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ABSTRACT

The mechanical strength of a compact is dependent on the material, its dimensions, the 

method of testing and the method of formation. In order to study the influence of shape upon 

the mechanical strengths of tablets, circular Avicel PH 102 specimens of differing face- 

curvature and cylinder length were prepared at different compaction pressures and their 

fracture loads were assessed by diametral loading. As a standard procedure, the tensile 

strength of the tablets, which was determined from their fracture load values, was used to 

compare all the tablets. Optimum face-curvatures and cylinder lengths to produce the strongest 

tablets were found.

The ability of the bending theory to analysis of mechanical strengths of beam-shaped 

tablets was investigated. The 180-125 pm size fractions of Avicel PH 102, Aspirin, 

Emcompress and Starch 1500 were compacted at different pressures to form flat and two 

curved-face beam-shaped tablets of various dimensions. The three-point bending test method 

was carried out to fracture beam-shaped tablets through their central surface.

Mixed tablets of the same materials were prepared and the relationships between the tensile 

strength values of single and mixed beams under a given compaction pressure, thickness and 

face-curvature were determined.

By applying the modulus of elasticity of each material, the ability of bending theory to 

interpret the composite beam data was also proved. Several factors such as material 

properties, compaction conditions and specimen shape have been shown to have a quantifiable 

effect upon the tensile strength of tablets.
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t overall thickness; width used in shear stress equation (L)

t/D thickness to diameter ratio

u deformation; displacement in the x direction (L)

V; AV shear force, volume (L )̂; increment of shear force 

volume of flat segment of a beam 

Vg volume of curved segment of a beam

Vy total volume of a cylinder tablet

Vn volume of a curved segment of a circular tablet

volume of the flat segment of a circular tablet 

Vj  overall volume of a rectangular tablet

flexure stress
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w centrall thickness of a circular tablet

W fracture load in three point bending test

x,y,z coordinates (L)

maximum distance from the neutral axis to the furthest point in the part of the 
cross-section which is in tension

Y,b normal distance of the centre of area of segment from the flat edge

a  half-angle subtended by segment formed by curved surface of tablet

a^sF mixing strength factor

e normal strain (L/L)

El, £ 2  principal strain

Ef strain to fracture

p radius of curvature (L); curvature (1/L)

packing fraction or (K)

P bî Pbuik density of powder

pp true density; apparent partical density

n  universal constant = 3.14159

V Poisson *s ratio (L/L)

a  normal stress (F/L^)

Gj*, 0 2  principal stress (F/L^)

Oy yield stress (F/L^)

Oq elastic range

Of tensile fracture stress in bending test

Ofi tensile strength of single tabletbof individual material

Ofmix tensile strength of mixed tablet

Ot tensile fracture stress in indirect test
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Gc compressive stress in bending test

T shear stress (F/L^)

y shear strain (L/L)

I summation

pm micro metre

oC degree centigrade

i integral

log logarithm

The above symbols will apply unless stated otherwise in the text.
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Chapter one 

"Introduction”
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1.1) The compaction process.

Pharmaceutical tablets are formed by applying a force to a powder or granular system 

constrained by a system of punch and die.Their development dates back to Brockedon's patent 

o f 1843 for "shaping pills, lozenges and black lead by pressure in dies" and articles by 

Griffenhagen (1980) and Jones (1983) relate to the early history of the process and its 

subsequent development by the pharmaceutical industry. Today the tablet is the most common 

dosage form in the world and modem rotary machines can produce tablets at rates in excess 

of 1.1*10® units per year.

The primary objective in the compaction pressure is to bring the powder particles 

sufficiently close together so that bonding between the particles can occur. The bonding must 

be of an extent and strength that, on removing the compression force, a coherent compact of 

the required mechanical strength is produced. The tablet must be able to withstand the stresses 

imposed by further processing operations such as coating, packing and transportation and thus 

reaching the patient intact. Tablets are produced from the formulation by compression of 

simple dry mix of the powdered materials (a process known as Direct Compression), or after 

the powders have been formed into granules either by a wet granulation or dry pre

compression (slugging) process. Mendell (1972) has discussed the advantages of the direct 

compression process which can lead to improve product stability and reduce costs by 

requiring fewer operations, less production equipment, fewer personnel and less time. These 

advantages have lead to the direct compression becoming increasingly popular in recent years. 

As well as being widely used in the pharmaceutical industry, the compaction of powdered 

material is also important in the fields of powder metallurgy, ceramics and the briqueting of 

coal.

hi the initial stages of compaction, consolidation occurs through slippage and rearrangement
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of particles leading to closer packing. Temporary structures, such as struts and vaults are 

formed, which protect small voids by supporting the applied load. These early stages, which 

are generally completed at pressures much lower than those required to form coherent 

compacts, produce an immobile structure in which the particles are in point contact.

The applied force is transmitted and concentrated through these interparticulate compacts 

and any further increase in force leads to deformation of the particles. This may be elastic or 

plastic deformation or destructive fracture of the particle, depending on the rate of application, 

duration and magnitude of the locally induced stress, as well as the physical properties of the 

material. Since this deformation occurs in a confined space, particle surfaces are brought into 

close proximity. Bonding may occur between the particles, especially if the surfaces are 

freshly produced, or uncontaminated by impurities. Eventually further increase in the applied 

load results in an increasingly elastic deformation of the compact as with the comparison of 

a solid material. Removal of the applied load allows this elastic deformation to be recovered. 

For some materials viscoelastic recovery may also occur. Whilst the compact is within the 

die this recovery may be retarded by friction between the compact and die wall, all further 

recovery may occur when the compact is removed from the die. The friction between the 

particles and die wall tends to retard their movement during compaction and this effect, 

together with non-uniform distribution of stresses which has been shown to occur during the 

compaction of large powder masses, may result in areas of high and low density within the 

compact (Train, 1956).

1.2) Deformation and strength of materials

1.2.1) Elastic deformation.

Solids are materials which can be subjected to significant deformation and regain the
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original shape when constraints are removed. This distinguishes them from liquids which 

undergo irreversible changes in shape from any general deformation, no matter how small. 

This complete recovery of foim which can be observed up to certain limits of stress 

characterises the elastic range of the material. Within the elastic range the relationship 

between the deforming stress (a) and resulting strain (e), is linear:

a  = Ee (1.1)

This is the simplest expression of Hook’s law, where E is the modulus of elasticity of the 

material (also called Young’s modulus), a measure of its stiffness or rigidity. The area under 

the stress-strain curve is a measure of the strain energy stored in the body under load.

The more generalized form of Hook’s law extended to three dimensions x,y and z for an 

isotropic solid (i.e. properties of the solid are the same irrespective of the direction of 

measurement) is:

e, = 1/E [a^-v(ay+a,)l (1.2)

where v is the Poison’s ratio.

The elastic range for the material in Figure 1.1, ends at Gq, where gross plastic deformation 

occurs above the yield stress Gy, until the material fractures at f. The strain to fracture, Ef, is 

an indication of the brittleness of the material; if £f is large compared to the elastic component 

the material is ductile, otherwise it is regarded as brittle.

1.2.2) Plastic deformation.

Plastic deformation occurs in a material when it has been subjected to a stress greater than 

the yield stress; on removing the stress a permanent strain is left. In single crystals the 

deformation occurs by a process known as slip, in which two planes of atoms or molecules 

move relative to each other leaving the configuration unchanged, or less commonly by
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Figure 1.1) The relationship between stress and strain in ductile and brittle materials.
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twinning, where the configuration of the atoms or molecules is modified when the sharpen 

portion of the crystal is transformed into a mirror image of the unsheared portion. Twining 

may occur during rapid deformation and Fuehrer (1977) has suggested that it may be 

important in tabletting. Slip can be thought of as the passage of dislocations across the crystal, 

with attention being concentrated on the movement of dislocations rather than planes of 

atoms.

Dislocations may be pure edge, pure screw or a mixture of the both types. The effect of 

an edge dislocation is the equivalent of introducing an extra half plane of atoms into the 

crystal. Atoms were displaced normal to the direction of motion of the dislocation. In a screw 

dislocation atoms are displaced along the line of the dislocation.

1.2.3) Fracture and strength of materials.

If the stress on a crystal is continuously increased, at some point the crystal will fail 

because interatomic forces are no longer strong enough to hold the atoms together. Fracture 

may be broadly classified into two types: Ductile and Brittle. The differences between the 

two types is largely related to the strain at which fracture occurs. Brittle fracture results from 

rapid propagation of a crack under an applied stress with little deformation of the material 

before fracture, while considerable plastic deformation occurs before separation in a ductile 

fracture. Most actual fractures involve both modes of failure though they are usually 

dominated by one.

Calculation of the theoretical breaking strength of materials from the energy required to 

create new surfaces reveals that the true strength of materials is several orders of magnitude 

higher than the experimental value. Grijfith (1920) explained this discrepancy by postulating 

that the existence of submicroscopic cracks and flaws within the material which spread under
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the influence of forces applied to the material. Cracks and flaws can be introduced very easily 

into crystals by surface damage, impurities and internal generation during plastic deformation. 

Griffith’s criterion for crack growth is that the elastic strain energy released by the increase 

in crack size must exceed the energy required for the production of two new surfaces. 

Therefore, for a crack to propagate, the stress at the tip must reach the theoretical strength of 

the crystal. Griffith suggested that this would be possible if the radius at the crack tip was 

sufficiently small.

1.3) Mixed tablets.

Mixed materials have been used for thousands of years in such forms as straw in bricks or 

bull’s hair in plaster (Gordon, 1976), but in recent years there has been a tremendous increase 

of interest in mixed materials for use in engineering applications. Although not mixed 

materials in the traditional sense, pharmaceutical tablets could be regarded as such as the 

correct design of formulations may allow similar reinforcement processes to give tablets 

improved resistance to the physical stresses which are encountered in processing, packaging, 

etc. The most useful property of a mixed tablet is that it is tough, and that it can absorb a 

large amount of energy in the fracture process (Budworth, 1970). It is in this area that the 

concept of reinforcement in mixed materials may be most usefully applied to pharmaceutical 

concepts. A mixed compact may contain internal cracks where this will concentrate stress and 

affect the breaking strength.

Although a tablet consists of the drug mixed with various excipients, surprisingly, there are 

relatively few reports in the pharmaceutical field relating to investigation of mechanical 

strength of a compact of mixed component. Hujfine (1953) examined the mixture of Sodium 

Chloride and Sucrose and found non linear relationship between the pressing modulus and
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composition. Fell & Newton (1970) studied the binary mixtures of a- and p-Lactose by using 

a direct compression technique and suggested that the tensile strength of compacts could be 

predicted from a knowledge of the tensile strength of compacts of the individual materials. 

They also found a linear relationship between compact tensile strength and composition. 

The factor of porosity as an additive property as reported by Ramaswamy et al. (1970) 

resulted from the compaction of five binaiy mixtures: Naphthalene-Phthalic Anhydride; 

Naphthalene-Copper Sulphate; Copper Sulphate-Calcite; Soapstone-Calcite; and Barytes- 

Calcite. They also found that the compressive strength of the mixed compacts could be 

calculated from the compressive strength - porosity relationship of the individual materials.

Not aU binary mixtures gave a linear relationship (Summers, 1972). Cook et al. (1975) 

studied the mixture of Phenacetin-Emcompress, and found that the tensile strength was not 

a simple additive function of the compacts. Newton et al. (1977) used ideas from mixed 

material theory in explaining the strength of Phenacetin-Emcompress tablet and showed that 

compacts of mixed composition were generally of greater tensile strength than compacts of 

the individual materials. They also noted that the materials underwent consolidation by 

different mechanisms and suggested that the increase in strength could prevent crack 

propagation as discussed by Gordon (1976).

The tensile strength and compaction characterisation of mixtures of Sodium chloride and 

Lactose were investigated by (Sheikh-Salem, 1981; Sheikh-Salem & Fell, 1981,1982). The 

Lactose was found to dominate the compression of the mixtures and only when high 

proportions of Sodium Chloride were present, tablets of higher strength were produced. 

Mixtures of Avicel and Emcompress were examined by Wells & Langridge, (1981); and Lerk 

et al. (1974). Mixtures of Emcompress with other direct compression excipients including Sta- 

Rx 1500 were also investigated. Crushing strength was measured rather than tensile strength
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in these studies and often only low proportions of the second material were incorporated.

1.4) Composite tablets.

Beams of two or more materials are historically referred to as composite beams. A beam 

made of the two or more separate materials where the materials occupy a definite position 

on the cross-section of the beam is a specific type of composite beam. The analysis of a beam 

of two different elastic materials will be described in detail in section 1.8.2.

1.5) Mechanism of bonding.

The action of compaction forces is primarily to bring adjacent particulate surfaces together 

so that bonds of some description may be formed between them which will persist on removal 

of the force. There has been considerable speculation in the literature as to the nature of these 

bonds and the mechanisms responsible for their formation. It is therefore useful to consider 

the theories relating to friction and adhesion of solids and also the mechanisms thought to be 

important in adhesives.

The work of Bowden and Tabor (1954) has shown that perfectly clean surfaces can adhere 

to one another with a strength equal to the bulk strength of the solid. However, surface areas 

are usually contaminated with absorbed gas, oxide films etc. and this will reduce adhesion, 

often to negligible proportions (Briscoe and Tabor, 1972).

In general adhesion between solids depends on three main factors:

(1) Surface forces which determine the strength of the bonds at the interface.

(2) Mechanical properties eg. elastic, viscoelastic, plastic or brittle behaviour which determine 

the energy required to separate the adherents.

(3) Surface roughness.
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The surface forces that interact between all materials are Van der Waals forces of which 

London dispersion forces are the most common and most important. These are non polar 

forces acting between all molecules whether electrically charged or not. In all conunon 

organic compounds London forces contribute 80-100% of the cohesion forces.

Mechanical properties of the material affect adhesion in two ways. Plastic or viscoelastic 

material can increase adhesion through deforming to increase the area of true contact when 

two surfaces are pressed together, and can also increase the energy required to separate two 

surfaces by deforming before separation occurs.

Surface roughness can reduce adhesion in two ways. Firstly it reduces the area of true contact 

between surfaces. Secondly, and more importantly, there is competition between the lower 

asperities attempting to hold the surfaces together and higher asperities tending to push 

surfaces apart.

Turba and Rumpf (1964) distinguished five different bonding mechanisms acting between 

particulate solids:

(1) Solid bridges.

(2) Interfacial forces and capillary pressure at freely movable liquid surfaces

(3) Adhesion and cohesion at non-freely moveable binder bridges.

(4) Surface forces between solid particles, principally Van der Waals forces.

(5) Mechanical interlocking.

Included in the term solid bridges are bridges formed from crystallizing salts, hardening 

melting bridges, hardening bonding agents, sintered bridges, and chemical reactions at the 

interface. Mechanical interlocking of particles, analogous to the mechanical theory in adhesive 

research, is thought to account for only a small proportion of the mechanical strength of 

tablets. However, this mechanism has been proposed as the major reason for the strength of
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Magnesium trisilicate tablets compressed up to 140 MPa pressure by Stanley-wood & 

Johansson (1978).

The influence of moisture on bonding is unclear, though it certainly affects material 

consolidation properties and compact strength. Bolhuis et al (1973) found that the strongest 

sucrose tablets were produced from dry granulations. The importance of the creation of clean 

surfaces during compaction to allow bonding by surface forces was highlighted by Train & 

Lewis (1962). These clean surfaces are created by plastic deformation and fragmentation of 

particles and are a necessary prerequisite for effective bonding by surface forces such as Van- 

der Waals forces.

The range of mechanisms of bonding proposed for tablets suggests that it may also be 

useful in pharmaceutics to use the approach described above for adhesives (Allen, 1969). Thus 

the strength of a tablet might result from several types of bonding, the contribution of each 

type of bonding depending on the composition of the tablet.

1.6) Mechanical strength of powder compacts

1.6.1) Why measure the mechanical strength of tablets?

Mechanical strength of tablets are measured for several reasons:

(1) Compact strength can be used to characterise the ability of a formulation (i.e. direct 

compression excipients) to undergo good particle bonding producing a good tablet but which 

wiU undergo optimal disintegration and dissolution.

(2) Strength measurement is an important aspect of the quality control of pharmaceutical 

tablets.

(3) Strength measurement is of fundamental importance in understanding the changes taking 

place during and after the tabletting or compaction process (i.e. particle bonding mechanisms)
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and therefore gives an insight into powder compaction mechanisms.

(4) Strength measurements provide a useful means of studying and classifying the physico

chemical behaviour of materials.

1.6.2) Methods of strength measurement.

Several approaches have been utilized in the evaluation of tablet strength. Some of the 

more popular designations for values relating to the strength of tablets are bending resistance, 

crushing force, and tensile strength. Of course, tensile strength is of a more fundamental 

importance because it is independent of tablet dimensions and provides a measure of the 

inherent strength of the compacted material.

All materials have an ultimate tensile strength and an ultimate compressive strength. In the 

case of a wire, one can stretch it longitudinally easily enough. If one measures the force 

needed to break it, and divides this by the cross-sectional area of the wire, one obtains the 

ultimate tensile strength. A block of metal can be squeezed in a hydraulic press, and, in a 

similar manner, its compressive strength may be determined. In this case, however, there will 

not be any well-defined criterion of failure, analogous to breaking the wire, because the metal, 

being ductile, will simply deform and can be squeezed gradually down into a flat sheet. 

These are very simply cases, and the typical practical strength measurement can be much 

more difficult. The difficulty is extreme when the feature of interest is tensile strength, but 

the material is intrinsically brittle.

1.6.2.1) Direct Tensile Test.

Tensile test may be performed on brittle materials such as gypsum by preparing dumb-beU 

shaped specimens, holding the enlarged ends in special grips, and applying axial tensile
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loading. Preparation of these "briquettes" is a simple matter when the material can be 

introduced into a mould while in a fluid or plastic state, before it hardens; this method has 

been used to determine the tensile strength of dental amalgam, Portland cement, and gypsum 

prepared from Plaster of Paris. However, the result of such uniaxial tensile tests on brittle 

materials are open to question. Photoelastic studies show large stress concentrations in the 

gripped portion of the specimen, which can cause fracture elsewhere than in the central cross- 

section. Also, inevitable small misalignments in the grips can add a bending component to 

the applied tensile stress. In a tensile test on ductile materials this will be corrected by plastic 

flow, without significantly affecting the results. For brittle materials, which have little or no 

capacity for plastic flow, serious errors can be introduced if the loading is not completely 

axial.

1.6.2.2) Flexure test or Bending test.

An alternative to direct tensile test which often been used for brittle materials is the flexural 

or bend test. A specimen is the shape of a parallel beam of rectangular section is subjected 

to three or four point flexural loading, and the modulus of rupture is calculated from the load 

at fracture. Since in brittle materials, fracture is initiated on the side of the specimen which 

is in tension, and since plastic yielding does not occur to any extent, the modulus of rupture 

could be expected to be a measure of the tensile strength of the material. However, in practice 

this test, too, has certain serious drawbacks. The stress distribution in the loaded section is 

non-uniform, varying from zero in the neutral layer to a maximum at the outer surfaces. This 

accentuates the effect of surface condition on measured strength, and the test can give results 

considerably in excess of the true tensile strength. In fact, this has been shown experimentally 

to be the case with gypsum prepared from Plaster of Paris. This could be expected in a
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material which shows a setting expansion and which sets in a confined mould, since the 

hardened material would probably be denser and stronger at the surface than elsewhere. Also, 

possibly, residual compressive stresses might be set up in the surface of the specimen, due 

to the confining effect of the mould, which would have a strengthening effect when the 

surface was subsequently subjected to tensile stressing.

1.6.2.3) Indirect Tensile Strength.

A third method of making a tensile test on brittle materials, which does not suffer from the 

previous disadvantages , is the diametral compression test, also known as the indirect tensile 

test and as the Brazilian test. This is simple and convenient to perform, and has been used 

to measure the tensile strengths of concrete, coal, ceramics, dental amalgam and cement. The 

diametral compression test has been shown to be a valid one for gypsum products. In this test 

a right circular cylinder or disk of the material is compressed diametrically between the 

platens of a compression testing machine. This sets up a uniform tensile stress, across the 

diametral plane joining the two lines of contact of specimen and platens, normal to that plane.

As well as this tensile stress, a compressive stress exists along the loaded diameter, at right 

angles to the tensile stress, and shear stresses will also be set up. The compressive and shear 

stresses vary along the loaded diameter, and reach a maximum at its ends. This test is valid 

only if failure occurs in tension, but the direction of the fracture establishes this clearly. 

Provided that failure has occurred in tension, the tensile strength of a flat disc can be 

calculated from the breaking load using Equation 2.14.

In practice, the theoretical condition of lines of contact between specimen and platens can 

not be achieved; instead the load is distributed over areas of contact. This affects the stress 

distribution only near the ends of the loaded diameter, and provided that the areas of contact
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are not too large, in relation to the diameter of the specimen, then the validity of the test is 

not affected.

In fact, distribution of the load over areas of contact is an advantage, as this reduces the 

magnitude of compressive and shear stresses in regions near the applied load, where they are 

greatest, and makes it more likely that the specimen will fracture in tension. However, the 

width of the contact areas must be kept small in relation to the diameter of the specimen, or 

the stresses in the central portion will be affected. Peltier (1954), has shown that tensile 

stresses can be held uniform across a reasonable portion of the loaded diametral plane, if the 

width of the contact area does not exceed one fifth of the specimen diameter.

In tests of this type on concrete and on ceramics, relatively soft packing pieces are used 

between platens and the specimen, to ensure adequate load distribution and therefore failure 

in tension. However, this does not seem necessary in the case of a specimen made from 

plaster and stone. Sufficient flattening of the specimen occurs at the areas of the contact, to 

ensure that failure always occurs in tension. Further distribution of the load, by the use of 

packing pieces, would reduce the extent of uniform tensile stress and thus reduce the amount 

of material subjected to the maximum tensile stress. Statistical theories predict that this would 

give an increase in the apparent tensile strength, and also in the standard deviation of mean 

values; this was confirmed experimentally by Addinall & Hackett (1964), in a detailed study 

of the effect of different packing pieces on the tensile strength of specimens made from a 

high-strength autoclaved plaster (similar to dental stone). They found that the lowest, but most 

consistent values for tensile strength, were obtained without the interposition of packing 

pieces between specimen and platens.
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1.6.3) Types of fracture in the tensile tests.

Different failure modes in diametral compression are illustrated in Figure 1.2. In the case 

of tensile tests by diametral compression, two different types of fracture have been observed. 

Most wet specimens fractured along the loaded diameter, and the fracture often did not extend 

right to the ends of the diameter. Such a fracture is clearly due to failure in tension. The strongest 

wet specimen, and aU dry specimens, fractured in a more complex mode. Usually the fracture 

was of the type shown in Figure 1.2e, which was suggested by Rudnick, Hunter and Holden 

(1963) as a "triple-cleft" fracture. After a detailed analysis, those workers stated that this also 

represents failure in tension. The initial failure is the central one, along the loaded diameter, 

and the curved secondary fractures occur because of continued loading of the two D-shaped 

halves, after the initial fracture has occurred. This mode of fracture was also observed in dry 

specimens of high strength gypsum hy Addinall & Hackett (1964), and those workers accepted 

this as a valid tensile failure. Very occasionally, asymmetric secondary fractures were observed 

apparently due to shattering of the two halves, after the initial fracture. This occurred only 

in dry specimens of the strongest die stones, and examination of the fractured specimen always 

showed one fracture in the diametral plane. It was considered reasonable to assume that this 

was the initial site of the failure, and that this too represented failure in tension.

1.7) Circular flat and convex-face tablets.

There are considerable numbers of studies regarding the compaction behaviour of numerous 

pharmaceutical powders. However, there are only a limited number of research publications 

concerning the effect of punches with convex-faces or bevelled edges, which are the most common 

form of punches used in the pharmaceutical industries. The use of such shapes are to improve 

surface finish and to avoid edge-chipping. In fact, the assessment of pressure/porosity/strength
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Figure 1,2) Failure of tablets subjected to diametral compression:
(a) Compression failure locally at the loading points.
(b) Ideal tensile Failure.
(c) Failure under local shear at and near the loading points.
(d) Failure along maximum shear loci when point loading applied.
(e) "Triple-cleft" fracture due to transfer of load to each half-disc after

breakage along the vertical diameter



relationships with convex-face punches present more problems than the simple plane-face 

cylindrical shape. Hence most compaction studies avoid the use of convex-face punches.

Aulton & Tebby (1975) studied the surface-hardness distribution of convex-face tablets by 

using a Brinell hardness tester, and showed that as the degree of curvature of the punch increased, 

there was a decrease in the mean Brinell hardness. However, "normal" concave punches implied 

an almost uniform distribution of surface hardness across the tablet face.

A curvature factor was obtained by assessing the pressure differences exerted at different positions 

within convex-face punches during the compaction of Chymotrypsin (Filbry and Mielck, 1985). 

By decreasing this curvature factor from infinity (i.e. plane-face tablets), to a factor of 0.63, 

both the range of stresses within the tablets and the values of the mean stresses, passed through 

a minimum at a curvature factor of 1.

Sixsmith (1980) showed that as the face-curvature increased, the porosity increased for a 

given applied pressure; and also alteration of the face-curvature effected both radial and axial 

powder movements during the tabletting process (Sixsmith & McCluskey, 1981 ). Fell and Newton 

(1968, 1970) were the first workers in the pharmaceutical field to utilise the distribution of 

forces within a cylindrical shape and the related mode of fracture to tablets tested along their 

diameter. Hence the diametral compression test, as a method of assessing the tensile strength 

of specimens, was found to be applicable to the pharmaceutical field. So the material tensile 

strength, a ,̂ of a plane-face tablet, with diameter D, thickness t, can be calculated from the 

fracture load P in diametral compression using the Equation (2.14). That standard formula can 

be derived theoretically (Den Hartog, 1952) and has been validated by extensive photoelastic 

work (Frocht, 1948). This method of calculation has been used extensively in the pharmaceutical 

industries.
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An empirical solution based on fracture studies of a range of homogenous brittle test specimens 

formed from gypsum for convex-face tablets was established by Pitt (1986). The resulting equation 

expressed the tensile strength of the material (oj, in terms of the fracture load P, disc diameter 

D, overall thickness t, and central cylinder thickness W, as will be presented in Equation 2.15 

of chapter two. That equation was then used to assess the material tensile strength of a range 

of convex-faced tablets, compacted at a different pressure from a size fraction of acetylsalicylic 

acid (Pitt et al, 1989). The result showed that for the thicker tablets (W/D > 0.2) the material 

tensile strength was practically independent of shape. For the thinner tablets (W/D=0.1) the 

material tensile strength varied considerably with face-curvature, showing a maximum for each 

of the lowest and highest compaction pressure, at a D/R value of 0.67 .

1.7.1) Theoretical analysis of circular tablets.

1.7.1.1) Ideal line loading.

The diametral compression test consist of a simple plane-face disc specimen which is subjected 

to two diametrically opposed point loads. The ideal loading, shown in Figure 1.3, produces 

a biaxial stress distribution within the specimen. A complete analytical solution exists for the 

stress state induced by the loads (Timoshenko and Goodier, 1970). The stresses at any point 

in a cross-section can be calculated by elastic theory. Assuming that plane stress and point 

loading are concentrated on the diameter, three general equations can be used to express the 

stress condition at all points within the Brazilian disc.

a .  = -2 P/iit [(R-y)xV + (R+y)xW - 1/D] (1.3)

c , = -2P/jct [(R-y)Vr/ + (R+y)V - 1/D] (1.4)

= 2P/ra [(R-y)"/r." - (R+y)Vr/] (1.5)
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Figure 1.3) Diagram of stress distribution across loaded diameter for a cylinder 
compressed between two platens.
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where P is the applied load, t is the disc thickness, D its diameter and y the vertical distance, 

up or down, from the centre. R is the radius of the disc, and r̂  and are distances A and B 

to (x,y), respectively. Considering points between the centre and the edge of the horizontal 

x-axis i.e. where y=0 :

r , = r , = / x ^  + R^ (1.6)

The horizontal tensile stress, acting outwards from the vertical centre line, is uniform and has 

the value

a, =2P/7tDt (1.7)

and so: Gy = -6P/7cDt (1.8)

This indicates that, because of the uniform distribution of tensile stress, failure of the specimen 

could start at any point along the vertical axis.

Practically, ideal line loading is difficult to create and usually loads will spread over an area 

of contact. Figure 1.4 shows the resulting stresses produced by this distributed loading. Across 

most of the diameter, shear and compressive stresses are relatively unchanged, under the points 

of loading both are substantially reduced. Thus, in addition to the tensile stresses, compressive 

stresses act along the loaded diameter. These stresses vary in magnitude along the diameter 

from a minimum of 6P/7cDt at the centre to infinity high values immediately under the loads. 

The high shear and compressive stresses near the ends of the disc must be reduced if failure 

is to initiate in tension.

