) 180-355 pm. Confidence intervals for p = 0.05 
are given. (b) Remaining tensile strength as a function of compaction 
pressure for sodium chloride compacts (O) 20-40/zm, ( J )  90-180 
~m and (A) 180-355 pm. 

concentration at the interparticulate contact points is 
not used to increase the number and/or the strength of 
the solid bridges. Generally, sodium chloride is consid- 
ered to undergo volume reduction by plastic deforma- 
tion, as described by the yield pressure value [18], but a 
limit for plastic deformation may have been reached. 
The development of more and/or stronger solid bridges 
may not have been possible when the load was in- 
creased if all available interparticulate contact points 
were already involved in bonding by solid bridges• 

Another explanation for the levelling off in remain- 
ing tensile strength may be that when a coarse quality 
of sodium chloride is compacted at 250 MPa the parti- 
cles will be in close proximity to each other and the 
surrounding liquid may be squeezed out. Thus, the 
filtering effect of the butanol may be reduced as the film 
surrounding the particles is removed• This effect may be 
more pronounced for coarse sodium chloride which 
normally forms compacts of a rather low porosity 
[7,181. 

The simple ionic structure and the nonfragmenting 
properties of sodium chloride ought to favour creation 
of ionic bonds between particles during and after the 
compaction process• When the chemical structure of a 
material is quite simple it may be assumed that it is 
easier for the tablet particles to achieve the required 
orientation for creation of interparticulate ionic bonds 
[2]. The solid bridges in sodium chloride are likely to 
consist of ionic interparticulate bonds which form a 
continuous phase between the particles. 

3.2. Materials for which the intraparticulate bonding 
structure is formed by ionic bonds and weak distance 
forces (sodium bicarbonate and diealcium phosphate 
dihydrate) 

3.2.1. Sodium bicarbonate 
When compacted in air the tensile strength of the 

compacts of the finest size fraction was higher in abso- 
lute terms, but when compacted in liquid the strength 
was similar irrespective of particle size (Fig. 2a). The 
remaining tensile strength was low for both size frac- 
tions but lowest for the fine particulate size system (Fig. 
2b), indicating that the dominating bond type between 
particles for all particle sizes is weak distance forces. 

When sodium bicarbonate is compacted in air, the 
effect of compaction load on the tensile strength of the 
compacts is more pronounced than when compacted in 
liquid (Fig. 2a). The compaction load does not seem to 
have any significant effect on the remaining tensile 
strength, which seems to indicate that the reduced 
distance between particles does not result in strong- 
bonds (Fig. 2b). 

On the whole, sodium bicarbonate seems to have a 
limited ability to bond by solid bridges• This may be 
because the more complex chemical structure of bicar- 
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supplied by compaction of powdered fragmenting ma- 
terials will be transformed mainly to surface energy. 
Thus, energy will not be concentrated at interparticu- 
late contact points, high local stresses will not be cre- 
ated and movement of material at interparticulate 
contact points will probably not take place. 

The relatively high remaining tensile strength might 
indicate that dicalcium phosphate dihydrate bonds to a 
high degree by strong interparticulate bonds. Due to 
the fragmenting properties and the rather complex 
chemical structure of the material, bonding by solid 
bridges is not expected. 

Dicalcium phosphate dihydrate consists of granu- 
lated primary particles. These agglomerates are ex- 
pected to have a rough surface texture. Therefore, 
mechanical interlocking cannot be excluded [2-4] as a 
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Fig. 2. (a) Tensile strength as a function of compaction pressure for 
sodium bicarbonate of different size fractions compacted in 1-butanol 
(closed symbols) and in air (open symbols). (O) 20 40/zm and (El) 
90-180 #m, Confidence intervals for p = 0.05 are given. (b) Remain- 
ing tensile strength as a function of compaction pressure for sodium 
bicarbonate compacts (e) 20 -40 / tm  and (111) 90-180/~m. 

bonate ions tends to prevent the particles from ap- 
proaching each other in such an orientation that solid 
bridges can easily be developed [2]. 