In practice, to obtain proper tensile failure the conditions of the test must ensure that most 

of the diameter is experiencing a constant tensile stress, together with minimum values for 

shear and compressive stresses directly below the loading area. Deviation from these criteria 

will mean that incorrect tensile strengths will be attained.
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Figure 1.4) Diagram of stress conditions in a tablet which are presented when ideal 
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The tensile stress on the vertical diameter is constant at 2P/7cDt over 
most of the graphs. The compressive stress on the same diameter is (Cçy 
If ideal loading point was obtained this would tend to infinity. The shear 
stress is T.

(After Newton et al. 1971)
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1.7.1.2) Application of distributed loads.

In the ideal point loading case the stress near the loading points tends to infinity, such that 

deformation is bound to occur. It was suggested by Carneiro and Barcellos (1953) that it might 

be a good thing to place deformable packing pieces at the pad points. This would reduce the 

compressive local stresses and deformations in the test piece, and failure would be less likely 

to be initiated in the highly-stressed edge of material near to the loading platens, where compressive 

and shear are most intense.

Various suggestions for padding material and dimensions have been made in the literature, 

although most of these can not be applied readily to small diameter specimens of high modulus 

material. Since proper padding is a function of the mechanical properties of the specimen (which 

may not be known), the padding usually is selected by experiment. In tensile tests on concrete 

and ceramics, relatively soft packing pieces are used between platens and the specimen, to 

ensure adequate load distribution and therefore failure in tension. However, this does not seem 

necessary in the case of specimens made from plaster and stones. Thus, as the mode of failure 

is determined primarily by details of the loading conditions, padding is therefore of variable 

and uncertain effect.

1.8) Stresses caused by Bending

1.8.1) Beam-shaped single and mixed tablets.

The theory associated with normal stress in beams based on flexural stress formula was defined 

by Seely (1952) and Buchanan (1988). Traditionally, beam theory is presented in a two dimensional 

fashion. A brief outline of these analysis is presented as follows.
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1.8.1.1) Tensile stress formula.

Consider the beam segment of Figure 1.5 and assume that the beam is initially straight, and 

while the cross-section may be of arbitrary shape, it is constant along the axis and has both 

a vertical and horizontal plane of symmetry. Furthermore, assume that the resultant of any applied 

loads will pass through a plane of symmetry. These assumptions ensure that the beam will 

not twist during loading. If these assumptions are met, the beam is said to undergo symmetrical 

bending. However, before the stress equation is derived, it is necessary to investigate how a 

beam, subject to symmetrical bending actually deforms, and how a rectangular cross-section 

can be used to fit the discussion.

The beam of Figure 1.6 is loaded to produce pure bending along the section of the concentrated 

load. Pure bending occurs when the shear is zero. The deformation assumption that follows 

is for the case of pure bending. Consider a section of the beam that is subject to pure bending, 

as shown in Figure 1.6b. The classical assumption for pure bending is that plane actions of 

the beam originally perpendicular to the longitudinal axis of the beam remain plane and 

perpendicular to the longitudinal axis after deformation of the beam. The lines AD, BE, and 

CF of Figure 1.6b are straight lines before and after deformation. The deformation occurs such 

that the top surface of the beam is in compression and the bottom surface is in tension. There 

is a line along the longitudinal axis of the beam that does not change in length. Actually, it 

represents a surface passing through the thickness of the beam. This line, which separates the 

compression zone from the tension zone, is caUed the neutral axis.

A similar beam section subject to both transverse shear and bending is shown in Figure 1.6c, 

where it is illustrated that shear causes some distortion of the cross section. The deformation 

of the beam is caused primarily by bending, and the deformation caused by shear is usually 

neglected. However, the presence of shear stress cannot always be neglected. The material element
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Figure 1.5) Diagram of beam segment with the cross-section of arbitrary shape.
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Figure 1.6a) Beam loading to produce bending.

B C

(b)

Figure 1.6b) Section subjected to pure bending.
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of Figure 1.6c illustrates the action of the shear strain, ŷ y. It follows that a shear stress, T̂ y, 

also exists.

The assumption of pure bending leads to the existence of an axial strain, ê , as shown for 

a material element in Figure 1.6b. The flexure formula is based on the deformation that occurs 

when pure bending is assumed; in other words, neglecting the slight wrapping that occurs when 

transverse shear is present. Before deriving the flexure formula, some comments are necessary 

concerning transverse deformation in the y and z directions.

By referring to the cross section of Figure 1.6d, it is clear that as the beam deforms in the 

axial direction, the effect of Poisson’s ratio would dictate an expansion of the section above 

the neutral axis and a contraction below the neutral axis. It was considered that = -ve ,̂ and 

the transverse strain is proportional to the axis strain. For elementary beam theory the Poisson 

effect is neglected and both £y and are taken as zero. It follows that is zero for the assumption 

that the cross section retains its original shape. Similarly, the assumption that a plane before 

bending is plane after bending and remains normal to the longitudinal axis gives y„ = 0. For 

normal stress caused by bending we are concerned only with ê , the normal strain parallel to 

the longitudinal axis.

The section ABDE of Figure 1.6b is shown in Figure 1.6e. The line A is drawn parallel 

to AD, and deformation at y above the neutral axis is u. The radius of curvature for the section 

is denoted by p, as illustrated in Figure 1.6e, the deformation u is proportional to y, the distance 

from the neutral axis is given as follows:

u/y = Ax/p or u = yAx/p (1.9)

The strain corresponding to the deformation is = u/Ax, and substituting into Equation (1.9),

= u/Ax = y/p (1.10)

The longitudinal strain is linearly proportional to the distance from the neutral axis. Assuming
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Figure 1.6c) Section subjected to 
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Figure 1.6 d,e) Deformation of the cross-section.
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that the material is linearly elastic, o* = Ee ,̂ and that the modulus of elasticity is the same 

for both tension and compression. These assumptions lead to the conclusion that stress as well 

as strain, for a linear elastic material, varies linearly with the distance from the neutral axis. 

It follows that for symmetrical bending the neutral axis coincides with the centroid axis of 

the cross section.

The normal stress distribution can be idealized in a three dimensional manner as shown in 

Figure 1.7a. The total compressive force acting above the neutral axis is numerically equal 

to the compressive stress volume. Similarly, the tensile force acting below the neutral axis is 

numerically equal to the tensile stress volume. These forces can be evaluated using the elemental 

area of Figure 1.7c. The stress at distance y above the neutral axis is Gy, and since force is 

equal to stress times area, the differential force acting on the differential area is

dF = Gy dA or (1.11)

I  c c ' ( 1 . 1 2 )

F = GydA = J  J  G y d y d x  =  b j  G y d y
_b 0 
2

Figure 1.7b can be used to write Gy in terms of G, y , and c . Using similar triangles,

Gy =  G y/c (1.13)

Substituting into Equation (1.12) gives

F =  bJ
G ydy _  bGy

0  c 2c
c Gbc (1.14)
0 ~ ~

and is the volume of the stress block. The force F acts at the centroid of the stress volume 

as shown in Figure 1.7b. The tensile force acting below the neutral axis can be evaluated in 

a similar manner. Summing horizontal forces on the beam indicates the %F=0 and satisfies 

that requirement of statics.

The moment "M" illustrated in Figure 1.7b can be evaluated by summing moments about the
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Figure 1.7) a: Normal stress distribution.
b: The compressive and tensile forces acting the above and below of 'he 

neutral axis, respectively, 
c: Elemental area of a beam cross-section.
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neutral axis at the cut section, as follows:

M = F(2c/3) + F(2c/3) = 2abc73 (1.15)

Solving for a  in terms of M gives a formula for the maximum flexural stress acting on a beam 

with rectangular cross section

G = 3M/2bc" (1.16)

again, Figure 1.7c can be used to develop a more general approach to the calculation of flexural 

stresses. A differential moment can be written

dM = ydF = yOydA (1.17)

Integrating and using Equation 1.13 will give the flexural formula

M = = (1.18)
J C c

The quantity y"dA is known as the second moment of the area. Equation (1.18) becomes

M = al/c or a  = Mc/I (1.19)

Equation (1.19) gives the maximum normal stress due to bending and occurs at the maximum 

distance from the neutral axis. Substituting Equation (1.13) gives the flexural stress at any location 

y measured from the neutral axis

Gy = My/I (1.20)

The flexural stress formula has been derived without concern for the sign of the normal stress. 

The coordinate y was measured upward in the positive direction; however, the internal moment 

M of Figure 1.7b was also assumed positive. The resulting normal stress is observed by inspection 

to be compressive. In practice, the sense of the normal stress is usually determined by inspection. 

The following rule applies for rectangular beam type structures when using the flexural stress 

formula. Equation (1.19):

A negative internal bending moment produces tensile normal stress above the neutral axis and 

compressive normal stress below the neutral axis.
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A positive internal bending moment produces compressive normal stress above the neutral axis 

and tensile normal stress below the neutral axis.

Equation 1.19, a flexure formula, is dependent upon two cross-sectional parameters, I and 

c. Assuming I/c=S, then it is convenient to write Equation (1.19) as

G = M/S (1.21)

where I is the second moment of the area and S is the section modulus.

1.8.1.2) The shear stress formula 

The derivation of the shear stress formula requires the variation in bending moment along 

the beam axis. The fact that the bending moment is unequal at the ends of the free-body section 

leads to the evaluation of the balancing shear force. Imagine that the beam of Figure 1.8 is 

loaded in an arbitrary manner, producing a vertical shear and a variable moment A small element. 

Ax in length, will be removed and viewed as a free body. Assume a positive moment M that 

acts on the left-hand side of the free body and increases to M + AM acting on the right-hand 

side of the free body. The normal stress due to bending on the left of the section is a  while 

that on the right is g+Ag . Only the stresses acting on the top fibres need to be considered. 

Slice the free body of Figure 1.8b along section a-a and view the free body as shown in Figures 

1.8c and d. The section a-a defines an area abed, as shown in Figure 1.8c. Define a differential 

area "Da" located at a distance of y above the neutral axis as shown in Figure 1.8c and e. The 

force acting on the area Da is

dF = G.dA (1.22)

or total ^"JÂabcd (on the left) (1.23)

and d(F+AF) = GdA+AGdA (1.24)

F + AF= f (G + Aa)dA (on the right) (1.25)
JAabcd
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Figure 1.8) Beam loaded in an arbitrary manner.
a) Ax as a free body
b) Moments act on free body
c,d) Slicing free body along section a-a
e) Differential area at a distance of y above the neutral axis
f) The shear stress
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Summing forces on the free body of Figure 1.8c and d shows that the horizontal shear force 

Fj. is AF; or formally summing forces gives

F + F, - F - AF = 0 (1,26)

or F, = AF (1.27)

In deriving equations to describe physical phenomena, the ultimate aim is to present the unknown 

in terms of physical quantities that are easily describable. Note that AF of Equation (1.27) can 

be written in terms of stress Aa using Equations (1.23) and (1.25). Stress can be evaluated 

in terms of moment, and moment relates to shear. With this in mind, the derivation proceeds 

as follows: Equations (1.23) and (1.25) can be combined to show that

AF = f AadA (1.28)
JAabcd

The flexure formula of a=My/I, is employed to write Aa in terms of AM. The stress on the 

left of the free body is a=My/I and, that on the right is

a+Aa = (M+AM)y/I (1.29)

Evaluating the increase in stress, Aa, that is dependent only upon AM,

Aa = AMy/I (1.30)

Substituting into Equation (1.28) gives

AF = ̂ f  ydA (1.31)
J JAabcd

The incremental change in the force is distributed over the beam length Ax. Shear flow is computed 

as the shear force divided by the length of beam along which the shear force acts. Hence, dividing 

both sides of Equation (1.31) by Ax,

AF AM f . (1.32)
Ax lAx *̂Aabcdf ydA

vAabcd

The shear flow "q" is obtained by evaluating Equation (1.32) as Ax approaches zero, or

AF .. AM r (1.33)q = lim —  = lim   ydA
Ax->o Ax—>0 T / \ y  *^Aabcd
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then q = ^E = M i f  (134)
d x  d x  I *̂ Aabcd

The shear flow is formally related to the vertical shear. The integral of Equation (1.34) is the 

moment of the area as represented in Figure 1.8e. Traditionally, the integral is replaced with 

Q; that is,

Q = f  ydA (1.35)
JA

Q is the first moment with respect to the neutral axis of the area between the location on the 

beam cross section where shear flow or shear stress is to be computed and the top or bottom 

of the beam cross section.

The shear flow formula is

q = VQ/I (1.36)

The horizontal shear stress "i" is the shear flow divided by the thickness t of the beam at the 

location on the cross section where the shear stress is to be computed (section a-a in Figure 

(1.8). The shear stress formula is

X = VQ/It (1.37)

It is possible to calculate the shear stress at a beam-shaped tablet using the Equation 1.37.

1.8.2) Beam-shaped composite tablets.

1.8.2.1) Tensile stress formula.

The analysis of a beam of two different elastic materials exists (Jones, 1975). A bi-material 

beam is a beam made of two materials that are bounded together as illustrated in Figure 1.9. 

By considering the beam of two materials with the cross-section of Figure 1.9, the beam is 

assumed to be subjected to pure bending and, hence, the discussion of stresses caused by bending 

in section 1.8 remains valid. Essentially, plane sections normal to the axis of the beam prior
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to bending of the beam remain plane after bending. The result is that the strain varies linearly 

over the cross-section and is zero at the neutral axis. It is notable that the neutral axis and the

centroid axis will not usually coincide for beams of two different materials. Subsequently, the

question of how to locate the neutral axis is open for discussion. The linear strain distribution 

is shown in Figure 1.10b. Let the modulus of elasticity for materials 1 and 2 be and Eg, 

respectively. Assume Eg < Ê  and compute the stresses corresponding to the strains of Figure 

1.10b as;

= El 6i (1.38)

Gg = Eg Eg (1.39

The stresses are shown in Figure 1.10c. The abrupt change in E causes an abrupt change in 

the stress. Equation (1.10) of bending section states that the longitudinal strain is linearly 

proportional to the distance from the neutral axis, as illustrated in Figure 1.10b. Stress is assumed 

to be linearly proportional to strain. The stresses at the intersection of the two materials, the 

distance "a" in Fig. 1.2c, is given by

Gal = El Gg =Ei (a/p) (1.40)

or Gg =Eg (a/p) (1.41)

where p was defined as the radius of curvature. Equations (1.40) and (1.41) define the abrupt 

change in stress at the intersection of the two materials.

The actual stress is shown to be distributed over the cross-section in Figure 1.11a. As was 

be shown in Figure 1.7, the stress volume above the neutral axis is equal to the stress volume 

below the neutral axis so that the sum of the forces would balance. The force corresponding 

the trapezoidal area, efgh, of Figure 1.10c is shown as a trapezoidal volume in Figure 1.11a. 

Imagine that the trapezoidal volume of Figure 1.11a is replaced with the trapezoidal volume, 

efgh, of Figure 1.11b, imposing the restriction that the volume remains constant. The volume
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Figure 1.9) Diagram of a composite beam composite beam.
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Figure 1.10) a) Neutral axis in a different material composite beam
b) The linear strain distribution
c) The stresses in a composite beam.
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remaining constant implies that the axial force represented by the volume remains constant. 

Defining the ratio Ej/Ej as n; n = E /̂Eg (1.42)

or El =nEj (1.43)

Substitute Equation (1.43) into Equations (1.38) and (1.40):

G I =nE2£i (1.44)

o„, =nEA (1.45)

as illustrated in Figure 1.11b.

The process of going from Figure 1.1 la to Figure 1.1 lb is called "computing a transformed 

cross-sectional area". Material 1 is replaced with an equivalent amount of material 2 in order 

that material 2 can be used to compute the location of the neutral axis and the second moment 

of the area. The flexural formula is used to compute the stresses.

G2 = My/I (material 2) (1.46)

= nMy/I (material 1) (1.47)

Hence, it is possible to calculate the tensile stress of a composite tablet using the above equations.
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Figure 1.11) a: Actual stress distribution in a composite beam cross-section 
b: Stress distribution for transformed area.

60



1.9) Aims and objectives.

The objective of the work described here was to determine the influence of face-curvature 

and thickness on the stresses at failure developed in cylindrical and beam-shaped tablets when 

subjected to diametral compression and three-point bending test methods, respectively. This 

thesis presents the application of three-point bending theory to analysis of tensile strength and 

its relationship with other parameters for beam-shaped tablets. Thus, the secondary objectives 

of the study were to evaluate:

(I) The influence of face-curvature on the mechanical strength of beam-shaped tablets.

(H) The influence of thickness effect on the mechanical strength of beam-shaped tablets, 

(in) The application of bending theory to the analysis of mechanical strength of beam-shaped 

composite tablets.

(IV) The influence of mixing materials on the mechanical strength of beam-shaped tablets.

61



Chapter Two 

"Materials and Methods"
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2.1 Choice of Materials

Pharmaceutical particulate excipients are widely used in solid dosage formulations. Their 

selection for this work is therefore of practical revelance to further research and development. 

Ideally when investigating the strength of compacted tablets the model system needs to be as 

simple as possible, free from sensitivity to moisture, directly compressible and properly 

characterised, so that any variables maybe controlled or excluded from the analysis.

Both granulation (Rue et al, 1979) and the inclusion of excipients (Shotton and Lewis, 1964) 

are known to effect the mechanical properties of the tablets. This means that the selected 

material must be directly compressible over the range of variable compression pressures of 

the machine (i.e. in the range of 0 to 50 kN) and be comparatively free from moisture effect 

and humidity effects.

Materials undergoing volume reduction mainly by plastic deformation or fragmentation but 

lacking a significant elastic component were selected. Aspirin has been used by a number of 

workers. It has suggested that Aspirin exists in six polymorphic forms, and that tablets from 

the different polymorphs have different tensile strengths. As these polymorphic changes are 

induced only by recrystaUisation from various solvents at specific temperatures these crystal 

changes are unlikely to occur during the experimental work. The presence of any moisture, 

particularly at raised temperatures will cause hydrolysis of Aspirin to Salicylic acid and 

Acetic acid (Leeson and Mattocks, 1958). Microcrystalline cellulose (Avicel PH102) is a 

product designed primarily for pharmaceutical solid dosage forms. MicrocrystaUine cellulose 

posses highly desirable compaction characteristics (Fox et al., 1963) and produces tablets 

which disintegrate readily (Reier and Shangraw, 1966). The fragmentation of Avicel is limited 

and plastic deformation is believed to be the dominating volume reduction mechanism (Rees 

and Rue, 1978; Roberts and Rowe, 1987; Waring et al, 1987). MicrocrystaUine ceUulose is
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one of the best binding materials available for direct compression. Extensive hydrogen 

binding, large particle surface area and mechanical interlocking of irregular particles have 

been mentioned to contribute the excellent binding properties of this material (Sixsmith, 1977). 

The crystallographic state of material affects even more than the chemical nature of the 

material, the tendency of the material to undergo plastic deformation, which is essential in the 

formation of a strong tablet (Hiestand et al 1977; David and Augsburger, 1977).

Emcompress is a granulated form of fine particulate Dicalcium phosphate dihydrate with 

pronounced fragmentation tendency and desirable flow characteristics (Carstensen and Ertell, 

1990). The initial particle size only slightly influences the compact strength (Alderborn and 

Nystrom, 1982a). A high particulate surface area is obtained, irrespective of the fineness of 

the starting material. The dominating bonding mechanism for this material is bonding with 

intermolecular forces (Karehill et al, 1990). Emcompress cannot be compressed without 

lubricant, and shows a tendency to stick.

Sta-Rx 1500 is known to undergo volume reduction mainly by plastic deformation (Rees 

and Rue, 1978). This material binds predominantly by intermolecular forces (Karehill et al, 

1990). Alderborn and Nysterom (1982b) have reported that the unfractionated raw material 

consist of two different types of primary particles. The fraction <125 pm consist of fairly 

smooth primary particles, while the larger particles have a more rough surface texture. The 

tablets produced by larger particles gave generally stronger compacts than those from the 

smaller fractions (Karehill et al, 1990). Although Sta-Rx is capable of extensive plastic 

deformation, this can only occur slowly (Rees and Rue, 1978).

2.1.1) Details of material suppliers

The suppliers of materials used in this study are shown in Table 2.1 .
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Table 2.1) Details of material suppliers.

Material Grade Supplier Batch

Avicel PH102 Pharmaceutical EMC, USA 7534

Emcompress FORUM 

Chemicals Ltd

4b

Starch 1500 Pregelatinteed 

Starch (NF)

Colorcon Inc,USA 012003

Aspirin Ph. EUR Crystals Rhone-Poulenc 

Ltd - England

7016

Magnesium

Stearate

BDH Chemicals 

Ltd

England

2.1.2) Physical and Chemical Descriptions.

2.1.2.1) Aspirin

Aspirin or 2-acetyloxybenzoic acid has the chemical structure as:

COOH

OCOCH, (molecular weight= 180.2) - CçHgÔ
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The material is composed of colourless or white crystals (Martindale, 1993). It is stable in 

dry air but gradually hydrolysis on contact with moisture. Aspirin has a melting point of 

143°^ (British Pharmacopoeia, 1980) and quoted density values ranging from 1.385 g/cm'^ 

(Kennerley, 1980) to 1.41 g/cm'^ (in this study). Practically insoluble in water and benzene 

but soluble in alkaline solutions (Merck Index, 1989).

2.1.2.21 Avicel PH102 

Avicel is partially depolymerised cellulose known as microcrystalline cellulose and has an 

average molecular weight of about 36,000. It is generally available as a white crystal powder. 

It is practically insoluble, but dispersible in water; practically soluble with swelling in dilute 

alkali (Merck Index, 1989). Avicel PH102 is a slightly more agglomerated form of MCC. 

Avicel PH 102 has a larger medium size than Avicel PHlOl but the surface area of the former 

is 20 m/g while that of Avicel PHlOl is 11 m/g.

2.1.2.3) Emcompress

The most widely used inorganic filler for direct compression is unmilled Dicalcium 

phosphate dihydrate, available commercially as Emcompress. Dicalcium phosphate dihydrate 

is prepared by adding a dilute slurry of hydrated lime [Ca(OH) ] 2  to a 30%-40% solution of 

phosphoric acid at a temperature of 40°^ or lower. The dicalcium phosphate precipitates out 

and is separated from the mother liquid by centrifugation. Emcompress does not consist of 

individual crystals, but of aggregates of crystals.
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2.1.2.4) Starch 1500

Starch 1500 is partially pregelatinized Starch. It differs from compendial maize Starch 

principally in its water solubility and particle size analysis, and offers the advantages of being 

free flowing, self-lubricating and directly compressible. Starch 1500 is used mainly as a 

bulking agent in solid dosage forms. The physical properties of a compressible starch are 

strongly affected by its particle size distribution.

2.2 Material characterisation

2.2.1. Microscopical analysis

The morphology of the materials under study is important. Pharmaceutical materials 

however, are sometimes very difficult to be characterised since they can be presented in the 

form of fine powder, crystalline or even granular. All the material used in the present work 

were subjected to Scanning Electron Microscopical examination. The advantage of Scanning 

Electron Microscopy (SEM) is that in addition to size and shape information, the surface 

features of particles can be studied at high magnification, enabling the ’texture’ of particles 

to be observed.

Aspirin is in the form of white crystals. These are needle shaped crystals with rectangular 

sides and rounded ends (Figure 2.1). The surfaces of Aspirin crystals show a rather scaly 

structure, possibly porous in nature, with very few small particles attached to the surface. The 

roundness of the edges of the crystals suggests that they are soft and may have a tendency 

to wear. Some of the crystals which had damaged edges showed fibrous areas, supporting the 

evidence that the material is generally quite a weak porous structure.

Avicel PH 102 was observed to be a white powder composed of irregularly shaped fibrous 

rods indicating quite a porous structure (Figure 2.2).
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Dicalcium Phosphate Dihydrate (Emcompress) morphology shows aggregates of crystals 

rather than individual crystals (Figure 2.3).

Particles of Sta-Rx 1500 appear ciystalline, probably as a result of the pregelatinization 

process (Figure 2.4). The material is prepared by subjecting ordinary com starch to physical 

compression or shear in high moisture conditions; that preparation causes both an increase in 

temperature and a partial gelatinization of some of the Starch.

2.2.2. Size separation of the powders

The powders were used in their ’as received’ conditions. A knowledge of their size 

fractions were obtained by sieve test. The test sieves which were used were British Standard 

(BS 410 : 1969) stainless steel sieves of aperture size of 45,63,90,125,180,250,355 pm. Each 

powder was placed on the uppermost sieve (greatest aperture size). The sieves were then 

vibrated by an Endecott sieve shaking machine for 15-20 minutes, i.e. until there was very 

little change in the weight of powder retained on any of the sieves. The optimum sieving 

conditions were found by experimentation. The various size fractions of the materials were 

collected and stored in sealed glass containers. Particle size distribution of Avicel PH 102 is 

presented in Figure 2.5.

2.2.3. Determination of the apparent particle density

The apparent particle density of the material is defined as the mass of the particles divided 

by the volume of the particles, excluding open pores but including closed pores (B.S. 2955 

:1958 amended 1965). In this work, the apparent particle density of the particulate sample 

was determined using a Beckman (model 930) air comparison pycnometer (Beckman 

Instruments Inc., California, USA). The pycnometer was used in its standard atmosphere
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Figure 2.1) Microscopical analysis of Aspirin,
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Figure 2.2) Microscopical analysis of Avicel PH 102.
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Figure 2.3) Microscopical analysis of Emcompress.

Figure 2.4) Microscipical analysis of Starch 1500.
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Figure 2.5) Particle size distribution of Avicel PH 102.
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operation mode. The zero offset of the instrument was measured by performing a volume 

determination with the sample cap empty, and subsequent volume measurements were 

appropriately adjusted. The accuracy of the unit was then checked by making volume 

measurements with the two steel test balls, supplied by the manufacturer, in the sample cup. 

Five readings were taken to accurately determine the weight of each material. The mean 

values of the results corresponded closely with those obtained by other workers and are shown 

in Table 2.2.

Table 2.2) The density of materials used in the study.

Material Density (gcm'^) Coefficient of 

Variation % (n=5)

Aspirin 1.41 0.26

Avicel PH 102 1.55 0.58

Starch 1500 1.475 0.23

Emcompress 2.32 0.39

2.2.4. Determination of Bed Porosity of tablets

The porosity is linked to the bulk density of the tablets. The most widely used indices of 

closeness of packing are those of bulk density and the related characteristics packing fraction 

and fractional voidage (Gray, 1968). Bulk density, pg, is a characteristic of a powder rather 

than individual particles and is given by the mass, M, of powder occupying a known volume, 

V, according to the relationship:
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Pb = M/V (gcm*̂ ) (2.1)

The bulk density of a powder is always less than the true density of its component 

particles, because the powder contains interparticle pores or voids. The bulk density is directly 

proportional to true density (i.e. apparent particle density).

Bulk density «= true density 

i.e. bulk density = K . true density (2.2)

K is the packing fraction(Pfr). The packing fraction can be calculated, such that:

Pfr — Pbulk/Pp (2 -3 )

Thus, bed porosity or fractional voidage of tablets are calculated such that:

1-K = porosity (2.4)

The voids ratio provides information about the stability of the powder mass.

2.2.4.1) Calculation of bulk volume for flat-face circular tablets.

The volume occupied by powder (Equation 2.1) was determined such as:

V„ = = Jt(D/2)^W (2.5)

where D is the diameter, and W the thickness of the circular tablet.

2.2.4.2) Calculation of bulk volume of curved-face circular tablet.

The total volume of a tablet is calculated using

V y =  2 ( V J  + V ,  (2.6)

where V„ is the volume of each curved segment and was previously determined (Equation

2.5). The curved segment, in turn, is determined as follows:

V„ = jw /̂3 (3r-a) (2.7)

where r is the radius of the curved segment of "a".
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L=25 mm

Figure 2.6) Diagram of a curved-face beam-shaped tablet.
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The diagram of a convex-face tablet is illustrated in Figure 3.1.

2.2.4.3) Determination of bulk volume of rectangular tablets.

The volume occupied by the powder was calculated as

Vb = b.d.L (2.8)

where b is the width, d is the thickness and L is the length of the beam, respectively.

2.2.4.4) Bulk volume determination for curved-face rectangular tablet.

Here, again, the total volume occupied by the powder is

Vt = Va + 2(Vb) (2.9)

where is the volume of plane segment and Vg is the volume of curved segment. The

curved segment, in turn, is calculated as

Vg = Area . L (2.10) 

where Area = i^(a - sina.cosa) (2.11)

Diagram of a curved-face beam is demonstrated in Figure 2.7.

The value of a  for flat and curved-face rectangular tablets are 

if a=0.0 then ot=180° (plane-face)

if a=0.1 then oc=22°,35'

if a=0.2 then a=43°,35'

As can be seen from the Figure 2.7 the amount of "r" is proportional to "a" such that

tana = b/2(r-a) (2.12)

Thus, r is derived such that
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r = 1/2 (bV4a + a) (2.13)

From there

if a=0.0 then r=0.00 cm

if a=0.1 then r=13.0 cm

if a=0.2 then r=7.25 cm

2.2.4.S) Fiat and curved rectangular tablets of mixed materials.

The density used for calculation of the porosity of mixed tablets was determined as the 

mean density of the powders used to be mixed and compacted as a tablet.
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2.3. Methods

2.3.1) General method of tablet preparation.

For the present study all the powder compacts have been prepared on an Instron physical 

testing machine (model TT. Instron, High Wycombe, England). This is a floor-standing 

machine composed of a moving crosshead with a 5000 kg compressive load cell (model OR) 

attachment which is mechanically driven on two screw threads. The crosshead rate can also 

be varied by a gearing mechanism to allow speeds between 0.05 cm/min and 50 cm/min. 

These particular speeds are far less than those experienced on modem tablet machines but the 

Instron allows reproducible compaction conditions to be achieved. The only facility available 

allowing relatively reproducible compaction of specimens is GLR (gauge length return 

machine) which is a mechanical device that stops the crosshead after travelling a given 

distance.

To enable tablets to be produced, a die table arrangement was designed and manufactured 

to accommodate the punches. Figure 2.8 illustrates the design of this equipment. The lower 

punch was contacted and rested on the Instron load ceU. A rod was placed in a steel holder 

which was screwed into the crosshead of the Instron. This was designed to push the upper 

punch toward the die and aligned centrally with the die and the lower punch.

Once assembled the Instron load cell was calibrated by dead weight loading and appropriate 

pressure range was then selected. The lower compaction force was recorded via the load cell 

onto a flat bed X-Y recorder (Gould model no. 6(XX)). The load cell was electronically linked 

to the crosshead such that when the desired force was attained on the tablet, a relay was 

tripped and the movement of the crosshead reversed at the same speed as it was applied. 

The production of tablet on this equipment basically consist of three phases:

(1) Filling of the die
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Figure 2.8) Diagram of a punch and die assembly.
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(2) Compaction

(3) Ejection from the die

A diagram to illustrate the main stages of powder compaction is presented in Figure 2.9.

The die filling process was carried out by weighing an amount of the powder and then 

introducing the powder into the centre of the die. As there was a limited space between the 

die hole and die table arrangement, this process was done by putting the weighed amount of 

the powder on a small piece of paper and then poured accurately inside die. To ensure that 

the powder has been distributed homogenously inside the die, a small, narrow metal wire was 

used to level the powder. Compaction then followed at the selected crosshead rate to a given 

pressure. The compaction profile was recorded by monitoring the load cell output on the X-Y 

plotter. The force applied during compression varies with weight of powder in the die. 

Therefore, a slight variation in powder flow can alter tablet weight, tablet weight variation, 

and the maximum compression force. Khan and Rhodes (1976) showed that the magnitude 

of the compression force has an effect on tablet hardness and disintegration time. Variation 

in fill weight should have little effect in the fracture force of the specimen if the compaction 

force is kept constant.

Ejection from the die was carried out in the direction of the initial compaction after 

removal of the lower punch at a crosshead rate of 1.0 cm/min. On ejection the overall 

thickness and weight of the specimens were recorded to 0.01 mm and 0.0001 g with a 

digimatic indicator and a balance, respectively. The punches and die were cleaned by means 

of a small tooth-brush and vacuum before any compaction. Generally, four kind of tablets 

including circular, rectangular, composite, and mixed tablets were manufactured in the present 

study. At least ten reproducible tablets of the same thickness were manufactured for a certain 

compaction pressure. All the tablets were then packed into plastic containers, which were then
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Figure 2.9) Diagram to illustrate the main stages of powder compaction.
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sealed, and stored until required for fracture testing.

2.3.2) Methods of fracturing of the tablets.

2.3.2.1) Diametral compression method for circular tablets.

The test was carried out by placing a circular tablet centrally on the base of the CT-40 

(Engineering System, Nottingham), across a diameter in the vertical plane. The platen was 

then moved down at a crosshead rate of 1 mm.min \  to apply an increasing load across the 

diameter of the tablet. Diametral compression method to fracture of circular tablets will be 

presented in Figure 3.2. The output, digitally shown on the machine, was recorded by a 

The platen movement continued until the tablet failed across its vertical diameter, which 

corresponded to a sharp reduction in the force acting on the CT-40 as indicated by the digital 

output on the machine. The crosshead movement was then reversed and the specimen was 

removed from between the base and platen and examined for tensile failure conditions 

(1.6.3).

2.3.2.2) Flexure test method for rectangular single and mixed tablets.

A rectangular specimen was subjected to three-point bending test apparatus connected to 

CT-40 and its tensile strength was calculated from the load at fracture (Figure 2.10). The 

tablet was supported at two fixed points and an increasing load applied on the centre of the 

tablet until it fractures. When the load is applied on the top face at the centre, and uniform 

through the thickness of the tablet, the vertical, centrally plane feels both compression and 

tension. The top half experiences compression while the lower half experiences tension. The 

neutral axis, an imaginary plane through the centre of the tablet, at the centre of the neutral 

plane, coincides with the tablet cross-section and is parallel to the tablet surfaces.
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Figure 2.10) Diagram showing the flexure test: loading and support.
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Compression and tension in the vertical cross-section, in which the neutral axis is at the 

centre, are assumed equal in magnitude but of opposite signs.

2.3.2.3) Flexure test in the composite beams.

2.3.2.3.1) ’Same material’ composite beams.

In the ’same material’ composite tablets, both layers have been compacted with the same 

volume of the material, the neutral axis coincides with the centroid axis similar to the single 

beam tablets. Thus, the flexure test method for fracturing the tablet is the same as discussed 

in section 2.3.2.2.

2.3.2.3.2) ’Different material’ composite beams.

Considering the method of manufacturing for ’different material’ composite tablets (Figure

1.9), in which two materials were built individually as top and bottom layers, it is expected 

that their behaviour at fracture would be different depending on which side was subjected to 

bending force. Hence, for a batch of tablets of this type, the upper layer was initially 

subjected to a flexure test.

For another batch of tablets of this type, the lower layer was located at the top by reversing 

the tablet upside down. The fracture load was exerted in the centre of the tablet from the top 

surface until the tablet failed in tension (Figure 2.10).

2.3.3. Method of strength determination

2.3.3.1) Circular plane and curved-face tablets.

2.3.3.1.1) Plane-face tablets.

The tensile fracture strength of the circular-shaped tablets was determined by the diametral 

compression test (1.6.2.3) using the CT-40. The tensile strength of plane-face circular tablets
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was determined in a manner of (Fell and Newton, 1968):

= 2P/7cDt (2.14)

where is the tensile strength, P is the force needed to cleave the tablet, D is the diameter 

of the tablet, and t is the tablet thickness. Care was taken to use only the fracture forces 

generated when tablets failed in tension, as evidenced by their uniform splitting into halves 

(Figure 1.2b,e). All tensile strengths reported were based on 10 determinations.

2.3.3.1.2) Circular curved-face tablets.

The material tensile strength of convex-face circular tablets calculated from the observed 

fracture loads obtained in diametral compression testing, using CT-40, as derived by (Pitt et 

al, 1989), namely:

G, = IOP/tcD  ̂ (2.84VD - 0.126t/W + 3.15W/D + 0.01) ' (2.15)

where P is the fracture load (Kg), D is the tablet diameter, t is the overall tablet thickness and 

W is the central cylinder thickness.

2.3.3.2) Beam-shaped tablets.

2.3.3.2.1) Plane-face.

2.3.3.2.1.1) Tensile strength determination .

In general, for a beam specimen subjected to bending, the tensile fracture stress "a/' can 

be calculated from the expression (1.30) as:

Gf = My^^/I (1.20)

where Gf is bending stress, M is bending moment, is the maximum distance from the
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neutral axis to any point or element of area in the vertical central section, and I is the moment 

of interia. For a beam of rectangular cross-section, width b and depth (i.e. thickness) d,

I = bdVl2 (2.16)

The half of the tablet that experiences tension is

y = d/2 (2.17)

In the symmetrical three-point bending configuration shown in Figure 2.10, the maximum 

bending moment for such a specimen is

M = Fh/4 (2.18)

where F is the load observed when the tablet fractures, and h is the distance from support to 

support. Making these substitutions in the first Equation (1.20) results in

Of = 3Fh/2bd^ (2.19)

The tensile strength of rectangular-shaped tablets of the above expression was applied to the 

field of pharmaceutical materials by {Stanley and Newton, 1980).

2.3.3.2.1.2) Shear strength determination for flat beam-shaped tablets.

Here, the flexure stress, is calculated such as

V m a x  = F/2 (2.20)

Thus, the shear flow formula according the Equation (1.36) is

q = VQ/I (2.21) 

and Q = bd^/8 (2.22)

where q is the shear stress and Q is the first moment of bending with respect to the neutral 

axis of the area between the location on the beam cross-section and the top or bottom of the 

beam cross-section.

From there the shear stress formula is derived as follows
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T = 3F/4bd (2.23)

2.3.3.2.2) Curved-face beams.

2.3.3.2.2.1) Tensile strength determination.

The calculation was carried out to give the tensile fracture stress in terms of the fracture 

load and tablet dimensions for tablets with capsule cross-section on the basis of the equation 

derived by (Stanley and Newton, 1980):

Gf = FL/4 (d/2+a)/lAA (2.24)

where F is the fracture load obtained by three-point bending test, ’a’ is the height of curved 

segment and I^a is the second moment of area of cross-section of tablet.

2.3.3.2.2.2) Shear strength determination for curved-face beams.

Considering the shape of the tablet and Equation (2.22) the first moment Q is calculated 

as:

Q = bdVS + A(d/2 + (2.25)

where A is the area of curved segment and is the normal distance of the centre of area of 

segment from the flat edge. From this the shearing strength of the tablet is calculated as:

T = FQ/2Ib (2.26)

2.3.3.3) Method of strength measurement for composite beam specimens.

2.3.3.3.1) ’Same material’ composite tablets.

The tensile strength (Gf) was determined according Equation (2.19) and shearing strength 

(t) was determined as Equation (2.23).

87



2.3.3.3.2) ’Different material’ composite tablets.

Here, the strength determination is totally different from that of section 2.3.3.3.1, because 

the load distribution of two materials are different. Considering the method of fracturing for 

composite tablets (2.3.2.3.2) there will be two values for (a) measurement.

The tension for normal distance from the neutral axis to the furthest point on the top surface 

in the part of the cross-section is

y = d(l+3n)/4(l+n) (2.27)

where y, d, and n are the normal distance of the centre of area of segment from the flat edge, 

thickness and the ratio of E /̂Eg, respectively.

The second moment of area of cross-section (I) is calculated such as

I = bd  ̂ [(l+n/96) + (n^+l/8(l+n)^)] (2.28)

So a , = Fhd (3+n)/16(l+n)I (2.29)

and Of = Fhd (l+3n)/16(l+n)I (2.30)

where and Gf are compressive and tensile stresses.

The shearing strength was calculated as

T = FdV64I (3+n/l+n)^ (2.31)

2.4 Storage condition

In most pharmaceutical manufacturing, powders are usually used in their ’as received’ 

conditions. Any treatment of powder, drying by heating for example, could affect its material 

properties such as its binding, flowing and handling behaviour. In this work, the sieved 

powder fractions were untreated being stored at room temperature and humidity, in glass 

containers until required for use.

Some authors (Higuchi et al, 1953 ; Shotton et al, 1963) have recognised that the time
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between the manufacture of tablet and the testing of its strength is a point of requiring 

consideration. Rees and Shotton (1970) studied the effect of storage time on the tensile 

strength of the tablets and observed a doubling strength particularly during first hour after 

compression. This was attributed to stress relief of the crystals and interparticulate bonding. 

Compaction of powders into coherent specimens require the formation of interparticulate 

attractions between the particles during the compression phase. However, after ejection of the 

tablet from the die, the tablet strength can change which means that interparticulate attractions 

are formed or disturbed also during the post compaction storage phase.

It seems that mainly three mechanical explanations for the formation of such 

interparticulate attractions has been proposed in the literature:

(1) A continuing deformation of particles in the compact after the compaction, i.e. what is 

often referred to as stress relaxation or stress relief (Rue and Barkworth, 1980; Elgindy and 

Samaha, 1983; Nystrom and Karehill, 1986).

(2) A rearrangement of solid material at the particle surfaces within the tablet (Down and 

McMullen, 1985; Ahlneck and Alderborn, 1989a,b). This rearrangement can lead to either the 

formation of solid bridges between particles or to an increase in the bonding surface area of 

intermolecular attraction forces.

(3) A crystallization of dissolved material between neighbouring particles due to the 

movement of water within the tablet (Rees and Mersey, 1972; Hall and Rose, 1978). The 

crystallization of dissolved material due to condensing of absorbed water at particle surfaces 

can lead to the formation of solid bridges between particles.

Generally it is found that tablet strength increases with time (Record, 1979). Kennerley 

(1980) demonstrated that the suitable time to fracture aspirin tablets was 14 days. Hence in 

this study the Aspirin tablets were fractured 14 days after compaction and all the other tablets
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made of Emcompress, Avicel and Starch were stored in air tight amber containers for 7 days 

before fracturing by the CT-40. Alderborn and Ahlneck (1991), assessed the effect of air 

humidity on the post compaction changes in tensile strength of materials during storage of 

tablets for up to 168 hours, and showed that the tablet strength increased generally during the 

storage. An increased air humidity also increased both the rate and degree of the increase in 

tablet strength.
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Chapter Three

"Tensile Strength of circular flat 

and convex-face Avicel PH102 tablets"



3.1) Introduction

In this part of the study, the tensile strength of flat and a range of convex-face tablets of 

Avicel PH102, with W/D of range of 0.1, 0.2, 0.3 and D/R ratios of 0 to 1.43 has been 

assessed by using the Equations 2.14, and 2.15 for flat and convex-face tablets, respectively 

(Figure 3.1). The purpose was initially to investigate the effect of dimensions and shapes upon 

the mechanical strengths of Avicel PH 102 tablets. The results were compared with the other 

workers to confirm the test method, process, and evaluation of the apparatus used.

3.2) Material selection.

The material to be examined for determination of the effect of face-curvature upon the 

mechanical strength of tablets should be simple, directly compressible and compactable within 

the range of the available compression machine. Microciystalline cellulose is a very good 

binding material which posses highly desirable compaction characteristics. Material from one 

batch of Avicel PH 102 (Table 2.1) was selected.

3.3.) Tooling.

The punches of same dimensions, with the upper punches having a tip diameter of 12.45 

mm and the lower punches having a tip diameter of 12.47 mm and the same die of internal 

diameter 12.50 mm was used for all the work. Pitt (1986) found that tablets compacted with 

clean punches had a signiEcant lower mean tensile strength than those compacted with "run- 

in punches", so in this work for ensuring that the tablets were all manufactured under similar 

punch-surface condition, punch faces were cleaned before each compression.
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Figure 3.1) Front and side elevation of convex-face disc showing axes and symbols.
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3.4) Pressure of compaction.

Five different pressures were used to manufacture the tablets. The pressure exerted upon 

the powder bed by a plane-face punch was calculated by dividing the lower compaction force, 

i.e. the force transmitted to the powder bed, by the cross-sectional area of the punch (whose 

diameter was 12.5 mm). The pressure exerted by a curved punch was calculated by the lower 

compaction force divided by the cross-sectional area of the central cylinder.

3.5) Compression of tablets

Tablets were compacted uniaxially in a reproducible manner as discussed in section 2.3.1. 

The lower punch was removed after compaction and tablet ejected (with the same rate of 

crosshead movements as used for the compaction) through the bottom of the die. The density 

of the tablet of a given mass will increase as the compaction pressure is increased. Therefore 

the thickness t, will decrease for a given quantity of powder as the compaction pressure is 

increased. Hence to keep the cylinder length W, constant over the compaction pressure range, 

increasing quantities of powder must be compacted to form the tablets, and this procedure was 

adopted. The exact quantities required were determined by trial and error and are given in 

(Appendix A, Table 3.1). Although the tablets were compacted to the same pressure, each set 

of tablets had a different porosity with different W/D ratios. Seven different face-curvature 

and three different W/D ratios were examined. All tablets were manufactured to within 5% 

of the required dimensions, any tablets outside these tolerances were rejected.

3.6) Selection of compaction rate.

The compaction rate will normally affect the physical properties of the tablet (Roberts and 

Rowe, 1985). However an investigation over the effect of changing the compaction rate upon

94



tensile strength showed no significant effects between the compaction rate of 0.5-50 

mm/minutes (Pitt, 1986). The Instron is capable of retaining a constant crosshead speed at all 

the pressures used. Thus in this study, all tablets were compressed at a crosshead movement 

rate of 1 mm/minute.

3.7) Storage time and fracture.

Tablets have been shown to change their properties with time after the initial compaction 

process (Higuchi et al, 1953). The effect of aging on the mechanical strength of tablets was 

investigated by (Rees and Shotton, 1970). These workers looked at the mechanical strength 

of sodium chloride tablets after ejection and found that this value increased considerably after 

one hour. This was attributed to stress relief of the crystals and interparticular bonding. 

Kennerley (1980) reported that tensile strength of aspirin tablets prepared on a single punch 

machine increased on storage. The extent of increase was found to be dependent on storage 

condition (Bhatia and Lordi, 1979). Hence in this study all the tablets were stored in sealed, 

airtight glass containers for 7 days after compaction. The tablets were then fractured 

diametrically using CT-40 tablet tester (Engineering System, Nottingham) at a platen 

movement rate of 1 mm/minute (Figure 3.2). Any tablets which did not fail diametrically in 

tension were excluded from any subsequent calculations.

3.8) Tablet preparation.

The effect of different face-curvature upon the tensile strength of the tablets was examined 

at five different compaction pressures. The tablet of each dimension were tested as previously 

described (section 2.3.2.1). The mass and thickness of the tablets were recorded immediately 

prior to fracture. These values were used in the calculation of density for subsequent analysis.
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Figure 3.2) Diagram showing a curved-face circular tablet subjected to diametral 
compression loading by a CT-40 machine.
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A slight change occurred with the dimension during the 7 day storage period, thus the latest 

values measured, were used in the subsequent analysis.

3.9) Processing of data.

In the initial stages of compaction consolidation occurs through slippage and rearrangement 

of the particles leading to closer packing. Bonding may occur between the particles, specially 

if the surfaces are freshly produced and uncontaminated by impurities. The formation of 

tablets depends on the creation of these interparticulate bonds. A number of methods have 

been used to quantify this consolidation process. The results in (Appendix A, Table 3.2 

illustrates the porosity and fracture loads of the circular Avicel PH 102 tablets. It clearly 

demonstrates that the overall porosities change considerably for a given pressure of 

compaction. The Figures 3.3-3.9 present the influence of compaction pressure on fracture load 

of the specimens of different face-curvatures. The fracture load increase with increasing face- 

curvature and cylinder length, due to the increasing overall size of the compacts. This is 

clearly shown in Figure 3.10. The coefficient of variation of the fracture loads of the thin 

cylinder tablets (W/D=0.1) is noticeably greater than those of the longer cylinder tablets (0.2 

W/D, 0.3 W/D). This could be due to the test method, or to non-uniform die-fill.The fracture 

load must be converted to tensile strengths to provide a valid comparison between the 

different tablet shapes. The results from the plane and convex-face tablets at different 

compaction pressures were demonstrated in (Appendix A, Table 3.3). At lower compaction 

pressure there is high porosity and low tensile strength and at high compaction pressure there 

is a low porosity and high tensile strength. For thinner cylinder length of W/D=0.1, the values 

of tensile strength increase generally from flat to coating face-curvature. The graphs of tensile 

strength versus compaction pressure at different cylinder lengths are illustrated in Figures
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Figure 3.3) Fracture load as a function of compaction pressure for plane-face circular
tablet.

10.0 -1

■ W/D=0.1 
A W/D=0.2 
T W/D=0.3

8.0 -

6.0  -

4.0 -

2.0  -

0.0
1 2 0906030

cc

Compaction Pressure (MPa)



2 0  -I
Figure 3.4) Fracture load as a function of compaction pressure for Micro circular 

tablet.
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Figure 3.5) Fracture load as a function of compaction pressure for Shallow circular
tablet.

25 - I

20  - W/D=0.1
W/D=0.2
W/D=0.3

I
I

1 2 09060300

8

Compaction Pressure (MPa)



25 - I Figure 3.6) Fracture load as a function of compaction pressure for Normal circular 
tablet.
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Figure 3.7) Fracture load as a function of compaction pressure for Unity circular
20 “I tablet.
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Figure 3.8) Fracture load as a function of compaction pressure for Deep circular tablet.20 1
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3.11-3.17 for all face-curvatures from D/R ratio of 0 to 1.43. For cylinder length ratio of 

W/D=0.2 of all compaction pressures there is a peak increase of tensile strength value for 

normal to unity face-curvatures (Appendix A, Table 3.3). This is well demonstrated in Figure 

3.18. Similarly, an increase in tensile strength was observed for cylinder length of W/D=0.3 

for shallower thickness, although there was an increased value of tensile strength for deeper 

face-curvatures. The results show that for a given compaction pressure, the tablet wiU have 

a different porosity and tensile strength depending upon the cylinder length of the specimen.

The data for comparing the relationships between the compaction pressure, porosity and 

tensile strength of circular Avicel 102 specimens are presented in (Appendix A, Table 3.4). 

As shown by the table, the thicker cylinder length of W/D=0.2, W/D=0.3 have generally 

higher coefficient of determination (r̂ ) values for Equation 3.1, proposed by Fell and Newton 

(1970) to relate between tensile strength of specimen and compaction pressure.

a , oc (Cp) (3 .1)

Where = tensile strength,

Cp = compaction pressure.

For shallower punch face-curvatures the r̂  values for W/D=0.2 tablets were higher than the 

value for steeper punches, whereas this value for W/D=0.3 cylinder length is clearly high for 

all curvatures.

Similarly, neglecting the effect of porosity (Higuchi et al, 1954) proposed Equation 3.2 for 

interpretation of compaction data:

c, oc in(C p) (3 .2)

Considering the (Appendix A, Table 3.2), however, it is shown that for a given pressure of 

compaction there are different tensile strengths and porosities according to the dimensions of 

the tablets. Hence any comparison of tensile strengths must take these porosity and pressure
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Figure 3.12) Tensile strength as a function of compaction pressure for Micro circular
tablets.
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differences into account. Thus the above Equations do apply within a given cylinder length. 

Another relationship, however, relating the porosity and compaction pressure proposed by 

Kawakita and Ludde (1970):

In (Cp) oc Porosity (3.3)

To correlate between porosity and tensile strength an empirical equation has been proposed 

by (Ryshkewitch, 1953)

In Gj oc Porosity (3.4)

The summaiy of the mean linear regression analysis of porosity and log tensile strength are 

given in (Table 3.5). The value of the coefficient of determination is relatively lower for the 

W/D=0.1 than the thicker tablets of W/D=0.2, W/D=0.3, especially at shallower punches. This 

low value for the correlation could be because of the maldistribution of powder within the die, 

which is likely to occur when the amount of the powder fill is small. Tablets should have the 

same tensile strength for a given porosity, as porosity is a measure of the degree of particle 

compact and the bonding present in a tablet. If one group of a convex-face tablets have a 

lower tensile strength than another group of different convex-face tablets of the same porosity, 

then this indicates the possession of a greater flawed structure for the lower tensile strength 

group. Flaws are a source of weakness in a tablet from which tensile failure propagates. In 

practice, different structures arise as a result of the process of tablet formation. Thus, a 

comparison of tensile strength with porosity will be indicative of which tablet face-curvature 

are inherently weaker than others.

The intercept values of tensile strength at zero porosity may be considered to be a measure 

of the relative strength of compacts; the higher the intercept value the greater the inherent 

tensile strength of the compact. The gradients will indicate how the tensile strength varies
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Table 3.5) Summary of linear regression analysis of porosity 
and natural Log tensile strength for circular flat 
and convex-face Avicel 102 tablets.

Face- Cylinder Coefficient Probability Gradient Interc
Curvature Length of determin log(MN
(D/R) (W/D) ation (r̂ )
Flat 0.1 0.924 0.054 -1.212 0.391
(0.0) 0.2 0.962 0.048 -1.125 0.309

0.3 0.926 0.054 -0.987 0.207
Micro 0.1 0.924 0.042 -1.338 0.575
(0.25) 0.2 0.937 0.048 -1.325 0.435

0.3 0.945 0.102 -1.507 0.424
Shallow 0.1 0.948 0.044 -2.024 0.917
(0.5) 0.2 0.983 0.101 -1.866 0.693

0.3 0.976 0.099 -1.779 0.616
Normal 0.1 0.948 0.057 -2.270 1.006
(0.67) 0.2 0.956 0.007 -2.141 0.946

0.3 0.978 0.091 -2.344 0.956
Unity 0.1 0.955 0.036 -2.375 1.082
(1.0) 0.2 0.931 0.057 -2.210 0.946

0.3 0.964 0.086 -2.887 1.164
Deep 0.1 0.973 0.067 -2.666 1.078
(1.25) 0.2 0.953 0.064 -2.522 0.910

0.3 0.972 0.106 -2.538 0.936
Coating 0.1 0.940 0.011 -2.485 1.026
(1.43) 0.2 0.954 0.032 -2.883 1.047

0.3 0.963 0.042 -2.598 0.965

Probability is the probability that the linear relationship arose 
by chance.
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with porosity. The intercept values of cylinder lengths of W/D=0.2 and W/D=0.3 are 

approximately equal, however the coefficient of determination values of W/D=0.3 cylinder 

length are higher than those for W/D=0.2 cylinder length in the range of normal to unity face- 

curvatures. For a given pressure, with this relationship for shallower punches, there are higher 

intercept values for thinner tablets. The plots of log tensile strength versus porosity for flat 

and convex-face circular tablets are illustrated in Figures 3.19-3.25.

By combining the two equations of 3.3 and 3.4 Newton and Grant (1974) proposed the 

relationship of:

Ln at oc Ln(Cp) (3.5) 

which is actually similar to Equation 3.1.

3.10) Discussion.

The tensile strength of convex-face tablets can be assessed by relating fracture load and 

dimensions of a tablet by applying the Equation 2.15. Fracture load values, rather than tensile 

strength, will not be sufficient to quantify the strength of the specimen as they will not take 

into account the changes in relative size and volume of the specimens.

The Equation 3.1 demonstrates that there were increases in values of tensile strength and 

its coefficient of variation (c.v.) for W/D=0.1 as the compaction pressure increased. However 

for thicker tablets of W/D=0.2 and W/D=0.3 the lowest values of c.v. could be seen for 

normal face-curvature. A peak of tensile strength value occurred in normal punch face at 

W/D=0.2 cylinder length. A similar high increase in value of tensile strength was observed 

in normal face-curvature for tablets of W/D=0.3, although there was a higher value of tensile 

strength for deep-curved face. The linear regression analysis of Equation 3.1, showed good 

correlation for thicker tablets of W/D=0.2 and W/D=0.3 . It was observed, on the other hand,
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Figure 3.20) log tensile strength versus porosity for circular Micro tablets of Avicel

PH102.
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1.50 Figure 3.21) log tensile strength versus porosity for circular Shallow tablets of Avicel
PH102.
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Figure 3.22) log tensile strength versus porosity for circular Normal tablets of Avicel 

PH102.
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Figure 3.23) log tensile strength versus porosity for circular Unity tablets of Avicel

PH102.
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that the porosity and tensile strength for a given compaction pressure will depend on the 

face-curvature and cylinder length of the tablets.

An assessment based upon compaction pressure and tensile strength alone will not allow for 

differences in porosity. Hence although the tablets of different shapes will be formed under 

the same compaction pressure they will probably be of different strengths because of different 

porosities and distribution of flaws. Consequently to obtain an evaluation of the tablet tensile 

strength, the tablets should be compared in a manner which is free from specimen dependent 

effects of porosity and flaw distribution. This was best achieved by linear regression analysis 

of natural log tensile strength with porosity. The values of probability (p-value) are significant 

for this relationship.

By examination of the tensile strengths at zero porosity, it was shown that there are 

optimum face-curvatures and cylinder lengths to obtain the strongest tablets. Similarly, Aulton 

and Tebby (1975) with respect to surface hardness, and Filbry and Mielck (1985) with respect 

to densities, and finally Pitt et al (1989) with respect to tensile strength of Aspirin tablets, 

obtained optimum face-curvatures and cylinder lengths to have strongest tablets.

3.11) Conclusion.

To make comparison between the tensile strength of tablets at different compaction 

pressures with varying cylinder length, comparison of tensile strength were made from Log 

tensile strength/porosity relationship. The porosity and tensile strength of a tablet at a given 

compaction pressure and compaction rate of 1.0 mm/minute were found to be dependent upon 

the thickness and face-curvature of the tablet. The Equation relating log tensile 

strength/porosity could be shown to be generally applicable for the analysis of plane and 

convex-face tablets of Avicel PH 102 and hence it was used to compare aU the tabletting data.
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By comparing the tensile strength values of convex-face tablets using porosity/tensile 

stress/compaction pressure values, there is found to be an optimum face-curvature in normal 

to unity range (D/R=0.67-1.00) and an optimum cylinder length of 0.3 W/D, to produce the 

overall strongest tablets. These optimum values varies with the formation pressure.
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Chapter Four 

"Single beam-shaped tablets"
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4.1) Material selection.