Another contributing factor may be that sodium 
bicarbonate does not deform plastically to the same 
extent as, for example, sodium chloride [18,19]. 

3.2.2. Dicalcium phosphate dihydrate 
Generally, both an increase in compaction pressure 

and a decrease in particle size resulted in an increase in 
tensile strength with this substance (Fig. 3a). 

In this study, the remaining tensile strength, irrespec- 
tive of particle size, was higher than expected consider- 
ing the fragmenting properties of the material (Fig. 3b). 
When a material undergoes extensive fragmentation 
during compaction, the required conditions for creation 
of solid bridges are probably not established. Energy 
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Fig. 3. (a) Tensile strength as a function of compaction pressure for 
dicalcium phosphate dihydrate of different size fractions compacted 
in 1-butanol (closed symbols) and in air (open symbols). (O) 20-40 
~m, ([])  90-180/zm and (A) 180-355/~m. Confidence intervals for 
p = 0.05 are given. (b) Remaining tensile strength as a function of 
compaction pressure for dicalcium phosphate dihydrate compacts (Q) 
20-40/~m, (11) 90-180 pm and (A) 180-355 /zm. 
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possible interparticulate bonding mechanism. This ex- 
planation is supported by the effect of compaction 
pressure and particle size on remaining tensile strength, 
where a decrease in particle size or an increase in 
compaction pressure result in weaker interparticulate 
bonds (Fig. 3b). When the particle size of the material 
is reduced by milling, the agglomerates are fragmented. 
In this case, the primary particles produced are proba- 
bly more regular in shape. When the compaction pres- 
sure is further increased, a larger number of primary 
particles are produced. This creation of more regular 
particles is expected to counteract bonding by mechani- 
cal interlocking. 

Another, perhaps more probable, explanation for the 
high remaining tensile strength (especially at the lower 
compaction pressures) is that the absolute strength 
values both in air and in butanol are low and quite 
similar and the range of experimental results is quite 
wide (Fig. 3a). The ratio will then be sensitive to small 
changes in tensile strength, and the high remaining 
tensile strength at low pressures may be an artefact. 
Hence, due to the uncertainty in determination of the 
tensile strength, it is difficult to draw any general 
conclusions on the effect of particle size and com- 
paction pressure on the bonding structure for this mate- 
rial (Fig. 3b). 

The relatively complex chemical structure within the 
ions may also affect the interparticulate bonding struc- 
ture, as discussed for sodium bicarbonate. 

3.3. Materials for which the intraparticulate structure 
is formed by covalent bonds and weak distance forces 
(lactose, sucrose and microcrystalline cellulose) 

3.3.1. Lactose 
When compacted in air, an increase in tensile 

strength with a decrease in particle size was registered 
(Fig. 4). This increase could be explained by an in- 
creased surface area available for bonding [20]. Thus, 
the original particle size would appear to affect the 
tensile strength of lactose compacts. 

The strength of the compacts in butanol was zero (or 
too small to measure with the equipment used), irre- 
spective of particle size and compaction load (Fig. 4). 
Even though the particles will be in close contact when 
compacted at, e.g. 250 MPa, the liquid seems to be able 
to effectively screen off the interparticulate forces. 

The results seem to indicate that the only bonding 
mechanism for lactose is weak distance forces, and that 
bonding by solid bridges is unlikely for a-lactose mono- 
hydrate particles. 

3.3.2. Sucrose 
As expected, when sucrose particles are surrounded 

by air during the compaction process, an increased load 
resulted in a corresponding increase in tensile strength. 
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Fig. 4. Tensile strength as a function of  compaction pressure for 
lactose of  different size fractions compacted in l-butanol (closed 
symbols) and in air (open symbols). (O)  20-40 pm,  ([~) 90-180 pm 
and ( ~ )  180 355 pm. Confidence intervals for p = 0 . 0 5  are given. 

A decrease in particle size also caused tensile strength 
to increase (Fig. 5). 