The materials discussed in section (2.1) were used to make beam-shaped compacts of 

different dimensions and face-curvatures.

4.2) Tooling.

Three sets of upper and lower punches in a rectangular cross-section with dimensions of 

Width (b=10 mm). Length (L=25 mm) but various thickness were used. Two sets of these 

punches were curved-face with internal radius of 13 mm and 7.25 mm. A die of the same 

dimensions located in a suitable arrangement was used to manufacture of all tablets on the 

Instron physical testing machine.

4.3) Rate and Pressure of compaction.

All tablets were manufactured at a crosshead movement rate of 1 mm/min at five different 

compaction pressures.

4.4) Size fractionating of powders.

The 180-125 pm size fraction of each material was used in this part of the study. The size 

fractionating of the powders was carried out according to section 2.2.2.

4.5) Tablet preparation.

The quantity of powder which was needed to obtain the desired thickness of tablet was 

transferred to the die. The powder, was then pressed by pushing the upper punch down to 

compact the powder to the given pressure. After that, the upper punch was moved and the 

released tablet was stored until required for fracture. The mass and thickness of the tablet
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were recorded immediately before fracturing to use in density calculation of each tablet. The 

central thickness of each curved beam was measured by subtracting the upper and lower 

curvature of the tablet from the overall thickness (i.e. t-2a=d). Although the tablets were 

compacted to the same pressure, each set of tablets had a different porosity and thickness (i.e. 

d/b ratio), thus to get the exact quantities of each dimension and compaction pressure, at least 

ten specimens were manufactured.

4.6) Storage time and fracture.

Tablets were stored as mentioned in section 2.4, and then fractured according to sections 

2.3.2.2 and 2.3.2.3 for flat and curved-face beams, respectively.

4.7) Mixing of Emcompress with 1% Magnesium Stearate.

Magnesium Stearate is probably the most widely used pharmaceutical lubricant and it is 

known to have very good lubrication properties (Strickland et al, 1956). It has been found that 

the decrease in binding capacity of directly compressible excipient is dependent not only on 

the concentration of Magnesium Stearate, but also on the mixing procedure (Lerk et al, 1977; 

Johansson, 1986). When the lubricant is mixed, it is distributed either as a free fraction or 

as a surface film on the base material (Johansson and Nicklasson, 1986). As Emcompress 

powder stuck to the surfaces of the punches and die, 1% w/w magnesium stearate was added. 

Mixing of Emcompress with Magnesium Stearate was performed in a Turbula mixer model 

T2C (W.A.Bachofen, Basle, Switzerland) at 42 rev/min for 30 min.

4.8) Capping of curved-face tablets of Starch 1500.

A difficulty encountered in the compression of curved-faced Starch 1500 tablets, especially
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at high pressure was capping or lamination of the tablets. This may due to high radial forces 

in the curved-face form at the end of the compression cycle, caused by the curved shape, 

resulting in break down of interparticulate bonds formed during compression. At very high 

compression forces all the tablets showed lamination because of axial expansion.

Various possible causes of capping has been listed in the literature. Train (1956), Long (1960) 

have explained capping as a result of elastic strains in the tablet. Long and Alderton (1960) 

demonstrated that trapped gas could produce cracks. Shotton and Ganderton (1961) explained 

capping by the mechanism of failure under recovery stress because of strong interparticulate 

bonds. Fuehrer (1977) mentioned that formation of a crystallographic unstable mass during 

expansion of the compact, resulting in cracks.

4.9) Tensile strength determination.

Tensile strength of beam-shaped tablets were calculated according to Equations 2.19 and 

2.24 for flat and curved-face beams, respectively.

4.10) Porosity determination.

The bed porosity of the specimens were determined applying the Equation 2.4, and also 

using the Equation 2.8 for plane-face, and Equation 2.9 for curved-face beams.

4.11) Results.

The data demonstrating the fracture load, porosity and tensile strength values of tablets at 

different compaction pressures and face-curvatures are presented in (Appendix B, Tables 4.1-

4.4). The mechanical strengths, including tensile strength and fracture force, are increased by 

increasing the compaction pressure in a given shape and dimensions of all tablets. Meanwhile
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the porosity of tablet is decreased. The mechanical strengths of all tablets are increased by 

increasing their thickness in a given face-curvature and compaction pressure while their 

porosity are decreased.

Increasing the face-curvature from flat to a=0.2, in a given compaction pressure and 

thickness of a tablet, leads to increase of fracture load. However, at the same condition, the 

porosity of Avicel PH 102 tablet is increased (Appendix B, Table 4.3), while for tablets of 

Emcompress (Appendix B, Table 4.4) and Aspirin (Appendix B, Table 4.2) it is decreased. 

Meanwhile, the tensile strength of Emcompress tablet is increased, while in the case of 

Aspirin and Avicel PH 102 tablets, it is increased in a departure from flat to a=0.1 face- 

curvature but decreased when departed from a=0.1 to a=0.2 face-curvature. These changes 

occur with tablets are made from Avicel PH 102. Fracture load versus compaction pressure 

I for Emcompress, Avicel PH 102 tablets at various thicknesses and face-curvatures are 

I illustrated in Figures 4.1-4.6. Meanwhile the fracture load versus compaction pressure for 

Aspirin tablets of thickness 0.3 is illustrated in Figure 4.7.

4.12) Analysing the results.

Referring to chapter one shows that the flexural stress at any location ’y’ measured from 

the neutral axis is

g, = M Y ^/1  (1.20)

By considering M = FL/4, the relationship between the stress and fracture force can be 

expressed as

Gf = (FL/4)/(I/Y) (4.1)

where I/Y = S, that is called ’cross-section modulus’. This parameter, in fact, expresses the 

relationship between the fracture load and tensile strength of a material. The cross-section
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4.0 n Figure 4.1) Fracture load as function of compaction pressure for plane-face beams of 
Avicel PH102.
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Figure 4.2) Fracture load as function of compaction pressure for beams of Avicel PHI 02,
when face-curvature is a=0.1.7.5 n
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Figure 4.3) Fracture load as function of compaction pressure for beams of Avicel PHI 02, 
when a=0.2.
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Figure 4.4) Fracture load as function of compaction pressure for plane-face beams of 
lubricated Emcompress.
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Figure 4.5) Fracture load as function of compaction pressure for beams of lubricated
Emcompress when face-curvature is a=0.1.
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Figure 4.6) Fracture load as function of compaction pressure for beams of lubricated

Emcompress when face-curvature is a=0.2.
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geometry is represented by the modulus ’S’, thus, wherever the geometry is changed, the 

modulus subsequently has been changed. The parameters which are directly involved in 

changing the value of I/Y, are thickness’d’ and face-curvature ’a’. The value of I/Y has been 

increased by increasing the thickness and face-curvature in all cases where tablets are tested 

(Appendix B, Table 4.5). Increased values of I/Y, in turn, naturally leads to increase fracture 

force as the ratio of the modulus increases, if the tensile strength of the material is kept 

constant. In nearly every case however, the fracture force does not change in proportion of 

modulus ratio, or even in some cases, it’s change are opposite to the modulus ratio of change. 

That is, supposing the cross-section modulus is 2, the fracture force has been changed in 

! proportion of either more or less than 2, or even less than 1. The reason is probably strength
I

modification due to variation of material condition. In other words, as the cross-section 

increases the tensile strength increases but not by a simple proportion. As porosity of material 

is an important factor in strength modification, its value can be considered as a suitable 

parameter to investigate the trend of results. It does mean that the Gf value changes can be 

related to changes in porosity. Because it is expected that the increased value of Gf is due to 

decrease of porosity of material, and inversely increasing of porosity leads to decrease in the 

tensile strength value. In this way, all of the data in the (Appendix B, Tables 4.1-4.4), are 

considered in detail. A remained few exceptions which are explained by "local porosity 

effect" which will be discussed in section 4.4. The plots of tensile strength versus compaction 

pressure for Avicel PH 102 and Emcompress beams at different face-curvatures and 

thicknesses are illustrated in Figures 4.8-4.13.
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PH 102, when face-curvature is a=0.1.
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Figure 4.11) Tensile strength as function of compaction pressure for plane-face beams 
of lubricated Emcompress.
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Figure 4.12) Tensile strength as function of compaction pressure for beams of 

lubricated Emcompress when face-curvature is a=0.1.
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4.13) Discussion.

Examination of data show that the fracture force is increased by increasing the compaction 

pressure for a given thickness and face-curvature of a tablet. As the value of cross-section 

modulus (I/Y=S) is constant when the thickness and face-curvature are kept constant, thus it 

is expected that the fracture force of a material would not change, if Cf was invariable. But, 

in practice, the tensile strength of material is increased by decreasing of porosity due to 

increase of compaction pressure which subsequently, in turn, leads to increase of fracture 

load.

Comparison of data shows that in all tablets, the fracture load is increased by increasing 

the thickness for a given compaction pressure and face-curvature. The cross-section modulus 

(I/Y) is also increased by increasing the thickness of the tablet, according to Table 4.6. 

Therefore, it is expected that for a given value of of material, the fracture load will be 

increased in proportional to that growth of I/Y. In all cases, however, the fracture load is not 

increased proportionally to cross-section modulus, because, practically, the Gf value is not 

increased by increasing the fracture load. This is because of fall of the porosity due to 

increase of the thickness which is true for all tablets. For example, for a=0.1 face-curvature 

Avicel PH 102 tablet of d=0.1 cm thickness at 18 MPa, the fracture load is 0.296 kg. 

Meanwhile, the value of I/Y is 6.454*10'^ which would be 14.75*10'^ by changing to a=0.2 

face-curvature. Thus it is expected that the fracture load value grows 2.28 times (i.e. 

14.75* 10 ̂ 6.454* 10' )̂ and reaches to 0.677 kgf. But, in practice, it is 0.792 kgf (Appendix 

B, Table 4.3b). This is due to growth of Gf value from 19.259 MN.m'^ (when d=0.1 cm) to 

21.152 MN.m'^ when d=0.2 cm. The difference is natural, because the porosity has fallen 

from 0.506 to 0.472, and a decrease in value of porosity is always associated with an 

increases of the Gf value. The fracture load value always increases with an increase in the
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face-curvature for a given compaction pressure and tablet thickness.

4.13.1) Emcompress tablet.

A departure from plane-face to a=0.2 face-curvature of Emcompress tablet shows an 

increase in fracture load value when compaction pressure and thickness are constant. 

According to Table 4.6, the modulus of I/Y is increased by increasing the face-curvature, thus 

it is expected that the fracture load should increase in the scale of cross-section modulus. It 

is seen however, that the fracture load growth is more than the scale, this is due to the 

decreasing value of porosity which, in turn, causes the tensile strength to be increased. For 

example, the fracture load of Emcompress plane-shape tablet of d=0.3 cm thickness 

(Appendix B, Table 4.4a), and its I/Y value are 0.099 kg and 0.015 at 30 MPa, respectively.
[

j By changing to a=0.1 face-curvature, the modulus value changes to 0.0258, meanwhile the

I fracture load value is expected to be 0.17 kg (i.e. 0.0258/0.015=1.72 times of plane-face
i
I value), but, as shown by the Table 4.4a, it is 0.22 kg (i.e. more than the expected value). This

I  can be explained by the decreased value of porosity from 0.294 (when a=0.0) to 0.290 (when

a=0.1), which cause a rise in the Gf value.

The relationship between the compaction pressure, porosity and tensile strength of 

Emcompress beams is demonstrated in (Appendix B, Table 4.7). By examination of the tensile 

strength at zero porosity, it is shown that , although the values of the coefficient of 

determination are high for all tablets in different thicknesses and face-curvatures, but the P- 

values are not signiEcant to interpret the data by intercept values. The plots of log tensile 

strength versus porosity for Emcompress beams of different dimensions and face-curvatures 

are presented in Figures 4.14-4.16.
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Table 4.6) Cross-section modulus (I/Y=S) values of plane and curved-face beams of 

different thicknesses.

Thickness

(d)

Curvature 

(a = 0.0)

Curvature 

(a = 0.1)

Curvature 

(a = 0.2)

0.1 1.666*10: 6.454*10-: 21.03*10-:

0.2 6.667*10-: 14.75*10-: 33.45*10-:

0.3 15*10-: 25.8*10-: 48*10-:

0.4 26.67*10-: 41.2*10-: 68*10-:

0.5 41.6*10-: 59.4*10-: 99*10-:

0.6 60*10-: 81*10-: 115.4*l(y:

4.13.2) Avicel PH 102 tablet.

The values of fracture load and cross-section modulus are increased by increasing face- 

curvature when the compaction pressure and thickness of the tablet are constant. The fracture 

load should increase by the scale of modulus growth when the face-curvature increases. As 

discussed before, however, because of the difference between the growth of porosity and 

tensile strength of material, the fracture load values are not proportional to modulus values 

when face-curvature is increased. This characteristic of the Avicel PH 102 tablet is similar to 

that of other materials, but it is not true when a departure from plane-face to a=0.1 face- 

curvature occurs in tablets made from Avicel PH 102 and Aspirin materials. For example, the
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fracture load value of plane-face Avicel PHI02 tablet of d=0.1 cm thickness at 18 Mpa, is 

0.072 Kg, and the I/Y value at the same state is 1.666*10'^. On changing to a=0.1 face- 

curvature the fracture load value should have increased 3.88 times (i.e. 6.454* 10^/1.666* 10 

^=3.88), but according to (Appendix B, Table 4.3b) its value is 0.296 kgf which, in turn, 

results from the increased value of Gf. As mentioned before, the growth of Cf value was due 

to the reduction in the porosity of specimen. In practice, the porosity values have been 

increased in some cases. These exceptional cases will be discussed in detail in section 4.4 

under the heading of ’local porosity effect’.

The relationship between the compaction pressure, porosity and tensile strength of Avicel 

PH 102 beams of different thicknesses and face-curvatures are presented in (Appendix B, 

Table 4.8). As shown by the table, the P-values of the relationship of porosity versus natural 

log tensile strength are also not significant for most of the tablets of different face-curvatures, 

except the beams of plane-face at thickness ratio of 0.1, although its coefficient of 

determination is low.

The plots of log tensile strength versus compaction pressure for Avicel beams of different 

face-curvatures and thicknesses are demonstrated in Figures 4.17-4.19. These plots are non

linear and do not follow the naturally observed linear relationship between log tensile strength 

and porosity. The reason for this is unknown, but could be related to the material properties 

or the test procedure.

4.13.31 Aspirin tablets.

Tablets made of Aspirin material behave similar to the Avicel PH 102 tablet mentioned 

before, that is by increasing the face-curvature for a given thickness and compaction force, 

the fracture force and cross-section modulus of I/Y are increased. The scale of fracture load
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Figure 4.18) log tensile strength versus porosity for beams of Avicel PH102, 
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increase however, is not proportional to the modulus increase when departing from plane-face 

to tablets of a=0.01 face-curvature. Besides, the overall porosity changes do not represent the 

extensive Gf growth, thus the data are not explained by the standard interpretation used for 

Emcompress tablets. Therefore, as well as the Avicel PH 102 tablet it will also be explained 

by the theory of ’local porosity effect’. For example, the fracture load value of plane-faced 

tablet of 0.3 cm thickness at 18 Mpa compaction pressure is 0.245 kg (Appendix B, Table

4.2). It has been found to be 0.564 kgf when changing from plane-face to a=0.1 face- 

curvature. It was expected that the fracture load might have been increased 1.72 times, equal 

to the modulus growth scale from plane-face to a=0.1 face-curvature, and become 0.420 kgf. 

Although, the fracture load increase is explained by the decreased value of porosity from 

0.119 to 0.117, it is clear that the considerable fracture load difference can not be interpreted 

by a slight decrease of porosity. Thus, it can be assumed that the porosity value of 0.117 at 

a=0.1 face-curvature is naturally the mean or overall porosity of the tablet and does not show 

the real porosity of the curved segment specially at the fracture point. Therefore, at the curved 

segment the behaviour of tablet is probably affected by its local porosity of the material. 

Aspirin tablets which are similar to Avicel PH 102 tablets also behave like Emcompress tablets 

when departing from plane-face to a=0.2 and from a=0.1 to a=0.2 face-curvature.

The relationship between the compaction pressure, porosity and tensile strength of plane 

and curved-face beams of Aspirin are presented in (Appendix B, Table 4.9). The values of 

the coefficient of determination are high and the P-values are significant for the relationship 

of log tensile strength versus porosity. Thus, the data of Aspirin beams can be explained by 

this relationship, as has been plotted in Figure 4.20.
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4.14) Local porosity effect.

As discussed in the examples of Avicel PH 102 and Aspirin materials, the common 

comment was not true for a=0.1 face-curvature of tablets. The common explanation is valid 

when the value of porosity for a=0.1 face-curvature is considerably less than the value present 

(Appendix B, Tables 4.2, 4.3b). On the other hand, the comment would be completely true 

if the porosity value of a=0.1 face-curvature was a minimum value among the porosity values 

of other curvatures. Thus, the suggestion that the porosity of a=0.1 face-curvature of the 

specimen could be a criterion for explaining the behaviour of the material. There are some 

minimum porosity values for a=0.1 face-curvature in practice which support the above 

assumption, that the porosity values which have been calculated from mass and density of the 

material, are the mean value for the specimen. If the fact that the porosity distribution is 

different at different areas of the tablet is accepted or, on the other hand, the local porosities 

varies at different cross-section of the tablet, then the material behaviour cannot be assessed 

by the overall porosity of the material. This phenomena can probably have a considerable 

effect in the cases where the rate of change of porosity with compaction pressure are great. 

By considering the data of (Appendix B, Tables 4.1-4.4), according to the rate of porosity 

change with compaction pressure, the material used in the study are classified in two groups 

of high and low rates as shown in the Table 4.10.

Table 4.10) Classification of the materials according to the rate of porosity change with 

the compaction pressure.

Material Value Description

Avicel 102 ~ 70% high rate change

Starch 1500 ~ 65% high rate change

Aspirin ~ 50% medium rate change
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Emcompress ~ 30% low rate change

The high rate change material are probably highly affected by shape and curvature of punches 

and die during manufacturing.

4.15) Conclusion.

By considering the Equation 4.1 it was revealed that for a material of fixed compaction 

pressure, thickness, and face-curvature, the change of porosity and Of causes the cross-section 

modulus (I/Y=S) to be increased, and the fracture load will also be increased. It was also 

demonstrated that, in a fixed cross-section modulus due to fixed thickness and face-curvature, 

the fracture force is increased by increasing of the tensile strength of the material. Factors 

involved in increasing the value of Cf are: increasing compaction pressure and decreasing 

porosity value. The increase in the value of Gf due to the decreased value of porosity is 

natural, as the later indicates that the tablet is more compacted to a greater extent and has 

lower porosity, which leads to an increased tensile strength value of the specimen. Naturally, 

the derived tensile strength of a tablet is increased by increasing the fracture load value as a 

result of increasing compaction pressure.

The value of I/Y in Equation 4.1 will be increased when the thickness of the tablet is 

increased which will in turn, cause the fracture load to be increased. By increasing the face- 

curvature of the Emcompress tablets, the fracture load and tensile strength are naturally 

increased because the porosity is decreased. However, in the case of the Aspirin tablet, the 

tensile strength value initially increases, and then remains constant, which coincides with the 

trend of the discussion and is explained by the porosity modifications.

For tablets made of Avicel PH 102, the porosity increased as a result of increasing face- 

curvature of the tablet. Avicel PH 102 was classified as a high rate change material for which
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its rate of change of porosity with compaction pressure was higher than the other materials 

used in the study. That characteristic of Avicel PH 102 leads to clear presentation of a ’local 

porosity effect’ due to increasing face-curvature of the tablet. On the other hand, as the 

porosity value is low at the outer surfaces, the overall porosity can not be considered as a 

investigation criterion of tablet surfaces. It means that the porosity is lower at the centre of 

tablet, thus by increasing the face-curvature to a=0.1, the tensile strength of the specimen is 

initially increased as a result of local porosity effect and then by a further increase of face- 

curvature to a=0.2, it then diminishes due to overall porosity. The cross-section modulus is 

always increased by an increasing face-curvature, indicating that the overall porosity is the 

dominant effect in Avicel PH 102 tablets.

By considering the relationship of log tensile strength versus porosity, it was shown that 

this relationship is applicable for Aspirin beams, as the correlation and regression were good 

for different face-curvatures. Although the value of the tensile strength of beams of a=0.1 

face-curvatures was high (Figure 4.21), the higher intercept value of plane-face beams at zero 

porosity showed that these tablets might be inherently stronger.
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Figure 4.21) Tensile strength as a function of compaction pressure for flat and
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Chapter Five 

Double Layer Tablets or Composite beams
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5.1) Method of tablet preparation.

A constant weight of powder was weighed (±0.0001 g) and then poured into the die by 

means of a sheet of paper. The powder in the die was then rearranged by a rod to produce 

a distribution. The upper punch was brought down to compact the powder at the pressure as 

needed. Thus the lower layer of the tablet was made. The upper punch was removed to allow 

the second weighed powder to cover the first layer inside the die. This was again compacted 

in a manner described above. The lower punch was carefully taken out from the die, and the 

two-layer tablet was gently pressed by the upper punch to remove from the die.The released 

two-layer tablet was then coded and stored for fracture.

The punches and die were cleaned by means of a small tooth-brush and vacuum before 

making each tablet.

For the same material composite tablets, the same weight of powder was used to make 

equal volumes of the two layers. For different material composite tablets the weight and 

volume of two layers were different as their densities were different. Care was taken to keep 

the tablet surfaces in a correct orientation when taken out of the die for further treatment. 

Hence, the upper and the lower surfaces of the tablet showed which ingredients had been used 

to form the compact. The amount of powder needed for each tablet was calculated by using 

its density such that the same volume of each powder was transferred inside the die. 

Considering the densities (Table 2.2), 500 mg Avicel PH 102 powder was chosen as the 

standard and the quantities of other powders were calculated as follows:

(Density of material/Density of Avicel PH102) * 500 = mg weight in each material needed.
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5.2) Method of strength determination.

5.2.1) The ’same material’ composite tablet.

The tensile strength (Gf) calculated was carried out according to Equation 2.19. The flexure 

shear strength (x) was calculated according to Equation 2.23 as used for flat-face rectangular 

tablets.

5.2.2) ’Different material’ composite tablet.

Here, the strength calculations were carried out by using Equation 2.29 for compressive 

stresses, Equation 2.30 for tensile stresses, and Equation 2.31 for shear stresses.

5.3) Storage time and fracture.

All the tablets were stored in sealed containers for 7 days at room temperature after 

manufacturing. They were then individually subjected to three-point flexural bending test such 

that the force was applied to the middle top surface of the tablet by means of CT 40 tablet 

tester at a platen movement of 1 mm/minute. The value of breaking load to fracture each 

tablet was obtained for further strength calculation. All strengths reported are based on 10 

determinations for a given pressure of compaction.

5.4) Porosity determination.

The same method of porosity determination for single rectangular tablets was used (section 

2.2.4, and Equation 2.8), as the mass and volume are similar for each material in the 

composite tablet.
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5.5) Material selection and modulus of elasticity.

To make an easy comparison between the single and composite beams, the same materials 

in Table 2.1 were used in this part of the study. The modulus of elasticity for each material 

was selected from various references (Table 5.1).

Table 5.1) Modulus of Elasticity of materials used.

Material Size Fraction 

(pm)

Modulus of 

Elasticity 

(E) GPa

References

Avicel PH102 90 8.67 Bassam et al (1990)

Avicel PH102 250 4.7 Kerridge & Newton 

(1986)

Emcompress 7.00 Roberts & Rowe 

(1987)

Starch 1500 3.1 Roberts & Rowe 

(1987)

obtained from tensile stress, while for Avicel PH102 (250 pm) it has been determined from 

compressive stress values.

5.6) Mixing of Emcompress with magnesium stearate.

As Emcompress powder stuck to the surfaces of the punch and die, 1% Magnesium 

Stearate was added.
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5.7) Compaction pressure and rate determination.

As before, five different pressures were used to manufacture the tablets at a crosshead 

movement rate of 1 mm/minute. The same compaction pressures were used to compact the 

upper and lower layers of the composite tablets.

5.8) Tooling.

A set of upper and lower punches in a rectangular cross-section with dimensions of width 

(b=10 mm). Length (L=25 mm) but various thickness were used. A die of the same 

dimensions was used to manufacture all the tablets on the Instron physical testing machine.

5.9) Size fraction of powders.

The sieve test was carried out for size fractionating of the powders used in this study. Two 

different size fractions of 90 pm and 250 pm were used.

5.10) Data processing.

In the composite tablets of two different materials, is the maximum compressive stress 

exerted on the top surface of the beam and G{ is the maximum tensile stress on the lower 

surface of the tablet during strength testing. These maximum values are different for a given 

material at a given compaction pressure, indicating different compressive and tensile stresses 

of the ingredients of the two-layer tablets as their modulus of elasticity are different. In the 

’same material’ two-layer tablets, the neutral axis and centroid axis are located on the same 

line thus, the modulus of elasticity are similar for the two layers.

In manufacturing ’different material’ double-layer tablets, the material of the lower layer 

was initially put in the die and compacted by a certain pressure. The second material was then
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put upon the first layer and compacted in the same manner described for the first layer. It is 

assumed that the material of the lower layer has been compacted twice by the same pressure 

(i.e. double-compacted). Thus, it is expected that the porosity of the material in the lower 

layer would be different from that of a single compacted tablet of the same material. This, 

in turn, will probably make tensile strength of those materials different. The theory of bending 

for composite beams (section 1.8.2) was used for stress analyzing of the two-different double

layer tablets, for which the modulus of elasticity of each material were chosen from the 

references shown in Table 5.1. Hence, any possible calculation errors for any composite 

tablets described below, would probably come from incompatibility between those data and 

real values of their modulus of elasticity.

Before discussing the results of composite tablets it is necessary to mention that the failure 

of brittle materials is principally due to crack propagation, and cracks are always propagated 

by the effect of tensile stress. Thus, it is expected that the fracture of a tablet will initiate 

from the lower surface which is subjected to a high tensile stress. The compressive stress on 

the upper layer is not an important factor, even if its value exceeds the value of tensile stress. 

Therefore, it is reasonable to consider tensile stress of the lower layer as a criterion for 

inspection of failure.

Consolidation of powders occurs through a complex process including particle deformation 

and fragmentation, leading to closer packing. Thus, for a given compaction pressure, there are 

different porosity , tensile and shear strengths. The Van der Waals forces have interacted 

between two surfaces of a composite beam. It seems that the amount of interaction between 

surfaces by these forces depend on the compaction pressure employed for manufacturing the 

Starch 1500/Emcompress tablets (Appendix C, Table 5.5a,b). Thus, for the higher compaction 

pressure (80 Mpa) these forces are poor between the surfaces, and the tablet splits into its
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individual ingredients.

5.11) Discussion.

5.11.1) ’Same material’ composite tablets.

In the ’same material’ double-layer tablets (Appendix C, Tables 5.2a,b,c), it was observed 

that the value of tensile stress of the lower layer was more than its value in single compacted 

tablet of same material. The reason for that is, in the composite tablet the lower layer was 

twice compacted. Therefore, the porosity has been reduced to a greater extent than in the 

single compacted tablet. Thus, the value of tensile strength has been raised for composite 

tablets.

Increasing the compaction pressure leads to decreasing the porosity of the compacted tablet, 

while the overall mass of the composite tablet is kept constant. Meanwhile, the values of 

fracture load and strengths (including tensile and shear) increase by increasing the 

compaction pressure. Plots of fracture load versus compaction pressure of Emcompress, Starch 

1500 and Avicel PH 102 composite beams are illustrated in Figures 5.1-5.3, respectively. 

Depending on the material, the thickness is different for a given compaction pressure of 

composites such that

Avicel PH102>Starch 1500>Emcompress [at the lower compaction pressure]

and

Emcompress>Starch 1500>Avicel PH 102 [at the higher compaction pressure]

Also the mass of the tablets varies according to their densities

(i.e. Emcompress>Avicel PH102>Starch 1500)

The load needed to fracture the tablets varied depending upon the characteristics of the 

materials such that:
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Figure 5.2) Fracture load as a function of compaction pressure for two size fractions
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Figure 5.3) Fracture load as a function of compaction pressure for two size fractions 

of composite beams of Avicel PHI 02.

4.0 -

3.0 -
o

2.0  -

250 pm. 
90 pm.

0.0
0 15 30 45 60 75 90

/

Compaction Pressure (MPa)



Avicel PHI02>Emcompress>Starch 1500 

The rate of porosity changes due to the increased compaction pressure vary in different 

tablets, such that

Avicel PH102>Starch 1500>Emcompress 

Newton et al (1971 ) by examination of the failure of the circular tablets subjected to diametral 

compression, expressed that the tablet material must be six times stronger in shear than it is 

in tension, if the ideal tensile failure is to be obtained. Rate of changes for a /x  is more than 

8 times for each material, indicating that all the tablets failed in tension rather than by 

shearing forces.

Considering the two different size fractions for each material (comparison of Tables 5.3-5.5 

with Table 5.6 at Appendix C) showed that the values of strengths, fracture load, porosity and 

thickness are low for the larger size fraction (250 pm) of the materials used. However, the 

range of changes are considerable for Avicel PH 102 while slight changes occurred for 

Emcompress and Starch 1500. The plots of tensile strength versus compaction pressure for 

Emcompress, Starch 1500 and Avicel PH 102 beams at two different size fractions are 

presented in Figures 5.4-5.Ô.

5.11.2) ’Different material’ composite tablets.

Considering the nature of the tablets which were made up of two different materials in the 

top and bottom layers, it was expected that their behaviour would be different depending on 

which side was subjected to the bending force.

An interesting result obtained, regardless which material was at the top or bottom part of 

the composite tablet, was that the bending force was always higher when the double

compacted material was located at the bottom side than when it was located at the top side

172



0
*

1

20 -1 Figure 5.4) Tensile strength as a function of compaction pressure for two size fraction 
of composite beams of Emcompress. 1 % magnesium stearate was added 
to Emcompress material.

1 6 “ 250 pm. 
90 pm.

COr-

0 15 30 45 60 75 90

Compaction Pressure (MPa)



0
*

1
!
00

I
I

20 1
Figure 5.5) Tensile strength as a function of compaction pressure for two size fraction 

of composite beams of Starch 1500.

1 6 “

■ 250 pm. 
^ 90 pm.

12 -

JL

15 30 45 60

Compaction Pressure (MPa)

75 90

?



150 -1 Figure 5.6) Tensile strength as a function of compaction pressure for two size fraction
of composite beams of Avicel PHI02.

o
t- H

*

I

120 -

90 -

60 -

30 -

■ 250 pm.
^ 90 ]Lim.

JL
X

X
X

X
X

X
X

X
X

0
15 30 45 60 75 90

Compaction Pressure (MPa)



of the tablet. To interpret the above result, the theory of bending in composite beams was 

used. The tensile stress at the lower surface of the beam was obtained at the time of fracture, 

as illustrated in Appendix C, Tables 5.3 - 5.5. To have a comprehensive comment on the 

composite tablets, it is reasonable to discuss the results of each case separately.

Due to the similarity in trend of the results for a given tablet in all the different compaction 

pressures, it should be enough to discuss the results in a single compaction pressure (eg. 18 

MPa).

5.11.2.1) Starch 1500/Avicel PH102 double-layer tablet.

5.11.2.1.A) Type A loading: Top layer (Starch 1500), Bottom layer (Avicel PH102).

As it was expected the tensile stress at the lower surface of the tablet which is composed 

of Avicel PH 102 material, was approximately equal to tensile strength of twice-compacted 

Avicel PH102 obtained from the ’same material’ composite tablet (Appendix C, Tables 5.2c 

and 5.4a). The value of a<. (compressive stress on the upper surface) is much more than the 

tensile strength of a single compacted Starch 1500 tablet. But, as previously mentioned, this 

value cannot play an important role as it is a compressive stress and it is not able to 

propagate the cracks. Thus, the tablets did not fail until the Gf exceed the tensile strength of 

the material at its lower surface.

5.11.2.1.B) Type B loading: Top (Avicel PH102), Bottom (Starch 1500).

In this case (Appendix C, Table 5.3b), the calculated value of Cf (maximum tensile stress 

on the lowest point of Starch 1500 layer) shows a higher tensile strength of Starch 1500, as 

its value is more than that obtained from single tablet tests. The reason probably is that the 

upper layer composed of Avicel PH 102, is much stronger than the lower layer, which in turn
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may cause some delay in fracturing of the tablet. The plots of fracture load and tensile 

strength versus compaction pressure of two types of loading for composite beams of Avicel 

PH 102-Starch 1500 are illustrated in Figures 5.7-5.S, respectively. As shown by the figures, 

the fracture load and tensile strength values are higher when the Avicel PH 102 material are 

set on the bottom surfaces of double layer beams.

5.11.2.2) Emcompress + Avicel PH102.

5.11.2.2.A) Type A loading: Top (Emcompress),

Bottom (Avicel).

The values of Of at fracture (Appendix C, Table 5.4a) are expectedly near to the tensile 

strength of double-packed Avicel PH102 in the ’same material’ composite tablet (Appendix 

C, Table 5.2c). The tensile strength value are higher when the Avicel PH 102 is set at the 

bottom surface (Figure 5.9).

5.11.2.2.B) Type B loading: Top (Avicel PH102),

Bottom (Emcompress)

The calculated value of Of (Appendix C, Table 5.4b) is apparently much more than the 

tensile strength of the Emcompress obtained from single tablet tests. As mentioned before, 

the existence of double-compacted Avicel PH 102 may cause the fracture of the tablet to be 

delayed. Hence, Of does not show the real strength of the Emcompress.
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Figure 5.7) Fracture load as a function of compaction pressure for different material
composite beam of (Avicel PH 102 and Starch 1500). The size fraction is
90 pm.
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5.11.2.3) Emcompress + Starch 1500.

5.11.2.3.A) Type A loading: Top (Emcompress),

Bottom (Starch 1500).

In spite of expectation the value of Gf (Appendix C, Table 5.5a) is more than the tensile 

strength of double-packed Starch 1500 (Appendix C, Table 5.2b). In this case, the discrepancy 

is probably due to test errors. A plot of tensile strength versus compaction pressure is 

presented in Figure 5.9.

5.11.2.3.B) Type B loading: Top (Starch 1500), Bottom (Emcompress).

The value of Cf (Appendix C, Table 5.5b) is slightly more than the tensile strength of a 

single Emcompress tablet. This small difference can be interpreted by the effect of the 

stronger double-packed Starch 1500 at the upper layer of the tablet which may cause the 

fracture to be delayed.

5.12) Conclusion.

Comparison of the results obtained from the treatment of both surfaces of composite tablets 

shows that the behaviour of each material is different in compression than in tension, as the 

values of compressive stress ( c j  and tensile stress (Gf) obtained from both tests are different. 

It is also observed that the value of critical stresses in tension is higher than that in 

compression. Thus, when the strongest material is placed in the lower layer, the higher 

fracture load must be exerted.

Considering the Equations mentioned at section 5.2.2 for calculation of the strength at the 

highest and lowest point of different material composites, it is observed that if the material 

with higher modulus of elasticity is placed at the lower layer the value of obtained from
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exerting the fracture load at the higher point, is more than the value obtained at the lower 

point (i.e. Gf). On the other hand, if the material of higher E, modulus of elasticity, is located 

at the top surface, the stress value at the lower layer will be more than its value at the higher 

layer (i.e. Gj. The range of GjGf would be Va, if n is much more than 1. Inversely, when n 

is less than 1, the value for cJCf would be near 3. From these assumptions the results would 

be explained.

Composite tablets of Emcompress/Starch 1500 (Appendix C, Table 5.5) will not tolerate 

higher compaction pressures than 80 Mpa, as they split down in two pieces by the axial plane 

between two surfaces. This is probably because of the existence of poor inter material Van- 

der Waals forces, which in turn is due to characteristics of Emcompress. In the ’same 

material* composite beams, the beam with higher modulus of elasticity posses higher tensile 

stress value than the beam of lower modulus of elasticity (Appendix C, Table 5.2). In the 

’different material’ composite beams, however, if the material with higher modulus of 

elasticity is located at the top layer during testing, the tensile stress value of the specimen 

would be higher than the compressive stress value, and vice versa.

The ’same material’ Avicel PH102 beams (Appendix C, Table 5.2c) posses higher tensile 

stress values than the ’different material’ composite beams of Emcompress/Avicel PHI02 

while Avicel is located at bottom layer (Appendix C, Table 5.4a). The ’same material’ 

Emcompress beams, on the other hand, have lower tensile stress values than the 

Emcompress/Avicel Phl02 beams when Avicel is located at top layer.

The failure of brittle materials is principally due to crack propagation, and cracks initiate 

from the lower surface which is subjected to a high tensile stress. Young’s modulus, on the 

other hand, is a measure of the stiffness of a material and it can be estimated by measurement 

of the slop of the stress-strain curve in the elastic region. Young’s modulus is independent
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of beam thickness (Bassam et al, 1990) and there is a relationship between Young’s modulus 

and porosity (Dean and Lafez, 1983).

When a high modulus material is located at top layer it rather prevents the easy 

transmission of the force through the double-layer tablet. Thus, higher fracture load is needed 

to exert to cause a failure at lower surface. Besides, higher modulus of elasticity cause the 

beam to bend easily.
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Chapter Six 

"Mixed Beam-shaped Tablets"
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6.1) Material selection.

To make a comparison between the single and mixed beams, the same materials of single 

beams (section 4.1) were used in this part of the study.

6.2) Tooling.

The upper and lower punches and the die system used here were similar to that of single 

beams (section 4.2).

6.3) Rate and pressure of compaction.

As before, the tablets were manufactured at a crosshead movement of 1 mm/min at five 

different compaction pressures.

6.4) Powder size fraction.

The investigation was carried out using the 180-125 pm size fraction of the powders.

6.5) Preparing the powder mixture.

The powder mixture was performed by a Turbula mixer model T2C (W.A.Bachafen, Basle, 

Switzerland) at 42 rev/min for 30 min. Equal weights of each powder were mixed.

6.6) Mixing of Emcompress with Magnesium Stearate.

1% Magnesium Stearate was added to prevent sticking of the Emcompress powder to 

surfaces of the punches and die.
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6.7) Tablet preparation.

The same process as single beam preparation (section 4.5) was performed to prepare the 

mixed beams.

6.8) Storage time and Fracture.

Tablets were stored before fracturing in the manner of section 2.4, and then fractured 

according to sections 23.2.2 and 2.S.2.3 for plane-face and curved-face beams, respectively.

6.9) Tensile strength determination.

The tensile strength of plane and curved-face mixed beams were calculated according to 

sections 2.3.3.2.1.1 and 2.3.3.2.2.1, respectively.

6.10) Porosity determination.

The bed porosities of mixed beams were determined according to section 2.2.4.3 for flat 

beams and section 2.2.4.4 for curved-face beams.

6.11) Results.

A mixed tablet consists of two or more materials with different characteristics such as 

density, sensitivity to compaction, shape, and intermolecular forces, etc. Thus, it is possible 

to behave differently to its individual ingredients. The three-point bending test has been 

carried out to test the tablets made from the double mixtures of Aspirin/Avicel PH 102, 

Aspirin/Emcompress, Avicel PH 102/Emcompress, Avicel PH 102/Starch 1500, Starch 

1500/Emcompress, and triple mixture of Avicel PH 102/Starch 1500/Emcompress. Equation 

4.1 was used to interpret resulting data. A test was carried out to investigate the influence of

187



the Magnesium Stearate on the tensile strength of the mixed beam of Aspirin/Emcompress 

at different compaction pressures. The results show that the fracture load values (Figure 6.1) 

and the values of tensile strength (Figure 6.2) were lower when the lubricant was added to 

the mixture.

The examination of all data obtained from the test consist of three series of results as 

follows:

In the first series, for a given compaction pressure in a fixed thickness and face-curvature, the 

fracture load and tensile strength of the specimen are increased while the overall porosity of 

the material is decreased.

In the next series of data, as the thickness of a mixed tablet increased, the fracture load and 

tensile strength increased and the porosity of material decreased.

In the third series, for a given thickness and compaction pressure, by increasing the face- 

curvature of a mixed tablet, the fracture load increased in all cases except the Starch 1500 and 

Emcompress case (Appendix D, Table 6.5) at d/b ratio of 0.5, where it decreases initially 

from flat to a=0.1 face-curvature and then increases from a=0.1 to a=0.2 face-curvature.

6.12) Discussion.

Examination of data reveal that the fracture load increases by increasing the compaction 

load for a fixed face-curvature and thickness of a mixed tablet (Appendix D, Tables 6.1 and

6.2). As the cross-section modulus (I/Y) of Equation 4.1 [i.e. Gf=(FL/4)/(I/Y)] is fixed due to 

fixed face-curvature and thickness of a tablet, the fracture force is not expected to change. 

The tensile strength (Of) value, however, is increased by increasing compaction pressure 

explaining the fracture load growth. The reason why tensile strength of the tablet is increased 

is because of decreasing value of material porosity due to the increase in the compaction
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pressure. The fall of porosity is clearly shown by data obtained from the test (Appendix D, 

Table 6.1).

For a given compaction pressure and face-curvature, the fracture load naturally increases 

by increasing the thickness of a mixed tablet. As discussed before in section 4.12, the 

increased value of I/Y ratio due to increasing the thickness of the tablet, might result in 

increasing the fracture load value to the extent of the modulus growth. Practically, however, 

its value increased more than the increase in the rate of I/Y ratio, due to an increase in the 

tensile strength (Gf) resulting from the decrease in mixture porosity. For example, in the 

mixture of Starch 1500/Emcompress (Appendix D, Table 6.5c) at 43 Mpa compaction 

pressure, with a thickness between 0.2 and 0.3 cm, and face-curvature of a=0.2, the cross- 

section modulus ratio is 1.435. Meanwhile, the fracture load, however, has been increased by 

the ratio of 1.56 and reached the value of 0.715. The reason for this is the decrease in 

porosity of the mixture from 0.317 to 0.315 which, in turn, results in the increase of tensile 

strength value from 5.821 to 6.275.

In the third series of data, the fracture force is increased (Appendix D, Table 6.3 and 6.5) 

due to an increase in the face-curvature at fixed compaction pressure and thickness of the 

tablet. As there is not a dominant trend among the porosity and tensile strength data of mixed 

tablets in this series, it is expedient to classify the mixtures in three following groups 

according to their results.

6.12.1) First group.

This group consists of a mixed tablet of Aspirin and Emcompress (Appendix D, Table 6.2). 

The fracture load is increased due to increase of face-curvature by a ratio of more than the 

cross-section modulus growth. A plot of fracture load versus compaction pressure is illustrated 

in Figure 6.3. It is interpreted by increasing value of tensile strength due to decrease of
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Figure 6.3) Fracture load as a function of compaction pressure for binary mixed beams
of (Aspirin and Emcompress) of different face-curvatures.
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Figure 6.4) Tensile strength as a function of compaction pressure for binary mixed
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mixture porosity. Tensile strength versus compaction pressure is plotted in Figure 6.4.

6.12.2) Second group of mixed tablets.

Investigation of data of this group, which consists of three type of mixed tablets including 

Avicel PH 102/Aspirin (Appendix D, Table 6.1), Avicel PH 102/Starch 1500 (Appendix D, 

Table 6.4), and triple mixture of Avicel PH 102/Emcompress/Starch 1500 (Appendix D, Table

6.6), shows that, in spite of their occasional decrease in fracture load, it is often increased for 

a given thickness and compaction pressure. The plots of fracture load versus compaction 

pressure for the mixtures in this group are presented in Figures 6.5-6.11. As mentioned 

before, the ratio of change of fracture load might have been proportional to the ratio of 

modulus change, if the tensile strength (c^) value had been kept fixed. In practice, however, 

it not only increased in an disproportional manner with the modulus ratio, but in some cases 

decreased. The plots of tensile strength versus compaction pressure for beams of this group 

are presented in Figures 6.12-6.18.

The trend of most of the data obtained from the test are consistent, and are explained by 

the cross-section modulus modification; tensile strength (Of) value is inversely proportional 

to porosity change. In some cases, in spite of porosity changes coincides with Of changes, the 

former value does not explain the extensive differences of tensile strengths. Even in some 

cases, the porosity changes do not agree with the tensile strength (Gf) changes.

The data (Appendix D, Tables 6.1, 6.4, and 6.6) suggests that the logical trend would occur 

when the value of specimen porosity for a face-curvature of a=0.1 would be less than the 

value obtained in practice, or be the lowest value among the values of different face- 

curvatures. Therefore, it seems that the local porosity effect (section 4.4) again is valid for 

interpretation of the data. That is, for face-curvature of a=0.1 the same porosity values of
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Figure 6.5) Fracture load as a function of compaction pressure for binary mixed beams
of (Aspirin and Avicel PHI02) of different face-curvatures.
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Figure 6.6) Fracture load as function of compaction pressure for plane-face binary
mixed beam of (Avicel PHI02 and Starch 1500).
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Figure 6.7) Fracture load as function of compaction pressure for binary mixed
beam of (Avicel PH 102 and Starch 1500), when face-curvature is a=0.1.5.0 n
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Figure 6.8) Fracture load as function of compaction pressure for binary mixed
beam of (Avicel PH102 and Starch 1500), when face-curvature is a=0.2.
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Figure 6.9) Fracture load as function of compaction pressure for plane-face triple
mixed beam of (Avicel PH 102, Emcompress and Starch 1500).
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Triple (a=0.1)

5.0 “1 Figure 6.10) Fracture load as function of compaction pressure for triple mixed
beams of (Avicel PH I02, Emcompress and Starch 1500), when face- 

curvature is a=0.1.
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Figure 6.11) Fracture load as function of compaction pressure for triple mixed
beams of (Avicel PH 102, Emcompress and Starch 1500), when face-

curvature is a=0.2.
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^ 5  "1 Figure 6.12) Tensile strength as a function of compaction pressure for binary mixed
beams of (Aspirin and Avicel PH 102) of different face-curvatures.
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Figure 6.13) Tensile strength as a function of compaction pressure for plane-face 

binary mixed beams of (Avicel PH102 and Starch 1500).

60 - d/b=0,1
d/b=0.2
d/b=0.3
d/b=0.4

45 -

30 -

0 15 30 45 60 75

Compaction Pressure (MPa)

90 105



0
*

cO

1

I
00

g

Figure 6.14) Tensile strength as a function of compaction pressure for binary mixed
beams of (Avicel PHI02 and Starch 1500), when face-curvature is a=0.1.80 “I
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Figure 6.15) Tensile strength as a function of compaction pressure for binary mixed

beams of (Avicel PHI 02 and Starch 1500), when face-curvature is a=0.2.

o
T-H

*

I
I
CO

I

60 -

45 -

30 -

15 -

0
0

d/b=0.1
d/b=0.2

“ I I I I I T “

15 30 45 60 75 90 105

Compaction Pressure (MPa)



0H
*

<?

1

I00

I
g

40 -1

32 -

24 -

1 6 “

8 -

0
0

Figure 6.16) Tensile strength as a function of compaction pressure for plane-face triple
mixed beams of (Avicel PHI02, Emcompress and Starch 1500).
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Figure 6.17) Tensile strength as a function of compaction pressure for triple mixed
beams of (Avicel PH102, Emcompress and Starch 1500), when
face-curvature is a=0.1.
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Figure 6.18) Tensile strength as a function of compaction pressure for triple mixed

beams of (Avicel PHI02, Emcompress and Starch 1500),
when face-curvature is a=0.2.
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Appendix D, Table 6.6 are not true, thus the local porosity where the value would be less 

than the overall porosity, should be the criterion of the investigation. By that assumption, the 

behaviour of mixed tablets of this group may be explained. On the other hand, the compounds 

of this group mostly consist of specimens of high rate of porosity change, as in the triple 

mixed tablets, although Emcompress is a material with low rate of porosity change, but it is 

combined with two other materials which have high rate of porosity change. Therefore, for 

some mixed tablets of this group it is expected that the local porosity effect will be important. 

For example, in the plane-face triple mix tablet of Avicel PH 102/Starch 1500/Emcompress 

(Appendix D, Table 6.6a) with thickness of 0.3 cm at 77 Mpa compaction pressure, the 

fracture load is 1.146 kg. By changing the face-curvature to a=0.1 it is increased to 2.619 kg, 

while the cross-section modulus ratio of change is (14.75*10'V6.667*10'^=2.21). Thus the 

fracture load was expected to increase at a ratio equal to the modulus ratio and reached 2.533 

kg. The excess value of fracture load results from the increase of value from 32.422 to 

43.246 due to the decrease of specimen porosity. Decrease of porosity value, however, from 

0.232 to 0.230 cannot present the extensive growth of tensile strength value. Besides, for a 

face-curvature of a=0.2, the value of tensile strength (Of) had fallen to 42.265 MNm’̂ , thus 

the porosity might have been increased proportionally to Gf values. The porosity, however, 

has been decreased from 0.230 to 0.221. Therefore, in both situations it is clear that the value 

of porosity at face-curvature of a=0.1 might be proportionally decreased. This matter could 

be explained by the local porosity effect.

6.12.3) Third group of compounds.

Two mixed compounds of Emcompress/Starch 1500 (Appendix D, Table 6.5), and 

Emcompress/Avicel PH 102 (Appendix D, Table 6.3) are placed in this group. Examination
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of the data show that the fracture load is increased by increasing face-curvature in a given 

compaction pressure and thickness of the mixed tablet. The plots of fracture load versus 

compaction pressure are illustrated in Figures 6.19-6.24. The rate of its growth, however, is 

not proportional to the ratio of I/Y growth. The reason for this is the change of tensile 

strength value, due to the change of specimen porosity. The tensile strength versus 

compaction pressure for the tablets of this group are presented in Figures 6.25-6.30.

The resultant data is often applicable to the natural style of relationship between tensile 

strength and porosity, but in higher compaction pressure it does not conform to this 

procedure. To conform the values of porosity with the face-curvature of a=0.1 in higher 

compaction pressures should be higher than they are. As an example, in the mixed compound 

of Emcompress/Starch 1500, the value of fracture load of thickness of 0.4 cm of plane-face 

tablet at 77 Mpa compaction pressure is 0.792 kg. This amount might be 1.54*0.792=1.220 

kg for a=0.1 face-curvature according to the growth of modulus ratio between two face- 

curvatures. As shown in Appendix D, Table 6.5b, however, its value is 0.830 Kg due to the 

decrease of Cf value from 12.494 (at a=0.0) to 8.583 (at a=0.1). The porosity values, however, 

are same for both face-curvatures (e=0.235), indicating that a complex procedure is involved 

in the curved tablet of a=0.1. A similar case is shown when face-curvature changes to a=0.2 

under the same condition, the fracture force increases to 2.553 kgf, but not proportionally to 

the modulus rate growth. That is interpreted by increasing value of Of from 8.583 (where 

a=0.0) to 16.239 (a=0.2) due to decrease of porosity from 0.235 (a=0.1) to 0.225 (a=0.2). It 

is notable that the strength value is increased almost two fold, while the porosity decreased 

only slightly. By examination of the two sets of data mentioned above, it is clear that the 

porosity value of 0.235 for face-curvature of a=0.1 might be more than it actually is.

As shown by the above tables, at lower compaction pressure there is high porosity and low
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2,5 r Figure 6.19) Fracture load as a function of compaction pressure for plane-face binary
mixed beams of (Emcompress and Starch 1500).
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Figure 6.20) Fracture load as a function of compaction pressure for binary mixed
beams of (Starch 1500 and Emcompress), when face-curvature is a-0.1.
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Figure 6.21) Fracture load as a function of compaction pressure for binary mixed
4.0 “I beams of (Starch 1500 and Emcompress), when face-curvature is a=0.2.
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Figure 6.22) Fracture load as a function of compaction pressure for plane-face binary
mixed beams of (Avicel PHI02 and Emcompress).
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Figure 6.23) Fracture load as a function of compaction pressure for binary mixed
beams of (Avicel PHI 02 and Emcompress), when face-curvature is a=0.1.
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Figure 6.24) Fracture load as a function of compaction pressure for binary mixed
beams of (Avicel PHI02 and Emcompress), when face-curvature is a=0.2.
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Figure 6.25) Tensile strength as a function of compaction pressure for plane-face 

binary mixed beams of (Starch 1500 and Emcompress).
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Figure 6.26) Tensile strength as a function of compaction pressure for binary mixed
beams of (Starch 1500 and Emcompress), when face-curvature is a=0.1.
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20 -I Figure 6.27) Tensile strength as a function of compaction pressure for binary mixed 
beams of (Starch 1500 and Emcompress), when face-curvature is a=0.2.
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Figure 6.28) Tensile strength as a function of compaction pressure for plane-face
binary mixed beams of (Avicel PHI02 and Emcompress).60 "1
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Figure 6.29) Tensile strength as a function of compaction pressure for binary mixed
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60 “1 beams of (Avicel PH102 and Emcompress), when face-curvature is a=0.1.
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75 n Figure 6.30) Tensile strength as a function of compaction pressure for binary mixed 
beams of (Avicel PH 102 and Emcompress), when face-curvature is a=0.2.
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tensile strength and at high compaction pressure there is low porosity and high tensile 

strength. The data for determining the relationship between compaction pressure, porosity and 

tensile strength of binary mixed tablets of Aspirin/Emcompress, Avicel PH 102/Starch 1500 

and the triple mixture of Avicel PH 102/Starch 1500/Emcompress are presented in Tables 

6.7a,b , 6.8a,b,c and 6.9a,b,c, respectively. An assessment based on the relationship of natural 

log tensile strength versus porosity shows that there are good correlation and regression for 

the above mixed beams, especially with lower face-curvature and d/b ratios. The plots of log 

tensile strength versus porosity for binary mixed beams of Aspirin/Emcompress, Avicel 

PH 102/Starch 1500 and triple mix of Avicel PH 102/Emcompress/Starch 1500 are illustrated 

in Figures 6.31-6.37, respectively. Meanwhile, a comparative plot of log tensile strength 

versus porosity for Aspirin/Emcompress with and without lubricant is illustrated in Figure 

6.38. This figure demonstrates that the values for fracture are decreased when the lubricant 

is added to the mixture.

6.13) Mixing Strength Factor (MSF)

This factor indicates the existence of a relationship to compare the tensile strength (Gf) 

value of a mixed tablet with the tensile strength (Gf) values of its individual materials in 

single tablets. As mentioned above, there are different values of tensile strength due to 

different values of fracture force for a mixed tablet and its individual materials in single 

tablets. To establish a relationship between Gf values in a mixed tablet and that of single 

tablets of those materials, the following points should be considered:

(a) The tensile strength of a mixed tablet is a function of the tensile strengths of single tablets 

of individual materials.

(b) The tensile strength of a mixed tablet also depends on many factors such as inter and
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Figure 6.32) log tensile strength versus porosity for plane-face binary mixed beams of
(Avicel PH102 and Starch 1500).2 .0  -1
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Figure 6.33) log tensile strength versus porosity for binary mixed beams of
(Avicel PHI02 and Starch 1500), when face-curvature is a=0.1.2.00 n
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Figure 6.34) log tensile strength versus porosity for binary mixed beams of
(Avicel PH102 and Starch 1500), when face-curvature is a=0.2.
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Figure 6.35) log tensile strength versus porosity for plane-face triple mixed beams of
(Emcompress, Avicel PH102 and Starch 1500).
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2.0 -I Figure 6.36) log tensile strength versus porosity for triple mixed beams of
(Emcompress, Avicel PH102 and Starch 1500), when face-curvature 
is a=0.1.
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Figure 6.37) log tensile strength versus porosity for triple mixed beams of

(Emcompress, Avicel PH102 and Starch 1500), when face-curvature 
is a=0.2.
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Figure 6.38) log tensile strength versus porosity for binary mixed beams of
(Aspirin and Emcompress) in two conditions of with and without

added lubricant.

^ without lubricant 
■ with lubricant

I
I
CO

!
O

1.50 -

1.25 -

1.00  -

0.75 -

\
■ ^SE

0.15 0.18 0.21 0.24 0.27 0.30

Porosity



intra molecular forces, ability of binding of single materials, material characteristics and so 

on.

By considering the above points, the following relationship is proposed:

Gf mix = «MSFClGfi/n) Equation 6.1 

where, is tensile strength of single tablet of individual material, is tensile strength of 

mixed tablets, a^sF is mixing strength factor and ’n’ is the number of components which are 

mixed.

The MSF value (a), is dependent on:

A) Type of materials which are mixed,

B) The thickness of the tablet,

C) The tablet face-curvature,

D) The compaction pressure.

The values of MSF for mixed beams of thickness 0.3 mm are presented in Table 6.10. The 

closer the value of MSF is to one, the better can the tensile strength of a mixed tablet be 

predicted by the individual tensile strengths of single tablets of the same materials. Although 

the MSF values for mixed tablets of Aspirin/Avicel PH102 and Avicel PH102/Emcompress 

are close to one at higher compaction pressures, but the mixed tablets of Aspirin/Bmcompress 

and Starch 1500/Emcompress show clear agreement with the mentioned assumption at most 

of the compaction pressures. Thus, the tensile strength of the later mixed components are well 

predicted from the tensile strength values of their individual tablets.
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Table 6,10) Values of M.S.F. ((%i,3=2Gi a/Ci+Gg) for mixed 
tablets of beam-shaped of thickness 0.3.

a) Mixed tablet of Aspirin/Avicel PH102.

Compaction Curvature Curvature Curvature
Pressure (MPa) (a=0.0) (a=0.1) (a=0.2)

18 0.36 0.416 0.647
30 0.49 0.493 -
43 0.558 0.656 -
58 0.632 0.718 -

77 - - -

b) Mixed tablet of Aspirin/Emcompress.

Compaction 
Pressure (MPa)

Curvature
(a=0.0)

Curvature 
(a=0.1)

Curvature
(a=0.2)

18 1.39 1.33 1.44
30 1.197 1.064 1.116
43 1.099 1.089 1.091
58 1.069 1.025 1.012
77 1.039 1.039 1.052

c) Mixed tablet of Avicel PH102/Emcompress.