When sucrose was compacted in butanol it was not 
possible to obtain any coherent compacts, i.e. the inter- 
particulate bonds could not develop when the particles 
were surrounded by butanol during and after the com- 
paction process, and consequently the remaining tensile 
strength was zero (Fig. 5). Neither the particle size nor 
the compaction load seemed to have any major effect 
on the remaining tensile strength of the compacts. 

These results indicate that sucrose compacts are also 
held together by weak distance forces, which are effec- 
tively screened off by the liquid. 

The similar behaviour of sucrose and lactose indi- 
cates that they bond with the same type of interparticu- 
late attractions. 
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Fig. 5. Tensile strength as a function of  compaction pressure for 
sucrose of  different size fractions compacted in 1-butanol (closed 
symbols) and in air (open symbols). (O) 20-40 pm,  (D)  90-180/~m 
and (A)  180-355 pm. Confidence intervals for p = 0.05 are given. 
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Fig. 6. (a) Tensile strength as a function of  compaction pressure for 
microcrystalline cellulose raw material (©) compacted in 1-butanol 
(closed symbols) and in air (open symbols). Confidence intervals for 
p = 0.05 are given. (b) Remaining tensile strength as a function of  
compaction pressure for microcrystalline cellulose compacts of the 
raw material (e). 

3.3.3. Microcrystalline cellulose 
The effect of particle size on bonding properties was 

not studied, due to the narrow particle size range of the 
raw material. 

An increase in compaction load affected the tensile 
strength of microcrystalline cellulose only when com- 
pacted in air. No effect of compaction load on tensile 
strength was detected when compacted in liquid (Fig. 
6a). There was a tendency for an increase in com- 
paction pressure to result in decreased remaining tensile 
strength (Fig. 6b). Due to the agglomerate structure of 
microcrystalline cellulose, fragmentation will take place 
during compaction and primary particles will be formed 
which will undergo further volume reduction by plastic 
deformation [21]. The primary particles are thus small 
and creation of a high energy centre will not take place 
since the load applied during compaction will be spread 
on a relative large number of interparticulate contact 
points. 

If it is assumed that the remaining strength reflects 
the bonding type, it seems that when the load is in- 
creased weak distance forces will develop and/or the 
bonding surface area will be decreased (Fig. 6b). At 
lower loads the irregular shape and surface texture of 
the particles will also make it possible for the particles 
to bond by mechanical interlocking• When the com- 
paction load is increased, it is believed that the particles 
will fragment or be flattened and will thus not be as 
irregular in shape and texture as before compaction. 
Consequently, bonding by mechanical interlocking may 
be reduced [22]. This may result in a decrease in re- 
maining tensile strength (Fig. 6b)• 

The chemical structure of microcrystalline cellulose 
indicates that the main bonding mechanism for the 
particles might be van der Waals forces. However, 
hydrogen bonds are also expected to have an important 
role. These bonds will probably be influenced by the 
presence of bt~tanol as discussed for lactose and su- 
crose. However, the remaining tensile strength does not 
decrease eventually to zero when compacted in butanol 
because of the hooking and/or twisting of particles. 

3.4. Quantification of bonding type Jbr some 
pharmaceutical materials 

At each compaction load, a percentage value was 
calculated for the remaining tensile strength (Table 2). 
This value was assumed to reflect the amount of solid 
bridging and/or mechanical interlocking between tablet 
particles. Due to the variations in experimental data 
expressed as confidence intervals (Figs. 1-6), the actual 
number should be interpreted with caution, but it might 
be possible to make a quantitative comparison among 
or within materials, e.g. to study the effect of particle 
size and compaction load on bonding structure. Gener- 
ally, the values are more reliable (especially for dical- 
cium phosphate dihydrate) at higher loads when the 
absolute values were larger• 

4. Conclusion 

By compaction and characterisation of the strength 
of pharmaceutical compacts in liquid and air, it is 
possible to obtain information about the bonding struc- 
ture within the compacts. However, in order to prop- 
erly evaluate the experimental data, knowledge of the 
chemical structure and volume reduction behaviour of 
the tested material is necessary. 