Compaction 
Pressure (MPa)

Curvature
(a=0.0)

Curvature 
(a=0.1)

Curvature
(a=0.2)

18 0.65 0.42 -

30 0.672 0.385 -

43 0.707 0.545 -

58 0.821 0.710 -

77 - - -
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d) Mixed t a b l e t  o f  f l a t - f a c e d  S t a r c h  1500/Emcompress .

Compaction Curvature Curvature Curvature
Pressure (MPa) (a=0.0) (a=0.1) (a=0.2)

18 0.821 0.832 0.841
30 0.896 0.873 0.900
43 1.034 1.03 1.056
58 1.120 1.072 1.138
77 1.088 1.140 1.194
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6.14) Conclusion.

Looking at compounds of all groups of this chapter reveals that the mentioned disorder has 

taken place if a material with low rate of change of porosity (i.e. Emcompress) is mixed with 

a material of high rate of change of porosity (Table 4.10). It is notable that the disorder does 

not occur in the mixed tablet of Emcompress/Aspirin, where Emcompress has a low rate and 

Aspirin has a medium rate of porosity change, nor in the triple mixed tablet, where 

Emcompress was eclipsed by two materials of Avicel PH 102 and Starch 1500 which have a 

high rate of dependence on pressure. Therefore, as a result, in mixed tablets which consist of 

both low and high rate of porosity change materials, the behaviour of the tablet cannot be 

explained by overall porosity. However, the closer the value of MSF is to one, the better can 

the tensile strength of a mixed tablet be predicted by the individual tensile strengths of single 

tablets of the same individual materials. This matter is well predicted by MSF values of the 

compounds of Aspirin/Emcompress (Table 6.10b), and Starch 1500/Emcompress (Table 

6.10d).

By examining the values of the relationship of Log tensile strength versus porosity for 

binary mixed beams of Aspirin/Emcompress (Appendix D, Table 6.7 a,b), Avicel 

PH 102/Starch 1500 (Appendix D, Table 6.8a,b,c) and triple mixed beams of Avicel 

PH102/Emcompress/Starch 1500 (Appendix D, Table 6.9a), it is clear that the correlations are 

rather high and p-values are generally significant for plane and a=0.1 face-curvatures of lower 

d/b ratios of these beams.
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Chapter Seven 

"Conclusion"
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7.1) Conclusion.

The aim of this work was to investigate the influence of punch face curvature on the tensile 

strength of tablets of different shape. Seven cylinder punch face-curvatures for Avicel 102 

tablets were examined. In addition, three beam-shaped plane and curved punches for four 

different materials (Avicel PH 102, Aspirin, Emcompress, and Starch 1500) were examined. 

Equations 2.14 and 2.15 were used for the diametral compression of plane and convex-face 

circular tablets and Equations 2.15 and 2.19 for the bending tests on the flat and curved-face 

beams. The mechanical strength of mixtures of the materials for beam shaped tablets were 

investigated to evaluate the compaction behaviour of mixed components.

By applying the theory of bending in composite beams of ’same materials’ and ’different 

materials’, the mechanical strengths of double layer tablets were studied. Using the known 

values of modulus of elasticity for each material, the dominant tensile strength in the double 

layer tablets were investigated.

There was a good conformity among the theoretical and practical results. Several factors 

such as material properties, compaction conditions and specimen shape were shown to have 

a quantiflable effect upon the tensile strength of the tablets. Certain dimensions, cylinder 

lengths and face-curvatures were shown to give optimum tensile strengths. These dimensions 

coincide with those dimensions empirically used in the pharmaceutical industry. The tensile 

strength of tablets is compared by their strength/porosity/compaction pressure relationship.

The three-point bending theory was applied to a range of materials of different shape and 

dimensions and its ability to interpret the mechanical strengths of various beam-shaped tablets 

was demonstrated. The importance of the test is shown by considering the factors that are 

involved in the mechanical strength of brittle materials, especially powders, which make their 

interpretation difficult. As discussed in previous chapters however, there is sufficient
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conformity between the theory of bending and the practical results for single and mixed 

component tablets. This theory was also able to explain the results for the double layer beams. 

Thus it was demonstrated that the three-point bending test method is a useful approach for 

investigating the mechanical behaviour of tablets. In addition, it must be noted that the 

characteristics of powder materials are always affected by factors such as discontinuity, 

incompatibility, non-uniformity in distribution of structure, different behaviour in compression 

and tension and so on. Consequently, the stress distribution and interpretation of the resultant 

mechanical strength is a complex problem. Thus for either the indirect test method used for 

determination of mechanical strength of circular tablets or the bending test method, the 

accepted criterion of investigation would be the trend in the resulting data. It is notable that 

besides the mechanical strength determination for an extensive study of material behaviour 

the theory of fracture, hardness measurement at different points in a material, inter and intra

molecular bonding information in single and mixed tablets and local stress concentration 

factors etc, are also valuable parameters which are needed.

The main results of this thesis are:

(I) The calculated indirect tensile strength of a circular specimen has been shown to be 

dependent upon a variety of parameters such as material properties, size and shape of the 

specimen such that:

a) If the material deforms too readily the specimen will fail in shear (i.e. ductile material). 

If the material does not deform sufficiently to alleviate the large compressive stresses at the 

loading zone then the specimen may shatter, or crumble. It is notable however, that in brittle 

materials the tensile strength is generally considered to be less than the compressive and shear 

strengths.
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b) Thicker specimens will fail in tension whereas thinner tablets will crumble or shatter. 

The strength of the specimen will also be affected by the volume effect for the inclusion of 

flaws.

Depending upon the shape of the specimen the tablets all had different masses, porosities 

and tensile strengths for a given compaction pressure. This is because tablets are anisotropic, 

heterogeneous bodies in which the pore shape and structure differ from the ideal nature 

required for the theoretical models. Thus it is difficult to compare the strengths of tablets 

under standard conditions.

(H) The convex-face cylinder tablets failed diametrically in tension when loaded across 

their diameter. Thus the tensile strength could be evaluated by using Equation 2.15.

(HI) Comparison of the strengths of the circular tablets showed that for a given compaction 

rate there are optimum face-curvature and cylinder lengths which produce the strongest 

tablets.

(IV) One of the factors effecting the stress distribution within the tablets was the type of 

loading during the tablet manufacturing. The type of the punch face used during compaction 

can directly affect the tablet producing areas with different local porosities. Depending on the 

magnitude and distribution of the density the strength of the tablet will be different. Thus the 

local porosity effects should be considered in investigation of the powder material behaviour. 

This assumption was used as a criterion to explain the disorders of the strength values of 

some single and mixed beam-shaped tablets.
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(V) The mechanical strength of a beam is directly affected by the specimen thickness in 

two ways: firstly by alteration of the cross-section modulus and secondly by changing the 

overall or local porosity values which in turn subsequently have a direct effect upon the 

strength of the tablet. The value of cross-section modulus is increased by increasing the 

specimen face-curvature.

By applying Equation regarding log tensile strength versus porosity to the data obtained for 

Aspirin beams, the optimum face-curvature was found.

(VI) To compare the tensile strength values of a mixed tablet with tensile strength values 

for its individual materials in single tablets a relationship called Mixing Strength Factor 

(MSF) was established. However, the closer the value of MSF to one the better the prediction 

of the tensile strength of a mixed tablet by the individual tensile strengths for the single 

component tablets.

(VII) The bending theory was applied to explain the properties of composite tablets using 

the Equation 2.30. Comparison of the results obtained from the treatment of both surfaces of 

the composite tablets showed that the behaviour of each material was different in compression 

and tension. It was also observed that the value of the critical stresses in tension were higher 

than those in compression.

In composite beams of different materials, if the material of higher modulus of elasticity 

was located at the top surface during testing, the tensile stress value of the specimen was 

higher than the value of compressive stress and vice versa.
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7.2) Further work.

Characterization of pharmaceutical beam-shaped tablets is a new field and because of the 

complexity of the nature and the process of tabletting the scope for continuing this research 

is enormous. The following points are suggested for further work:

(1) The application of the principals of the fracture mechanics to brittle materials is a 

requirement for the characterization of beam-shaped tablets.

(2) Density distribution within beam-shaped compacts varies. Thus hardness measurements 

at different points of the compact are necessary.

(3) Comparative studies of the tensile strength of beam-shaped compacted materials with 

respect to their densities to understand the attractive forces between particles and their 

bonding or adhesion are suggested.

(4) A deep understanding of flaw type and distribution is important. The photoelastic methods 

used to analyze the correct stress states existing within plane and curved-face beams subjected 

to bending test should be considered. Meanwhile understanding the modes of failure in beams 

is of paramount importance.

(5) A more detailed study of the specimen dimensions and face-curvatures on the tensile 

strength of various materials by using the three or four point bending test methods with 

different positions of supports would be useful.
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(6) A study of the powder processing performance in mixed and composite beams by the 

measurement of the Young’s modulus of solids in tension, compression and dynamically for 

variety of materials could be made.

(7) Application of the plate theory to investigate the influence of face-curvature on the 

mechanical strengths of rectangular and capsule-shaped tablets with a comparison to the 

results of beam theory is suggested.
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Table 3.1) Weight of Avicel PH102 used to prepare circular 
tablets at different thickness to dicutieter ratio 
and pressure.

Face- (W/D) Compaction Pressure (MPa)
Curvature ratio 20 37.5 55 80 112
Flat 0.1 0.100 0.128 0.151 0.170 0.179

0.2 0.217 0.273 0.333 0.369 0.394
0.3 0.337 0.429 0.521 0.581 0.618

Micro 0.1 0.127 0.168 0.194 0.229 0.242
0.2 0.237 0.327 0.376 0.430 0.448
0.3 0.357 0.490 0.570 0.627 0.651

Shallow 0.1 0.155 0.191 0.235 0.266 0.289
0.2 0.265 0.352 0.421 0.467 0.501
0.3 0.393 0.511 0.605 0.695 0.724

Normal 0.1 0.219 0.243 0.266 0.291 0.311
0.2 0.349 0.386 0.422 0.458 0.498
0.3 0.483 0.531 0.575 0.626 0.670

Unity 0.1 0.277 0.305 0.337 0.366 0.395
0.2 0.406 0.449 0.488 0.529 0.577
0.3 0.548 0.603 0.656 0.712 -

Deep 0.1 0.333 0.366 0.401 0.441 0.469
0.2 0.464 0.508 0.560 0.607 0.653
0.3 0.608 0.670 0.731 - -

Coating 0.1 0.354 0.392 0.431 0.466 0.501
0.2 0.494 0.543 0.590 0.642 -

0.3 0.630 0.695 - - -
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Table 3.2) Summary of fracture load and porosity values of plane and convex-faces circular
Avicel PH102 tablets at different cylinder lengths. Thickness, diameter and fracture 
load are indicated by symbols W, D and P, respectively.

(a) congpaction pressure of 20 MPa.
Face-
Curvature

Cylinder Length 
0.1 W/D 

Porosity P(kg) C.V.%
Cylinder Length 

0.2 W/D 
Porosity P(kg) C.V.%

Cylinder Length 
0.3 W/D 

Porosity P(kg) C.V.%
Flat 0.592 1.246 5.96 0.558 2.253 4.18 0.538 3.744 1.75
Micro 0.604 1.902 7.18 0.583 3.189 4.93 0.557 3.841 5.01
Shallow 0.613 1.496 10.75 0.592 2.800 9.196 0.556 4.194 11.75
Normal 0.522 2.649 6.92 0.509 5.266 6.27 0.489 6.696 3.88
Unity 0.524 3.197 10.54 0.507 5.162 8.32 0.484 6.390 6.49
Deep 0.485 3.494 8.81 0.454 5.014 6.78 0.442 8.117 3.63
Coating 0.479 3.667 15.38 0.457 5.031 12.71 0.453 7.996 5.80

(b) compaction pressure of 37.5 MPa
Flat 0.472 1.632 5.60 0.444 3.227 2.80 0.412 4.642 2.21
Micro 0.480 2.310 6.44 0.418 4.096 4.27 0.395 5.752 3.65
Shallow 0.521 3.076 8.53 0.453 4.811 6.86 0.426 7.506 8.12
Normal 0.480 4.000 7.11 0.454 7.937 4.14 0.432 10.016 2.85
Unity 0.476 4.382 8.95 0.458 7.816 7.80 0.433 10.552 3.61
Deep 0.417 5.002 9.36 0.407 7.834 5.99 0.385 12.154 3.88
Coating 0.408 5.080 10.59 0.395 7.805 8.28 0.389 12.347 3.61



Table 3.2) Continued. (C) compaction pressure of 55 MPa
F a c e -
C u r v a t u r e

C y l i n d e r  l e n g t h  
0 . 1  W/D 

P o r o s i t y  P ( k g )  C.V.%

C y l i n d e r  l e n g t h  
0 . 2  W/D 

P o r o s i t y  P ( k g )  C.V.%

C y l i n d e r  L e n g t h  
0 . 3  W/D 

P o r o s i t y  P ( k g )  C.V.%
F l a t 0 . 3 6 8 1 . 9 8 7 7 . 4 5 0 . 3 1 6 4 . 2 1 0 2 . 7 1 0 . 2 8 3 5 . 6 4 5  2 . 5 7
M i c r o 0 . 3 9 2 3 . 1 6 5 5 . 3 7 0 . 3 2 8 5 . 6 5 1 3 . 0 7 0 . 2 9 1 7 . 9 6 2  3 . 1 5

S h a l l o w 0 . 4 1 6 4 . 1 9 6 8 . 6 6 0 . 3 4 5 7 . 1 3 5 4 . 5 6 0 . 3 1 7 1 1 . 5 8 1  6 . 6 2

N o r m a l 0 . 4 2 5 5 . 0 9 9 7 . 0 6 0 . 3 9 5 1 0 . 5 3 0 1 . 9 5 0 . 3 7 8 1 3 . 2 3 0  2 . 3 5

U n i t y 0 . 4 1 9 5 . 9 8 1 7 . 8 4 0 . 4 0 9 1 0 . 2 0 1 4 . 6 4 0 . 3 8 1 1 3 . 5 2 8  3 . 5 9

Deep 0 . 3 7 8 6 . 7 1 0 7 . 7 6 0 . 3 5 5 1 0 . 8 8 3 4 . 8 9 0 . 3 3 8 1 5 . 8 4 0  2 . 8 2

C o a t i n g 0 . 3 6 7 6 . 6 8 6 8 . 8 5 0 . 3 4 5 1 0 . 8 3 1 4 . 9 7 - -
(d) compaction pressure of 80 MPa. ■”

Flat 0 .287 2 .5 6 4 4 .8 7 0 .2 41 5.221 2 .1 8 0.197 7 .553  1.63

Micro 0 .2 9 1 4 .3 9 5 4 .4 4 0 .235 7 .936 3 .07 0 .211 11 .0 40  2 .7 7

Shallow 0 .342 5 .7 4 0 4 .4 9 0.273 10.869 2 .6 9 0 .220 15 .611  5 .70

Normal 0 .3 6 6 6 .767 4 .7 1 0 .352 13.132 3 .18 0 .3 31 17 .093  2 .0 8

U n i t y 0 .373 7 .8 4 6 6 .14 0 .356 13.247 3 .1 8 0 .334 18 .054  2 .7 7

Deep 0 .313 9 .4 4 4 3 .9 7 0.293 14.067 2 .8 8 - — —

Coating 0 .3 0 8 9 .4 0 1 6 .97 0.303 14.592 4 .5 6 - -
[e) compaction pressure of 112 MPa.

Flat 0 .2 5 4 3 .4 0 7 4 .3 9 0.190 6.849 2 .7 5 0 .149 9 .637  1 .5 3

Micro 0 .2 4 6 5 .9 0 5 4 .3 6 0 .195 10.445 2 .0 4 0 .189 14 .905  1 .7 4

Shallow 0 .283 7 .8 6 6 4 .2 3 0 .229 13.389 2 .4 2 0.187 20 .443  4 .9 9

Normal 0 .3 2 7 7 .7 4 2 5 .83 0.289 15.096 2 .4 3 0 .282 20 .062  2 .3 5

U n i t y 0 .327 9.699 7 .4 0 0 .294 15.137 6.24 - -

Deep 0 .2 8 6 12 .081 4 .4 9 0 .258 16.307 5.02 - — —

Coating 0 .2 8 8 11 .161 6 .1 1 - - - - -



Table 3.3) The influence of cylinder tablet thickness ratio on 
the porosity and tensile strength of circular Avicel 
PHI02 tablets.

(a) Plane-face tablets.
C y l i n d e r Compact ion P o r o s i t y T e n s i l e C.V. o f

L e ng th P r e s s u r e S t r e n g t h
(W/D) (MPa) (MNm-2) % (n=10)
0 .1 20 0.592 0 .491 6.307
0 .2 0.558 0.497 4 .2 5
0 .3 0.538 0.497 1 .84
0 .1 37 .5 0.472 0.652 5 .69
0 .2 0.444 0 .636 3 .39
0 .3 0.412 0.616 2 .8 6
0 .1 55 0.368 0 .806 7 .6 8
0 .2 0.316 0.838 2 .7 1
0 .3 0.283 0.753 2 .7 0
0 .1 80 0.287 1.039 6 .5 6
0 .2 0 .241 1 .041 2 .1 2
0 .3 0.197 1.012 1 .70
0 .1 112 0 .254 1 .375 5 .3 6
0 .2 0 .190 1 .366 4 .02
0 .3 0 .149 1.284 1 .37

(b) Face-curvature - Micro.
0 .1 20 0 .604 0.642 7 .8 2
0 .2 0.583 0 .511 4 .9 1
0 .3 0.557 0 .416 4 .9 0
0 .1 37 .5 0.480 0.767 7 .0 4
0 .2 0 .418 0.667 4 .0 9
0 .3 0 .395 0 .620 3 .6 1
0 .1 55 0.392 1 .072 5 .5 5
0 .2 0 .328 0 .924 3 .2 6
0 .3 0 .291 0 .866 3 .4 1
0 .1 80 0 .291 1.456 4 .77
0 .2 0 .235 1.292 2 .9 6
0 .3 0 .211 1 .215 2 .6 3
0 .1 112 0.246 1.983 5 .17
0 .2 0 .195 1.720 2 .43
0 .3 0.189 1 .624 1 .4 3

(C) Face-curvature - Shallow.
0 .1 20 0.522 0.423 11 .62
0 .2 0.509 0.401 8 .6 6
0 .3 0.489 0.418 11 .39

0 .1 3 7 .5 0.480 0.878 9 .1 8
0 .2 0 .454 0.696 6 .7 9
0.3 0.432 0.744 8 .19

0 .1 55 0.425 1 .180 9 .7 7
0 .2 0 .395 1 .034 4 .97
0 .3 0 .378 1 .154 6.87

0 .1 80 0.366 1 .596 4 .4 8
0 .2 0.352 1.577 3 .33
0 .3 0 .331 1 .546 5 .7 4

0 .1 112 0.327 2 .2 08 3 .7 5
0 .2 0.289 1.914 2 .6 8
0 .3 0.282 2 .2 65 4 .9 3



Table 3.3) continued
(d) Face-curvature - Normal

C y l i n d e r Compact ion P o r o s i t y T e n s i l e C.V. o f
L e ng th P r e s s u r e S t r e n g t h G,

(W/D) (MPa) (MNm-:) % (n=10)
0 .1 20 0.650 0.599 6 .62
0 .2 0 .605 0.659 6 .2 9
0 .3 0 .551 0 .605 3 .87
0 .1 37 .5 0 .521 0 .885 6.97
0 .2 0 .455 0.997 3 .6 8
0 .3 0.412 0.914 3 .02
0 .1 55 0.422 1 .146 7 .6 1
0 .2 0.343 1.340 2 .0 1
0 .3 0.313 1 .221 1 .9 7
0 .1 80 0 .326 1.537 5 .08
0 .2 0 .266 1 .670 3 .1 6
0 .3 0.213 1 .561 2 .13
0 .1 112 0.267 1 .755 4 .7 1
0 .2 0.224 1.900 2 .4 5
0 .3 0.187 1 .832 2 .3 2

(e) Face-curvature-Unity
0 .1 20 0.524 0.664 10 .33
0 .2 0.507 0.603 8 .23
0 .3 0.484 0.543 7 .13

0 .1 37 .5 0 .476 0.910 8 .66
0 .2 0.458 0 .911 7 .8 5
0 .3 0.433 0 .896 3 .77

0 .1 55 0 .419 1.263 8 .44
0 .2 0.409 1.193 5 .1 3
0 .3 0.381 1.152 3 .5 5

0 .1 80 0.373 1.622 7 .13
0 .2 0 .356 1 .565 2 .6 4
0 .3 0.334 1.527 2 .5 8

0 .1 112 0.327 2 .0 78 12 .67
0 .2 0.294 1 .788 5 .5 4
0 .3 - - -

(f) Face-curvature - Deep.
0 .1 20 0.485 0.628 8 .5 2
0 .2 0.454 0.526 6 .21
0 .3 0.442 0.631 3 .3 7

0 .1 3 7 .5 0.417 0.914 9 .6 8
0 .2 0.407 0.823 6 .18
0 .3 0 .385 0.946 3 .8 5

0 .1 55 0 .378 1 .228 7 .8 9
0 .2 0 .355 1 .148 5 .03
0 .3 0.338 1.235 2 .6 6

0 .1 80 0.313 1.747 4 .7 5
0 .2 0.293 1.501 2 .6 4
0 .3 - - -
0 .1 112 0 .286 2 .180 4 .83
0 .2 0 .258 1.723 5 .15
0 .3 - - -



Table 3.3) continued.
(g) Face-curvature - Coating.

C y l i n d e r
Le n g th

(W/D)

Compact ion
P r e s s u r e

(Mpa)

P o r o s i t y T e n s i l e
S t r e n g t h
(MNm-2)

C.V. o f  
Gt

% (n=10)

0 .1 20 0.479 0.719 15 .97
0 .2 0.457 0.510 12 .60
0 .3 0.453 0.602 5 .74

0 .1 3 7 .5 0 .408 0.977 10 .22
0 .2 0 .395 0 .791 8 .49
0 .3 0.389 0.933 3 .7 8

0 .1 55 0.367 1 .280 11 .31
0 .2 0 .345 1 .111 5 .74
0 .3 - - -

0 .1 80 0.308 1 .836 7 .9 5
0 .2 0.303 1 .475 4 .77
0 .3 - - -

0 .1 112 0.288 2 .190 7 .5 6
0 .2 - - -
0 .3 - - -



Table 3.4) Relationship between compaction pressure, porosity and
tensile strength of circular Avicel PH102 tablets.

(a) Plane-face tablets
R e l a t i o n 
s h i p

W/D
r a t i o

C o e f f i c i e n t  
o f  d e t e r m i n 
a t i o n  (r^)

P ro b a b 
i l i t y
P - v a l u e

G r a d i e n t I n t e r c e p t

(Cp) 0 .1 0.969 0.225 0.010 0 .291
0 .2 0.988 0.219 0.009 0 .299

(GJ 0 .3 0.993 0.256 0.009 0 .3 00
P o r o s i t y 0 .1 0 .924 0.054 - 1 .2 1 2 0 .3 91

0 .2 0.962 0.048 - 1 .1 2 5 0 .309
lo g  Ot 0 .3 0 .926 0.054 - 0 .9 8 7 0.207
log(Cp) 0 .1 0.987 0.221 - 0 .4 7 4 1 .207

0 .2 0.987 0.260 - 0 .5 1 5 1 .232
P o r o s i t y 0 .3 0.987 0.305 - 0 .5 4 4 1 .2 48
log(Cp) 0 .1 0.955 0.144 0 .591 - 1 . 1 0 0

0.2 0.975 0.103 0.588 - 1 .0 9 3
l o g  Ot 0 .3 0.963 0.128 0.557 - 1 . 0 5 9
log(Cp) 0 .1 0.893 0.258 1 .140 - 1 . 0 8 1

0 .2 0.920 0.214 1 .134 - 1 . 0 6 8
0.3 0.907 0.256 1 .039 - 0 . 9 4 7

(bj Face-curvature - Micro.
(Cp) 0 .1 0.973 0.265 0.015 0 .268

0 .2 0.991 0.284 0.013 0 .2 01
(Gj 0.3 0 .996 0.301 0.013 0 .138

P o r o s i t y 0 .1 0.924 0.042 - 1 .3 3 8 0 .5 75
0 .2 0.937 0.048 - 1 .3 2 5 0 .4 35

lo g  Gt 0.3 0.945 0.102 - 1 .5 0 7 0 .4 24

log(Cp) 0 .1 0.994 0.221 - 0 . 4 9 5 1 .2 51
0 .2 0.990 0.290 - 0 .5 3 1 1 .262

P o r o s i t y 0 .3 0.977 0.303 - 0 .5 1 2 1 .206

log(Cp) 0 .1 0.934 0.102 0 .671 - 1 . 1 1 4
0 .2 0.969 0.108 0.720 - 1 . 2 6 6

l o g  Gt 0 .3 0.989 0.156 0.800 - 1 .4 4 3

log(Cp) 0 .1 0 .870 0 .250 1 .7 66 - 1 .8 4 3
0 .2 0 .905 0.258 1.603 - 1 .7 2 3

Gt 0 .3 0 .928 0 .311 1 .594 - 1 . 7 8 4
(c] t'ace-curvature - Shallow.

(Cp) 0 .1 0 .979 0.290 0.019 0 .110
0 .2 0 .9 78 0.330 0.017 0 .087

(Gt) 0 .3 0 .976 0 .208 0.017 0 .1 09

P o r o s i t y 0 .1 0 .948 0.044 - 2 .0 2 4 0 .917
0 .2 0.983 1 .101 - 1 . 8 6 6 0.693

l o g  Gt 0 .3 0 .9 76 0.099 - 1 .7 7 9 0 .616

log(Cp) 0 .1 0.990 0.185 - 0 .4 5 5 1 .215
0 .2 0 .989 0 .216 - 0 .5 0 1 1 .2 3 6

P o r o s i t y 0.3 0 .988 0.275 - 0 .5 1 9 1 .2 3 1

log(Cp) 0 .1 0.973 0.150 0 .9 41 - 1 .5 7 7
0 .2 0 .985 0.172 0 .941 - 1 . 6 2 5

l o g  Gt 0.3 0.979 0.147 0 .931 - 1 .5 8 7

log(Cp) 0 .1 0.943 0.312 2 .297 - 2 . 6 7 9
0 .2 0 .948 0 .356 2 .085 - 2 . 4 4 8

Gt 0 .3 0 .948 0.267 2 .1 48 - 2 .5 0 3



Table 3.4) Continued.
(d) Face-curvature - Normal

R e l a t i o n
s h i p

W/D
r a t i o

C o e f f i c i e n t  
o f  d e t e r m i n 
a t i o n  (r^)

P robab
i l i t y

G r a d i e n t I n t e r c e p t

(Cp) 0 .1 0 .948 0.245 0.013 0.403
0 .2 0 .950 0.172 0.013 0 .489

(Oj 0 .3 0 .962 0.196 0.013 0 .411
P o r o s i t y 0 .1 0 .948 0.057 - 2 .2 7 0 1 .0 06

0 .2 0.956 0.007 - 2 .1 4 1 0 .9 46
l o g  Ot 0.3 0 .978 0.091 - 2 .3 4 4 0 .9 56

log(Cp) 0 .1 0 .996 -0 .219 - 0 .5 2 5 1 .337
0 .2 0.987 -0 .2 63 - 0 .5 2 6 1 .279

P o r o s i t y 0 .3 0 .985 - 0 .284 - 0 .5 1 0 1 .2 10

log(Cp) 0 .1 0 .971 0.130 0 .645 - 1 .0 6 2
0 .2 0.982 0.099 0.632 - 1 . 0 0 5

l o g  Ot 0.3 0.983 0.107 0.653 - 1 . 0 5 9

log(Cp) 0 .1 0 .950 0.282 1 .595 - 1 . 5 4 9
0 .2 0 .982 0.213 1 .709 - 1 . 6 1 5

Gt 0.3 0.975 0.223 1 .660 - 1 .6 1 2
He) Face-curvature - unity.