(1) The intraparticulate chemical structure of the 
material appears to be of importance for the interpar- 
ticulate bonding structure. A simple chemical structure 
seems to facilitate development of solid bridges during 
compression because it is easier for the particles to 
orientate in such a way that solid bridges can form. 
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Table 2 
Remaining tensile strength (i.e. a simplified measure of bonding by solid bridges and/or mechanical interlocking in compacts) for different particle 
size fractions compacted at different loads 

Material Size fraction (pro) Remaining tensile strength (%) 

100MPa 200MPa 250MPa 

Sodium chloride 

Sodium bicarbonate 

Dicalcium phosphate dihydrate 

Lactose 

Sucrose 

Microcrystalline cellulose 

180-355 46 78 77 
90-180 44 68 71 
20-40 20 57 77 

90-180 20 23 27 
20-40 10 11 14 

180-355 42 7 9 
90-180 51 34 28 
20 40 32 26 35 

180-355 0 0 0 
90-180 0 0 0 
20-40 0 0 0 

180-355 0 0 0 
90-180 0 0 0 
20-40 0 0 0 

Raw material 29 21 18 

This is exemplified by sodium chloride. Materials held 
together by different types of bonds seem to have a 
more heterogeneous structure, i.e. it is more difficult for 
these materials to develop the same bonding structure 
between particles as occur within particles, i.e. solid 
bridges will not be created to any large extent. 

(2) Another prerequisite for creation of solid bridges 
during compression seems to be that the material un- 
dergoes volume reduction by plastic deformation. If the 
material undergoes volume reduction mainly by frag- 
mentation, large stresses at interparticulate contact 
points will not be created. The energy then supplied 
during compaction will mainly be transformed to sur- 
face energy due to the increase in surface area taking 
place. 

(3) For the materials forming coherent compacts in 
butanol (except for materials which are believed to 
bond by mechanical interlocking), an increase in parti- 
cle size seemed to cause an increase in remaining tensile 
strength. The stresses created during compaction are 
concentrated at a smaller number of contact points, 
which increases the possibility of forming solid bridges. 

(4) An increase in compaction pressure also affects 
the bonding structure within the compacts. An in- 
creased load will increase the energy level at interpartic- 
ulate contact points during compression. These 
increased stresses may facilitate movement of material 
by diffusion, i.e. increase the mobility of the material. 
This effect is most important for particles which un- 
dergo plastic deformation during compaction, e.g. 
sodium chloride. 

(5) For materials consisting of irregularly shaped 
particles (agglomerates) it is suggested that a reduction 
in particle size and an increase in compaction pressure 
would make it more difficult for the particles to bond 
by mechanical interlocking. Smaller particles are proba- 
bly more regular in shape and an increase in com- 
paction pressure would then tend to fragment 
agglomerates or flatten irregularly shaped particles. Ex- 
amples of such materials are dicalcium phosphate dihy- 
drate and microcrystalline cellulose. 

Acknowledgements 

AB Astra, Sweden and the Knut and Alice Wallen- 
berg's Foundation are gratefully acknowledged for 
financial support. 

References 

[1] C. Nystrrm, G. Alderborn, M. Duberg, P.G. Karehill, Bonding 
surface area and bonding mechanism--two important factors 
for the understanding of powder compactability, Drug Dev. Ind. 
Pharm. 19 (1993) 2143-2196. 

[2] C. Fiihrer, Substance behaviour in direct compression, Labo- 
Pharma Probl. Tech. 25 (1977) 759-762. 

[3] C.G. Goetzel, Treatise on Powder Metallurgy, vol. 1, Inter- 
science (Wiley), New York, 1949, pp. 259-273. 

[4] S.S. Jayasinghe, N. Pilpel, C.F. Harwood, The effect of tempera- 
ture and compression on the cohesive properties of particulate 
solids, Mater. Sci. Eng. 5 (1969/1970) 287-294. 

[5] J.N. Israelachvili, D. Tabor, Van der Waals forces: theory and 
experiment, Prog. Surf. Membr. Sci. 7 (1973) 1-55. 