(Cp) 0 .1 0.927 0.280 0 .015 0 .362
0 .2 0 .938 0.182 0.013 0 .418

(Gt) 0 .3 0.984 0.283 0 .015 0.252

P o r o s i t y 0 .1 0 .955 0.036 - 2 . 3 7 5 1 .082
0 .2 0 .931 0.057 - 2 .2 1 0 0 .9 46

l o g  Gt 0.3 0.964 0.086 - 2 .8 8 7 1 .1 64

log(Cp) 0 .1 0 .988 -0 .224 - 0 .5 1 3 1 .3 30
0 .2 0.996 -0 .2 47 - 0 .5 2 4 1 .2 94

P o r o s i t y 0.3 0.994 -0 .290 - 0 .5 7 3 1 .3 27

log(Cp) 0 .1 0.943 0.088 0.672 - 1 .0 7 2
0 .2 0.961 0.081 0 .644 - 1 . 0 5 0

l o g  Gt 0.3 0.986 0.144 0.742 - 1 .2 2 7

log(Cp) 0 .1 0.882 0.242 1 .882 - 1 .9 1 7
0 .2 0.955 0.183 1 .621 - 1 .5 6 0

Gt 0 .3 0 .971 0.304 1 .599 - 1 . 5 7 6

(f] Face-curvature - Deep.
(Cp) 0 .1 0.973 0.287 0.017 0 .287

0 .2 0.950 0.198 0.013 0 .339
(Gt) 0 .3 0.985 0.315 0.017 0 .2 91

P o r o s i t y 0 .1 0.973 0.067 -2 .6 9 3 1 .210
0.2 0.953 0.064 - 2 .4 6 2 1 .011

l o g  Gt 0.3 0.972 0.106 - 2 .7 6 4 1 .1 49

log(Cp) 0 .1 0.989 0.206 - 0 .4 8 8 1 .2 66
0 .2 0.984 0.247 - 0 .5 0 4 1 .2 54

P o r o s i t y 0.3 0.983 0.310 - 0 .6 2 1 1 .389

log(Cp) 0 .1 0.969 0.125 0 .741 - 1 . 1 8 5
0.2 0.979 0.113 0.712 - 1 .1 9 9

l o g  Gt 0.3 0.986 0.162 0 .661 - 1 .0 6 2

log(Cp) 0 .1 0.924 0.295 2 .0 92 - 2 . 2 4 6
0 .2 0.967 0.232 1 .658 - 1 . 6 9 6

Gt 0.3 0.973 0 .336 1 .352 - 1 .1 4 3



Table 3.4) Continued.
(g) Face-curvature - Coating.

R e l a t i o n
s h i p

W/D
r a t i o

C o e f f i c i e n t  
o f  d e t e r m i n 
a t i o n  (r^)

P ro b a b 
i l i t y

G r a d i e n t I n t e r c e p t

(Cp) 0 .1 0 .934 0.134 0.017 0.383
0 .2 0 .968 0.312 0 .016 0 .191

(G j 0.3 0 .961 0.378 0 .019 0 .224

P o r o s i t y 0 .1 0 .940 0 .011 - 2 .5 4 3 1 .052
0 .2 0 .954 0.032 - 2 .9 9 4 1 .078

l o g  Ot 0 .3 0.963 0.042 -2 .9 7 3 1 .1 26

log(Cp) 0 .1 0 .988 0.244 - 0 .5 4 8 1 .332
0.2 0.989 0.280 - 0 .5 7 5 1 .332

P o r o s i t y 0.3 - 0.302 - 0 .5 2 5 1 .2 30

log(Cp) 0 .1 0.924 0 .041 0.679 - 1 . 0 5 5
0.2 0 .958 0.197 0.776 - 1 . 3 1 1

l o g  Ot 0.3 0.957 0 .185 0.698 - 1 . 1 2 9

log(Cp) 0 .1 0 .890 0 .120 2 .025 - 2 .0 6 9
0 .2 0 .936 0.360 1.589 - 1 .6 1 7

Gt 0 .3 0 .961 0.378 1.213 - 0 . 9 7 5
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Table 4.1) Summary of data for plane-face, beam-shaped
tablets of Starch 1500 of different thicknesses 
prepared at different compaction pressures.

Compact. 
Pressure 
(MPa)

(d/b)
ratio

Mass
(mg)

Fracture 
Load 
(kgf )

Poro
sity

Tensile
Strength
(MNm-2)

18 0.4 0.901 0.05 0.39 0.084
0.5 1.142 0.09 0.38 0.097
0.6 1.391 0.18 0.37 0.135

30 0.4 0.982 0.13 0.33 0.219
0.5 1.247 0.25 0.32 0.270
0.6 1.517 0.40 0.31 0.301

43 0.4 1.084 0.25 0.27 0.422
0.5 1.358 0.44 0.26 0.475
0.6 1.640 0.73 0.26 0.525

58 0.4 1.139 0.44 0.23 0.743
0.5 1.453 0.71 0.21 0.767
0.6 1.752 1.10 0.21 0.825

77 0.4 1.238 0.63 0.16 1.063
0.5 1.551 1.05 0.16 1.134
0.6 1.880 1.57 0.15 1.177

where :
d is beam thickness,
b is width of the beam,
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Table 4.2) Summary of data of plane and curved-face, beam-shaped 
Aspirin tablet of thickness of (d=0.3 cm).

Curv Compact. Fracture C.V. Poros Tensile % C.V.
ature Pressure Load of kgf -ity Strength of Of
(a) (MPa) (kgf) (n=10) (MNm-2) (n=10)
0.0 18 0.245 17.14 0.119 0.735 9.510
0.1 0.564 9.04 0.117 0.986 9.274
0.2 0.938 4.58 0.100 0.882 4.450
0.0 30 0.394 9.39 0.095 1.177 8.197
0.1 0.952 11.97 0.085 1.655 11.786
0.2 1.636 5.01 0.071 1.538 4.525
0.0 43 0.622 14.47 0.078 1.744 6.887
0.1 1.221 10.97 0.068 2.126 10.439
0.2 2.232 5.15 0.055 2.002 5.814
0.0 58 0.786 12.72 0.067 2.208 3.514
0.1 1.510 6.22 0.058 2.642 6.365
0.2 2.872 6.79 0.043 2.699 6.380
0.0 77 0.950 11.89 0.057 2.681 8.039
0.1 1.849 6.00 0.048 3.222 6.293
0.2 3.425 4.32 0.034 3.220 3.534

Table 4.9) Relationship between compaction pressure, porosity 
and tensile strength of plane and curved-face, beam
shaped Aspirin tablet.

Relation
-ship

Curv-
ture
(a)

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0 . 0 0 . 9 5 7 0 . 3 0 5 0 . 0 3 4 0 . 1 5 5
oc 0 . 1 0 . 9 3 9 0 . 2 7 9 0 . 0 3 7 0 . 4 5 3

( Of ) 0 . 2 0 . 9 8 3 0 . 2 6 1 0 . 0 3 9 0 . 3 0 3

Porosity 0 . 0 0 . 9 3 2 0 . 0 5 0 - 9 . 6 0 9 1 . 0 0 0
OC 0 . 1 0 . 9 6 8 0 . 0 6 6 - 7 . 3 7 3 0 . 8 4 6

log Gf 0 . 2 0 . 9 9 1 0 . 0 7 5 - 8 . 5 0 6 0 . 7 9 4

log(Cp) 0 . 0 0 . 9 7 4 0 . 2 0 7 - 0 . 0 9 9 0 . 2 4 1
oc 0 . 1 0 . 9 8 0 0 . 2 4 0 - 0 . 1 0 9 0 . 2 4 9

Porosity 0 . 2 0 . 9 8 7 0 . 0 3 0 - 0 . 1 0 5 0 . 2 2 9

log(Cp) 0 . 0 0 . 9 7 0 0 . 1 5 4 0 . 9 0 8 - 1 . 2 6 6
oc 0 . 1 0 . 9 5 2 0 . 1 3 4 0 . 8 0 4 - 0 . 9 9 5

log Of 0 . 2 0 . 9 8 1 0 . 1 1 4 0 . 8 9 2 - 1 . 1 5 6

log(Cp) 0 . 0 0 . 9 6 0 0 . 3 5 1 3 . 2 1 0 - 3 . 4 4 9
oc 0 . 1 0 . 9 4 3 0 . 3 3 4 3 . 4 8 2 - 3 . 4 5 6
Of 0 . 2 0 . 9 7 5 0 . 2 9 9 3 . 7 2 5 - 3 . 8 8 3
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Table 4.3) The Influence of tablet thickness ratio on the
porosity, fracture load and tensile strength of beam-
shaped Avicel PH102 tablet.

(a) Plane-face tablets
( d / b )
r a t i o

C o m p a c t . 
P r e s s u r e  

(MPa)

F r a c t u r e
L o a d

( k g f )

% C. V.  
o f  k g f  
( n=10)

P o r o 
s i t y

T e n s i l e
S t r e n g t h
(MNm-2)

%C.V. 
o f  Ot 
n=10

0 . 1 8 - - 0 . 6 1 2 - -

0 . 2
0 . 3

0 . 0 3 9
0 . 1 3 6

1 5 . 3 8
5 . 1 5

0 . 5 9 4 0 . 2 1 2
0 . 3 4 8

1 1 . 6 8
5 . 9 8

0 . 1 18 0 . 0 7 2 1 3 . 8 9 0 . 4 9 3 1 . 5 3 6 1 6 . 6 7
0 . 2 0 . 3 0 4 8 . 2 2 0 . 4 6 7 1 . 7 1 5 7 . 0 4
0 . 3 0 . 7 3 1 3 . 1 5 0 . 4 5 7 1 . 8 6 0 1 . 6 5
0 . 1 30 0 . 1 7 1 1 8 . 1 3 0 . 3 6 3 3 . 8 9 2 1 4 . 8 4
0 . 2 0 . 8 0 6 3 . 4 7 0 . 3 4 9 4 . 4 6 9 3 . 8 3
0 . 3 1 . 7 9 3 4 . 9 6 0 . 3 4 1 4 . 3 9 5 4 . 6 8
0 . 1 43 0 . 2 5 5 1 0 . 2 0 0 . 3 3 4 6 . 1 7 2 1 2 . 2 2
0 . 2 1 . 1 4 9 3 . 3 1 0 . 3 0 3 6 . 3 8 2 3 . 6 6
0 . 3 2 . 5 9 6 3 . 9 3 0 . 2 8 8 6 . 4 4 0 5 . 0 0
0 . 1 58 0 . 3 3 8 1 2 . 7 2 0 . 2 3 2 7 . 9 5 7 1 0 . 2 1
0 . 2 1 . 6 2 2 4 . 8 7 0 . 2 1 5 9 . 0 8 5 3 . 2 8
0 . 3 3 . 4 0 8 3 . 5 2 0 . 2 0 2 8 . 6 0 9 2 . 7 1

(b) Face-curvature (a=0,l)
0 . 1 8 0 . 0 4 2 1 4 . 2 9 0 . 6 1 3 0 . 2 7 1 1 3 . 9 1
0 . 2 0 . 1 5 9 8 . 1 8 0 . 5 9 4 0 . 4 3 0 7 . 1 8
0 . 3 0 . 3 5 3 1 1 . 6 1 0 . 5 8 0 0 . 5 2 9 1 1 . 3 5

0 . 1 18 0 . 2 9 6 1 1 . 8 2 0 . 5 0 6 1 . 9 2 6 9 . 1 2
0 . 2 0 . 7 9 2 6 . 3 1 0 . 4 7 2 2 . 1 1 5 5 . 0 9
0 . 3 1 . 4 7 4 5 . 6 3 0 . 4 5 5 2 . 2 2 4 5 . 2 2

0 . 1 30 0 . 8 5 8 8 . 3 9 0 . 3 7 5 5 . 3 6 6 8 . 8 7
0 . 2 1 . 9 7 4 8 . 0 6 0 . 3 4 9 5 . 4 7 8 2 . 8 9
0 . 3 3 . 7 7 0 2 . 5 2 0 . 3 3 7 5 . 7 6 4 2 . 1 1

0 . 1 43 1 . 1 7 0 4 . 4 4 0 . 3 4 8 7 . 2 3 8 4 . 6 5
0 . 2 2 . 6 3 7 4 . 1 7 0 . 3 2 2 7 . 2 2 9 4 . 1 7
0 . 3 4 . 8 5 7 2 . 3 3 0 . 2 9 0 7 . 3 9 3 2 . 0 0

0 . 1 58 1 . 3 8 9 4 . 0 3 0 . 3 0 4 8 . 7 0 9 3 . 2 1
0 . 2 3 . 3 7 1 3 . 2 0 0 . 2 7 3 9 . 3 3 4 1 . 7 6
0 . 3 6 . 3 6 1 6 . 6 0 0 . 2 4 8 9 . 6 1 6 5 . 8 1

(c) Face-curvature (a=0.2) .
0 . 1 8 0 . 1 2 2 4 . 9 2 0 . 6 3 4 0 . 2 5 0 4 . 7 6
0 . 2 0 . 2 1 2 1 5 . 0 9 0 . 6 2 3 0 . 2 7 4 1 5 . 6 2
0 . 3 0 . 3 4 5 1 4 . 4 9 0 . 6 1 7 0 . 3 0 3 1 4 . 9 3

0 . 1 18 0 . 5 3 4 8 . 0 5 0 . 5 2 2 1 . 0 9 1 8 . 3 9
0 . 2 0 . 9 3 8 8 . 2 1 0 . 4 9 4 1 . 2 0 9 8 . 7 8
0 . 3 1 . 5 5 9 3 . 4 6 0 . 4 7 9 1 . 3 7 8 3 . 2 2

0 . 1 30 1 . 2 8 0 3 . 2 0 0 . 4 2 2 2 . 5 5 0 4 . 7 8
0 . 2 2 . 2 3 1 1 . 4 3 0 . 3 9 2 2 . 8 2 3 1 . 2 6
0 . 3 - - - - -

0 . 1 43 1 . 7 4 7 4 . 1 2 0 . 3 9 1 3 . 4 4 2 3 . 4 6
0 . 2 3 . 0 4 2 2 . 6 3 0 . 3 5 3 3 . 7 7 4 1 . 7 8
0 . 3 - - - - -



Table 4.4) The influence of tablet thickness ratio on the
porosity, fracture load and tensile strength of beam- 
shaped Emcompress+1% Mgstearate tablet.

(a) Plane-face tablet.
(d/b)
ratio

Compact. 
Pressure 

(MPa)
Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

0.3 18 0.036 19.44 0.333 0.106 17.95
0.4 0.070 14.29 0.333 0.119 14.08
0.5 0.134 13.43 0.337 0.144 12.95
0.6 0.195 11.28 0.330 0.146 10.27
0.3 30 0.099 11.11 0.294 0.295 11.00
0.4 0.204 11.27 0.295 0.343 10.74
0.5 0.317 7.25 0.292 0.340 6.46
0.6 0.507 4.93 0.281 0.378 4.63
0.3 43 0.168 9.52 0.264 0.505 8.65
0.4 0.319 7.20 0.261 0.542 7.29
0.5 0.539 10.57 0.258 0.586 11.47
0.6 0.818 5.26 0.252 0.615 5.10
0.3 58 0.263 14.07 0.237 0.792 13.46
0.4 0.484 7.64 0.234 0.813 6.47
0.5 0.804 7.09 0.232 0.866 6.92
0.6 1.188 2.86 0.231 0.892 2.69
0.3 77 0.400 10.00 0.223 1.199 8.62
0.4 0.728 10.58 0.217 1.233 9.11
0.5 1.150 4.61 0.214 1.235 3.41
0.6 1.667 5.76 0.211 1.263 5.40

b) Curved- face of (a=0.1).
0.3 18 0.067 23.88 0.346 0.116 23.02
0.4 0.108 19.44 0.330 0.119 18.99
0.5 0.188 18.08 0.333 0.144 17.79
0.6 0.306 9.80 0.328 0.172 9.95
0.3 30 0.220 17.73 0.290 0.385 17.94
0.4 0.325 14.46 0.286 0.360 14.17
0.5 0.604 7.78 0.284 0.463 7.39
0.6 0.898 6.12 0.280 0.503 5.73
0.3 43 0.364 15.38 0.263 0.632 15.57
0.4 0.646 8.67 0.258 0.715 8.62
0.5 1.004 5.68 0.257 0.765 5.42
0.6 1.475 4.00 0.255 0.827 3.50
0.3 58 0.619 9.37 0.241 1.085 8.91
0.4 1.012 5.63 0.234 1.123 5.31
0.5 1.524 3.61 0.234 1.169 3.20
0.6 2.094 2.43 0.231 1.174 2.04
0.3 77 0.870 7.01 0.215 1.508 5.63
0.4 1.425 5.54 0.211 1.580 4.99
0.5 2.058 4.57 0.209 1.571 3.95
0.6 2.988 2.78 0.207 1.670 2.95



Table 4.4) continued.
(c) Curved-face of (a=0.2)

(d/b)
Ratio

Compact. 
Pressure 

(MPa)
Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

0.3 18 0.170 21.76 0.319 0.159 21.94
0.4 0.315 12.70 0.322 0.213 12.21
0.5 0.539 9.09 0.317 0.275 8.69
0.3 30 0.524 9.35 0.273 0.492 9.01
0.4 0.802 6.73 0.275 0.542 6.62
0.5 1.104 5.43 0.276 0.566 5.05
0.3 43 0.866 5.31 0.248 0.810 5.26
0.4 1.271 5.27 0.250 0.861 5.11
0.5 1.721 2.67 0.251 0.875 2.32
0.3 58 1.253 4.15 0.228 1.176 3.56
0.4 1.773 3.61 0.224 1.203 3.17
0.5 2.524 2.34 0.225 1.293 1.96
0.3 77 1.745 2.41 0.203 1.636 1.34
0.4 2.383 4.07 0.202 1.622 3.61
0.5 3.218 1.68 0.203 1.647 1.18



Table 4.5) Suzmnazy of Information used for calculation of flat and curved single and mixed beemis. 
(a) Tablet thickness of d=0.1 cm.

a r A 111 Yib I Y I/Y = S
a = 0.0 180° oo - - - 8.33*10-5 0.05 1.666*10-5
a = 0.1 22.35° 1.3 0.065 0.00 0.0325 9.681*10^ 0.15 6.454*10-5
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 5.256*10^ 0.25 21.03*10-5

(b) Tablet thickness of d=0.2 cm.
a r A Ill Yib I Y I/Y = S

a = 0.0 180° oo - - - 6.667*10^ 0.1 6.667*10-5
a = 0.1 22.35° 1.3 0.065 0.00 0.0325 2 .949*10-5 0.2 14.75*10-5
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 10.03*10-5 0.3 33.45*10-5

(c) Tablet thickness of d=0. 3 cm.
a r A 111 Yib I Y I/Y = S

a = 0.0 180° oo - - - 2.25*10-5 0.15 0.015
a = 0.1 22.35° 1.3 0.065 0.00 0.0325 6.45*10-5 0.25 0.0258
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 0.0168 0.35 0.048

i d ) Tablet thickness of d=0. 4 cm.
a r A 111 Yib I Y I/Y = S

a = 0.0 180° oo - - - 5.33*10-5 0.2 0 .0 2 6 6 7

a = 0.1 22.35° 1.3 0.065 0.00 0.0325 12.36*10-5 0.3 0.0412
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 27.1**10-5 0.4 0.068



Table 4.5) continued.
(e) Tablet thickness of d=0.5 cm.

a r A 111 Y ib I Y I/Y = S
a = 0.0 180° oo - - - 0.01042 0.25 0.0416
a = 0.1 22.35° 1.3 0.065 0.00 0.0325 0.0208 0.35 0.0594
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 0.0405 0.45 0.09

(f) Tablet thickness of d=0.6 cm.
a r A 111 Y ib I Y I/Y = S

a = 0.0 180° oo - - - 0.018 0.3 0.06
a = 0.1 22.35° 1.3 0.065 0.00 0.0325 0.0324 0.4 0.081
a = 0.2 43.35° 0.725 0.1353 0.0003 0.080 0.0577 0.5 0.1154

where :
a
r
A
111
Y ibI

Half angle subtended by segment formed by curved surface of tablet 
radius of curved surface of the capsule-shaped tablet 
area of curved segment
second moment of area of cross-section of curved segment of capsule-shaped tablet 
normal distance of the centre of area of the segment from the flat edge 
second moment of area of cross-section
normal distance from the neutral axis to the furthest point in the part of the 
cross-section which is in tension 
cross-section modulus



Table 4.7) Relationship between the compaction pressure, porosity
and tensile strength of beam-shaped Emcompress+1%
Magnesium Stearate tablet.

(a) Plane-face tablet
Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.3 0.996 0.360 0.018 -0.227
oc 0.4 0.998 0.366 0.018 -0.222

( O f ) 0.5 0.999 0.355 0.018 -0.197
0 . 6 0.935 0.412 0.023 -0.311

Porosity 0.3 0.970 0.142 -8.840 2.016
OC 0.4 0.961 0.140 -8.091 1.835

log Gf 0.5 0.974 0.105 -7.347 1.657
0.6 0.989 0.146 -7.714 1.727

log(Cp) 0.3 0.995 0.106 -0.175 0.551
oc 0.4 0.995 0.107 -0.182 0.261

Porosity 0.5 0.994 0.118 -0.190 0.572
0.6 0.986 0.119 -0.199 0.577

log(Cp) 0.3 0.973 0.391 1.653 -3.015
oc 0.4 0.976 0.393 1.573 -2.852

log Gf 0.5 0.984 0.365 1.480 -2.640
0.6 0.981 0.433 1.470 -1.744

log(Cp) 0.3 0.909 0.435 1.912 -2.456
oc 0.4 0.912 0.467 1.976 -2.522
Of 0.5 0.928 0.439 1.979 -2.504

0.6 0.861 0.511 2.131 -2.688

(b) Curved-face of (a=0.:L)
(Cp) 0.3 0.998 0.392 0.024 -0.349

oc 0.4 0.997 0.364 0.024 -0.321
( O f ) 0.5 0.999 0.387 0.025 -0.297

0.6 0.999 0.360 0.025 -0.263
Porosity 0.3 0.972 0.187 -8.427 2.008

oc 0.4 0.964 0.189 -8.853 2.065
log Gf 0.5 0.973 0.170 -8.074 1.912

0.6 0.981 0.169 -7.882 1.873
log(Cp) 0.3 0.994 0.126 -0.198 0.589

oc 0.4 0.999 0.114 -0.188 0.265
Porosity 0.5 0.998 0.119 -0.192 0.572

0.6 0.949 0.124 -0.174 0.534
log(Cp) 0.3 0.982 0.322 1.672 -3.081

oc 0.4 0.979 0.364 1.674 -3.130
log Gf 0.5 0.976 0.328 1.552 -2.822

0.6 0.980 0.294 1.462 -2.639
log(Cp) 0.3 0.926 0.450 2.603 -3.376

oc 0.4 0.946 0.432 2.622 -3.386
Gf 0.5 0.937 0.436 2.685 -3.428

0.6 0.943 0.418 2.708 -3.424



Table 4.7) continued.
(c) Curved-face of (a=0.2)

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.3 0.999 0.349 0.024 -0.243
oc 0.4 0.999 0.344 0.024 -0.187

( O f ) 0.5 0.998 0.323 0.023 -0.129
Porosity 0.3 0.967 0.171 -8.277 1.908

OC 0.4 0.983 0.167 -7.089 1.656
log Gf 0.5 0.988 0.109 -6.683 1.587
log(Cp) 0.3 0.998 0.129 -0.180 0.543

oc 0.4 0.999 0.124 -0.188 0.556
Porosity 0.5 0.999 0.118 -0.180 0.543
log(Cp) 0.3 0.974 0.308 1.582 -2.719

oc 0.4 0.985 0.259 1.385 -2.362
log Gf 0.5 0.994 0.217 1.246 -2.104
log(Cp) 0.3 0.953 0.413 2.628 -3.318

oc 0.4 0.948 0.395 2.582 -3.204
G f 0.5 0.949 0.367 2.542 -3.101



Table 4.8) Relationship between the compaction pressure, porosity
and tensile strength of flat and curved-face Avicel
PH102 beams.

(a) Plane-face tablet.
Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.987 0.415 0.161 -1.110
OC 0.2 0.995 0.493 0.175 -1.073(Cf) 0.3 0.995 0.458 0.165 -0.788Porosity 0.1 0.894 ( 7 . 0 5 3 -2.839 1.623
OC 0.2 0.948 0.230 -4.146 2.007log Of 0.3 0.955 0.159 -3.595 1.793log(Cp) 0.1 0.962 0.253 -0.481 1.093
OC 0.2 0.986 0.263 -0.410 0.958Porosity 0.3 0.983 0.264 -0.405 0.934

log(Cp) 0.1 0.857 0.118 1.421 -1.561
OC 0.2 0.819 0.254 1.900 -2.278log Of 0.3 0.844 0.223 1.637 -1.863

log(Cp) 0 . 1 0 . 9 9 4 0.482 12.707 -14.583
OC 0.2 0.892 0.649 8.998 -8.121
O f 0.3 0.904 0.610 8.517 -7.495

(b) <:xirved-tace (a=0.1)
(Cp) 0.1 0.967 0.414 0.172 -0.647

oc 0.2 0.982 0.427 0.178 -0.624
(Cf) 0.3 0.979 0.421 0.181 -0.537
Porosity 0.1 0.949 0.172 -4.778 2.499

OC 0.2 0.979 0.216 -4.150 2.173log Of 0.3 0.980 0.204 -3.780 1.981
log(Cp) 0.1 0.973 0.194 -0.336 0.896

OC 0.2 0.983 0.220 -0.345 0.881Porosity 0.3 0.987 0.234 -0.359 0.881
log(Cp) 0.1 0.973 0.410 1.792 -2.071

OC 0.2 0.984 0.331 1.584 -1.722log Of 0.3 0.985 0.299 1.496 -1.568
log(Cp) 0.1 0.929 0.854 9.153 -8.007

OC 0.2 0.922 0.587 9.378 -8.103
G f 0.3 0.921 0.573 9.556 -8.163

(c) (iMrved-face (a=0,2).
(Cp) 0.1 0.987 0.566 0.091 -0.379

oc 0.2 0.996 0.561 0.100 -0.409
(O f ) 0.3 1.00 1.277 0.093 -0.304
Porosity 0.1 0.985 0.270 -4.621 2.370

oc 0.2 0.984 0.289 -4.228 2.104log Of 0.3 0.983 0.570 -4.813 2.447
log(Cp) 0.1 0.984 0.179 -0.305 0.888

oc 0.2 0.991 0.210 -0.337 0.902Porosity 0.3 1.00 0.248 -0.310 0.869
log(Cp) 0.1 0.994 0.458 1.601 -2.014

oc 0.2 0.994 0.401 1.602 -1.974log Of 0.3 1.00 0.818 1.868 -2.205
log(Cp) 0.1 0.916 0.714 3.846 -3.146

oc 0.2 0.919 0.713 4.228 -3.453
G f 0.3 1.00 1.277 2.429 -1.6.1
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(Cp)
MPa

pm d(cm) F (kg) Porosity Gf (MNm"2) T (MNm-2)

18 90 0.396 0.152 0.347 0.262 0.029
250 0.385 0.100 0.329 0.182 0.019

30 90 0.374 0.270 0.308 0.521 0.054
250 0.359 0.214 0.281 0.447 0.045

43 90 0.360 0.347 0.282 0.721 0.072
250 0.346 0.303 0.282 0.684 0.066

58 90 0.348 0.437 0.256 0.976 0.094
250 0.338 0.390 0.234 0.921 0.086

80 90 0.338 0.534 0.235 1.260 0.118
250 0.326 0.509 0.208 1.288 0.117

18 90 0.410 0.112 0.366 0.179 0.020
250 0.409 0.074 0.363 0.179 0.014

30 90 0.373 0.221 0.302 0.430 0.044
250 0.377 0.160 0.310 0.304 0.032

43 90 0.351 0.321 0.261 0.702 0.069
250 0.348 0.260 0.252 0.580 0.056

58 90 0.329 0.401 0.210 0.997 0.091
250 0.962 0.349 0.210 0.870 0.080

80 90 0.316 0.520 0.177 1.406 0.123
250 0.310 0.427 0.158 1.201 0.103

18 90 0.448 1.605 0.424 2.155 0.269
250 0.438 1.420 0.412 1.995 0.243

30 90 0.379 2.423 0.319 4.549 0.479
250 0.382 2.110 0.326 3.893 0.414

43 90 0.351 3.035 0.264 6.654 0.648
250 0.349 2.678 0.260 6.654 0.575

58 90 0.328 3.531 0.214 8.840 0.807
250 0.325 3.115 0.208 7.938 0.719

80 90 0.309 3.989 0.165 11.274 0.968
250 0.306 3.681 0.155 10.600 0.902

(a)

(b)

(c)

Table 5.2 Tensile strength as a function of compaction pressure for 
double-layer compacts of (a) Emcompress-Emcompress,
(b) Starch-Starch, and (c) Avicel PH102-Avicel PH 102 beams.



Compaction
Pressure

(MPa)

Material
(Top:T)

(BottomiB)

Thickness 
d (cm)

Fracture
Load
(kgf)

Porosity Compressive
Stress

Gg(MNm )̂

Tensile
Stress

Ct(MNm'̂ )

Shearing
Stress

x(MNm'̂ )

18 TiStarch 
B: Avicel

0.413 1.271 0.376 4.365 2.697 0.624'

30 TiStarch 
B: Avicel

0.370 1.836 0.302 7.848 4.849 1.006

43 TiStarch 
BI Avicel

0.344 2.326 0.252 11.457 7.073 1.371

58 TiStarch 
BI Avicel

0.325 2.712 0.215 14.657 9.055 1.692

80 TiStarch 
BI Avicel

0.313 3.057 0.167 18.609 11.497 1.981

Table 53a) Mechanical strengths of double-layer beams of "Starch 1500 + Avicel PH102".