A. Adolfsson et al./ European Journal of Pharmaceutics and Biopharmaceutics 44 (1997) 243-251 251 

[6] P.G. Karehill, C. Nystrrm, Studies on direct compression of 
tablets XXI. Investigation of bonding mechanisms of some di- 
rectly compressed materials by strength characterization in me- 
dia with different dielectric constants (relative permittivity), Int. 
J. Pharm. 61 (1990) 251-260. 

[7] H. Olsson, ~,. Adolfsson, C. Nystrrm, Compaction and mea- 
surement of tablets in liquids with different dielectric constants 
for determination of bonding mechanisms--evaluation of the 
concept, Int. J. Pharm. 143 (1996) 233-245. 

[8] A.S. Rankell, T. Higuchi, Physics of tablet compression XV. 
Thermodynamic and kinetic aspects of adhesion under pressure, 
J. Pharm. Sci. 57 (1968) 574-577. 

[9] E. Shotton, J.E. Rees, The compaction properties of sodium 
chloride in the presence of moisture, J. Pharm. Pharm. 18 (1966) 
160S- 167S. 

[10] C. Ahlneck, G. Alderborn, Moisture adsorption and tabletting. 
I. Effect on volume reduction properties and tablet strength 
for some crystalline materials, Int. J. Pharm. 54 (1989) 131 
141. 

[11] D.R. Fraser, An investigation of some factors influencing tablet 
strength, in: A.S. Goldberg (Ed.), Proc. 1st Int. Conf. Com- 
paction and Consolidation of Particulate Matter, Powder Advi- 
sory Centre, London, 1973, pp. 149-154. 

[12] M. Luangtana-Anan, J.T. Fell, Bonding mechanisms in tablet- 
ting, Int. J. Pharm. 60 (1990) 197-202. 

[13] G. Alderborn, M. Duberg, C. Nystrrm, Studies on direct com- 
pression of tablets X. Measurement of tablet surface area by 
permeametry, Powder Tech. 41 (1985) 49-56. 

[14] M. Eriksson, C. Nystrrm, G. Alderborn, Evaluation of a perme- 

ametry technique for surface area measurements of coarse partic- 
ulate materials, Int. J. Pharm. 63 (1990) 189-199. 

[15] H. Nyqvist, Saturated salt solutions for maintaining specified 
relative humidities, Int. J. Pharm. Tech. Prod. Manuf. 4 (2) 
(1983) 47-48. 

[16] CRC Handbook of Chemistry and Physics, 68th ed., CRC Press, 
Boca Raton, FL, 1987-1988. 

[17] J.T. Fell, J.M. Newton, Determination of tablet strength by the 
diametral compression test, J. Pharm. Sci. 59 (1970) 688-691. 

[18] M. Duberg, C. Nystr6m, Studies on direct compression of 
tablets XVII. Porosity-pressure curves for the characterization 
of volume reduction mechanisms in powder compression, Pow- 
der Tech. 46 (1986) 67-75. 

[19] M. Eriksson, G. Alderborn, The effect of particle fragmentation 
and deformation on the interparticulate bond formation process 
during powder compaction, Pharm. Res. 12 (1995) 1031-1039. 

[20] H. Vromans, A.H. De Boer, G.K. Bolhuis, C.F. Lerk, K.D. 
Kussendrager, H. Bosch, Studies on tableting properties of lac- 
tose Part 2. Consolidation and compaction properties of differ- 
ent types of crystalline lactose, Pharm. Weekbl. 7 (1985) 
186-193. 

[21] R. Ek, G. Alderborn, C. Nystr6m, Particle analysis of microcrys- 
talline cellulose: differentiation between individual particles and 
their agglomerates, Int. J. Pharm. 111 (1994) 43-50. 

[22] P.G. Karehill, M. Glazer, C. Nystr6m, Studies on direct com- 
pression of tablets XXIII. The importance of surface roughness 
for the compactability of some directly compressible materials 
with different bonding and volume reduction properties, Int. J. 
Pharm. 64 (1990) 35-43. 