18 Ti Avicel 
BiStarch

0.413 0.496 0.376 0.378 0.613 0.033

30 Ti Avicel 
BiStarch

0.370 0.702 0.302 0.668 1.083 0.052

43 Ti Avicel 
BiStarch

0.344 0.812 0.252 0.890 1.442 0.065

58 Ti Avicel 
BiStarch

0.325 0.968 0.215 1.192 1.931 0.082

80 Ti Avicel 
BiStarch

0.313 1.067 0.167 1.418 2.298 0.094

Table 5.3b) Mechanical strengths of double-layer beams of "Avicel PH102 + Starch 1500).



Compaction
Pressure

(MPa)

Material
(Top:T)

(BottomzB)

Thickness 
d (cm)

Fracture
Load
(kgf)

Porosity Compressive
Stress

Gc(MNm'Z)

Tensile
Stress

at(MNm* )̂

Shearing
Stress

x(MNm‘*)

18 TrEmcompress 
B: Avicel

0.426 1.113 0.391 1.951 1.637 0.242

30 TiBmcompress 
B: Avicel

0.381 1.559 0.322 3.402 2.854 0.379

43 T:Emcompress 
B: Avicel

0.354 2.011 0.269 5.084 4.265 0.526

58 T:Emcompress 
B: Avicel

0.337 2.344 0.237 6.476 5.433 0.644

80 TiEmcompress 
B: Avicel

0.326 2.770 0.207 8.275 7.242 0.787

Table 5.4a) Mechanical strengths as a function of compaction pressure for double-layer beam of "Emcompress + Avicel PH102".

18 TiAvicel 
B .-Emcompress

0.426 0.419 0.391 0.530 0.567 0.059

30 T: Avicel 
BiEmcompress

0.381 0.616 0.322 0.973 1.042 0.098

43 TiAvicel
BiEmcompress

0.354 0.891 0.269 1.638 1.754 0.152

58 Tiavicel
BiEmcompress

0.337 1.034 0.237 2.093 2.241 0.186

80 Ti Avicel 
BiEmcompress

0.326 1.238 0.207 2.680 2.869 0.230

Table 5.4b) Mechanical strengths as a function of compaction pressure for doubl-layer beam of "Avicel PH102 + Emcompress".



Compaction
Pressure

(MPa)

Material
(Top:T)

(Bottom:B)

Thickness 
d (cm)

Fracture
Load
(kgf)

Porosity Compressive
Stress

Cc(MNm'^)

Tensile
Stress

a^MNm'̂ )

Shearing
Stress

T(MNm^)

18 TiEmcompress
BiStarch

0.405 0.298 0.357 0.274 0.462 0.025

30 TiEmcompress
BiStarch

0.373 0.567 0.313 0.597 1.008 0.051

43 TiEmcompress
BiStarch

0.354 0.828 0.277 0.963 1.626 0.079

58 TiEmcompress
BiStarch

0.337 1.054 0.238 1.359 2.295 0.105

80 TiEmcompress
BiStarch

Twice - Shelled Tablets

Table 5.5a) Mechanical strengths as a function of compaction pressure for double-layer beam of "Emcompress + Starch 1500".

18 TiStarch
BiEmcompress

0.405 0.120 0.357 0.372 0.227 0.050

30 TiStarch
BiEmcompress

0.373 0.249 0.313 0.903 0.551 0.112

43 TiStarch
BiEmcompress

0.354 0.403 0.277 1.623 0.991 0.191

58 TiStarch
BiEmcompress

0.337 0.413 0.238 1.841 1.124 0.206

80 TiStarch
BiEmcompress

Twice - Shelled Tablets

Table 5.5b) Mechanical strengths as a function of compaction pressure for double-layer beam of "Starch 1500 + Emcompress".



Cp Tablet (Sta
top

+ Avi)
bottom

(Emc
top

+ Avi)
bottom

(Emc
top

+ Sta)
bottom

MPa F (kg) d(cm) 0 F (kg) d(cm) 0 F (kg) d(cm) 0

18 top 0.893 0.425 0.388 0.568 0.414 0.374 0.167 0.403 0.356
bottom 0.367 0.419 0.317 0.417 0.089 0.399

30 top 1.544 0.374 0.306 1.322 0.375 0.310 0.493 0.372 0.303
bottom 0.508 0.381 0.526 0.371 0.188 0.367

43 top 1.905 0.342 0.241 1.804 0.348 0.258 0.709 0.352 0.263
bottom 0.626 0.344 0.687 0.351 0.312 0.348

58 top 2.423 0.229 0.212 2.036 0.334 0.226 0.860 0.333 0.220
bottom 0.753 0.323 0.903 0.333 0.425 0.335

80 top 2.589 0.309 0.160 1.487 0.320 0.190 0.635 0.322 0.193
bottom 0.916 0.306 1.001 0.322 0.429 0.321

Table 5.6} Fracture load (F Kg), thickness (d cm), and porosity (e) of double-layer beams of 
(Starch 1500/Avicel PH102) + (Emcompress/Avicel PH102) + (Emcompress/Starch 1500), 
at size fraction of 250 pm.
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Curv Compact. Fracture % C.V. Poro Tensile % C.V.
ature Pressure Load of kgf sity Strength of Gf
(a) (MPa) (kgf ) (n=10) (MNm-2) (n=10)
0.0 18 0.162 11.11 0.335 0.467 9.66
0.1 0.461 0.65 0.328 0.668 1.44
0.2 0.816 3.15 0.320 0.732 4.73
0.0 30 0.470 1.70 0.267 1.366 1.84
0.1 1.077 3.34 0.255 1.827 3.20
0.2 2.005 3.39 0.242 1.804 2.83
0.0 43 0.786 5.72 0.206 2.284 5.07
0.1 1.833 4.96 0.197 3.122 4.83
0.2 3.414 2.31 0.190 3.110 1.87
0.0 58 1.179 3.65 0.165 3.417 1.97
0.1 2.604 2.88 0.165 4.400 2.45
0.2 - - - - -
0.0 77 1.625 5.41 0.133 4.758 3.79
0.1 3.567 6.31 0.130 6.060 4.98
0.2 - - - - -

compaction pressure for mixed tablet of 
Aspirin/Avicel PH102.

Curv Compact. Fracture % C.V. Poro Tensile % C.V.
ature Pressure Load of kgf sity Strength of Gf
(a) (MPa) (kgf) (n=10) (MNm-2) (n=10)

0.0 18 0.194 8.76 0.267 0.584 9.35
0.1 0.417 7.43 0.253 0.733 7.78
0.2 0.800 4.62 0.242 0.752 4.41
0.0 30 0.295 9.83 0.225 0.882 10.21
0.1 0.623 8.83 0.219 1.086 8.38
0.2 1.206 2.90 0.201 1.133 2.28
0.0 43 0.413 7.51 0.202 1.236 7.34
0.1 0.856 5.49 0.184 1.502 4.68
0.2 1.635 4.46 0.179 1.533 3.87
0.0 58 0.534 5.43 0.181 1.603 5.48
0.1 1.091 4.31 0.173 1.909 4.49
0.2 2.087 2.20 0.162 1.961 2.44
0.0 77 0.675 5.93 0.164 2.016 6.63
0.1 1.405 3.34 0.164 2.456 2.94
0.2 2.712 3 .02 0.145 2.553 3.07

Table 6.2} Mechanical strengths and porosity as a function of 
compaction pressure for mixed tablets of 
Aspirin/Emcompress + (1% Magnesium Stearate) .
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Table 6.3) Fracture load, thickness, and porosity as function of 
compaction pressure for mixed tablet of 
Avicel PH102/Emcompress. 

a) Plane-face.
Compact. 
Pressure 
(MPa)

(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.2 0.088 17.04 0.446 0.577 13.07
0.3 0.223 12.56 0.441 0.639 11.03
0.4 0.437 15.79 0.437 0.709 14.52
0.5 0.859 8.03 0.434 0.898 7.34

30 0.2 0.224 18.30 0.378 1.461 17.16
0.3 0.541 5.55 0.372 1.577 4.98
0.4 1.048 5.34 0.367 1.724 4.50
0.5 1.706 3.99 0.359 1.796 3.69

43 0.2 0.352 16.76 0.319 2.281 13.62
0.3 0.843 6.76 0.315 2.457 5.53
0.4 1.617 4.02 0.313 2.651 3.36
0.5 2.612 2.68 0.308 2.750 2.24

58 0.2 0.547 9.69 0.288 3.603 8.83
0.3 1.323 5.59 0.280 3.861 4.21
0.4 2.441 1.52 0.271 4.016 1.99
0.5 3.908 4.84 0.267 4.127 4.53

77 0.2 0.784 3.19 0.247 5.093 3.75
0.3 1.847 2.76 0.226 5.415 3.07
0.4 3.384 1.36 0.228 5.533 1.86
0.5 5.209 0.79 0.228 5.517 1.33

b) Curved-face of a=(3.1 .
18 0.1 0.057 12.28 0.468 0.395 9.92

0.2 0.151 13.91 0.447 0.461 14.25
0.3 0.294 12.59 0.442 0.491 12.26
0.4 0.529 8.13 0.440 0.564 7.92

30 0.1 0.159 14.47 0.406 1.093 14.74
0.2 0.389 11.31 0.396 1.162 11.57
0.3 0.706 6.23 0.386 1.184 5.61
0.4 1.187 5.39 0.384 1.276 5.09

43 0.1 0.287 16.72 0.345 1.985 14.72
0.2 0.677 11.23 0.323 2.048 9.00
0.3 1.305 5.67 0.322 2.188 5.86
0.4 2.160 7.59 0.321 2.306 7.46

58 0.1 0.499 9.82 0.299 3.422 7.97
0.2 1.211 2.56 0.279 3.638 2.51
0.3 2.275 2.20 0.267 3.800 2.27
0.4 3.704 1.81 0.260 3.966 2.41

77 0.1 0.690 8.41 0.257 4.7400 8.26
0.2 1.734 3.40 0.233 5.1700 2.72
0.3 3.224 1.43 0.233 5.365 2.39
0.4 - - - - -



Table 6.3) continued.
c) Curved-face of a=0.2 .

Compact. 
Pressure 
(MPa)

(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.1 0.319 16.93 0.449 0.667 15.48
0.2 0.634 12.46 0.444 0.847 12.08
0.3 0.937 12.06 0.438 0.850 11.79

30 0.1 0.784 13.52 0.387 1.655 12.59
0.2 1.344 6.77 0.361 1.770 6.57
0.3 2.087 5.99 0.370 1.880 5.20

43 0.1 1.280 9.92 0.327 2.655 8.53
0.2 2.181 4.17 0.326 2.872 4.21
0.3 3.159 4.56 0.314 2.866 4.02

58 0.1 1.806 10.35 0.285 3.793 10.10
0.2 3.123 3.87 0.279 4.177 3.84
0.3 - - - - -

77 0.1 2.735 7.50 0.243 5.750 6.41
0.2 4.448 4.07 0.237 5.916 3.19
0.3 - - - - -



Table 6.4) Fracture load, tensile strength and porosity as
function of compaction pressure for mixed tablet of 
Avicel PH102/Starch 1500. 

a) Plane-face.

Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.1 _ — — — —

0.2 0.043 11.63 0.449 0.272 9.61
0.3 0.144 13.19 0.442 0.413 11.84
0.4 0.315 10.79 0.433 0.506 9.76

30 0.1 0.020 — 0.387 0.512 5.02
0.2 0.122 18.03 0.365 0.769 18.06
0.3 0.364 11.26 0.351 1.046 10.21
0.4 0.786 4.45 0.344 1.252 4.94

43 0.1 0.073 10.96 0.310 1.778 8.41
0.2 0.318 3.83 0.300 2.022 15.91
0.3 0.767 10.95 0.290 2.168 8.89
0.4 1.617 7.17 0.280 2.536 6.38

58 0.1 0.113 10.27 0.273 2.857 12.77
0.2 0.509 3.10 0.245 3.236 9.49
0.3 1.193 5.11 0.240 3.356 4.83
0.4 2.190 3.56 0.225 3.446 2.52

77 0.1 0.168 14.28 0.227 4.176 13.35
0.2 0.715 5.45 0.208 4.450 5.27
0.3 1.609 6.40 0.182 4.599 6.55
0.4 3.084 4.15 0.179 4.849 3.03

b) Curved-face of a=(3.1 .

Compact. (d/b) Fracture % C.V. Poro Tensile % C.V.
Pressure ratio Load of kgf sity Strength of Gf

(MPa) (kgf) (n=10) (MNm-2) (n=10)
18 0.1 0.094 14.89 0.446 0.653 13.85

0.2 0.243 10.29 0.431 0.719 9.03
0.3 0.488 11.27 0.414 0.803 11.02

30 0.1 0.216 7.87 0.379 1.476 7.97
0.2 0.571 4.73 0.357 1.678 4.30
0.3 1.031 6.30 0.353 1.658 5.65

43 0.1 0.357 9.80 0.330 2.444 8.30
0.2 0.902 4.99 0.316 2.611 5.31
0.3 1.635 4.59 0.287 2.633 3.89

58 0.1 0.591 8.97 0.279 3.946 8.45
0.2 1.494 4.55 0.256 4.306 4.17
0.3 2.760 2.57 0.238 4.508 2.28

77 0.1 0.883 6.00 0.222 5.930 5.72
0.2 2.133 2.63 0.200 6.284 4.27
0.3 3.878 2.99 0.181 6.320 3.51



Table 6.4).
Curved-face a=0.2

Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.1 0.195 14.87 0.458 0.400 14.56
0.2 0.416 9.62 0.441 0.549 9.85

30 0.1 0.528 5.30 0.387 1.072 4.70
0.2 1.019 3.83 0.367 1.319 3.84

43 0.1 0.920 6.09 0.325 1.873 4.95
0.2 1.680 3.09 0.321 2.169 2.60

58 0.1 1.502 2.86 0.274 3.021 2.77
0.2 2.589 2.74 0.259 3.359 2.23

77 0.1 2.231 4.17 0.236 4.525 3.17
0.2 3.723 1.77 0.214 4.844 0.86



Table 6.5) Fracture load, tensile strength and porosity as
function of compaction pressure for beam-shaped mixed 
tablet of Starch 1500/Emcompress. 

a) Plane-face.

Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.4 0.051 11.76 0.412 0.084 10.53
0.5 0.095 13.68 0.403 0.100 13.73
0.6 0.161 8.70 0.400 0.118 8.97
0.7 0.253 6.32 0.391 0.135 6.54

30 0.4 0.155 9.03 0.359 0.252 8.601
0.5 0.258 6.20 0.348 0.266 5.97
0.6 0.428 6.07 0.341 0.305 5.73
0.7 0.674 5.34 0.335 0.353 4.98

43 0.4 0.316 14.87 0.308 0.498 15.00
0.5 0.540 10.93 0.300 0.546 10.43
0.6 0.853 6.57 0.296 0.602 6.26
0.7 1.210 3.72 0.292 0.621 3.67

58 0.4 0.549 8.39 0.274 0.875 7.90
0.5 0.856 9.11 0.260 0.875 8.48
0.6 1.380 6.01 0.256 0.977 5.74
0.7 1.913 5.96 0.249 0.996 5.51

77 0.4 0.792 7.07 0.235 1.249 7.07
0.5 1.331 5.56 0.231 1.350 5.79
0.6 2.074 4.19 0.221 1.457 3.34
0.7 - - - - -

b) Curved-face tablet of a=0. 1 .
18 0.3 0.030 — 0.415 0.049 1.063

0.4 0.062 12.90 0.411 0.065 12.67
0.5 0.104 16.35 0.407 0.076 15.85
0.6 0.157 5.73 0.399 0.084 5.60

30 0.3 0.098 10.20 0.367 0.158 9.98
0.4 0.175 6.20 0.358 0.182 8.50
0.5 0.282 11.35 0.348 0.204 10.50
0.6 0.410 10.73 0.347 0.217 10.49

43 0.3 0.192 17.71 0.325 0.314 16.71
0.4 0.346 14.74 0.318 0.359 13.74
0.5 0.522 11.49 0.311 0.376 11.18
0.6 0.776 12.11 0.304 0.411 11.60

58 0.3 0.333 11.41 0.284 0.543 11.25
0.4 0.558 7.17 0.279 0.585 6.94
0.5 0.865 12.46 0.270 0.625 12.11
0.6 1.252 7.11 0.257 0.666 7.06

77 0.3 0.515 13.01 0.245 0.828 12.09
0.4 0.830 7.95 0.235 0.858 8.33
0.5 1.256 6.45 0.226 0.904 6.51
0.6 1.150 0.26 - - -



Table 6.5) continued
c)curved-face of a=0.2

Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.2 0.060 11.66 0.408 0.079 10.52
0.3 0.119 16.81 0.407 0.107 15.00
0.4 0.167 17.37 0.403 0.109 16.71
0.5 0.262 15.65 0.400 0.128 14.73

30 0.2 0.206 19.90 0.364 0.269 19.12
0.3 0.314 12.42 0.359 0.278 12.18
0.4 0.526 9.13 0.344 0.337 8.39
0.5 0.782 9.97 0.338 0.373 9.45

43 0.2 0.457 14.44 0.317 0.582 13.85
0.3 0.715 8.53 0.315 0.627 8.30
0.4 1.028 10.31 0.307 0.653 10.15
0.5 1.460 5.07 0.292 0.700 4.69

58 0.2 0.759 10.80 0.273 0.952 10.19
0.3 1.118 5.54 0.264 1.073 4.86
0.4 1.733 6.87 0.256 1.099 6.80
0.5 2.390 5.19 0.250 1.133 4.92

77 0.2 1.181 3.05 0.241 1.513 3.13
0.3 1.760 4.32 0.231 1.543 4.05
0.4 2.553 2.35 0.225 1.624 2.00
0.5 3.472 2.79 0.221 1.665 2.40



Table 6.6) Fracture load, tensile strength and porosity as
function of compaction pressure for beam-shaped triple 
mix of Emcompress/Avicel PH102/Starch 1500 tablets, 

a) Plane-face.
Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.1 — — — —

0.2 0.029 10.34 0.464 0.186 11.84
0.3 0.097 12.37 0.444 0.272 12.74
0.4 0.208 9.62 0.435 0.333 10.24

30 0.1 — — — — —

0.2 0.117 18.80 0.402 0.711 16.87
0.3 0.291 6.87 0.387 0.817 6.70
0.4 0.581 9.12 0.380 0.910 9.03

43 0.1 0.053 16.98 0.353 1.361 15.95
0.2 0.215 7.44 0.338 1.365 10.61
0.3 0.502 5.98 0.331 1.432 7.55
0.4 1.020 3.53 0.315 1.634 4.58

58 0.1 0.072 13.88 0.303 1.831 10.81
0.2 0.306 12.42 0.300 1.932 9.56
0.3 0.757 3.96 0.280 2.162 4.41
0.4 1.476 6.17 0.273 2.350 5.83

77 0.1 0.123 9.76 0.263 2.930 10.36
0.2 0.475 7.79 0.249 2.940 6.36
0.3 1.146 4.62 0.232 3.242 3.95
0.4 2.105 5.13 0.229 3.400 5.24

b) Curved-face of a=(J.l .

18 0.1 0.057 8.77 0.465 0.393 8.44
0.2 0.148 5.41 0.452 0.442 4.16
0.3 0.301 10.63 0.439 0.497 8.75
0.4 0.484 5.79 0.431 0.510 5.35

30 0.1 0.134 7.46 0.405 0.900 6.35
0.2 0.321 6.85 0.394 0.951 6.73
0.3 0.609 8.87 0.389 0.998 9.99
0.4 1.017 9.44 0.373 1.073 8.17

43 0.1 0.231 6.49 0.351 1.570 5.88
0.2 0.572 6.82 0.336 1.682 6.10
0.3 1.030 6.21 0.328 1.684 6.24
0.4 1.718 5.76 0.319 1.797 5.32

58 0.1 0.388 5.41 0.313 2.680 5.65
0.2 0.960 3.75 0.296 2.823 3.50
0.3 1.688 4.03 0.281 2.778 2.68
0.4 2.719 2.46 0.266 2.826 2.14

77 0.1 0.554 7.76 0.280 3.870 5.99
0.2 1.410 4.54 0.244 4.218 3.32
0.3 2.619 3.13 0.230 4.325 4.07
0.4 3.964 2.90 0.224 4.228 2.91
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Table 6.6) continued.
c) Curved-face of a=0.2

Compact. 
Pressure 

(MPa)
(d/b)
ratio

Fracture
Load
(kgf)

% C.V. 
of kgf 
(n=10)

Poro
sity

Tensile
Strength
(MNm-2)

% C.V. 
of Gf 
(n=10)

18 0.1 0.132 3.03 0.448 0.270 3.22
0.2 0.298 6.04 0.439 0.394 5.66
0.3 0.468 2.35 0.430 0.424 3.45

30 0.1 0.271 5.54 0.392 0.548 4.96
0.2 0.661 3.48 0.382 0.861 3.64
0.3 1.045 1.34 0.370 0.932 1.38

43 0.1 0.591 4.74 0.353 1.200 3.49
0.2 1.129 2.04 0.336 1.454 1.37
0.3 1.791 4.36 0.332 1.610 4.90

58 0.1 0.996 4.82 0.316 2.079 3.34
0.2 1.757 1.25 0.295 2.305 0.88
0.3 2.631 2.66 0.278 2.330 0.36

77 0.1 1.692 3.03 0.267 3.423 1.12
0.2 2.910 1.34 0.241 3.848 1.62
0.3 4.591 2.07 0.221 4.226 1.26

284



Table 6.7a) Relationship between the compaction pressure,
porosity and tensile strength for beam-shaped mixed 
tablets of Aspirin and Emcompress. Emcompress was 
mixed with 1% Magnesium Stearate as lubricant. The 
d/b ratio is 0.3.

Relation
ship

Face-
Curv-
ature

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.0 0.998 0.275 0.024 0.158
OC 0.1 0.999 0.276 0.029 0.217

( O f ) 0.2 0.999 0.281 0.030 0.215
Porosity 0.0 0.985 0.033 -5.275 1.159

OC 0.1 0.972 0.058 -5.491 1.240
log Gf 0.2 0.992 0.057 -5.464 1.178
log(Cp) 0.1 0.996 0.127 -0.163 0.469

OC 0.2 0.982 0.141 -0.147 0.435
Porosity 0.3 0.997 0.133 -0.153 0.430
log(Cp) 0.1 0.985 0.158 0.864 -1.318

OC 0.2 0.990 0.145 0.836 -1.187
log Gf 0.3 0.997 0.120 0.837 -1.179

Table 6.7b) The relationship among the compaction pressure,
porosity and tensile strength for beam-shaped mixed 
tablets of Aspirin and Emcompress, when no lubricant 
was added. The face-curvature and d/b ratio are 0.1, 
and 0.3, respectively.

Relation
ship

Face-
Curv-
ature

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp)
OC

(a,)
0.1 0.998 0.290 0.038 0.132

Porosity
OC

log Gf
0.1 0.986 0.043 -0.157 1.398

log(Cp)
OC

Porosity
0.1 0.998 0.127 -0.148 0.445

log(Cp)
OC

log Gf
0.1 0.991 0.132 0.925 0.452
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Table 6.8a) Relationship between compaction pressure, porosity
and tensile strength for plane-faced binary mixed
beams of Avicel PH102/Starch 1500.

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.998 0.404 0.077 -1.673
OC 0.2 0.997 0.374 0.073 -1.150

( G f ) 0.3 0.998 0.367 0.075 -1.044
0.4 0.998 0.420 0.075 — 0.864

Porosity 0.1 0.949 0.044 -5.129 1.764
OC 0.2 0.970 0.041 -4.635 1.588

log Gf 0.3 0.984 0.069 -3.983 1.422
0.4 0.986 0.090 -4.505 1.585

log(Cp) 0.1 0.995 0.182 -0.382 0.945
OC 0.2 0.999 0.197 -0.398 0.950

Porosity 0.3 0.999 0.214 -0.407 0.954
0.4 0.999 0.223 -0.405 0.941

log(Cp) 0.1 0.974 0.219 2.020 -3.451
OC 0.2 0.990 0.265 1.887 -3.038

log Gf 0.3 0.995 0.217 1.642 -2.486
0.4 0.993 0.218 1.579 -2.234

Table 6.8b) Relationship between compaction pressure, porosity 
and tensile strength for binary mixed beams of 
Avicel PH102/Starch 1500 when face-curvature is 
a=0.1.

Relation
-ship

d/b
ratio

Coefficient 
of determin 
-ation (r%)

Probab
ility

Gradient Intercept

(Cp) 0.1 0.997 0.377 0.093 -1.299
OC 0.2 0.997 0.351 0.094 -1.133

(Of) 0.3 0.996 0.332 0.092 -0.997
Porosity 0.1 0.984 0.054 -4.446 1.831

OC 0.2 0.990 0.090 -3.899 1.594
log Gf 0.3 0.990 0.071 -3.725 1.490
log(Cp) 0.1 0.993 0.150 -0.321 0.864

OC 0.2 0.995 0.183 -0.367 0.899
Porosity 0.3 0.996 0.188 -0.370 0.888
log(Cp) 0.1 0.999 0.178 1.504 -2.080

OC 0.2 0.998 0.170 1.447 -1.944
log Gf 0.3 0.998 0.157 1.435 -1.901
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Table 6.8c) Relationship between compaction pressure, porosity 
and tensile strength for binary mixed beams of 
Avicel PH102/Starch 1500 when face-curvature is 
a=0.2.

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.998 0.376 0.071 -1.019
OC

(Cf)
0.2 0.998 0.358 0.075 -0.913

Porosity 0.1 0.992 0.107 -4.511 1.718
OC

log Of
0.2 0.991 0.088 -3.941 1.536

log(Cp) 0.1 0.998 0.046 -2.792 2.543
OC

Porosity
0.2 0.997 0.049 -2.696 2.465

log(Cp) 0.1 0.997 0.222 1.616 -2.458
OC

log Of
0.2 0.998 0.188 1.465 -2.113
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Table 6.9a) Relationship between compaction pressure, porosity
and tensile strength for plane-face triple mixed
beams of Avicel PH102/Emcompress/Starch 1500.

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.987 0.404 0.047 -0.727
OC 0.2 0.998 0.473 0.046 -0.661

( O f ) 0.3 0.998 0.463 0.050 -0.681
0.4 0.999 0.434 0.052 -0.622

Porosity 0.1 0.902 0.023 -3.456 1.344
OC 0.2 0.941 0.022 -5.413 1.926

log O f 0.3 0.962 0.042 -4.770 1.666
0.4 0.968 0.057 -4.611 1.623

log(Cp) 0.1 0.998 0.145 -0.353 0.928
OC 0.2 0.995 0.153 -0.341 0.898

Porosity 0.3 0.991 0.150 -0.338 0.877
0.4 0.993 0.154 -0.332 0.858

log(Cp) 0.1 0.989 0.130 1.325 -2.025
OC 0.2 0.986 0.358 1.874 -2.993

log Gf 0.3 0.988 0.294 1.691 -2.632
0.4 0.988 0.260 1.594 -2.431

Table 6.9b) relationship between compaction pressure, porosity 
and tensile strength for triple mixed beams of 
Avicel PH102/Emcompress/Starch 1500 when face- 
curvature is a=0.1.

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.996 0.459 0.060 -0.839
OC 0.2 0.994 0.469 0.065 -0.921

( O f ) 0.3 0.992 0.478 0.065 -0.900
0.4 0.996 0.448 0.063 -0.781

Porosity 0.1 0.993 0.088 -5.295 2.073
OC 0.2 0.994 0.097 -4.729 1.813

log Gf 0.3 0.991 0.100 -4.402 1.668
0.4 0.993 0.095 -4.339 1.614

log(Cp) 0.1 0.998 0.132 -0.298 0.841
OC 0.2 0.996 0.151 -0.329 0.872

Porosity 0.3 0.993 0.151 -0.335 0.871
0.4 0.996 0.156 -0.333 0.856

log(Cp) 0.1 0.999 0.240 1.592 -2.399
OC 0.2 0.999 0.229 1.569 -2.329

log Gf 0.3 0.996 0.214 1.495 -2.193
0.4 0.999 0.209 1.458 -2.122
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Table 6.9c) relationship between compaction pressure, porosity 
and tensile strength for triple mixed beams of 
Avicel PH102/Emcompress/Starch 1500 when face- 
curvature Is a=0.2.

Relation
ship

d/b
ratio

Coefficient 
of determin 
-ation (r̂ )

Probab
ility

Gradient Intercept

(Cp) 0.1 0.987 0.542 0.054 -0.957
OC 0.2 0.988 0.507 0.058 -0.852

( Gf ) 0.3 0.981 0.530 0.063 -0.932
Porosity 0.1 0.993 0.123 -6.329 2.268

OC 0.2 0.996 0.143 -5.032 1.833
log Gf 0.3 0.991 0.157 -4.684 1.686
log(Cp) 0.1 0.995 0.125 -0.279 0.803

OC 0.2 0.995 0.145 -0.306 0.829
Porosity 0.3 0.989 0.154 -0.324 0.845
log(Cp) 0.1 0.997 0.295 1.786 -2.842

OC 0.2 0.999 0.241 1.551 -2.358
log Gf 0.3 0.998 0.236 1.543 -2.314
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